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The appeal of Notre Dame de Londres

In July 2009, a group of entomologists and ornithologists met
at Notre Dame de Londres, a small village in the French
department of Hérault, as a result of an international enquiry
amongst entomologists on the catastrophic decline of insects
(and arthropods in general) all over Europe.

They noted that a perceptible and gradual decline of insects,
as part of the general impoverishment of the natural environ-
ment, had set in from the 1950s onwards. Amongst many others,
they recognized as root causes of this decline the intensification
of agriculture with its accompanying loss of natural habitats and
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massive use of pesticides and herbicides, the manifold increase
in roads and motorized traffic as well as a continent-wide
nocturnal light pollution and nitrogen deposition.

They equally agreed that a further degradation of the situa-
tion, a steeper decline in insect populations, had started in the
decade 1990-2000. This first began in western Europe, followed
by eastern and southern Europe, is nowadays apparent in the
scarcity of insects splattered on windscreens of motorcars and
squashed against their radiators and is best documented in the
decline of butterflies and the global disorders amongst honey
bees. They concluded that these phenomena reflected the now
general collapse of Europe’s entomofauna.

They also noted that the massive collapse of different species,
genera and families of arthropods coincided with the severe
decline of populations of different insectivorous bird species up
to now considered as “common” such as swallows and starlings.

On the basis of existing studies and numerous observations
in the field as well as overwhelming circumstantial evidence,
they came to the hypothesis that the new generation of pesti-
cides, the persistent, systemic and neurotoxic neonicotinoids
and fipronil, introduced in the early 1990s, are likely to be
responsible at least in part for these declines.

They, therefore, issued the Appeal of Notre Dame de
Londres under the heading “No Silent Spring again” referring
to Rachel Carson’s book “Silent Spring” then published al-
most half a century ago:

The disappearance of honey bees is only the most vis-
ible part of a phenomenon now generalized in all of
Western Europe. The brutal and recent collapse of insect
populations is the prelude of a massive loss in biodiver-
sity with foreseeable dramatic consequences for natural
ecosytems, the human environment and public health.

The systematic use of persistent neurotoxic insecticides
in intensive agriculture and horticulture (neonicotinoids
such as imidacloprid and thiamethoxam, and fipronil as
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a phenylpyrazole), which now form an invisible, wide-
spread, toxic haze on land, in water and in the air, is
regarded as a principal cause of this collapse observed
by entomologists beginning in the middle of the 1990’s
and followed by the decline of insectivorous and other
bird species by the ornithologists.

For this reason the undersigned raise an alarm and
demand a much stricter adherence to the « Precautionary
Principle » as enshrined in the E.U. Commission’s Di-
rective 91/414, and defined by UNESCO in 2005 as «
When human activities may lead to morally unaccept-
able harm that is scientifically plausible but uncertain,
actions shall be taken to avoid or diminish that harm ».

The international scientific Task Force on Systemic
Pesticides (TFSP)

In response, an international scientific Task Force on Systemic
Pesticides of independent scientists was set up shortly after-
wards by a Steering Committee of which Maarten Bijleveld van
Lexmond (Switzerland), Pierre Goeldlin de Tiefenau
(Switzerland), Francois Ramade (France) and Jeroen van der
Sluijs (The Nederlands) were the first members. Over the years,
membership grew and today counts 15 nationalities in four
continents. The Task Force on Systemic Pesticides (TFSP)
advises as a specialist group two IUCN Commissions, the
Commission on Ecosystem Management and the Species
Survival Commission. Its work has been noted by the
Subsidiary Body on Scientific, Technical and Technological
Advice under the Convention on Biodiversity (CBD) and was
brought to the attention of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services
(IPBES) in the context of the fast-track thematic assessment
of pollinators, pollination and food production.

In undertaking the Worldwide Integrated Assessment
(WIA), over the course of the last 4 years, the TFSP has
examined over 800 scientific peer-reviewed papers published
over the past two decades. The TFSP areas of expertise span
diverse disciplines, including chemistry, physics, biology, en-
tomology, agronomy, zoology, risk assessment and (eco) tox-
icology, and this has enabled a truly interdisciplinary evalua-
tion of the evidence, necessary to understand the diverse
ramifications of the global use of systemic pesticides on
individual organisms, on ecosystems and on ecosystem pro-
cesses and services.

The findings of the TFSP-WIA

Neonicotinoids were introduced in the early 1990s and are
now the most widely used insecticides in the world. They are
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neurotoxins, binding to nicotinic acetylcholine receptors
(nAChRs) in the central nervous system and causing nervous
stimulation at low concentrations but receptor blockage, pa-
ralysis and death at higher concentrations. Fipronil is another
widely used systemic insecticide that shares many of the
properties of neonicotinoids and was introduced around the
same time; hence, this compound is also included here. Both
neonicotinoids and fipronil exhibit extremely high toxicity to
most arthropods and a lower toxicity to vertebrates (although
fipronil exhibits high acute toxicity to fish and some bird
species). They are relatively water soluble and are readily
taken up by plant roots or leaves, so they can be applied in a
variety of ways (e.g. foliar spray, soil drench and seed dress-
ing). The predominant use of these chemicals, in terms of the
area of land over which they are used, is as a seed dressing,
whereby the active ingredient is applied prophylactically to
seeds before sowing and is then absorbed by the growing plant
and spreads throughout the plant tissues, hence protecting all
parts of the crop (Simon-Delso et al. 2014).

A range of concerns have emerged as to the impacts of
neonicotinoids and fipronil on the environment (Bonmatin
et al. 2014; Pisa et al. 2014; Gibbons et al. 2014; Chagnon
et al. 2014; Furlan and Kreutzweiser 2014):

» It has become apparent that neonicotinoids can persist for
years in soils and so cause environmental concentrations
to build up if regularly used. This is likely to be impacting
substantially on soil invertebrates, which as a group per-
form a vital service in maintaining soil structure and in
cycling nutrients. Being water soluble, neonicotinoids
leach into ponds, ditches and streams and contaminate
groundwater. Contamination of marine environments has
been observed but as yet has not been monitored system-
atically. Concentrations exceeding the LCs, for aquatic
insects frequently occur in waterways, and much higher
concentrations have been found in surface water in arable
fields and in adjacent ditches. Waterways with higher
neonicotinoid concentrations have been found to have
depleted insect abundance and diversity.

* Dust created during drilling of treated seeds is lethal to
flying insects and has caused large-scale acute losses of
honeybee colonies. When applied as foliar sprays, drift is
likely to be highly toxic to non-target insects. Non-crop
plants, such as those growing in field margins, hedgerows
and near contaminated waterways can become contami-
nated with neonicotinoids either via dust created during
drilling, spray drift or contaminated water. This provides
the potential for major impacts on a broad range of non-
target herbivorous invertebrates living in farmland.

*  Neonicotinoids and fipronil are found in nectar and pollen of
treated crops such as maize, oilseed rape and sunflower and
also in flowers of wild plants growing in farmland. They
have also been detected at much higher concentrations in
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guttation drops exuded by many crops. In bees, consump-
tion of such contaminated food leads to impaired learning
and navigation, raised mortality, increased susceptibility to
disease via impaired immune system function and reduced
fecundity, and in bumblebees, there is clear evidence for
colony-level effects. Studies of other pollinators are lacking.
Bees in farmland are simultaneously exposed to some
dozens of different agrochemicals, and some act synergisti-
cally. The impact of chronic exposure of non-target insects
to these chemical cocktails is not addressed by regulatory
tests and is very poorly understood.

» Although vertebrates are less susceptible than arthropods,
consumption of small numbers of dressed seeds offers a
potential route for direct mortality in granivorous birds and
mammals, for such birds need to eat only a few spilt seeds to
receive a lethal dose. Lower doses lead to a range of symp-
toms including lethargy, reduced fecundity and impaired
immune function. In addition, depletion of invertebrate food
supplies is likely to indirectly impact on a broad range of
predatory organisms, from arthropods to vertebrates.

» The prophylactic use of broad-spectrum pesticides (as
seed dressings) goes against the long-established princi-
ples of Integrated Pest Management (IPM) and against
new EU directives which make adoption of IPM compul-
sory. Continual exposure of pests to low concentrations of
neonicotinoids is very likely to lead to the evolution of
resistance, as has already occurred in several important
pest species. Although systemic pesticides can be highly
effective at killing pests, there is clear evidence from some
farming systems that current neonicotinoid use is unnec-
essary, providing little or no yield benefit. Agrochemical
companies are at present the main source of agronomic
advice available for farmers, a situation likely to lead to
overuse and inappropriate use of pesticides.

Overall, a compelling body of evidence has accumulated
that clearly demonstrates that the wide-scale use of these
persistent, water-soluble chemicals is having widespread,
chronic impacts upon global biodiversity and is likely to be
having major negative effects on ecosystem services such as
pollination that are vital to food security and sustainable
development. There is an urgent need to reduce the use of
these chemicals and to switch to sustainable methods of food
production and pest control that do not further reduce global
biodiversity and that do not undermine the ecosystem services
upon which we all depend (van der Sluijs et al. 2014).

The systemic insecticides, neonicotinoids and fipronil, rep-
resent a new chapter in the apparent shortcomings of the
regulatory pesticide review and approval process that do not
fully consider the risks posed by large-scale applications of
broad-spectrum insecticides to ecosystem functioning and
services. Our inability to learn from past mistakes is
remarkable.
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Abstract Since their discovery in the late 1980s,
neonicotinoid pesticides have become the most widely used
class of insecticides worldwide, with large-scale applications
ranging from plant protection (crops, vegetables, fruits),
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environment. Neonicotinoids and fipronil currently account
for approximately one third of the world insecticide market;
the annual world production of the archetype neonicotinoid,
imidacloprid, was estimated to be ca. 20,000 tonnes active
substance in 2010. There were several reasons for the initial
success of neonicotinoids and fipronil: (1) there was no
known pesticide resistance in target pests, mainly because of
their recent development, (2) their physicochemical properties
included many advantages over previous generations of in-
secticides (i.e., organophosphates, carbamates, pyrethroids,
etc.), and (3) they shared an assumed reduced operator and
consumer risk. Due to their systemic nature, they are taken up
by the roots or leaves and translocated to all parts of the plant,
which, in turn, makes them effectively toxic to herbivorous
insects. The toxicity persists for a variable period of time—
depending on the plant, its growth stage, and the amount of
pesticide applied. A wide variety of applications are available,
including the most common prophylactic non-Good
Agricultural Practices (GAP) application by seed coating. As
a result of their extensive use and physicochemical properties,
these substances can be found in all environmental compart-
ments including soil, water, and air. Neonicotinoids and
fipronil operate by disrupting neural transmission in the cen-
tral nervous system of invertebrates. Neonicotinoids mimic
the action of neurotransmitters, while fipronil inhibits neuro-
nal receptors. In doing so, they continuously stimulate neu-
rons leading ultimately to death of target invertebrates. Like
virtually all insecticides, they can also have lethal and suble-
thal impacts on non-target organisms, including insect preda-
tors and vertebrates. Furthermore, a range of synergistic
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effects with other stressors have been documented. Here, we
review extensively their metabolic pathways, showing how
they form both compound-specific and common metabolites
which can themselves be toxic. These may result in prolonged
toxicity. Considering their wide commercial expansion, mode
of action, the systemic properties in plants, persistence and
environmental fate, coupled with limited information about
the toxicity profiles of these compounds and their metabolites,
neonicotinoids and fipronil may entail significant risks to the
environment. A global evaluation of the potential collateral
effects of their use is therefore timely. The present paper and
subsequent chapters in this review of the global literature
explore these risks and show a growing body of evidence that
persistent, low concentrations of these insecticides pose seri-
ous risks of undesirable environmental impacts.

Keywords Neonicotinoid - Fipronil - Trends - Mechanism of
action - Agriculture - Seed treatment - Systemic insecticides -
Metabolites

Introduction

Neonicotinoids and the phenyl-pyrazole fipronil are insecti-
cides with systemic properties. Their physicochemical char-
acteristics, mainly assessed in terms of their octanol water
partition coefficient (K,,) and dissociation constant (pKa),
enable their entrance into plant tissues and their translocation
to all its parts (Bromilow and Chamberlain 1995; Bonmatin
etal. 2014). Regardless of the manner of application and route
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of entry to the plant, they translocate throughout all plant
tissues making them toxic to any insects (and potentially other
organisms) that feed upon the plant. This protects the plant
from direct damage by herbivorous (mainly sap feeding)
insects and indirectly from damage by plant viruses that are
transmitted by insects. The discovery of imidacloprid by
Shinzo Kagabu, and its subsequent market introduction in
1991, started the era of the neonicotinoid class of insecticides
(Tomizawa and Casida 2011). Imidacloprid was followed in
1999 by thiamethoxam (Maienfisch et al. 2001a) and
clothianidin, which is a metabolite of thiamethoxam
(Meredith et al. 2002). Over the following two decades,
neonicotinoids have become the most widely used insecti-
cides of the five major chemical classes (the others being
organophosphates, carbamates, phenyl-pyrazoles, and
pyrethroids) on the global market (Jeschke and Nauen 2008;
Jeschke et al. 2011; Casida and Durkin 2013).

The French company Rhéne-Poulenc Agro (now Bayer
CropScience) discovered and developed fipronil between
1985 and 1987 (Tingle et al. 2003), reaching the market in
1993 (Tomlin 2000). It is noteworthy that substances belong-
ing to the phenyl-pyrazole family have in principal herbicidal
effects, whereas fipronil is a potent insecticide.

By the 1980s, many pest insects had developed resistance
to the organophosphates, carbamates, and pyrethroids then on
the market (Georghiou and Mellon 1983; Denholm et al.
1998; Alyokhin et al. 2008). Set against this background of
increased resistance to existing insecticides, the neonicotinoid
and fipronil were presented as having several key attributes
that led to their rapid adoption in both agricultural and urban
environments. These included the following: lower binding
efficiencies to vertebrate compared to invertebrate receptors,
indicating selective toxicity to arthropods, high persistence,
systemic nature, versatility in application (especially as seed
treatments), high water solubility, and assumed lower impacts
on fish and other vertebrates.

The binding sites of neonicotinoids to nicotinic acetylcho-
line receptors (nAChRs) and fipronil to y-aminobutiric acid
(GABA) receptors in the nervous systems of vertebrates are
different from those in insects. In general, vertebrates have
lower numbers of nicotinic receptors with high affinity to
neonicotinoids, which is why neonicotinoids generally show
a priori higher toxicity to invertebrates than vertebrates (in-
cluding human, e.g., USEPA 2003a; Tomizawa and Casida
2003; Tomizawa and Casida 2005; Liu et al. 2010; Van der
Sluijs et al. 2013). Similarly, the binding of fipronil to insect
GABA receptors is tighter than that observed for vertebrate
receptors (Cole et al. 1993; Grant et al. 1998; Hainzl et al.
1998; Ratra and Casida 2001; Ratra et al. 2001; Narahashi
et al. 2010). This, combined with the frequent use on
neonicotinoids and fipronil in seed/soil treatments rather than
sprays, is supposed to make them comparatively safe for
agricultural workers. This is in contrast to some of the

alternatives that they have replaced, such as organophosphates
and carbamates (Marrs 1993). Neonicotinoids and fipronil are
also relatively persistent, offering the potential for long-term
crop protection activity. The half-lives of these compounds in
aerobic soil conditions can vary widely, but are measured in
months or longer (e.g., 148-6,931 days for clothianidin;
USEPA 2003a; Gunasekara et al. 2007; Goulson 2013;
Sanchez-Bayo and Hyne 2014). Extensive information about
the physicochemical characteristics of neonicotinoids and
fipronil can be found in Bonmatin et al. (2014), together with
information about their environmental fate.

Arguably, however, it is the systemic nature of these insec-
ticides that has made them so successful. Irrespective of their
mode of application, neonicotinoids become distributed
throughout the plant, including the apices of new vegetation
growth, making them particularly effective against sucking
pests, both above ground and below. Although it is not a
neonicotinoid, fipronil also acts systemically mainly when it
is co-formulated with polymers to increase its systemic activ-
ity (Dieckmann et al. 2010a; Dieckmann et al. 2010b;
Dieckmann et al. 2010c). Neonicotinoids and fipronil belong
to a wide family of substances jointly referred to as the
“systemic insecticides” due to their systemic properties, some
carbamate and organophosphorus substances, however, can
also act systemically (Sanchez-Bayo et al. 2013).
Neonicotinoid and fipronil should theoretically not target
organisms lacking nervous systems, such as protists, prokary-
otes, and plants. Very little research has been done on these
non-target organisms and the ecosystem functions they are
responsible for. Nevertheless, some studies have revealed
negative effects: for example, a negative effect of fipronil on
soil microorganisms was suggested as a possible cause for the
slower (ca. four-fold) degradation of this pesticide at high vs.
low application in Australian soils (Ying and Kookana 2006).

Seven separate neonicotinoid compounds are available
commercially worldwide (Jeschke et al. 2011). These are
imidacloprid and thiacloprid (developed by Bayer
CropScience), clothianidin (Bayer CropScience and
Sumitomo), thiamethoxam (Syngenta), acetamiprid (Nippon
Soda), nitenpyram (Sumitomo), and dinotefuran (Mitsui
Chemicals). An eighth compound, sulfoxaflor (Zhu et al.
2010), has recently come onto the market in China (Shao
et al. 2013b) and the USA (Dow Agro Sciences 2013;
USEPA 2013) and has been reviewed by the European Food
Safety Authority (EFSA) for approval in the European Union
(EFSA 2014). In China, new neonicotinoid compounds are
being developed and tested (e.g., guadipyr and huanyanglin),
and are nearing market release (Shao et al. 2013b; Shao et al.
2013b). Some of these novel neonicotinoids are the cis-
neonicotinoids, which are isomers of neonicotinoids in which
the nitro or cyano group are in the cis, rather than trans,
orientation. It is well known that #rans and cis isomers can
differ markedly in their toxicity. More than 600 cis-
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neonicotinoid compounds have already been synthesized, two
of which, paichongding and cycloxaprid (Shao et al. 2013a),
might also soon be available on the Chinese market; both are
highly effective against Homoptera and Lepidoptera. Through
hydrolysis, cycloxaprid forms imidacloprid within the plant,
thereby acting as a time-released imidacloprid source,
prolonging the protection of the crop. The molecular struc-
tures of these systemic pesticides are reported in Fig. 1.
Neonicotinoids are active against a broad spectrum of
economically important crop pests, including Aphidae
(aphids), Aleyrodidae (whitefly), Cicadellidae (leathoppers),
Chrysomelidac (among others western corn rootworm),
Elateridae (wireworms), Fulgoroidea (planthoppers),
Pseudococcidae (mealybugs), and phytophagous mites
(Elbert et al. 2008; Jeschke et al. 2011). Some of these groups
(e.g., aphids) can also transmit viruses, so neonicotinoids can
also contribute to the control of insect vectors of crop viral
diseases. However, their broad spectrum leads to undesirable
effects on non-target insects (Balanca and de Visscher 1997,
Sanchez-Bayo and Goka 2006; Maini et al. 2010; Lanzoni
et al. 2012; Hayasaka et al. 2012a, b; Lu et al. 2012; Fogel

Fig. 1 Common names and
molecular structures of the
systemic insecticides
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et al. 2013; Goulson 2013; Matsumoto 2013; Sanchez-Bayo
et al. 2013; Van der Sluijs et al. 2013; Lu et al. 2014; Feltham
et al. 2014; Bonmatin et al. 2014; Pisa et al. 2014). Pisa et al.
(2014) focus specifically on the undesirable effects of
neonicotinoids and fipronil on non-target invertebrates.

Global growth in the insecticide market

In 1990, the global insecticide market was dominated by
carbamates, organophosphates, and pyrethroids. By 2008,
one quarter of the insecticide market was neonicotinoid (rising
to 27 % in 2010; Casida and Durkin 2013), and nearly 30 %
was neonicotinoid and fipronil combined, with the other clas-
ses correspondingly reduced (Jeschke et al. 2011). In the same
year, imidacloprid became the world’s largest selling insecti-
cide, and second largest selling pesticide (glyphosate was the
largest; Pollack 2011) with registered uses for over 140 crops
in 120 countries (Jeschke et al. 2011). Neonicotinoids are now
in widespread use for a wide variety of crops worldwide.
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By 2009, the global neonicotinoid market was worth US
$2.63 billion (Jeschke et al. 2011). Imidacloprid accounted for
the greatest proportion (41.5 %) of this, and was worth US
$1.09 billion, with—in decreasing order of market share—
thiamethoxam, clothianidin, acetamiprid, thiacloprid,
dinotefuran, and nitenpyram worth US $0.63, 0.44, 0.28,
0.11, 0.08, and 0.008 billion, respectively. Over the period
2003-2009, sales of individual neonicotinoid products (with
the single exception of nitenpyram) rose by between 1.6- and
14.6-fold, with total sales across all products rising 2.45-fold
(Table 1).

According to one estimate, ca. 5,450 tonnes of
imidacloprid were sold worldwide in 2008 (Pollack 2011).
A separate study estimated that ca. 20,000 tonnes of
imidacloprid were produced globally in 2010 (CCM
International 2011). This difference may reflect real growth,
but may also be because imidacloprid became generic (off-
patent) in 2006 (Jeschke et al. 2011), and/or because the
estimates differ in the way they were measured, and what they
include (e.g., agrochemicals and/or veterinary products,
etc.; whether seed treatment is considered as insecticidal
or not). Of the estimated 20,000 tonnes, 13,620 tonnes
were produced in China (CCM International 2011).
Shao et al. (2013b) similarly estimate that China cur-
rently produces 14,000 tonnes of imidacloprid annually,
exporting 8,000 tonnes. Considering these figures, the
estimation of CCM International 2011 seems realistic.

More recently, imidacloprid has been replaced by
thiamethoxam and clothianidin in some parts of the world.
Consequently, the worldwide sales of thiamethoxam reached
US $1 billion in 2011 (Syngenta 2012), and US $1.1 billion in
2012 (Syngenta 2013). In the USA, clothianidin is now reg-
istered for use on 146 agricultural crops, and between 2009
and 2011 was applied to about 46 million acres (18.6 million
ha) of these crops annually, of which 45 million (18.2 million
ha) was corn (maize), Zea mays (Brassard 2012). In the USA,
the use of clothianidin in 2011 is estimated to be 818 tonnes
with corn accounting for 95 % of that use; imidacloprid
811 tonnes (2011) with soybeans and cotton accounting for

Table 1 Growth in global annual turnover (US $ million) of
neonicotinoid insecticides. Sales figures for 2003, 2005 & 2007 taken
from http:/www.agropages.com/BuyersGuide/category/ Neonicotinoid-

60 % of that use; and thiamethoxam 578 tonnes (2011) with
soybeans, corn, and cotton accounting for 85 % of that use
(US Geological Survey 2014).

Obtaining country or state-specific information on annual
trends in quantities used of neonicotinoid insecticides and
fipronil is challenging. Such information is rare in the peer-
reviewed literature. Furthermore, in those countries/states in
which information is available (e.g., Great Britain, Sweden,
Japan, and California), quantities are measured in different
ways (sold, used, shipped, etc.) and comparisons of absolute
amounts are not straightforward, though trends can be deter-
mined. For each of these countries and states, the overall use
of neonicotinoids and fipronil has risen markedly since their
first introduction in the early 1990s (Figs. 2a—d). There is little
suggestion that the quantities sold, used, or shipped are
reaching an asymptote (Fig. 3), which concords with the
growth in their annual global sales (Table 1).

The quantities of neonicotinoid insecticides produced,
sold, and applied may well continue to grow. This will be
aided by the increases in the acreage of crops where they are
heavily used, development of combined formulations (e.g.,
neonicotinoids combined with pyrethroids or fungicides), for-
mulation technologies (e.g., Bayer CropScience’s Q-TEQ
technology, which facilitates leaf penetration), the rise of
generic (off-patent) products (Elbert et al. 2008; Jeschke
etal. 2011), or possible development of molecules with prop-
erties of multiple pesticide classes (e.g., combinations of
herbicidal and insecticidal properties).

Many insect pests have developed resistance to conven-
tional insecticides such as organophosphates, carbamates, py-
rethroids, chlorinated hydrocarbons, and insect growth regu-
lators. Similarly, after nearly two decades of use, several target
pests of neonicotinoids have begun to develop resistance
(Jeschke et al. 2011). Examples are the greenhouse whitefly,
Trialeurodes vaporariorum (Karatolos et al. 2010), the white-
fly, Bemisia tabaci (Prabhakar et al. 1997; Cahill et al. 1996),
and the Colorado potato beetle, Leptinotarsa decemlineata
(Nauen and Denholm 2005; Szendrei et al. 2012; Alyokhin
et al. 2007).

Insecticide-Insight.html. Sales figures for 2009, and number of crop uses
taken from (Jeschke et al. 2011). Products sorted by rank of sales in 2009

Product Crop uses Company 2003 2005 2007 2009
imidacloprid 140 Bayer CropScience 665 830 840 1091
thiamethoxam 115 Syngenta 215 359 455 627
clothianidin 40 Sumitomo//Bayer CS <30 162 365 439
acetamiprid 60 Nippon Soda 60 95 130 276
thiacloprid 50 Bayer CropScience <30 55 80 112
dinotefuran 35 Mitsui Chemicals <30 40 60 79
nitenpyram 12 Sumitomo 45 <10 <10 8
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Fig. 2 A Trend in the agricultural use of neonicotinoid insecticides in
Britain from 1990, measured in tonnes of active ingredient applied per
year. Data from http://pusstats.csl.gov.uk/index.cfm. B Trend in the
quantities of neonicotinoid insecticides sold in Sweden from 1998,
measured in tonnes of active ingredient per year. Data from Swedish
Chemicals Agency, KEMI, quoted in (Bergkvist 2011). C Trend in the
domestic shipment of neonicotinoid insecticides and fipronil in Japan

Wang et al. (2007) demonstrated a relationship between
imidacloprid and acetamiprid resistance in cotton aphids
(Aphis gossypii). An increase in the frequency of resistance
to three neonicotinoids (acetamiprid, clothianidin, and
thiamethoxam) has also been reported for 4. gossypii by
Herron and Wilson (2011). Shi et al. (2011) noted no cross-
resistance between imidacloprid and two other neonicotinoids
(thiamethoxam and clothianidin), but did find a 3.68-5.79-
fold cross-resistance for acetamiprid, nitenpyram, and
thiacloprid. These researchers concluded that resistance to
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from 1990, measured in tonnes of active ingredient per year. Data from
Japan’s National Institute for Environmental Studies database, provided
by Mizuno, R. in litt.,, 2012. D Trend in the quantity of neonicotinoid
insecticides and fipronil used in California from 1990, measured in tonnes
of active ingredient applied per year. Data taken from http://www.cdpr.ca.
gov/docs/pur/purmain.htm. Also shown are the total quantities sold, from
http://www.cdpr.ca.gov/docs/mill/nopdsold.htm

acetamiprid and thiacloprid should be avoided on
imidacloprid-resistant populations of 4. gossypii.

Bioassays performed by Elbert and Nauen (2000) revealed
a high degree of cross-resistance for the tobacco white fly
(B. tabaci) to acetamiprid and thiamethoxam. Cross-resistance
between imidacloprid and thiamethoxam was also confirmed
under field conditions although Elbert and Nauen (2000)
suggest that such problems are sometimes quite localized
and that generalizations regarding resistance to imidacloprid
or other neonicotinoids based on a few monitoring results
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Fig. 3 Trend in the sales (Sweden), domestic shipment (Japan), use
(California) and agricultural use (Britain) of all neonicotinoid insecticides
and fipronil. See Figs. 2a—d for further details. All measured in tonnes of
active ingredient per year. Note the separate vertical axes for California//
Japan, and Britain//Sweden

should be avoided. Cross-resistance also appeared between
imidacloprid, thiamethoxam, and clothianidin in the Colorado
potato beetle, L. decemlineata (Alyokhin et al. 2007).

A recent study by Kavi et al. (2014) shows that resistance
alleles to imidacloprid are present in the genetics of house flies
(Musca domestica) in Florida. Imidacloprid selection resulted
in a highly resistant strain of housefly, although the resistance
was not stable and decreased over the course of several
months. Incompletely dominant resistance of house flies to
fipronil was found by Abbas et al. (2014).

The development of insecticide resistance against
neonicotinoids in the brown planthopper (Nilaparvata lugens)
was first observed in Thailand in 2003 and has since been
found in other Asian countries such as Vietnam, China, and
Japan. This problem has exacerbated yield losses in rice
production in eastern China. Matsumura et al. (2008) found
positive cross-resistance between imidacloprid and
thiamethoxam in whitebacked planthopper, Sogatella
furcifera, and also indicated that insecticide resistance of this
crop pest against fipronil occurred widely in East and
Southeast Asia. Planthopper resistance to imidacloprid has
been reconfirmed following studies by Wang et al.
(2008) and Azzam et al. (2011). According to
Matsumura and Sanada-Morimura (2010) resistance to
neonicotinoids is increasing. More recently, Zhang et al.
(2014) studied nine field populations of the brown
planthopper (N. lugens) from Central, East, and South
China, and resistance to two neonicotinoids was moni-
tored from 2009 to 2012. All nine field populations
collected in 2012 had developed extremely high resis-
tance to imidacloprid. Resistance to imidacloprid was
much higher in 2012 than in 2009. Of the nine field

populations, six populations showed higher resistance to
nitenpyram in 2012 than in 2011.

Neonicotinoids are of enormous economic importance
globally, especially in the control of pests that have previously
developed resistance to other classes of insecticides (Jeschke
et al. 2011). However, as for many pest control products,
resistance to neonicotinoids may become a barrier to market
growth if not managed appropriately. The systemic properties
of neonicotinoid pesticides and fipronil, combined with pro-
phylactic applications, create strong selection pressure on pest
populations, thus expediting evolution of resistance and caus-
ing control failure. There is clearly a need to be judicious in
our patterns of neonicotinoid use, given that the emergence of
insecticide resistance can pose threats to crop production and
food security.

Uses

The use of neonicotinoids and fipronil covers four major
domains: plant protection of crops and ornamentals against
herbivorous insects and mites, urban pest control to target
harmful organisms such as cockroaches, ants, termites, wasps,
flies, etc., veterinary applications (against fleas, ticks, etc. on
pets and cattle, and fleas in cattle stables) and fish farming (to
control rice water weevil (Lissorhoptrus oryzophilus Kuscel)
infestations in rice-crayfish (Procambarus clarkii) rotation
(Barbee and Stout 2009; Chagnon et al. 2014)). Figures on
the relative economic importance of these four domains of
application are scarce, but to give an indicative example, the
2010 imidacloprid sales of Bayer CropScience (covering plant
protection and biocide uses) amounted to 597 million Euro
(Bayer CropScience 2011), while the 2010 imidacloprid sales
of Bayer Healthcare (veterinary applications) amounted to
408 million Euro (Bayer Healthcare 2011). Overall, the largest
use seems to be protection of crops, ornamentals, and trees in
agriculture, horticulture, tree nursery, and forestry.

In agriculture, horticulture, tree nursery and forestry,
neonicotinoids and fipronil can be applied in many different
ways such as (foliar) spraying, seed dressing, seed pilling, soil
treatment, granular application, dipping of seedlings,
chemigation, (soil) drenching, furrow application, trunk injec-
tions in trees, mixing with irrigation water, drenching of
flower bulbs and application with a brush on the stems of fruit
trees. Seed and soil applications represent approx. 60 % of
their uses worldwide (Jeschke et al. 2011). In Europe for
instance, more than 200 plant protection products containing
imidacloprid, thiamethoxam, clothianidin, acetamiprid, or
thiacloprid are on the market. In 2012, these products had
more than 1,000 allowed uses for the treatments of a wide
range of crops and ornamentals including potato, rice, maize,
sugar beets, cereals (incl. maize), oilseed rape, sunflower,
fruit, vegetables, soy, ornamental plants, tree nursery, seeds
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for export, and cotton (EFSA 2012). In 2012, imidacloprid
and thiamethoxam accounted for the largest share of autho-
rized uses in Europe, with >30 and >25 %, respectively.
Thiacloprid and acetamiprid accounted for >15 %, while
clothianidin accounts for <5 %. These uses include field,
greenhouse, and indoor applications. The largest share is field
uses representing >60 % (EFSA 2012). Approximately 70 %
of the number of allowed field uses in Europe were spray
applications in 2012, while less than 20 % were seed treatment
and less than 20 % were other methods of application such as
drip irrigation, soil treatment. However, it is worthwhile not-
ing here that “percentage of number of allowed uses” is not the
same as “percentage of the total volume of active substance,”
nor is it representative of the extent of treated area. Thiacloprid
and acetamiprid are authorized in the EU as spray or soil
treatments. In Europe, no uses as seed treatment were noted
for acetamiprid, and a single use was noted for thiacloprid
(maize) (EFSA 2012). In Asia, major large-scale applications
of neonicotinoids include spraying of rice fields and other
crops (Taniguchi et al. 2012), as well as granular applications
(Thuyet et al. 2011, 2012) and seed coatings.

By far, the largest and most popular application in crop
protection is the prophylactic seed coating. It is an a priori
treatment against target pests that may decrease production
yields. During germination and growing, the active substance
in the seed coating is taken up by the roots and translocated to
all parts of the crop, making the crop toxic to insects that
attempt to feed upon it (Van der Sluijs et al. 2013). The global
market for coating crop seeds with insecticides grew dramat-
ically (more than six-fold) between 1990 and 2008, when its
total value approached a billion Euros (Jeschke et al. 2011).
This growth was almost entirely due to seeds being treated
with neonicotinoids, which are well suited to this form of
application (Elbert et al. 2008). In Britain, for example, of
the 87.2 tonnes of neonicotinoid applied in 2012, 75.6 tonnes
was as a seed treatment. In fact, 93 % by weight of all
insecticidal seed treatment was with neonicotinoids (Fig. 4).

Similarly, the largest use of these compounds in North
America is via application to seed in many annual row crop
systems. Corn (maize) is the largest single use—in fact, pro-
duction of corn for food, feed, and bioethanol production
represents the largest single use of arable land in North
America. Pest management of seed and seedling disease and
insect pests in corn is achieved almost exclusively using
prophylactic applications of pesticide “cocktails” that routine-
ly include neonicotinoid seed treatments for insect control.
One coated maize seed typically is coated with between 1,500
and 4,500 ppm of insecticide (or 0.5-1.5 mg per seed).
Systemic and long-lasting high concentrations allow not only
the protection of the seedling from soil-bound insects but also
offer some suppression of western corn rootworm, Diabrotica
virgifera virgifera, whose attacks usually start one or more
weeks after the sowing (van Rozen and Ester 2010).
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Fig. 4 Trend in the agricultural use of neonicotinoid insecticides as seed
treatments in Britain from 1990, measured in tonnes of active ingredient
per year (bars). The total usage of all insecticidal seed treaments (solid
line) is also shown. Data from http://pusstats.csl.gov.uk/index.cfm

Maize planting reached unprecedented levels in the USA in
2013 at 96 million acres, or 38.8 million ha (USDA-NASS
2013). This level of production is expected to increase in 2014
and beyond. Virtually all of the seeds planted in North
America (the lone exception being organic production=
0.2 % of total acreage, USDA —NASS 2013) are coated with
neonicotinoid insecticides. The two major compounds used
are clothianidin and thiamethoxam,; the latter is metabolized to
clothianidin in insects, other animals, plants, and soil (Nauen
et al. 2003). Although maize is the largest single use, seed
treatments in other large acreage crops, including soybeans
(31.4 million ha), wheat (23 million ha), and cotton (4.2
million ha) combine to make this class of insecticides the most
widely used in the USA in history, when measured by area of
application (USDA-NASS 2013).

Neonicotinoid seed treatments are routinely applied to the
vast majority of grain and oilseed crops in developed coun-
tries, regardless of pest pressures or field histories. Untreated
seeds are often unavailable for purchase. In fact, in many of
the most important crops grown in North America (notably
maize), there are no non-neonicotinoid seed alternatives read-
ily available to producers in the marketplace. Because any
subsequent crop insurance claims by producers must docu-
ment that accepted standard practices were used during plant-
ing, there is an inherent risk in requesting seed that is mark-
edly different from the standard. This may present a disincen-
tive for producers that would otherwise attempt growing
untreated seeds in some fields. Several efficacy studies have
demonstrated that applications of neonicotinoids can reduce
pest population densities, defoliation, and crop damage (e.g.,
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Maienfisch et al. 2001b; Kuhar et al. 2002; Nault et al. 2004;
Koch et al. 2005). This can result in increased crop yields
compared to crops with no pest management (see review by
Jeschke et al. 2013).

However, because the pests targeted by neonicotinoids are
generally occasional, sporadic, and secondary pests, these
benefits are not routinely found: a review of literature by
Stevens and Jenkins (2014) found inconsistent benefits in 11
of 19 peer-reviewed papers examined, and no benefit in the
remaining 8§ articles. Considering the nature of the pests
targeted, this is not altogether surprising. By definition, these
secondary pests are often not present or present in
subeconomic levels. However, they do occur and it is crucial
that crop producers have options for management. These
resources do exist: there is a significant base of knowledge
for managing these secondary pests, and agricultural practices
such as crop rotation drastically reduce the need for control
through neonicotinoids in many cases (Apenet 2009, 2010,
2011). Indeed, the cost-effectiveness of the prophylactic use of
neonicotinoids has in the past and recently been questioned
(Maini et al. 2010; Stevens and Jenkins 2014). Several studies
have shown that the use of neonicotinoids does not necessarily
result in increased yield or economic benefit, thereby bringing
into question the advisability of a widespread and prophylac-
tic use of neonicotinoid insecticides (Apenet 2011; Mole et al.
2013; Stokstad 2013). Macfadyen et al. (2014) showed that
imidacloprid-treated seeds tended to increase yields of canola,
but no such benefit was found for wheat. Similarly, Royer
et al. (2005) found that imidacloprid-treated seeds sometimes
increased yields of wheat but did not always result in a
positive economic return. Neonicotinoid insecticidal seed
treatments provided no yield benefits over a 2-year study in
experimental soybean applications (Seagraves and Lundgren
2012). De Freitas Bueno et al. (2011) also found that the
prophylactic use of neonicotinoids on soybeans did not sig-
nificantly increase production in comparison to other pest
management approaches. Johnson et al. (2009) found that
although imidacloprid treatments increased the yield of soy-
beans, the economic return from imidacloprid-treated crops
was not as high as those from crops under an integrated pest
management program. In citrus orchards of California,
imidacloprid treatments were ineffective or marginally effec-
tive at controlling damage from scales or mites and the insec-
ticides suppressed natural enemies such that overall benefits to
citrus crops were less than from other pest management op-
tions including growth regulators (Grafton-Cardwell et al.
2008). Taken as a whole, these data reflect that use levels for
neonicotinoid seed treatments are dramatically out of step
with the actual need; in most cases, pests are absent or present
at such low numbers that seed treatments cannot demonstrate
any benefit.

Alternatives to this prophylactic use of neonicotinoids in-
cluding those presented by Furlan and Kreutzweiser (2014)

may help to minimize the risk of insect and other arthropod
resistance (see above) to neonicotinoids and reduce overall
operational costs.

Mode of action on invertebrates

Neonicotinoids can be considered substances acting as ago-
nists on nAChRs opening cation channels (Casida and Durkin
2013). Voltage-gated calcium channels are also involved
(Jepson et al. 2006) in their insecticidal activity (Liu et al.
1995; Orr et al. 1997; Nishimura et al. 1998; Tomizawa and
Casida 2001, 2003, 2005). Differences in properties and
structure of the subunits between insects and mammalian
nAChRs explain in part the high selectivity of neonicotinoids
to arthropods and the supposed relatively low toxicity to
vertebrates (Nauen et al. 1999; Lansdell and Millar 2000;
Matsuda et al. 2001; Tomizawa and Casida 2003, 2005).
Electrophysiological studies have shown that the binding
potency of neonicotinoids to brain membranes is well and
positively correlated with their agonistic and insecticidal ac-
tivity. This suggests that the channel opening of nAChRs
induced by the binding of neonicotinoids to receptors leads
to insecticidal activity (Nishimura et al. 1998; Nishiwaki et al.
2003). As a result, their agonistic action induces continuous
excitation of the neuronal membranes, producing discharges
leading to paralyses and cell energy exhaustion. This binding
potency is conferred by a unique molecular conformation
(Tomizawa and Casida 2011). However, the interaction of this
conformation with the receptor may vary depending on their
different chemical substituents and on the species considered
(Honda et al. 2006). In addition, the sensitivity of insect
nAChRs to neonicotinoids may be modulated by phosphory-
lation mechanisms, as shown for imidacloprid (Salgado and
Saar 2004), leading to variation in the insecticidal activity.
Thus, imidacloprid selectively inhibits desensitizing nicotinic
currents, while displaying a selective desensitization toward
certain nAChR subtypes (Oliveira et al. 2011). This indicates
that selective desensitization of certain nAChR subtypes can
account for the insecticidal actions of imidacloprid.

The characterization of the binding sites, the recognition
subsites, and the toxicophores of neonicotinoids have been
studied in depth (Hasegawa et al. 1999; Kagabu et al. 2002;
Kanne et al. 2005; Matsuda et al. 2005; Kagabu 2008; Kagabu
et al. 2008; Kagabu et al. 2009). Photoaffinity labelling has
enabled identification of the amino acids involved in the
molecular interaction between neonicotinoids and nAChRs
or the acetylcholine binding protein (AChBP) (Tomizawa
and Casida 1997; Kagabu et al. 2000; Tomizawa et al.
2001a; Tomizawa et al. 2001b; Zhang et al. 2002, 2003;
Tomizawa et al. 2007; Tomizawa et al. 2008; Tomizawa and
Casida 2009). It appears that, in the same binding pocket, two
very different interactions drive the recognition of
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neonicotinoids. The electronegative toxicophore of
neonicotinoids and the cationic toxicophore of nicotinoids
(nicotine, epibatidine, and desnitro-imidacloprid) lead to them
docking in opposite directions at the binding sites (Tomizawa
et al. 2003; Tomizawa and Casida 2009).

Neonicotinoids appear to bind to multiple sites on mem-
branes of neural tissues in various insect species. The
American cockroach, Periplaneta americana, expresses two
types of receptors resistant to o-bungarotoxin (x-BgTx), an
antagonist of nicotinic receptors: nAChR1, which is sensitive
to imidacloprid, and nAChR2, which is not (Courjaret and
Lapied 2001; Courjaret et al. 2003; Tan et al. 2007; Thany
et al. 2008). As a result, while imidacloprid acts on nAChR1
and not on nAChR2, nicotine, acetamiprid, and clothianidin
act as agonists of nAChR2 (Bordereau-Dubois et al. 2012;
Calas-List et al. 2013).

The first generation of neonicotinoids included
nitenpyram, imidacloprid, acetamiprid, and thiacloprid.
Imidacloprid and its metabolites are highly toxic to bees
(Suchail et al. 2000, 2001). It behaves like a partial agonist
of the nicotinic nAChRs in Kenyon cells of the honey bee
(Apis mellifera) mushroom body, which are involved in higher
order neuronal processes in the brain such as olfactory learn-
ing (Déglise et al. 2002). However, the pharmacological prop-
erties and the molecular composition of nAChRs differ in
Kenyon cells and in neurons from antennal lobes (Barbara
et al. 2008; Dupuis et al. 2011). In antennal lobe neurons, the
characterization of type I nAChR currents, which exhibit slow
desensitization, and type II currents, which exhibit fast desen-
sitization, strongly suggest the presence of at least two differ-
ent types of nAChRs. The presence of two types of receptors
displaying different affinities for imidacloprid and its metab-
olites was proposed on the basis of the complex toxicity
profile after acute and chronic exposures in the honey bee
(Suchail et al. 2001). Such complex profiles can be shown
both on mortality rates and on sublethal effects on reproduc-
tion. This has been recently exemplified for common fruit fly,
Drosophila melanogaster, after chronic exposure to
imidacloprid, at concentrations far below the levels found in
the field (Charpentier et al. 2014). A study designed to dem-
onstrate the absence of different biological targets of
imidacloprid and its metabolites (Nauen et al. 2001) proved
inconclusive for several reasons: (1) a binding of [*H]-
imidacloprid occurs at nanomolar concentrations, whereas
ionic currents are induced at micromolar concentrations
(30 uM here), (2) the pharmacology of the current induced
by imidacloprid, 5-OH-imidacloprid and olefin (two impor-
tant metabolites of imidacloprid, see metabolites section for
details) has not been investigated, (3) no Scatchard analysis is
presented, therefore no analysis for receptor binding interac-
tions is provided, and (4) displacement experiments have been
performed at nanomolar concentrations instead of micromolar
concentrations, which prevent the dual characterization of
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high and low-affinity targets. Studies on the effects of
imidacloprid and two of its metabolites, 5S-OH-imidacloprid
and olefin-imidacloprid, on the habituation phenomenon have
enabled the characterization of two receptors differentially
expressed during honey bee development (Guez et al. 2001;
Guez et al. 2003).

The occurrence of two types of imidacloprid targets, which
could explain the differential toxicity of imidacloprid at low
and very low doses observed in bees, has been demonstrated
in the green peach aphid (Myzus persicae). Saturable binding
of [*H]-imidacloprid has revealed a high-affinity binding site,
with a dissociation constant (K4) of 0.14 nM, and a low-
affinity binding site, with K, of 12.6 nM, whose pharmacol-
ogy resembles that of nAChR (Lind et al. 1998). Another
study confirming these results presented similar dissociation
constants of 0.6 and 7.2 nM (Wiesner and Kayser 2000). In
addition, the pharmacology of the high-affinity binding site is
similar to that of «-BgTx binding sites in the honey bee and
the hawk moth (Manduca sexta) (Lind et al. 1999). The
existence of two imidacloprid binding sites has been con-
firmed in the brown planthopper (V. lugens) (Li et al. 2010).
Two [* H]-imidacloprid binding sites have been identified with
different affinities (K4=3.5 pM and K4=1.5 nM) and subunit
co-assemblies (1, «2, and 31 for the low-affinity nAChR
and «3, o8, and 31 for the high-affinity nAChR). In fact, the
existence of multiple binding sites in insects seems to appear
as a relatively common feature of neonicotinoids, since it has
also been observed in the aphid (Aphis craccivora) and in the
locust (Locusta migratoria) (Wiesner and Kayser 2000).

Contrary to acetylcholine, acetylcholinesterase does not act
on nicotine nor imidacloprid, and possibly on the other
neonicotinoids, leading to their prolonged action on the
nAChRs (Thany 2010). Furthermore, poor neuronal detoxifi-
cation mechanisms may contribute to a prolonged action at
this level (Casida and Durkin 2013). 6-chloronicotinic acid (6-
CNA) is a metabolite common to chloropyridinyl
neonicotinoids (Ford and Casida 2008; Casida 2011). Some
of these metabolites have proved to be highly toxic to bees
leading to significant mortalities by chronic exposure (Suchail
et al. 2001). Thus, the risk posed by 6-CNA to the honey bee
might be common to the use of imidacloprid, thiacloprid,
acetamiprid, and nitenpyram. These features may contribute
to the delayed and chronic lethality observed with some
neonicotinoids, e.g., thiacloprid, imidacloprid (Suchail et al.
2001; Beketov and Liess 2008; Tennekes and Sanchez-Bayo
2011; Roessink et al. 2013).

Imidacloprid has been shown to stimulate plant growth of
genetically modified stress tolerant plants, even in the absence
of damaging pest species, leading to increase in crop yield. As
a result, treated plants respond better to the effects of abiotic
stressors such as drought (Thielert et al. 2006). The metabolite
6-CNA has been suggested to be responsible for the physio-
logical plant changes as it is known to induce a plant’s own
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defenses against plant disease. Consequently, imidacloprid
together with acetamiprid, thiacloprid, and nitenpyram are
included within the so-called Stress Shield"™ technology
(Bayer 20006).

Thiamethoxam, a second-generation neonicotinoid
(Maienfisch et al. 2001a), acts differently to first-generation
neonicotinoids. Thiamethoxam is a poor agonist of insect
nAChRs (Nauen et al. 2003; Tan et al. 2007; Benzidane
et al. 2010). However, it is a full agonist at cercal afferent/
giant interneuron synapses (Thany 2011) where it induces a
strong depolarization that can be partially lowered by the
muscarinic antagonist atropine. This suggests that
thiamethoxam is able to bind to mixed nicotinic/muscarinic
receptors (Lapied et al. 1990). Metabolic N-desmethylation of
thiamethoxam (TMX-dm) results in an increase in the affinity
to the [*H]-imidacloprid binding site (Wiesner and Kayser
2000). However, although it does not occur in lepidopteran
larvae, TMX-dm can be produced in mammals and insects
(Nauen et al. 2003; Ford and Casida 2006b). It can interact
with insect nAChRs, but is about 25 times less potent than
thiamethoxam as an insecticide (Nauen et al. 2003), but is
nevertheless marketed in its own right. The thiamethoxam
metabolite, clothianidin, presents insecticidal activity
(Nauen et al. 2003). It can act on imidacloprid-
sensitive nAChR1 and imidacloprid-insensitive
nAChR2 subtypes (Thany 2009, 2011). Studies involv-
ing neurophysiology, behavioral experiments, and chem-
ical analysis have revealed that the effect of
thiamethoxam on cockroach locomotor activity is close-
ly associated with the appearance of its metabolite
clothianidin (Benzidane et al. 2010). These two mole-
cules are often presented together in environmental ma-
trices (Bonmatin et al. 2014), and their toxic action may
therefore be enhanced.

The third-generation neonicotinoid dinotefuran (Wakita
et al. 2003) can interact with insect nAChRs (Mori et al.
2002; Kiriyama et al. 2003). A high-affinity binding site,
exhibiting a dissociation constant of 13.7 nM, has been char-
acterized in the nerve cord membranes of the American cock-
roach (P. americana) (Miyagi et al. 2006). However,
Scatchard analysis suggests the occurrence of two binding
sites. Dinotefuran can exhibit a nerve-excitatory activity,
which is lower than that of imidacloprid and comparable to
that of clothianidin, and a nerve-blocking activity, which is
comparable to that of imidacloprid and slightly higher than
that of clothianidin (Kiriyama and Nishimura 2002). Such a
nerve-blocking action has also been described in cockroaches
with thiacloprid and its derivatives (Kagabu et al. 2008). The
insecticidal activity of dinotefuran and its derivatives is better
correlated to nerve-blocking activity than to nerve-excitatory
activity, a characteristic also observed with other
neonicotinoids (Kagabu et al. 2008). Both the nitroguanidine
and the terahydro-3-furylmethyl parts of the molecule are

important for the insecticidal activity of dinotefuran (Wakita
et al. 2004a; Wakita et al. 2004b; Wakita 2010). However,
compared to imidacloprid and acetamiprid, dinotefuran ap-
pears more effective in inducing depolarizing currents in terms
of current amplitude and concentration dependence (Le
Questel et al. 2011).

Sulfoxaflor is a fourth-generation neonicotinoid that ex-
hibits a high insecticidal activity against a broad range of sap-
feeding insects (Babcock et al. 2011). It can also act on
nAChRs and may be considered as a neonicotinoid. This
needs to be taken into account when considering possibilities
for insecticide rotation in order to manage resistance toward
neonicotinoids (Cutler et al. 2013). The nature of the interac-
tions with nAChRs differs between sulfoxaflor and the other
neonicotinoids (Sparks et al. 2013). Sulfoxaflor induces cur-
rents of high amplitude when tested on nAChR hybrids of
D. melanogaster 2 nAChR subunit and chicken (32 subunit
in the african clawed frog (Xenopus laevis) oocytes (Watson
et al. 2011). The maximum intensity (/,.x) of sulfoxaflor-
induced currents is much higher than those of imidacloprid,
acetamiprid, thiacloprid, dinotefuran, and nitenpyram.
Conversely, sulfoxaflor presents a weak affinity to displace
[*H]-imidacloprid from green peach aphid (M. persicae)
membranes. In stick insect (Phasmatodea) neurons,
sulfoxaflor potently desensitizes fast-desensitizing currents,
Iacnin, and both slowly desensitizing components, /achan
and Iacppr (Oliveira et al. 2011). These studies clearly show
that the action of sulfoxaflor and other sulfoximines, similar to
that of imidacloprid, involves receptor desensitization, recep-
tor selectivity, a differential action at low and high doses
and, probably, receptor desensitization after a prolonged
exposure. Additionally, the use of D. melanogaster
strains presenting mutations at Dxl and D@2 nAChR
subunits, or resistant silverleaf whitefly (B. tabaci)
strains revealed no cross-resistance between sulfoxaflor
and imidacloprid or spinosyns (family of compounds
with insecticidal activity produced from fermentation
of two species of Saccharopolyspora, including active
ingredients such as spinosad; Perry et al. 2012;
Longhurst et al. 2013), despite the fact that sulfoxaflor
shares nAChR as a common target with other
neonicotinoids.

The pharmacology of cycloxaprid, a cis-neonicotinoid also
belonging to the fourth generation, has been subjected to
fewer investigations due to its recent discovery. In the house-
fly, [*H]-cycloxaprid binds to head membranes with a K of
28 nM (Shao et al. 2013b). Displacement studies show that the
cycloxaprid metabolite, [*H]-nitromethylene imidazole
(NMI), is 19, 15, and 41-fold more potent than cycloxaprid
on housefly, honey bee, and mouse (Mus musculus) brain
membranes, respectively.

Neonicotinoids induce depolarizing currents in insects by
an agonist action on nAChRs. However, as seen above, they
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also exert a nerve-blocking activity that contrasts with their
agonist action and their nerve-excitatory activity, as shown for
thiacloprid and its derivatives (Kagabu et al. 2008; Toshima
et al. 2008). Studies carried out at chicken neuromuscular
junction strongly suggest that imidacloprid is an antagonist
at muscle cell nAChRs (Seifert and Stollberg 2005). In
N. lugens, the Y151S mutation in Nlx1 subunit is associated
with a resistance to imidacloprid, but has little effect on the
action of acetylcholine (Liu et al. 2005; Liu et al. 2006).
Replacement of tyrosine with methionine (Y151M mutation),
as found in Caenorhabditis elegans in the site equivalent to
Y151, instead of serine, results in Nlec1/32 nAChR on which
imidacloprid acts as an antagonist (Zhang et al. 2008).
This shows that very subtle differences in subunit se-
quence can lead to nAChRs resistant to neonicotinoids
or to nAChRs on which neonicotinoids can act agonis-
tically or antagonistically.

As with carbamates and organophosphates, fipronil exerts
its insecticidal activity by acting on the inhibiting system of
the nervous system. It binds to GABA receptors (Tingle et al.
2003) and to glutamate receptors coupled to chloride channels
(Barbara et al. 2005). In doing so, fipronil blocks the
inhibiting receptors leading to an excitation of the nervous
system. It leads to neuronal hyperexcitation due to accumula-
tion of the neurotransmitter (GABA) at the synaptic junctions.
Its mode of action is, therefore, antagonistic, whereas that of
neonicotinoids is agonistic. Glutamate receptors are insect
specific, which is the reason why fipronil is more effective
on invertebrates than on vertebrates (Narahashi et al. 2007).
Furthermore, it seems to have low affinity to vertebrate recep-
tors (Grant et al. 1998). Fipronil shows a higher selectivity for
insects than for humans, with affinity constant (K;=IC50/(1+
[L]/Ky)) of 4 nM for the housefly GABA, receptors and
2,169 nM for human GABA, receptors (Ratra and Casida
2001). However, selectivity and sensitivity may vary with the
subunit composition of the human GABA, receptors.
Competition with the binding of 4-[*H]-
ethylnylbicycloorthobenzoate ([*H]-EBOB) to GABA recep-
tors was performed to compare the relative affinity of fipronil
to GABA receptors of different subunit compositions (Ratra
et al. 2001). Fipronil is highly selective to the (33 receptors
(inhibitory concentration 50 % (ICsp)=2.4+£0.3 nM; K;=1.8
nM), but presents a lower selectivity to native GABA 4 recep-
tors (IC50=2,470£370 nM; K;=2,160 nM). The fact that
native receptors show a lesser affinity to fipronil than 33
receptors suggests that the other subunits of the human
GABA, receptors modulate the sensitivity of GABA recep-
tors to fipronil (Casida and Quistad 2004). Fipronil derivatives
show a higher affinity for native receptors than fipronil, with
1Cs values ranging between 237+45 and 343+49 nM for the
derivatives, and 2,470+370 nM for fipronil (Ratra et al. 2001).
Fipronil interacts with AChR receptors with lower affinity
than neonicotinoids (Barbara et al. 2005).
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Metabolites

Metabolism of the seven major commercial neonicotinoids
can be divided into two phases. Phase I metabolism, largely
dependent on cytochrome P450, includes reactions such as
demethylation, nitro reduction, cyano hydrolysis, hydroxyl-
ation of imidazolidine and thiazolidine accompanied by olefin
formation, hydroxylation of oxadiazine accompanied by ring
opening, and chloropyridinyl and chlorothiazolyl dechlorina-
tion (Ford and Casida 2008; Casida 2011). For some
neonicotinoids, cytosolic aldehyde oxidase together with cy-
tochrome P450 is responsible for nitro reduction in mammals
(Dick etal. 2005; Casida 2011). Phase I metabolites have been
found in both small mammals and plants (Chen et al. 2005;
Casida 2011). Phase II metabolism is mainly responsible for
conjugate formation, which differ between plants and
animals (Ford and Casida 2008; Casida 2011). Several
metabolites are common to different neonicotinoids but
others are compound specific (Schulz-Jander and Casida
2002; Ford and Casida 2006a, 2008; Shi et al. 2009;
Casida 2011).

Neonicotinoids are subjected to intense metabolism in
plants leading to the appearance of different metabolites dur-
ing the plant life or, at least, up to the harvest of plants
consumed by humans or breeding animals (Laurent and
Rathahao 2003; Greatti et al. 2006; Ford and Casida 2008;
Karmakar et al. 2009; Karmakar and Kulshrestha 2009). As a
result, metabolites may induce a long-lasting action of
neonicotinoids against pests, particularly plant-sucking pests
such as aphids (Nauen et al. 1998). Tables 2 and 3 show the
metabolites of neonicotinoids and fipronil, respectively.

Thiamethoxam, clothianidin, and dinotefuran
Animals

The metabolism of thiamethoxam (hereafter also TMX) is close-
ly related to that of clothianidin (hereafter also CLO). As a result,
thiamethoxam produces both metabolites in common with
clothianidin as well as some specific metabolites (Ford and
Casida 2006a). The main metabolic pathways of thiamethoxam
involve hydroxylation at the oxadiazine part of the molecule,
accompanied by ring opening, leading to the production of
clothianidin, its principal intermediate in mammals, insects, and
plants (Nauen etl al. 2003; Ford and Casida 2006a; Karmakar
et al. 2009; Casida 2011). Other metabolic pathways of both
TMX and CLO are N-demethylation and/or nitro reduction
reactions (Ford and Casida 2006a; Casida 2011; Kim et al.
2012), leading to TMX-dm and CLO-dm or their N-nitroso- or
N-amino-guanidines derivatives. These are two metabolites with
toxicity comparable to those of the parent compounds, maintain-
ing almost unaltered binding affinity to the nAChR (Chen et al.
2005; Ford and Casida 2006a). In fact, N-desmethyl



Environ Sci Pollut Res (2015) 22:5-34

17

Table 2 Metabolites of neonicotinoids in various media and organisms. Metabolites known to be active toward invertebrates or mammals are

highlighted in bold

Parent compound

Metabolites

Formation medium

Reference

Thiamethoxam
(TMX)

Clothianidin/
Thiamethoxam

Clothianidin, CLO

Thiamethoxam-dm, TMX-dm,
N-desmethyl thiamethoxam
TMX-NNO

TMX-NNH2
TMX-NH

TMX-Urea

TMX-dm-NNO
TMX-dm-NH2
TMX-dm-NH
TMX-dm-Urea

hydroxy thiazole urea derivative
6-hydroxy oxadiazinon
ether derivative

NG-A

NG-B

NG-C

NG-D
5-methyl-2(3H)-thiazolone
oxazine derivative
acrylonitrile derivative
carbonyl sulfide

isocyanic acid

TZNG, CLO-dm

N-(2-chlorothiazol-5- ylmethyl)-N'-

nitroguanidine
CLO-NNO

CLO-dm-NNO
CLO-NNH2, ATMG
CLO-dm-NNH2, ATG

CLO-NH, TMG, N-(2-chlorothiazol-5-

ylmethyl)-N'-methylguanidine
CLO-dm-NH, TZG

CLO-Urea, TZMU, N-(2-chlorothiazol-

5-ylmethyl)-N-methylurea

CLO-dm-Urea, TZU, 2-chloro-1,

3-thiazole-5-ylmethylurea

THMN, N-hydroxy clothianidin,
N-2-Chlorothiazol-5-ylmethyl-

N-hydroxy-N'-methyl-N"-nitroguanidine
2-chloro-1,3-thiazole-5-methylamine

Soil, mice, mammals,
insects, plants

Mice

Mice, soil bacteria
(Pseudomonas sp.)

Mice

Mice, soil bacteria
(Pseudomonas sp.),
water
(photodegradation), soil

Mice, soil bacteria
(Pseudomonas sp.),
water
(photodegradation), soil

Mice

Mice

Mice

Mice

Plants (tomato)

Plants (tomato)

Plants (tomato)

Mammals

Mammals

Mammals

Mammals

Water (photodegradation)

Water (photodegradation)

Water (photodegradation)

Water (photodegradation)

Water (photodegradation)

Soil, plants, mammals

Mice, insects, plants

Mice, insects, plants
Mice, insects
Mice, insects

Soil, plants, sediment,
mammals

Mammals, plants
Soil, Plants, mammals,
water

Mammals, plants, soil

Rat, apple

Tomato cell culture

Ford and Casida 2006a; Nauen et al.
2003; PPDB 2013; FAO thiamethoxam

Ford and Casida 2006a

Ford and Casida 2006a
Pandey et al. 2009

Ford and Casida 2006a

Ford and Casida 2006a; Pandey et al. 2009;
De Uderzo et al. 2007; FAO thiamethoxam

Ford and Casida 2006a; Pandey et al. 2009;
Schwartz et al. 2000; FAO thiamethoxam

Ford and Casida 2006a

Ford and Casida 2006a

Ford and Casida 2006a

Ford and Casida 2006a

Karmakar et al. 2009

Karmakar et al. 2009

Karmakar et al. 2009

Ford and Casida 2006a

Ford and Casida 2006a

Ford and Casida 2006a

Ford and Casida 2006a

De Uderzo et al. 2007

De Uderzo et al. 2007

De Uderzo et al. 2007

De Uderzo et al. 2007; Schwartz et al. 2000
De Uderzo et al. 2007; Schwartz et al. 2000

PPDB 2013; Kim et al. 2012; Ford and Casida
2006a, 2008; FAO clothianidin;

Ford and Casida 2006a, 2008 Kanne et al. 2005;
Karmakar et al. 2009

Ford and Casida 2006a, 2008; Kanne et al. 2005
Ford and Casida 2006a; Kanne et al. 2005
Ford and Casida 2006a; Kanne et al. 2005

Kim et al. 2012; Ford and Casida 2006a, 2008; FAO

clothianidin
Ford and Casida 2006a, 2008; FAO clothianidin

PPDB 2013; Kim et al. 2012; FAO clothianidin;
Ford and Casida 2008; Karmakar et al. 2009;
Zabar et al. 2012; Schwartz et al. 2000

Kim et al. 2012; Ford and Casida 2006a, 2008; FAO

clothianidin
FAO clothianidin

Karmakar et al. 2009
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Table 2 (continued)

Parent compound

Metabolites

Formation medium

Reference

2-chloro-1,3-thiazole-5-methyl isocyanate

TZA, CTM-a
TZOH, CTM-b*

Tomato cell culture
Mammals
Mammals

Karmakar et al. 2009
Ford and Casida 2006a
Ford and Casida 2006a

CTM-c, CTA, CTCA, 2-chloro-1,
3-thiazole-5-carboxylic acid

Kim et al. 2012; Ford et al. 2010;
Ford and Casida 2008, 2006a

Mammals, plants

CTM-i, cACT, 2-chlorothiazol-5- Water FAO clothianidin
ylmethylamine

CTM-f Mammals Ford and Casida 2006a

CTNU, N-(2-chlorothiazol-5-ylmethyl)- Water FAO clothianidin
N'-nitrourea

HMIO, 4-hydroxy-2-methylamino- Water FAO clothianidin
2-imidazolin-5-one

MIT, 7-methylamino-4H-imidazo Water FAO clothianidin
[5,1-b][1,2,5]thiadiazin-4-one

FA, Formamide Water FAO clothianidin

MU, Methylurea Water FAO clothianidin

Thiamethoxam/ MNG, NG-E, N-methyl-N-nitroguanidine Soil, plants, mammals PPDB 2013; Ford and Casida 2006a, b; FAO
Clothianidin/ clothianidin
Dinotefuran
Thiamethoxam/ MG, NG-F, Methylguanidine Water, plants, mammals Kim et al. 2012; Ford and Casida 2006a; FAO
Clothianidin/ clothianidin
Dinotefuran
Thiamethoxam/ NG-G, NTG, nitroguanidine Mammals, soil, plants Ford and Casida 2006a; FAO clothianidin
Clothianidin/
Dinotefuran
Dinotefuran DIN-dm, FNG, N-desmethyl dinotefuran, Mammals, plants, soil Ford and Casida 2006a; 2008; FAO dinotefuran
2-nitro-1-(tetrahydro-3-furylmethyl) (aerobic)
guanidine
DIN-NNO Mammals, plants Ford and Casida 2006a, 2008
DIN-dm-NNO Mammals, plants Ford and Casida 2006a, 2008
DIN-NNH2 Mammals, plants Ford and Casida 2006a, 2008
DIN-dm-NNH2 Mammals, plants Ford and Casida 2006a, 2008

DIN-NH, DN, 1-Methyl-3-(tetrahydro-3-  Mammals, plants, water Ford and Casida 2006a, 2008; FAO dinotefuran;

furylmethyl)guanidine (photolysis), soil USEPA 2004b
(anaerobic)
DIN-dm-NH, 3-(tetrahydro-3-furylmethyl) Mammals, plants Ford and Casida 2006a, 2008
guanidine
DIN-Urea, UF, 1-Methyl-3-(tetrahydro-3- Mammals, plants, soil Ford and Casida 2006a, 2008; Rahman et al. 2013;
furylmethyl)urea (aerobic), water FAO dinotefuran; USEPA 2004b

(hydrolysis+photolysis)

DIN-dm-Urea, 3-(tetrahydro-3- Mammals, plants Ford and Casida 2006a, 2008

furylmethyl)urea
DIN-2-OH Mammals, plants, water Ford and Casida 2006a; FAO dinotefuran; USEPA
(photolysis) 2004b
DIN-5-OH Mammals, plants Ford and Casida 2006a, 2008
DIN-4-OH Mammals Ford and Casida 2006a

DIN-a, PHP, 1,3-diazinane
aminocarbinol (derivative of DIN-20H)

Mammals, plants Ford and Casida 2006a; FAO dinotefuran

DIN-b (derivative of DIN-dm) Mammals Ford and Casida 2006a
DIN-¢ (guanidine derivative of DIN-a) Mammals Ford and Casida 2006a
DIN-f (guanidine derivative fo DIN-b) Mammals Ford and Casida 2006a
DIN-g (derivative of DIN-5-OH) Mammals, plants Ford and Casida 2006a, 2008

DIN-h (desmethyl DIN-g)
DIN-i (nitroso derivative of DIN-g)

Ford and Casida 2006a, 2008
Ford and Casida 2006a, 2008

Mammals, plants

Mammals, plants
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Table 2 (continued)

Parent compound

Metabolites

Formation medium

Reference

Imidacloprid

Imidacloprid,
Nitenpyram,
Acetamiprid,
Thiacloprid

Nitenpyram

Acetamiprid

DIN+j (nitroso derivative fo DIN-h)
DIN-k (guanidine derivative fo DIN-h)

DIN-I*, tetrahydrofuran carboxaldehyde,
3-Furfural

DIN-m, THFOL, tetrahydrofuran alcohol,
3-Furfuryl alcohol

DIN-n, THFCA, tetrahydrofuran-
3-carboxylic acid

DIN-p, 4-hydroxy-tetrahydrofuran-
3-carboxylic acid

DIN-r, THFMA, tetrahydrofuran-
3-yl-methylamine

446-DO, 1-[4-hydroxy-2-(hydroxymethyl)
butyl]-3-methyl-2-nitroguanidine

DIN-3-OH

IMlI-olefin, olefin derivative, 4,
5-dehydro-imidacloprid

IMI-5-OH, 5-OH-imidacloprid,
5-hydroxy-imidacloprid,
[(6-Chloro-3-pyridinyl) methyl|-4,
5-dihydro-2-(nitroamino)-
1H-imidazol-5-0l

IMI-de

IMI-diol, 4,5-dihydroxy-imidacloprid

IMI-NH, desnitro-imidacloprid

IMI-urea, urea derivative, N-
((6-Chloropyridin-3-yl)-methyl)-
imidazolidinone

6-CNA, 6-chloronicotinic acid

NIT-COOH
NIT-deschloropyridine

NIT-dm, N-desmethyl nitempyram
NIT-CN

NIT-deschloropyridine derivatives

Acetamiprid-D-desmethyl, N-desmethyl
acetamiprid, IM-2-1, ACE-dm, N-
(6-Chloro-3-pyridylmethyl)-N'-cyano-
acetamidine

IM-1-3, N-[(6-chloro-3-pyridyl)methyl]-
N-methylacetamide, ACE-acet, ACE-urea

IM-2-3, N-[(6-chloro-3-pyridyl)methyl]
acetamide, ACE-dm-acet

IM-1-2, N2-carbamoyl-N1- [(6-chloro-3-
pyridyl)methyl]-N1-methylacetamidine,
ACE-NCONH2

IM-2-2, N2-carbamoyl-N1- [(6-chloro-
3-pyridyl)methyl]-acetamidine,
ACE-dm-NCONH2

Mammals, plants
Mammals, plants
Mammals

Plants

Mammals, plants
Mammals, plants
Mammals, plants
Mammals, plants

Mammals, plants, water
(photolysis)

Honeybee, housefly,
drosophila, mice

Honeybee, mice

Mice
Honeybee, mice
Honeybee, plants, mice

Honeybee, mice

Animals, plants, soil

Mice

Mice

Mice

Mice

Mice

Animal, plants, soil
(microbial)

Animal, plants, soil, water
(hydrolysis)
Mice, plants

Mice, plants, soil
(microbial)

Mice, plants

Ford and Casida 2006a, 2008
Ford and Casida 2006a, 2008
Ford and Casida 2006a

Ford and Casida 2008

Ford and Casida 2006a, 2008

Ford and Casida 2006a, 2008

Ford and Casida 2006a, 2008

FAO dinotefuran

FAO dinotefuran; USEPA 2004b

Decourtye and Devillers 2010; Suchail et al.

2001; Nishiwaki et al. 2004; Sparks et al.
2012; Tomizawa and Casida 2003

Decourtye and Devillers 2010; Suchail et al.
2001; Tomizawa and Casida 2003

Tomizawa and Casida 2003

Suchail et al. 2001; Tomizawa and Casida 2003
Suchail et al. 2001; Tomizawa and Casida 2003
Suchail et al. 2001; Tomizawa and Casida 2003

Suchail et al. 2001; Nishiwaki et al. 2004; Sparks
etal. 2012; Ford and Casida 2008, 2006b; Casida
2011; Brunet et al. 2005; FAO acetamiprid; Lazic
2012; Tokieda et al. 1999; Phugare and Jadhav

2013; FAO thiacloprid
Ford and Casida 2008; Casida 2011
Ford and Casida 2008; Casida 2011
Ford and Casida 2008; Casida 2011
Ford and Casida 2008; Casida 2011
Ford and Casida 2008; Casida 2011

FAO acetamiprid; Brunet et al. 2005; Casida 2011;

Ford and Casida 2008; Chen et al. 2008;
Wang et al. 2012; Wang et al. 2013a

Casida 2011; FAO acetamiprid; Brunet et al. 2005;

Dai et al. 2010; Liu et al. 2011
Casida 2011; FAO acetamiprid

Casida 2011; FAO acetamiprid,
Phugare and Jadhav 2013

Casida 2011; Ford and Casida 2008
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Table 2 (continued)

Parent compound

Metabolites

Formation medium

Reference

Thiacloprid

Cycloxaprid

IM-1-4, N-methyl(6-chloro-3-
pyridyl)methylamine, N-
methylpyridinylmethylamine

IM-0, (6-chloro-3-pyridyl)methanol,
CPOL

ACE-NH, descyano derivative

IM-2-5, N1-(6-Chloropyridin-3-ylmethyl)-
acetamidine, ACE-dm-NH

IM-2-4, (6-chloro-3-pyridyl)methylamine,
chloropyridinylmethylamine

N-methylpyridinylmethylamine

(E)-1-ethylideneurea

ACE-w, N'-cyano-N-methylacetimidamide

ACE-u, N'-cyanoacetimidamide

THI-NH, M29, thiacloprid thiazolidinimine,
3-[(6-Chloro-3-pyridinyl)methyl]-2-
thiazolidinimine, descyano derivative

THI-ole, M38, thiacloprid-olefin, {3-
[(6-chloro-3-pyridinyl)methyl]-2-
thiazolylidene} cyanamide

THI-ole-NH

THI-4-OH, 4-hydroxy-thiacloprid, {3-
[(6-chloro-3-pyridinyl)methyl]-4-
hydroxy-2-thiazolidinylidene} cyanamide

Thiacloprid-amide, THI-NCONH2, 3-
[(6-chloro-3-pyridinyl)methy1]-2-
thiazolidinylidene }urea, M02

THI-4-OH-NCONH2, M37, {3-
[(6-chloro-3-pyridinyl)methyl]-
4-hydroxy-2-thiazolidinylidene} urea

THI-SO

THI-SO3-H-NCONH?2, Thiacloprid
sulfonic acid, M30

THI-SOMe

CYC-OH, hydroxy derivatives
CYC-(OH),, dihydroxy derivatives
CYC-NO, nitroso derivative
CYC-NH,, amine derivative

NM]I, nitromethylene imidazole
NMI-NO, nitroso derivative of NMI

Animal (honeybees),
plants, soil

Animal (honeybees),
plants
Plants, soil

Animals
Mice, plants

Soil
Soil
Mice, plants
Mice, plants

Mice, plants, soil

Mice, plants

Mice, plants

Animals, plants, soil
(microbial)

Mice, plants, Soil
(microbial)

Mice, plants

Mice, plants
Mice, plants, Soil

Mice
Mice
Mice
Mice
Mice
Mice
Mice

Casida 2011; Ford and Casida 2006b;
Brunet et al. 2005; FAO acetamiprid,
Dai et al. 2010; Liu et al. 2011;
Wang et al. 2013b; Tokieda 1999;
Phugare and Jadhav 2013;

Wang et al. 2013a

Brunet et al. 2005; FAO acetamiprid

Casida 2011; Wang et al. 2013a
FAO acetamiprid

Casida 2011; Ford and Casida 2006a, 2008

Phugare and Jadhav 2013

Phugare and Jadhav 2013

Casida 2011; Ford and Casida 2006b, 2008
Casida 2011; Ford and Casida 2006b, 2008
Ford and Casida 2006b, 2008; FAO thiacloprid,

Ford and Casida 2006b, 2008; FAO thiacloprid,

Ford and Casida 2006b, 2008

Ford and Casida 2006b, 2008; FAO thiacloprid,
Zhao et al. 2009

Ford and Casida 2006b, 2008; FAO thiacloprid; Dai
etal. 2010

Ford and Casida 2006b, 2008; FAO thiacloprid;
Casida 2011

Ford and Casida 2006b, 2008

Ford and Casida 2006b, 2008; PPDB 2013; FAO
thiacloprid

Ford and Casida 2006b
Shao et al. 2013b
Shao et al. 2013b
Shao et al. 2013b
Shao et al. 2013b
Shao et al. 2013b
Shao et al. 2013b

*not observed

thiamethoxam is almost as active as the insecticide imidacloprid
(Karmakar et al. 2009). However, nitro reduction reverses the
relative toxicity to insects and mammals, being a mechanism of
detoxification for insects and bioactivation for mammals (Kanne
et al. 2005; Honda et al. 2006, Casida 2011).

Thiamethoxam has been found to be a liver carcinogen in
mice (M. musculus) (Green et al. 2005a, b; Tomizawa and

@ Springer

Casida 2005). Green et al. (2005a, b) proposed that TMX-dm
may be a hepatotoxicant. This suggests that contrary to initial
ideas, neonicotinoids may significantly affect the health of ver-
tebrates including humans. A detailed review of such effects is,
however, outside the scope of the present review.

Further steps in the metabolism pathway involve either
phase I metabolites (N-methylene and C-methylene
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Table 3 First-generation metabolites of fipronil in various media and organisms. Metabolites known to be active toward invertebrates or mammals are

highlighted in bold

Parent Metabolites Formation medium Reference
compound
Fipronil Fipronil detrifluoromethylsulphinyl, Mammals, soil, plants (photolysis) FAO fipronil, Hainzl and Casida 1996;

5-amino-3-cyano-1-(2,6-dichloro-
4-trifluoromethylphenyl) pyrazole,
MB 45897

Fipronil-sulfide, 5-amino-1-.
[2,6-dichloro-4-(trifluoromethyl)
phenyl]-4-[(trifluoromethyl)thio]-
1H-pyrazole-3-carbonitrile, MB45950

Fipronil-sulfone, 5-amino-1-[2,6-
dichloro-
4~(trifluoromethyl)phenyl|-4-
[(trifluoromethyl)sulfonyl]-
1H-pyrazole-3-carbonitrile,

MB 46136

Fipronil-desulfinyl, desthiofipronil,
5-amino-1-|2,6-dichloro-4-
(trifluoromethyl)phenyl]-4-[(1R,S)-
(trifluoromethyl)]-1H-pyrazole-3-
carbonitrile, MB 46513

5-amino-3-cyano-1-(2,6-dichloro-4-
trifluoromethylphenyl)-pyrazole-
4-sulfonic acid, RPA104615

5-amino-3-carbamyl-1-(2,6-dichloro-
4-trifluoromethylphenyl)-4-
trifluoromethylsulfonylpyrazole,
RPA105320

Fipronil-amide, 5-amino-3-carbamyl-1-
(2,6-dichloro-4-
trifluoromethylphenyl)-4-
trifluoromethylsulfinylpyrazole, RPA
200766

5-amino-3-carbamyl-1-(2,6-dichloro-
4-trifluoromethylphenyl)-4-
trifluoromethylsulfinylpyrazole-
3-carboxylic acid,

RPA 200761

Various conjugates in urine and bile
(RPA 105048, UMET/10, UMET/3,
FMET/9, UMET/4, FMET/7,
FMET/10, UMET/15)

MB 46400

RPA 108058
Ring-opened 106889
RPA 106681

Mammals, soil, plants, water
(photolysis)

Mammals (milk), hens (eggs),
soil, plants, water (incl.
photolysis)

Soil, plants, water (photolysis)

Soil, water (photolysis)

Soil, plants

Mammals, soil, plants, water
(hydrolysis)

Mammals, soil, plants, water

Mammals

Mammals, hens (eggs)
Mammals, hens (eggs)
Mammals, hens (eggs)
Soil

France 2005

FAO fipronil; Bobé et al. 1998;
Aajoud et al. 2003; France 2005;
Gunasekara et al. 2007

Hainzl and Casida 1996;
Hainzl et al. 1998; Bobé et al. 1998;
FAO fipronil, Tingle et al. 2003;
Aajoud et al. 2003; France 2005

Hainzl and Casida 1996; Hainzl et al. 1998;
Bobé et al. 1998; FAO fipronil; Tingle
et al. 2003; Aajoud et al. 2003; Gunasekara
et al. 2007

Tingle et al. 2003; FAO fipronil

FAO fipronil

Bobé et al. 1998; Tingle et al. 2003;
Aajoud et al. 2003; FAO fipronil

FAO fipronil; France 2005

FAO fipronil; France 2005

FAO fipronil; France 2005
FAO fipronil
FAO fipronil
FAO fipronil

hydroxylation) leading to a wide range of nitroguanidine
(NG) and chlorothiazolylmethyl (CTM) cleavage products
or oxidation to the urea derivatives (TMX-Urea, TMX-dm.
Urea, CLO-Urea, CLO-dm-Urea) or phase II metabolites
by adding pyruvate to give the methyltriazinones (TMX-
dm-tri, CLO-tri, and CLO-dm-tri) (Chen et al. 2005; Ford
and Casida 2006a).

While all CTM cleavage products are in common between
thiamethoxam and clothianidin, only some NG cleavage

products are in common between the two insecticides
(methylnitroguanidine (NG-E), methylguanidine (NG-F),
and other NG compounds) (Yokota et al. 2003; Ford and
Casida 2006a; Kim et al. 2012). Other NG metabolites are
specific to thiamethoxam (NG-A, NG-B, NG-C, and NG-D).
These compounds may continue their metabolism leading to a
wide range of breakdown products.

Most of the metabolites of thiamethoxam and clothianidin
are observed not only in small mammals, such as mice and
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rats, but also in dogs and hens (USEPA 2000; Klein 2003;
USEPA 2003b; Yokota et al. 2003; USEPA 2004a; Ford and
Casida 2006a; Kim et al. 2012).

Dinotefuran differs from TMX and CLO by its
tetrahydrofuranyl moiety instead of the chlorothiazolyl part.
As for thiamethoxam and clothianidin, the principal metabolic
pathways of dinotefuran (hereafter also DIN) in mammals
involve N-demethylation, nitro reduction, and N-methylene
hydroxylation accompanied by amine cleavage (Ford and
Casida 2006a; Casida 2011). Common metabolites have been
described (NG-E, NG-F, and other NG compounds) (FAO
dinotefuran). The metabolism of dinotefuran differs from that
of clothianidin and thiamethoxam by the ready hydroxylation
and metabolism of the tetrahydrofuranyl moiety. The pharma-
cokinetics of dinotefuran are characterized by a rapid metabo-
lism and excretion probably associated with its high polarity and
fast metabolism of the hydrofuranyl moiety (Ford and Casida
2006a). As a result, DIN metabolites follow a similar pattern
than those of TMX and CLO (DIN-dm, DIN-NNO, DIN-dm-
NNO, DIN-NNH2, DIN-dm-NNH2, DIN-NH, DIN-dm-NH)
and urea derivatives. Phase II metabolism, with pyruvate addi-
tion, produces methyltriazinones (DIN-tri and DIN-dm-tri)
(Ford and Casida 2006a; Casida 2011). As already observed
for thiamethoxam and clothianidin, the nitro reduction pathway
causes a shift from insect-selective to vertebrate-selective action
(Kanne et al. 2005; Honda et al. 2006; Casida 2011).

The tetrahydrofuran group may undergo metabolization
including hydroxylation at 2, 5, and 4 positions, ring opening,
N-acetylation, N-demethylation or nitro reduction (Ford and
Casida 2006a).

Most of the metabolites are observed in both small mam-
mals such as mice and rats but also in dogs and hens (Ford and
Casida 2006a; USEPA 2003c; USEPA 2004b). Hydrolysis of
the tetrahydrofuran ring to form 1-[4-hydroxy-2-(hydroxy-
methyl) butyl]-3-methyl-2-nitroguanidine (446-DO) has also
been reported (FAO dinotefuran).

Plants

Clothianidin metabolism in plants has been evaluated in a
variety of crops, including maize, sugar beet, fodder beet,
apples, and tomatoes (EFSA 2010). Metabolism of
thiamethoxam has been evaluated in maize, rice, pears, cu-
cumbers, lettuce, and potatoes (FAO thiamethoxam). The
plant enzymes responsible for the conversion of
thiamethoxam and clothianidin into their metabolites have
not been examined so far (Ford and Casida 2008).

Phase I metabolites in spinach, maize, and sugar beet were
remarkably similar to those observed in small mammals
(Chen et al. 2005; Ford and Casida 2006a, 2008), with the
main metabolic pathways proceeding through N-
demethylation and nitro reduction (FAO thiamethoxam,;
Ford and Casida 2008).

@ Springer

Thiamethoxam is rapidly metabolized to clothianidin in cot-
ton plants, while TMX-dm is not significantly produced
(Karmakar et al. 2009). EFSA (2010) describes clothianidin as
being metabolized extensively in the leaves predominantly lead-
ing to CLO-NH and NG-F (Kim et al. 2012). Clothianidin is
oxidatively cleaved in plants to the carboxylic acid derivative,
among other metabolites and cleavage products (Ford and
Casida 2008; Ford et al. 2010; FAO clothianidin). In spinach,
thiamethoxam, clothianidin, and their N-demethylated products
form nitrosoguanidine, guanidine, and urea derivatives (Ford and
Casida 2008; FAO thiamethoxam; FAO clothianidin).
Conjugated products from thiamethoxam and clothianidin have
not been observed in spinach and neither have methylthio deriv-
atives (Ford and Casida 2008). Contrary to the metabolism in
mammals, clothianidin undergoes hydroxylation at the inner
guanidine nitrogen atom leading to the N-OH derivative (N-2-
chlorothiazol-5-ylmethyl-N-hydroxy-N'-methyl-N"-
nitroguanidine, THMN) followed by glycosylation (phase II
metabolism) in maize, apple, and sugarbeet (FAO clothianidin).

Metabolism of dinotefuran in plants is similar to that in mam-
mals, leading mainly to methylguanidine, nitroguanidine, and
urea metabolites (Ford and Casida 2008; Casida 2011; Rahman
et al. 2013; FAO dinotefuran). As for clothianidin, N-methylene
hydroxylation yields either tetrahydrofurylmethylamine
(THFMA/DIN-r), which could be further metabolized through
phase I (e.g., N-acetylation, oxidation, reduction. . .) and/or phase
IT (glucoside derivative) reactions (Ford and Casida 2008). In
plants, internal ring formation yields 6-hydroxy-5-(2-
hydroxyethyl)-1-methyl-1,3-diazinane-2-ylidene-N-nitroamine
(PHP). NG-E and NG-F are observed as major cleavage products
(Ford and Casida 2008; FAO dinotefuran).

Water

In water, thiamethoxam is stable to hydrolysis in dark condi-
tions at pH 1-7 (De Uderzo et al. 2007) while it is quickly
hydrolyzed at pH 9 and 20 °C (European Commission 2006)
and almost completely degraded (ca. 96 %) under UV radia-
tion in about 10 min (De Uderzo et al. 2007). The main
hydrolysis products are identified: TMX-Urea, clothianidin
and its derivatives (N-(2-chlorothiazol-5-ylmethyl)-N'-
nitrourea (CTNU), CTM-i, methylurea (MU), and NG-B)
(FAO thiamethoxam).

Conversely, De Uderzo et al. (2007) proposed a
photodegradation mechanism of thiamethoxam to form the
guanidine derivatives (TMX-NH), with a loss of HNO3. After
that, a nucleophilic substitution of the Cl with OH in the
thiazolic ring could occur, which then quickly decomposes to
5-methyl-2(3H)-thiazolone and NG-F (De Uderzo et al. 2007).
5-Methyl-2(3H)-thiazolone could in turn decompose to volatile
products, such as carbonyl sulfide and isocyanic acid, already
observed by Schwartz et al. (2000). Other observed
photodegradation products include an oxazine derivative,
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possibly formed by extrusion of S to generate an azetidinone
intermediate, and an acrylonitrile derivative from hydrolysis of
the imine group of the oxazol ring (De Uderzo et al. 2007).

No peer-reviewed literature could be found concerning
clothianidin breakdown in water. However, the FAO mentions
that this compound degrades by hydrolysis and/or photolysis
into CLO-Urea, with further cleavage to methylurea (MU) and
2-chlorothiazol-5-yl-methylamine (ACT), (FAO
clothianidin). Clothianidin could also be hydrolyzed to the
nitro urea derivative (CTNU) and further cleaved into ACT.
Nitro reduction, cleavage at the methylene bridge or complex
cyclization reaction accompanied by loss of nitro group, chlo-
rine elimination, and desulphuration convert the parent com-
pound into CLO-NH, NG-F and forms 7-methylamino-4H-
imidazo[5,1-b][1,2,5]thiadiazin-4-one (MIT). Successively,
ring cleavage forms 2-methylamino-2-imidazolin-5-one
(MIO), 4-hydroxy-2-methylamino-2-imidazolin-5-one
(HMIO), NG-F and formamide (FA) with a final mineraliza-
tion to carbon dioxide (FAO clothianidin).

Hydrolysis of dinotefuran in dark conditions and alkaline pH
produces DIN-Urea. Photolysis on surface water produces DIN-
Urea, DIN-NH, DIN-2-OH, and DIN-3-OH (USEPA 2004b).

Soil

No peer-reviewed literature could be found concerning
thiamethoxam breakdown in soil. However, the FAO provides
some information on this regard (FAO thiamethoxam). The
metabolic pathways of thiamethoxam in soil, under aerobic
conditions, lead to the conversion of TMX into CLO, which
then is degraded to CLO-NH and CLO-Urea. CLO-dm is also
observed as a degradation product. Nitro reduction of the
parent compound also occurs, which finally forms TMX-
Urea. The intermediate TMX-NH has been observed only in
rice-paddies so far. NG-A cleavage product, from N-
methylene hydroxylation, has also been observed as a major
product in soil (FAO thiamethoxam). The main metabolite
formed in anaerobic conditions is TMX-NH but TMX-Urea
has been also observed (European Commission 2006).

The aerobic degradation of clothianidin in soil proceeds
through three main pathways. The first pathway starts with N-
demethylation of clothianidin to form CLO-dm and N-
methylene hydroxylation to form nitroguanidine (NG-G). The
second pathway starts with the N-methylene hydroxylation to
form NG-F and proceeds through N-demethylation to form
NG-G. A third route involves the formation of CLO-Urea via
nitro reduction (FAO clothianidin). The metabolisation of
clothianidin further progresses to carbon dioxide.

In soil incubated under aerobic conditions in the dark at 20 °C,
dinotefuran degraded to NG-E and NG-F as major degradation
products. Other minor observed metabolites were DIN-Urea and
DIN-dm (FAO dinotefuran). Dinotefuran and its metabolites are
further mineralized to carbon dioxide. It has been also found that

photolysis is not a significant degradation pathway of dinotefuran
in soil (FAO dinotefuran). DIN-NH has been observed in soil
under anaerobic conditions (USEPA 2004b).

Imidacloprid and nitenpyram
Animals (and plants)

The metabolic pathways of neonicotinoids present many sim-
ilarities between insects and plants. In the honey bee,
imidacloprid (hereafter also IMI) is transformed mainly to
olefin, 5-hydroxy-imidaclorpid (5-OH-imidacloprid), 4,5-di-
hydroxy-imidacloprid, desnitro-imidacloprid, urea derivative,
and 6-chloronicotinic acid (6-CNA). Among these metabo-
lites, olefin and 5-OH-imidacloprid exhibit toxicity both in
acute and chronic exposures (Suchail et al. 2001). Thus, the
biotransformation of imidacloprid leads to a metabolic activa-
tion and to the concentration of the toxic metabolites in the
brain and thorax of the honey bee for more than 96 h (Suchail
et al. 2004a, b). This results in a metabolic relay, in which
imidacloprid induces first toxicity and then the toxic metabo-
lites act in bees surviving the early action of imidacloprid.
This leads to a lethal phenomenon that lasts more than 96 h,
contrary to the other neurotoxic insecticides for which the
maximum mortality rate is generally observed between 10
and 24 h (Suchail et al. 2001). The metabolism of
imidacloprid is very similar in bees and flies with hydroxyl-
ated imidacloprid derivatives, olefin, 6-CNA, and the
imidazoline moiety as main metabolites in the housefly and
drosophila (Nishiwaki et al. 2004; Sparks et al. 2012). This
suggests that insects may exhibit close neonicotinoid meta-
bolic pathways. Thus, metabolic activation and sensitivity to
certain plant metabolites might be a common feature in in-
sects. That could be the reason for which the conserved
toxicity profiles have been depicted in bees and in flies after
chronic exposure to concentrations three to five orders of
magnitude lower than LCso (Charpentier et al. 2014).

Much of the use of neonicotinoids takes advantage of the
systemic properties of the active substances and involves plant
treatments by seed dressing. As a result, humans and animals
are exposed through consumption of vegetables containing
neonicotinoid active substances taken up by plants, and their
metabolites. Exposure through food should be taken into ac-
count, since studies have shown that nicotine and nicotine
derivatives, such as the neonicotinoids imidacloprid,
acetamiprid, and clothianidin, can be rapidly and efficiently
absorbed through the intestine barrier (Yokota et al. 2003;
Brunet et al. 2004; Brunet et al. 2008). Moreover, seven me-
tabolites of these neonicotinoids have been found in human
urine of sick patients (Taira et al. 2013). Among plant metab-
olites, desnitro-imidacloprid is of particular interest because it
displays high toxicity to vertebrates associated with an agonist
action on the «432 nAChRs (Chao and Casida 1997; D'Amour
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and Casida 1999; Tomizawa and Casida 2000; Tomizawa et al.
2001a). Desnitro-imidacloprid is also able to activate intracel-
lular calcium mobilization and the extracellular signal-regulated
kinase cascade through its interaction with the nAChR
(Tomizawa and Casida 2002). In mice, imidacloprid is
biotransformed into IMI-de, IMI-olefin, IMI-NH (desnitro-
imidacloprid), IMI-urea, IMI-urea-gluc, IMI-urea-gent, IMI-di-
ol, IMI-diol-gluc, IMI-5-OH, IMI-5-OH-gluc, IMI-NNO, 6-
CNA and different imidazoline and pyridinyl derivatives.
IMI-NH is generated by the action of cytochromes P450 on
imidacloprid (Tomizawa and Casida 2003). The appearance of
this metabolite can be considered a bioactivation, since IMI-NH
exhibits toxicity to mammals due to its ability to bind to «432
nAChR (Chao and Casida 1997; D'Amour and Casida 1999;
Tomizawa and Casida 2000; Tomizawa et al. 2001a; Tomizawa
and Casida 2003, 2005).

However, desnitro-imidacloprid is a detoxification deriva-
tive in insects. The 6-CNA is a metabolite common to
chloropyridinyl neonicotinoids (Ford and Casida 2008;
Casida 2011). Thus, the risk posed by 6-CNA to the honey
bee might be common to the use of imidacloprid, thiacloprid,
acetamiprid, and nitenpyram.

Nitenpyram (hereafter also NIT) is metabolized in mice
into NIT-COOH, NIT-deschloropyridine, NIT-dm (N-
desmethyl nitempyram), NIT-CN, and different NIT-
deschloropyridine derivative (Ford and Casida 2008; Casida
2011). The NIT metabolites have not been subjected to in-
depth toxicological investigations. These metabolites can un-
dergo an oxidation of the cyano group into a carboxylic acid
(Ford and Casida 2008; Casida 2011).

Soil and water

Further to metabolites described for plants and animals,
desntiro-olefin, 2,5 diketone, carbone dioxide, and 6-
hydroxynicotinic acid have been described in soil (FAO
imidacloprid).

Acetamiprid and thiacloprid
Animals

In mammals, acetamiprid (hereafter also ACE) undergoes a
rapid and efficient intestinal absorption (Brunet et al. 2008).
As for the other neonicotinoids, N-demethylation is the main
metabolisation pathway for acetamiprid and thiacloprid (here-
after also THI). In insects, acetamiprid undergoes a rapid
biotransformation, which signals a high metabolic activity,
being metabolized into IM2-1 (ACE-dm), IM1-3 (ACE-urea),
IM1-4 (N-methyl-chloropyridinylmethylamine), IMO (6-
chloropicolyl alcohol), ICO (6-CNA) and two unknown me-
tabolites (Brunet et al. 2005; Ford and Casida 2006a; Casida
2011). The metabolite 6-CNA remains stable for more than
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72 h in all biological compartments, except gut-free abdomen,
which could explain the toxicity of acetamiprid (Brunet et al.
2005). Thiacloprid is transformed into THI-NH, THI-ole,
THI-ole-NH (putative), THI-4-OH, THI-NCONH,, THI-4-
OH-NCONH,, THI-SO, THI-SO;H-NCONH,, and THI-
SMe (Ford and Casida 2006b; Casida 2011). Descyano-
thiacloprid (THI-NH) is generated by the action of cyto-
chromes P450 on thiacloprid in vivo (Tomizawa and Casida
2003, 2005). As for imidacloprid and desnitro-imidacloprid,
the appearance of THI-NH can be considered as thiacloprid
bioactivation because THI-NH exhibits a toxicity to mammals
in relation with its ability to bind to o432 nicotinic acetyl-
choline receptors (Chao and Casida 1997; D'Amour and
Casida 1999; Tomizawa and Casida 2000; Tomizawa et al.
2001a; Tomizawa and Casida 2003, 2005). In insects, THI-
NH is instead a detoxification metabolite.

Plants

As seen for the other neonicotinoids, metabolization of
acetamiprid and thiacloprid is similar in plants and mammals.
Acetamiprid metabolization involves several initial sites of
attack: N-demethylation, cyano hydrolysis, cleavage of 6-
CNA. Additionally, cleavage of N-CN linkage from
acetamiprid, which yields the N-descyano compound (ACE-
NH) also occurs (Ford and Casida 2008; Casida 2011).

Thiacloprid metabolization involves five different sites of
attack: cyano hydrolysis (THI-NCONH2), sulfoxidation
(THI-SO, THI-SO3H-NCONH?2), hydroxylation at the 4-
position (THI-4-OH, THI-4-OHNCONH2), conversion to
the olefin (THI-ole) and loss of the cyano group (THI-NH,
THI-ole-NH). The urea derivative (THI-4-OHNCONH?2) and
THI-SO were the major metabolites observed (Ford and
Casida 2008; Casida 2011).

Soil and water

Acetamiprid is stable to hydrolysis and photolysis, the main
metabolite in soil being IM1-4 (FAO acetamiprid; Dai et al.
2010; Liu et al. 2011; Wang et al. 2013a; Wang et al. 2013b).
Minor metabolites are ACE-urea and 6-CNA (FAO
acetamiprid; Dai et al. 2010; Liu et al. 2011).
Biotransformation of acetamiprid produces the N-
demethylated derivative (Chen et al. 2008; Wang et al.
2012). Recently, Phugare and Jadhav (2013) evidenced the
formation of ACE-NCONH?2 from microbial degradation in
soil, which is then cleaved to N-methylpyridinylmethylamine
and (E)-1-ethylideneurea with further oxidative cleavage to 6-
CNA.

Thiacloprid is stable to hydrolysis (95-98 % recovery after
30 days). It can be degraded to THI-NCONH?2 in soil in both
light and dark conditions (FAO thiacloprid), which can be
further transformed into THI-NH and THI-SO3-H-NCONH?2.
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Cis-neonicotinoids and new-generation insecticides

Cycloxaprid, paichongding, imidaclothiz, and sulfoxaflor are
newly developed neonicotinoid-like insecticides.
Paichongding and cycloxaprid are cis-neonicotinoids (Li
et al. 2011; Shao et al. 2011; Cui et al. 2012), imidaclothiz is
a nitroguanidine thiazole neonicotinoid (Wu et al. 2010), and
sulfoxaflor is a sulfoximine insecticide, whose insecticidal
activity could be closely related to its very high efficacy at
nAChRs (Watson et al. 2011). However, only a few studies
have been published on the metabolism of these new sub-
stances in insects and mammals.

Animals

Cycloxaprid (hereafter also CYC) metabolism has been inves-
tigated in mice (Shao et al. 2013b). Five monohydroxy (CYC-
OH) and one dihydroxy (CYC-(OH),) metabolites have been
characterized, along with compounds resulting from modifi-
cation of the NO, group into nitroso and amine derivatives
(CYC-NO and CYC-NH,, respectively). The next more abun-
dant product was nitromethylene imidazole (NMI) and its NO
derivative (NMI-NO). When they bind to housefly
(M. domestica L.) head membranes, NMI and CYC exhibit
dissociation constants of 1.1 and 28 nM, respectively. This
indicates that, as imidacloprid, the degradation of CYC gen-
erates toxic metabolites with high affinity for receptors. As a
result, metabolites could prolong their toxic effects. Should
these metabolites be found on plants, insect exposure could
occur.

Sulfoxaflor metabolism has been investigated in vitro on
drosophila D.mel-2 cells transfected with CYP6G1 (Sparks
et al. 2012). Compared to imidacloprid, acetamiprid,
dinotefuran, thiamethoxam, and clothianidin for which the
extents of metabolism are respectively 85.1, 95.5, 55.1, 46.8,
and 45.6 % after 24 h, sulfoxaflor presents an almost unde-
tectable metabolism. These results could explain the absence
of cross-resistance to sulfoxaflor in insects resistant to
neonicotinoids or other insecticides. However, because
sulfoxaflor metabolism has been investigated only with
CYP6GI, the extrapolation of the least metabolic susceptibil-
ity to the whole drosophila metabolism is difficult.

Fipronil
Animals

In mammals, fipronil can be metabolized at its
trifluoromethylsulfinyl or cyano moieties through three major
pathways: (1) oxidation at the sulfinyl moiety to form fipronil-
sulfone; (2) reduction at the sulfinyl moiety yielding fipronil-
sulfide; and (3) by hydrolysis of the cyano moiety to form
fipronil-amide followed by further hydrolysis to the

corresponding carboxylic acid (5-amino-1-(2,6-dichloro-4-
trifluoromethylphenyl)-4-trifluoromethylsulfinyl pyrazole-3-
carboxylic acid) (France 2005).

Metabolism in rats has proved to be independent of dose
level, regime, and sex (France 2005). In the rat, two urinary
metabolites have been identified following deconjugation
with glucuronidase and sulfatase, leading to pyrazole ring-
opened compounds. Other compounds can be found in urine
as the derivates fipronil-amide, fipronil-sulfone, and fipronil-
sulfide, and the metabolite of fipronil-sulfone,
defluoromethylsulfynil-fipronil (France 2005; FAO fipronil).
Fipronil itself can also be found in urine. Fipronil-sulfone is
the major metabolite and often the only one found in the
tissues of the species examined: fat, adrenal gland, pancreas,
skin, liver, kidney, muscle, thyroid, and ovaries and uterus, as
well as in foodstuffs: milk and eggs (FAO fipronil). Fipronil,
and its amide, sulfone, and sulfide derivates are the main
compounds recovered from fat tissues, consistently with their
lipophilic nature. Fipronil and its amide, sulfone, and sulfide
derivates are the main components found in feces, together
with seven other metabolites found at minimal quantities. At
least 16 different derivates are present in bile, including the
fipronil-carboxylic acid metabolite (FAO fipronil).

Experiments on rats, goats, and hens with the photolytic
metabolite of fipronil, desulfinyl-fipronil, yield numerous uri-
nary metabolites mainly as a result of phase II metabolism.
These metabolites result from the metabolism of radicals of the
pyrazole ring different from the trifluoromethylsulfinyl or cya-
no moieties. Among others, the following have been described:
(1) N-sulfate conjugate of desulfinyl-fipronil, (2) two amino
acid conjugates resulting from the action of deconjugating
enzymes glucuronidase and sulfatase followed by acidic hydro-
lysis, (3) 5-aminoglucuronide confugate, (4) 5-(N-cysteinyl)
conjugate of fipronil-desulfinyl, and (5) a 4-cyano- 5-(N-
cysteinylglycine) conjugate, (4) and (5) linked through the
cysteine residue. Metabolization of desulfinyl-fipronil leads to
the amide derivate, 4-cyano-5-(—cysteinyl) derivate, which in
turn may result in the 4-carboxylic acid-fipronil (Totis 1996 in
FAO fipronil). Ring-opened conjugates were observed in goat’s
liver (Johnson et al. 1996 in FAO fipronil).

Plants

Translocation studies carried out with ['*C]fipronil on maize,
sunflower, and sugar beet show uptake of about 5 %. Fipronil
could be co-formulated with numerous polymers in order to
enhance the systemicity of this active substance (Dieckmann
et al. 2010c). Studies carried out in potatoes, rice, sunflower,
sugar beet, cabbage, cotton, maize, showed metabolism of the
mother compound in plants via hydrolysis to amide-fipronil,
oxidation to the sulfone-fipronil and reduction to the sulfide-
fipronil. Foliar application was also subject of
photodegradation to desulfinyl-fipronil. Fipronil-sulfone can
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undergo photolysis resulting in sulfonic acid (Roberts and
Hutson 1999). This molecule may be target of cleavage and
loss of the sulfone moiety, resulting in
detrifluoromethylsulfinyl-fipronil. A carboxylic derivate of
fipronil can be produced from the hydrolysis of the radical
CONH; of fipronil-amida (FAO fipronil).

Residues of fipronil, fipronil-amida, fipronil-sulfone, and
fipronil-carboxylic acid, as well as minor undetermined deri-
vates, have been found in boll components following seed
dressing in cotton (France 2005). Fipronil and its desulfinyl
and sulfone derivates have been found in pollen loads and
honey (Bonmatin et al. 2007; Chauzat et al. 2011).

Soil and water

Fipronil degrades in water and soil through various metabolic
pathways: (1) hydrolysis to the amide metabolite; (2) oxidation to
fipronil-sulfone; and (3) reduction to fipronil-sulfide, mainly
under anaerobic conditions (Raveton et al. 2007). Photolysis
may also occur, leading to desulfinyl-fipronil and other aniline
derivates (Raveton et al. 2006). A minor photoproduct both in
water and soil surfaces is sulfonic acid. In aqueous surfaces,
fipronil has proved to be stable in dark conditions. However,
pH is a relevant factor determining metabolism. Hydrolysis
kinetics at different pH values differ from half-lives of 770 h at
pH 9 to 2.4 h at pH 12. Fipronil remains stable under acid
(pH 5.5) and neutral conditions (Bobé et al. 1998). An amide
derivate of the fipronil-sulfone can be present following hydro-
lysis or the cyano moiety (FAO fipronil), which can be further
hydrolyzed rendering a carboxylic acid derivate. Photolysis of
fipronil-sulfone results in the production of sulfonic acid.
Fipronil-sulfide can follow hydrolyzes of its cyano moiety lead-
ing to a carboxylic acid derivate.

Detrifluoromethylsulfinyl-fipronil can appear in soil fol-
lowing cleavage of the trifluoromethylsulfinyl moiety (FAO
fipronil).

Adsorption and leaching studies carried out in laboratory
show that fipronil and its main metabolites are slightly mobile
in soil (IUPAC 2014).

Conclusion

This paper summarizes some of the key reasons for the success
of neonicotinoids and fipronil and documents their rapidly
expanding share of the global insecticide market in the last
25 years. Their physicochemical characteristics (extensively
covered in Bonmatin et al. (2014)), especially in terms of water
solubility, pKa, and K, confer systemic properties enabling
them to be absorbed and translocated within all plant tissues.
They are persistent (e.g., imidacloprid half-life in soil is ca.
6 months) and neurotoxic. Neonicotinoids share greater affinity
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toward arthropod nACh receptors than toward those of mam-
mals and other vertebrates. Fipronil acts on insect specific
receptors. This makes them highly efficient insecticides with
reduced operator and consumer risk compared to some of their
predecessors such as organophosphorous and carbamate insec-
ticides. Furthermore, their mode of action enables new strate-
gies for pest control that profit from the existing synergies
between these substances and either other chemicals or micro-
organisms. As a result, there are a wide range of uses available,
including seed coating and root bathing, as invertebrate pest
control in agriculture, horticulture, orchards, forestry, veterinary
applications, and fish farming. However, these same properties
have led to problems. Specifically, their widespread (Main et al.
2014) and prophylactic use, their systemic properties in plants,
their broad spectrum of toxicity in invertebrates, and the per-
sistence and environmental fate of parent compounds and me-
tabolites renders them potentially harmful to a broad range of
non-target organisms. Subsequent papers in this review of the
global literature explore different aspects of these risks. Pisa
et al. (2014) and (Gibbons et al. (2014) extensively cover the
potential impacts on non-target invertebrates and vertebrates,
respectively. Chagnon et al. (2014) explore the risks of their
large scale of use to ecosystem functioning and services. These
papers show a growing body of evidence that persistent, low
concentrations of these insecticides pose serious risks of unde-
sirable environmental impacts (Tennekes and Sanchez-Bayo
2011; Roessink et al. 2013), and therefore the sustainability of
the current heavy reliance upon these compounds is question-
able considering the availability of existing alternative agricul-
tural and forestry practices (Furlan and Kreutzweiser 2014).
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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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plants via their roots or dust deposition on leaves. Persistence
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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 2.8x10™® 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, c¢) (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 png/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,c)
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 ng/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 pug/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 (Masid 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 ng/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 2042 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

@ Springer


http://www.uoguelph.ca/icpbr/index.html
http://www.uoguelph.ca/icpbr/index.html

48

Environ Sci Pollut Res (2015) 22:35-67

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 202.21 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 (7suga 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
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(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 (#=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



Environ Sci Pollut Res (2015) 22:35-67

51

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 175 529 %) 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

@ Springer

be stored in the hive so efficiently, due to deleterious effects on
the global functioning of the bechive (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 beehive. 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
etal. 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 Schoening (2001¢) (DAR)
3.1 See Schmuck and Schoening (2001d) (DAR)
54 See Maus and Schoening (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)
49.4 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- 271 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 t0 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 23t02.7 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 (2001¢) (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)
44.4 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 Schéening (2001b) (DAR)
5.4 See Maus and Schoening (2001¢) (DAR)
0.1-10 0.9- 37 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 2.140.1 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 0.1t0 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 12 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
(A. 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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Abstract We assessed the state of knowledge regarding the
effects of large-scale pollution with neonicotinoid insecticides
and fipronil on non-target invertebrate species of terrestrial,
freshwater and marine environments. A large section of the
assessment is dedicated to the state of knowledge on sublethal
effects on honeybees (4pis mellifera) because this important
pollinator is the most studied non-target invertebrate species.
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Lepidoptera (butterflies and moths), Lumbricidae (earth-
worms), Apoidae sensu lato (bumblebees, solitary bees) and
the section “other invertebrates” review available studies on
the other terrestrial species. The sections on freshwater and
marine species are rather short as little is known so far about
the impact of neonicotinoid insecticides and fipronil on the
diverse invertebrate fauna of these widely exposed habitats.
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For terrestrial and aquatic invertebrate species, the known
effects of neonicotinoid pesticides and fipronil are described
ranging from organismal toxicology and behavioural effects
to population-level effects. For earthworms, freshwater and
marine species, the relation of findings to regulatory risk
assessment is described. Neonicotinoid insecticides exhibit
very high toxicity to a wide range of invertebrates, particularly
insects, and field-realistic exposure is likely to result in both
lethal and a broad range of important sublethal impacts. There
is a major knowledge gap regarding impacts on the grand
majority of invertebrates, many of which perform essential
roles enabling healthy ecosystem functioning. The data on the
few non-target species on which field tests have been per-
formed are limited by major flaws in the outdated test proto-
cols. Despite large knowledge gaps and uncertainties, enough
knowledge exists to conclude that existing levels of pollution
with neonicotinoids and fipronil resulting from presently au-
thorized uses frequently exceed the lowest observed adverse
effect concentrations and are thus likely to have large-scale
and wide ranging negative biological and ecological impacts
on a wide range of non-target invertebrates in terrestrial,
aquatic, marine and benthic habitats.

Keywords Pesticides - Neonicotinoids - Fipronil - Non-target
species - Invertebrates - Honeybee - Earthworms - Butterflies -
Freshwater habitat - Marine habitat

Introduction

Neonicotinoids and fipronil are relatively new, widely used,
systemic compounds designed as plant protection products to
kill insects which cause damage to crops. They are also used
in veterinary medicine to control parasites such as fleas, ticks
and worms on domesticated animals and as pesticides to
control non-agricultural pests. Other papers in this special
issue have shown that neonicotinoid insecticides and fipronil
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are presently used on a very large scale (e.g. Simon-Delso
et al. 2014, this issue), are highly persistent in soils, tend to
accumulate in soils and sediments, have a high runoff and
leaching potential to surface and groundwater and have been
detected frequently in the global environment (Bonmatin et al.
2014, this issue). Effects of exposure to the large-scale pollu-
tion with these neurotoxic chemicals on non-target insects and
possibly other invertebrates can be expected as identified for
other insecticides. However, for the majority of insect and
other invertebrate species that are likely to be exposed to
neonicotinoids and fipronil in agricultural or (semi)natural
ecosystems, no or very little information is available about
the impact of these pesticides on their biology. Here we assess
the present state of knowledge on effects on terrestrial and
aquatic invertebrates.

Terrestrial invertebrates
Honeybees

Many studies have focused on investigating the effects of
neonicotinoids and fipronil on honeybees (Apis mellifera). Apart
from its cultural and honey production value, the honeybee is
the most tractable pollinator species and critical for the produc-
tion of many of the world’s most important crops (Klein et al.
2007; Breeze et al. 2011). Losses of honeybees are generally
measured as winter loss on national to regional level, and
indications are that honeybee populations undergo high losses
in many parts of the world (Oldroyd 2007; Stokstad 2007; van
Engelsdorp and Meixner 2010; Van der Zee et al. 2012a, b).

No single cause for high losses has been identified, and
high losses are associated with multiple factors including
pesticides, habitat loss, pathogens, parasites and environmen-
tal factors (Decourtye et al. 2010; Mani et al. 2010; Neumann
and Carreck 2010; Kluser et al. 2011). Apart from direct biotic
and abiotic factors, changes in honeybee populations also
depend on the economic value of honeybees and thus on
human effort (Aizen and Harder 2009; Mani et al. 2010).
Neonicotinoids are among the most used insecticides world-
wide and are thus prime targets for investigating possible
relationships with high honeybee losses.

Acute and chronic lethal toxicity to honeybees

Neonicotinoids and fipronil show high acute toxicity to hon-
eybees (Table 1). The neonicotinoid family includes
imidacloprid, clothianidin and thiamethoxam (the latter is
metabolized to clothianidin in the plant and in the insect).
Imidacloprid, clothianidin and thiamethoxam belong to the
nitro-containing neonicotinoids, a group that is generally more
toxic than the cyano-containing neonicotinoids, which in-
cludes acetamiprid and thiacloprid. Although neonicotinoids
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Table 1 Toxicity of insecticides to honeybees, compared to DDT. Dose used is given in gram per hectare, median lethal dose (LDs) is given in
nanogram per bee. The final column expresses toxicity relative to DDT (DDT is 1). Source: Bonmatin (2011)

Pesticide ®Example Main use Typical dose Acute LDs Ratio of LDs, as
(g/ha) (ng/bee) compared to DDT

DDT Dinocide Insecticide 200-600 27,000 1

Thiacloprid Proteus Insecticide 62.5 12,600 2.1

Amitraz Apivar Acaricide - 12,000 2.3

Acetamiprid Supreme Insecticide 30-150 7,100 38

Coumaphos Perizin Acaricide - 3,000 9

Methiocarb Mesurol Insecticide 150-2,200 230 117

Tau-fluvalinate Apistan Acaricide - 200 135

Carbofuran Curater Insecticide 600 160 169

A-cyhalotrin Karate Insecticide 150 38 711

Thiametoxam Cruiser Insecticide 69 5 5,400

Fipronil Regent Insecticide 50 42 6,475

Imidacloprid Gaucho Insecticide 75 3.7 7,297

Clothianidin Poncho Insecticide 50 2.5 10,800

Deltamethrin Decis Insecticide 7.5 2.5 10,800

are applied as foliar insecticides with possible direct exposure
risks to honeybees, a large part of neonicotinoid use consists
of seed coating or root drench application. Fipronil belongs to
the phenylpyrazole family of pesticides and, like the
neonicotinoids, has systemic properties (Simon-Delso et al.
2014).

Given that neonicotinoids and fipronil act systemically
in plants, oral lethal doses for honeybees have been ex-
tensively studied for these compounds. Unlike many older
classes of insecticides, neonicotinoids may be more toxic
when ingested (Suchail et al. 2001; Iwasa et al. 2004).
The level of neonicotinoids and fipronil that honeybees
are exposed to in the nectar and pollen of treated plants
varies greatly, although there are trends based upon ap-
plication method. Generally, soil drenches and foliar ap-
plication result in higher concentrations of the active
compounds in plants than seed treatments, with the latter
application used in large, annual cropping systems like
grain crops, cotton and oilseed crops.

In practice, the honeybee lethal dose 50 (LDsg) for these
pesticides varies for a wide range of biotic and abiotic condi-
tions. The LDsq of imidacloprid, for example, has shown
values between 3.7 and 40.9, 40 and 60, 49 and 102 and
490 ng/bee (Nauen et al. 2001; Schmuck et al. 2001; Suchail
etal. 2001; DEFRA 2007, 2009). This variation, of a factor
100 (5-500 ng/bee), has been observed not only between
colonies but also among bees taken from a single colony. A
major component of this observed variation likely stems
from the discrepancy in the contact and oral toxicities of
these compounds, with contact lethal doses generally being
higher than oral lethal doses. However, contact with the
floral parts is frequent when the bees visit flowers, and this
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is different from the topical application used in laboratory
conditions.

Other sources of variability may be attributed to differences
in environmental conditions during testing as well as any
inherent differences in the condition of the tested bees them-
selves. For example, data have shown that measured LDs,
values for bees vary with temperature (Medrzycki et al. 2011),
the age of bees (Schmuck 2004; Medrzycki et al. 2011), the
honeybee subspecies tested (Suchail et al. 2000), the pattern of
exposure (Illarionov 1991; Belzunces 2006) and prior expo-
sure of bees to pesticides (Belzunces 2006). Given the large
variability of honeybee toxicity data, it has been suggested
that LDs, values should only be used to compare levels of
toxicity among pesticides rather than drawing conclusions
about the risk of mortality posed to honeybees via environ-
mental exposure to pesticides (Belzunces 2006).

Oral subchronic exposure to imidacloprid and six of its
metabolites induced a high toxicity at concentrations of 0.1, 1
and 10 ppb (part per billion) or ng/g, whereas the metabolites
olefin-imidacloprid and 5-OH-imidacloprid were toxic in
acute exposure. The main feature of subchronic toxicity is
the absence of a clear dose—effect relationship that can account
for a maximum effect of the lowest concentration due to the
existence of multiple molecular targets, as has been demon-
strated in the honeybee (Déglise et al. 2002; Thany et al. 2003;
Thany and Gauthier 2005; Barbara et al. 2008; Gauthier 2010;
Dupuis et al. 2011; Bordereau-Dubois et al. 2012). The ab-
sence of clear dose—effect relationships has also been ob-
served in other studies, at higher concentrations (Schmuck
2004).

Existence of non-monotonic dose-response relations
implies that some chemicals, including neonicotinoids,
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have unexpected and potent effects at (very) low doses.
These non-linear and often non-intuitive patterns are due
to the complex interplay of receptor binding and gene
reprogramming effects of such substances and can gener-
ate unexpected dose-response relationships, many of
which are still being mapped out (Fagin 2012;
Charpentier et al. 2014). This poses major challenges to
risk assessment based on the classical log-probit model.

As previously reviewed by van der Sluijs et al. (2013),
there are no standardised protocols for measuring chronic
lethal effects. In traditional risk assessment of pesticides, they
are usually expressed in three ways: LDs: the dose at which
50 % of the exposed honeybees die (usually within a 10 day
time span); no observed effect concentration (NOEC): the
highest concentration of a pesticide producing no observed
effect; and lowest observed effect concentration (LOEC): the
lowest concentration of a pesticide producing an observed
effect.

For imidacloprid, including its neurotoxic metabolites, le-
thal toxicity can increase up to 100,000 times compared to
acute toxicity when the exposure is extended in time (Suchail
et al. 2001). There has been some controversy on the findings
of that study, which are discussed in detail by Maxim and Van
der Sluijs (2007, 2013). However, the key finding that expo-
sure time amplifies the toxicity of imidacloprid is consistent
with later findings, implying that the standard 10 day chronic
toxicity test for bees is far too short for testing neonicotinoids
and fipronil, given their persistence and hence the likely
chronic exposure of bees under field conditions. Indeed, hon-
eybees fed with 107" of the LCs of thiamethoxam showed a
41.2 % reduction of life span (Oliveira et al. 2013). Recent
studies have shown that chronic toxicity of neonicotinoids can
more adequately be expressed by time to 50 % mortality
instead of by the 10 day LDs, (Sanchez-Bayo 2009; Maus
and Nauen 2010; Tennekes 2010; Tennekes 2011; Tennekes
and Sanchez-Bayo 2012; Mason et al. 2013; Rondeau et al.
2014). There is a linear relation between the logarithm of the
daily dose and the logarithm of the time to 50 % mortality
(Tennekes 2010, 2011; Tennekes and Sanchez-Bayo 2012;
Tennekes and Sanchez-Bayo 2013; Rondeau et al. 2014).
Sanchez-Bayo and Goka (2014) demonstrated that field-
realistic residues of neonicotinoid insecticides in pollen pose
high risk to honeybees and bumblebees, whilst in the field
synergisms with ergosterol inhibiting fungicides will further
amplify these risks. They found that imidacloprid poses the
highest risk to bumblebees (31.8-49 % probability to reach
the median lethal cumulative dose after 2 days feeding on
field-realistic dose in pollen) and thiamethoxam the highest
risk to honeybees (3.7-29.6 % probability to reach median
lethal cumulative dose). In experiments with honeybee colo-
nies, similar, long-term chronic effects have been found with
typical times of 80-120 days for 1 ppm dinotefuran and
400 ppb clothianidin (Yamada et al. 2012). Note that these

studies used concentrations that are on the uppermost limit of
the currently reported ranges of concentrations found in pollen
and nectar in the field. However, such data are sparse and
limited to a few crops only, so it cannot yet be concluded
whether such concentrations are rare or common in the field—
the question of “field-relevant dose” is not yet fully resolved,
and it is likely that there is a wide range in these values over
space and time (Van der Sluijs et al. 2013).

Field and laboratory studies attempting to test field-realistic
lethal doses have shown variable, often conflicting, results. In
one study, chronic oral and contact exposure during 10—
11 days to 1 pg/bee of acetamiprid and 1,000 pg/bee of
thiamethoxam caused no significant worker mortality
(Aliouane et al. 2009). Conversely, laboratory studies using
imidacloprid showed high worker mortality when honeybees
consumed contaminated pollen (40 ppb) (Decourtye et al.
2003, 2005) and contaminated sugar syrup (0.1, 1.0 and
10 ppb) (Suchail et al. 2001). These results were contrary to
those of field studies performed by Schmuck et al. (2001),
who reported no increased worker mortality when colonies
were exposed to sunflower nectar contaminated with
imidacloprid at rates from 2.0 to 20 pg/kg. Faucon et al.
(2005) also found no worker mortality in a field study of
honeybees fed imidacloprid in sugar syrup. A meta-analysis
by Cresswell (2011) concluded that oral exposure to
imidacloprid at realistic field concentrations did not result in
worker mortality, although a subsequent study by Yamada
et al. (2012) feeding a range of dinotefuran (1-10 ppm) and
clothianidin (0.4—4 ppm) concentrations demonstrated colony
failure within 104 days in each case, suggesting that detection
of colony-level effects may require longer post-exposure
observation.

Field studies to investigate the exposure of bees to pesti-
cides face major difficulties. For the analysis of very low
concentrations of compounds present in pollen, nectar, bees
or other matrices, appropriate methods that meet validity
criteria of quantitative analysis have to be developed. Pilling
et al. (2013) exposed bees to thiamethoxam-treated maize and
oilseed rape but were not able to quantify concentrations
lower than 1 ppb, although this may be a result of the authors
using a lower seed treatment application than is used in normal
agricultural practice. Even though both treatment and control
colonies experienced relatively high losses (mostly queens
laying only drone brood) and the authors were unable to
undertake any statistical analysis due to a lack of replication,
they wrongly concluded that there is a low risk to honeybees
from exposure to treated maize and oilseed rape.

Also, in terms of activity and feeding behaviour, bees
might not be foraging on treated crops in (exactly) the
same way as they would do on untreated crops (Colin
et al. 2004). Furthermore, comparison of treated and con-
trol areas can be totally flawed because control fields
might not be “clean” but treated with other pesticides,
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including insecticides. The recent study of Pilling and co-
workers on thiamethoxam (Pilling et al. 2013) is illustra-
tive for this case as it did not provide information about
the treatment status of the control plots.

For mass-dying of bees in spring near corn fields during
sowing of neonicotinoid-treated seeds, there now is a one to
one proven causal link. Acute intoxication occurs through
exposure to the dust cloud around the pneumatic sowing
machines during foraging flights to adjacent forests (providing
honeydew) or nearby flowering fields (Apenet 2010; Girolami
et al. 2012; Tapparo et al. 2012; Krupke et al. 2012; Pochi
et al. 2012; Tapparo et al. 2012). In these cases, dead bees
have typically been found to have high levels of seed treat-
ment neonicotinoids on, or in, their bodies. Such mass colony
losses during corn sowing have been documented in Italy,
Germany, Austria, Slovenia, the USA and Canada (Gross
2008; Krupke et al. 2012; Sgolastra et al. 2012; Tapparo
et al. 2012). In response to the incidents, the adherence of
the seed coating has been improved owing to better regula-
tions, and an improved sowing technique has recently become
compulsory throughout Europe (European Commission
2010). However, despite the deployment of air deflectors in
the drilling machines and improved seed coating techniques,
emissions are still substantial and the dust cloud remains
acutely toxic to bees (Biocca et al. 2011; Marzaro et al.
2011; Girolami et al. 2012; Tapparo et al. 2012; Sgolastra
etal. 2012).

Acute lethal effects of neonicotinoids dispersed as particles
in the air seem to be promoted by high environmental humid-
ity (Girolami et al. 2012). Honeybees also transport toxic dust
particles on their bodies into the hive (Girolami et al. 2012).
Sunny and warm days also seem to favour the dispersal of
active substances (Greatti et al. 2003).

Sublethal effects on honeybees

Effects on activity, locomotion, metabolism and ontogenetic
development Imidacloprid, thiamethoxam and clothianidin
have been shown to rapidly induce flight muscle paralysis in
honeybees exposed to guttation drops containing these sub-
stances, resulting in the cessation of wing movements
(Girolami et al. 2009). Imidacloprid further impairs the mo-
bility of bees, as reflected by decreases in running and walking
and increases in the time that exposed bees remain stationary
(Medrzycki et al. 2003). However, when exposed to sub-
chronic doses of neonicotinoids, decreases in locomotion
were not observed in honeybees and bumblebees by Cresswell
et al. (2012b).

Ontogenetic development is a crucial period that deter-
mines the physiological and functional integrity of adult indi-
viduals. Thus, in addition to the effects on adults,
neonicotinoids may act on larval development with conse-
quences for the adult stage. Adult honeybees exposed to
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imidacloprid during the larval stage exhibit impairment of
olfactory associative behaviour (Yang et al. 2012). This could
be due to altered neural development. Impairments in mush-
room body development in the bee brain and the walking
behaviour of honeybee workers have been observed in
individuals exposed to imidacloprid during the larval
period (Tomé et al. 2012). Effects on adult bees ex-
posed during the larval stage could also be attributed to
the induction of cell death by imidacloprid in larvae
(Gregorc and Ellis 2011). In the early stages of adult
life, after emergence, imidacloprid can disrupt the develop-
ment of hypopharyngeal glands by decreasing the size of the
acini and by increasing the expression of hsp70 and hsp90
(Smodis Skerl et al. 2009; Hatjina et al. 2013). Derecka et al.
(2013) provided bechives in the field for 15 days with syrup
tainted with 2 pg/l imidaclopid. They found that these levels
of imidacloprid, at the low end of the field-realistic range,
significantly impact energy metabolism in worker bee larvae.

Impacts of pesticides on metabolism may affect the detox-
ifying, intermediary and energetic metabolism pathways.
Imidacloprid impairs brain metabolism in the honeybee which
results in an increase of cytochrome oxidase in mushroom
bodies (Decourtye et al. 2004a, b).

Effects on behaviour, learning and memory Optimal function
of the honeybee nervous system is critical to individual and
colony functioning (Desneux et al. 2007; Thompson and
Maus 2007). Increasing levels of research effort have been
devoted to developing an improved understanding of how
sublethal exposure to neonicotinoids and fipronil may affect
the honeybee nervous system. There is evidence that sublethal
exposure can affect learning, memory and orientation in
honeybees.

Laboratory experiments administering a single dose of
imidacloprid demonstrated that learning was altered (Guez
et al. 2001; Lambin et al. 2001), and exposure to chronic
sublethal doses has demonstrated that learning and foraging
are impaired by imidacloprid and fipronil (Decourtye et al.
2003). Furthermore, thiamethoxam has been shown to de-
crease memory capacity (Aliouane et al. 2009). The method-
ologies and doses varied in these laboratory tests, but all used
concentrations above 20 ppb; this is towards the upper end of
concentrations found in most field situations. These concen-
trations would not be expected to be found in pollen or nectar
following seed treatment applications, but have been found in
cucurbit flowers following soil drench applications (Dively
and Hooks 2010). Field experiments offer the potential for
powerful tests; however, results have been mixed, and many
studies focus on honeybee orientation to and from a feeding
source. A study that trained honeybee foragers to a sugar
syrup reward in a complex maze demonstrated that 38 % of
bees found the food source following ingestion of 3 ng/bee of
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thiamethoxam, compared with 61 % in an unexposed control
group (Decourtye and Devillers 2010). A series of studies
training foragers to orient to a sugar feeder found that foragers
were unable to return to the hive after ingesting imidacloprid
at concentrations ranging from 100 to 1,000 ppb (Bortolotti
et al. 2003; Ramirez-Romero et al. 2005; Yang et al. 2008). In
contrast, other semi-field studies have shown no effects upon
foraging or survivorship following exposure to canola, maize
and sunflowers grown from neonicotinoid-treated seeds
(Schmuck et al. 2001; Cutler and Scott-Dupree 2007; Nguyen
et al. 2009). Possible explanations for these conflicting results
may be that when given a range of foraging opportunities,
honeybees may reduce foraging visits to food sources con-
taining pesticides (Mayer and Lunden 1997; Colin et al.
2004), or that neonicotinoids do not have effects on colonies
in the exposure regimes tested here.

Recently, Henry et al. (2012a, b) described the results of
innovative field experiments using radio frequency identifica-
tion (RFID) tags to determine the colony-level effects of
orientation impairment upon foragers fed a sublethal dose of
imidacloprid (1.42 ng in 20 pl of sucrose syrup). In two
separate experiments, treated foragers failed to return to the
colony at rates of 10.2 and 31.6 %, relative to untreated
foragers feeding upon the same flowering plants. A higher
risk of not returning was associated with the more difficult
orientation tasks. Using these forager loss rates, the re-
searchers modelled the colony-level effects and found
significant, largely consistent deviations from normal colony
growth rates, in some cases to levels that may put the colony at
risk of collapse. A subsequent suggestion by Cresswell and
Thompson (2012) to alter the simulation slightly to reflect the
period when seed-treated crops are flowering demonstrated
that the risk of collapse was no longer evident. However, a
follow-up calculation by Henry et al. (2012a) using a larger
dataset that incorporated a range of empirically derived colony
growth estimates revealed even higher deviations from normal
than the original work: a more serious negative outcome for
colonies. The variable outcomes based upon model assump-
tions reflect uncertainties that have plagued honeybee re-
searchers and further underscore the importance of ensuring
that models are robust and represent a range of scenarios. The
key contribution of this work was the demonstration that
sublethal doses can impose a stressor (i.e. non-returning for-
agers) that can have significant negative outcomes on a colony
level.

Learning and memory represent fundamental functions
involved in the interaction of individuals with their environ-
ment and are critical in enabling bees to respond to the
requirements of the colony throughout their life. Imidacloprid
impairs learning and olfactory performance via both acute and
chronic exposure pathways, and summer bees appear more
sensitive than winter bees (Decourtye et al. 2003). These
effects are observed not only in the laboratory but also in

semi-field conditions, and bees do not recover after exposure
ceases. Results obtained with acetamiprid and thiamethoxam
showed that the action of neonicotinoids depends on the level/
degree of exposure and cannot be generalized to structurally
related compounds. Unlike contact exposure, oral exposure of
acetamiprid resulted in an impairing of long-term retention of
olfactory learning (El Hassani et al. 2008). Conversely, for
thiamethoxam, subchronic exposure, but not acute exposure,
elicited a decrease of olfactory memory and an impairment of
learning performance (El Hassani et al. 2008; Aliouane et al.
2009).

Neonicotinoids have specific routes of metabolism in in-
sects, particularly in the honeybee, that lead to complex influ-
ences on learning and memory processes. Imidacloprid and
thiamethoxam are metabolized into toxic metabolites that may
potentially bind to different honeybee nicotinic acetylcholine
receptors (Nauen et al. 2001; Suchail et al. 2001, 2004a;
Nauen et al. 2003; Ford and Casida 2006; Benzidane et al.
2010; Casida 2011). The metabolism of acetamiprid results in
the appearance of different metabolites in the honeybee,
among which 6-chloronicotinic acid is toxic in chronic expo-
sure but not in acute exposure and remains stable for at least
72 h, especially in the head and the thorax (Suchail et al. 2001,
2004a; Brunet et al. 2005). Considering the presence of mul-
tiple active metabolites over time, it is very difficult to ascer-
tain what steps of the memory process (acquisition, consoli-
dation or retrieval) are affected by imidacloprid, acetamiprid,
thiamethoxam or their metabolites.

Habituation may be defined as “a form of learning that
consists in the gradual and relatively prolonged decrease of
the intensity or the frequency of a response following the
repeated or prolonged stimulus responsible for eliciting such
a response” (Braun and Bicker 1992; Epstein et al. 2011a, b;
Belzunces et al. 2012). Habituation can be regarded as an
important adaptive behaviour because it allows individuals
to minimize their response and, therefore, their energy invest-
ment, towards unimportant stimuli. The neonicotinoid
imidacloprid alters patterns of habituation in honeybees fol-
lowing contact exposure to a sublethal dose (Guez et al. 2001;
Lambin et al. 2001). Imidacloprid-induced changes in habit-
uation appear to vary depending on the age of bees and time
after exposure. Furthermore, these changes in habituation may
be due to factors such as differential sensitivity of different
nicotinic acetylcholine receptors (nAChRs) to imidacloprid
(Déglise et al. 2002; Thany et al. 2003; Thany and Gauthier
2005; Barbara et al. 2008; Gauthier 2010; Dupuis et al. 2011;
Bordereau-Dubois et al. 2012; Farooqui 2013), or the accu-
mulation of imidacloprid metabolites like olefin and 5-hy-
droxy-imidacloprid, which can delay or accelerate habitua-
tion, respectively (Guez et al. 2001, 2003).

Olfaction and taste are very important physiological senses
for honeybees (Detzel and Wink 1993; Giurfa 1993;
Balderrama et al. 1996; Goulson et al. 2001; Reinhard et al.
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2004; Gawleta et al. 2005; Couvillon et al. 2010; Maisonnasse
et al. 2010; Kather et al. 2011). The effects of neonicotinoids
on gustation can be explored by studying the modulation of
the gustatory threshold, which can be defined as the lowest
concentration of a sucrose solution applied to the antenna that
triggers a feeding response. Different active compounds have
been shown to induce dissimilar effects on gustation in hon-
eybees. For example, fipronil increases the gustatory threshold
of bees subjected to contact exposure (El Hassani et al. 2005).
Whilst similar results were found for imidacloprid,
acetamiprid decreases the threshold of bees that are exposed
orally, but not topically (El Hassani et al. 2009).
Thiamethoxam elicits a decrease in honeybee responsiveness
to sucrose, and exposure to acetamiprid increases the respon-
siveness of honeybees to water regardless of exposure route
(El Hassani et al. 2008; Aliouane et al. 2009).

The discrepancy in the effects observed could be explained
in part by neonicotinoid metabolism that induced the appear-
ance of toxic metabolites (Suchail et al. 2004a, b; Brunet et al.
2005) and by the existence of different nAChRs that are either
sensitive and resistant to particular neonicotinoids (Déglise
et al. 2002; Thany et al. 2003; Thany and Gauthier 2005;
Barbara et al. 2008; Gauthier 2010; Dupuis et al. 2011;
Bordereau-Dubois et al. 2012). Although it has been demon-
strated in pollinating flies and in beetles, the repellent effect of
imidacloprid and other neonicotinoids has not been investi-
gated in the honeybee (Easton and Goulson 2013).

Accurate navigation is essential for efficient foraging and,
hence, for colony health and survival. Neonicotinoids and
fipronil may impair navigation in different ways. Sublethal
exposure of honeybees to clothianidin and imidacloprid elicits
a decrease in foraging activity and induces longer foraging
flights (Schneider et al. 2012). Thiamethoxam induces high
mortality by causing failure in the homing behaviour of for-
aging bees, leading to large losses of foragers from the colony
(Henry et al. 2012a, b). Although this effect has been demon-
strated for the pyrethroid deltamethrin for almost 20 years
(Vandame et al. 1995), impacts on the homing behaviour of
foraging bees continue to be left out of the assessment process
for pesticide registration.

Proper foraging behaviour is essential for both individual
bees and the colony as a whole because it determines the
availability of food (stores) and, consequently, the survival
of the colony. Exposure to imidacloprid, clothianidin and
fipronil can lead to reductions in the proportion of active bees
in the hive and, furthermore, initiate behaviours that can
reduce the efficiency of foraging flights. For example, ex-
posed individuals may spend longer periods of time at a food
source, decrease the frequency of visits, increase the time
between foraging trips, engage in longer foraging flights,
reduce foraging distances, exhibit problems revisiting the
same feeding site or exhibit reductions in visual learning
capacities (Nielsen et al. 2000; Morandin and Winston 2003;
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Colin et al. 2004; Ramirez-Romero et al. 2005; Yang et al.
2008; Han et al. 2010; Schneider et al. 2012; Teeters et al.
2012). Fischer et al. (2014) exposed adult honeybees to sub-
lethal doses of imidacloprid (7.5 and 11.25 ng/bee),
clothianidin (2.5 ng/bee) and thiacloprid (1.25 pg/bee) and
subsequently tracked the flight paths of individual bees with
harmonic radar. The rate of successful return was significantly
lower in treated bees, the probability of a correct turn at a
salient landscape structure was reduced and less directed
flights during homing flights were performed. These findings
show that sublethal doses of these three neonicotinoids either
block the retrieval of exploratory navigation memory or alter
this form of navigation memory. Reproduction and colony
development may be regarded as integrative endpoints for
assessing the final impacts of pesticides on bees as both are
a compulsory condition of social insect physiology.

Neonicotinoids such as thiacloprid, thiamethoxam and
imidacloprid decrease brood production, larval eclosion, col-
ony growth rate and the number of queens reared in bumble-
bees (Tasei et al. 2000; Mommaerts et al. 2010; Whitehorn
et al. 2012). Studies suggest that the reduction in brood
production may be associated with a reduction in pollen and
sugar consumption by adult bees (Laycock et al. 2012a, b).
The rearing of honeybees on brood comb containing high
levels of pesticide residues results in delayed larval develop-
ment and emergence and shortened adult longevity (Wu et al.
2011). Since the brood combs in the latter study contained five
neonicotinoids at relatively high concentrations, it is difficult
to ascribe the observed effects to any one pesticide, or pesti-
cide class. An epidemiological study involving Hill’s criteria
(minimal conditions that prove evidence of a causal relation-
ship) revealed conflicting results on the involvement of die-
tary traces of neonicotinoids in the decline of honeybee pop-
ulations (Cresswell et al. 2012a) and could not establish a
causal link between observations of bee decline and
neonicotinoid use rates.

Interaction with pathogens

Detrimental effects of pesticides might be increased in com-
bination with other environmental stress agents (Mason et al.
2013). Specific pathogens and parasites are ancestral compan-
ions of (some) honeybee populations, and accidental move-
ment of parasites and pathogens by man has exposed both
honeybees and wild bees to non-native enemies to which they
may have reduced resistance (e.g. Goulson 2003; Graystock
et al. 2013a, b). Imidacloprid can act synergistically with the
pathogen Nosema spp. by increasing Nosema-induced mor-
tality (Alaux et al. 2010). It affects social immunity and so
increases the number of Nosema spores in the guts of bees
from imidacloprid-exposed colonies exposed in cage studies
(Pettis et al. 2012). Sequential exposure to Nosema ceranae
can sensitize bees to thiacloprid by eliciting potentiation that
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leads to high mortality rates, a feature shared with fipronil
(Vidau et al. 2011; Aufauvre et al. 2012). Similarly, other
experiments with fipronil and N. ceranae have demonstrated
reciprocal sensitization (Aufauvre et al. 2012). Furthermore,
exposure to pesticides during embryonic and post-embryonic
development may alter the susceptibility of adult bees to
pathogens. For example, adult honeybees reared in brood
combs containing high levels of pesticide residues exhibit
higher levels of infection by N. ceranae and higher levels of
Nosema spores (Wu et al. 2012).

Di Prisco et al. (2013) demonstrated that clothianidin neg-
atively modulates nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB, a protein involved in DNA
transcription) immune signaling in insects and adversely af-
fects honeybee antiviral defences controlled by this transcrip-
tion factor. They identified a negative modulator of NF-xB
activation specific for insects. Exposure to clothianidin, by
enhancing the transcription of the gene encoding this inhibitor,
reduces immune defences and promotes the replication of the
deformed wing virus present in honeybees. Similar immuno-
suppression was found to be induced by imidacloprid. The
occurrence of this insecticide-induced viral proliferation at
sublethal doses that are well within field-realistic concentra-
tions suggests that the studied neonicotinoids are likely to
have a negative effect under field conditions.

Synergistic effects with other pesticides

In agricultural ecosystems, honeybees are seldom exposed to
only a single pesticide. Combined exposures could be of high
concern because they can elicit synergies and potentiations.
For example, thiacloprid acts synergistically with ergosterol
biosynthesis inhibitor (EBI) fungicides in bees exposed in
laboratory conditions but not in tunnel conditions (Schmuck
et al. 2003).

Analyses of honeybees and colony contents indicate that
honeybees are indeed frequently exposed to multiple pesti-
cides simultaneously (Mullin et al. 2010; Krupke et al. 2012;
Paradis et al. 2013). However, the study of pesticide mixtures
can be challenging (Lydy et al. 2004), and there is a paucity of
information in the literature regarding the mixtures encoun-
tered by honeybees. Triazole fungicides have been found in
pollen collected from colonies (Krupke et al. 2012) and have
been shown to synergize toxicity of some neonicotinoids
(thiacloprid and acetamiprid) up to 559-fold in the laboratory,
although the same results have not been shown in semi-field
studies (Schmuck et al. 2003). Piperonyl butoxide also has
been found in pollen and has been shown to synergize toxicity
of some neonicotinoids (thiacloprid and acetamiprid) up to
244-fold in the laboratory (Iwasa et al. 2004). Despite the
challenges associated with this type of research, this is a clear
research gap that should be addressed in the future, given that

honeybees rarely encounter only a single pesticide during
foraging and/or in the hive.

Toxicity to bumblebees and solitary bees

Bumblebees (genus Bombus) are primitive social bees. Colo-
nies start from overwintering queens, build up to a few hundred
adult workers and break down when new queens and males are
produced. A small number of bumblebee species are commer-
cially reared for pollination, but many of the non-managed
bumblebees also contribute substantially to crop pollination
(Chagnon et al. 1993; Bosch and Kemp 2006; Greenleaf and
Kremen 2006; Goulson 2010). Solitary bees that are also
commonly managed in agricultural settings include the alfalfa
leafcutter bee (Megachile rotundata), alkali bees (Nomia
melanderi), blue orchard bees (Osmia lignaria) and Japanese
horn-faced bees (Osmia cornifrons). M. rotundata is the major
pollinator of alfalfa, which is grown as a high value livestock
feed in North America. It is often considered a domesticated
species, although populations frequently occur naturally. This
species contributed US$5.26 billion to the value of alfalfa hay
in 2009 (Calderone 2012). In addition to managed bees, there
are more than 20,000 species of wild bees in the world, many of
which contribute to crop pollination, and all of them contribute
to pollination of wild flowers.

There are few long-term population-level studies involving
bumblebees and other bee species, and in many cases, the
impacts of pesticide exposure and dosage are unclear. These
species differ from honeybees in that they generally exhibit
smaller foraging ranges and often prefer to nest in the ground.
Therefore, populations located near agricultural operations
and associated pesticide applications may have fewer alterna-
tive options for food and habitat resources. Furthermore,
ground-nesting species may face additional exposure risks
(i.e. pesticide-contaminated soil) that are not encountered by
honeybees, but which remain to be evaluated. Finally, whilst
bumblebees tend to be bigger, solitary bees are often smaller
than honeybees; thus, these species likely receive a different
dose relative to their body weight than honeybees do.

Likely levels of exposure of wild bee species are poorly
understood. Whilst neonicotinoid levels have been quantified
in the nectar and pollen of various crop plant species
(Cresswell 2011; Anon 2012), the degree to which wild bees
utilize these resources has not been measured, and further-
more, basic values of toxicity, such as LDsq and LCsq, are
completely lacking for the vast majority of these species. The
few studies that do exist have employed a range of methods
with conflicting results so that drawing general conclusions is
difficult at this stage. Moreover, these studies are criticised for
low sample size, which limits power to detect effects and/or
highly unnatural laboratory conditions.

It is clear that neonicotinoids and fipronil are highly toxic
to all bee species tested so far, which in addition to honeybees
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includes various Bombus species, several social stingless bee
species and the solitary species O. lignaria and M. rotundata
(Scott-Dupree et al. 2009; Valdovinos-Nuiez et al. 2009;
Gradish et al. 2010; Mommaerts et al. 2010; Tomé et al.
2012). Cresswell et al. (2012a, b) demonstrated that bumble-
bees exhibit sublethal responses to imidacloprid at 10 ppb,
whilst honeybees were unaffected at this concentration. Scott-
Dupree et al. (2009) found that O. lignaria is more sensitive to
both clothianidin and imidacloprid than Bombus impatiens,
with M. rotundata more sensitive still. Stark et al. (1995) found
no difference in the 24 h contact LDs of imidacloprid between
honeybees and the solitary bee species M. rotundata and
N. melanderi. Scott-Dupree et al. (2009) demonstrated that
B. impatiens individuals were more tolerant of thiamethoxam
and clothianidin than O. lignaria and M. rotundata. However,
the orchard bee O. lignaria exhibits delayed hatching and
development when fed imidacloprid at rates from 30 to
300 pg/kg (Abbott et al. 2008). Arena and Sgolastra (2014)
compared the acute toxicity of numerous pesticides and found
that Scaptotrigona postica and M. rotundata were more sensi-
tive than honeybees to fipronil, whilst N. melanderi was more
tolerant. Together, these results suggest that “other” bees may
be at least as sensitive, if not more sensitive, to neonicotinoids
than honeybees, although more work is clearly needed.

A number of studies have used queenless micro-colonies of
bumblebees (containing only workers) to examine the suble-
thal effects of cumulative neonicotinoid exposure to low,
field-realistic doses. Several have found no detectable effects;
for example, Tasei et al. (2000) exposed Bombus terrestris
micro-colonies to 625 ppb of imidacloprid and found no
significant response. Similarly, Franklin et al. (2004) exposed
B. impatiens to concentrations of up to 36 ppb of clothianidin
without detecting an impact (see also Morandin and Winston
2003). Most recently, Laycock et al. (2012a, b) exposed
micro-colonies of B. ferrestris to a range of concentrations
of' imidacloprid (0—125 png/l) and detected a 30 % reduction in
fecundity at doses as low as 1 ppb. In the only comparable
work on other bee species, Abbott et al. (2008) injected
concentrations of up to 300 ppb of neonicotinoids into pollen
stores of O. lignaria and M. rotundata with no measurable
impact on larval development.

Interestingly, negative effects seem to be detected more
frequently and at lower concentrations when bees have to
forage at a distance, even when the distances are tiny.
Mommaerts et al. (2010) found no impact of imidacloprid
exposure on micro-colonies of B. ferrestris at field-realistic
concentrations when food was provided in the nest, but when
workers had to walk just 20 cm down a tube to gather food
they found significant sublethal effects on foraging activity,
with a median sublethal effect concentration (ECsg) of just
3.7 ppb. The same researchers also studied queenright colo-
nies foraging in a glasshouse where food was 3 m from their
nest and found that ingestion of 20 ppb of imidacloprid caused
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significant worker mortality, including bees dying at the feed-
er. Significant mortality was also observed at 10 ppb, but not
at 2 ppb. This may explain why some lab studies have failed to
find effects.

With impacts more pronounced when bees have to
leave the colony, one might predict more marked effects
when bees are foraging naturally, travelling kilometres
across the landscape (Knight et al. 2005; Osborne et al.
2008). Only four studies have examined impacts of expo-
sure to neonicotinoids on non-Apis bees when free-flying
in the landscape. Tasei et al. (2001) placed Bombus
lucorum colonies in the field for 9 days, either adjacent
to an imidacloprid-treated field or a control field of sun-
flowers. During this time, 54 % more of the foragers from
the ten imidacloprid-exposed colonies failed to return
compared to the ten control colonies; however, this dif-
ference was not statistically significant as sample sizes
were very small. After 9 days, the colonies were returned
to the lab and fed ad libitum. Treated colonies grew more
slowly but the difference was not significant. Gill et al.
(2012) provided B. terrestris colonies with feeders con-
taining 10 ppb of imidacloprid in sugared water whilst
simultaneously allowing bees freedom to forage outside
the nest. Bees exposed to imidacloprid brought back pol-
len less often and tended to bring back smaller loads,
compared to control bees. Feltham et al. (2014) simulated
exposure of queenright B. ferrestris colonies to a crop of
flowering oilseed rape, providing them with sugared water
and pollen containing 0.7 and 6 ppb of imidacloprid,
respectively, for 2 weeks. They found a 57 % reduction
in the mass of pollen brought back to colonies, which
persisted for at least 4 weeks after treatment ceased. Only
one study to date has attempted to examine the effects of
exposure to neonicotinoids on colony-level development
of bumblebees under field conditions; Whitehorn et al.
(2012) used the same field-realistic doses as Feltham et al.
(2014) and then allowed colonies to develop naturally in
the field. They recorded significantly reduced nest growth
and an 85 % decrease in queen production in
imidacloprid-exposed colonies compared to control colo-
nies. This reduction in colony performance is likely due to
a combination of factors such as reduced pollen input (as
demonstrated by Gill et al. 2012 and Feltham et al. 2014)
and perhaps impaired fecundity of queens (following
Laycock et al. 2012a, b). In an 11 week greenhouse study,
caged queenright colonies of B. impatiens were fed treat-
ments of 0, 10, 20, 50 and 100 ppb of imidacloprid,
respectively, and clothianidin in sugar syrup (50%)
(Scholer and Krischik 2014). At 6 weeks, queen mortality
was significantly higher in 50 and 100 ppb and by
11 weeks in 20—-100 ppb neonicotinyl-treated colonies.
Starting at 20 ppb, there is a statistically significant re-
duction in queen survival (37 % for imidacloprid, 56 %
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for clothianidin), worker movement, colony consumption
and colony weight compared to 0 ppb treatments. At
10 ppb imidacloprid and 50 ppb clothianidin, fewer males
were produced (Scholer and Krischik 2014).

Bryden et al. (2013) conceived a model to simulate bum-
blebee colony development to assess the colony-level impacts
of well-known sublethal effects on individuals. Their study
shows that bumblebee colonies fail when exposed to sustained
sublethal levels of pesticide. This is explained by impairment
of colony function. Social bee colonies have a positive density
dependence, and they are subject to an Allee effect. There is a
critical stress level for the success of a colony such that a small
increase in the level of stress can make the difference between
failure and success.

It seems likely that intoxicated bees are fully able to gather
food when it is presented to them within the nest, but when
bees have to navigate over realistic distances to extract nectar
and pollen from complex, patchily distributed flowers, the
effects of intoxication become evident. Studies have focused
mainly on behavioural effects in adult bees shortly after ex-
posure to neonicotinoids, but there is evidence from both
honeybees (Yang et al. 2012) and stingless bees (Tomé et al.
2012) that exposure during larval stages can impair develop-
ment of the central nervous system and, hence, result in
reduced adult performance several weeks after colony expo-
sure. Therefore, the implications for risk assessment are clear;
lab trials, and even trials where colonies are placed immedi-
ately adjacent to treated crops, are not appropriate for detect-
ing these impacts. Similarly, experiments need to run for many
weeks to examine the long-term effects of exposure on bee
health.

The existing toxicological data suggests that impacts on
diverse bee taxa are broadly similar at the level of the individ-
ual bee, with some evidence that bumblebees and solitary bees
may be more susceptible than honeybees. It is clear that field-
realistic doses of neonicotinoids can have a range of signifi-
cant detrimental effects on larval development, adult fecundi-
ty, adult foraging behaviour and colony performance in social
species. However, the effects of neonicotinoids on the vast
majority of bee species have not been examined, and caution
is necessary when extrapolating from social to solitary spe-
cies. No studies have evaluated the impacts of neonicotinoids
on solitary species under field conditions. It might plausibly
be argued that the large colony size exhibited by honeybees
and some stingless bees could buffer these species against
reductions in foraging performance, as well as any naviga-
tional errors on the part of workers; however, this is unlikely to
be the case for either bumblebee colonies, which have just a
few hundred workers at most, or solitary bees, where a single
female has sole responsibility for provisioning of offspring.
Thus, impacts at the population level may be inversely
related to levels of sociality. This possibility awaits
experimental investigation.

Butterflies and moths (Lepidoptera)

Among agricultural practices, pesticide use is known to im-
pact butterflies and moths; however, based on observational
field data, it is difficult to distinguish the impacts of pesticides
from other agricultural customs, such as fertilizer application
or landscape simplification, e.g. by removal of hedgerows
(Geiger et al. 2010). In the case of butterflies or moths that
inhabit structures adjacent to areas where pesticides are ap-
plied via aerial spraying, indirect effects of drift from spraying
may pose risks both during and after applications (Sinha et al.
1990). In the 1980s for example, helicopter application of
pesticides in vineyards of the Mosel Valley in Germany nearly
led to the extinction of an isolated population of the Apollo
butterfly (Parnassius apollo) which was restricted to adjacent
rocky slopes (Kinkler et al. 1987; Richarz et al. 1989; Schmidt
1997). In Northern Italy, butterfly communities in natural
grasslands have suffered drastic declines downwind of inten-
sively sprayed orchards, leading to the disappearance of all but
the most generalist species (Tarmann 2009). Furthermore,
spray applications of pesticides may alter soil quality
(Freemark and Boutin 1995) and thereby indirectly affect the
larvae and pupae of moth species residing in the upper layers
of the soil surface during the spring.

Contrary to other non-target species (e.g. bees, birds, spi-
ders, ground beetles), very few comparative pesticide sensi-
tivity tests have been carried out for butterflies and moths.
This is surprising given the significant role these insects play
for conservation programs. One such study conducted by
Brittain et al. (2010b) evaluated the impact of pesticides on
various groups of pollinators. When comparing intensively
managed systems (high pesticide application rates) with less
intensively managed systems (fewer pesticide applications),
the authors demonstrated that fewer bumblebee and butterfly
species were observed in intensively managed habitat patches.
The study also demonstrated that wild bees have higher
pesticide-related risks than butterflies (Brittain et al. 2010b).

Moreover, studies by Feber et al. (1997) and Rundlof et al.
(2008) have demonstrated negative impacts of pesticides on
butterflies. Both studies evaluated the impacts of organic
versus conventional agriculture on butterfly populations. In
each case, organic farms were found to host greater numbers
and species of butterflies. This response was likely due
in part to reduced applications of herbicides in organic
systems, as herbicides reduce the abundance of host and
nectar plants that are crucial for the survival of larvae as
well as adults (Boggs 2003). In contrast, similar studies
comparing Lepidopteran communities between organic
and conventional agriculture systems found no differ-
ences in the number or species richness of butterflies
(Weibull et al. 2000 and Brittain et al. 2010a). In the
case of these studies, characteristics of the surrounding
landscape such as the absence of specific vegetation
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elements (e.g. hedgerows or floral nectar sources) at both
the local and regional scales, or the broad scale applica-
tion of pesticides, may have influenced the outcome of
the findings.

In contrast to the few ecological and ecotoxicological stud-
ies on the direct and indirect impacts of pesticides on non-
target Lepidoptera, numerous results are available on the
impacts of pesticides on the butterfly and moth species that
are regarded as agricultural pests during the larval stage
(Haynes 1988; Davis et al. 1991a, b, 1993; Liang et al.
2003). The impacts of systemic pesticides on Lepidoptera
have been investigated for some 32 pest species of moths in
nine different families (Table 2). This represents a tiny fraction
of the estimated 200,000 Lepidoptera species. The results
demonstrate considerable variation in the impact of pesticides
on different species of Lepidoptera. For example, Doffou et al.
(2011a, b) noted that the susceptibility of two cotton pests,
Pectinophora gossypiella (Gelechiidae) and Cryptophlebia
leucotreta (Tortricidae), to acetamiprid differs almost 3-fold
(LDs5o=11,049 and 3,798 ppm, respectively). First instar
Cydia pomonella caterpillars (Tortricidae) are more than 100
times as sensitive as final fifth instar caterpillars, with an LCs¢/
LCyo0f0.84/1.83 and 114.78/462.11 ppm, respectively (Stara
and Kocourek 2007a, b).

Not surprisingly, different neonicotinoid compounds vary
in toxicity. Thiacloprid and acetamiprid for example are re-
corded to have stronger effects on the survival of
Phyllonorycter ringoniella than all other neonicotinoid sub-
stances (Funayama and Ohsumi 2007a, b). Acetamiprid has
been shown to be more toxic than thiacloprid in several
studies, but the degree of difference varies greatly. For exam-
ple, a study by Cichon et al. (2013) found thiacloprid to be two
times as toxic to C. pomonella as acetamiprid (LCgo/LCsp=
1.55/0.17 vs 0.71/0.08 ppm, respectively), whilst Magalhaes
and Walgenbach (2011) recorded a 60-fold difference in the
sensitivity of the same species to these compounds (LCsy=
1.06 and 65.63 ppm, respectively).

Many studies have documented systemic pesticide resis-
tance in Lepidoptera; for example, Phtorimaea operculella
has been found to be resistant to fipronil (Dogramaci and
Tingey 2007), Spodoptera litura to both fipronil and
imidacloprid (Huang et al. 2006a, b; Ahmad et al. 2008;
Abbas et al. 2012), C. pomonella to acetamiprid and
thiacloprid (Cichon et al. 2013; Knight 2010; Stara and
Kocourek 2007a, b), and Plutella xylostella to acetamiprid
(Ninsin et al. 2000a, b). In the latter field study from Japan, an
almost 10-fold higher dosage was required to reach the same
lethal concentration (LCs0/95=315/2,020 compared to 35.1/
137 ppm in susceptible laboratory colonies). Applications of
such high concentrations may further increase negative im-
pacts on non-target species of insects. Even low sublethal
doses can have severe impacts on Lepidoptera populations.
In a study on Helicoverpa armigera by Ahmad et al. (2013), a
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16th of the LCs, of imidacloprid (5.38 ppm) increased the
next generation survival rate by a factor of 4 (i.e. equivalent to
LC,) compared to a treatment with the LCs, dose. Sublethal
effects included a significant reduction in the survival and
fecundity as well as increased mortality in the first and
subsequent generations. Asaro and Creighton (2011a, b) noted
that loblolly pines appeared to be protected from the Nantuck-
et pine tip moth (Rhyacionia frustrana) even 1 year after
treatment, and the treatment effect apparently was not con-
fined to the target pest species, but extended to further non-
target insect species.

There is a clear need for studies on the impact of pesticides
on butterflies and moths and in particular those species that are
not agricultural pests, but which commonly inhabit managed
landscapes. Extensive studies on the direct and indirect effects
of pesticides on these non-target groups are urgently needed
on different geographical scales and across long time periods
(Aebischer 1990) and which include all developmental stages
of butterflies and moths (i.e. egg, larva, pupa, adult). It is of
paramount importance to include varying intensities of pesti-
cide applications, their persistence and their interplay with
biotic and abiotic factors (Longley and Sotherton 1997;
Brittain et al. 2010b).

Other invertebrates

This section will review the studies on neonicotinoids and
non-target organisms, in particular the predatory invertebrates
of natural pest species. Biological pest control plays an im-
portant role in integrated pest management (Byrne and
Toscano 2007; Peck and Olmstead 2010; Prabhaker et al.
2011; Khani et al. 2012) with studies suggesting that predators
may contribute to the similarity in crop yields between non-
treated and pesticide-treated fields (Albajes et al. 2003;
Seagraves and Lundgren 2012).

Routes of exposure

Non-target organisms can be exposed to neonicotinoid pesti-
cides in a variety of ways. Predatory invertebrates may be-
come contaminated by consuming pests such as leathoppers
or aphids that feed on treated crops (Albajes et al. 2003;
Papachristos and Milonas 2008; Moser and Obrycki 2009;
Prabhaker et al. 2011; Khani et al. 2012). Direct contamina-
tion through the diet can also be a problem for other beneficial
plant-feeding invertebrates (Dilling et al. 2009; Girolami et al.
2009; Moser and Obrycki 2009; Prabhaker et al. 2011; Khani
et al. 2012). For example, several species of hoverfly and
parasitoid wasps attack agricultural pests, but also subsidise
their diet with nectar. Therefore, these insects can be affected
by neonicotinoids, which are translocated into the nectar
and pollen of treated crop plants (Stapel et al. 2000;
Krischik et al. 2007).
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Other routes of exposure include contact with treated sur-
faces, exposure to sprays or consumption of guttation droplets
(Papachristos and Milonas 2008; Prabhaker et al. 2011; Khani
et al. 2012). For example, neonicotinoid soil drenches or
injections have been found to adversely affect the develop-
ment of Lepidoptera larvae pupating within the soil (Dilling
et al. 2009), whilst soil drenches have been found to signifi-
cantly lower the overall abundance of insect species and
species richness. In one study, imidacloprid was used on
eastern hemlock (7Tsuga canadensis) to effectively control
the hemlock woolly adelgid (Adelges tsugae); however, the
abundance of non-target detrivorous, fungivorous and phy-
tophagous invertebrates was significantly lower in soil drench
and injection treatments, when compared to untreated plots
(Dilling et al. 2009).

Parasitoid wasps such as Gonatocerus ashmeadi can come
into contact with neonicotinoids when emerging from the eggs
of its host. One such host, the glassy-winged sharpshooter
(Homalodisca itripennis), a common agricultural pest of
many different crops, lays its eggs on the underside of leaves,
beneath the epidermal layer. If eggs are laid on neonicotinoid-
treated plants, G. ashmeadi nymphs may be exposed to toxins
when they emerge from the egg and chew through the leaf to
get to the surface (Byrne and Toscano 2007).

A 3 year study by Peck (2009) found that when
imidacloprid was used as a lawn treatment to target neonate
white grubs (Coleoptera: Scarabaeidae), it exhibited cumula-
tive detrimental effects on the abundance of Hexapods,
Collembola, Thysanoptera and Coleoptera adults, which were
suppressed by 54-62 % overall throughout the course of the
study. Population numbers of non-target organisms can also
be indirectly affected by a reduction in prey or host species
(Byrne and Toscano 2007; Dilling et al. 2009).

Diptera

Of the Diptera, the genus Drosophila provides well-known
and convenient model species for toxicity testing. Mecha-
nisms of resistance to imidacloprid and its metabolism have
been studied in Drosophila melanogaster. Particularly, cyto-
chrome P450 monooxygenases (CYPs) are involved, as is the
case in mosquitoes (Riaz et al. 2013). According to Kalajdzic
etal. (2012), three P450 genes (Cyp4p2, Cyp6a2 and Cyp6gl)

located on the 2R chromosome were highly up-regulated in
imidacloprid-resistant flies. However, the same authors did
not find that imidacloprid induced expression of Cyp6g1 and
Cyp6a2 (Kalajdzic et al. 2013). More recently, it has been
shown that imidacloprid was metabolized to eight derivatives
in D. melanogaster. In this process, only the P450 Cyp6gl
was involved in the enhanced metabolism in vivo (Hoi et al.
2014). Direct toxicity (LCs) has been determined for various
D. melanogaster strains. For instance, the toxicity of several
neonicotinoids and butene-fipronil was evaluated (Arain et al.
2014) with neonicotinoids being less toxic than butene-
fipronil. It was suggested that differences exist between
adults and larvae. Acute LCs, values can be compared to
LCso measured after chronic exposure, within two studies.
With a mutant strain, Frantzios et al. (2008) found a decrease
by a factor of 2 for adult flies (acute vs chronic) and a factor of
3 for larvae. Very recently, Charpentier and co-workers have
distinguished between male and female flies, from a field
strain (Charpentier et al. 2014). Here, the chronic LCso was
29 times lower than the acute LCs( for males; it was 172 times
lower for females and 52 times lower for larvae. Additionally,
this study demonstrated that a significant increase of mortality
(27-28 %), with a V-shape, was occurring at concentrations
1,100 and 4,600 times lower than the chronic LCs for males
and females, respectively. Other parameters that are crucial for
reproduction were tested (mating and fecundity). The LOEC
was determined at a concentration that is 3,300,000 and more
than 7,900,000 times lower than the acute LCs, for females
and males, respectively. These data can be linked to data
concerning mortalities observed by chronic exposure of bees
at very low concentrations.

Hymenoptera (excluding bees)

A few studies have investigated the effect of neonicotinoid
pesticides on parasitic wasps used as biological control agents.
Stapel et al. (2000) found that the parasitoid wasp Microplitis
croceipes had significantly reduced foraging ability and lon-
gevity after feeding on extrafloral nectar of cotton (Gossypium
hirsutum) treated with imidacloprid. Prabhaker et al. (2007)
give acute toxicity for two different exposure times for the
parasitic wasp species Eretmocerus eremicus, Encarsia
formosa, Aphytis melinus and G. ashmeadi (Table 3).

Table 3 Acute neonicotinoid

toxicity for different Hymenop- Species

48 h exposure time mg (Al)/ml

24 h exposure time mg (Al)/ml

tera species (Prabhaker et al.

2007) Acetemiprid Thiamethoxam Imidacloprid
Eretmocerus eremicus 108.27 1.01 1.93
Encarsia formosa 12.02 0.397 0.980
Gonatocerus ashmeadi 0.134 1.44 2.63
Aphytis melinus 0.005 0.105 (24 h exposure time) 0.246
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In another study, Anagyrus pseudococci (a nectar-feeding
wasp) was fed using buckwheat (Fagopyrum esculentum)
flowers that had been exposed to imidacloprid as a soil treat-
ment, applied at the label rate. Only 38 % of the wasps
survived after 1 day, compared to 98 % fed on untreated
flowers. This decreased to 0 % survivorship after 7 days for
treated flowers, compared to 57 % on the untreated flowers
(Krischik et al. 2007).

As stated in the section on exposure routes, exposure to
imidacloprid did not affect mortality of G. ashmeadi (a para-
sitoid wasp) during development within its host, and the adults
were sensitive during emergence from the host egg. When
mortality was assessed within 48 h of emergence, the LCs for
the parasitoid was 66 ng of imidacloprid per cm? leaf (Byrne
and Toscano 2007).

Neonicotinoids are commonly used in household products
as highly concentrated bait formulations to control ants (Rust
et al. 2004; Jeschke et al. 2010); however, the use of agro-
chemical products at less concentrated doses is an issue for
non-target ants. For the leafcutter ant Acromyrmex
subterraneus subterraneus, Galvanho et al. (2013) found that
sublethal doses of imidacloprid reduced grooming behaviour.
Grooming behaviour in this ant is a defence against pathogen-
ic fungi like Beauveria species. Barbieri et al. (2013) recently
discovered that interactions between different ant species may
be negatively affected using sublethal doses of neonicotinoids.
In interspecific interactions, individuals of a native ant species
(Monomorium antarcticum) lowered their aggression towards
an invasive ant species (Linepithema humile) although surviv-
al was not affected. Exposed individuals of L. humile
displayed an increase in aggression with the outcome that
the probability of survival was reduced.

Hemiptera

Whilst many Hemiptera are acknowledged as being problem-
atic agricultural pests, a number are important predators of
these pests, although they do also feed on some plant tissues,
which would be contaminated by neonicotinoids (Prabhaker

etal. 2011). Table 4 shows LCs rates for different Hemiptera
species.

Neuroptera

It is not only the agricultural use of neonicotinoids that affects
beneficial invertebrates. In one study, Marathon 1 % G, a
product for amateur use on flowers containing imidacloprid,
had been found to affect lacewings (Chrysopa spp.) when
used at the label rate. Survival rates on untreated flowers were
found to be 79 % for adults, compared to 14 % on treated
flowers over a 10 day period (Rogers et al. 2007).

Coleoptera

A number of studies have looked into the effects of
neonicotinoids on various taxa of Coleoptera such as
Histeridae (Hister beetles) (Kunkel et al. 1999), Carabidae
(ground beetles) (Kunkel et al. 2001; Mullin et al. 2010) and
Coccinellidae (ladybird beetles) (Smith and Krischick 1999;
Youn et al. 2003; Lucas et al. 2004; Papachristos and Milonas
2008; Moser and Obrycki 2009; Eisenback et al. 2010; Khani
etal. 2012).

Some Coleoptera, notably in the carabid and staphyliniid
families, are voracious predators and are a vital aspect of
integrated pest management. For example, although the pro-
vision of beetle banks as nesting habitat takes land out of crop
production, in wheat (Triticum aestivum) fields, any losses
have been found to be more than offset by savings from a
reduced need for aphid-controlling pesticides (Landis et al.
2000).

Many of these beetle groups are undergoing rapid declines.
In the UK, three quarters of carabid species have reduced in
numbers, half of which have been undergoing population
declines of more than 30 %, although the reason for these
considerable declines are unknown (Brooks et al. 2012). The-
se groups have been particularly useful as bioindicators, due
to their sensitivity to habitat changes especially in agricultural
environments (Kromp 1999; Lee et al. 2001). In the EU Draft
Assessment Report for imidacloprid, acute toxicity tests were

Table 4 LCs rates for different

Hemiptera species Species Chemical LCs residual contact (mg Al/l)
Nymphs Adults Reference

Orius Laevigatus Imidacloprid 0.04 0.3 Delbeke et al. (1997)
Hyaliodes vitripennis Thiacloprid 1.5 0.3 Bostanian et al. (2005)
Hyaliodes vitripennis Thiamethoxam 143 0.5 Bostanian et al. (2005)
Geocoris punctipes Imidacloprid 5,180 Prabhaker et al. (2011)

Thiamethoxam 2,170
Orius insidiosus Imidacloprid 2,780

Thiamethoxam 1,670
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undertaken on the carabid beetle Poecilus cupreus, finding the
larvae to be highly sensitive. Despite the rapporteur Member
State deeming that the concentrations tested were too high for
it to conclude no risk to carabids for use on sugar beet, there
was no indication of further research required (EFSA 20006).

When exposed to turf plots treated with imidacloprid, the
carabid beetle Harpalus pennsylvanicus displayed a range of
neurotoxic problems including paralysis, impaired walking
and excessive grooming. These abnormal behaviours then
rendered the individuals vulnerable to predation from ants
(Kunkel et al. 2001). A study by Mullin et al. (2010) exposed
18 different carabid species to corn seedlings treated to field-
relevant doses of either imidacloprid, thiamethoxam or
clothianidin. Nearly 100 % mortality was observed for all
species over 4 days.

Coccinellids predators are well known for their ability to
control common pests, both in agricultural and domestic en-
vironments. In soil treatments of imidacloprid, reduced mo-
bility and delayed reproduction have been found in pollen-
feeding species such as Coleomegilla maculata (Smith and
Krischick 1999), whilst egg production and oviposition pe-
riods of the Mealybug destroyer (Cryptolaemus montrouzieri)
(Khani et al. 2012) and Hippodamia undecimnotata
(Papachristos and Milonas 2008) were significantly reduced.
Table 5 shows available acute toxicity for some coccinellid
species.

Harmonia axyridis (harlequin ladybird) larvae were ex-
posed to corn seedlings grown from seeds treated with the
label recommended doses of either thiamethoxam or
clothianidin. Seventy-two percent of the larvae exhibited neu-
rotoxic symptoms such as trembling, paralysis and loss of
coordination, with only 7 % recovery from the poisoning
(Moser and Obrycki 2009).

Arachnida
In addition to crop protection, applications of

neonicotinoid insecticides in veterinary medicine have
expanded. Imidacloprid is applied to domestic pets as a

Table 5 Acute neonicotinoid toxicity for different Coccinellid species

spot-on formulation against ear mites (Otodectes cynotis)
(Jeschke et al. 2010). However, studies on mites have
found a positive effect on population numbers. Zeng and
Wang (2010) found that sublethal doses of imidacloprid
(determined for the green peach aphid (Myzus persicae))
significantly increased the hatch rate of eggs and pre-adult
survivorship of the carmine spider mite (Tetranychus
cinnabarinus). James and Price (2002) also found that
imidacloprid increased egg production by 23-26 % in
two-spotted spider mites (Zetranychus urticae) in the lab-
oratory. Another study found that fecundity of this species
was slightly elevated when treated with thiamethoxam
(Smith et al. 2013).

Szczepaniec et al. (2013) discovered that the applica-
tion of neonicotinoids supressed expression of plant
defence genes when applied to cotton and tomato
plants. These genes alter the levels of phytohormones
and decrease the plant’s resistance to spider mites
(T. urticae). When mites were added to the crops, pop-
ulation growth increased from 30 to over 100 % on
neonicotinoid-treated plants in the greenhouse and up
to 200 % in the field experiment. This study was
prompted after the same author had investigated an
outbreak of 7. wurticae in New York City, USA. In an
attempt to eradicate the emerald ash borer beetle
(Agrillus planipennis) from Central Park, imidacloprid
was applied to trees as a soil drench and trunk injec-
tions. This resulted in an outbreak of 7. urticae on elms
due to the natural predators being poisoned through
ingestion of prey exposed to imidacloprid, combined
with fecundity elevation in the mites themselves
(Szczepaniec et al. 2011).

Another study found that thiamethoxam and imidacloprid
treatments significantly increased two-spotted spider mite
(T. urticae) densities on cotton plants when compared to the
untreated controls (Smith et al. 2013). This study suggested
that the increased usage of neonicotinoids could explain the
recent infestation increases of two-spotted spider mite occur-
ring in various crops across the mid-south of the USA.

Species Chemical LDsg (ng Al per beetle) LCsp (ug Al/ml) Reference
Sasajiscymnus tsugae Imidacloprid 0.71 Eisenback et al. (2010)
Harmonia axyridis Imidacloprid 364 Youn et al. (2003)
Harmonia variegata Thiamethoxam 788.55 Rahmani et al. (2013)
Cryptolaemus montrouzieri Imidacloprid 17.25-23.9 Khani et al. (2012)
Coccinella undecimpunctata Imidacloprid 342 Ahmad et al. (2011)
Coccinella undecimpunctata Acetamiprid 93.5 Ahmad et al. (2011)
Coleomegilla maculata—adult Imidacloprid 0.074 Lucas et al. (2004)
Coleomegilla maculata—larvae Imidacloprid 0.034 Lucas et al. (2004)
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Earthworms (Lumbricidae)

Earthworms are vitally important members of the soil fauna,
especially in agricultural soils where they can constitute up to
80 % of total soil animal biomass (Luo et al. 1999). They play
critical roles in the development and maintenance of soil
physical, chemical and biological properties (Lee 1985). Their
activities improve soil structure by increasing porosity and
aeration, facilitating the formation of aggregates and reducing
compaction (Edwards and Bohlen 1996; Mostert et al. 2000).
Soil fertility is enhanced by earthworm effects on biogeo-
chemical cycling (Coleman and Ingham 1988; Bartlett et al.
2010), the modification of microbial biomass and activity
(Sheehan et al. 2008), breakdown of plant litter
(Knollengberg et al. 1985) and the mixing of litter with soil
(Wang et al. 2012a).

Neonicotinoid and other systemic insecticides can pose
a risk of harm to earthworm survival and behaviour,
potentially disrupting soil development and maintenance
processes. The same neural pathways that allow
neonicotinoids to act against invertebrate pests (Elbert
et al. 1991) are also present in earthworms (Volkov
et al. 2007). Thus, when neonicotinoids are applied for
the protection of agricultural and horticultural crops,
earthworms can be exposed by direct contact with the
applied granules or seeds, or with contaminated soil or
water. Moreover, their feeding activities may result in
ingestion of contaminated soil and organic particles (e.g.
Wang et al. 2012b). Foliar residues in plant litter after
systemic uptake from soils or from direct plant injections
also pose a risk to litter-feeding earthworms that consume
the contaminated plant litter (e.g. Kreutzweiser et al.
2009).

Neonicotinoids can persist and move in soils thereby
increasing the likelihood that earthworms will be exposed
for extended periods of time. Laboratory and field trials
with neonicotinoids have demonstrated that their half-life
in soils varies depending on soil conditions but can range
from several weeks to several years (Cox et al. 1997;
Sarkar et al. 2001; Cox et al. 2004; Bonmatin et al.
2005; Fossen 2006; Gupta and Gajbhiye 2007; Goulson
2003). Imidacloprid is the most widely used
neonicotinoid, and its adsorption to soils is increased by
moisture and organic matter content (Broznic et al. 2012),
resulting in increased imidacloprid concentrations in
organic-rich soils compared to low-organic soils (Knoepp
et al. 2012). Earthworms generally prefer moist, organic-
rich soils. When soil organic carbon content is low, the
high solubility of imidacloprid renders it mobile and it is
readily moved through soils (Broznic et al. 2012; Knoepp
et al. 2012; Kurwadkar et al. 2013), thereby increasing the
likelihood that earthworms could be exposed to the pesti-
cide in soils outside the direct area of application.

@ Springer

Effects on survival

Neonicotinoids can be highly toxic to earthworms. However,
reported median lethal concentrations (LCsq) were variable
depending on the particular insecticide, test conditions, route
of exposure and duration (Table 6). In 13 separate studies, the
reported LCs, ranged from 1.5 to 25.5 ppm, with a mean of
5.8 and median of 3.7 ppm. In seven studies that reported
lowest concentrations at which effects on survival were
measureable, those lowest effective concentrations ranged
from 0.7 to 25 ppm, with a mean of 4.7 and median of
1.0 ppm. Eisenia fetida was the most common test species in
these survival studies and represented the range of reported
lethal concentrations, giving little indication from among the-
se studies that other species were more sensitive than E. fetida.

When compared to other common insecticides,
neonicotinoids tend to be among the most toxic to earth-
worms. Wang et al. (2012a) tested the acute toxicities of 24
insecticides to E. fetida and found that the neonicotinoids
were the most toxic in soil bioassays and that acetamiprid
and imidacloprid in particular were the two most toxic insec-
ticides overall. They also reported that a contact toxicity
bioassay demonstrated that the neonicotinoids were extremely
toxic by a contact route of exposure (LCsy of 0.0088 to
0.45 pg cm 2), although the units of contact toxicity concen-
tration were difficult to compare to standard lethal concentra-
tions. Across a broader range of 45 pesticides, Wang et al.
(2012b) found that in soil bioasssays, the neonicotinoid insec-
ticide, clothianidin, was the most toxic pesticide to E. fetida.
Alves et al. (2013) compared three insecticides used for seed
treatment and reported that imidacloprid was the most toxic to
earthworms. In soil bioassays with five different insecticides,
Mostert et al. (2002) found that imidacloprid was the second
most toxic (behind carbaryl) to earthworms. We found only
two studies that reported the toxicity of fipronil, another
common, agricultural systemic insecticide, and both found it
to be substantially (at least 100 times) less lethal to earth-
worms than the neonicotinoids (Mostert et al. 2002; Alves
et al. 2013).

Effects on reproduction

Only a few studies tested sublethal effects of neonicotinoids
on earthworm reproduction, but it is apparent that reductions
in fecundity can occur at low concentrations (Table 6). Baylay
et al. (2012) reported ECsqs for imidacloprid and thiacloprid
against cocoon production by Lumbricus rubellus of 1.5 and
1.3 ppm, respectively, whilst Gomez-Eyles et al. (2009) found
similar ECss for the same two insecticides at 1.4 and 0.9 ppm
for E. fetida. The latter study also reported measurable
reductions in cocoon production at 0.3 ppm of thiacloprid.
Alves et al. (2013) reported an ECsq for reproduction effects
of imidacloprid on Eisenia andrei of 4 ppm with measureable
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Reference

Lowest effective concentration

LC/ECs

Impact

Location Measurement endpoint

Insecticides

Table 6 (continued)

Taxa
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Kreutzweiser et al. (2008a)

11; 3.2 ppm

;50—

0:

Survival; weight loss; reproduction;

Imidacloprid Canada

Dendrobaena octaedra

leaf decomposition
Survival; reproduction; avoidance

Alves et al. (2013)

25;0.75; 0.13 ppm

LCs9=25.53; EC5p=4.07;

- —

Brazil

Imidacloprid

Eisenia andrei

EC50=0.11 mg/kg
LCs50=3.0 ppm

Mostert et al. (2002)

Mostert et al. (2002)
Larson et al. (2012)

Survival

South Africa
South Africa

USA

Imidacloprid

Pheretima group

>300 ppm

Survival

Fipronil

Pheretima group

NA, field applications

Abundance; biomass; cast production

Clothianidin

Apporectodea spp.

adverse effects at 0.7 ppm. Kreutzweiser et al. (2008b) tested
the effects of imidacloprid in forest litter on the litter-dwelling
earthworm Dendrobaena octaedra and reported significant
reductions in cocoon production among surviving earthworms
at 7 ppm.

Effects on behaviour

A number of studies focused on behavioural endpoints under
the premise that effects on behaviour are often ultimately
linked to population or community effects (Little 1990;
Dittbrenner et al. 2012). The behavioural attributes considered
here are avoidance behaviour, burrowing, cast production and
weight change (as an indicator of feeding behaviour). Among
the 31 reported values for behavioural effects, weight change
was the most common, followed by burrowing, avoidance
behaviour and cast production (Table 6). Only a few studies
gave median effective concentrations (ECs), and they ranged
from 0.1 (avoidance) to 19 (weight change) ppm, with a mean
ECsq 0of 3.7 and median of 1.3 ppm. These behavioural ECsgs
were about 1.5 to 2.8 times lower than the mean and median
lethal concentrations of 5.8 and 3.7 ppm.

However, many more studies reported lowest concentra-
tions at which behavioural effects were detected, and those
ranged from 0.01 to 14 ppm with a mean of 1.2 and median of
0.5 ppm. Thus, measurable behavioural effects were more
sensitive endpoints than measurable survival effects. Measur-
able behavioural effects occurred at concentrations of about
two to four times lower than the mean and median lowest
effective concentrations on survival of 4.7 and 1.0 ppm.
Burrowing (smaller, shorter, more narrow burrows) was the
most sensitive behavioural endpoint with effects detected at
mean and median concentrations of 0.3 and 0.07 ppm (range
0.01 to 2, n=8). Avoidance behaviour was the next most
sensitive endpoint with effects detected at mean and median
concentrations of 0.5 and 0.13 ppm (n=5), followed by cast
production (mean 1.1, median 0.7 ppm, n=3) and weight
change (mean 2.1, median 0.7 ppm, n=13). All of these
indicate that measurable adverse effects on earthworm behav-
iour would be expected at neonicotinoid concentrations below
1 ppm in soil.

Risks to earthworms

The actual risk of harmful effects on earthworm populations
posed by neonicotinoid insecticides will depend on exposure
concentration, exposure duration, route of exposure, rate of
uptake and inherent species sensitivity. From the toxicity
studies reviewed here, it appears that individual earthworms
across all common species are at risk of mortality if they
consume soil or organic particles with neonicotinoid insecti-
cide concentrations of about 1 ppm or higher for several days.
Higher numbers (up to 50 %) of earthworms would be
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expected to be at risk of mortality when concentrations reach
about 3 ppm and higher. Although it was difficult to compare
the exposure concentrations to standard bioassays, it appears
that the risk of mortality from surface contact exposure can be
ten times or more higher than the risk of mortality from
consumption of contaminated soils (Wang et al. 2012a). On
the other hand, the route of exposure can affect the likelihood
of lethal effects on earthworms. When earthworms were ex-
posed to foliar residues in leaf litter from imidacloprid-
injected trees, a significant feeding inhibition effect was de-
tected that reduced leaf consumption but did not cause earth-
worm mortality, even at concentrations of about 10 ppm
(Kreutzweiser et al. 2008a).

The risk of sublethal effects on some important behavioural
attributes is higher than the risk of mortality to individuals.
Insecticide effects on burrowing and avoidance behaviours
would be expected at concentrations of about 0.1 to 0.5 ppm
and higher. Whilst alterations in burrowing behaviour, espe-
cially reductions in burrowing depths, have implications for
the transfer properties of soils (Capowiez et al. 2006;
Dittbrenner et al. 2011b), the consequences in real-world field
conditions are not clear. Fewer, smaller and shorter burrows
could reduce air, water and solute transport through soils
affecting overall soil ecology, but none of the studies we found
actually tested these implications in experimental or field
settings.

The concentrations that pose risk of mortality (assuming
high toxicity by contact exposure) and sublethal effects on
earthworms fall within the range of reported field concentra-
tions, albeit at the upper end of that range of concentrations.
Dittbrenner et al. (2011b) indicate that predicted environmen-
tal concentrations for imidacloprid in agricultural soils would
be about 0.3 to 0.7 ppm, suggesting risks of at least sublethal
effects on earthworms could be quite high. Bonmatin et al.
(2005) reported that imidacloprid in soils can reach several
hundred parts per billion shortly after sowing of treated seeds.
Soil samples from a tea plantation treated with clothianidin
had average concentrations of up to 0.45 ppm shortly after
application (Chowdhury et al. 2012). Donnarumma et al.
(2011) found concentrations of imidacloprid in soils at about
0.6 to 0.8 ppm by 2 weeks after application of treated seeds.
Ramasubramanian (2013) reported clothianidin concentra-
tions in soils of 0.27 to 0.44 ppm up to 3 days after single
applications and 0.51 to 0.88 ppm by 3 days after double
applications of water-soluble granules. Collectively, these
studies show that operational applications of neonicotinoids
can result in soil concentrations that are likely to pose a high
risk of sublethal effects and potential risk of lethal effects
(especially by contact toxicity) to earthworms.

At least two issues related to the assessment of risk to
earthworms from exposure to neonicotinoids have not been
adequately addressed in the published literature. The first is
the length of exposure periods in toxicity testing compared to

the length of exposure to persistent concentrations in natural
soils. Most toxicity tests are short term, in the order of days to
weeks. On the other hand, neonicotinoid residues can persist
in soils for months to years (Bonmatin et al. 2014, this issue).
For most pesticides, lethal or effective concentrations become
lower as exposure periods increase, and this is likely the case
for neonicotinoids (Tennekes 2010; Tennekes and Sanchez-
Bayo 2012, 2013; Rondeau et al. 2014). It is plausible that
long-term low-level concentrations of neonicotinoids in soils
may pose higher risk to earthworms than what can be inferred
from the published toxicity tests. The second issue pertains to
the heterogeneous distribution of neonicotinoid residues in
natural soils. When residues enter the soil at the surface from
spray or granule deposition or from litter fall, concentrations
in soils are likely to be higher on or near the surface than in
deeper soils. Residues entering soils from planted seed or from
contaminated water are likely to be higher at or near the source
of contamination than elsewhere. Both situations would result
in concentration “hot spots” near the points of entry. Con-
versely, most toxicity tests prepare test concentrations as parts
per million (or equivalent) and assume complete mixing.
Therefore, levels of exposure to earthworms at or near those
hot spots in natural soils will consequently be higher than
would be predicted from residue analyses of bulk samples
from laboratory or field test systems.

Mortality or behavioural effects on individual earthworms
do not necessarily translate to population effects with ecolog-
ical consequences. Populations of organisms with short gen-
eration times (e.g. several generations per year as is the case
for most earthworm species) and/or high dispersal capacity
have a higher likelihood of recovery from pesticide-induced
population declines than those with longer regeneration pe-
riods and limited dispersal capacity (Kreutzweiser and Sibley
2013). However, the tendency for neonicotinoids to persist in
organic soils reduces the likelihood of this recovery pathway
because subsequent generations may be exposed to concen-
trations similar to those to which the parent generation was
exposed. Life history strategies and their influences on com-
munity responses and recovery from pesticide effects have
been demonstrated by population modelling of other non-
target organisms (Wang and Grimm 2010), and similar prin-
ciples may apply to assessing risks to overall earthworm
populations and communities. Population models that account
for differential demographics and population growth rates
within communities have been shown to provide more accu-
rate assessments of potential pesticide impacts on populations
and communities than conventional lethal concentration esti-
mates can provide (Stark and Banks 2003). The use of eco-
logical models to incorporate a suite of factors including
seasonal variations, community assemblage mechanisms and
lethal and sublethal insecticide effects and their influences on
the risks to organisms, populations or communities can pro-
vide useful insights into receptor/pesticide interactions and
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can thereby improve risk assessments (Bartlett et al. 2010).
Ecological and population modelling combined with pesticide
exposure modelling and case-based reasoning (drawing on
past experience or information from similar chemical expo-
sures) can provide further refinements and improve risk as-
sessment for earthworm communities and their ecological
function (van den Brink et al. 2002). Empirical field studies
of earthworm population responses to realistic field concen-
trations of neonicotinoids are lacking and would greatly im-
prove risk assessment efforts.

Aquatic invertebrates
Freshwater invertebrates

Aquatic invertebrates are extremely important compo-
nents of aquatic ecosystems. They play roles as decom-
posers, grazers, sediment feeders, parasites and preda-
tors. They also provide much of the food that verte-
brates associated with these systems feed upon. Pesti-
cides, including neonicotinoids, reach surface waters
through various routes, but in particular through atmo-
spheric deposition (drift) after application by various
sprayers, by surface runoff and by seepage of contam-
inated groundwater. Aquatic invertebrates are particular-
ly susceptible to pesticides. Unlike terrestrial organisms,
aquatic organisms generally cannot avoid exposure eas-
ily by moving to uncontaminated areas, particularly
when pesticides are water soluble. Uptake of pesticides
in aquatic invertebrates occurs through respiration (gills
and trachea), feeding and through the epidermis, be it
cuticle or skin.

Neonicotinoids have been used for a comparatively shorter
period of time than other insecticides. However, they are
found in freshwater systems more and more frequently. For
example, surface water monitoring for pesticides in California
has revealed that imidacloprid has frequently exceeded water
quality guidelines of 1 ppb (Starner and Goh 2012). In the
Washington State, USA, the State Department of Ecology and
the State Department of Agriculture have been monitoring
salmon-bearing rivers and streams for pesticides, including
imidacloprid for a number of years and this insecticide is
frequently found (http://agr.wa.gov/PestFert/natresources/
SWM/).

However, even though imidacloprid and other
neonicotinoids are present in freshwater systems, the question
remains to what extent such concentrations affect aquatic
organisms in the field. Here we discuss a number of studies
dealing with neonicotinoid toxicity to aquatic invertebrates
and make some observations about their potential impact on
aquatic ecosystems.

@ Springer

Laboratory studies

Crustacea and Amphipoda Several laboratory studies have
been published on the toxicity of the neonicotinoid
imidacloprid on a range of aquatic invertebrates (Table 7).
Stark and Banks (2003) developed acute toxicity data and
population-level toxicity data for the water flea Daphnia pulex
exposed to thiamethoxam (Actara). Thiamethoxam was the
least toxic insecticide evaluated in this study of seven insec-
ticides, and its LCs( of 41 ppm was well above any anticipated
concentration expected to be found in surface water systems.

Chen et al. (2010) estimated the acute toxicity of
imidacloprid to the water flea, Ceriodaphnia dubia (LCsy=
2.1 ppb), and the chronic toxicity to C. dubia populations. The
effects of the adjuvant, R-11 alone and in combination with
imidacloprid were also assessed. In the population study,
exposure of C. dubia to imidacloprid concentrations of
0.3 ppb reduced population size to 19 % of the control
population. This concentration is well below the U.S. EPA’s
expected environmental concentration of 17.4 ppb, indicating
that imidacloprid may cause damage to aquatic invertebrates
in the field.

The acute and chronic effects of imidacloprid on the am-
phipod Gammarus pulex were studied by Nyman et al. (2013).
Feeding by G. pulex and body lipid content were significantly
reduced after exposure to a constant imidacloprid concentra-
tion of 15 ppb. Furthermore, G. pulex individuals were unable
to move and feed after 14 days of constant exposure resulting
in a high level of mortality.

Interestingly, the standard test organism Daphnia
magna 1is especially insensitive to neonicotinoids
(Beketov and Liess 2008). An acute LCsy of around
7,000 ppb is several orders of magnitude above effec-
tive concentrations found for several other invertebrates.
This implies that D. magna cannot be used as a sensi-
tive test organism protective for many species.

Insecta Acute toxicity estimates of neonicotinoids on
aquatic insects have also been published. LCs, estimates
for aquatic insects range from 3 to 13 ppb. Imidacloprid
LCs estimates for the mayfly Baetis rhodani, the black
fly Simulium latigonium (Beketov and Liess 2008) and
the mosquito Aedes taeniorhynchus (Song et al. 1997) are
8.5, 3.7 and 13 ppb, respectively. LCs, estimates for
B. rhodani and S. latigonium exposed to thiacloprid were
4.6 and 3.7 ppb, respectively (Beketov and Liess 2008). A
chronic LCsy of 0.91 ppb was reported for the midge
Chironomus tentans for imidacloprid (Stoughton et al.
2008). A study on the effects of imidacloprid as a mixture
with the organophosphate insecticides dimethoate and
chlorpyrifos on the midge Chironomus dilutus found that
imidacloprid acted synergistically with chlorpyrifos and
antagonistically with dimethoate (LeBlanc et al. 2012).
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Oligochaetes Sardo and Soares (2010) investigated the effects
of imidacloprid on the aquatic oligochaete Lumbriculus
variegatus. They exposed this worm species to imidacloprid
concentrations ranging from 0.05 to 5.0 mg/kg sediment.
Mortality was fairly low (35 % in the highest concentration),
but L. variegatus avoided imidacloprid-contaminated sedi-
ment. Furthermore, individual growth (biomass) was inhibited
at all concentrations tested compared to the control.

Mesocosm studies Alexander et al. (2008) examined the ef-
fect of imidacloprid as a 12 day pulse or 20 day continuous
exposure on the mayflies Epeorus spp. and Baetis spp.
Nymph densities were reduced after both types of exposures.
Sublethal effects were observed as well. Adults were smaller
and had smaller head and thorax size after exposure to
imidacloprid concentrations as low as 0.1 ppb. However, these
effects were only found in males.

Within community test systems, neonicotinoids had strong
effects especially on insects (Hayasaka et al. 2012). However,
to our knowledge, all experiments investigating a dose-re-
sponse relationship observed effects at the lowest concentra-
tions evaluated. Hence, it is difficult to establish a NOEC.
Within outdoor mesocosm studies, a LOEC of 1.63 ppb was
estimated for imidacloprid. Adverse effects on benthic com-
munities with 5 % reductions in the abundance of inverte-
brates were observed by Pestana et al. (2009). For thiacloprid,
strong effects on sensitive long living insects were observed at
pulsed exposure to 0.1 ppb (Liess and Beketov 2011), the
lowest effective concentration observed so far in
communities.

Berghahn et al. (2012) conducted stream mesocosm studies
whereby 12 h pulses of imidacloprid (12 ppb) were introduced
three times at weekly intervals. Results showed that drift of
insects and the amphipod Gammarus roeseli increased after
exposure to pulses of imidacloprid. These results indicated
that imidacloprid was having a negative effect on G. roeseli.

In another stream mesocosm study, Bottger et al. (2013)
evaluated pulses of imidacloprid on G. roeseli. The number of
brood carrying females was reduced in the imidacloprid treat-
ments compared to the control groups in the last 3 weeks of
the study.

The populations of an aquatic invertebrate, the com-
mon mosquito Culex pipiens, exposed over several gen-
erations to repeated pulses of low concentrations of the
neonicotinoid thiacloprid, continuously declined and did
not recover in the presence of a less sensitive competing
species, the water flea D. magna. By contrast, in the
absence of a competitor, insecticide effects on the more
sensitive species were only observed at concentrations
one order of magnitude higher, and the species recovered
more rapidly after a contamination event. The authors
conclude that repeated toxicant pulse of populations that
are challenged with interspecific competition may result
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in a multigenerational culmination of low-dose effects
(Liess et al. 2013).

Risk to aquatic ecosystems A species sensitivity distribution
(SSD) of acute toxicity data for a wider range of species,
including ostracods, cladocerans and other aquatic organisms,
predicts a hazardous concentration for 5 % of aquatic species
(HCS) for imidacloprid in water in the range 1.04-2.54 ppb
(Sanchez-Bayo and Kouchi 2012).

Van Dijk et al. (2013) developed a regression analysis for
abundance of aquatic macro-invertebrate species and nearby
imidacloprid concentrations in Dutch surface waters. Data
from 8 years of nationwide monitoring covering 7,380 different
locations of macro-invertebrate samples and 801 different lo-
cations of imidacloprid samples were pooled. Next, the biolog-
ical samples (macro-invertebrate abundance counts) were com-
bined with nearby (in space and time) chemical samples
(imidacloprid concentrations), and next, a statistical analysis
was done on the complete pooled combined dataset. They
found that macro-invertebrate abundance consistently declines
along the gradient of increasing median nearby imidacloprid
concentration in the pooled dataset. This pattern turned out to
be robust: it is independent of year and location. Overall, a
significant negative relationship (P<0.001) was found between
abundance of all macro-invertebrate species pooled and nearby
imidacloprid concentration. A significant negative relationship
was also found for abundance of each of the pooled orders
Amphipoda, Basommatophora, Diptera, Ephemeroptera and
Isopoda, and for several species separately. The order Odonata
had a negative relationship very close to the significance
threshold of 0.05 (P=0.051). In accordance with previous
research, a positive relationship between abundance and nearby
imidacloprid pollution was found for the order Actinedida.
However, other pesticides were not included into the analyses
by Van Dijk et al. (2013). Therefore, possible co-linearity or
synergisms between neonicotinoids and other pollutants still
need to be further explored (Vijver and Van den Brink 2014).

Pesticide exposure was identified to strongly reduce the
amount and abundance of vulnerable invertebrate species in
streams using the SPEAR approach (Liess and von der Ohe
2005). The approach was extended from German streams to
Australian, Danish, French and Finnish streams revealing the
same effects of pesticide exposure on vulnerable invertebrate
species (Rasmussen et al. 2013; Liess et al. 2008; Schifer et al.
2012). Beketov et al. (2013) analysed the effect of pesticide
presence on invertebrate species richness in European (Ger-
many and France) and Australian streams. They found an
overall reduction of 42 % for Europe and 27 % for Australia
in species richness between uncontaminated and heavily con-
taminated streams. The limitation of these studies in the con-
text of assessment of neonicotinoid impact is that toxicity was
mainly due to insecticides, other than neonicotinoids, as gen-
eral usage of the latter only increased recently.
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The results of laboratory and semi-field (mesocosm) stud-
ies indicate that aquatic invertebrates are very sensitive to the
neonicotinoid insecticides. However, most of the studies we
found in the literature were conducted with imidacloprid. For
pesticide risk assessment, the published results to date indicate
that it may be difficult to predict community-level effects
using the tiered aquatic effect assessment scheme and acute
and chronic toxicity data. When extrapolating from acute and
chronic single species test systems, the assessment factors
identified by the uniform principle of the relevant EU legisla-
tion (1107/2009) do not predict safe concentrations in multi-
species outdoor mesocosms. For example, acute laboratory
effects of thiacloprid on sensitive insect species show that
effects occur after exposure to the range of 3—13 ppb. Accord-
ingly, an assessment factor of 100 would indicate a safe
concentration of 0.03 to 0.13 ppb for thiacloprid. However,
outdoor mesocosm results employing a pulsed exposure show
a LOEC below 0.1 ppb for thiacloprid (Liess and Beketov
2011). Lower concentrations were not investigated. Obvious-
ly, an assessment factor higher than 100 is needed to identify
safe concentrations on the basis of acute test results. For the
HCS5 calculated on acute lethal concentrations, an assessment
factor of larger than 10 is necessary (Liess and Beketov 2012).
Additionally, in a laboratory study, chronic effects of sensitive
insect species were exhibited after exposure to 0.91 ppb
imidacloprid. Employing an assessment factor of 10 would
indicate a safe concentration of approximately 0.1 ppb
imidacloprid. However, this concentration is not safe accord-
ing to the results obtained in complex community investiga-
tions. Unfortunately, to the best of our knowledge, no
community-level investigation with imidacloprid evaluating
a range of concentrations below 0.1 ppb has been published.
This type of study would help with determining a NOEC for
imidacloprid. Overall, the results of the published literature
indicate that certain neonicotinoids have the potential to cause
significant damage to aquatic ecosystems by causing negative
effects in individuals and populations of aquatic invertebrates
at very low concentrations. Protective concentrations for these
products in aquatic systems still need to be determined.

Marine and coastal invertebrates

There is very limited information regarding the assessment of
the environmental toxicology and contamination of
neonicotinoids in marine ecosystems. Standardised environ-
mental toxicological characterization focuses on only a few
species models and rarely examines species that represent
keystone organisms in marine or coastal ecosystems (CCME
2007). Monitoring and surveillance of neonicotinoid pollution
in marine coastal habitats are non-existent.

Toxicology The earliest published marine ecotoxicological
studies of neonicotinoids were with opossum shrimps

(Mysidopsis bahia) which are distributed in marine coastal
waters (Ward 1990, 1991; Lintott 1992). Median LCsq (96 h)
for the technical grade of imidacloprid was 34.1 ppb with a
mortality-NOEC of 13.3 ppb (Ward 1990). Exposure to a
commercial formulation (ADMIRE) of imidacloprid resulted
in a 96 h mortality-NOEC of 21 ppb. Maximum acceptable
toxicant concentrations for M. bahia to imidacloprid were
23 parts per trillion (ppt) for growth effects and 643 ppt for
reproductive effects (Ward 1991).

Toxicology for other marine arthropods includes Artemia
spp. and a brackish water mosquito (dedes taeniohynchus).
The 48 h LCso for Artemia was 361 ppm, whilst Aedes
exhibited a 72 h LCso of 21 ppb, and a 48 h LCs, of 13 ppb
for an early instar stage of development (Song et al. 1997;
Song and Brown 1998). Osterberg et al. (2012) demonstrated
that in the blue crab (Callinectes sapidus), megalopae were an
order of magnitude more sensitive than juveniles to lethal
effects of imidacloprid (24 h-LCs5o=10 ppb for megalopae
vs 24 h-LCs0=1,1 ppb for juveniles).

There are no known published OECD/EPA parameter-
based studies on non-arthropod marine invertebrates. For the
marine mussel, Mytilus galloprovincialis, a transcriptomic and
proteomic survey was conducted as a response to imidacloprid
and thiacloprid exposures (Dondero et al. 2010). This study
concluded that the two neonicotinoids induced distinct
toxicodynamic responses and that caution should be heeded
when conducting ecological risk assessments for chemical
mixtures that target the same receptor. Rodrick (2008) dem-
onstrated that imidacloprid had an effect on oyster hemocyte
immunocompetence and that there was an additive effect
when oysters were exposed to a compound stress of salinity
and exposure to imidacloprid. Tomizawa et al. (2008) used the
gastropod Aplysia californica as a model to characterize
imidacloprid and thiacloprid as agonists of the acetylcholine-
binding protein, indicating that neonicotinoids could also
affect marine gastropods.

Environmental pollution There are no published works re-
garding the marine environmental contamination of
neonicotinoids. Until recently, there has been little public
concern of neonicotinoid non-point source pollution of marine
environments from land runoff. At least within the USA, this
attitude is beginning to change. In the State of Washington
2013, the Willapa-Grays Harbor Oyster Growers Association
received a conditional registration from the U.S. Environmen-
tal Protection Agency to use imidacloprid to control native
burrowing shrimp in Willapa Bay, Washington that may
threaten commercial shellfish beds (EPA Reg. no. 88867-1).
In Hawaii, there have been public protests and scrutiny over
the use of neonicotinoid pesticides in their industrial agricul-
tural practices and their likely negative impacts on coral reefs
and sea grass beds (Sergio 2013). For both Hawaii and the
U.S. Virgin Islands, there is concern that the use of
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neonicotinoids as a method for termite control may be pollut-
ing and impacting coastal resources.

Conclusion

At field-realistic levels of pollution, neonicotinoids and
fipronil generally have negative effects on physiology and
survival for a wide range of non-target invertebrates in terres-
trial, aquatic, marine and benthic habitats. Effects are most
often found by in vitro testing, using a limited number of test
species. This basically means that there is a deficit of infor-
mation for the grand majority of other invertebrates. In vitro
testing to establish safe environmental concentration thresh-
olds is hindered by the fact that most test protocols are based
on older methodology, validated for pesticides with very
different chemical and toxicological characteristics. New and
improved methodologies are needed to specifically address
the unique toxicology of these neurotoxic chemicals, includ-
ing their non-lethal effects and synergistic effects for a variety
of terrestrial, aquatic and marine organisms.

The amount of published in vivo field tests is small and
experimental setups often suffer from inability to control for
variation in (semi)natural circumstances or have insufficient
statistical power due to the high financial costs of large robust
field experiments. Given the clear body of evidence presented in
this paper showing that existing levels of pollution with
neonicotinoids and fipronil resulting from presently authorized
uses frequently exceed lowest observed adverse effect concen-
trations and are thus likely to have large-scale and wide ranging
negative biological and ecological impacts, the authors strongly
suggest that regulatory agencies apply more precautionary prin-
ciples and tighten regulations on neonicotinoids and fipronil.
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Abstract Concerns over the role of pesticides affecting ver-
tebrate wildlife populations have recently focussed on system-
ic products which exert broad-spectrum toxicity. Given that
the neonicotinoids have become the fastest-growing class of
insecticides globally, we review here 150 studies of their direct
(toxic) and indirect (e.g. food chain) effects on vertebrate
wildlife—mammals, birds, fish, amphibians and reptiles. We
focus on two neonicotinoids, imidacloprid and clothianidin,
and a third insecticide, fipronil, which also acts in the same
systemic manner. Imidacloprid and fipronil were found to be
toxic to many birds and most fish, respectively. All three
insecticides exert sub-lethal effects, ranging from genotoxic
and cytotoxic effects, and impaired immune function, to re-
duced growth and reproductive success, often at concentra-
tions well below those associated with mortality. Use of
imidacloprid and clothianidin as seed treatments on some
crops poses risks to small birds, and ingestion of even a few
treated seeds could cause mortality or reproductive impair-
ment to sensitive bird species. In contrast, environmental
concentrations of imidacloprid and clothianidin appear to be
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at levels below those which will cause mortality to freshwater
vertebrates, although sub-lethal effects may occur. Some re-
corded environmental concentrations of fipronil, however,
may be sufficiently high to harm fish. Indirect effects are
rarely considered in risk assessment processes and there is a
paucity of data, despite the potential to exert population-level
effects. Our research revealed two field case studies of indirect
effects. In one, reductions in invertebrate prey from both
imidacloprid and fipronil uses led to impaired growth in a fish
species, and in another, reductions in populations in two lizard
species were linked to effects of fipronil on termite prey.
Evidence presented here suggests that the systemic insecti-
cides, neonicotinoids and fipronil, are capable of exerting
direct and indirect effects on terrestrial and aquatic vertebrate
wildlife, thus warranting further review of their environmental
safety.

Keywords Pesticide - Neonicotinoid - Imidacloprid -
Clothianidin - Fipronil - Vertebrate - Wildlife - Mammals -
Birds - Fish - Amphibians - Reptiles - Risk assessment

Overview of impacts of pesticides on vertebrate wildlife

Although vertebrates are the intended target of only 2 % of
pesticides on the market, the unintentional impacts of pesti-
cides on vertebrate populations have been marked and are
well documented (e.g. Sanchez-Bayo 2011). Pesticides can
exert their impact on vertebrates either directly, through their
toxicity, or indirectly, for example, by reducing their food
supply.

Direct effects may be the result of several different expo-
sure pathways: through ingestion of the formulated product
(e.g. birds eating seeds coated with insecticide; Avery et al.
1997; Prosser and Hart 2005), through uptake via the skin
following a spray event (Mineau 2011) or by eating
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contaminated prey. Probably the most notable example among
the latter exposure pathway was the dramatic impact that
organochlorine pesticides, especially DDT and its metabolite
DDE, had on populations of birds of prey (Ratcliffe 1967;
Newton 1995). Depending on the extent of intoxication, direct
effects of pesticides can either kill vertebrates outright or exert
sub-lethal effects, for example, on growth and reproduction
(Sanchez-Bayo 2011). Progress since the organo-chlorine era
has helped ensure that compounds that are currently being
developed and registered are generally less persistent and do
not as readily bio-accumulate in food webs.

More recently, however, interest has turned to investigating
the potential for indirect effects which are typically mediated
through loss in quantity or quality of prey associated with
pesticide use, or through habitat modification (Sotherton and
Holland 2002; Boatman et al. 2004; Morris et al. 2005). This
is especially the case in jurisdictions where the use of highly
toxic pesticides has been controlled and the frequency of
direct impacts reduced (Mineau et al. 1999).

Over the last 2 decades, a new class of insecticides, the
neonicotinoids, has become the most important and fastest
growing of the five major chemical classes of insecticides on
the global market (Jeschke and Nauen 2008; Jeschke et al.
2011; Tomizawa and Casida 2011; Casida and Durkin 2013).
When used as plant protection products, neonicotinoids act by
becoming distributed systemically throughout the growing
plant following seed or soil applications. Another recent in-
secticide, fipronil, a phenyl-pyrazole (fiprole) rather than a
neonicotinoid, also acts in the same manner and has a similar
toxicity and persistence profile (Grant et al. 1998). Conse-
quently, the neonicotinoids and fipronil are sometimes jointly
termed ‘systemic insecticides’, although there are also older
products which could be termed ‘systemic’, for example, the
organo-phosphorous insecticide acephate and the organo-
arsenical, monosodium methanearsonate. Neonicotinoids
are, in particular, commonly applied as seed treatments. The
use of seed treatments as a convenient and effective applica-
tion method has widespread appeal in the farming industry.
Consequently, systemic seed treatments are now used on the
majority of agricultural crops worldwide (Garthwaite et al.
2003; Jeschke et al. 2011).

Here, we build on the reviews of others (e.g. Goulson 2013;
Kohler and Triebskorn 2013; Mineau and Palmer 2013) to
examine the evidence and potential for direct and indirect
effects of two common systemic neonicotinoid insecticides,
imidacloprid and clothianidin, along with fipronil on verte-
brate wildlife.

Mode of action of the systemic insecticides

Neonicotinoids work by interfering with neural transmission
in the central nervous system. They bind to the nicotinic
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acetylcholine receptors (nAChR) in the postsynaptic neuron,
acting as ‘false neurotransmitters’ (agonists). This interference
with acetylcholine neurotransmitter signalling causes contin-
uous activation of the receptor, leading to symptoms of neu-
rotoxicity. Neonicotinoids have greater affinity for, and thus
bind more strongly to, insect than mammalian or other verte-
brate receptors, so their toxicity to mammals is lower than it is
to insects and the reversibility of intoxication higher
(Tomizawa and Casida 2005; Jeschke et al. 2011). Fipronil
works similarly, but instead binds to the gamma-aminobutyric
acid (GABA) receptors, resulting in similar continuous central
nervous system activity (Tingle et al. 2000, 2003). As with
neonicotinoids, fipronil has a lower affinity to vertebrate than
to invertebrate receptors (Grant et al. 1998). Despite the lower
toxicity of these products to vertebrates than to invertebrates,
there is still ample evidence that vertebrates show toxic ef-
fects, albeit at markedly higher concentrations than for many
target and non-target invertebrate species (e.g. Tingle et al.
2000, 2003; Cox 2001; SERA 2005; DeCant and Barrett
2010; Mineau and Palmer 2013).

Materials and methods

To assess the likely impacts of neonicotinoids and fipronil on
vertebrates, a literature search was undertaken using Web of
Science and Google Scholar. Search terms were [product] and
[taxon], where [product] was either neonicotinoid,
imidacloprid, thiacloprid, clothianidin, thiamethoxam,
acetamiprid, nitenpyram, dinotefuran or fipronil; and [taxon]
was either vertebrate®, mammal*, bird*, reptile*, amphibian*
and fish*. In addition, specific searches were made on a few
common toxicity test species (e.g. rat) and by following up
references cited in the publications found by the search. The
review also draws heavily on the recently published report by
Mineau and Palmer (2013) on the direct and indirect toxicity
of neonicotinoids to birds. Several industry studies, which
have not been formally published but which were part of
product approval processes, were reviewed by Mineau and
Palmer and have been included here. While industry studies
have been reviewed by regulators and may receive as much
critical review as in the open peer-reviewed literature, empha-
sis here is on published reports and the primary literature.
The following information was extracted from each study:
the product used, its dose and whether or not it was presented
as a single dose (acute) or over a period of time (chronic; e.g.
over 30 days); the effects on individual organisms, specifically
whether there was an impact on survival, reproduction,
growth and development, or other sub-lethal effects, such as
neurobehavioural, genotoxic, cytotoxic, and immunotoxic;
the impact on populations of the animal (e.g. local popula-
tions); the type of study, separated into laboratory or field; and
finally whether it was a study of direct toxic effects, or indirect
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effects (e.g. leading to changes in food availability). In some
cases, individual studies covered more than one species, and
each is treated here as a separate species impact study.

The great majority of the studies were laboratory-based
(139/152=91 %) and most (146, 96 %) were direct toxicity
studies. While common in ecotoxicology, the lack of field
testing and over-reliance on laboratory direct toxicity testing
limit our ability to interpret the findings under field-realistic
conditions. Field experiments have provided some of the most
compelling evidence of the impact of neonicotinoids on pop-
ulations in their natural environment (e.g. Whitehorn et al.
2012), and there is an increasing recognition that maintaining
ecological complexity in field studies is desirable
(Suryanarayanan 2013).

The most common study taxa were mammals (58), birds
(47) and fish (32), with substantially fewer studies of amphib-
ians (12) and reptiles (3). Within these individual taxa, the
most commonly studied mammals were rat, Rattus
norvegicus, (39) and mouse, Mus musculus, (9); the most
commonly studied birds were northern bobwhite quail,
Colinus virginianus, (8) and mallard, Anas platyrhynchos,
(6), the two test species mandated by regulatory approval
schemes in North America; and the most commonly tested
fish were rainbow trout, Oncorhynchus mykiss, (6) and Nile
tilapia, Oreochromis niloticus, (6).

Most of these studies investigated the effects of the two
neonicotinoids, imidacloprid (72) and clothianidin (19), as
well as fipronil (47); between them, these three insecticides
accounted for 91 % of all studies. Given the paucity of
information collated for the other neonicotinoids, this review
concentrates on these three products alone.

The direct effects of neonicotinoids and fipronil
on vertebrate wildlife

Toxicity to vertebrates

Standard toxicity testing for pesticides on terrestrial vertebrates
is through an acute (<96 h) study. Test organisms are given the
product by gavage (i.e. through a feeding tube) or through the
diet in varying concentrations, and the estimated dose of
pesticide associated with death of half of the test subjects is
recorded and expressed as a proportion of bodyweight (i.e. the
50 % lethal dose, LDs, expressed as milligrams of pesticide
per kilogram of bodyweight). Toxicity for aquatic organisms is
typically measured as the LCs, or the concentration in water
(e.g. mg/L) which is toxic to the test organisms. Numerous
LDsq and LCsg tests have been undertaken for vertebrates, and
those that were located as part of this review are shown for
imidacloprid, clothianidin and fipronil in Table 1. As can be
seen, the relative toxicity of these products varies, both among
products and among species.

The US Environmental Protection Agency has developed
an ecotoxicity classification based on LDso and LCs assess-
ments (US EPA 2012). They classify the acute toxicity of a
given product on a particular species as either practically non-
toxic, slightly toxic, moderately toxic, highly toxic, or very
highly toxic based on lethality dose ranges. Sub-lethal or
reproductive effects are not included in this classification.
By US EPA’s definitions, and within the highly restricted
range of species assessed, imidacloprid shows moderate to
high toxicity to birds, particularly for smaller-bodied species
such as house sparrows, Passer domesticus, and canaries,
Serinus canaria, and approaches very high toxicity to grey
partridge, Perdix perdix. It is moderately toxic to rats and
mice, but practically non-toxic to fish (with the exception of
rainbow trout, especially their fry) and amphibians.
Clothianidin’s toxicity ranges from moderate to practically
non-toxic for both birds and mammals, whereas for the fish
studied, it varies from slightly toxic to practically non-toxic.
By contrast, for all fish species studied, fipronil is either highly
or very highly toxic (e.g. bluegill sunfish, Lepomis
macrochirus). Fipronil is in addition highly toxic to the three
game birds studied (red-legged partridge, Alectoris rufa, ring-
necked pheasant, Phasianus colchicus, and northern bobwhite
quail), and moderately toxic to mice and rats.

One of the serious failings of current risk assessments is the
underestimation of interspecies variation in insecticide sus-
ceptibility that is apparent from Table 1. Too few species are
typically tested to derive the true variation in response from
the vast array of exposed species in the wild. Mineau and
Palmer (2013) discuss this at length for neonicotinoids and
propose improved thresholds derived from species sensitivity
distributions and estimated ‘hazard doses’ (HDs—the LDs,
value for a species at the 5 % tail of the sensitivity
distribution).

Impacts on growth, development and reproduction
of vertebrates

While not necessarily causing mortality among adults, intox-
ication by imidacloprid, clothianidin and fipronil can reduce
the growth, development and reproduction of individual ver-
tebrates (Table 2). Reproductive effects are manifest in a
variety of ways among mammals, but especially as reduced
sperm production, adverse effects on the fertilization process,
reduced rates of pregnancy, higher rates of embryo death,
stillbirth and premature birth, and reduced weights of off-
spring. Among birds, testicular anomalies and reduced fertil-
ization success, reduced eggshell thickness and embryo size,
reduced hatching success and chick survival, and chick devel-
opmental abnormalities have all been reported. Weight loss, or
impaired weight gain, sometimes associated with reduction or
cessation of feeding, occurred within all taxa studied.
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Table 1 Single (acute) dose LDs (for mammals birds and reptiles, mg/kg) and LCsy (for fish and amphibia, mg/L) for imidacloprid, clothianidin and fipronil

Taxon Species Imidacloprid Clothianidin Fipronil
Mammal Rat, Rattus norvegicus 425-475 (MT)* 5,000 (PNT)’ 97 (MT)'
Mouse, Mus musculus 131-300 (MT)* >389 (MT)! 95 (MT)™
Bird Mallard, Anas platyrhynchos 283 (MT)® >752 (STY 2,150 (PNT)'
Ring-necked pheasant, Phasianus colchicus 31 (HT)!
Grey partridge, Perdix perdix 13.9 (HT)®
Red-legged partridge, Alectoris rufa 34 (HT)'
Northern bobwhite quail, Colinus virginianus 152 (MT)* >2,000 (PNT)* 11.3 (HT)
Japanese quail, Coturnix japonica 31 (HT)* 423 (MT)¢
Feral pigeon, Columba livia 25-50 (HT)* >2,000 (PNT)!
House sparrow, Passer domesticus 41 (HT)*
Field sparrow, Spizella pusilla 1,120 (ST)!
Canary, Serinus canaria 25-50 (HT)*
Zebra finch, Taeniopygia guttata 310 (MT)"
Fish Bluegill sunfish, Lepomis macrochirus 105 (PNT)* >117 (PNT)! 0.083 (VHT)!
Japanese carp, Cyprinus carpio 0.34 (HT)'
Nile tilapia, Oreochromis niloticus 0.042-0.147 (VHT-HT)'
Rainbow trout, Oncorhynchus mykiss >83-211 (ST-PNT)? >105 (PNT)' 0.246 (HT)!
Rainbow trout (fry) 1.2 MT)?
Sheepshead minnow, Cyprinodon variegatus 161 (PNT)* >93.6 (ST)' 0.13 (HT)'
Zebrafish, Danio rerio 241 (PNT)®
Amphibia Black-spotted pond frog, Rana nigromaculata 129-219 (PNT)*!
Indian rice frog, Rana limnocharis 82-366 (ST-PNT)™ ¢
Western chorus frog, Pseudacris triseriata 194 (PNT)h
American toad, Bufo americanus 234 (PNT)h
Reptile Fringe-toed lizard, Acanthodactylus dumerili 30 (HT)°

Toxicity classification follows US EPA (2012): PNT practically non-toxic, S7 slightly toxic, MT moderately toxic, HT highly toxic, VHT very highly
toxic. For birds, mammals and reptiles: PNT >2,000, ST 501-2,000, MT 51-500, HT 10-50, VHT <10. For aquatic organisms, fish and amphibia: PNT
>100, ST >10-100, MT >1-10, HT 0.1-1, VHT <0.1. Note that kg in the LDs units refers to body weight of the dosed animal. Source references denoted
by superscripts are as follows: * SERA 2005, ° Fossen 2006, ¢ Grolleau 1991 in Anon 2012, 9 Cox 2001, © Tisler et al. 2009, fFeng et al. 2004, ¢ Nian
2009, " Howard et al. 2003, ' DeCant and Barrett 2010, European Commission 2005, X Mineau and Palmer 2013, Tingle et al. 2003, ™ Connelly 2011,
"Kitulagodage et al. 2008 (NB : a formulation of fipronil containing the dispersant solvent diacetone alcohol was sevenfold more toxic than technical
grade fipronil itself), ° Peveling and Demba 2003 (NB: 42 %, rather than 50 %, mortality)

Most of the studies found were required for pesticide
registration purposes. In birds, a reproductive test is frequently
conducted on standard test species such as the northern bob-
white quail or the mallard. This is a truncated test, which
consists of feeding a constant concentration of the pesticide
to the study animals and then collecting the eggs and incubat-
ing them artificially. There is therefore no inclusion of end-
points to assess the ability of the dosed birds to incubate, hatch
or raise their young. The test is a hybrid between single life
stage chronic toxicity and a test of true reproductive effects,
and has been the subject of analysis and criticism (Mineau
et al. 1994, 1996; Mineau 2005). Because of the longer
duration of the test, and the occasional pair that fails to bond,
spurious variance is introduced, thus decreasing the power to
detect reproductive deficits in limited sample sizes. On the
other hand, because the birds are offered contaminated diet
only, with no other food choice, the test may overestimate
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realistic exposure in the wild. However, it remains the only
test available with which to model non-acute risk in avian
wildlife.

Other sub-lethal impacts on vertebrates

A range of other effects of these insecticides have been doc-
umented for vertebrates (Table 2), outside of those reported on
survival, growth and development, and reproduction. Among
mammals—principally rats and mice—these include
genotoxic and cytotoxic effects, neuro-behavioural disorders
of offspring (including those dosed in utero), lesions of the
thyroid, retinal atrophy, reduced movement, and increased
measures of anxiety and fear. House sparrows can become
uncoordinated and unable to fly, and studies of Japanese quail
and red-legged partridges have reported DNA breakages and a
reduced immune response, respectively. Similarly, studies of
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& g o fish have reported changes in gene transcription, erythrocyte
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S 2 g % notochord degeneration and locomotor defects in embryos
2 o8 2 and larvae. In one case, medaka fish, Oryzias latipes, in
9] < = QO Yy P
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. £ E g g hyperglycemia) following exposure to imidacloprid at 1.5
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-% E 2 ; g and subsequently became susceptible to infestation by the
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< .
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<2380 duced growth of young rats and, in the case of clothianidin, a
- = g young
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k= E85 % : . .
2 SE 3 2 immunotoxic effects and reduce sperm production, respec-
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g3 % i tively. Similarly, while a single oral dose of 41 mg/kg of
= = 17} .. . . . .
g %2 g imidacloprid will cause mortality in house sparrows, a sub-
238 § = stantially lower dose (6 mg/kg) can induce uncoordinated
§ 5 z g behaviour and an inability to fly. While imidacloprid is highly
o S g2 toxic to Japanese quail, with an LDs, of 31 mg/kg, chronic
p q g/kg
g 0 =3 g . .
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D2% 2 spotted pond frog has an LCsq of 129-219 mg/L of
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a 3 2 2; imidacloprid, but DNA damage occurs at a much lower con-
£5 §n E centration, 0.05 mg/L. Given the high toxicity of fipronil to
- o 2 5 g '; fish, it is perhaps not surprising that the lowest recorded
5 z g o concentration of that insecticide to affect a vertebrate was of
3 2 2828 0.0002 mg/L (0.2 ng/L); the effect being erythrocyte damage
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the probability that wild species can be affected under field-
realistic exposure conditions.

Are vertebrates at risk in their natural environment?
Risks to aquatic vertebrates

Various measured or estimated environmental concentrations
of imidacloprid, clothianidin and fipronil in the aquatic envi-
ronment are available. For imidiacloprid, these include 0—
0.22 pg/L (Lamers et al. 2011); mean and maximum values
0f0.016 and 0.27 pg/L, respectively (Main et al. 2014); 0.13—
0.14 ug/L (Stoughton et al. 2008); 0-3.3 pg/L (Starner and
Goh 2012); 1-14 pg/L (Jemec et al. 2007); <15 ng/L
(Kreuger et al. 2010); 17-36 pg/L (Fossen 2006); and up to
49 ng/L (Hayasaka et al. 2012). Higher concentrations of
imidacloprid have been more rarely recorded in the aquatic
environment. In one study in the Netherlands, while 98 % of
1,465 measurements ranged from 0 to 8.1 pg/L, the remaining
2 % were up to 320 pg/L (Van Dijk etal. 2013). Similarly, in a
study in experimental rice fields, the concentration of
imidacloprid immediately after application was 240 pg/L,
but fell to 5 pg/L within a week (Sanchez-Bayo and Goka
2005). For clothianidin, DeCant and Barrett (2010) estimated
concentrations of 0.5-3.0 pg/L for standing water surround-
ing two crops, while Main et al. (2014) measured mean and
maximum concentrations of 0.14 and 3.1 ug/L, respectively,
in water bodies beside canola fields. Measurements for
fipronil in the aquatic environment have been reported at
0.17 pg/L (Stark and Vargas 2005); a median of 0.23 and
range of 0.004—-6.4 ug/L (Mize et al. 2008); 1 png/L (Hayasaka
et al. 2012); and 0.15-5 pg/L (Wirth et al. 2004).

Imidacloprid LCs, measurements for fish and amphibia
(Table 1) range from 1,200 to 366,000 ng/L, and for
clothianidin, from 94,000 to 117,000 pug/L (fish only). Thus,
except in the most extreme cases, environmental concentra-
tions are from approximately 2 to 7 orders of magnitude lower
than LCso measurements for fish and amphibians, so it is
unlikely that the mortality rates of these taxa will be directly
affected by these two insecticides under normal exposure.
However, the possibility of sub-lethal effects, e.g. physiolog-
ical stress and damage to DNA, cannot be ruled out (Table 2).
For fipronil, there is a greater apparent risk to fish survival, as
some of the highest environmental concentrations are within
an order of magnitude of their LCsq values (Table 1), espe-
cially for bluegill sunfish and Nile tilapia. Sub-organism ef-
fects may also be apparent, for example, erythrocyte damage
and alterations to gene transcription (Table 2).

Risks to terrestrial vertebrates

Determining the exposure risks to terrestrial vertebrates is
more complex than to aquatic species given that there are

several routes of exposure, e.g. from ingestion of treated seed,;
from residues in or on the crop and soil; from drinking water,
nearby vegetation or invertebrates; from dermal exposure due
to direct overspray or contact with treated surfaces; from
inhalation; and even from preening. Concentrations to which
terrestrial taxa can be exposed vary markedly within and
between these different pathways, based on habitat require-
ments and movement between contaminated and uncontami-
nated patches.

Treated seeds contain some of the highest concentrations of
neonicotinoids, with a typical individual canola (oilseed rape),
beet or corn seed calculated to contain 0.17, 0.9 or 1 mg of
active ingredient, respectively (Goulson 2013). Application
rates vary widely by crop but, for example, canola seeds
treated with clothianidin have recommended application
rates of 4.0 g a.i./kg of canola seed, while corn is almost
double, at 7.5 g a.i./kg seed. Given these high
concentrations, and that many granivorous species eat crop
seeds, the most likely route of exposure to terrestrial animals is
probably through the consumption of treated seeds.

Residues in crops and surrounding soil may be lower but
still pose a risk to wildlife consumers that feed on the treated
plants or ingest soil. For example, Bonmatin et al. (2005)
found residues of 2.1-6.6 pg/kg of imidacloprid in seed-
treated maize plants. Substantially higher concentrations of
1.0-12.4 mg/kg of imidacloprid have been detected in seed-
treated sugar beet leaves (Rouchaud et al. 1994). Ground-
dwelling species may also be exposed via the soil. Anon
(cited in Goulson 2013) found concentrations of 18—60 pg/
kg of imidacloprid in soil following several years of repeated
applications as a seed treatment on winter wheat.
Donnarumma et al. (2011) measured concentrations of
652 ng/kg of imidacloprid in soil 30 days after sowing of
dressed maize seeds, falling to 11 pg/kg at harvest. Following
soil drenching (i.e. applying a diluted insecticide directly to
the base of a plant), Cowles et al. (2006) found concentrations
of 120-220 ug/kg of imidacloprid in hemlock, Tsuga
Canadensis, tissue. Cutler and Scott-Dupree (2007) found
residues of 0.5-2.6 pg/kg of clothianidin in seed-treated ca-
nola plants, while Krupke et al. (2012) found residues of 1—-
9 ug/kg of clothianidin on natural vegetation surrounding
seed-treated maize fields. Krupke et al. (2012) also detected
concentrations of 6.3 pg/kg of clothianidin in soil in fields
sown with seed-treated maize.

The US EPA modelled the estimated daily intake of
clothianidin, assuming that mammals and birds only eat a diet
of treated seeds (DeCant and Barrett 2010). This risk model-
ling approach showed that clothianidin, at least when used to
treat oilseed rape and cotton seeds, could reduce the survival
of small birds and mammals (DeCant and Barrett 2010).

Similar approaches have been developed for other routes of
exposure beyond ingestion of seed treatments (e.g. SERA
2005; US EPA 2012). For example, risk modelling for
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imidacloprid suggests hazards to birds and mammals consum-
ing vegetation, grass and even insects. In particular, it predicts
that foliar spraying may lead to substantial mortality of sensi-
tive bird species (SERA 2005). In its 2008 re-assessment of
imidacloprid, the US EPA (2008) reported an incident where
grubs surfacing after a lawn treatment appear to have poisoned
young robins, Turdus migratorius.

A more detailed assessment of the risk of intoxication of
birds following the consumption of neonicotinoid-treated seed
is given by Mineau and Palmer (2013). Their analysis sug-
gests that the risks of acute intoxication with imidacloprid
applied on maize, oilseeds or cereals are comparably high,
such that birds need only to ingest a few treated seeds. The risk
of acute intoxication with clothianidin in maize is highest,
whereas for oilseeds or cereals, birds would need to ingest
more, largely because application rates are lower. In principle,
there are ways in which this risk could be mitigated, for
example, by burying seeds below the soil surface, but this is
rarely 100 % effective due to spillage (de Leeuw et al. 1995;
Pascual et al. 1999). Whether or not birds avoid eating treated
seeds (Avery et al. 1998), or the extent to which they may
remove a substantial proportion of the toxicant by discarding
outer seed husks (Avery et al. 1997) have been debated.
However, incidents of bird poisoning with imidacloprid-
treated seed have been documented (Berny et al. 1999), sug-
gesting that the calculated risk may be real.

The potential risk to birds from eating neonicotinoid-
treated seeds can be illustrated by the following example in
which we calculate the relative risk for two granivorous spe-
cies, a grey partridge, Perdix perdix (mass ~390 g) and a house
sparrow (mass ~34 g) (http://blx1.bto.org/birdfacts/results/
bob3670.htm), feeding on a field recently sown with
imidacloprid-treated beet seed, each containing 0.9 mg of
imidacloprid (Anon 2012). Imidacloprid is highly toxic to
both species, with a LDs, of 13.9 mg/kg of body weight for
grey partridge and 41 mg/kg for house sparrow (Table 1).
Consequently, ingestion of just 6 and 1.5 seeds would have a
50 % chance of killing an individual foraging partridge and
sparrow, respectively. Less than a quarter of a seed could have
a sub-lethal effect on a house sparrow, as 6 mg/kg is sufficient
to reduce flying ability (Table 2; Cox 2001). While de Leeuw
et al. (1995) suggest that only 0.17 % of beet seeds remain on
the soil surface after sowing, at a maximum drilling rate of
130,000 seeds per hectare (Anon 2012), 6 and 1.5 seeds would
be found on the surface in areas of approximately 270 and
70 m?, respectively, well within the daily foraging ranges of
each species. Areas of accidentally spilled seed could contain
much higher densities. While individual partridges and spar-
rows may not ingest treated seeds (i.e. as the brightly coloured
seed coatings may deter birds if they represent a novel food
source), these calculations suggest that there is a potential risk
of imidacloprid-treated seeds to affect sensitive bird species,
consistent with conclusions drawn by DeCant and Barrett
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(2010), Mineau and Palmer (2013) and Goulson (2013). An-
ecdotal observations of blackbirds and sparrows foraging in
fields recently seeded with neonicotinoid-treated crops sug-
gest that the calculated risks are further plausible (C.
Morrissey personal observation).

The indirect effects of pesticides on vertebrate wildlife

While rarely considered in ecological risk assessments, con-
cerns about the impacts of pesticide use on vertebrates have
more recently turned to the widespread potential for indirect
effects (Sotherton and Holland 2002; Boatman et al. 2004).
Observations of farmland and grassland bird declines and
range contractions correlate well with agricultural intensifica-
tion, including increased pesticide use (Chamberlain et al.
2000; Morris et al. 2005; Ghilain and Bélisle 2008;
Robillard et al. 2013; Mineau and Whiteside 2013). Tennekes
(2010) and Mason et al. (2012) have recently suggested, albeit
with little supporting evidence, that neonicotinoid insecticides
may be contributing to declines of insectivorous birds in
Europe, and of fish, amphibians, bats and birds around the
world, respectively. Tennekes (2010) hypothesized that
neonicotinoids were acting indirectly on bird populations, by
reducing the abundance of their insect prey. Mason et al.
(2012) suggested that neonicotinoids have suppressed the
immune system of vertebrates (and invertebrates) making
them more prone to infectious disease and other stressors.

Indirect effects of pesticides on vertebrates are most com-
monly exerted in one of three ways: (1) through reductions of
plant seed food for granivores following herbicide applica-
tions (e.g. Gibbons et al. 2006); (2) through the loss of insect
host plants following herbicide applications and the secondary
impacts for dependent insects and insectivores, (e.g. Potts
1986); or (3) through reductions in arthropod prey for insec-
tivores following applications of insecticides—or fungicides
with insecticidal properties (e.g. Martin et al. 2000; Morris
et al. 2005; Poulin et al. 2010).

Indirect effects are inherently difficult to measure and
frequently suffer from limitations of correlative inferences.
Boatman et al. (2004) highlighted three criteria for conclu-
sively inferring a causal link between pesticides and their
indirect actions on vertebrate wildlife. Conclusive studies
should document negative effects on (1) food quality and
quantity, (2) reproduction, condition or survivorship of the
vertebrate consumer and (3) concomitant vertebrate popula-
tion declines. The only documented case where indirect ef-
fects were definitively shown using the full range of these
criteria in a fully replicated field experiment was for the grey
partridge in Britain (Rands 1985) following several decades of
intensive study. Population modelling showed that declines in
grey partridge populations could be wholly explained by
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herbicide-induced reductions in prey availability in tandem
with reduced growth and survival of grey partridge chicks
(reviewed by Potts 1986). Other studies, however, have re-
vealed consistent effects on one or more of these three criteria,
suggesting that the indirect effects of pesticides may be more
prevalent than documented in the literature.

Studies reporting effects on consumers through food
reductions

Pesticide applications, in temperate regions, directly overlap
with the seasonal production of invertebrates and the breeding
seasons of a range of numerous vertebrate species. Food
supply (i.e. abundance and availability) is widely accepted
as affecting habitat selection, reproductive success and sur-
vival in vertebrates, with extensive supporting evidence for
birds in particular (Simons and Martin 1990; Johansson and
Blomgqvist 1996; Brickle et al. 2000; Moller 2001; Hole et al.
2002; Nagy and Holmes 2004, 2005; Boatman et al. 2004;
Morris et al. 2005; Britschgi et al. 2006; Hart et al. 2006;
Zanette et al. 2006; Golawski and Meissner 2008; Selas et al.
2008; Dunn et al. 2010; Poulin et al. 2010). Across Europe
and North America, dramatic and widespread declines have
been observed in populations of birds associated with farm-
land and wetland habitats (Beauchamp et al. 1996; Donald
et al. 2001; Benton et al. 2002; Boatman et al. 2004), with
arthropod abundance showing similar trends (Benton et al.
2002). In Canada and the USA, however, species loss has
been more strongly correlated with pesticide use than agricul-
tural area or intensification measures alone (Gibbs et al. 2009;
Mineau and Whiteside 2013).

Reductions in invertebrate food abundance caused by in-
secticide use has been linked to reductions in reproductive
success of at least four farmland passerines in the UK: corn
bunting, Miliaria calandra, yellowhammer, Emberiza
citrinella, whinchat, Saxicola rubetra, and reed bunting,
Emberiza schoeniclus (Brickle et al. 2000; Brickle and
Peach 2004; Morris et al. 2005; Hart et al. 2006; Dunn et al.
2010; but see Bradbury et al. 2000, 2003). Although declines
in bird populations in the UK have been coincident with
invertebrate losses, changes in invertebrate abundance alone
do not fully explain population trends for these species. In
fact, the nesting success of these species increased during time
periods when populations were declining (Siriwardena et al.
2000). Population declines of seed eaters have instead been
linked to reduced over-winter survival, likely as a conse-
quence of reduced seed availability (Siriwardena et al. 2000;
Butler et al. 2010).

Indirect effects of neonicotinoids and fipronil

We found only six studies that have investigated the indirect
effects of neonicotinoids and fipronil on vertebrate wildlife

(Table 3). All were field rather than laboratory-based studies.
Of these studies, one found a beneficial, indirect effect. Fe-
male Cape ground squirrels, Xerus inauris, benefited from
ectoparasite removal with fipronil and had fourfold higher
breeding success (Hillegass et al. 2010). A number of studies
have shown that reducing parasite burdens can enhance ver-
tebrate breeding success (e.g. Hudson et al. 1992). However,
interpretation of the effect of fipronil was not straightforward,
as endoparasites were simultaneously removed with ivermec-
tin, and researchers could not distinguish the effects of the two
products.

In two further field studies, both in experimental rice fields,
imidacloprid and/or fipronil was applied at the recommended
commercial rates. While one study found no effect of fipronil
on growth or survival of Japanese carp, Cyprinus carpio
(Clasen et al. 2012), the other found that both imidacloprid
and fipronil applications reduced the growth of both adult and
fry medaka fish, Oryzias latipes (Hayasaka et al. 2012).
Hayasaka et al. (2012) suggest that this is most likely an
indirect effect, through a reduction in the abundance of me-
daka prey. The concentrations were probably too low (approx-
imately 0.001 to 0.05 mg/L) to exert a direct toxic effect on
medaka but assumed sufficiently high to reduce the abun-
dance of their invertebrate prey.

Population-level studies investigating indirect impacts of
neonicotinoids and fipronil on vertebrate species are rare.
Only three such studies were found during this review, and
all were of local—rather than national or regional-—popula-
tions (Table 3). All were field studies that applied either
imidacloprid or fipronil at recommended commercial rates
using sprays or soil drenching, rather than seed treatments.

Falcone and DeWald (2010) investigated the impact of a
single soil drenching application with imidacloprid on eastern
hemlock, Tsuga Canadensis, as part of a campaign to reduce
numbers of an exotic insect pest. While the soil drenching had
(surprisingly) no impact on the woolly adelgid (4Adelges
tsugae) pest, populations of non-target hemiptera and
lepidoptera were reduced. Despite lepidopteran larvae being
important in the diet of three neotropical migrant
insectivorous bird species, bird numbers were not affected in
the following year. Norelius and Lockwood (1999) undertook
a similar study, this time spraying with fipronil to control a
grasshopper outbreak. While grasshopper numbers were
markedly reduced, populations of insectivorous prairie birds
that commonly consume the grasshoppers were slightly, but
not significantly, reduced a month after spraying. The lack of
clear population-level effects in both these studies may have
been related to birds seeking food outside treated areas in
compensation, although this seems unlikely, at least for the
Norelius and Lockwood (1999) study, as the home ranges of
the birds studied (few hectares) were small compared to the
total treated area (few hundred hectares). Alternatively,
population-level effects could have been masked in such
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Table 3 Indirect effects of imidacloprid and fipronil on vertebrates

Taxon and Species Effect on: Imidacloprid Fipronil Source and detailed effect
Mammal
Lesser hedgehog tenrec, Population REC Peveling et al. 2003; marked reduction
Echinops telfairi in harvester termite prey may eventually
lead to tenrec decline
Cape ground squirrel, Xerus Reproduction 0.7 mg/kg; REC Hillegass et al. 2010; removal of ectoparasites
inauris (POS) (with fipronil) and endoparasites boosted
breeding success; unable to determine impact
of fipronil alone
Bird
3 neotropical migrant Population REC (NE) Falcone and DeWald 2010; spraying reduced
insectivores lepidopteran prey, but not populations of
black-
throated green warbler (Dendroica virens),
black-throated blue warbler (D. caerulescens)
and blue-headed vireo (Vireo solitarius)
38 species, of which 33 were ~ Population REC (NE) Norelius and Lockwood 1999; marked reduction
insectivores in grasshoppers, but not in bird densities; 34
bird
species studied, most abundant were horned
lark,
Eremophila alpestris, western meadowlark,
Sturnella neglecta, and lark sparrow,
Chondestes
grammacus
Fish
Medaka, Oryzias latipes Growth & 0.001 mg/L; 0.001-0.05 mg/L; Hayasaka et al. 2012; reduced growth of
development REC REC both adults and fry
Japanese carp, Cyprinus carpus Growth and survival REC (NE) Clasen et al. 2012; no effect on growth and
survival of Japanese carp
Reptile
Madagascar iguana, Population REC’ Peveling et al. 2003; marked reduction in
Chalarodon harvester termite prey led to decline in
madagascariensis iguana population
A skink, Mabuy elegans Population REC’ Peveling et al. 2003; marked reduction in

harvester termite prey led to decline in
skink population

All other studies demonstrated deleterious effects

REC insecticide applied at manufacturer’s recommended rate, NE no effect at the given dosage, POS positive effect at the given dosage

relatively small-scale field trials if birds had immigrated into
the treated plots from surrounding un-treated areas. Neither
study, however, measured breeding success or impacts on
chick survival which may be more plausible than effects on
adult survival.

In contrast, Peveling et al. (2003) documented how fipronil
spraying to control a plague of migratory locusts in Madagas-
car halved populations of the harvester termite, Coarctotermes
clepsydra. Consequently, populations of two lizard species,
the Madagascar iguana, Chalarodon madagascariensis, and a
skink, Mabuy elegans, declined, because termites form an
important part of the diet of both species, while the lesser
hedgehog tenrec, Echinops telfairi, may have also been af-
fected. To date, this is the only study that has demonstrated a
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population-level impact of a systemic insecticide on a verte-
brate population, where its effect was exerted indirectly
through the food chain. While Tingle et al. (2003) report that
a study of fipronil spraying to control locusts in Madagascar
may have caused population declines of two bird species,
Madagascar bee-eater, Merops superciliosus, and Madagascar
kestrel, Falco newtoni, (but no effect on two others, Mada-
gascar bush lark, Mirafra hova, and Madagascar cisticola,
Cisticola cherina), sample sizes were too small to be conclu-
sive, and it was not possible to distinguish between direct and
indirect effects.

While it is possible to use laboratory toxicity studies to
inform models on the indirect effects of a pesticide on verte-
brate populations, such models are very data-demanding and
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case studies are rare (see e.g. Watkinson et al. 2000). Systemic
insecticides are known to affect invertebrate populations (e.g.
Whitehorn et al. 2012; Van Dijk et al. 2013), but the lack of
evidence for, and difficulty in determining, comparable indi-
rect effects on vertebrates is an issue in ecotoxicology. There
remains an essential need to determine if a causal link between
loss of insect prey through pesticide use and the decline of
vertebrate populations exists. This is especially true in North
America and Europe where neonicotinoids are being used in
large quantities and over vast areas.

Conclusions

Neonicotinoid and fipronil insecticides can exert their impact
on vertebrates either directly, through their overt toxicity, or
indirectly, for example, by reducing their food supply. Marked
variation exists among taxa and different systemic insecticides
in acute toxicity (as measured by LDsq and LCsg), while a
range of sub-lethal effects can occur at concentrations orders
of magnitude below those causing lethality. Overall, at con-
centrations relevant to field exposure scenarios from seed
treatments (birds) or water concentrations (fish), imidacloprid
and clothianidin can be considered a risk to granivorous bird
species, while fipronil may pose a similar risk to sensitive fish
species. Except in the most extreme cases, however, concen-
trations of imidacloprid and clothianidin that fish and amphib-
ians are exposed to appear to be substantially below thresholds
to cause mortality, although sub-lethal effects have not been
widely studied.

Despite the lack of research and the difficulty in assigning
causation, indirect effects may be as—or even more—impor-
tant than direct toxic effects on vertebrates, as modern sys-
temic insecticides are more effective at killing the invertebrate
prey of vertebrates than the vertebrates themselves. Given the
data here, current risk assessment procedures for
neonicotinoids and other systemic pesticides need to consider
the associated risks from both direct and indirect effects to
vertebrate wildlife.
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Abstract Large-scale use of the persistent and potent
neonicotinoid and fipronil insecticides has raised concerns
about risks to ecosystem functions provided by a wide range
of species and environments affected by these insecticides. The
concept of ecosystem services is widely used in decision mak-
ing in the context of valuing the service potentials, benefits, and
use values that well-functioning ecosystems provide to humans
and the biosphere and, as an endpoint (value to be protected), in
ecological risk assessment of chemicals. Neonicotinoid insec-
ticides are frequently detected in soil and water and are also
found in air, as dust particles during sowing of crops and
aerosols during spraying. These environmental media provide
essential resources to support biodiversity, but are known to be
threatened by long-term or repeated contamination by
neonicotinoids and fipronil. We review the state of knowledge
regarding the potential impacts of these insecticides on
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ecosystem functioning and services provided by terrestrial
and aquatic ecosystems including soil and freshwater functions,
fisheries, biological pest control, and pollination services.
Empirical studies examining the specific impacts of
neonicotinoids and fipronil to ecosystem services have focused
largely on the negative impacts to beneficial insect species
(honeybees) and the impact on pollination service of food
crops. However, here we document broader evidence of the
effects on ecosystem functions regulating soil and water quality,
pest control, pollination, ecosystem resilience, and community
diversity. In particular, microbes, invertebrates, and fish play
critical roles as decomposers, pollinators, consumers, and pred-
ators, which collectively maintain healthy communities and
ecosystem integrity. Several examples in this review demon-
strate evidence of the negative impacts of systemic insecticides
on decomposition, nutrient cycling, soil respiration, and
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invertebrate populations valued by humans. Invertebrates, par-
ticularly earthworms that are important for soil processes, wild
and domestic insect pollinators which are important for plant
and crop production, and several freshwater taxa which are
involved in aquatic nutrient cycling, were all found to be highly
susceptible to lethal and sublethal effects of neonicotinoids and/
or fipronil at environmentally relevant concentrations. By con-
trast, most microbes and fish do not appear to be as sensitive
under normal exposure scenarios, though the effects on fish
may be important in certain realms such as combined fish-rice
farming systems and through food chain effects. We highlight
the economic and cultural concerns around agriculture and
aquaculture production and the role these insecticides may have
in threatening food security. Overall, we recommend improved
sustainable agricultural practices that restrict systemic insecti-
cide use to maintain and support several ecosystem services
that humans fundamentally depend on.

Keywords Ecosystem services - Soil ecosystem -
Neonicotinoids - Pollinators - Freshwater - Rice paddies

Introduction

Other papers in this special issue have shown that neonicotinoid
insecticides and fipronil are presently used on a very large scale
(e.g., Simon-Delso et al. 2014, this issue) and are highly persis-
tent, and repeated application can lead to buildup of environmen-
tal concentrations in soils. They have high runoff and leaching
potential to surface and groundwaters and have been detected
frequently in the global environment (Bonmatin et al. 2014, this
issue). Evidence is mounting that they have direct and indirect
impacts at field realistic environmental concentrations on a wide
range of nontarget species, mainly invertebrates (Pisa et al. 2014,
this issue) but also on vertebrates (Gibbons et al. 2014, this
issue). Although studies directly assessing impacts to ecosystem
functions and services are limited, here we review the present
state of knowledge on the potential risks posed by neonicotinoids
and fipronil.

The concept of ecosystem services is widely used in decision
making in the context of valuing the service potentials, benefits,
and use values that well-functioning ecosystems provide to
humans and the biosphere (Spangenberg et al. 2014a, b).
Ecosystem services were initially defined as “benefits people
obtain from ecosystems” as popularized by the United Nations
Environment Program (UNEP 2003) and the Millennium
Ecosystem Assessment (MEA 2003, 2005). They are seen as
critical to the functioning of the Earth’s life support system,
which consists of habitats, ecological systems, and processes that
provide services that contribute to human welfare (Costanza
et al. 1997). Under the MEA framework (among others),
ecosystem services have been categorized into provisioning ser-
vices (e.g., food, wood, fiber, clean water), regulating services
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(e.g., climate control, detoxification, water purification, polli-
nation, seed dispersal, pest and disease regulation, herbiv-
ory, and weed control), supporting services (e.g., soil for-
mation, nutrient cycling, pollination, soil quality, food
web support, waste treatment, and remediation), and cul-
tural services (e.g., recreation, esthetic, or spiritual value).

The wide application of neonicotinoid systemic pesticides,
their persistence in soil and water, and potential for uptake by
crops and wild plants expose a wide range of species, which
are important in providing valuable ecosystem services. This
paper addresses the risks to ecosystem functioning and ser-
vices from the growing use of systemic neonicotinoid and
fipronil insecticides used in agricultural and urban settings.
Here, we focus on ecosystem services provided by terrestrial
soil ecosystem functions, freshwater ecosystem functions,
fisheries, biological pest control, and pollination, in addition
to reviewing the overall threats of these systemic insecticides
to food security.

Terrestrial soil ecosystem functions
Soil ecosystem services and biodiversity

Terrestrial ecosystems are known to provide a complex range of
essential ecosystem services involving both physical and biolog-
ical processes regulated by soils. Soils support physical processes
related to water quality and availability such as soil structure and
composition (e.g., porosity) to facilitate movement of water to
plants, to groundwater aquifers, and to surface water supplies.
Water quality is improved by filtration through clean soils that
can remove contaminants and fine sediments. As water flows
through soils, it interacts with various soil matrices absorbing and
transporting dissolved and particulate materials including nutri-
ents and other life-supporting elements to plants and microor-
ganisms. Soils further provide stream flow regulation and flood
control by absorbing and releasing excess water.

Many of the soil ecosystem services are biologically mediat-
ed, including regulation and cycling of water and nutrients, the
facilitation of nutrient transfer and translocation, the renewal of
nutrients through organic and waste matter breakdown, elemen-
tal transformations, soil formation processes, and the retention
and delivery of nutrients to plants (Swift et al. 2004; Dominati
et al. 2010; Robinson et al. 2013). Plants, in turn, provide food,
wood, and fiber to support human infrastructure and natural
habitats, while improving soil retention and erosion control.
Over the long term, they also provide raw materials for con-
sumption such as peat for fuel and horticultural substrates and
ornamental plants and flowers for decoration. Further services
include the biological control of pests and diseases through
provision of soil conditions and habitats for beneficial species
and natural enemies of pests, the sequestration and storage of
carbon through plant growth and biomass retention, and the
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detoxification of contaminants through sorption, immobilization,
and degradation processes.

Many of the biologically mediated soil ecosystem services
listed above require the inputs and activities of interacting diverse
and functional biological communities (Swift et al. 2004;
Lavelle et al. 2006; Barrios 2007). Biodiversity conservation
itself can be considered as an important ecosystem service (Dale
and Polasky 2007; Eigenbrod et al. 2010), following on the
earlier concept that biodiversity serves as a form of insurance
against the loss of certain species and their ecological function
through species redundancy (Nacem and Li 1997; Yachi and
Loreau 1999). Biodiversity has been shown to be positively
related to ecological functions that support ecological services
(Benayas et al. 2009). The stability of soil ecosystems has been
linked to biodiversity and especially the relative abundances of
keystone species or functional groups that underpin the soil food
web structure or that facilitate specialized soil processes (de
Ruiter et al. 1995; Brussaard et al. 2007; Nielsen et al. 2011).

Natural soils are a reservoir of diverse and complex biological
communities. Organisms range from body sizes in millimeters
(macrofauna, macroflora) to cell or body sizes in micrometers
(mesofauna, microfauna, microflora). Key taxa include
macroarthropods (e.g., ground beetles, ants, termites), earth-
worms, mites, collembolans, protozoans, nematodes, bacteria,
and fungi. The activity of these biota and interactions among
them condition ecosystem processes on which many ecosystem
services depend (Barrios 2007). For example, earthworms have a
large impact on organic matter dynamics, nutrient cycling, and
soil properties. Earthworms break down plant litter into nutrient-
rich organic matter for other consumers and contribute to the
mixing of organic matter in soils. They produce casts, mucilages,
and other nutrient-rich excretions that contribute to soil fertility
and biogeochemical cycling (Beare et al. 1995). Their burrowing
activity increases soil porosity and aeration, facilitates water and
nutrient transfer, and reduces soil compaction (Edwards and
Bohlen 1996). While earthworms play a key role in soil organic
matter dynamics, the decomposition and mineralization of or-
ganic matter is a complex process that is facilitated by the
activities and interactions among diverse biotic communities
including other invertebrates, protists, bacteria, and fungi (Swift
et al. 2004). These biota-mediated soil processes occur at a scale
of centimeters to decimeters by individuals and populations, and
the accumulation of these processes over space and time creates a
continuous process from which soil properties and services arise
to local and regional landscape scales (Lavelle et al. 2006).

A further example of ecosystem services is the biologically
mediated nitrogen cycling in soils. Nitrogen (N) is essential for
plant growth, and plants convey many of the services derived
from soils. Macro- and meso-invertebrates initiate decomposi-
tion of soil organic matter by fragmentation, ingestion, and
excretion to release organic N which is subsequently mineral-
ized by highly specialized microbial groups to plant-available
forms of inorganic N. Available N pools in soils are also greatly

enhanced by nitrogen-fixing microorganisms that convert at-
mosphere N to plant-available N through root nodule symbio-
ses in plants, especially legumes. Inorganic N can also be taken
up by soil microbes, assimilated into biomass, and incorporated
into the soil organic N pool (immobilization), which is available
for further cycling (Brady and Weil 1996; Brussaard et al.
1997; Barrios 2007). The excess of N is a major cause of soil
and water eutrophication with consequences on biodiversity
(Vitousek et al. 1997), and therefore, loss of N through deni-
trification is a another valuable ecosystem service provided by
wetlands and floodplain forest soils (Shrestha et al. 2012).

Impacts of neonicotinoid insecticides on soil ecosystem
services

Given that many of the ecosystem services of soils are bio-
logically mediated, and pesticides can cause depletion or
disruption of nontarget biotic communities in soils, it follows
that pesticides can pose risks to soil ecosystem processes and
services. Effects of pesticides in soils can range from direct
acute and chronic toxicity in organisms to many sublethal or
indirect effects on behavior, functional roles, predator-prey
relationships, and food web dynamics. Any or all of these
can occur at the organism, population, or community levels
and, therefore, may impact soil biodiversity or ecosystem
stability (Edwards 2002). Since soil biodiversity is related to
ecological functions that support ecological services (Benayas
et al. 2009), pesticide-induced disruptions to biodiversity and
ecological function could impair ecosystem services derived
from soils (Goulson 2013). Impacts on soil biodiversity and
their implications for ecosystem function have been demon-
strated for other pesticides affecting microbial (Johnsen et al.
2001) and invertebrate (Jansch et al. 2006) communities, and
the same risks are likely to arise from neonicotinoid insecti-
cides in soils. Neonicotinoids can persist in soils for several
years (Goulson 2013; Bonmatin et al. 2014, this issue) and
can cause significant adverse effects on key soil organisms at
environmentally realistic concentrations (Pisa et al. 2014, this
issue) and, therefore, have the potential to pose a risk to soil
ecosystem services.

While the link between adverse effects on organisms and
ecological function or services in soils is theoretically sound,
empirical evidence of effects on soil ecosystem services from
neonicotinoid insecticides is sparse, partly because its large-
scale use started only a decade ago. In our review of the
literature, we found only a few studies that reported the effects
of neonicotinoids on soil organism function with implications
for ecosystem services. Peck (2009a, b) assessed the impacts
of the neonicotinoid, imidacloprid, applied to turfgrass for
scarab beetle control and found direct and indirect long-term
effects on some arthropods and suggested negative implica-
tions (although not empirically tested) for soil nutrient cycling
and natural regulation of pests. In laboratory microcosms,
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Kreutzweiser et al. (2008a, 2009) tested the effects of
imidacloprid in the leaves from systemically treated trees on
the breakdown of autumn-shed leaves by litter dwelling earth-
worms over a 35-day exposure period. At realistic field con-
centrations, the leaf-borne residues of imidacloprid were not
directly toxic to earthworms, but did cause feeding inhibition
that resulted in a significant reduction in leaf litter breakdown.
They further demonstrated that this effect was due to sublethal
toxic effects, not avoidance behavior (Kreutzweiser et al.
2009). When imidacloprid was added directly to terrestrial
microcosms to simulate a soil injection method for treating trees,
a similar effect was detected with significantly reduced break-
down of leaf litter by earthworms at ambient litter concentrations
of 7 mg/kg and higher (Kreutzweiser et al. 2008b). Taken
together, these studies demonstrated that when imidacloprid is
applied as a systemic insecticide for the control of wood-boring
insects in trees, residual imidacloprid in autumn-shed leaves
poses risk of reduced leaf litter breakdown through a feeding
inhibition effect on earthworms, and this has negative implica-
tions for organic matter dynamics in soils. A similar effect would
presumably occur in the breakdown of other imidacloprid-
bearing plant litter in other soils, including agricultural but, to
our knowledge, this has not been tested directly. Other effects of
neonicotinoids on earthworm behavior that may further influ-
ence ecological processes in soils (e.g., burrowing behavior) are
reviewed in Pisa et al. (2014, this issue).

Soil microbial communities have also been affected by
imidacloprid, which can affect leaf litter decomposition.
Although imidacloprid did not inhibit microbial decomposition
of autumn-shed leaves of ash trees (Fraxinus spp.)
(Kreutzweiser et al. 2008b), microbial decomposition of leaves
from maple (Acer saccharum) trees was significantly inhibited
at concentrations expected from systemic treatments to control
wood-boring insects (Kreutzweiser et al. 2008a). The authors
offer suggestions for observed differences in effects among tree
species. Regardless of differences between studies, the data
indicate that imidacloprid residues in leaf material have the
potential to interfere with microbial decomposition of leaf litter,
with implications for organic matter breakdown and nutrient
cycling.

Others have assessed the effects of imidacloprid on microbial
activity in agricultural soils after treated seed applications. Singh
and Singh (2005a) measured microbial enzyme activity as an
indicator of population level effects and found that imidacloprid
in soils after seed treatment had stimulatory effects on microbial
enzyme activity for up to 60 days. In the same set of experiments,
they also measured available N in soils and reported increased
available N (Singh and Singh 2005b). In a further study at the
same site, Singh and Singh (2006) found increased nitrate-N but
decreased ammonium, nitrite-N, and nitrate reductase enzyme
activity in soils in which imidacloprid-coated seeds had been
planted. Tu (1995) added imidacloprid to sandy soils and report-
ed decreased fungal abundance and short-term decreases in
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phosphatase activity but no measurable effects on nitrification
or denitrification rates. Ingram et al. (2005) reported no inhibi-
tion of microbial urease activity by imidacloprid in turfgrass soil
or sod. Similarly, Jaffer-Mohiddin et al. (2010) found no
inhibition, and some stimulation, of amylase and cellulase
activity in soils under laboratory conditions. Ahemad and Khan
(2012) measured decreased activity and plant growth promoting
traits of a N-fixing bacterium, Rhizobium sp., isolated from pea
nodules of plants exposed to imidacloprid in soils, but only at
three times the recommended application rate (no significant
effects at the recommended rate). Overall, these studies demon-
strate that neonicotinoids can induce measurable changes in soil
microbial activity but the effects are often stimulatory, short-term,
and of little or no measurable consequence to soil nutrient
cycling. The reported microbial responses have been attributed
to inductive adaptation as microbes assimilate or mineralize
components of the imidacloprid molecule (Singh and Singh
2005a), essentially a biodegradation process (Anhalt et al.
2007; Liu et al. 2011; Zhou et al. 2013; Wang et al. 2013).
By contrast, at least two other studies have reported adverse
or negative effects of neonicotinoids on soil microbial
communities and their function. Yao et al. (2006) reported
significantly inhibited soil respiration at field realistic concen-
trations of acetamiprid. Cycon et al. (2013) found measurable
changes in soil community structure and diversity, and that
these were generally found in conjunction with reduced soil
metabolic activity at or near realistic field rates of
imidacloprid. It is possible that community level changes
associated with the neonicotinoid exposure may facilitate the
adaptive responses in functional parameters listed above.

Conclusions on soils as ecosystem services

Given that many soil ecosystem services are dependent on soil
organisms, that neonicotinoid insecticides often occur and can
persist in soils, and that their residues pose a risk of harm to
several key soil invertebrates, neonicotinoids have the potential
to cause adverse effects on ecosystem services of soils. From a
theoretical perspective and based on findings from studies of
better-studied pesticides, the potential for neonicotinoid im-
pacts on soil ecosystem services appears to be high but there
are few empirical studies that have tested these effects. From
the few studies available, it appears that invertebrate-mediated
soil processes are at greater risk of adverse effects from
neonicotinoid residues than are microbial-mediated processes.
One issue that remains elusive is the degree to which soil
biological communities can absorb pesticide impacts before
ecosystem function, and ultimately, the delivery of services is
measurably impaired at a local or regional scale. Studies are
conflicting with regard to the degree of functional redundancy
and resilience inherent in soil and other biological communities
that are rich in diversity. Swift et al. (2004) review the impacts
of agricultural practices, including the use of pesticides, on the
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relationship between biodiversity and ecosystem function and
show that some changes in biological communities can be
harmful to ecosystem function while others are functionally
neutral. They suggest that microbial communities have a high
degree of functional redundancy and resilience to impacts on
their functional role in soil organic matter processing. On the
other hand, reductions in highly specialized taxa with unique or
critical roles in an important ecosystem function such as de-
composition and nutrient cycling can measurably impact the
delivery of ecosystem services (Barrios 2007). Earthworms
could be categorized as such, and since adverse effects on
earthworms have been reported at realistic concentrations of
neonicotinoids in soils and leaf litter, this provides reasonable
evidence that some soil ecosystem services can be impaired by
the use of neonicotinoid insecticides. Further empirical studies
coupled with ecological modeling to test the likelihood and
extent of these effects are warranted.

Freshwater ecosystem functions
Nutrient cycling and water quality

Pollution by pesticides is widely recognized to be a major
threat to freshwater ecosystems worldwide (Gleick et al.
2001; MEA 2005). Freshwater ecosystems provide an impor-
tant array of ecosystem services, ranging from clean drinking
water and irrigation water to industrial water, water storage,
water recreation, and an environment for organisms that
support fish and other important foods. Invertebrates make
up a large proportion of the biodiversity in freshwater food
chains and are a critical link for transfer of energy and
nutrients from primary producers to higher trophic levels
both in the aquatic and terrestrial ecosystems. Thus,
alteration of invertebrate abundance, physiology, and life
history by insecticides can have a serious impact on services
provided by freshwater ecosystems. Equally, their role in
decomposition of organic matter and nutrient cycling offers
an essential purification service of water used for human
consumption or to support aquatic life.

Peters et al. (2013) conducted a review of the effect of
toxicants on freshwater ecosystem functions, namely leaf litter
breakdown, primary production, and community respiration.
For the review, 46 studies met their empirical specifications
(for example, effect size and control treatment available). An
important outcome of their review is that in over a third of the
observations, reduction in ecosystem functions was occurring
at concentrations below the lower limits set by regulatory
bodies to protect these ecosystems. These lower limits were
often set using LCs, values for common test species like
Daphnia magna, with risk assessment procedures not includ-
ing more sensitive species or consideration of species that
have critical roles in maintaining ecosystem function. A key

shortcoming of the review of Peters et al. (2013) is
that a large number of the included studies involved
effects of organophosphates, pyrethroids, and carbamates,
but no information is given for the newer insecticide classes
such as neonicotinoids or fipronil.

Relatively few studies have formally tested the effects of
neonicotinoids or fipronil on ecosystem services in freshwater
systems. A recent study by Agatz et al. (2014) did consider
the effect of the neonicotinoid, imidacloprid, on the feeding
activity of Gammarus pulex, a common freshwater amphipod
that plays an important role in leaf litter breakdown.
Prolonged inhibition of feeding after exposure was found at
concentrations of imidacloprid (0.8 to 30 pg/L) that are within
the range of those measured in several aquatic environments.
Reduced leaf feeding and altered predator-prey interactions of
a similar shredder species, Gammarus fossarum, have been
reported at thiacloprid concentrations of 1-4 pg/L (Englert
et al. 2012). Similar findings have been shown for other
shredder species, stonefly (Pternonarcyidae) and crane fly
(Tipulidae) larvae, exposed to imidacloprid in leaves and in
water exhibiting mortality at 130 pg/L and feeding inhibition
at 12 pg/L when applied directly to water but were more
tolerant when exposed through the leaves (Kreutzweiser
et al. 2008a). In a second study, the authors were able to
determine that the effects on feeding inhibition were important
in reducing leaf litter decomposition rates at concentrations of
18 to 30 pg/L (Kreutzweiser et al. 2009).

Prolonged exposure, or exposure to multiple compounds,
might affect this and other shredder populations. Although not
widely measured, inhibition of this functional feeding group
has the potential to negatively affect the conversion of coarse
terrestrial material into fine particulates that can be more
readily consumed by other species. This in turn is expected
to alter the aquatic invertebrate community, decomposition
rates, and nutrient cycling, ultimately influencing water qual-
ity and the support of biodiversity which is an important
ecosystem service. It should be noted that G. pulex is more
sensitive to imidacloprid than Daphnia species and that both
are crustacea and not insects. Several insects tend to be much
more sensitive than G. pulex to imidacloprid so the risk to
decomposition processes might be larger than has been
assessed by studies with G. pulex, depending on the affected
species role in the function of ecosystems and the amount of
functional redundancy in the community (Beketov and Liess
2008; Ashauer et al. 2011).

Aquatic food chain effects

Ecosystem services related to decomposition and nutrient
cycling are important for water quality; however, there is an
additional concern for potential indirect effects of insecticides
in reducing important invertebrate prey. This may be critical
for many freshwater species that are valued for food (e.g., fish
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and crayfish) and for ecological reasons (amphibians and
aquatic birds). While rarely studied, indirect food chain effects
have been reported in freshwater systems. For example,
Hayasaka et al. (2012a) performed an experimental rice paddy
mesocosm study using the systemic insecticides imidacloprid
and fipronil, applied at recommended rates. Zooplankton, ben-
thic, and neuston communities in the imidacloprid-treated field
had significantly lower species abundance than those from con-
trol. Hayasaka et al. (2012a, b) further found that two annual
applications of imidacloprid and fipronil were important in re-
ducing benthic arthropod prey which led to reductions in growth
of medaka fish (Oryzias latipes). Sanchez-Bayo and Goka (2005,
2006) also studied the ecological changes in experimental
paddies treated with imidacloprid throughout a cultivation peri-
od. A total of 88 species were observed, with 54 of them aquatic.
They reported plankton, neuston, benthic, and terrestrial commu-
nities from imidacloprid-treated fields had significantly lower
abundance of organisms compared with control. Our knowledge
about how aquatic communities react to, and recover from,
pesticides, particularly in relation to the water residues, is defi-
cient (Sanchez-Bayo and Goka 2005, 2006).

While not conclusively proven, many of the insectivorous
bird species declines are also coincident with agricultural areas
using these pesticides and speculation about recent population
declines through reductions in emergent invertebrate prey from
insecticide use seems plausible given the correlative evidence
(Benton et al. 2002; Boatman et al. 2004; Mason et al. 2012).
Neonicotinoids are the latest generation of pesticides that have
the ability to enter freshwater bodies and negatively affect
invertebrate populations which in turn can reduce emergent
insects that numerous water-dependent birds and other wildlife
depend on. A recent study by Hallmann et al. (2014) is the first
to demonstrate the potential cascading effect of low
neonicotinoid concentrations in water to insectivorous birds.
Future studies should consider the importance of pesticide
effects at the community level considering the intricate interac-
tion among species in the trophic chain and the indirect effects
on species deemed important for human consumption, recrea-
tion, or esthetic value.

Conclusions on freshwater ecosystem functions

Many aquatic species are directly exposed to neonicotinoid
and fipronil insecticides in water, often over prolonged pe-
riods. Data from long-term and large-scale field monitoring by
Van Dijk et al. (2013) have demonstrated the negative effects
of imidacloprid on invertebrate life. Such negative impacts
have the potential to adversely alter the base of the aquatic
food web given that this group is a critical link for the transfer
of nutrients and energy from primary producers to consumers.
Reductions in survival, growth, and reproduction of freshwa-
ter organisms, particularly aquatic insects and crustaceans, can
alter ecosystem functions related to decomposition and
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nutrient cycling. These processes are central to providing
ecosystem services such as clean freshwater and the support
of biodiversity. Equally important are the effects on the trophic
structure, which can influence the stability, resilience, and
food web dynamics in aquatic ecosystems, but also terrestrial
ecosystems given that many aquatic insects have adult life
stages out of the water.

Fisheries and aquaculture

Sustainably managed fisheries and aquaculture can offer so-
lutions to a growing demand for aquatic animal protein
sources. In Africa, Asia, and Latin America, freshwater inland
fisheries are providing food to tens of millions of people
(Dugan et al. 2010) while ensuring employment, especially
to women (BNP 2008). Pesticide use could hamper the suc-
cessful expansion of global fisheries as well as small-scale
inland fisheries, aquaculture, and combined rice-fish farming
systems, if those pesticides are negatively affecting fisheries.

Neonicotinoid use has been increasing in fish farming and
aquaculture environments because of their relatively low acute
toxicity to fish and their effectiveness against sucking para-
sites and pests. For example, imidacloprid (neonicotinoid) is
replacing older pesticides, such as pyrethroids to control rice
water weevil (Lissorhoptrus oryzophilus Kuscel) infestations
in rice-crayfish (Procambarus clarkii) rotations (Barbee and
Stout 2009) and carbamates (carbaryl) for controlling indige-
nous burrowing shrimp on commercial oyster beds in
Washington (USA) (Felsot and Ruppert 2002). In both
of these cases, nontarget effects of imidacloprid to the
main fishery have been demonstrated. The degradation of
water quality by neonicotinoid pesticides and the resulting
ecotoxicological impacts on aquatic organisms are among
those risks considered here.

Threats to cultured fish stocks

The majority of insecticides can affect cultured fish production
and other nontarget animals in rice paddy systems. Several wild
fish species inhabit the paddy and adjacent drains (Heckman
1979) and can be subjected to the effects of pesticides applied
routinely. Fish may be affected indirectly by reductions in food
resources, particularly aquatic invertebrates (Sanchez-Bayo and
Goka 2005, 2006; Hayasaka et al. 2012a, b). Although known
to have higher lethal tolerance to neonicotinoids, fish can be
exposed to sublethal concentrations and their accompanying
surfactants, which can cause adverse effects. Imidacloprid was
shown to cause a stress syndrome in juvenile Japanese rice fish
(medaka). As often happens with stressed fish, a massive
infestation by a parasite, Trichodina ectoparasite, was observed
in medaka fish in imidacloprid-treated fields (Sanchez-Bayo
and Goka 2005). In a recent study, Desai and Parikh (2013)
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exposed freshwater teleosts, Oreochromis mossambicus and
Labeo rohita, to sublethal concentration (LCsg/9 and LCsq0)
of imidacloprid for 21 days and found significant alter-
ations in several biochemical parameters (ALT, AST, ALP,
and GDH). Increased enzyme activity in tissues indicated liver
damage, which the authors concluded, was linked to
imidacloprid exposure.

While acute mortality of fish from the neonicotinoid insec-
ticides is rare, Rajput et al. (2012) reported that imidacloprid
was toxic to freshwater catfish, Clarias batrachus, when
exposed for 21 days, but only at high doses. Protein loss
was reported when exposed to high concentrations that later
caused lethality. Although this catfish has the potential to
become a particularly harmful invasive species in some areas,
it is also considered to be one of the most important catfish
species in aquaculture given its economic value as food for
human populations throughout most of India.

Shellfish aquaculture

Studies of shellfish aquaculture where neonicotinoids and
fipronil are in use are rare. Dondero et al. (2010) reported
negative sublethal effects of imidacloprid and thiacloprid at
the transcriptomic and proteomic levels in the marine mussel,
Mytilus galloprovinciali. In the Willapa Bay (Washington
State, USA), imidacloprid is applied directly to exposed sed-
iments, when the tide is out, to control native species of
burrowing shrimp (Callianassa sp.; Upogebia sp.) that can
negatively affect oyster production, but its effects on nontarget
organisms are unknown. According to Felsot and Ruppert
(2002), there was a rapid dissipation of imidacloprid from
water and it was hypothesized that this could be due to
extensive dilution by the tide. However, it was noted that there
is a lack of studies concerning its behavior in the wider estuary
ecosystem. Environmental monitoring programs are needed to
evaluate exposure to salmonids following the treatment of
oyster beds. Potential for adverse effects from exposure to
nontarget species residing in the bay, such as juvenile
Chinook (Oncorhynchus tshawytscha) and cutthroat trout
(Oncorhynchus clarki), is unknown. Neonicotinoids are fre-
quently detected in estuaries among the pollutants found in
estuarine areas where oyster farms are located. Although few
reports are available, anecdotal data suggest that neonicotinoids
are present in estuary environments and might exert effects on
cultured shellfish species or the wider ecosystem, but overall,
studies to determine impacts are lacking.

Neonicotinoids in fish-rice ecosystems

The development of rice-fish farming systems has been
viewed as a sustainable option for rural development, food
security, and poverty alleviation. Rice-fish farming systems
still frequently rely on insecticides to protect rice crops against

sucking insect pests, although Integrated Pest Management
(IPM) practices are recommended to reduce the use of insec-
ticides and their potential negative effects on fish populations.
Imidacloprid is known to persist in treated rice paddy waters,
demonstrating that it does not completely degrade in this aquat-
ic environment, and in fact, Tisler et al. (2009) report that
imidacloprid concentrations are increasing in rice paddies.
Pesticides can move from treated rice field water to natural
water bodies (Heong et al. 1995; Scientific & Technical
Review Panel 2012). A study by Elfmann et al. (2011) in the
Philippines showed that pesticides are frequently found in
downstream rivers (Scientific & Technical Review Panel
2012). Given their persistent nature, it is likely that
neonicotinoid insecticides used in rice paddies will also move
to natural waters and downstream reaches.

Conclusion on risks to cultured fisheries

The nutritional benefits of fish consumption have a positive
link to increased food security and decreased poverty rates in
developing countries. Reducing access to fish for consump-
tion could have particular impact on human populations
living in less developed countries, where there is limited
access to sufficient food. In some countries, high protein meat
produced by fisheries can become an important low-cost
nonstaple food source.

As with many other contaminants that have threatened
natural and managed aquatic ecosystems, neonicotinoids and
fipronil may offer an additional threat to cultured fish produc-
tion. To ensure long-term sustainability and food security
from fisheries (Pauly et al. 2002, 2005), the use of persistent
and toxic insecticides in or near fish culture systems should be
minimized if those insecticides have been shown to pose risk
of harm to fish and their prey species. Although fish appear to
have a relatively high toxicity threshold to neonicotinoids,
indirect and sublethal effects have been observed from expo-
sure to environmentally relevant concentrations of fipronil,
imidacloprid, and thiacloprid. While intensive fish farming
can provide important food sources, there is potential for
combined or synergistic toxicological effects of diverse con-
taminants, including neonicotinoids, to threaten fish farm
species and other aquaculture commodities.

Biological pest control

Predators as natural pest control

Invertebrate predator-prey relationships are an important part
of many natural and agricultural ecosystems. Diversity and
interdependence of species strongly influence shape and com-

plexity of food webs. Food web complexity and especially the
presence of predators are important for humans when
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considering the natural regulation of invertebrate “pests.”
Predation (including parasitism) of invertebrate pests by a
diverse array of invertebrate and vertebrate predators can be
considered an important ecosystem service, often called “bio-
logical control” in agricultural systems (Schlapfer et al. 1999;
Wilby and Thomas 2002; Bradley et al. 2003).

Although only pest species are targeted by the insecticide,
both the pest and natural predators can be affected. Often, the
pest, however, exhibits life history strategies that allow their
populations to recover faster than their predators. Many of the
pest predators are insects and, thus, are also sensitive to
neonicotinoid insecticides. In Pisa et al. (2014, this issue),
several examples of affected predatory insect species are given
but that review is by no means complete. A growing number
of studies indicate that predator species and their ecosystem
service are at risk when neonicotinoids are used (see reviews
by Desneux et al. 2007 and Hopwood et al. 2013). Hopwood
et al. (2013) conclude on the basis of more than 40 toxicity
studies across a range of biological pest control species that
the widespread use of neonicotinoids negatively impacts
predatory and parasitoid species that provide much needed
biological control of crop pests. Losey and Vaughan
(2006) estimated that the value of natural control agents
to control native North American pests is about 13.6
billion dollars, which includes pest predators, but also weather
and pathogens.

Pollination
Pollination as an ecosystem service

Pollination is considered one of the most essential regulating
as well as supporting ecosystem services (Kremen et al. 2007,
De Groot et al. 2010; Vanbergen and the Insect Pollinator
Initiative, 2013) and may be considered as a cultural ecosys-
tem service as well (esthetics). Biologically mediated pollina-
tion is the active or passive transfer of pollen within or
between flowers via invertebrate, mammalian, or avian vec-
tors. It is a critical service for fruit, vegetables, nuts, cotton,
and seed crop production among many others for agricultural
crops and supports reproduction of wild plant communities
(Allen-Wardell et al. 1998; Aguilar et al. 2006; UNEP 2010;
Ollerton et al. 2011; Lautenbach et al. 2012; Vanbergen and
the Insect Pollinator Initiative, 2013).

Without pollination, the fecundity of plants is affected,
potentially leading to yield losses in cultivated crops and
genetic diversity loss or local extinction in wild plants.
Crops can be animal-pollinated, wind-pollinated, self-
pollinated, or a combination. In many crops that constitute
the human diet, pollination is essential for the setting of fruits
and seeds; in others, it promotes these processes in varying
gradations. Consequently, the measure of yield increase due to

@ Springer

pollination in crops varies greatly; some crops not showing a
yield increase, while others do not produce fruits or seeds
unless pollinated (Richards 2001; Klein et al. 2007).

There is a growing concern worldwide about the fate of
insect-pollinating species and pollinating services (Potts et al.
2010; Van der Sluijs et al. 2013; Vanbergen and the Insect
Pollinator Initiative, 2013; Pisa et al. 2014, this issue). A
range of environmental changes that are currently taking place
worldwide affect populations of wild and managed pollinating
species. These include exposure to toxic chemicals, habitat
loss and fragmentation, climate change, pathogens, land-use
intensification, parasites, and the spread of invasive species
and diseases (Steffan-Dewenter et al. 2002; Tylianakis et al.
2005; Biesmeijer et al. 2006; Kuldna et al. 2009; Potts et al.
2010; Vanbergen and the Insect Pollinator Initiative, 2013).

Sanchez-Bayo and Goka (2014) demonstrated that field
realistic residues of neonicotinoid insecticides in pollen pose
high risk to honeybees and bumblebees, while in the field
synergisms with ergosterol inhibiting fungicides will further
amplify these risks. They found that imidacloprid poses the
highest risk to bumblebees (31.8—49 %, probability to reach
the median lethal cumulative dose after 2 days of feeding on
field realistic dose in pollen) and thiamethoxam the highest
risk to honeybees (3.7-29.6 %). Other pollinators were not
included in their risk assessment. An increase in AChE activ-
ity in honeybees was related to in-field exposure to corn pollen
in neonicotinoid seed-treated fields (Boily et al. 2013).
Because of the persistence of neonicotinoids in soil and water
and their use as systemics, which facilitate uptake by wild
plants and agricultural crops, all pollinators can be exposed to
these insecticides at lethal or sublethal concentrations through
multiple exposure routes (Van der Sluijs et al. 2013).
Neonicotinoids and fipronil have known lethal and sublethal
effects on domestic and wild insect pollinator populations at
extremely low concentrations, often reported in the parts per
trillion range (Pisa et al. 2014, this issue).

Pollination of crops

Pollinating services are provided by managed honeybees
(4pis mellifera), but also by wild species such as solitary,
stingless bees and bumblebees. In addition, flies, butterflies,
wasps, moths, beetles, and other invertebrates and, in some
cases vertebrates (such as bats, squirrels, birds and some
primates), are also known to pollinate natural plants and crops
(Buchmann 1997; Klein et al. 2007; De Luca and Vallejo-
Marin 2013; Ghanem and Voigt 2012; Vanbergen and the
Insect Pollinator Initiative, 2013). Over 25,000 species
of bees have been identified (FAO 2013a), which are respon-
sible for a large portion of pollination services worldwide
(Danforth et al. 2006; Breeze et al. 2011). In Europe alone,
more than 2,500 species of bees are known pollinators
(Vaissiere et al. 2005).
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Contrary to popular belief, estimates for the UK indicate
that managed honeybees (4. mellifera) pollinate approximate-
ly one third of the crops, at most (Breeze et al. 2011).
Although debated, there is evidence that numerous wild bee
species also contribute substantially to the quality and reliabil-
ity of pollination of a broad range of crops (e.g., Chagnon
et al. 1993; Bosch et al. 2006; Greenleaf and Kremen 2006;
Hoehn et al. 2008; Lye et al. 2011). Wild insect pollinator
species are regarded as the most effective pollinators on fruit
crops and seem to be more sensitive to pesticides than honey-
bees (Cresswell et al. 2012; Laycock et al. 2012). Economic
gain from insect pollination on crops increases significantly
with increasing numbers of wild bee species in the European
Union (Leonhardt et al. 2013). In addition, bumblebees
(Bombus spp.) are the predominant or exclusive pollinators
of many wild plant species (Goulson 2003).

Pollination of wild plants

In addition to pollinating crops, which make up <0.1 % of all
flowering plants worldwide, between 60 and 85 % of wild
angiosperms (flowering plants) require animal pollinators
(Kearns and Inouye 1997; Ashman et al. 2004). Ollerton et al.
(2011) estimated that 299,200 species (85 %) of angiosperms
depend on pollinators worldwide. However, this estimate does
not account for the mean proportion of angiosperms per latitude,
varying from 78 % of species in temperate zones up to 94 % in
tropical regions. Vanbergen and the Insect Pollinator Initiative,
(2013) estimated that insects enable reproduction globally for up
to 94 % of wild flowering plants. Pollination of wild plants
contributes to human welfare indirectly, of which some examples
are esthetics of the landscape, the pleasure of looking at foraging
bumblebees in richly flowering meadows, and providing forage
for wildlife (Jacobs et al. 2009). Pollination is also instrumental
in increasing the genetic diversity in plant species (Benadi et al.
2013).

The impact of insect pollinator loss on ecosystem function
is not well understood, although a few cases have been de-
scribed. An example of a subtle but important interaction is
the one between wild species and honeybees. Greenleaf and
Kremen (2006) studied pollinator efficiency of honeybees on
sunflowers and discovered a fivefold increase in efficiency in
the presence of wild bees. Such phenomena are likely to occur
in natural environments as well, meaning that the loss of one
species can radically alter pollination dynamics of wild plants
in affected communities. Furthermore, knowing that the sur-
vival of certain host plants is directly linked to the survival of
their pollinating species (Kim 1993), this can have a knock-on
effect in the biotic community. For instance, Kearns and
Inouye (1997) describe how keystone species such as fig trees,
one of the 750 species often dependent on a distinct and
unique wasp species for pollination, provide the staple food
for many species of vertebrate wildlife in tropical

communities. The loss of these wasps has the potential to lead
to a complete shift in biotic community structure of these
areas. The same goes for other areas with specialized
pollinator-plant interactions, such as South Africa (Ollerton
et al. 2011).

Although wild plants are often dependent on multiple
pollinators or may be able to use wind pollination, it is
important to realize that pollinating insects fulfill a crucial
role in the ecological food webs. Loss of pollinating species
can also affect other networks, thus leading to impairment in
ecosystem functioning as a whole (Bartomeus et al. 2013;
Burkle et al. 2013; Labar et al. 2013).

Conclusions on ecosystem services from pollinators
and other beneficial insects

The role of insects as consumers, predators, pollinators, and
decomposers in ecosystems is critical for ecosystem function.
High sensitivity of many key pollinating and predating insect
species to neonicotinoids, combined with the high risk of
exposure, raises concerns about the (long-term) impact of
these substances. Adverse impacts of wide-scale insect polli-
nator and predator loss include cascade effects in biotic com-
munities that can ultimately affect human populations. In
human dimensions, the ecosystem services pollination and
biological control together represent an estimated global value
of about US$215 billion in 2005 (Vanbergen and the Insect
Pollinator Initiative, 2013). The global loss of bee species, as
bioindicators of environmental health, is an early warning that
global biodiversity and ultimately, human welfare, may be
threatened.

Food security
Pollinator-dependent crops

Although the estimated percentage of human food that de-
pends on bee-pollinated crops is relatively small, 15-30 %
(O’Toole 1993, in Kearns and Inouye 1997; Greenleaf and
Kremen 2006), important components of food production,
diversity, security, and stability rely on animal pollinators
(Steffan-Dewenter et al. 2002, 2005). Of the 124 major
commodity crops directly used for human consumption, 87
(70 %) are dependent on pollination for enhanced seed, fruit,
or vegetable production. These 87 crops are essential to our
quality of life providing the quality and diversity of the veg-
etables and fruits we eat and amount to 23x10® megatons
(35 %) of global food production volume, although only part
of this amount is directly attributable to pollination (Klein
et al. 2007).

Roubik (1995, in Klein et al. 2007) provided a list of 1,330
tropical crops, of which ca. 70 % have one or more varieties
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that show improved production after animal pollination. More
specifically, for the European situation, 84 % of crop species
produced depend on pollination (Williams 1994), with a total
of 12 % of the total cropland area dependent on pollination
(Schulp et al. 2014).

The relative importance of crop pollination as an ecosystem
service is increasing worldwide. In 2006, pollinator-
dependent crops contributed 16.7 and 9.4 % more to total
agricultural production in the developed and developing
world, respectively, than in 1961 (Aizen et al. 2008; Aizen
and Harder 2009). Since then, the continued and foreseen
increase in the production of pollinator-dependent crops such
as oil palm, sunflower, and canola (FAO 2013b; Schulp et al.
2014) indicates a further rise in these percentages.

The economic value of pollination

The economic value of pollination services can be considered
to be the marginal increase in plant production due to pollina-
tion (Kremen et al. 2007), for those plants that have a market
or subsistence value to humans. Examples are crops used for
food or feed, timber, or fiber. Therefore, the loss of insect
pollinators has large potential consequences on human food
production directly through reduced crop yields. Richards
(2001) provides a good overview of impacts on crop yield
through inadequate pollinator service. Although pollinator
decline was not documented to affect crop yield on a global
scale in 2008 (Aizen et al. 2008), there is evidence on a local
scale that declines in pollinator (diversity) affect fruit set and
seed production (Brittain et al. 2013). The absence of polli-
nators thus would translate into a 7 % drop in crop production
in the EU (Schulp et al. 2014). These crops are nonetheless
those that bring our diversity of food in civilized societies and
quality of life (Klein et al. 2007).

A second impact of pollinator loss is the reduced produc-
tion of crops that become less valued by the consumer and are
therefore sometimes nonsaleable. Some examples are cucum-
bers and apples, of which the fruits do not grow ac-
cording to market standards without proper pollination.
Lack of pollination will reduce their value or render them
worthless (e.g., curled cucumbers, lopsided apples) (Morse
and Calderone 2000).

Increased production costs are a third potential impact of
pollinator loss. Almond farmers in the USA, which are
completely dependent on commercial pollination services,
have experienced a sharp increase in the price for crop polli-
nation services since 2005, due to pollinator scarcity (Sumner
and Boriss 2006; Carman 2011).

Many animal-pollinated crops are locally important for the
economy of the region. Some examples are olives, sun-
flowers, and cotton that are not wholly dependent on pollina-
tors, but production is enhanced. Several crops that are
completely dependent on pollination are often specialty
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products that are not sold on a large scale, such as vanilla
(Richards 2001), but are nonetheless an essential resource to
specific regions.

Several national studies (e.g., USA: Morse and Calderone
2000; Losey and Vaughan 2006) have applied dependence
ratios per crop type, calculating the actual impact on crop
production in the absence of pollinators. Although a poten-
tially useful tool, the ratios that were used varied widely
between studies and regions. Gallai et al. (2009) therefore
aimed to provide an economic valuation of complete world
insect pollinator loss, including economic vulnerability per
region. The authors calculated a value of €153 billion, 9.5 %
of the total value of crops produced globally for direct human
consumption in 2005. In the EU, pollinator-dependent
crops currently represent 31 % of the EU income from crop
production. The total monetary value for insect-pollinating
services therein is between 10 and 12 % (Leonhardt et al.
2013; Schulp et al. 2014).

Food supply and food quality

With the expected population growth in the coming decades,
meeting the increasing food supply needs in a sustainable way
will become a major challenge. The environmental conse-
quence of the intensification of agricultural systems may pose
a threat to the future accessibility to an adequate food supply
(Matson et al. 1997). But beyond securing access to sufficient
food for all people, the need to provide a supply of safe and
nutritionally high-quality food to achieve a balanced diet has
become an important consideration in order to avoid health
impacts such as intellectual and physical disabilities. Access
to a large diversity of fruit and vegetables also contributes to
the enjoyment of quality foodstuff and food culture that con-
tributes to overall social and cultural identity.

The capability of responding to the current human nutrient
requirements is crucial, according to the World Health
Organization (WHO 2006). Many people are affected by
vitamin and mineral deficiencies, especially in developing
countries where one out of three persons suffer from chronic
undernourishment in energy and in micronutrients (vitamins
and minerals). Eilers et al. (2011) studied the proportion of
nutrients derived from more than 150 global leading crops and
found that although minerals seem to be fairly evenly distrib-
uted over crop types, certain vitamins are scarcer in pollinator-
independent crops. An example is the carotenoid group, in
which 99.33 and 100 % of (3-cryptoxanthin and lycopene,
respectively, are provided by pollinator-dependent crops.

In contrast, the developments in agriculture worldwide
have largely increased the production of staple foods such as
potato, cassava, corn, rice, and wheat over the last 25 years
(FAO 2013b). These staple crops are mostly wind- or self-
pollinated or propagate otherwise, so do not depend on polli-
nation services. Although these crops provide the required
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caloric intake, they contain relatively low levels of most
micronutrients. Globally, more than two billion people are
affected by “hidden hunger,” a micronutrient deficiency
caused by poor diet diversity (Welch and Graham 1999;
Muthayya et al. 2013). Pollinator losses leading to reduced
diet diversity, especially from plants that provide a larger array
of micronutrients, may exacerbate the negative impact on
health and economic development in certain regions.

Seed security and seed treatments

Seed security is seen as a key driver of food security (Sperling
and McGuire 2012). Food production agronomic traits such as
yield, early maturity, resistance to specific stresses, and also
nutritional traits should be among the diverse goals of seed
security (Sperling and McGuire 2012). Agroecosystems of
even the poorest societies have the potential through ecolog-
ical agriculture and IPM to meet or even exceed conventional
yields produced by conventional methods and supply regional
and international markets across the developing country re-
gions (IAASTD 2009).

The increased and often prophylactic use of neonicotinoid
seed-coated hybrids cannot be viewed as a sustainable way to
protect crops from insect damage given the risks described to
pollinators, soil organisms, and aquatic invertebrates. Seed
treatments offer an easy incentive to farmers to act as a form
of crop protection insurance by applying a treatment in antic-
ipation of the pest problem. However, in order for this tech-
nique to be ecologically, economically, and socially viable,
substantial gains must be seen in yields to offset risks to
ecosystem health. In Britain, as elsewhere, agricultural prac-
tices have seen rapid increases in the use of neonicotinoid-
treated seeds over the past decade. However, little or no gains
have been observed in crop yields over the same period or
those gains were not great enough to offset the cost of the seed
treatment (Goulson 2013). For example, in Canada’s Prairie
region, canola (oilseed rape) crops cover 8.5 million hectares
of cropland, and 95 % of the canola seeded is coated with
neonicotinoids (Main et al. 2014). The authors conservatively
estimated that neonicotinoid use in that region of Canada
amounted to 44 % of the cropland in a single year or
215,000 kg. Systemic seed treatments have facilitated the ex-
tended and widespread use of neonicotinoid insecticides in
modern agriculture and represent a threat to agrobiodiversity
and food security.

Insecticide resistance

Several crop pests have begun to develop pesticide resistance
to neonicotinoids (Jeschke et al. 2011). Examples are
imidacloprid and acetamiprid resistance in cotton aphids
(Aphis gossypii) (Herron and Wilson 2011). Other crop pests
that show neonicotinoid resistance are the Greenhouse

whitefly (Trialeurodes vaporariorum) (Karatolos et al.
2010) and the Colorado potato beetle (Leptinotarsa
decemlineata) (Szendrei et al. 2012).

The development of insecticide resistance has also been
reported for the brown planthopper (Nilaparvata lugens) in
East Asian countries such as Vietnam, China, and Japan
(Wang et al. 2008). Planthopper resistance to imidacloprid
was reconfirmed in more recent studies (Azzam et al. 2011).
Zhang et al. (2014) studied nine field populations of the
brown planthopper (N. lugens) from Central China, East
China, and South China, and resistance to insecticides was
monitored from 2009 to 2012. All nine field populations
collected in 2012 had developed extremely high resistance
to imidacloprid, with resistance ratios ranging from 209.3 to
616.6. Resistance to neonicotinoids was much higher in 2012
than in 2009. The resistance ratio of thiamethoxam varied
from 17.4 to 47.1, and the resistance ratio of nitenpyram
varied from 1.4 to 3.7 in 2012. Of the nine field populations,
six populations showed higher resistance to nitenpyram in
2012 than in 2011. Taken together, these reports demonstrate
that the widespread use of neonicotinoids increases the rate of
the development of target pest resistance. Insect resistance, in
turn, usually results in increased application rates or frequency
of an insecticide, leading to greater economic and environ-
mental costs.

Conclusions on food security

The definition of food security within the United Nations
framework includes the physical availability of food and its
stability over time (FAO 2008). Quality and diversity of food
and the ecological and social sustainability of the food pro-
duction are also important parts of food security. Agriculture is
becoming more pollinator dependent because of an increasing
consumption of pollinator-dependent crops (Aizen et al.
2008). Neonicotinoid insecticides are recognized to be a threat
to domestic pollinators such as honeybees but also many wild
pollinator species. Although theoretically possible, a global
decrease in crop yields and diversity of fruit and vegetables
due to reductions in pollination has not yet been demonstrated,
but evidence exists at regional scales. Widespread use of seed
treatments does not necessarily increase crop yields, but ap-
pears to be threatening pollinator and soil health as well as
promoting insect pest resistance. Extensive and wide-scale use
of any single insecticide has the proven potential to become a
threat to agrobiodiversity.

Agrobiodiversity can be thought of as the outcome of
agricultural practices that produce a variety of crops, including
those that provide essential micronutrients. The focus of future
agriculture should not be limited to an increase in overall
production, but should also consider the maintenance of ge-
netic diversity in crop plants, which provide valued agronomic
traits (Sperling and McGuire 2012). The preservation of
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agrobiodiversity and seed security will be achieved by pro-
moting varieties of crops already known in the area, making
local (traditional) nutritious varieties more accessible. Many
of'these crops depend on insect pollination and are therefore at
risk from widespread and persistent use of insecticides that
negatively affect pollinators. In this regard, the use of
neonicotinoid insecticides may threaten food security and
the development of sustainable agriculture.

Conclusions

In this paper, we examine the potential impact of systemic
insecticides, particularly neonicotinoids but also fipronil, on a
variety of ecosystem functions and services. The paper ex-
plores the role and vulnerability of invertebrates in soil func-
tion and food production systems, as well as threats to the
aquatic biodiversity that supports cultured fisheries. Clear
evidence of the critical role of microbes, insects, and other
invertebrates as consumers, predators, pollinators, and decom-
posers for the maintenance of healthy ecosystem functions
and food production is presented. In exploring the indispens-
ability of these organisms, their vulnerability to systemic
insecticides has been highlighted. Most neonicotinoid insec-
ticides are persistent in soil and water and can be found in dust
particles during sowing of dressed seeds and are therefore
likely to encounter and potentially affect a broad range of
biological organisms that provide ecosystem services.

Neonicotinoid and fipronil pesticides are bioavailable in
the environment at levels that are known to cause lethal and
sublethal effects on a wide range of terrestrial, aquatic, and
soil beneficial microorganisms, invertebrates, and vertebrates.
These beneficial organisms possess a diversity of traits (e.g.,
nitrogen fixers, pollinators, and nutrient recyclers) that are key
to healthy ecosystem functioning and services (Perrings et al.
2010). There is increasing evidence that the widespread use of
neonicotinoids and fipronil is causing harm to these beneficial
organisms, and therefore, those impacts have the potential for
reducing ecosystem services, either consumptive (e.g., food,
fuel) or nonconsumptive (e.g., health).

To help feed the world’s population adequately, crop pro-
tection methods and products will always be needed to reduce
yield losses caused by pests. But sustainable choices should be
made while implementing pest control methods and products
in order to alleviate potential harm for food security, ecosys-
tem services, and the full functionality of all systems of the
environment. Relying on pesticide tolerance and the selection
of resistance traits and/or a functional resilience of ecosys-
tems’ communities (K6hler and Triebskorn 2013) as justifica-
tion for the continued widespread and often prophylactic use
of neonicotinoid and fipronil insecticides would be a perilous
strategy for maintenance of ecosystem services. While the link
between nontarget impacts of these systemic insecticides and
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their effects on ecosystem services is not always clear in the
published literature, their widespread use, persistent nature,
and toxicity to a broad range of beneficial organisms are
strong indications that ecosystem services dependent on these
organisms may be at risk.
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Abstract Neonicotinoid insecticides are widely used for con-
trol of insect pests around the world and are especially perva-
sive in agricultural pest management. There is a growing body
of evidence indicating that the broad-scale and prophylactic
uses of neonicotinoids pose serious risks of harm to beneficial
organisms and their ecological function. This provides the
impetus for exploring alternatives to neonicotinoid insecti-
cides for controlling insect pests. We draw from examples of
alternative pest control options in Italian maize production and
Canadian forestry to illustrate the principles of applying alter-
natives to neonicotinoids under an integrated pest manage-
ment (IPM) strategy. An IPM approach considers all relevant
and available information to make informed management
decisions, providing pest control options based on actual need.
We explore the benefits and challenges of several options for
management of three insect pests in maize crops and an
invasive insect pest in forests, including diversifying crop
rotations, altering the timing of planting, tillage and irrigation,
using less sensitive crops in infested areas, applying biological
control agents, and turning to alternative reduced risk insecti-
cides. Continued research into alternatives is warranted, but
equally pressing is the need for information transfer and
training for farmers and pest managers and the need for
policies and regulations to encourage the adoption of IPM
strategies and their alternative pest control options.
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Introduction

Systemic neonicotinoid insecticides are used to protect a wide
variety of crops. Based on their efficacy to control many insect
pests and their systemic activity, they are used extensively in
agriculture so that by 2008, neonicotinoids accounted for one
quarter of the global insecticide market (Jeschke et al. 2011),
and this rate is increasing (Simon-Delso et al. 2014). The
extensive use of neonicotinoids in agriculture has undoubtedly
met technical and commercial goals, i.e. simplification of
agricultural systems and large pesticide applications for pest
prevention to maximize efficiencies and profits. However,
increasing evidence indicates that this large-scale use results
in high broad-spectrum insecticidal activity of the
neonicotinoids even at very low dosages, and this has led to
serious risk of environmental impact (Henry et al. 2012;
Goulson 2013; van der Sluijs et al. 2013, 2014; Whitechorn
et al. 2012). The large-scale, often prophylactic use (Goulson
2013) of neonicotinoid insecticides contrasts with the main
principle of an integrated pest management (IPM) approach
which includes an assessment of economically important pest
populations in order to determine if an insecticide treatment is
required. The principles of IPM, derived from dozens of years
of field experiments and scientific research (Baur et al. 2011),
are summarized and made compulsory in the European Union
by Directive 2009/128/CE. For an agricultural setting, the
procedure is the following:

1. Before taking any decision on pest control, harmful or-
ganisms must be monitored by adequate methods and
tools, where available; tools should include observations
in the field as well as scientifically sound warning, fore-
casting, and early diagnosis systems;

2. Treatments may then be carried out only where and when
the assessment has found that levels are above
predetermined economic thresholds for crop protection;
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3. If economic thresholds are exceeded, agronomic solu-
tions, mainly rotation, should be considered to avoid
damage to maize crops including the interference of new-
ly established pest populations with tillage timing and
other modifications, choice and modification of sowing
dates, and alterations of rotation sequences;

4. If economic thresholds are exceeded and no agronomic
solutions are available, biological control or physical
treatment or any other non-chemical pest control method
should be considered as a replacement for chemical
treatment;

5. If economic thresholds are exceeded and no agronomic
solutions, biological control or physical treatments or any
other non-chemical pest control methods are available,
chemical treatments should be selected among those that
pose the lowest risk to environment and human health,
and they should be used in a way that minimizes the risk
of pest resistance by limiting their use over space and
time.

In order to show that alternatives to neonicotinoids for pest
control are available and can be feasible, two case studies will
be described: (i) treatment of maize crops, in which it was
shown that there was a link between neonicotinoids and
negative effects on honeybees (Girolami et al. 2012) and (ii)
treatment of trees to control an invasive insect pest. The
agricultural case study is significant because it concerns cul-
tivation and pest control methods made on large land bases in
Italy (thousands of hectares spanning a 25-year period (Furlan
1989; Furlan et al. 2002, 2007b, 2009a, 2011; Ferro and
Furlan 2012)) with potential for side effects on the environ-
ment. The forestry case study is significant because it presents
a unique pest problem in Canada with environmental issues
and solutions of its own.

Case studies of alternative pest management in maize

By 2010, neonicotinoids accounted for 27 % of the world’s
total insecticide use (Casida and Durkin 2013), and their
application to pest management in maize is among the highest
use of the insecticides in agriculture. For example, over 18
million ha of maize (corn) was treated with a neonicotinoid
insecticide between 2009 and 2011 in the USA (Brassard
2012). This included over 810 t of clothianidin and 570 t of
thiamethoxam applied in 1 year in the USA, most of it in
maize crops (Simon-Delso et al. 2014). Production of maize
for food, feed, and biofuel is the single largest use of arable
land in the USA, and almost all seeds used in maize produc-
tion are coated with neonicotinoid insecticides (USDA-NASS
2013). Maize production in the European Union is about 14
million ha per year, with France, Romania, Germany,
Hungary, and Italy each producing more than 1 million ha

@ Springer

per year (Meissle et al. 2010). Neonicotinoid insecticides are
applied to maize crops primarily by seed coating and are
designed to protect maize seeds, seedlings, and young plants
in the early growing season. The increasing use of
neonicotinoids, including the use in maize, has been implicat-
ed in significant environmental exposure and impacts, includ-
ing bee disorders and colony collapse, thereby affecting pol-
lination and other ecological services (Goulson 2013; van der
Sluijs et al. 2013, 2014; Bonmatin et al. 2014; Chagnon et al.
2014; Pisa et al. 2014).

The first way of reducing insecticide use in Europe in
general, and neonicotinoids in particular, is the proper imple-
mentation of the IPM strategies proposed by the European
Directive 128/2009/EC on the Sustainable Use of Pesticides.
This Directive made it compulsory to apply IPM to all crops in
the European Union since January 2014. Although IPM strat-
egies are commonly used on plantations such as orchards and
vineyards (Baur et al. 2011), they have not been widely intro-
duced for maize and other arable crops in Europe (Furlan et al.
2013). As arable farming often has limited resources in terms of
income, labour, and technology, a special effort is needed to
ensure that the directive is successful. This means that if [IPM is
to be introduced for arable crops, there is a need for (a) low-cost
strategies, (b) time-effective tools, and (c) economically and
environmentally sustainable pesticides or other pest control
methods. One way to achieve these goals is to initiate a modern
advisory system that can provide online information on crop
treatment options and explain technical criteria. This has been
demonstrated in Italy by the new Bollettino delle Colture
Erbacee (“Annual Crops Bulletin”) (http://www.
venetoagricoltura.org/subindex.php?IDSX=120). This
advisory bulletin is based on a low-cost area-wide pest and
disease monitoring system that establishes when and where pest
populations pose an economic risk to arable land. Where the
risk actually occurs, it advises how the field evaluation should
be carried out. Area-wide monitoring is low-cost since it is
based on: (a) pheromone traps, which are user-friendly and
inexpensive; (b) pest population models using meteorological
information (e.g. the Black Cutworm Monitoring and
Forecasting programme (Furlan et al. 2001c) and the Davis
model for Western corn rootworm egg hatching, Davis et al.
1996); (c) spatial analysis based on GIS mapping (e.g.
geostatistics, De Luigi et al. 2011); and (d) agronomic informa-
tion from a number of areas. In order to ensure that IPM can be
applied to arable crops reliably and affordably, the monitoring
and assessment must be conducted at both regional and local
farm levels where needed.

At the local farm level, the monitoring procedure requires
on-the-ground samples to be taken when areas at risk of
significant crop damage from a given insect are identified at
regional levels (Furlan et al. 2013). Monitoring crop develop-
ment may also reveal different susceptibility levels and there-
fore methods of intervention must be adjusted accordingly.
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Farmers and other practitioners are informed in a timely
manner about these issues and trained in how to use the
information correctly in a successful IPM plan where produc-
tion costs are competitive and environmental impacts are
limited. The following is a brief description of some IPM
options for managing some common insect pests on maize
crops in Italy (and applicable to other parts of Europe) without
relying on the prophylactic use of neonicotinoids.

Controlling wireworms (4Agriotes spp.)

Long-term data suggest that the majority of maize farmland in
Italy does not need to be protected with insecticides at sowing
(Furlan 1989; Furlan et al. 2002, 2007b, 2009a, 2011, 2014;
Ferro and Furlan 2012). Indeed, the percentage of land with
high populations of wireworms (a key soil pest in maize
farmland) is often very low (e.g. less than 5 % in the Veneto
region (Furlan 1989; Furlan et al. 2002, 2007b, 2009a, 2011;
Ferro and Furlan 2012), an area with large-scale maize pro-
duction). At the European level, similar results are coming
from the European project PURE (VII Framework). After the
first 3 years of monitoring, no significant wireworm damage
in the experimental fields of France, Hungary, Slovenia,
Germany, and other Italian regions was detected (Furlan,
unpublished data). Hundreds of plots have been examined in
studies from Italy, and in the large majority of the experiments,
there were no statistically significant differences, in terms of
yield and crop stand, between maize treated with
neonicotinoids and non-treated plots because of low wire-
worm damage and/or the compensation capacity of the crops
(Balconi et al. 2011; Boicelli 2007; Ferro and Furlan 2012;
Furlan et al. 2002, 2007b, 2009a, 2011).

These data demonstrate that insecticides are often not
needed and may not always contribute effectively to yield
gain (Goulson 2013). In these situations, low pest populations
determined by monitoring and field assessments may provide
information for successful [IPM implementation. Because of
this general low-risk level, a crop insurance programme where
growers may purchase insurance, instead of soil insecticides,
to provide financial compensation when yield losses can be
attributed to pests would be more feasible than prophylactic
protection. The total cost of damage to maize (need of re-
sowing and loss of yield due to delayed sowing or reduced
stand) is often lower than the total cost of the prophylactic
protection of all planted fields (Furlan et al. 2014), and this
does not include any consideration of environmental side
effects of neonicotinoids (van der Sluijs et al. 2014).

Accurate wireworm population monitoring and damage
prediction

An effective and sustainable maize production strategy is to
plant sensitive crops in areas free of harmful wireworm

populations. Currently, some wireworm population levels
can be predicted reliably and cost effectively with pheromone
traps (Furlan et al. 2001a; Gomboc et al. 2001; Karabatsas
et al. 2001; Téth et al. 2001, 2003), which are suitable for
monitoring all of Europe’s main Agriofes species (Agriotes
sordidus lliger, Agriotes brevis Candéze, Agriotes lineatus L.,
Agriotes sputator L., Agriotes obscurus L., Agriotes rufipalpis
Brulle, Agriotes proximus Schwarz, Agriotes litigiosus Rossi,
and Agriotes ustulatus Schéller). In the last few years, research
has provided useful information about the biological signifi-
cance of pheromone trap catches and has demonstrated their
range of attraction (Sufyan et al. 2011). Captured adults (click
beetles) in pheromone traps may be correlated with the pres-
ence of larvae of the same species in soils, at least for the three
main species of southern Europe, namely A. sordidus Illiger,
A. brevis Candéze, and A. ustulatus Schéller (Burgio et al.
2005, 2012; Furlan et al. 2001b, 2007a; Pozzati et al. 2006).
However, this relationship is less certain for other important
European species, such as A. obscurus L., A. lineatus L., and
A. sputator L. (Benefer et al. 2012; Blackshaw and Hicks
2013). Spatial models (e.g. geostatistical analyses) are avail-
able in Italy, providing predictions of Agriotes population
dynamics at different spatial scales (i.e. large farms, prov-
inces) which are then interfaced with agronomic and geo-
graphic variables, leading to improved analysis of risk and
optimization of monitoring costs (Burgio et al. 2005).

The information obtained by pheromone trap monitoring
can improve the prediction of population levels and the actual
risk of crop damage based on the evaluation of a field’s
agronomic and climatic characteristics along with the biolog-
ical and ecological information of each species (Furlan 1996,
1998, 2004); Masler 1982; Rusek 1972; Kosmacevskij 1955.
The two main risk factors are (i) more than 5 % organic matter
content of the soil (Furlan 1989, 2005, unpublished data;
Furlan et al. 2011) and (ii) continuous plant cover of the soil
with meadow or double crops (such as barley and soybean,
ryegrass and maize, etc.) in the two previous years (Furlan
1989, 2005, unpublished data; Furlan and Talon 1997; Furlan
et al. 2011). If no agronomic risk factors are present, no
treatments are needed. When pheromone traps have detected
high beetle population densities and/or agronomic risk factors
are present, bait traps for larvae (Chabert and Blot 1992;
Parker 1994, 1996; Parker et al. 1994) can then be used to
pinpoint the areas with wireworm populations that exceed the
economic threshold. However, each Agriotes species
responded differently to bait traps, and consequently, the
thresholds for each species must be assessed separately
(Furlan 2011). Therefore, species identification is important,
and although polymerase chain reaction (PCR) and DNA
sequencing are currently available to identify species
(Staudacher et al. 2010), other more practical and feasible
identification methods should be developed for each region.
Data from maize farms in Italy over the last 20 years have
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enabled researchers to establish that there is a close correlation
between the number of larvae per square metre, or between the
average number of larvae per bait trap, and the number of
maize plants damaged by A. brevis, A. sordidus, and
A. ustulatus (Furlan 2014). When wireworm populations are
above threshold values, agronomic and biological treatment
options should be considered before resorting to chemical
treatments.

Agronomic strategies for controlling wireworm populations

Crop rotation, food resources, climatic and agronomic condi-
tions (mainly organic matter content), as well as other soil
characteristics are the main factors that influence larval pop-
ulation densities (Furlan 2005). Generally, the vast majority of
non-sensitive or low-sensitive crops (e.g. soybean) can be
planted in identified infested fields, while the remaining cul-
tivated soils can be planted with another sensitive crop, in-
cluding maize (Furlan and Toffanin 1996). Rotation and cor-
rect allocation of crops may suffice to prevent economic
damage to crops without the use of any specific control tool
(Furlan et al. 2011).

Data from studies in Italy indicate that the most important
factor in influencing wireworm population levels is crop ro-
tation (Furlan and Talon 1997; Furlan et al. 2000), and this
appears to be the situation in other regions (Eastern Europe,
Hungary) as well (e.g. Szarukan 1977). This is because
meadows and the use of double cropping within the rotation
cycle may result in population increases of a species that has
the capacity to overwinter as adults (Furlan 2005). Therefore,
any modification of these factors may disrupt wireworm pop-
ulation dynamics. Altering rotations, i.e. temporary removal
of the most suitable crops for wireworm development, is a key
agronomic strategy for population control.

Altering tillage timing, i.e. choosing a crop rotation that
allows for soil tillage in the most critical phase of the wire-
worm life cycle (e.g. when most eggs are laid and the first
instar larvae are in the soil), may also reduce wireworm
populations (Furlan 1998, 2004). Tillage timing should be
modulated in accordance with the life cycle differences among
the main Agriotes species. Altering irrigation timing to ensure
the drying of the topmost soil layer just after eggs are laid can
also be an effective means of controlling Agriotes populations
(Furlan 1998, 2004). Altering planting timing can also be
effective, recognizing that a population’s capacity to damage
sensitive plants varies with the season. For instance, even very
high A. ustulatus populations do not damage maize because
most of the larvae are in a non-feeding phase by late spring
(Furlan 1998). Therefore, adjusting planting timing when
possible to coincide with low pest populations or with non-
damaging life stages can be effective. Another agronomic tool
for population control is intercropping in which winter-wheat
or other trap-crop plants are included in fields as a control
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strategy to draw pests away from the main economic crop
(Furlan and Toffanin 1994; Vernon et al. 2000).

Applying biological tools for controlling wireworm
populations

A range of other potential options are available for fields
infested with damaging wireworm populations when planting
the sensitive crop in non-infested fields has been ruled out
(Furlan 2007). The mechanisms and effectiveness of some of
these various control methods have been accurately assessed
under controlled conditions (Furlan and Toffanin 1998; Furlan
and Campagna 2002) and currently show that biocidal plants
and seed meals are the only practical options (Furlan et al.
2009b, 2010). Their potential can be considered comparable
to that of neonicotinoids and other chemical insecticides that
can replace neonicotinoids (Ferro and Furlan 2012), especially
when they are used to interfere with population development
and not simply to reduce wireworm populations just before or
during sowing (Furlan et al. 2009b, 2010).

Applying chemical insecticides for controlling wireworm
populations

In fields where wireworm populations exceed economic
thresholds and the agronomic and biological alternatives are
not feasible, alternative insecticides to neonicotinoids, such as
pyrethroids and phosphorganics, are available (Wilde et al.
2004; Ferro and Furlan 2012). They should be used sparingly,
in accordance with best practices for pesticide applications.
The effectiveness of the soil insecticides can be influenced by
soil and weather conditions (e.g. heavy rain taking away
insecticide active ingredient) that can result in protection
failure for either neonicotinoids and their alternative insecti-
cides (Ferro and Furlan 2012; Furlan et al. 2011, 2014). No
significant differences in wireworm control between
neonicotinoids and several alternative insecticides were re-
ported by Wilde et al. (2004); trials in Italy conducted over a
10-year period suggest that the likelihood of failure is higher
for some alternative insecticides (Ferro and Furlan 2012;
Furlan et al. 2011, 2014).

Controlling Western corn rootworm (Diabrotica virgifera
virgifera)

Western corn rootworm (WCR) damage to maize in Europe is
only a risk where continuous maize cropping is adopted,
especially when cropping is prolonged for several years
(Furlan et al. 2014; Kiss et al. 2005; Sivéev et al. 2009).
However, economic damage only occurs in areas with high
WCR populations. Where maize is rotated, WCR populations
are usually held below the economically important threshold,
and there is little risk of significant crop damage (Kiss et al.
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2005; Meinke et al. 2009; Sivcev et al. 2009). Therefore, [PM
for WCR should be based on a systematic rotation of crops
and supported by information on pest development and pop-
ulation levels as stated by the Directive 2009/128/EC and
confirmed by the Commission Recommendation 2014/63/
EU (on measures to control D. virgifera virgifera Le Conte
in Union where its presence is confirmed).

Accurate WCR population monitoring and damage prediction

Baited and non-baited traps are available to monitor WCR
population levels (Schaub et al. 2011). The most widely used
non-baited traps include yellow sticky traps, and they are
readily available from various manufacturers. The most com-
monly used sticky trap for threshold assessment is Pherocon
AM® (PhAM). Both USA and European authors have dem-
onstrated that there is a correlation between the number of
adults captured by yellow sticky traps (i.e. PhAM) and plant
damage the following year (Blandino et al. 2014; Boriani
2006; Hein and Tollefson 1985; Kos et al. 2014). The US
authors stated that economic thresholds would be exceeded
when more than 40 beetles/PhAM trap/week (6 beetles/PhAM
trap/day) were caught the previous year in one period (ca.
7 days) during the last 3 weeks of August (Hein and Tollefson
1985). In Italy, the threshold was 42 beetles/PhAM trap/day
on average over a 6-week period after the beginning of adult
flights (Boriani 2006; Blandino et al. 2014). In Croatia, the
threshold was estimated at 41 adults/ PhAM trap in week 31
(Kos et al. 2014). Economic thresholds can greatly vary with
climatic/agronomic conditions and prices of maize and insec-
ticides (Oleson et al. 2005). Under low stress levels (suitable
soil with sufficient water and nutrient supply), maize yield is
not likely to be significantly reduced even with WCR popu-
lation pressures causing a root damage score of 1 on the 0-3
scale (Oleson et al. 2005). In contrast, low root injury rates
may cause yield reduction if high stress levels for maize
cultivation occur (Oleson et al. 2005). In any case, the likeli-
hood that a yield reduction occurs is negligible when WCR
population pressure is very low (<0.3 root injury score on the
0-3 scale, Furlan et al. 2014). Based on trap monitoring
network data, innovative statistical tools (De Luigi et al.
2011) can reliably identify or predict the areas where popula-
tions are high enough that they lead to reduced yield.

Agronomic strategies for controlling WCR populations

Although WCR arrived more than 6 years ago in southern
Veneto (De Luigi et al. 2011), where rotation is dominant,
population levels have remained low and economic damage
has not been found, even in nearby continuous maize fields
(Furlan et al. 2014). In areas of Veneto where crop rotation is
not prevalent, average WCR population levels are high and
the risk of root damage is considerable. Continuous maize

may be rotated with any type of crop different from maize.
Even Gramineae species that are closely related to maize may
be used as a first or second crop after a winter crop (e.g. winter
wheat + sorghum or ryegrass +sorghum). Maize itself may
even be used as a second crop (e.g. winter wheat + maize) to
interrupt a WCR cycle, provided that it is sown after the WCR
eggs have hatched (Davis et al. 1996).

The aforementioned results suggest that a proper IPM
approach would be to monitor long-standing continuous
maize fields each year and when WCR population thresholds
are exceeded, to rotate the maize with any other crop for only
1 year followed by monitoring in the subsequent maize crops.
Periodic crop rotations disrupt the WCR life cycle, keep
populations below economic thresholds, and typically pre-
clude the need for insecticides. In practice, maize may be
rotated at varying frequencies, even after several years of
continuous maize cultivation, and only when monitoring re-
veals that WCR population levels are increasing. Crop rota-
tions offer other agronomic benefits in addition to insect
population management (Furlan et al. 2014; Saladini et al.
2009), thereby increasing incentives for periodic crop rotation.

The success of flexible rotation as an IPM strategy has also
been confirmed by area-wide simulations (metamodels).
These models have shown that 100 % rotation of maize is
not necessary to keep regional WCR populations beneath
economic thresholds, as, e.g. the interruption of continuous
maize cropping after 3 years reduces the need for rotation to
manage successfully WCR to below 60 % of the maize fields
(Szalai et al. 2014). The use of variable rotation frequencies
and crops may also be important where, such as was demon-
strated in the USA, a “WCR variant” has adapted to crop
rotations and are able to successfully lay economically signif-
icant levels of eggs outside of corn thereby causing damage to
maize in a simple corn-soybean rotation (Levine et al. 2002).

In countries where allowed, another important agronomic
alternative is transgenic corn that protects against WCR dam-
age because the Bacillus thuringiensis protein expressed in the
maize is toxic to WCR larvae (Meissle et al. 2011; Vaughn
et al. 2005). Its efficacy has been shown to be better than
neonicotinoid insecticides (Oleson and Tollefson 2005, 2006).
This transgenic corn must be used under insect resistance
management strategies (Onstad et al. 2001) and be integrated
with other agronomic tactics to keep populations below the
economic thresholds for “non transgenic” maize.

Applying biological tools for controlling WCR populations

Although rotation appears to be the most suitable measure for
keeping WCR populations below economic thresholds, effec-
tive biological control options are also available as alternatives
to chemical insecticides, with entomopathogenic nematodes
proving to be a highly effective way of suppressing WCR
populations under field conditions (Kurtz et al. 2007; Toepfer
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et al. 2010, 2013). Conversely, the parasitoid Celatoria
compressa (Diptera: Tachinidae) does not appear to be viable
for practical application at the moment (Toepfer and
Kuhlmann 2004; Kuhlmann et al. 2005; Zhang et al. 2003).

Applying chemical insecticides for controlling WCR
populations

Studies show that neonicotinoid seed treatments and soil
applications used as in-furrow treatments at planting do not
interfere significantly with WCR populations (Furlan et al.
2006). In situations where an IPM process is still insufficient
to control crop damage and some maize fields require insec-
ticide protection, alternative insecticides to neonicotinoids are
available. For example, pyrethroids and phosphorganics can
be as effective as neonicotinoids against WCR (Agosti et al.
2011; AA.VV. 2012; Blandino et al. 2013; Furlan et al. 2006;
Waldron et al. 2002; Whitworth and Davis 2008) or even more
effective (Oleson 2003; Oleson and Tollefson 2005).
Protection against WCR by insecticides is less effective than
protection by crop rotation, and insecticide effectiveness can
be influenced by soil and weather conditions and by WCR
population pressure that can result in protection failure
(Boriani 2008, Furlan unpublished data).

Foliage insecticide treatments (e.g. with pyrethroids and
phosphorganics) against WCR beetles may sometimes (i)
protect maize silks from beetle chewing if applied before
flowering, but this is needed only with very high WCR
populations (Furlan, unpublished data) that should not be the
case when IPM strategies are implemented; and (ii) actually
reduce WCR population levels and the subsequent oviposition
by females. The use of a development model (Nowatzki et al.
2002) may help to identify the period in which foliage insec-
ticide treatments can significantly reduce the oviposition of
females. Furthermore, this development model indicates
whether treatment to contain corn borers (e.g. Ostrinia
nubilalis) would also reduce WCR adult numbers leading to
non-economic population levels in the following year.
However, foliage treatments should be used with caution
and only when other options under an IPM approach have
not been successful or are not feasible because wide scale use
of insecticides can lead to (i) resistance as already demonstrat-
ed in WCR larvae (Ball and Weekman 1962) and adult beetles
(Meinke et al. 1998), (ii) outbreaks of secondary pests such as
red mites, and (iii) possible environmental impacts.

Based on the principles of IPM and the evidence from
numerous field trials in Italy described above, there is strong
evidence that neonicotinoids are not required for effective
management of WCR damage in maize. These principles
and alternatives have also been successfully applied in the
USA under an Area-Wide Pest Management scheme for
rootworm control in corn fields (French et al. 2007).
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Controlling black cutworm (Agrotis ipsilon)

The majority of attacks on maize in Northern Italy are caused
by an invasive species, the black cutworm (BCW) 4. ipsilon
Hufnagel (Furlan et al. 2001c¢). This species normally cannot
overwinter in the conditions of Northern Italy and other north-
emn regions (Zangheri et al. 1998), but rather, outbreaks are
due to invasions by massive flights from southerly areas.
Insecticide applications at the time of sowing are not recom-
mended because BCW cannot be detected at the time of
sowing and because many insecticides applied at planting
become less effective over time, whereas outbreaks often
occur many days after sowing (Furlan et al. 2001c; Zangheri
and Ciampolini 1971; Zangheri et al. 1984) resulting in insuf-
ficient control (Furlan 1989; Shaw et al. 1998). However, it
has been shown in the USA that rescue treatments (post-
emergence applications) using non-neonicotinoid insecticides
can be very effective (close to 100 % control, Shaw et al.
1998).

An IPM approach to managing BCW is based on a com-
bination of large-scale pheromone trap monitoring to detect
population levels, the analysis of southerly winds that may
carry flying moths, and a development model (Black
Cutworm Alert programme, Furlan et al. 2001c; Showers
1997). More intensive local-level population monitoring
(e.g. scouting of farm fields) is performed only when area-
wide monitoring has established that there is a risk. When trap
monitoring and wind analysis have established whether and
where any moths are present, the degree-day accumulation is
calculated, preferably with soil temperature (each day: (max-
imum temperature—minimum temperature)/2—10.4 °C devel-
opmental threshold temperature, Luckmann et al. 1976). Once
the predicted risk date is reached (176°-day accumulation
when the fourth larval instar forms in the fields), at-risk areas
should be monitored for BCW larvae so that appropriate
reduced risk insecticides can be used post-emergence, should
the average amount of affected crops exceed the 5 % thresh-
old. This reduces the overall amount of insecticide required,
and this approach has been tested and demonstrated to be
successful in USA and Italy for several years (Furlan et al.
2001c; Showers 1997).

There is evidence that some transgenic maize hybrids can
potentially protect against BCW because the B. thuringiensis
protein expressed in the maize is toxic to BCW, but this may
not be as effective as rescue treatments with appropriate
insecticides (Kullik et al. 2011). In addition, the use of trans-
genic corn for BCW control, as it was suggested for WCR
control, has to be decided when it is not possible to know if a
BCW economic threshold population is actually present or
developing. This constraint makes the transgenic corn option
of limited use in an IPM approach against BCW.

We suggest that the IPM strategies for major insect pests
that we illustrate in a European maize production system can
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be applicable to maize production in other countries as well,
with some adaptations where other minor pests are present.
The overall process for the three major pests we discuss can be
summarized as follows: no prophylactic chemical treatments
at maize sowing, black cutworm control where and if thresh-
olds are exceeded based on Black Cutworm Alert programme
supplemented by scouting when and where needed, WCR
kept under control mainly by agronomic strategies, and treat-
ments against wireworms restricted to the minor part of fields
with populations exceeding the thresholds detected with the
monitoring procedure described above. The cost and crop
damage risk of an IPM approach can be effectively minimized
by a mutual fund system (a special type of crop insurance
directly managed by farmer associations) that ensures a guar-
anteed farm income in all cases.

Case study of alternative pest management in Canadian
forests

The emerald ash borer, Agrilus planipennis (Coleoptera:
Buprestidae), is a wood-boring exotic invasive insect pest that
is increasingly threatening the health and survival of ash
(Fraxinus spp.) trees in large regions of eastern North
America (Poland and McCullough 2006; McCullough and
Siegert 2007). All North American ash species are susceptible
to emerald ash borer, and mortality of ash trees occurs rapidly
after infestation. Ash is an important urban forest species, but
it can also dominate in landscapes associated with water, such
as riparian (shoreline) buffers along agricultural runoff
streams and ravines, temporary pools and wetlands, and in
headwater or source water areas. In this regard, ash can be a
keystone forest species that influences or regulates riparian
forest and aquatic ecosystem dynamics and nutrient cycling
through canopy cover and leaf litter inputs to forest floors and
water bodies (Ellison et al. 2005; Gandhi and Herms 2010;
Flower et al. 2013). Therefore, the rapid loss of ash from these
ecologically sensitive areas can pose a risk to critical habitats,
biodiversity, and some important ecosystem services.

As a first step toward managing the damage from emerald
ash borer when the pest populations begin to build, three
management options have been proposed to slow the spread
and infestation by the insect. These are (i) cutting and remov-
ing living ash trees in advance of the infestation, (ii) girdling
living ash trees on the leading edge of an infestation, and (iii)
the application of an effective systemic insecticide
(McCullough and Poland 2010; Mercader et al. 2011).
Intentionally removing some of the living ash trees before or
in early stages of the infestation reduces the phloem available
for larval development. This approach also provides opportu-
nities for forest canopy redevelopment by other tree species
through natural regeneration or strategic under-planting to

minimize impacts from the sudden loss of ash by the emerald
ash borer infestation (Streit et al. 2012). Girdling living ash
trees on the leading edge of an infestation causes the stressed
tree to act as a trap tree to which egg-laying females are
attracted in large numbers, presumably because of increased
attractive volatiles and/or visual cues (McCullough et al.
2009). Those trap trees are then destroyed before larval de-
velopment, thereby concentrating the future cohort of the
emerald ash borer to a specific area and reducing the local
population.

The third management option to reduce tree mortality and
slow the spread of emerald ash borer is the application of a
systemic insecticide. A systemic insecticide is well suited for
control of this insect pest because the damaging life stage of
the pest is the phloem-feeding larvae. Among the systemic
insecticides that have been shown to be effective against the
emerald ash borer is the neonicotinoid, imidacloprid (Poland
et al. 2006). Applications to trees can be made by soil injec-
tions around the base of individual trees or by direct stem
injections into tree trunks. However, Canadian field and lab-
oratory studies showed that autumn-shed leaves from
imidacloprid-treated trees can contain residues that pose risk
of harm to aquatic and terrestrial decomposer organisms
through sublethal feeding-inhibition effects (Kreutzweiser
et al. 2007, 2008a, 2009). They further showed that field-
realistic concentrations of imidacloprid in soils and water
posed direct risk of adverse effects to earthworms
(Kreutzweiser et al. 2008b) and aquatic invertebrates
(Kreutzweiser et al. 2008c). These results, coupled with a
commitment to adopt an IPM approach to the emerald ash
borer problem, prompted an examination of alternatives to
imidacloprid for emerald ash borer control.

In a forest insect pest context, an [PM approach examines
and applies a combination of management methods using all
available information to make informed management deci-
sions. This approach currently being applied to the control
of emerald ash borer in Canada includes studies into the pest
biology and behaviour to facilitate biological control (Lelito
et al. 2013), effective and practical traps for the highly mobile
adults to track infestations (Grant et al. 2010; Ryall et al.
2013), improved detection methods for locating early infesta-
tions and potential hot spots (Ryall et al. 2011), and alternative
pest management strategies. Here, we briefly describe some of
the alternatives to imidacloprid being explored for the control
of emerald ash borer in Canada.

Exotic parasitic insects

Three species of hymenopterous parasitoids (parasitic wasps)
were found to parasitize emerald ash borer larvae or eggs in
China, and these are being reared in the USA as potential
biological control agents (Lyons 2013). The emphasis on
finding, importing, and rearing exotic parasitoids was on
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selecting species that show a high degree of host specificity.
The three species, Braconidae: Spathius agrili, Eulophidae:
Tetrastichus planipennisi, and Encyrtidae: Oobius agrili, have
been released annually since 2007 in northeastern USA under
biological control regulations (Gould et al. 2012) and their
populations are being monitored. Early indications are that at
least one species (7. planipennisi) has been successful in
establishing a measureable population and has the potential
for beginning to control emerald ash borer infestations (Duan
et al. 2013). T planipennisi was released at two sites in
Canada in 2012 and monitoring is ongoing to determine the
success of population establishment (B. Lyons, personal
communication).

Native parasitic insects

Surveys were conducted in emerald ash borer-infested areas of
Canada to determine if native parasitoids were active on, or
associated with, the invasive insect pest. Several species of
hymenopterous parasitoids were encountered in these surveys
and were trapped and reared to determine a parasitism rate for
each species on emerald ash borer. Among those, only a few
(e.g. Chalcididae: Phasgonophora sulcata, Braconidae:
Atanycolus hicoriae) have shown relatively high rates of
parasitism on emerald ash borer and hold some promise as a
native biological control agent (Lyons 2010). Efforts are on-
going to determine the potential for native parasitoids to assist
biological control strategies using parasitic wasps. This in-
cludes developing techniques for rearing and releasing or
otherwise augmenting natural populations of promising native
parasitoids. The combined use of exotic and native parasitoids
as biocontrol agents may eventually be successful in helping
to manage emerald ash borer populations, but they are still in
the early stages of development.

Native fungal pathogens

The use of native entomopathogenic fungi as biological con-
trol agents against emerald ash borer is being explored in
Canada. Screening of prepupal and adult cadavers from
established emerald ash borer populations indicated that the
most prominent natural pathogenic fungus on emerald ash
borer was Beauveria spp. (Kyei-Poku and Johny 2013).
These were subsequently isolated and characterized, and it
was determined that the L49-1AA isolate of Beauveria
bassiana was the most promising in terms of virulence against
emerald ash borer (Johny et al. 2012). An effective entomo-
pathogenic fungus requires an efficient dissemination system
to spread the fungus among susceptible hosts of the pest
population. Lyons et al. (2012) developed an
autocontamination trap system for emerald ash borer in which
adults are contaminated with B. bassiana, and they found
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evidence that this system facilitated horizontal transmission
among adults.

Entomopathogens show some promise as biological con-
trol agents and some methods for their screening, characteri-
zation, and dissemination have been developed. However,
there are still some limitations of this approach for broad-
scale control of emerald ash borer. Entomopathogens in gen-
eral do not appear to be significant factors that regulate emer-
ald ash borer populations (Liu et al. 2003), and the pest’s
biology and behaviour do not lend themselves to efficient
fungal transmission. Moreover, many entomopathogens, in-
cluding B. bassiana, are not particularly host-specific, and if
they are disseminated as biological control agents, they may
pose risks to non-target insects.

An alternative, non-persistent systemic insecticide

Several systemic insecticides were screened for efficacy
against emerald ash borer, their translocation efficiencies in
ash trees, and their environmental safety. The most promising
of these was azadirachtin. Azadirachtin is a natural compound
extracted from the seeds of the neem tree, Azadirachta indica,
and has been shown to have antifeedant, antifertility, and
growth-regulating insecticidal properties against a range of
insect pests (Schmutterer 1990). Previous studies in a
Canadian forestry context showed that azadirachtin was not
persistent in the environment (water, soils, tree foliage) and
did not present significant risk to most non-target invertebrates
at expected environmental concentrations (Thompson and
Kreutzweiser 2007), and therefore, it was considered a strong
candidate for control of emerald ash borer. Azadirachtin was
injected into trunks of infested ash trees and shown to be
highly effective at inhibiting larval development and adult
emergence and, therefore, effective in protecting ash trees
from the wood borer (McKenzie et al. 2010). Subsequent field
trials confirmed that azadirachtin is readily taken up following
stem injection of ash trees, is rapidly translocated throughout
the tree and to foliage, and usually dissipates to near limits of
detection in autumn-shed leaves (Grimalt et al. 2011). We
conducted a suite of non-target tests following protocols of
those used to assess the effects of imidacloprid and showed
that azadirachtin in autumn-shed leaves poses no measurable
risk of harm to terrestrial or aquatic decomposer invertebrates,
even after intentionally high application rates (Kreutzweiser
etal. 2011).

Conclusions

These case studies in agriculture and forestry provide exam-
ples of reasonable and viable alternatives to neonicotinoid
insecticides for control of insect pests. In the agricultural
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setting, it is becoming increasingly clear that prophylactic
insecticide treatments with neonicotinoids are often not need-
ed and result in unnecessary contamination of the environ-
ment thereby increasing risks to non-target organisms (van der
Sluijs et al. 2014) and may increase the likelihood of devel-
oping resistance among insect pests (Szendrei et al. 2012). As
an alternative, an IPM approach should consider all relevant
and available information to make informed management
decisions, providing pest control options based on actual need.
When a need is identified, pest control options that preclude
the use of neonicotinoid insecticides are varied and may
include diversifying and altering crop rotations, planting
dates, tillage, and irrigation; using less sensitive crop species
in infested areas; applying biological control agents; and
turning to alternative reduced risk insecticides. These options
are often most effective when applied in combination under an
overall IPM strategy.

Widespread adoption of an IPM approach to insect pest
management will require education and acceptance by regu-
lators and practitioners. As an example, a particularly prom-
ising incentive for IPM implementation in Italy is a yield
insurance scheme (mutual fund) for farmers, in which the
required insurance premium is usually lower than insecticide
costs (Furlan et al. 2014). An initial public contribution to this
kind of crop insurance scheme to offset the risks of IPM
implementation would encourage wider adoption of IPM
strategies.

We recognize that the adoption of alternatives to
neonicotinoids and moving agricultural practices to an IPM
approach is particularly challenging where large-scale, cost-
effective agricultural operations are on the landscape. Over the
past two decades, the trend toward large, commercial agricul-
tural operations has focused on scale economies and efficien-
cies (Morrison Paul et al. 2004), and this has encouraged the
use of prophylactic crop protection by neonicotinoids to re-
duce risks from pests. Shifting agricultural production from a
reliance on prophylactic insecticides to an IPM model and the
use of alternative pest control options will take some time and
will require investments in research and public extension to
promote economically competitive and sustainable agricultur-
al systems (Meissle et al. 2010). However, staying the course
of widespread and prophylactic use of neonicotinoids in-
creases the risk of serious environmental harm (van der
Sluijs et al. 2014) and may ultimately threaten important
ecosystem functions and services that support food security
(Chagnon et al. 2014). Implementing sustainable agricultural
practices at regional scales would benefit from a landscape
perspective and the adoption of landscape design principles
based on incentives or regulations (Dale et al. 2013).

While some of the options for alternative pest control that
we illustrate in these case studies have been successfully
demonstrated and field-tested, others are under ongoing de-
velopment. Continued research into alternatives is warranted,

but equally pressing is the need for transfer and training of
IPM technologies for farmers and other practitioners by public
agencies and the need for policies and regulations to encour-
age the adoption of IPM strategies and their alternative pest
control options.
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Introduction

The side effects of the current global use of pesticides on
wildlife, particularly at higher levels of biological organiza-
tion: populations, communities and ecosystems, are poorly
understood (Kohler and Triebskorn 2013). Here, we focus
on one of the problematic groups of agrochemicals, the sys-
temic insecticides fipronil and those of the neonicotinoid
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family. The increasing global reliance on the partly prophy-
lactic use of these persistent and potent neurotoxic systemic
insecticides has raised concerns about their impacts on biodi-
versity, ecosystem functioning and ecosystem services pro-
vided by a wide range of affected species and environments.
The present scale of use, combined with the properties of these
compounds, has resulted in widespread contamination of ag-
ricultural soils, freshwater resources, wetlands, non-target
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vegetation and estuarine and coastal marine systems, which
means that many organisms inhabiting these habitats are being
repeatedly and chronically exposed to effective concentrations
of these insecticides.

Neonicotinoids and fipronil currently account for ap-
proximately one third (in monetary terms in 2010) of
the world insecticide market (Simon-Delso et al. 2014).
They are applied in many ways, including seed coating,
bathing, foliar spray applications, soil drench applica-
tions and trunk injection. These compounds are used for
insect pest management across hundreds of crops in
agriculture, horticulture and forestry. They are also
widely used to control insect pests and disease vectors
of companion animals, livestock and aquaculture and for
urban and household insect pest control and timber
conservation (Simon-Delso et al. 2014).

Although the market authorization of these systemic
insecticides did undergo routine ecological risk assess-
ments, the regulatory framework has failed to assess the
individual and joint ecological risks resulting from the
widespread and simultaneous use of multiple products
with multiple formulations and multiple modes of ac-
tion. These applications co-occur across hundreds of
cropping systems including all of our major agricultural
commodities worldwide and on numerous cattle species,
companion animals, etc. Also, the ecological risk assess-
ment did not consider the various interactions with other
environmental stressors. Once a market authorization is
granted, the authorization poses limits to the dose and
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frequency per allowed application, but no limits are set
to the total scale of use of the active ingredients leading
to a reduced potential for the recovery of impacted
ecosystems from effects. In addition, there has been no
assessment of successive neonicotinoid exposure typical
in watersheds and resulting in culmination of exposure
and effects over time (Liess et al. 2013). The potential
interactions between neonicotinoids and fipronil and
other pesticide active substances have not been consid-
ered either, although additivity and synergisms of toxic
mechanisms of action have been documented (Satchivi
and Schmitzer 2011; Gewehr 2012; Iwasa et al. 2004).

The Worldwide Integrated Assessment (WIA) presented
in the papers in this special issue is the first attempt to
synthesize the state of knowledge on the risks to biodi-
versity and ecosystem functioning posed by the wide-
spread global use of neonicotinoids and fipronil. The
WIA is based on the results of over 800 peer-reviewed
journal articles published over the past two decades. We
assessed respectively the trends, uses, mode of action and
metabolites (Simon-Delso et al. 2014); the environmental
fate and exposure (Bonmatin et al. 2014); effects on non-
target invertebrates (Pisa et al. 2014); direct and indirect
effects on vertebrate wildlife (Gibbons et al. 2014); and
risks to ecosystem functioning and services (Chagnon
et al. 2014) and finally explored sustainable pest manage-
ment practices that can serve as alternatives to the use of
neonicotinoids and fipronil (Furlan and Kreutzweiser
2014).
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Mode of action, environmental fate and exposure

Due to their systemic nature, neonicotinoids and, to a lesser
extent, fipronil as well as several of their toxic metabolites are
taken up by the roots or leaves and translocated to all parts of
the plant, which, in turn, makes the treated plant effectively
toxic to insects that are known to have the potential to cause
crop damage. Neonicotinoids and fipronil operate by
disrupting neural transmission in the central nervous system
of organisms. Neonicotinoids bind to the nicotinic acetylcho-
line receptor, whereas fipronil inhibits the GABA receptor.
Both pesticides produce lethal and a wide range of sublethal
adverse impacts on invertebrates but also some vertebrates
(Simon-Delso et al. 2014 and Gibbons et al. 2014). Most
notable is the very high affinity with which neonicotinoid
insecticides agonistically bind to the nicotinic acetylcholine
receptor (nAChR) such that even low-dose exposure over
extended periods of time can culminate into substantial effects
(see the literature reviewed by Pisa et al. 2014).

As a result of their extensive use, these substances are found
in all environmental media including soil, water and air.
Environmental contamination occurs via a number of disparate
routes including dust generated during drilling of dressed seeds;
contamination and build-up of environmental concentrations
after repeated application in arable soils and soil water; run-off
into surface and ground waters; uptake of pesticides by non-
target plants via their roots followed by translocation to pollen,
nectar, guttation fluids, etc.; dust and spray drift deposition on
leaves; and wind- and animal-mediated dispersal of contami-
nated pollen and nectar from treated plants. Persistence in soils,
waterways and non-target plants is variable but can be long; for
example, the half-lives of neonicotinoids in soils can exceed
1,000 days. Similarly, they can persist in woody plants for
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periods exceeding 1 year. Breakdown results in toxic metabo-
lites, though concentrations of these in the environment are
rarely measured (Bonmatin et al. 2014).

This combination of persistence (over months or years) and
solubility in water has led to large-scale contamination of, and
the potential for build-up in, soils and sediments (ppb-ppm
range), waterways (ground and surface waters in the ppt-ppb
range) and treated and non-treated vegetation (ppb-ppm range).
Screening of these matrices for pesticides and their metabolites
has not been done in a systematic and appropriate way in order
to identify both the long-term exposure to low concentrations
and the short-term erratic exposure to high concentrations.

However, where environmental samples have been
screened, they were commonly found to contain mixtures of
pesticides, including neonicotinoids or fipronil (with their toxic
metabolites). In addition, samples taken in ground and surface
waters have been found to exceed limits based on regulatory
ecological threshold values set in different countries in North
America and Europe. Overall, there is strong evidence that
soils, waterways and plants in agricultural and urban environ-
ments and draining areas are contaminated with highly variable
environmental concentrations of mixtures of neonicotinoids or
fipronil and their metabolites (Bonmatin et al. 2014).

This fate profile provides multiple routes for chronic and
multiple acute exposure of non-target organisms. For example,
pollinators (including bees) are exposed through at least direct
contact with dust during drilling; consumption of pollen, nectar,
guttation drops, extra-floral nectaries and honeydew from seed-
treated crops; water; and consumption of contaminated pollen
and nectar from wild flowers and trees growing near treated
crops or contaminated water bodies. Studies of food stores in
honeybee colonies from a range of environments worldwide
demonstrate that colonies are routinely and chronically exposed
to neonicotinoids, fipronil and their metabolites (generally in
the 1-100 ppb range), often in combination with other pesti-
cides in which some are known to act synergistically with
neonicotinoids. Other non-target organisms, particularly those
inhabiting soils and aquatic habitats or herbivorous insects
feeding on non-crop plants in farmland, will also inevitably
be exposed, although exposure data are generally lacking for
these groups (Bonmatin et al. 2014).

Impacts on non-target organisms

Impacts of systemic pesticides on pollinators are of particular
concern, as reflected by the large number of studies in this
area. In bees, field-realistic exposures in controlled settings
have been shown to adversely affect individual navigation,
learning, food collection, longevity, resistance to disease and
fecundity. For bumblebees, colony-level effects have been
clearly demonstrated, with exposed colonies growing more
slowly and producing significantly fewer queens (Whitehorn



Environ Sci Pollut Res (2015) 22:148-154

151

etal. 2012). Limited field studies with free-living bee colonies
have largely been inconsistent and proved difficult to perform,
often because control colonies invariably become contaminat-
ed with neonicotinoids, or there is a lack of replication in the
study design, all of which demonstrates the challenges of
conducting such a study in the natural environment (Maxim
and Van der Sluijs 2013; Pisa et al. 2014).

Other invertebrate groups have received less attention. For
almost all insects, the toxicity of these insecticides is very high
including many species that are important in biological control
of pests. The sensitivity to the toxic effect is less clear with
non-insect species. For annelids such as earthworms, the LCs,
is in the lower ppm range for many neonicotinoids (LOEC at
10 ppb). Crustaceans are generally less sensitive, although
sensitivity is highly dependent on species and developmental
stage. For example, blue crab megalopae are an order of
magnitude more sensitive than juveniles.

At field-realistic environmental concentrations,
neonicotinoids and fipronil can have negative effects on phys-
iology and survival for a wide range of non-target inverte-
brates in terrestrial, aquatic, wetland, marine and benthic
habitats (see the literature reviewed by Pisa et al. 2014).
Effects are predominantly reported from laboratory toxicity
testing, using a limited number of test species. Such tests
typically examine only lethal effects over short time frames
(i.e. 48 or 96 h tests), whereas ecologically relevant sublethal
effects such as impairment of flight, navigation or foraging
ability and growth are less frequently described. It has become
clear that many of the tests use insensitive test species (e.g.
Daphnia magna) and are not sufficiently long to represent
chronic exposure and therefore lack environmental relevance.
Laboratory testing to establish safe environmental concentra-
tion thresholds is hindered by the fact that most pesticide
toxicity tests are based on older protocols. Although these
systemic pesticide classes possess many novel characteristics,
testing methodologies have remained largely unchanged,
resulting in flawed conclusions on their ecological safety
(Maxim and Van der Sluijs 2013). New and improved meth-
odologies are needed to specifically address the unique toxi-
cology profiles of chemicals, including their possible cumu-
lative and delayed lethal and non-lethal effects for a variety of
terrestrial, aquatic and marine organisms. Nevertheless, our
review shows a growing body of published evidence that these
systemic insecticides pose a serious risk of harm to a broad
range of non-target invertebrate taxa often below the expected
environmental concentrations. As a result, an impact on the
many food chains they support is expected.

We reviewed nearly 150 studies of the direct (toxic) and
indirect (e.g. food chain) effects of fipronil and the
neonicotinoids imidacloprid and clothianidin on vertebrate
wildlife—mammals, birds, fish, amphibians and reptiles.
Overall, at concentrations relevant to field exposure scenarios
in fields sown with coated seeds, imidacloprid and

clothianidin pose risks to small birds, and ingestion of even
a few treated seeds could cause mortality or reproductive
impairment to sensitive bird species (see the studies
reviewed by Gibbons et al. 2014). Some recorded environ-
mental concentrations of fipronil have been sufficiently high
to potentially harm fish (Gibbons et al. 2014). All three
insecticides exert sublethal effects, ranging from genotoxic
and cytotoxic effects to impaired immune function, reduced
growth or reduced reproductive success. Conclusive evidence
was described recently, that neonicotinoids impair the immune
response at the molecular level, thus enabling damages by
covert diseases and parasites (Di Prisco et al. 2013). All these
effects often occur at concentrations well below those associ-
ated with direct mortality (Gibbons et al. 2014). This is a trend
in many taxa reported throughout the reviewed literature:
short-term survival is not a relevant predictor neither of mor-
tality measured over the long term nor of an impairment of
ecosystem functions and services performed by the impacted
organisms.

With the exception of the most extreme cases, the concen-
trations of imidacloprid and clothianidin that fish and amphib-
ians are exposed to appear to be substantially below thresholds
to cause mortality, although sublethal effects have not been
sufficiently studied. Despite the lack of research and the
difficulty in assigning causation, indirect effects may be as
important as direct toxic effects on vertebrates and possibly
more important. Neonicotinoids and fipronil are substantially
more effective at killing the invertebrate prey of vertebrates
than the vertebrates themselves. Indirect effects are rarely
considered in risk assessment processes, and there is a paucity
of data, despite the potential to exert population-level effects.
Two field case studies with reported indirect effects were
found in the published literature. In one, reductions in inver-
tebrate prey from both imidacloprid and fipronil uses led to
impaired growth in a fish species, and in another, reductions in
populations of two lizard species were linked to effects of
fipronil on termite prey (see the studies reviewed by Gibbons
et al. 2014).

Impacts on ecosystem functioning and ecosystem services

The concept of ecosystem services is widely used in decision-
making in the context of valuing the service potentials, bene-
fits and use values that well-functioning ecosystems provide
to humans and the biosphere (e.g. Spangenberg et al. 2014)
and as an end point (value to be protected) in ecological risk
assessment of chemicals. Neonicotinoid insecticides and
fipronil are frequently detected in environmental media (soil,
water, air) at locations where no pest management benefit is
provided or expected. Yet, these media provide essential re-
sources to support biodiversity and are known to be threatened
by long-term or repeated contamination. The literature
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synthesized in this integrated assessment demonstrates the
large-scale bioavailability of these insecticides in the global
environment at levels that are known to cause lethal and
sublethal effects on a wide range of terrestrial (including soil)
and aquatic microorganisms, invertebrates and vertebrates.
Population-level impacts have been demonstrated to be likely
at observed environmental concentrations in the field for
insect pollinators, soil invertebrates and aquatic invertebrates.
There is a growing body of evidence that these effects pose
risks to ecosystem functioning, resilience and the services and
functions provided by terrestrial and aquatic ecosystems. Such
services and functions can be provisioning, regulating, cultur-
al or supporting and include amongst others soil formation,
soil quality, nutrient cycling, waste treatment and remediation,
pollination, food web support, water purification, pest and
disease regulation, seed dispersal, herbivory and weed control,
food provision (including fish), aesthetics and recreation.

Knowledge gaps

While this assessment is based on a growing body of pub-
lished evidence, some knowledge gaps remain. These com-
pounds have been subject to regulatory safety tests in a num-
ber of countries. However, several potential risks associated
with the present global scale of use are still poorly understood.
We highlight key knowledge gaps.

* For most countries, there are few or no publicly available
data sources on the quantities of systemic pesticides being
applied, nor on the locations where these are being ap-
plied. Reliable data on the amounts used are a necessary
condition for realistic assessments of ecological impacts
and risks.

» Screening of neonicotinoid and fipronil residues in envi-
ronmental media (soils, water, crop tissues, non-target
vegetation, sediments, riparian plants, coastal waters and
sediments) is extremely limited. Although their water
solubility and propensity for movement are known, also,
only very scarce data for marine systems exist.

* An even bigger knowledge gap is the environmental fate
of a wide range of ecotoxic and persistent metabolites of
neonicotinoids and fipronil. Hence, we cannot evaluate
with accuracy the likely joint exposure of the vast majority
of organisms.

* There is a poor understanding of the environmental fate of
these compounds, and how, for example, soil properties
affect persistence and whether they accumulate in (usually
flowering) woody plants following repeated treatments
with the parent compound. The behaviour of degradation
products (which can be highly toxic and persistent) in
different media (plants, soils, sediments, water, food
chains, etc.) is poorly known.

@ Springer

Long-term toxicity to most susceptible organisms has not
been investigated. For instance, toxicity tests have only
been carried out on four of the approximately 25,000
globally known species of bees, and there are very few
studies of toxicity to other pollinator groups such as
hoverflies or butterflies and moths. Similarly, soil organ-
isms (beyond earthworms) have received little attention.
Soil organisms play multiple roles in the formation of soil
and in the maintenance of soil fertility. Toxicity to verte-
brates (such as granivorous mammals and birds which are
likely to consume treated seeds) has only been examined
in a handful of species.

Those toxicological studies that have been performed are
predominantly focused on acute toxicity tests, whereas the
effects of long-term, acute and chronic exposure is less
well known, despite being the most environmentally rel-
evant scenario for all organisms in agricultural and aquatic
environments. The long-term consequences of exposure
under environmentally realistic conditions have not been
studied.

All neonicotinoids bind to the same nAChRs in the ner-
vous system such that cumulative toxicity is expected. At
present, no studies have addressed the additive or syner-
gistic effects of simultaneous exposure to multiple com-
pounds of the neonicotinoid family, i.e. imidacloprid,
clothianidin, thiamethoxam, dinotefuran, thiacloprid,
acetamiprid, sulfoxaflor, nitenpyram, imidaclothiz,
paichongding and cycloxaprid, into an aggregated dose
of e.g. “imidacloprid equivalents”. Currently, risk assess-
ments are done for each chemical separately, while many
non-target species, such as pollinators, are simultaneously
being exposed to multiple neonicotinoids as well as other
pesticides and stressors. As a consequence, the risks have
been systematically underestimated. While quantifying
the suite of co-occurring pesticides is largely an intractable
problem, a single metric that incorporates all
neonicotinoid exposures to representative taxa would be
an invaluable starting point.

Cumulative toxicity of successive and simultaneous expo-
sure has not been studied in the regulatory assessment and
governance of chemical risks.

Sublethal effects that often have lethal consequences in a
realistic environmental setting have not been studied in
most organisms. However, they are known to be profound
in bees, and for those few other species where studies have
been performed, sublethal doses of these neurotoxic
chemicals have been reported to have adverse impacts
on behaviour at doses well below those that cause imme-
diate death.

Interactions between systemic insecticides and other
stressors, such as other pesticides, disease and food stress,
have been explored in only a handful of studies (on bees),
and these studies have revealed important synergistic
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effects. For example, in honeybees, low doses of
neonicotinoids greatly increase susceptibility to viral dis-
eases. Interactions between systemic insecticides and oth-
er stressors in organisms other than bees are almost en-
tirely unstudied. In field situations, organisms will almost
invariably be simultaneously exposed to multiple pesti-
cides as well as other stressors, so our failure to understand
the consequences of these interactions (or even to devise
suitable means to conduct future studies in this area) is a
major knowledge gap.

» Impacts of these systemic insecticides on the delivery of a
wide range of ecosystem services are still uncertain. The
accumulation in soil and sediments might lead us to pre-
dict impacts on soil fauna such as earthworms and spring-
tails (Collembola), which may in turn have consequences
for soil health, soil structure and permeability and nutrient
cycling. Contamination of field margin vegetation via dust
or ground or surface water might lead us to expect impacts
on fauna valued for aesthetic reasons (e.g. butterflies) and
is likely to impact populations of important beneficial
insects that deliver pollination or pest control services
(e.g. hoverflies, predatory beetles). The general depletion
of farmland and aquatic insect populations is likely to
impact insectivorous species such as birds and bats.
Contamination of freshwater is hypothesized to reduce
invertebrate food for fish and so impact fisheries. The
same might apply to coastal marine systems, potentially
posing serious threats to coral reefs and salt marsh estuar-
ies. None of these scenarios have been investigated.

*  The short- and long-term agronomic benefits provided by
neonicotinoids and fipronil are unclear. Given their use
rates, the low number of published studies evaluating their
benefit for yield or their cost-effectiveness is striking, and
some recent studies (see Furlan and Kreutzweiser 2014)
suggest that their use provides no net gain or even a net
economic loss on some crops. It is not currently known
what the impact on farming would be if these systemic
pesticides were not applied or applied less (though their
recent partial withdrawal in the EU provides an opportu-
nity for this to be examined).

Given these knowledge gaps, it is impossible to properly
evaluate the full extent of risks associated with the ongoing
use of systemic insecticides, but the evidence reviewed in this
special issue suggests that while the risks affect many taxa, the
benefits have not been clearly demonstrated in the cropping
systems where these compounds are most intensively used.

Conclusions

Overall, the existing literature clearly shows that
present-day levels of pollution with neonicotinoids and

fipronil caused by authorized uses (i.e. following label
rates and applying compounds as intended) frequently
exceed the lowest observed adverse effect concentrations
for a wide range of non-target species and are thus
likely to have a wide range of negative biological and
ecological impacts. The combination of prophylactic
use, persistence, mobility, systemic properties and
chronic toxicity is predicted to result in substantial
impacts on biodiversity and ecosystem functioning.
The body of evidence reviewed in this Worldwide
Integrated Assessment indicates that the present scale
of use of neonicotinoids and fipronil is not a sustainable
pest management approach and compromises the actions
of numerous stakeholders in maintaining and supporting
biodiversity and subsequently the ecological functions
and services the diverse organisms perform.

In modern agricultural settings, it is increasingly clear that
insecticide treatments with neonicotinoids and fipronil—and
most prominently its prophylactic applications—are incom-
patible with the original mindset that led to the development of
the principles of integrated pest management (IPM). Although
IPM approaches have always included insecticide tools, there
are other approaches that can be effectively incorporated with
IPM giving chemicals the position of the last resort in the
chain of preferred options that need be applied first. Note that
the current practice of seed treatment is the opposite: it applies
chemicals as the first applied option instead of the last resort.
The preferred options include organic farming, diversifying
and altering crops and their rotations, inter-row planting,
planting timing, tillage and irrigation, using less sensitive crop
species in infested areas, using trap crops, applying biological
control agents, and selective use of alternative reduced-risk
insecticides. Because of the persistent and systemic nature of
fipronil and neonicotinoids (and the legacy effects and envi-
ronmental loading that come with these properties), these
compounds are incompatible with IPM. We accept that [IPM
approaches are imperfect and constantly being refined.
However, there is a rich knowledge base and history of suc-
cess stories to work from in many systems where pest man-
agement is required. In fact, in Europe, the IPM approach has
become compulsory for all crops as of the 1st of January 2014
in accordance with EU Directive 2009/128/EC, but most
member states still need to operationalize and implement this
new regulation, and IPM is sometimes poorly defined.

Recommendations

The authors suggest that regulatory agencies consider
applying the principles of prevention and precaution to
further tighten regulations on neonicotinoids and fipronil
and consider formulating plans for a substantial reduction
of the global scale of use. Continued research into
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alternatives is warranted, but equally pressing is the need
for education for farmers and other practitioners and the
need for policies and regulations to encourage the adop-
tion of alternate agricultural strategies to manage pests
(e.g. IPM, organic, etc.). In addition, there is a need for
research to obtain a better understanding of the institu-
tional and other barriers that hamper large-scale adoption
of proven sustainable agricultural practices that can serve
as alternatives to the use of neonicotinoids and fipronil—
as of many other pesticides as well.

The adequacy of the regulatory process in multiple coun-
tries for pesticide approval must be closely considered and be
cognizant of past errors. For example, other organochloride
insecticides such as DDT were used all over the world before
their persistence, bioaccumulation and disruptive impacts on
ecosystem functioning were recognized, and they were sub-
sequently banned in most countries. Organophosphates have
been largely withdrawn because of belated realization that
they posed great risks to human and wildlife health. The
systemic insecticides, neonicotinoids and fipronil, represent
a new chapter in the apparent shortcomings of the regulatory
pesticide review and approval process that do not fully con-
sider the risks posed by large-scale applications of broad-
spectrum insecticides.
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