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 An overview of the environmental risks posed
 by neonicotinoid insecticides
 Dave Goulson

 Biological and Environmental Sciences, University of Stirling, Stirling, FK9 4LA, UK

 Summary

 1. Neonicotinoids are now the most widely used insecticides in the world. They act systemi
 cally, travelling through plant tissues and protecting all parts of the crop, and are widely
 applied as seed dressings. As neurotoxins with high toxicity to most arthropods, they provide
 effective pest control and have numerous uses in arable farming and horticulture.
 2. However, the prophylactic use of broad-spectrum pesticides goes against the long-estab
 lished principles of integrated pest management (IPM), leading to environmental concerns.
 3. It has recently emerged that neonicotinoids can persist and accumulate in soils. They are
 water soluble and prone to leaching into waterways. Being systemic, they are found in nectar
 and pollen of treated crops. Reported levels in soils, waterways, field margin plants and floral
 resources overlap substantially with concentrations that are sufficient to control pests in
 crops, and commonly exceed the LC50 (the concentration which kills 50% of individuals) for
 beneficial organisms. Concentrations in nectar and pollen in crops are sufficient to impact
 substantially on colony reproduction in bumblebees.
 4. Although vertebrates are less susceptible than arthropods, consumption of small numbers
 of dressed seeds offers a route to direct mortality in birds and mammals.
 5. Synthesis and applications. Major knowledge gaps remain, but current use of neonicoti
 noids is likely to be impacting on a broad range of non-target taxa including pollinators and
 soil and aquatic invertebrates and hence threatens a range of ecosystem services.

 Key-words: bee, clothianidin, environmental fate, half-life, imidacloprid, non-target wildlife,
 soil water, systemic insecticide

 An introduction to neonicotinoids

 Neonicotinoids were developed in the 1980s, and the first
 commercially available compound, imidacloprid, has been
 in use since the early 1990s (Kollmeyer el al. 1999). They
 are nicotinic acetylcholine receptor agonists; they bind
 strongly to nicotinic acetylcholine receptors (nAChRs) in
 the central nervous system of insects, causing nervous
 stimulation at low concentrations, but receptor blockage,
 paralysis and death at higher concentrations. Neonicoti
 noids bind more strongly to insect nAChRs than to those
 of vertebrates, so they are selectively more toxic to insects
 (Tomizawa & Casida 2005). They can be classified into
 one of three chemical groups, the N-nitroguanidines
 (imidacloprid, thiamethoxam, clothianidin and dinotefu
 ran), nitromethylenes (nitenpyram) and A^-cyanoamidines

 Present address and correspondence: School of Life Sciences,
 University of Sussex, BN1 9RH, UK. E-mail: d.goulson(c<>sussex.
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 (acetamiprid and thiacloprid; Jeschke et al. 2011). They
 are generally toxic to insects in minute quantities; for
 example, the LD50 (dose that kills 50% of individuals) for
 ingestion of imidacloprid and clothianidin in honeybees is
 5 and 4 ng per insect, respectively, which for comparison
 is approximately 1/10 000th of the LD50 for dichlorodi
 phenyltrichloroethane (DDT; Suchail, Guez & Belzunces
 2000). Neonicotinoids are water soluble and are readily
 absorbed by plants via either their roots or leaves and
 then are transported throughout the tissues of the plant.
 This provides many advantages in pest control, for they
 protect all parts of the plant; for example, they are effec
 tive against boring insects and root-feeding insects, both
 of which cannot easily be controlled using foliar sprays of
 non-systemic compounds. Concentrations in plant tissues
 and sap between 5 and 10 ppb (parts per billion) are
 generally regarded as sufficient to provide protection
 against pest insects (Castle et al. 2005; Byrne & Toscano
 2006). For example, in citrus trees treated with imidacloprid

 via irrigation water, 5 ppb in xylem fluids was sufficient to

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society
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 control the sap-sucking insect Homalodisca coagulata
 (Castle et al. 2005).

 In developed countries, neonicotinoids are predomi
 nantly used as seed dressings for a broad variety of crops

 such as oilseed rape, sunflower, cereals, beets and potatoes
 (primarily imidacloprid, clothianidin and thiamethoxam).

 For example, in the UK, use as a seed dressing accounted
 for 91% of all neonicotinoid use in farming in 2011 (Defra

 2012a; note that this does not include garden or amenity

 use). Globally, 60% of neonicotinoids are used in this way

 (Jeschke et al. 2011). One attraction of seed dressings is
 that they require no action from the farmer, prophylacti

 cally protecting all parts of the crop for several months

 following sowing, and they are also regarded as providing

 better targeting of the crop than spray applications
 (Jeschke et al. 2011). However, the widespread adoption
 of neonicotinoids is partly down to their flexibility of use,

 for they can be applied in many other ways (Jeschke et al.

 2011); they are commonly used as foliar sprays on horti
 cultural crops such as soft fruits and on some arable crops

 such as soya, and they are sold for garden use as a spray
 on flowers and vegetables. They are used in bait formula

 tions for domestic use against cockroaches and ants and

 also as granular formulations for the treatment of pasture

 and amenity grasslands against soil-dwelling insect pests.

 They can be applied as a soil drench or in irrigation water

 to defend perennial crops such as vines, and they can be
 injected into timber to combat termites or into trees to

 protect them against herbivores, where a single application

 can provide protection for several years (e.g. Oliver et al.

 2010). Finally, they are commonly used in topical
 applications on pets such as dogs and cats to control exter

 nal parasites.

 Their advantages of low toxicity to vertebrates, high
 toxicity to insects, flexible use and systemic activity led to

 neonicotinoids swiftly becoming among the most widely
 used pesticides globally; they are now used more than any

 other class of insecticides and comprise approximately
 one quarter of all insecticides used. They are licensed for

 use in more than 120 countries and have a global market
 value of ~$2-6 billion, with imidacloprid alone comprising

 41% of this market and being the second most widely
 used agrochemical in the world (Jeschke et al. 2011;
 Pollack 2011). Detailed data on use by country are gener
 ally not available, but figures for the UK illustrate the

 rapid adoption of neonicotinoids in the last 20 years, with

 UK use rising from three tonnes in 1994 to nearly 80 ton
 nes in 2011 (Fig. la).

 The widespread adoption of neonicotinoids as seed
 dressings has led to a move away from integrated pest
 management (IPM), a philosophy of pest management
 predicated on minimizing use of chemical pesticides via
 monitoring of pest populations, making maximum use of

 biological and cultural controls, applying chemical
 pesticides only when needed and avoiding broad-spec
 trum, persistent compounds (Metcalf & Luckmann 1994).
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 Fig. 1. (a) Annual usage (kg) of neonicoti
 noids in agriculture and horticulture in the
 UK, one of few countries from which
 detailed records are available (Defra 2012a).
 Note that these figures do not include garden

 or amenity use, or use for treatment of pets.

 In 2011, the area of land treated was approx
 imately 1-3 million ha. (b) UK yields of two
 crops that are now widely treated with neon

 icotinoids as a seed dressing (Defra 2012b).
 There has been no significant rise in oilseed
 rape yield since its introduction, while winter

 wheat yields have risen slightly (linear
 regressions, F1>2,6 = 4-01, ns and FU26 =
 211 ,P< 0 001, respectively).

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 977-987
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 Of necessity, seed dressing has to be applied prophylacti
 cally to crops before any information is available on likely
 pest problems in the coming year.

 Economic benefits of neonicotinoids

 There is abundant evidence that neonicotinoids can pro
 vide effective control of a broad range of insect pests
 (reviewed in Jeschke et al. 2011). It is less clear to what
 extent the widespread adoption of neonicotinoids has
 contributed to yield increases in farming or whether neon
 icotinoids offer economic benefits compared to alterna
 tives. Yields per hectare of almost all arable crops have
 increased markedly over the last 60 years as a result of
 many changes, including improved crop varieties, wide
 spread use of artificial fertilizers, new agronomic tech
 niques and the development of successive generations of
 pesticides. However, the pace of yield increases has
 slowed, and yield increases in the last 20 years in devel
 oped countries have been modest, with some crops such
 as oilseed rape showing no increase coincident with the
 introduction of neonicotinoids; for example, in the UK,
 yields of oilseed rape were the same pre-1994 (when no
 neonicotinoids were available) as they are today, when
 close to 100% of crops are treated (Parry & Hawkesford
 2010; Defra 2012a,b; Fig. lb). Where yield increases have
 occurred in recent years, it is hard to disentangle the
 contribution of neonicotinoids from the effects of other

 changes in agronomic practices.
 Given their widespread use, it is surprising that few

 studies have attempted to compare the effectiveness of
 neonicotinoids with alternative means of pest control.
 Bueno et aL (2011) compared managing soya pests in Bra
 zil using either an 1PM approach or prophylactic use of
 insecticides (the latter primarily based on imidacloprid).
 Crop yields were indistinguishable in the two treatments,
 but pesticide use and costs were much lower in the IPM
 treatment, demonstrating that this remains the best
 alternative in this system. In North America, Seagraves &
 Lundgren (2012) compared yield of either imidacloprid or
 thiamethoxam seed dressings on soya with untreated
 controls and found no difference in yield in either of the
 2 years of their study, but populations of beneficial natural

 enemies were depressed in treated plots. In this system, the
 evidence would suggest that the cost of seed treatment
 (~$30 ha~') is not being recouped by the farmer. This is in
 accordance with a several similar studies of soya which
 found either no yield benefits (McCornack & Ragsdale
 2006; Cox, Shields & Cherney 2008; Ohnesorg, Johnson &
 O'Neal 2009) or yield benefits below those which could be
 achieved more economically using foliar insecticides
 applied only when pests exceeded a threshold (McCornack
 & Ragsdale 2006; Johnson et al. 2009). Similarly, studies
 of the efficacy of imidacloprid dressing of winter wheat
 in North America suggest that yield benefits are small
 (compared to unprotected, control crops) and often
 exceeded by the cost of the pesticide (Royer et al. 2005).

 In contrast, in Western Australia, McKirdy, Jones &
 Nutter (2002) demonstrated that application of an
 imidacloprid seed dressing to spring wheat is cost-effective

 compared to using no pest control, but that using foliar
 applications of alpha-cypermethrin (which is much
 cheaper) provided a significantly higher economic return.

 There is clearly a need for further studies of other crops
 and geographical regions to establish in which instances
 use of neonicotinoids is cost-effective and whether alterna

 tives such as pyrethroid sprays or IPM systems offer a
 more cost-effective approach. Such studies would need to
 incorporate the additional labour and application costs
 associated with crop monitoring and responsive spray
 applications.

 Persistence of neonicotinoids in soils

 Studies of the uptake of neonicotinoid seed dressings into
 the target crop suggest that between 1-6 and 20% of the
 active ingredient is absorbed by the crop (Sur & Stork
 2003). Thus, although seed dressings are often stated to
 provide accurate targeting of the crop (e.g. Jeschke et al.
 2011), they result in a considerably smaller proportion of
 the active ingredient ending up in or on the crop than do
 traditional spray applications to foliage, which commonly
 exceed 50% efficiency (Graham-Bryce 1977).

 Of the 80-98% of the active ingredient in seed dress
 ings, which is not absorbed by the crop, a small propor
 tion (<2%) is lost as dust during sowing (Tapparo et al.
 2012). This aerial dust can be sufficient to cause direct
 mortality in honeybees flying nearby (Marzaro et al. 2011;
 Tapparo et al. 2012) and is deposited on field margin
 vegetation at concentrations ranging from 1 to 9 ppb
 (Krupke et al. 2012). Release of active ingredient in dust
 is exacerbated when talcum powder or graphite is added
 to the seeds to lubricate their flow, as is common practice
 in North America (Krupke et al. 2012). Deflectors can be
 fitted to drilling equipment which direct this dust at the
 soil surface and reduce the amount of powder drifting in
 the air by 50-95%, although of course the active ingredi
 ent is then on the soil surface (Biocca et al. 2011).

 By far the bulk of the active ingredient, typically more
 than 90%, enters the soil. Neonicotinoids are water solu

 ble and have a half-life in soil, which varies greatly among
 compounds, soil type and across studies. No systematic
 attempt has been made to understand what factors affect
 their persistence or why published values are so variable.
 The primary sources of data are commonly not available
 for inspection since they are studies commissioned by
 industry to comply with regulatory requirements. For the
 most commonly used seed treatments, reported half-lives
 in soil typically range from 200 to in excess of 1000 days
 (range 28-1250 days for imidacloprid; 7-353 days for
 thiamethoxam [correction added on 28 June 2013 after
 first online publication: range changed from 7-3001 to 7
 353 days; see footnote to Table 1]; 148-6931 days for
 clothianidin; Table 1). Half-lives appear to be shorter for

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 977-987
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 Table 1. Estimated dissipation times (DT50) for neonicotinoids in soil

 Compound  DT5o (days)
 Laboratory or
 field study  Soil type  Location  Reference

 Acetamiprid  450  Laboratory  Silty clay loam  NA  Reported in Anon (2004)
 Acetamiprid  388  Laboratory  Clay loam  NA  Reported in Anon (2004)
 Acetamiprid  Mean 31  Field  Various  Europe  Reported in Anon (2004)
 Dinotefuran  82  Laboratory  NA  NA  PPDB (2013)
 Dinotefuran  75  Field  NA  NA  PPDB (2013)
 Imidacloprid  990-1230  Laboratory  Sandy loam  Australia  Baskaran, Kookana & Naidu (1999)
 Imidacloprid  455-518  Laboratory  Sandy loam  Spain  Fernandez-Bayo, Nogales & Romero (2009)
 Imidacloprid  233-366  Laboratory  Silty clay loam  Spain  Fernandez-Bayo, Nogales & Romero (2009)
 Imidacloprid  34-45  Laboratory  Alluvial  India  Sarkar et al. (2001)
 Imidacloprid  28-44  Laboratory  Lateritic  India  Sarkar el al. (2001)
 Imidacloprid  36-46  Laboratory  Coastal alkaline  India  Sarkar et al. (2001)
 Imidacloprid  1250  Field  Loam  UK  Calculated from data in Anon (2006)
 Clothianidin  6931  Laboratory  Fuquay loamy sand  USA  Rexrode et al. (2003)
 Clothianidin  1386  Field  Clay loam  North Dakota  ° ™">rted in De Cant & Barrett (2010)
 Clothianidin  1155  Laboratory  Elder loam  USA  Rexrode el al. (2003)
 Clothianidin  990  Laboratory  Howe sandy loam  USA  Rexrode et al. (2003)
 Clothianidin  693  Laboratory  Susan silt loam  USA  Rexrode et al. (2003)
 Clothianidin  578  Laboratory  Crosby silt loam  USA  Rexrode et al. (2003)
 Clothianidin  533  Laboratory  Sparta sand  USA  Rexrode et al. (2003)
 Clothianidin  533  Laboratory  Quincy loamy sand  USA  Rexrode et al. (2003)
 Clothianidin  495  Laboratory  Loamy sand  Germany  Rexrode et al. (2003)
 Clothianidin  365  Field  Silt loam  Ontario  Reported in De Cant & Barrett (2010)
 Clothianidin  315  Field  Silt loam  Ohio  Reported in De Cant & Barrett (2010)
 Clothianidin  277  Field  Sandy soil  Wisconsin  Reported in De Cant & Barrett (2010)
 Clothianidin  239  Laboratory  Laacher Hof All  Germany  Rexrode et al. (2003)

 silt loam

 Clothianidin  148  Laboratory  Hofchen silt  Germany  Rexrode et al. (2003)
 Clothianidin  Negligible  Field  Silty clay loam  Saskatchewan  Reported in De Cant & Barrett (2010)

 dissipation in
 25 months

 Nitenpyram  8  Laboratory  NA  NA  PPDB (2013)
 Thiacloprid  >1000  Laboratory  NA  NA  Reported in Anon (2009b)
 Thiacloprid  74  Laboratory  Sandy loam  Australia  Reported in Anon (2001b)
 Thiacloprid  3-4-27  Field  NA  Australia  Reported in Anon (2001b)
 Thiamethoxam  294-353  Laboratory  Sandy loam  USA  Reported in Anon (2001c)
 Thiamethoxam  34-233  Laboratory  Silty loam  NA  Reported in Anon (2001c)
 Thiamethoxam  7-109  Field  NA  NA  Reported in Anon (2001c)
 Thiamethoxam  46-301*  Laboratory  NA  NA  Gupta, Gajbhiye & Gupta (2008)

 "Correction added on 28 June 2013 after first online publication: Range listed from the study by Gupta et a\. (2008) changed from
 46-3001 to 46-301 days. This was only one of 12 studies reporting numerous dissipation times for neonicotinoids, and does not substan
 tially alter the main conclusions of the article. Although it could suggest that thiamethoxam may have a shorter dissipation time than
 the other N-nitroguanidines, and thus be more similar to the N-cyanoamidines, it is important to note that the range of dissipation times
 are extremely variable across studies and we lack sufficient data to be able to make generalizations of this sort.

 the iV-cyanoamidines (thiacloprid and acetamiprid, ranges
 3-74 and 31-450 days, respectively) [but see footnote to
 Table 1],

 Given these estimates, we would expect repeated appli
 cations of neonicotinoids in successive years to result in
 accumulating concentrations in soils, but data here are
 sparse. The only studies available, from spray applications
 of imidacloprid to orchard soil in Germany and when
 used as a seed treatment on winter wheat in the UK, do

 show significant accumulation (Fig. 2, Anon 2006). For
 example, in the UK study, concentrations ranging from 6
 to 18 ppb remained in the soil I year after sowing. After
 6 years of repeated applications, soil concentrations
 1 year after the final application ranged from 18 to
 60 ppb, depending on the application rate. Concentrations

 may have continued to rise, but the experiment was termi
 nated (Fig. 2).

 Given their long life and potential for accumulation in
 soil, we would expect most arable soils to contain detect
 able, variable quantities of neonicotinoids, depending on
 cropping history, rainfall and soil properties. Bonmatin
 et al. (2005) randomly sampled 74 farmland soils in
 France and screened them for imidacloprid. Seven soils
 from organic farms contained no imidacloprid. Of the
 remaining 67 samples, 62 contained detectable imidaclo
 prid (>0-1 ppb) and 65% of samples contained >1 ppb.
 Some of these positive samples had not been treated with
 imidacloprid in the previous 2 years, and only ten of the
 positive samples were from fields treated in the current
 year. Nine samples contained between 10 and 100 ppb.

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 977-987
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 Fig. 2. Levels of imidacloprid detected in
 soil into which treated winter wheat seeds

 were sown each autumn (1991-1996). Both
 study sites are in the east of England. Treat
 ment rates were 66 and 133 g a.i. ha"
 except in the first year, when it was 56 and
 112 g, respectively. Data from Placke, FJ.
 reported in Anon (2006).
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 and three exceeded 100 ppb. They did not screen for
 other neonicotinoids, but given their widespread use and
 similar persistence, we would expect broadly similar levels
 of clothianidin and thiamethoxam. Since Bonmatin et al.'s

 study, neonicotinoid use has increased greatly - in the
 UK, it has approximately doubled - so current levels in
 arable soils are likely to be higher. It seems likely that
 most soil-dwelling organisms in conventional arable farm
 land are chronically exposed to fluctuating concentrations
 and mixtures of neonicotinoids in the range from 1 to
 >100 ppb.

 Contamination of other environments

 Loss of neonicotinoids from agricultural soils is presum
 ably via degradation or leaching in soil water, but the
 relative importance of these routes cannot be clearly
 established from existing data. The pattern of loss is com
 monly biphasic, with an initial rapid phase followed by a
 much slower second phase, probably reflecting sorption of
 a proportion of the active ingredient onto soil particles
 which then slows dissipation (Gupta, Gajbhiye & Gupta
 2008). This biphasic pattern will lead to an underestima
 tion of persistence if dissipation studies are performed
 over short periods. Leaching is lower and sorption is
 higher in soils with high organic matter content (Cox,
 Koskinen & Yen 1998; Selim, Jeong & Elbana 2010).
 Before they become bound to soil, neonicotinoids readily
 leach so that significant levels might be predicted in
 groundwater and run-off immediately after application,
 particularly if there is heavy rainfall at this time, where the

 soil organic content is low, and on steep slopes (Scorza
 et al. 2004; Anhalt, Moorman & Koskinen 2008; Selim,

 Jeong & Elbana 2010; Thuyet et al. 2012). For example,
 Gupta, Gajbhiye & Gupta (2008) leached 79% of applied
 thiamethoxam from soil by simulating 65 cm of rainfall in
 the laboratory. Dissolved organic carbon appears to com
 pete with neonicotinoids for soil sorption sites, increasing
 leaching (Flores-Cespedes et al. 2002). Accordingly, neon
 icotinoids have been detected in groundwater, streams,
 storm-water ponds and tidal creeks (Anon 2007; Lamers

 et al. 2011; DeLorenzo et al. 2012). For example, Starner
 & Goh (2012) detected imidacloprid in 89% of water sam
 ples taken from rivers, creeks and drains in California,
 with 19% of samples exceeding the US Environmental
 Protection Agency guideline concentration of 105 ppb. In
 the Netherlands, concentrations of up to 200 ppb in
 groundwater, streams and ditches have been reported
 (van Dijk 2010). However, neonicotinoids are absent from
 many groundwater and run-off samples collected in areas
 where they are deployed (e.g. Anon 2007). This may be
 because they are only present for a short period after
 application and so are likely to be missed by most sam
 pling regimes and also because imidacloprid, clothianidin
 and thiamethoxam (but not thiacloprid and acetamiprid)
 rapidly degrade through photolysis in clear water (Anon
 2007; Pena, Rodriguez-Liebana & Mingorance 2011).
 Many water-monitoring programmes do not screen for
 the metabolites of neonicotinoids such as imidacloprid
 olefin, but these can be as toxic as the parent compound
 (Anon 2007). Notably, no neonicotinoids feature in the
 EU Water Framework Directive's list of priority
 substances for aquatic pollution monitoring (Anon 2001a),
 and so they are not specifically targeted, and screening
 methods may not be well suited to their detection.

 One aspect of the environmental fate of neonicotinoids
 for which few data are available is with regard to their
 uptake from soil and soil water by non-target plants.
 Given their persistence and accumulation in soils, we
 might predict hedgerow plants and trees, field margin veg
 etation and naturally regenerating fallows to take up
 neonicotinoids. Data on persistence of neonicotinoids
 once taken up by plants are sparse. However, vines trea
 ted in spring via irrigation maintain levels of imidacloprid
 sufficient to control pests through the growing season
 (Byrne & Toscano 2006), and levels of imidacloprid and
 thiamethoxam in citrus trees remain sufficient to suppress

 pests for 5 months following a single application (Castle
 et al. 2005). Similarly, a single application of imidacloprid
 to maple trees protected them against insect pests for
 4 years (Oliver et al. 2010). Hence, there is the potential
 for non-target vegetation growing near arable crops to be

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology. 50, 977-987
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 contaminated for much or all of the year via uptake from
 roots, supplemented annually by neonicotinoid dust depo
 sition during sowing. This could deliver chronic exposure
 to herbivorous insects. However, other than the isolated

 study of Krupke et al. (2012) (which describes concentra
 tions up to 9 ppb in dandelions in field margins), such
 vegetation does not appear to have been screened for
 neonicotinoids, so it is not possible to evaluate exposure
 of non-target organisms via this route.

 Patterns of toxicity across taxa

 Given the scale of use of neonicotinoids, their persistence
 in soils, leaching into waterways and their systemic nature
 within plants, there is no doubt that most organisms
 inhabiting arable environments will be exposed to them.
 The key question is whether typical levels of exposure are
 likely to lead to significant individual- or population-level
 impacts.

 Many studies have examined the toxicity of neonicoti
 noids to both target and non-target organisms, including
 mammals, birds, fish, insects, crustacean, molluscs and

 annelids (Table SI in Supporting Information). Insects
 are consistently among the most sensitive taxa, whether
 exposed via contact or ingestion. Typical LD50 values
 vary from 0-82 to 88 ng per insect, with much of the vari
 ation between species due to the size of the insect
 (Table SI, Supporting Information). For example, the
 most sensitive species, the brown planthopper, Nilaparvata
 lugens, weighs approximately 1 mg, while the least sensi
 tive, the Colorado potato beetle, Leptinotarsa decemlineata,
 weighs approximately 130 mg, so that the LD50 values
 expressed as ng mg body per weight are similar (0-82 and
 0-67, respectively). LC50 values (the concentration which
 kills 50% of individuals) for aquatic insects vary from
 0-65 to 44 ppb (Table SI, Supporting Information). Here,
 the variation between studies is partly explained by differ
 ences in the duration of exposure. For example, the LC50
 for the mayfly Epeorus longimanus falls from 2-1 ppb at
 24 h to 0-65 ppb at 96 h (Alexander et al. 2007). Most
 studies assess only mortality and are carried out over
 short periods, but it is clear that important sublethal
 effects (such as reduced feeding, movement and reproduc
 tion) can be elicited by much lower doses. For example,
 feeding of E. longimanus nymphs was reduced for 4 days
 following exposure to water containing 0-1 ppb of imida
 cloprid for 24 h (Alexander et al. 2007).

 The widespread prophylactic use of neonicotinoids has
 led to some insect pests developing resistance (e.g. Horo
 witz, Kontsedalov & Ishaaya 2004; Szendrei et al. 2012).
 For example, Szendrei et al. (2012) describe Colorado
 potato beetle populations with a 26-fold increase in resis
 tance to thiamethoxam and a 100-fold increase in resis

 tance to imidacloprid. The first strains with increased
 resistance to imidacloprid were detected in 1998, just
 3 years after the chemical was first used against this pest.
 Given the increasing ubiquity of neonicotinoids and their

 persistence, insect populations in arable ecosystems are
 likely to be chronically exposed to them, a situation which
 will inevitably lead to increasing resistance in pest species
 (which tend to have large populations and short genera
 tion times).

 Studies of toxicity to crustaceans are few, but they
 appear to be highly variable in their susceptibility to
 neonicotinoids, with LC50 values ranging from 7-1 ppb
 (over 28 days) in the amphipod Hyalella azteca to
 361 000 ppb (over 48 h) in the brine shrimp Artemia sp.
 (Table SI, Supporting Information). Most crustaceans are
 considerably less susceptible than insects. Studies of
 annelids are also scarce, but suggest lower susceptibility
 than insects (Table SI, Supporting Information).

 Toxicity to vertebrates is also low compared to insects,
 but varies greatly among neonicotinoids; for example, the
 LD50 value in rats varies from 140 mg kgbw-' (mg of
 active ingredient per kilogram body weight) for acetami
 prid up to 5000 mg kgbw~' for clothianidin (Table SI,
 Supporting Information). Birds appear to be generally
 more susceptible than rats, with LD50 values ranging from
 14 mg kgbw"' for imidacloprid in grey partridge up to
 1333 mg kgbw~' for clothianidin in mallard ducks. Fish
 are markedly less susceptible than aquatic insects, with
 LC50 values ranging from 16 to 177 ppm (parts per
 million; Table SI, Supporting Information).

 Risks to granivorous vertebrates

 Although neonicotinoids do show relatively low toxicity
 to vertebrates, we might expect seed-eating vertebrates to
 be exposed to lethal doses if they consume treated seeds
 spilled during sowing. Typically, maize seeds are treated
 with ~1 mg of active ingredient per seed, beet seeds with
 0-9 mg and the much smaller oilseed rape seeds with
 017 mg (Rexrode et al. 2003; Anon 2012; Krupke et al.
 2012). A grey partridge, typically weighing approximately
 390 g, therefore needs to eat ~5 maize seeds, six beet seeds
 or 32 oilseed rape seeds to receive an LD50. A grey
 partridge typically consumes ~25 g of seeds per day
 (Liukkonen-Anttila, Putaala & Hissa 1999), equivalent to
 -600 maize seeds, so clearly there is the potential for birds
 to swiftly consume a lethal dose. By a similar calculation,
 three maize seeds treated with imidacloprid would deliver
 more than the LD50 to a mouse. The US Environmental
 Protection Agency estimated that -1% of drilled seeds
 remain accessible to granivorous vertebrates (i.e. they are
 not buried during drilling), and this does not include spill
 ages which may occur, for example, when transporting
 grain or loading hoppers. With typical sowing rates of
 -50 000 seeds ha~' for maize and 800 000 seeds ha-1 for

 oilseed rape, we might expect sufficient seed to be avail
 able on the soil surface to deliver an LD50 to 100
 partridge or 167 mice for every hectare sown.

 Lopez-Antia et al. (2013) fed imidacloprid-dressed
 wheat seed to red-legged partridge Alectoris rufa for
 10 days and obtained 58% mortality, with the survivors
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 exhibiting a range of sublethal effects. This mortality rate,
 although considerable, is less than we might expect from
 the calculations above. Lopez-Antia et al. report anecdot
 ally that partridge did not avoid dressed seed when offered
 both dressed and undressed, but speculate that treated
 birds ate less than control birds and so received a lower

 dose than expected. This requires further investigation, in
 this and other species, to determine how much treated
 seeds vertebrates actually consume in the field. De Snoo,
 Scheidegger & de Jong (1999) describe incidents of
 poisoning of wild partridge, pigeon and duck by seed
 dressed with imidacloprid, reported by members of the
 public in France in 1994-1995 (a time when neonicotinoid
 use was very low), but other evidence for effects in the
 field is lacking, and it is unclear whether public reporting
 is an efficient means of detecting such incidents.

 There are other knowledge gaps. Susceptibility of most
 granivorous vertebrates that occur in farmland, which
 includes various rodents and a large number of bird
 species, has not been evaluated. Sublethal effects on inver
 tebrates are poorly understood, although in birds they are
 known to include hyporeactivity, ataxia, wing drop, diar
 rhoea, opisthotonos (rigidity and severe arching of the
 back), immobility, intoxication, eggshell thinning, reduced

 egg hatching rate and low weight in chicks; and in
 mammals, they include reduced reproduction, premature
 deliveries and deformities in foetuses (Rexrode et al. 2003;

 Anon 2007; Lopez-Antia et al. 2013). Bal et al. (2012a)
 report reduced sperm production in rats exposed to
 imidacloprid at 2 mg kgbw~' day"1, a dose representing
 ~1 /250th of the LD50 per day, equivalent to a rat eating
 one treated maize seed (see also Bal et al. 2012b for a
 related study on clothianidin). Thus, one might expect
 doses considerably lower than the LD50 (which is derived
 from short-term laboratory tests) to have significant
 impacts on the long-term survival or reproductive success
 of vertebrates living in natural environments where they
 are exposed to other stressors. For example, many treated
 crops are sown in October; birds or mammals that con
 sume seeds at this time will shortly have to survive the
 winter, and any factors that reduce their fitness at this
 time are likely to result in substantially reduced overwin
 tering survival.

 Impacts on pollinators

 Much of the controversy over the use of neonicotinoids
 has focussed on their effects on bees. Neonicotinoids are

 routinely used to dress seeds of oilseed rape, sunflower
 and maize, and these crops are major forage sources for
 both managed honeybees and wild pollinators in arable
 landscapes. Being systemic, small concentrations of neoni
 cotinoids are found in both pollen and nectar of seed
 treated crops. Neonicotinoids are also routinely applied as
 foliar sprays to fruit crops such as raspberries (mainly
 thiacloprid), which are visited by both managed and wild
 pollinators (Lye et al. 2011; Defra 2012a). Widespread

 but unqualified use of neonicotinoids as foliar sprays in
 gardens, where they are recommended for use on both
 vegetables and flowers, provides a further route of expo
 sure for pollinators.

 Limited information is available on the actual concen

 trations of neonicotinoids typically found in pollen and
 nectar of treated crops (reviewed in EFSA 2012 and
 USEPA 2012; see also Stoner & Eitzer 2012). Concentra

 tions in nectar are generally lower than those in pollen.
 When applied as seed dressings, concentrations in nectar
 range from <1 to 8-6 ppb (mean maximum level ±SE
 from 20 studies = 1-9 ± 0-5 ppb, EFSA 2012), with
 concentrations in pollen ranging from <1 to 51 ppb (mean
 maximum level ±SE from 20 studies = 61 ± 2-0 ppb).
 Generally higher concentrations are found when neonicot
 inoids are applied directly to the soil (e.g. in irrigation
 water), ranging from 1 to 23 ppb in nectar and 9 to
 66 ppb in pollen (USEPA 2012). The highest concentra
 tions recorded in nectar and pollen appear to result from
 foliar applications; Dively & Kamel (2012) report concen
 trations in pollen of 36 to 147 ppb for dinotefuran and 61
 to 127 ppb for thiamethoxam when sprayed on pumpkin,
 plus significant concentrations of toxic metabolites. Con
 centrations in nectar were approximately 10-fold lower,
 ranging from 5 to 11 ppb for dinotefuran and 6 to 9 ppb
 for thiamethoxam.

 Given the oral LC50 value for imidacloprid in honeybees
 of 5 ng bee "1 (Suchail, Guez & Belzunces 2000), and
 taking the mean values for seed-treated crops calculated
 here, a bee would need to consume nearly 1 g of pollen or
 2-6 ml of nectar to obtain an LC50 dose. This seems unli

 kely in the short term for a honeybee, which weighs
 -0-1 g, but could easily be accumulated over a number of
 days or weeks, so the actual effect of field exposure on
 mortality is likely to depend on the rate at which neonicot
 inoids are metabolized or excreted. A recent meta-analysis
 based on 13 studies of the impacts of imidacloprid on
 honeybees found that field-realistic doses (for seed-treated

 crops) under laboratory and semi-field conditions had no
 significant lethal effects (Cresswell 2011). Overall, the
 balance of evidence at present suggests that field-realistic
 exposure of bees to neonicotinoids in nectar and pollen of
 seed-treated crops is unlikely to cause substantial direct
 mortality (although exposure to dust released during
 drilling can cause direct mortality, Marzaro et al. 2011;
 Tapparo et al. 2012). However, only honeybees and
 bumblebees have been investigated; no information is
 available of susceptibility of other pollinating taxa such as
 hoverflies or butterflies. Also, if pollinators forage on
 crops treated with neonicotinoids via irrigation water or as
 a foliar application, direct mortality is likely; this has not
 yet been investigated, with attention largely focussed on
 exposure of bees to seed-treated crops.

 Although there is little convincing evidence for direct
 mortality in bees, there is strong evidence for important
 sublethal effects. Exposure to sublethal doses of neonicoti
 noids is known to reduce learning, foraging ability and
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 homing ability in both honeybees and bumblebees (Yang
 et al. 2008; Han et al. 2010; Mommaerts et al. 2010;

 Henry et al. 2012). Such effects will not be revealed in
 standard safety-testing protocols that typically involve
 laboratory or cage trials with ad lib food, but would be
 much more marked under natural conditions when colo

 nies rely on their workers to locate patches of flowers
 across the landscape. However, very few studies have been
 carried out in which bees that have been exposed to pesti
 cides have to navigate across realistic distances.

 In one such study, Henry et at. (2012) showed that
 honeybees, after being fed with sublethal doses of the
 neonicotinoid thiamethoxam, had a lower chance of find

 ing their home colony than control bees. Importantly, the
 effect was much stronger when foragers had to return
 from an unfamiliar location at 1 km from their hive,

 compared to familiar locations or when closer to the
 hive. However, the dose given was higher than that bees
 might commonly be expected to receive in a single feed.
 Recently Gill, Ramos-Rodriguez & Raine (2012) found
 that bumblebee Bombus terrestris workers from colonies

 exposed to field-realistic concentrations of imidacloprid
 in nectar suffered from impaired foraging ability when
 gathering food in a natural setting, particularly when
 collecting pollen. As a result, treated colonies grew more
 slowly.

 In the only well-replicated field study that has looked at
 the impacts of neonicotinoids on bee colony reproduction,
 Whitehorn et al. (2012) first simulated exposure of bum
 blebee colonies to a crop of treated flowering oilseed rape
 in the laboratory using realistic concentrations (6 ppb in
 pollen and 0-7 ppb in nectar). Colonies were then allowed
 to develop naturally in the field, gathering food for them
 selves. They recorded reduced nest growth and an 85%
 drop in queen production resulting from exposure to
 imidacloprid compared to control colonies. This study and
 Gill, Ramos-Rodriguez & Raine (2012) provide comple
 mentary evidence that reduced foraging efficiency follow
 ing exposure to realistic levels of imidacloprid can result in
 a strong colony-level effect, which is likely to impact upon

 bumblebee populations in the long term. However, both
 studies placed treated food in the nests (and in the case of
 Whitehorn et al., no other food was provided during the
 exposure phase), so we cannot be certain that the concen
 trations to which bees were exposed are representative of
 what happens under field conditions. For example, if bees
 detect and avoid neonicotinoid-treated crops, they may be
 exposed to less that we would otherwise expect. Easton &
 Goulson (2013) demonstrate that pollinating flies and
 beetles avoid pan traps containing imidacloprid at as low
 as 0-01 ppb, but whether bees avoid contaminated crops is
 unknown. If they do, this could have consequences for
 crop pollination.

 Studies to date have focussed almost exclusively on
 exposure of adult bees. However, Yang et at. (2012)
 recently showed that learning of adult bees was impaired
 if they had been treated with 0-04 ng larva-1 of imida

 cloprid in the larval stage (<1 /100th of the LC50 for
 adult bees). It seems highly likely that bee larvae are
 routinely exposed to such very low concentrations, but
 we have no data on whether this has long-term repercus
 sions for colony fitness. This also raises the interesting
 question as to whether the exposure of other insects to
 low levels of neonicotinoids during development has
 effects on adult behaviour, an area which has not been

 investigated.
 In summary, there is clear evidence that exposure of

 bees to field-realistic levels of neonicotinoids has signifi
 cant sublethal impacts and that in the case of bumblebees,
 this has been demonstrated to have major impacts on
 colony success. To understand how widespread these
 effects are, further studies are needed to determine the
 range of concentrations of neonicotinoids to which wild
 bumblebee colonies and managed honeybee colonies are
 actually exposed in different environments (especially in
 urban areas for which we have no data). We also have a
 poor understanding of how the effects of neonicotinoids
 interact with other stressors, such as other pesticides, dis
 eases and food stress, all of which undoubtedly influence
 bee health (Goulson, Lye & Darvill 2008; Moritz et al.
 2010). At present, we have no data on impacts on
 pollinators other than bees. The major knowledge gaps
 concerning possible impacts of neonicotinoids on pollina
 tors are usefully summarized in recent reviews of this issue

 conducted by the European Food Standards Agency
 (EFSA 2013a,b,c).

 CONCLUSIONS

 The adoption of prophylactic use of neonicotinoids as
 seed dressing has led to the abandonment of the long
 established principles of IPM, an approach which uses
 monitoring of pest populations to indicate when treatment
 is necessary, avoids broad-spectrum pesticides wherever
 possible and avoids use of pesticides that persist in the
 environment (Metcalf & Luckmann 1994). This minimizes
 pesticide use, reduces the likelihood of the development of
 resistance in pests and minimizes impacts on non-target
 organisms.

 At the Convention on Biological Diversity in 2002,
 world leaders committed to achieving a significant reduc
 tion in the rate of loss of biodiversity. By almost all indi
 ces, we have failed to reach this target (Butchart et al.
 2010). In many developing countries, the reasons for this
 are clear: ongoing loss and degradation of species-rich
 habitat. Continuing declines of biodiversity in the Euro
 pean Union are more surprising, particularly given the
 real-term increase in spend on conservation, notably
 through a range of agri-environment schemes intended to
 boost biodiversity on farmland. For example, in England
 alone in 2009. 58 000 farmers were paid a total of
 £400 million per year to farm in a more environmentally
 sensitive manner (Anon 2009a). Despite this, UK indices
 for bees, butterflies, moths, carabid beetles and birds (the
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 Table 2. Knowledge gaps and suggestions for further research

 Gap  Required Research

 Acute toxicity to most taxa has not been investigated: for example,
 almost all pollinators apart from honeybees; many soil arthropods;
 non-target herbivores such as butterfly larvae; most farmland
 vertebrates

 Sublethal impacts on learning, behaviour and fecundity unstudied for
 almost all taxa

 Impacts of chronic exposure during development on neuronal
 development and adult behaviour are largely unknown

 Possible synergies between neonicotinoids and other stressors such as
 disease are largely unknown

 Consumption of treated seeds by vertebrates has not been quantified

 Very few data are available on actual levels of neonicotinoids in
 arable soils and on whether accumulation with repeated application is
 common

 No data from most countries on levels of neonicotinoids found in

 waterways
 No data are available on the extent to which field margin vegetation
 and hedgerow plants draw up neonicotinoids from arable soils

 No data are available on the extent of use of neonicotinoids in

 gardens
 Few data are available on the agronomic or economic benefits of
 neonicotinoids

 Further LD/LC50 studies conducted over long time-scales, for
 example 28 days

 Studies including behavioural and fecundity assays under
 realistic scenarios

 Assessment of adult fitness of insects following exposure as a
 larvae

 Trials exposing insects to multiple stressors

 Trials to establish whether treated seeds are consumed, and if
 so what mortality this causes

 More sampling of soils, long-term accumulation studies

 Sampling of waterways, particularly in the period following
 sowing of treated seed

 Screening of non-target vegetation, manipulative studies

 Collection of data via gardening outlets or random sampling
 of gardens

 More field trials to compare the efficacy of alternative control
 strategies

 LD5o. dose that kills 50% of individuals; LC50, concentration that kills 50% of individuals.

 groups for which good data are available) all show signifi
 cant overall declines in recent years, particularly in farm
 land (Biesmeijer et al. 2006; Fox et al. 2006; Wilson,
 Evans & Grice 2010; Brereton et al. 2011; Brooks et al.

 2012). Although data are sparse for many taxa, similar
 ongoing declines are evident across Europe (e.g. De Heer,
 Kapos & Ten Brink 2005; Gregory et al. 2005; Van Dyck
 et al. 2009). The reasons for these declines remain unclear

 and are the subject of ongoing debate.
 The evidence presented here suggests that the annually

 increasing use of neonicotinoids may be playing a role in
 driving these declines. The concentrations accumulating in
 soil (1 to >100 ppb), waterways (often in excess of 1 ppb,
 sometimes up to 200 ppb), field margin plants (1-9 ppb)
 and nectar and pollen of flowering crops (1-50 ppb)
 exceed levels in crop tissues needed to control pest insects
 (5-10 ppb) and overlap with LC50 values for a range of
 non-target insects. They would appear to be sufficient to
 cause both direct mortality in the more sensitive non
 target species and chronic sublethal effects in many more.
 The groups most at risk are likely to include soil-dwelling
 insects, benthic aquatic insects, granivorous vertebrates
 and pollinators. Herbivorous insects feeding on field mar
 gin and hedgerow plants may also be exposed.

 Of course all pesticides are harmful to non-target
 organisms to some degree. Reconciling conserving biodi
 versity with food production requires a balance to be
 found. If it is not, then biodiversity loss will threaten vital

 ecosystem services upon which food production depends.
 Use of neonicotinoids appears to pose a particular threat
 to pollination services and also to soil health which

 depends on soil invertebrates that play major roles in
 nutrient cycling and maintaining soil structure. However,
 there are major knowledge gaps at present, so it is not
 possible to fully evaluate these threats (Table 2). Overall,
 there is an urgent need to re-evaluate whether current pat

 terns of usage of neonicotinoids provide the optimum
 balance between meeting the demands of food production
 and farming profitability in the short term, vs. the need to

 sustainably manage global biodiversity to ensure the long
 term health of ecosystems (including farmland) upon
 which all life depends.

 References

 Alexander, A.C., Culp, J.M., Liber, K. & Cessna, A.J. (2007) Effects of
 insecticide exposure on feeding inhibition in mayflies and oligochaetes.
 Environmental Toxicology and Chemistry, 26, 1726-1732.

 Anhalt. J.C., Moorman, T.B. & Koskinen, W.C. (2008) Degradation and
 sorption of imidacloprid in dissimilar surface and subsurface soils. Journal
 of Environmental Science and Health B; Pesticides, Food Contaminants and
 Agricultural Wastes, 43, 207-213.

 Anon (2001a) Decision No 2455/2001/Ec of the European Parliament and
 of the Council of 20 November 2001; establishing the list of priority
 substances in the field of water policy and amending Directive 2000/60/
 EC. Official Journal of the European Communities. 331, 1-5.

 Anon (2001b) Evaluation of the New Active Thiacloprid in the New Product
 Calypso 480 SC Insecticide. National Registration Authority for Agri
 cultural and Veterinary Chemicals, Canberra, Australia.

 Anon (2001c) Evaluation of the New Active Thiamethoxam in the New Product
 Cruiser 350 FS Insecticide Seed Treatment. National Registration Author
 ity for Agricultural and Veterinary Chemicals, Canberra, Australia.

 Anon (2004) Review report for the active substance acetamiprid. European
 Commission, Health and Consumer Protection Directorate, SANCO/
 1392/2001 16 June 2004.

 Anon (2006) Draft assessment Report (DAR) - public version - Initial risk
 assessment provided by the rapporteur Member State Germany for the

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 977-987

This content downloaded from 159.189.27.60 on Thu, 21 Feb 2019 23:45:58 UTC
All use subject to https://about.jstor.org/terms



 986 D. Goulson

 existing active substance imidacloprid. Volume 3, Annex B, B.8, February
 2006.

 Anon (2007) Canadian water quality guidelines: imidacloprid. Canadian
 Council of Ministers of the Environment, ISBN 978-1-896997-71-1.

 Anon (2009a) Agri-environment schemes in England 2009; a review of
 results and effectiveness. Natural England, ISBN 978-1-84754-158-1.

 Anon (2009b) Thiacloprid. Annex VI Dossier. Proposal for harmonized clas
 sification and labelling. UK REACH competent authority, Chemicals
 Regulation Directorate, November 2009.

 Anon (2012) Addendum 7 of the draft assessment report of 30 December
 2005 (relating to volume I, volume 3 and addendum 6 of 8 February
 2008): confirmatory data; imidacloprid. 24 January 2012. Rapporteur
 Member State, Germany.

 Bal, R., Naziroglu, M., Turk, G., Okes, Y., Tuncay, K., Etem, E. et al.
 (2012a) Insecticide imidacloprid induces morphological and DNA dam
 age through oxidative toxicity on the reproductive organs of developing
 male rats. Cell Biochemistry and Function, 30, 492-499. doi: 10.1002/cbf.
 2826.

 Bal, R., Turk, G., Okes, Y., Etem, E., Tuncay, K., Baydas, G. et al.
 (2012b) Affects of clothianidin exposure on sperm quality, testicular
 apoptosis and fatty acid deposition in developing male rats. Cell Biol
 ogy and Toxicology, 28, 187-200. doi 10.1007/s 10565-012
 9215-0.

 Baskaran, S., Kookana, R.S. & Naidu, R. (1999) Degradation of bifenth
 rin, chlorpyrifos and imidacloprid in soil and bedding materials at
 termiticidal application rates. Pesticide Science, 55, 1222-1228.

 Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemuller, R., Edwards,
 M., Peeters, T. et al. (2006) Parallel declines in pollinators and insect
 pollinated plants in Britain and the Netherlands. Science, 313, 351-354.

 Biocca, M., Conte, E., Pulcini, P., Marinelli, E. & Pochi, D. (2011) Sowing
 simulation tests of a pneumatic drill equipped with systems aimed at
 reducing the emission of abrasion dust from maize dressed seed. Journal
 of Environmental Science and Health Part B; Pesticides Food Contami
 nants and Agricultural Wastes, 46, 438-448.

 Bonmatin, J.M., Moineau, I., Charvet, R., Collin, M.E., Fleche, C. &
 Bengsch, E.R. (2005). Behavior of imidacloprid in fields. Toxicity for
 honey bees. Environmental Chemistry: Green Chemistry and Pollutants in
 Ecosystems (eds E. Lichtfourse, J. Schwarzbauer & D. Robert).
 Springer, New York.

 Brereton, T., Roy, D.B., Middlebrook, I., Botham, M. & Warren, M.
 (2011) The development of butterfly indicators in the United Kingdom
 and assessments in 2010. Journal of Insect Conservation, 15, 139-151.

 Brooks, D.R., Bater, J.E., Clark, S.J., Monteith, D.T., Andrews, C., Corb
 ett, S.J. et al. (2012) Large carabid beetle declines in a United Kingdom
 monitoring network increases evidence for a widespread loss in insect
 biodiversity. Journal of Applied Ecology, 49, 1009-1019.

 Bueno, A.D., Batistela, M.J., Bueno, R.C.O.D., Franca-Neto, J.D.,
 Nishikawa, M.A.N. & Liberio, A. (2011) Effects of integrated pest
 management, biological control and prophylactic use of insecticides on
 the management and sustainability of soybeans. Crop Protection, 30,
 937-945.

 Butchart, S.H.M., Walpole, M., Collen, B., van Strien, A., Scharlemann,
 J.P.W., Almond, R.E.A. et al. (2010) Global biodiversity: indicators of
 recent declines. Science, 328, 1164-1168.

 Byrne, F.J. & Toscano, N.C. (2006) Uptake and persistence of imidacloprid
 in grapevines treated by chemigation. Crop Protection, 25, 831-834.

 Castle, S.J., Byrne, F.J., Bi, J.L. & Toscano, N.C. (2005) Spatial and tem
 poral distribution of imidacloprid and thiamethoxam in citrus and
 impact on Homalodisca coagulata (Say) populations. Pesticide Manage
 ment Science, 61, 75-84.

 Cox, L., Koskinen, W. & Yen, P. (1998) Influence of soil properties on
 sorption-desorption of imidacloprid. Journal of Environmental Science
 and Health, 33, 123-134.

 Cox, W.J., Shields, E. & Cherney, J.H. (2008) Planting date and seed
 treatment effects on soybean in the Northeastern United States. Agron
 omy Journal, 100, 1662-1665.

 Cresswell, J.E. (2011) A meta-analysis of experiments testing the effects of
 a neonicotinoid insecticide (imidacloprid) on honey bees. Ecotoxicology,
 20, 149-157.

 De Cant, J. & Barrett, M. (2010). Clothianidin registration of prosper T400
 seed treatment on mustard seed (oilseed and condiment) and Poncho I
 Votivo seed treatment on cotton. United States Environmental Protection

 Agency report, 2 November 2010.
 De Heer, M., Kapos, V. & Ten Brink, B. (2005) Biodiversity trends in

 Europe: development and testing of a species trend indicator for evalu

 ating progress towards the 2010 target. Philosophical Transactions Royal
 Society London B, 360, 297-308.

 De Snoo, G.R., Scheidegger, N.M.I. & de Jong, F.M.W. (1999) Vertebrate
 wildlife incidents with pesticides: a European survey. Pesticide Science,
 55, 47-54.

 Defra (2012a) https://secure.fera.defra.gov.uk/pusstats. Accessed 20/1/13
 Defra (2012b) http://www.defra.gov.uk/statistics/foodfarm/food/cereals/

 cerealsoilseed/ Accessed 20/1/13.
 DeLorenzo, M.E., Thompson, B., Cooper, E., Moore, J. & Fulton, M.H.

 (2012) A long-term monitoring study of chlorophyll, microbial contami
 nants, and pesticides in a coastal residential stormwater pond and its
 adjacent tidal creek. Environmental Monitoring and Assessment, 184,
 343-359.

 van Dijk, T.C. (2010). Effects of neonicotinoid pesticide pollution of Dutch
 surface water on non-target species abundance. MSc Thesis, Utrecht Uni
 versity, Utrecht.

 Dively, G.P. & Kamel, A. (2012) Insecticide residues in pollen and nectar
 of a cucurbit crop and their potential exposure to pollinators. Journal of
 Agricultural and Food Chemistry, 60, 4449-4456.

 Easton, A.H. & Goulson, D. (2013) The neonicotinoid insecticide imida
 cloprid repels pollinating flies and beetles at field-realistic levels. PLoS
 One, 8, e54819.

 EFSA (2012) Statement on the findings in recent studies investigating sub
 lethal effects in bees of some neonicotinoids in consideration of the uses

 currently authorised in Europe. EFSA Journal, 10, 2752.
 EFSA (2013a) Conclusions on the peer review of the pesticide risk assess

 ment for bees for the active substance clothianidin. EFSA Journal, 11,
 3066.

 EFSA (2013b) Conclusions on the peer review of the pesticide risk assess
 ment for bees for the active substance thiamethoxam. EFSA Journal,
 11, 3067.

 EFSA (2013c) Conclusions on the peer review of the pesticide risk assess
 ment for bees for the active substance imidacloprid. EFSA Journal, 11,
 3068.

 Fernandez-Bayo, J.D., Nogales, R. & Romero, E. (2009) Effect of vermi
 composts from wastes of the wine and alcohol industries in the persis
 tence and distribution of imidacloprid and diuron on agricultural soils.
 Journal of Agricultural and Food Chemistry, 57, 5435-5442.

 Flores-Cespedes, F., Gonzalez-Pradas, E., Fernandez-Perez, M., Villafran
 ca-Sanchez, M., Socias-Viciana, M. & Urena-Amate, M.D. (2002)
 Effects of dissolved organic carbon on sorption and mobility of imida
 cloprid in soil. Journal of Environmental Quality, 3, 880-888.

 Fox, R., Conrad, K.F., Parsons, M.S., Warren, M.S. & Woiwod, I P.
 (2006). The State of Britain's Larger Moths. Butterfly Conservation and
 Rothamsted Research, Wareham, Dorset.

 Gill, R.J., Ramos-Rodriguez, O. & Raine, N.E. (2012) Combined pesticide
 exposure severely affects individual- and colony-level traits in bees. Nat
 ure, 491, 105-119. doi: 10.1038/naturel 1585.

 Goulson, D., Lye, G.C. & Darvill, B. (2008) Decline and conservation of
 bumblebees. Annual Review of Entomology, 53, 191-208.

 Graham-Bryce, I.J. (1977) Crop protection: a consideration of the effec
 tiveness and disadvantages of current methods and of the scope for
 improvement. Philosophical Transactions Royal Society London B, 281,
 163-179.

 Gregory, R.D., van Strien, A., Vorisek, P., Meyling, A.W.G., Noble,
 D.G., Foppen, R.P.B. et al. (2005) Developing indicators for European
 birds. Philosophical Transactions Royal Society London B, 360, 269-288.

 Gupta, S., Gajbhiye, V.T. & Gupta, R.K. (2008) Soil dissipation and
 leaching behavior of a neonicotinoid insecticide thiamethoxam. Bulletin
 of Environmental Contamination and Toxicology, 80, 431-437.

 Han, P., Niu, C.Y., Lei, C.L., Cui, J.J. & Desneux, N. (2010) Quantifica
 tion of toxins in a CrylAc+CpTI cotton cultivar and its potential effects
 on the honey bee Apis mellifera L. Ecotoxicology, 19, 1612-1619.

 Henry, M., Beguin, M., Requier, F., Rollin, O., Odoux, J.-F., Aupinel, P. et al.
 (2012) A common pesticide decreases foraging success and survival in hon
 eybees. Science, 336, 350-351.

 Horowitz, A., Kontsedalov, S. & Ishaaya, I. (2004) Dynamics of resistance
 to the neonicotinoids acetamiprid and thiamethoxam in Bemisia tabaci
 (Homoptera: Aleyrodidae). Journal of Economic Entomology, 97, 2051—
 2056.

 Jeschke, P., Nauen, R., Schindler, M. & Elbert, A. (2011) Overview of the
 status and global strategy for neonicotinoids. Journal of Agricultural
 and Food Chemistry, 59, 2897-2908.

 Johnson, K.D., O'Neal, M.E., Ragsdale, D.W., DiFonzo, C.D., Swinton,
 S.M., Dixon, P.M. et al. (2009) Probability of cost-effective management

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 977-987

This content downloaded from 159.189.27.60 on Thu, 21 Feb 2019 23:45:58 UTC
All use subject to https://about.jstor.org/terms



 Environmental risks posed by neonicotinoid insecticides 987

 of soybean aphid (Hemiptera: Aphididae) in North America. Journal of
 Economic Entomology, 102, 2101-2108.

 Kollmeyer, W.D., Flattum, R.F., Foster, J.P., Powell, J.E., Schroeder,
 M.E. & Soloway, S.B. (1999). Discovery of the nitromethylene heterocy
 cle insecticides. Nicotinoid Insecticides and the Nicotinic Acetylcholine
 Receptor (eds I. Yamamoto & J. Casida), pp. 71-89. Springer-Verlag,
 Tokyo.

 Krupke, C.H., Hunt, G.J., Eitzer, B.D., Andino, G. & Given, K. (2012)
 Multiple routes of pesticide exposure for honey bees living near agricul
 tural fields. PLoS One, 7, e29268.

 Lamers, M., Anyusheva, M., La, N., Nguyen, V.V. & Streck, T. (2011)
 Pesticide pollution in surface and groundwater by paddy rice cultiva
 tion: a case study from Northern Vietnam. Clean-Soil Air Water, 39,
 356-361.

 Liukkonen-Anttila, T., Putaala, A. & Hissa, R. (1999) Does shifting from
 a commercial to a natural diet affect the nutritional status of hand

 reared grey partridges Perdix perdix. Wildlife Biology, 5, 147-156.
 Lopez-Antia, A., Ortiz-Santaliestra, M.E., Mougeot, F. & Mateo, R.

 (2013) Experimental exposure of red-legged partridges (Alectoris rufa) to
 seeds coated with imidacloprid, thiram and difenoconazole. Ecotoxicolo
 gy, 22, 125-138.

 Lye, G.C., Jennings, S.N., Osborne, J.L. & Goulson, D. (2011) Impacts of
 the use of nonnative commercial bumble bees for pollinator supplemen
 tation in raspberry. Journal of Economic Entomology, 104, 107-114.

 Marzaro, M., Vivan, L., Targa, A., Mazzon, L., Mori, N., Greatti, M.
 et al. (2011) Lethal aerial powdering of honey bees with neonicotinoids
 from fragments of maize seed coat. Bulletin of Insectology, 64, 119-126.

 McCornack, B.P. & Ragsdale, D.W. (2006) Efficacy of thiamethoxam to
 suppress soybean aphid populations in Minnesota soybean. Pest
 Management Network, doi:10.1094/CM-2006-0915-01-RS.

 McKirdy, S.J., Jones, R.A.C. & Nutter Jr, F.W. (2002) Quantification of
 yield losses caused by Barley yellow dwarf virus in wheat and oats.
 Plant Diseases, 86, 769-773.

 Metcalf, R.L. & Luckmann, W.H. (1994). Introduction to Insect Pest Man
 agement., pp. 266. New York: John Wiley and Sons, Inc.

 Mommaerts, V., Reynders, S., Boulet, J., Besard, L., Sterk, G. & Smag
 ghe, G. (2010) Risk assessment for side-effects of neonicotinoids against
 bumblebees with and without impairing foraging behaviour. Ecotoxicol
 ogy, 19, 207-215.

 Moritz, R.F.A., de Miranda, J., Fries, I., Le Cont, Y., Neumann, P. &

 Paxton, R.J. (2010) Research strategies to improve honeybee health in
 Europe. Apidologie, 41, 227-242.

 Ohnesorg, W.J., Johnson, K.D. & O'Neal, M.E. (2009) Impact of
 reduced-risk insecticides on soybean aphid and associated natural ene
 mies. Journal of Economic Entomology, 102, 1816-1826.

 Oliver, J.B., Fare, D.C., Youssef, N., Scholl, S.S., Reding, M.E., Ranger,
 C.M. et al. (2010) Evaluation of a single application of neonicotinoid
 and multi-application contact insecticides for flatheaded borer manage
 ment in field grown red maple cultivars. Journal of Environmental Horti
 culture, 28, 135-149.

 Parry, M.A.J. & Hawkesford, M.J. (2010) Food security: increasing yield
 and improving resource use efficiency. Proceedings of the Nutrition Soci
 ety, 69, 592-600.

 Pena, A., Rodriguez-Liebana, J.A. & Mingorance, M.D. (2011) Persistence
 of two neonicotinoid insecticides in wastewater, and in aqueous solu
 tions of surfactants and dissolved organic matter. Chemosphere, 84,
 464—470.

 Pollack, P. (2011). Fine Chemicals: The Industry and the Business, 2nd edn.
 John Wiley & Sons, New Jersey.

 PPDB (2013) The Pesticide Properties Database (PPDB) developed by the
 Agriculture & Environment Research Unit (AERU). University of Hert
 fordshire, funded by UK national sources and the EU-funded FOOT
 PRINT project (FP6-SSP-022704). Available from: http://sitem.herts.ac.
 uk/aeru/projects/ppdb/index.htm Accessed 21/1/13

 Rexrode, M., Barrett, M., Ellis, J., Gabe, P., Vaughan, A., Felkel, J. &
 Melendez, J. (2003). EFED Risk Assessment for the Seed Treatment of
 Clothianidin 600FS on Corn and Canola. United States Environmental

 Protection Agency, Washington, DC.
 Royer, T.A., Giles, K.L., Nyamanzi, T., Hunger, R.M., Krenzer, E.G.,

 Elliot, N.C., Kindler, S.D. & Payton, M. (2005) Economic evaluation of
 the effects of planting date and application rate of imidacloprid for
 management of cereal aphids and barley yellow dwarf in winter wheat.
 Journal of Economic Entomology, 98, 95-102.

 Sarkar, M.A., Roy, S., Kole, R.K. & Chowdhury, A. (2001) Persistence
 and metabolism of imidacloprid in different soils of West Bengal. Pest
 Management Science, 57, 598-602.

 Scorza, R.P., Smelt, J.H., Boesten, J.J.T.I., Hendriks, R.F.A. & van der
 Zee, S.E.A.T.M. (2004) Preferential flow of bromide, bentazon, and imi
 dacloprid in a Dutch clay soil. Journal of Environmental Quality, 33,
 1473-1486.

 Seagraves, M.P. & Lundgren, J.G. (2012) Effects of neonicotinoid seed
 treatments on soybean aphid and its natural enemies. Journal of Pest
 Science, 85, 125-132.

 Selim, H.M., Jeong, C.Y. & Elbana, T.A. (2010) Transport of imidaclo
 prid in soils: miscible displacement experiments. Soil Science, 175, 375—
 381.

 Starner, K. & Goh, K.S. (2012) Detection of the neonicotinoid insecticide
 imidacloprid in surface waters of three agricultural regions of Califor
 nia, USA, 2010-2011. Bulletin of Environmental Contamination and
 Toxicology, 88, 316-321.

 Stoner, K.A. & Eitzer, B.D. (2012) Movement of soil-applied imidacloprid
 and thiamethoxam into nectar and pollen of squash (Cucurbita pepo).
 PLoS One, 7, e39114.

 Suchail, S., Guez, D. & Belzunces, L.P. (2000) Characteristics of imidaclo
 prid toxicity in two Apis mellifera subspecies. Environmental Toxicology
 and Chemistry, 19, 1901-1905.

 Sur, R. & Stork, A. (2003) Uptake, translocation and metabolism of imi
 dacloprid in plants. Bulletin of Insectology, 56, 35-40.

 Szendrei, Z., Grafius, E., Byrne, A. & Ziegler, A. (2012) Resistance to
 neonicotinoid insecticides in field populations of the Colorado potato
 beetle (Coleoptera: Chrysomelidae). Pest Management Science, 68, 941—
 946.

 Tapparo, A., Marton, D., Giorio, C., Zanella, A., Solda, L., Marzaro, M.
 et al. (2012) Assessment of the environmental exposure of honeybees to
 particulate matter containing neonicotinoid insecticides coming from
 corn coated seeds. Environmental Science and Technology, 46, 2592
 2599. doi: 10.1021/es2035152.

 Thuyet, D.Q., Jorgenson, B.C., Wissel-Tyson, C., Watanabe, H. & Young,
 T.M. (2012) Wash off of imidacloprid and fipronil from turf and con
 crete surfaces using simulated rainfall. Science of the Total Environment,
 414, 515-524.

 Tomizawa, M. & Casida, J.E. (2005) Neonicotinoid insecticide toxicology:
 mechanisms of Selective Action. Annual Review of Pharmacology and
 Toxicology, 45, 247-268.

 USEPA (2012) White Paper in Support of the Proposed Risk Assessment
 Process for Bees. Office of Chemical Safety and Pollution Prevention,
 United States Environmental protection Agency, Washington DC.

 Van Dyck, H., Van Strien, A.J., Maes, D. & Van Swaay, C.A.M. (2009)
 Declines in common, widespread butterflies in a landscape under intense
 human use. Conservation Biology, 23, 957-965.

 Whitehorn, P., O'Connor, S., Wackers, F. & Goulson, D. (2012) Neoni
 cotinoid pesticide reduced bumble bee colony growth and queen pro
 duction. Science, 336, 351-352.

 Wilson, J.D., Evans, A.D. & Grice, P.V. (2010) Bird conservation and
 agriculture: a pivotal moment? /his, 152, 176-179.

 Yang, E.C., Chuang, Y.C., Chen, Y.W. & Chang, H.C. (2008) Abnormal
 foraging behavior induced by sublethal dosage of imidacloprid in the
 honey bee (Hymenoptera: Apidae). Journal of Economic Entomology,
 101, 1743-1748.

 Yang, E.C., Chang, H.C., Wu, W.Y. & Chen, Y.W. (2012) Impaired olfac
 tory associative behavior of honeybee workers due to contamination of
 imidacloprid in the larval stage. PLoS One, 1, e49472.

 Received 19 February 2013; accepted 19 April 2013
 Handling Editor: David Kleijn

 Supporting Information

 Additional Supporting Information may be found in the online version
 of this article.

 Table SI. Additional data and references on toxicity of neonicoti
 noids to various taxa.

 © 2013 The Authors Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 977-987

This content downloaded from 159.189.27.60 on Thu, 21 Feb 2019 23:45:58 UTC
All use subject to https://about.jstor.org/terms


	Contents
	p. [977]
	p. 978
	p. 979
	p. 980
	p. 981
	p. 982
	p. 983
	p. 984
	p. 985
	p. 986
	p. 987

	Issue Table of Contents
	Journal of Applied Ecology, Vol. 50, No. 4 (August 2013) pp. 807-1079
	Front Matter
	Special Profile: The UK National Ecosystem Assessment
	EDITORIAL
	Ecological science for ecosystem services and the stewardship of Natural Capital [pp. 807-811]

	REVIEW
	The role of ecosystems and their management in regulating climate, and soil, water and air quality [pp. 812-829]
	Managing urban ecosystems for goods and services [pp. 830-840]

	Mapping ecosystem service and biodiversity changes over 70 years in a rural English county [pp. 841-850]
	REVIEW
	Nutrient stripping: the global disparity between food security and soil nutrient stocks [pp. 851-862]

	THE UK NATIONAL ECOSYSTEM ASSESSMENT: PRACTITIONER'S PERSPECTIVE
	Sustainable forest management in a time of ecosystem services frameworks: common ground and consequences [pp. 863-867]


	Population modelling
	REVIEW
	Towards a systems approach for understanding honeybee decline: a stocktaking and syntthesis of existing models [pp. 868-880]

	Modelling the effect of landscape heterogeneity on the efficacy of vaccination for wildlife infectious disease control [pp. 881-891]
	Multiscale, presence-only habitat suitability models: fine-resolution maps for eight bat species [pp. 892-901]

	Environmental impacts
	Estimation of bird and bat mortality at wind-power farms with superpopulation models [pp. 902-911]
	Reproductive failure of a human-tolerant species, the American kestrel, is associated with stress and human disturbance [pp. 912-919]
	þÿ�þ�ÿ���A��� ���s���l���i���p���p���e���r���y��� ���s���l���o���p���e���:��� ���l���o���g���g���i���n���g��� ���a���l���t���e���r���s��� ���m���a���s���s�������a���b���u���n���d���a���n���c���e��� ���s���c���a���l���i���n���g��� ���i���n��� ���e���c���o���l���o���g���i���c���a���l��� ���c���o���m���m���u���n���i���t���i���e���s��� ���[���p���p���.��� ���9���2���0���-���9���2���8���]
	Interactive effects of temporal and spatial fire characteristics on the population dynamics of a fire-dependent Cypress species [pp. 929-938]
	Frost hardiness vs. growth performance in trembling aspen: an experimental test of assisted migration [pp. 939-949]

	Conservation
	䍯湳敲癡瑩潮⁩浰汩捡瑩潮猠潦⁳潮朠摩癥牧敮捥⁢整睥敮⁳潵牣攠慮搠瑲慮獬潣慴敤⁰潰畬慴楯湳⁯映瑨攠乯牴栠䥳污湤⁋ō歡歯⁛灰⸠㤵〭㤶そ
	Using multiple data sources provides density estimates for endangered Florida panther [pp. 961-968]
	þÿ�þ�ÿ���D���o��� ���p���r���o���t���e���c���t���e���d��� ���a���r���e���a���s��� ���b���e���n���e���f���i���t��� ���f���r���e���s���h���w���a���t���e���r��� ���s���p���e���c���i���e���s���?��� ���A��� ���b���r���o���a���d���-���s���c���a���l���e��� ���a���s���s���e���s���s���m���e���n���t��� ���f���o���r��� ���f���i���s���h��� ���i���n��� ���A���u���s���t���r���a���l���i���a���'���s��� ���M���u���r���r���a���y�������D���a���r���l���i���n���g��� ���B���a���s���i���n��� ���[���p���p���.��� ���9���6���9���-���9���7���6���]

	Ecosystem services
	REVIEW
	An overview of the environmental risks posed by neonicotinoid insecticides [pp. 977-987]

	Does it make economic sense to restore rivers for their ecosystem services? [pp. 988-997]
	Impacts of water level fluctuation on mesotrophic rich fens: acidification vs. eutrophication [pp. 998-1009]

	Habitat management
	Does lake habitat alteration and land-use pressure homogenize European littoral macroinvertebrate communities? [pp. 1010-1018]
	þÿ�þ�ÿ���N���o���n���l���i���n���e���a���r��� ���v���a���r���i���a���t���i���o���n��� ���o���f��� ���s���t���r���e���a���m�������f���o���r���e���s���t��� ���l���i���n���k���a���g���e��� ���a���l���o���n���g��� ���a��� ���s���t���r���e���a���m���-���s���i���z���e��� ���g���r���a���d���i���e���n���t���:��� ���a���n��� ���a���s���s���e���s���s���m���e���n���t��� ���u���s���i���n���g��� ���b���i���o���g���e���o���c���h���e���m���i���c���a���l��� ���p���r���o���x���i���e���s��� ���o���f��� ���i���n���-���s���t���r���e���a���m��� ���f���i���n���e��� ���p���a���r���t���i���c���u���l���a���t���e��� ���o���r���g���a���n���i���c��� ���m���a���t���t���e���r��� ���[���p���p���.��� ���1���0���1���9���-���1���0���2���7���]
	Grazing dampens the positive effects of shrub encroachment on ecosystem functions in a semi-arid woodland [pp. 1028-1038]
	Conditions favouring "Bromus tectorum" dominance of endangered sagebrush steppe ecosystems [pp. 1039-1049]

	Marine management
	The riddle of the sands: how population dynamics explains causes of high bivalve mortality [pp. 1050-1059]
	EDITOR'S CHOICE
	Evaluating marine spatial closures with conflicting fisheries and conservation objectives [pp. 1060-1070]

	Seabirds maintain offspring provisioning rate despite fluctuations in prey abundance: a multi-species functional response for guillemots in the North Sea [pp. 1071-1079]

	Back Matter





