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Abstract

Due to concerns over negative impacts on insect pollinators, the European Union has imple-
mented a moratorium on the use of three neonicotinoid pesticide seed dressings for mass-
flowering crops. We assessed the effectiveness of this policy in reducing the exposure risk
to honeybees by collecting 130 samples of honey from bee keepers across the UK before
(2014: N = 21) and after the moratorium was in effect (2015: N = 109). Neonicotinoids were
present in about half of the honey samples taken before the moratorium, and they were
presentin over a fifth of honey samples following the moratorium. Clothianidin was the most
frequently detected neonicotinoid. Neonicotinoid concentrations declined from May to Sep-
tember in the year following the ban. However, the majority of post-moratorium neonicotinoid
residues were from honey harvested early in the year, coinciding with oilseed rape flowering.
Neonicotinoid concentrations were correlated with the area of oilseed rape surrounding the
hive location. These results suggest mass flowering crops may contain neonicotinoid resi-
dues where they have been grown on soils contaminated by previously seed treated crops.
This may include winter seed treatments applied to cereals that are currently exempt from

EU restrictions. Although concentrations of neonicotinoids were low ( 2.0 ng g*), and posed
no risk to human health, they may represent a continued risk to honeybees through long-term
chronic exposure.

Introduction

Neonicotinoidpesticidesrethe mostwidelyusedclasf insecticidegand accountfor around
onethird of theworldwidemarket[1]. Theyaremostcommonlyappliedasprophylacticseed
coatingson awide varietyof flowering(e.g.oilseedrapeand sunflower)and non-flowering
(e.g.wheatandmaize)crops|2, 3]. Their systemiexpressiornn thetissueof plantsprovides
targetedprotectionagainstherbivorouspestsijncluding thosethat showresistancéo previ-
ouslydevelopedgesticidessuchaspyrethroids[2, 3]. However their systemimaturealso
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meanghat neonicotinoidsarefound in the pollenandnectarof mass-floweringropsattrac-
tiveto pollinating insectsjncluding honeybeeandwild beed4, 5]. A considerablédody of
recentresearchhaslinked this route of exposurdo negativampactson insectpollinators[4,
6+9].Theseconcernshaveresultedn aEuropearninion (EU) temporarymoratoriumon the
applicationof threeclassesf neonicotinoidseedreatmentsximidaclopridglothianidin and
thiamethoxan 10]. Thisrestrictionin the EU is for masgloweringcrops(principally oilseed
rapeandsunflower)anddoesnot includewinter sowncerealsThis moratorium cameinto
effectfor cropssownin the springof 2014andis still in place[10+12](TableA in S1
Appendix).

Typically2+20%of neonicotinoidseedcoatingsareabsorbednto the germinatingcrop,
which leaves potentiallylargeproportion of the pesticidessresiduesn the soil [13]. Soll
degradatiortimesof neonicotinoidsarealscohighly variable with (soil half-life) values
rangingfrom 200to over1000daysfor clothianidin, thiamethoxamandimidacloprid[5].
Both of thesefactorsarelikely to contributeto the identification of soil contaminationfollow-
ing the useof neonicotinoidson crops.For exampleundertypicalfield conditionsconcentra-
tionsashighas13.6 g kg werereportedin arablesoilsbeforethe moratorium [14]. Thereis
considerablgotentialfor neonicotinoidsto persistin soils,evenaftercessatiorf their useon
masdloweringcrops[5, 13]. Wherethis occurstheymaycontinueto befoundin masslower-
ing cropsgrownon the samesoils thus posingarisk of exposurdor beedeedingon their pol-
lenandnectar[5]. A further exposuregpathwayfor pollinatorsis throughdrift of dustor
movementin surfacewvaterfrom cereakropsinto field edgesvhich canresultin neonicoti-
noid residueseingfoundin wild flowersandshrubsgrowingin thesearead5, 15+18].

Despitethe EU moratorium on neonicotinoidseeddressingusein masdloweringcrops,
therehasbeenno systematienonitoring to determinehow effectivethis hasbeenin reducing
exposureisk to insectpollinators.We reportthefindings of anationalsurveyof neonicoti-
noid residuegound in honeycollectedn GreatBritain. Honeysamplesveresourcedrom
amateurbeekeepensoth before(2014)andafter(2015)theimplementationof the EU morato-
rium on neonicotinoiduse . Theresiduesn honeywerethenrelatedto the areaf both oilseed
rape,winter sowncerealandtotal arablecoverthat surroundedthe sampledapiariesWe
hypothesizedhat: 1) residuef neonicotinoidswould bedetectedn honeystoredby honey-
beesat higherratesbeforethe moratoriumthat afterit; 2) following the moratoriumresidues
of neonicotinoidswould bedetectedn honeyasaresultof beedoragingon floweringplants
grownon soilscontainingpersistingneonicotinoidresidues3) wheretheseresiduegersisted
themostlikely mechanisnof exposurevould beuntreatedmassloweringcrops(oilseed
rape)sowninto soilscontaminatedoy previousneonicotinoiduse[14,15].In line with
hypothesis3), we predictedthat despitethe moratorium, residuef neonicotinoidsin honey
would remaincorrelatedwith the areaof oilseedrape(the principal massfloweringcrop
grownin the UK) aroundeachapiary.

Materials and methods
Honey samples

Theuseof storedhive products(pollen,nectaror honey)hasbeenusedto assessxposure
risksto pesticidegor honeybeefl 9+23].Thisincluding aworldwide surveyof neonicotinoid
residueg24]. Hereweexpandon this previousresearchy usingsimilar approache$o quan-
tify neonicotinoidpersistencéollowing abanon its usein massloweringcropsandlinking
this exposurdo localcroppingpatterns Althoughlargecommercialapiariegproducethe
majority of consumechoneyin the UK, thereare . 24,00amateurapiarists Typicallyama-
teur apiaristskeeponly oneto five hivesduring aseasotwith honeyproductionfor either

PLOS ONE | https://doi.org/10.1371/journal.pone.0189681 January 3, 2018

2/15


https://doi.org/10.1371/journal.pone.0189681
http://www.thinkwildlife.org/crru-code/
http://www.thinkwildlife.org/crru-code/

@° PLOS | ONE

Neonicotinoid residues in honey

personaktonsumptionor smallscalecommerceHoneysamplesveresolicitedfrom these
amateurapiaristsfrom 23/2/2016until 20/5/201&hrougharequestdvertisedn the newslet-
ter of The British Beekeeper&ssociatiomaswell asthe2The ScottishBeekeeperfagazine.
The provisionof honeysamplesvason anentirelyvoluntarybasisandresultedn 122apiarists
providing samplesrom oneor moreyearsrom 2014(N = 23),2015(N = 147).In all cases
postageostswerecoveredalthoughno direct paymentwasmadeto beekeeperdt shouldbe
notedthatthe studywasnot designedo makeinferencesboutthe decisionmakingprocess
for why beekeepergrovideduswith sampleswhich werelikely specificto eachindividual.
Theimpactof suchfactorswasbeyondthe scopeof the current study,howeverthereis no

reasorto expecthisto influencethe results Thevoluntaryprovisionof honeysamples
havebeenusedto assespesticideresiduesn previousstudieq22,24].

Eachsamplecomprisedblendedhoneyoriginatedfrom aharvesfrom asinglelocationof
the supergframes)of individual hivesor hives(typically2+3).Insufficientrecordsarekeptto
distinguishbetweerhoneysample®riginating from singleor multiple hives. Howeverwithin
asinglesitehiveswould bewithin 5+10m of eachother.Wherehoneywasblendedfrom hives
in severalocationsthis wasexcludedrom the analysisSamplegrom 2012+2018vereex-
cludedduebothto their ageandlimited replication.Furthersamplesvereremovedfrom the
datasetwhereexactinformation could not beprovidedasto thelocationof the original hive
(for examplenvherehoneywasamalgamatedrom hivesin multiple locations) A smallnum-
berof sampledrom Irelandwerealsoexcludedastheywereoutsideof the geographicalange
for spatialinformation on crop coverageThisresultedin asub-sebf 130samplegrom indi-
vidualbeekeepero14= 21,N»g15= 109).Therewasagoodspatialdistribution of samples,
with honeycollectedrom over20counties(Fig 1).

Themodalmonth of honeycollectionwasAugust,althoughsamplesverecollectedrom
Mayto Septembe(TableBin S1Appendix).It shouldbenotedthatwhile manybeekeepers
regularlyremovehoneyfrom hivesthroughthe seasorfto increaseshetotal yield) thisis not a
universalpractice lt is possibleghathoneysamplegollectedrom periodsafteroilseedape

A) Oilseed rape B) Total arable
N : Sampling points N Sampling points

N
. 2014 }\ Rt © 2014
« 2015 h * 2015

I Oilseed rape I Arable

0 50 100 200 Kilometers

0 50 100 200 Kilometers ., ©
[

Fig 1. Location of UK honey samples . The two maps show the location of honey samples collected in
2014+15 superimposed over the cover of all arable crops (A) and oilseed rape (B).

https://i.org/10.1371durnal.por.0189681.¢0L
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floweringendedmayhaveincludedhoneyoriginating from while it wasin flower[25]. For
thisreasorthe harvesimonth reportedfor individual honeysampleshouldbeconsidered
only asanindication of thetime of yearwhenit wassourced.

Residue analysis

Sample®f honeywereanalysedo quantify concentration®f clothianidin, thiamethoxam
(UKASaccreditedSO17025:2008tandardspndimidacloprid. In all casefioneyhadbeen
collectedusingnormal beekeepingpractice wherebyhoneywasspunfrom hive supers
(framescontaininghoneycombs).This collectechoneythat washomogenizednd storedfor
subsequenthumanconsumption Fromthis honeya 1.5ml sub-samplevascollectedand
storedat-80ECalthoughprior to thisit waskeptunderconditionstypicalfor food storageand
sonot frozen.

Determinationof the wetweightconcentrationof the threeneonicotinoidcompoundsvas
undertakenusingliquid chromatographyoupledto atriple quadrupole QuantumUltra TSQ'
massspectromete(ThermoFisherScientific HemelHemspteadtJK). Thiswasinterfaced
usinganion maxelectrosprayonisation(ESI).Analyteseparatiorwasperformedon aPhe-
nomenexSynergiFusioncolumn (2.5 m particlesize 50mm x 2mm |.D., Phenomenex)
usingaH20:MeOH mobile phasggradient.In eachcasaesiduesverecomparedo spiked
sampleg0.1g)labelledwith internal neonicotinoidstandardg ThiamethoxamClothianidin,
Imidacloprid). Quantificationof neonicotinoidresiduesverebasedn their respectivee-
sponsdactorto thesanternal standardsChromatographigeakswvereintegratedusingthe
ICIS algorithm,which wasalsousedto generatdinear calibrationcurvesbasedn a1/X
weighting(  >0.99). The performanceof the methodwasassessedd termsof the limit of
detection(LoD = 0.38ng gY) andrecoveryof theinternal standardgor the analytesThe LoD
wasderivedasthreetimesthe signalto noiseratio including anassessmeiof the expanded
uncertaintyof the method[26]. The LoQ (limit of quantification)wascalculatedasthe LoD
plusthe calculatedexpandedincertaintyof the method(LoQ = 0.53ng g'). Honeyresidue
that containedneonicotinoidsabovethelimit of quantificationweregivenavalueequalto
their detectecconcentration Whenhoneysamplegontainedresiduedelowthelimit of quan-
tification, but greaterthanthelimit of detectiontheywereallocatedafixed valuesquivalent
to thelimit of detection(LoD = 0.38ng g*). We usedthis approachtaswithin this rangeneoni-
cotinoid residuesaredetectabldi.e.abovethe LoD), but areat concentratiortoo low to pro-
videanexactresiduevalue(i.e.belowthe LoQ). This approachfollowsthe sameprincipalsas
thatusedin comparablestudiedooking at pesticideresiduesn honeybeeolonieq19,20,22].
Residuebelowthelimit of detectionwereconsideredo haveazeroneonicotinoidresidues,
althoughit is possiblehat someverylow levelsof neonicotinoidswerepresentin the rangeof
0.0£0.3%1gg™. It shouldbenotedthat neonicotinoidconcentrationsn honeywould not be
thesameasthatfound in the nectar(e.g.from oilseedrapeor wild flowers)whichthe beescol-
lectedandusedto createt. When storedashoneythe watercontentof nectaris reducedas
part of the preservatiorprocessln addition,the mixing of contaminatedanduncontaminated
nectarby beesnayleadto thedilution of neonicotinoidresiduesn storedhoney[27].

Agricultural land use as a predictor of neonicotinoid exposure risk

Oilseedrapeis the principal massloweringcrop grownin the UK to which neonicotinoid
seedreatmentshavebeenappliedandassuchrepresentshe mostlikely mechanismshrough
whichhoneybeesvould beexposedo thesepesticidedbeforethe EU moratorium [4, 6£8,28,
29].Wefocuson this cropasin additionto is dominantland coverit alsoprovidesafunction-
allyhomogenousnechanisiof exposuren termsof flowertypeandbroadlevelsof attraction
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to honeybeef30]. In 2014(the final pre-moratoriumyear)atotal of 674,58hectare®f oil-
seedrape(98%winter sownin 2013)wereharvestedn the UK. Of this 95.0%receivedsome
form of seedreatment(including non-neonicotinoidproducts),with thiamethoxam(50.9%
of seedreatedcrop) and clothianidin (33.3%of seedreatedcrop) beingthe mostfrequently
used[31]. Theuseof imidaclopridin the UK hadlargelystoppedoy 2014 sothat only 0.3%of
seedreatedoilseedrapewastreatedwith imidaclopridin this year[31]. With the exceptionof
smallareaf experimentallytreatedcrops[9], neonicotinoidswerenot appliedasseedreat-
mentsin 2015to anymassfloweringcropin the UK (TableA in S1Appendix).Noneof these
areasverewithin 10km of anyof the collectechoneysampleslt shouldbenotedthat other
masdloweringcropsaresownin the UK, althoughall aremuchlesdrequentlygrownthan oil-
seedape.Forexampldield beang ) grownon only 3.0%of the croppedarea[29].
Also,neonicotinoidseedreatmentsvereappliedonly to oilseedrapeandnot field beand27,
32].

While thereis areasonablexpectatiorthat residuef neonicotinoidsin honeywould be
predictedby the coverof oilseedrapein yearsprior to the EU moratorium (TableBin S1
Appendix,FigA in S1Appendix),the extentto which soil contaminationresultedin post-
moratorium contaminationof honeyremainsunclear.If neonicotinoidspersistin soilthereis
considerablgotentialthattheymaybefoundin untreatedmassloweringcropsgrowingon
landwhereseedreatedcropsweregrownin previousyeargincluding winter sowncereals).
To assespotentialroutesof exposurdinked to arableland use wecorrelatedthe summedres-
iduesof all threeneonicotinoidproducts(clothianidin, thiamethoxamandimidacloprid) in
honeyto the coverof oilseedape winter sowncerealsindtotal arablecrops.Thiswasdone
for honeysamplesrom 2015whenthe effectiveEU moratorium on neonicotinoidusein mass
floweringcropswasin place.

To deriveinformation on the coverof cropsweusedthe 2015CEH Land CoverPlus:Crops
map (NERCCEH) [33] in ESRIArcGISv10.4ESRIRedlandsCA). Thisisthefirst highreso-
lution mapof UK cropping,classifying. two million land parceldbasedn the existinguUK
LandCoverMap (LCM) (Fig 1). The minimum mappingunit for the crop mapisrepresented
by 2 haland parcelsandis derivedfrom acombinationof CopernicusSentinel-1C-bandSAR
(SyntheticApertureRadar)and Sentinel-2opticaldata.Usingthis mapweassesseithe cover
of oilseedrape, winter sowncerealsandtotal arablecropsfor a2 km radiussurroundingthe
locationof hivesfrom which ahoneysamplewvasprovided.This radiusreflectscommonly
reportedmeanforagingrangesf honeybeeslthoughtheyarecapableof foragingoverlarger
distance$34, 35].

Statistical analysis

Honeysamplesvhereneonicotinoidsresidueglid not exceedethelimit of detection

(LoD = 0.38ng g*) wereconsideredo havezeroneonicotinoidresiduesTheresultingresidue
datawasdominatedby thesezeroeg72.3%of valueswverenon-detections)althoughwasalso
non-negativeand continuous.The presenc®f zero-inflationwaspotentiallythe resultof two
unquantifiedfactors:1) alackof neonicotinoidresiduesastheywerenot presentin the land-
scapeor hive;or 2) afailureto detectresidueghatwerepresenin the hive,but not the particu-
lar sub-samplef analysedoney,or thosethat werepresentut haddegradedelowthe limit
of detection Modelling such’zero-inflation'is commonplacdor discretedata,but hasonly
recentlybegunto beperformedfor continuousdistributions[36, 37]. We analysedhe zero-
inflated datausinga Tweediadistribution [38] modeledwithin the packagd-ishModimple-
mentedin Rversion3.1.2[32,36,39]. Themethodusedaloglink function to keeppredicted
valuesabovezeroandextendshe Tweediedistribution sothat the expected/alueof the ™
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observatiorof therespons€ ;) predictedby the covariatd ;) is givenby the belowequations.

...t

B 1

Whereparameter relateghe neonicotinoidresiduevaluego avector of appropriate
covariatesTheadditionalparameters and settheshapeofthecurvefor 1< <2 andresult
in aPoissomixture of gammadistributionsthat servedo producethe “spike'atzero[36].

Within this frameworkwetestedor the correlatedresponsef the combinedresiduesf all
threeneonicotinoidproductsdetectedn honey(NNI = clothianidin + thiamethoxam+ imida-
cloprid) to agriculturalland usesThreeseparatenodelsconsideredhe coverof oilseedrape
(akeyforagingcrop grownon soilslikely to containneonicotinoidresidues)coverof winter
sowncerealgto which neonicotinoidseedreatmentscould havebeenappliedin 2015)or
total arablecover(total land on which neonicotinoidseedreatmentamayhavebeenusedover
previousyears)Strongcorrelationsbetweerthe threeagriculturalland usegreventedheir
inclusionin anoveralladditivemodel(TableCin S1Appendix).In additionto theresponses
to landscapeyealsousedthe sameapproacho assess$ combinedneonicotinoidresidues
changedn responséo the month from which the honeywasharvesin 2015In eachcaseve
uselikelihoodratio testswith a ! teststatisticto assess theinclusionof thelandscapetruc-
ture explainedvariationin neonicotinoidresiduesdy comparing =a+ X to anintercept
only modelof = &, whereX =landusecover.To testfor underlyingspatialstructurein the
dataweperformedaMoran's| testof therawneonicotinoidresiduedata.Goodnes®f fit was
alsoassessduly examinationof modelresidualsDueto thelimited availabilityof samples
from the pre-moratoriumyear(2014:N = 21)wefocusthe analysisn the main paperon data
from the2015(N = 111)field seasonThisrepresentshefirst yearof the neonicotinoidmora-
torium. However for the 2014analysidasedn this limited datasetsed-ig A and TableC in
S1Appendix.Byseparatinghe analysisnto separatgearsveaccountfor potentialconfound-
ing differencesn the breakdownof neonicotinoidresiduesn the honeybetweer?014and
2015.

Results

Effectiveness of the moratorium in reducing neonicotinoid residues in
honey

Overall130honeysamplesvereanalysedNo14= 21;N»p15= 109).The smallnumberof sam-
plesfrom 2014reflectthe availabilityof honeystocksfrom olderyearselativeto honeyhar-
vestedn 2015(Tablesl & 2). A greatemproportion of honeyfrom 2014hadbeensoldfor
consumptionand sowasnot availabldor analysisFollowingthe moratorium, averageon-
centrationsof all neonicotinoidin contaminatechoneysamplesleclinedthrough2015(! =
31.9p<0.001,Fig 2A), althoughcombinedmedianresiduesvereonly abovezeroin May of
thatyear(Tablel). Overallthe concentration®f clothianidin, thiamethoxamandimidaclo-
prid residueswithin honeyweretypicallylow anddid not exceed..69ng g™ for anygiven
product. Thecombinedresiduesf all threeproductsdid not exceeding..99ngg™ in ahoney
samplan 2015 However,acrosghethreeproductstherewaslittle differencein the maximum
residueconcentrationin the postmoratorium period,with thevaluesangingfrom 1.41+1.69
ngg’ (Tablel). Thelikelihood of honeycontainingneonicotinoidresiduesvashigherbefore
themoratoriumthan afterit, with 52.3%0of samplegrom 2014containingresiduef either
clothianidin, thiamethoxanor imidacloprid, comparedo the 22.9%n 2015(Tablesl & 2;Fig
2). However following the implementationof the moratoriumin 2015residuesveremost
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Table 1. Summary of neonicotino ids residues found in honey pre- and post the EU morator ium.

Date Number of honey Averag e combine d NNI Maximum combined NNI Median combined NNI Propor tion of honey
samples residue (ng gt wiw) residue (ng g wiw) residue (ng g™ wiw) containi ng
neonico tinoids
residue s above LOD
(0.38ng g™t wiw)

NNI | TMX | CTD | IMI

2014 21 0.43 (SE=0.12) 2.00 0.38 0.52| 0.14  0.38 0.10
(all)

2015 109 0.19 (SE = 0.04) 1.99 0.00 0.23| 0.06 | 0.17 | 0.06
(all)

May-15 12 0.62 (SE = 0.21) 1.79 0.62 0.66 | 0.25 | 0.50 | 0.08
Jun-15 12 0.40 (SE = 0.19) 1.99 0.00 0.33| 0.00 | 0.33 0.08
Jul-15 16 0.26 (SE = 0.10) 1.10 0.00 0.38| 0.13 | 0.25 0.13
Aug-15 46 0.07 (SE = 0.03) 0.76 0.00 0.13| 0.04  0.09  0.02
Sep-15 23 0.02 (SE = 0.02) 0.38 0.00 0.04| 0.00 | 0.00 | 0.04

Summary statistics for the combined (NNI) residues of thiamethoxam (TMX), clothianidin (CTD and imidacloprid found within honey pre- (2014) and post
(2015) the implementation of the EU moratorium on their use in mass flowering crops. Seasonal changes in residues post moratorium are also shown. Note
that residues of more than one neonicotinoid compound may be found in the same sample of honey.

https://da.org/10.1371durnal.pon®189681.t001

frequentlydetectedn honeycollectedrom the period of oilseedrapeflowering(May to July)
ratherthanthe monthsfollowingthis (Fig 2B).Occasionallyhoneysample€ontainedtwo of
thethreeneonicotinoidcompoundg3.8%) althoughno samplecontainedall three(TableB
in S1Appendix). Themostfrequentlyidentified neonicotinoidwasclothianidin (Tablel),
whichwasin 72.0%0of samplegestingpositivefor neonicotinoidsin 2014(pre-moratorium)
and 38.1%of samplesn 2015(post-moratorium). Thiamethoxamandimidacloprid wereless
common,occurringin 14+28%of neonicotinoid-contanmatedhoneysamplesn eitheryear.

Oilseed rape crops as a predictor of neonicotinoid residues in honey
following the moratorium

Althoughneonicotinoidresiduegleclinedfrom May to Septembein 2015 therewerepositive
correlationshetweerthreetypesof agriculturalland useand the combinedneonicotinoid
(clothianidin, thiamethoxamandimidacloprid) concentrationsn all honeysamplegrom that
year(Table3). Positivecorrelationswerewith the coverof oilseedrape(Fig 3A), the coverof

Table 2.

Thiamethoxam Clothianidin Imidacloprid
2014 Ave.=0.1ngg!(SE=0.13)Max=1.41ngg* |Ave.=0.28ngg?(SE=0.14)Max=1.02ngg? |Ave.=0.05ngg™* (SE=0.09) Max=0.64ngg*
2015 Ave.=0.04ng g™t (SE=0.02) Max=1.41ngg”? |Ave.=0.11ngg*(SE=0.03)Max=1.69ngg”’ |Ave.=0.03ngg™>(SE=0.02) Max=1.61ngg>
May-15 |Ave.=0.24ngg*(SE=0.14)Max=1.41ngg? |Ave.=0.45ngg?(SE=0.17)Max=1.69ngg’ |Ave.=0.03ngg™*(SE=0.03) Max=0.38ngg™>
Jun-15 | Ave.=0.00ng g* (SE = 0) Max = 0.00 ng g* Ave.=0.27ngg ! (SE=0.2)Max=1.37ngg? | Ave.=0.13ngg™*(SE=0.21)Max=1.61ngg™

Jul-15 Ave.=0.05ng g™ (SE=0.09) Max=0.38ngg> |Ave.=0.16ngg™* (SE=0.14)Max=0.72ngg* |Ave.=0.06 ngg™(SE=0.1)Max=0.53ngg™
Aug-15 | Ave.=0.02ng g™ (SE=0.02) Max=0.69ngg™ | Ave.=0.04ngg™*(SE=0.02) Max=0.58ngg* | Ave.=0.01ngg™(SE=0.01)Max=0.38ngg™
Sep-15 | Ave. =0.00 ng g-1 (SE =0) Max = 0.00 ng g-1 Ave.=0.00ng g (SE =0.00) Max=0ng g* Ave.=0.02ng g (SE =0.06) Max = 0.38 ng g*

Summary of neonicotinoids residues found in honey. Mean and maximum recorded concentrations for individual compounds (thiamethoxam, clothianidin
and imidacloprid) within honey from 2014+2015 are provided. Due to the zero inflate nature of the data median residue values for individual compounds
were always zero.

https://da.org/10.1371¢urnal.pon®189681.t002
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Fig 2. Change in neonicotino id residues in honey pre- and post-mora torium. The first graph (A) shows
the change in average ( “SE) combined (clothianidin, thiamethoxam and imidacloprid) residues found in honey
over time. Due to the limited number of samples the pre-moratorium period is combined into a single value.
The second graph (B) shows how the proportion of honey samples containing neonicotinoid residues
changed over time. Note that residues of more than one neonicotinoid type may appear in a single honey
sample. As such the proportion of samples containing either clothianidin, thiamethoxam or imidacloprid has
been scaled so that when combined it does not exceed the proportion of honey samples containing
neonicotinoid residues of any type. Where N = the number of honey samples for a particular time period.

https://abi.org/10.1371durnal.por.0189681.902

winter sowncerealgFig 3B)andthe combinedcoverof all arablecrops(Fig 3C) (Table3).
The covervaluesof the differentland usetypeswerestronglycorrelatedandsocould not be
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Table 3. Likelihood ratio tests for honey residu e responses to oilseed rape crop cover.

Model Log Lik.
=ag+a; OSR -64.87
=ap + a; Winte r cereals -69.02
=ag +a, Arable -67.73

Para. 3 p n AlCc LRT

4 0.92 1.12 109 139.6 12, =12.4,p 0.001
4 1.03 1.14 109 146.4 12, =4.08,p=0.04
4 1.01 1.13 109 143.8 1?,=6.66,p=0.01

The significance of the response of combined neonicotinoid residues detected in honey (NNI = clothianidin + thiamethoxam + imidacloprid) in the first year
(2015) of the European Union moratorium on the use of neonicotinoids. Combined neonicotinoids residues are correlated with potential agricultural sources
of these pesticides in the form of oilseed rape cover (OSR), winter sown cereal cover and total arable cover. Likelihood Ratio Tests assess whether these
responses explain more variance than intercept only model. Log Likelihood, number of parameters (including 3and p for the Tweedie distribution), sample

size (n) and AICc are also provided.

https://da.org/10.1371durnal.pon®189681.t003

includedin asingleadditivemodel(TableB in S1Appendix).However comparingmodels
usingsingleland usetypesshowedhatthe modelusingcoverof oilseedrapeasa predictor of
neonicotinoidresiduesn honeyhadthe lowest valuesandthusthe greatesexplanatory
power(Table3). Therewasno evidenceof spatialautocorrelatiorin the concentrationsf neo-
nicotinoidsin honeyfrom eitherthe pre-moratorium(Moran's| test:.observed expected =
-0.13/-0.05p = 0.42)or post-moratoriumperiod (Moran'sl: 0.019/-0.009; = 0.34) A correla-
tion betweerpilseedrapecoverandtheresiduef neonicotinoidsin honeyfrom the pre-mor-
atorium periodwasalsofound for the limited numberof 2014samplesakenbeforethe
moratorium (Fig A andTableD in S1Appendix).

Discussion

This nationalsurveydetectedesiduef neonicotinoidin overonefifth of sample®riginating
from honeyharvestedn thefirst yearof an EU moratorium on the useof thesepesticide®n
masdloweringcrops.While this represented reductionin the frequencyof honeycontami-
natedwith neonicotinoidscomparedo the pre-moratoriumperiod (asidentified both here
andfrom pre-moratoriumsurveysn France[20]), this suggestthat thesepesticidesemain
prevalentin thefarmingenvironment.Indeedthe persistencef residuesavashighlightedby
thedetectionof imidaclopridin honeyataratedisproportionalto its usein 2014 by which
time it hadlargelybeenreplacedn the UK by clothianidin andthiamethoxam31]. The
combinedconcentration®f neonicotinoidsresiduegimidacloprid, clothianidin andthia-
methoxam)neverexceedin@.0ng g™ in samplegrom eitherthe pre- or post-moratorium
period.Thisrepresentsomparableoncentration©f neonicotinoidsto thosereportedfrom
worldwide honeysurveyf neonicotinoids althoughmeanconcentrationgound herewere
lowerthantheir reported1.8ng g* [24]. Importantly, theseconcentrationgposeno risk to
humanhealthbeingmorethantwo ordersof magnitudebelowthe 500ng g* maximumresi-
duelevelpermittedin honeyintendedfor humanconsumption[40].

Evenfor honeybeethat consumestoredhoneytheseconcentrationsarebelowthosethat
causeaacutemortality. For examplehoneybeesxposedo our highestrecordedresidues
would received.08ng day* bee' basedn the daily consumptionof 40mg of honey[41]. This
fallswellbelowacuteoral LDsgvalueq12]. Under controlledregulatoryconditionsquantifica-
tion of longterm (> 10day)chronic effectsof neonicotinoids(e.g. valuesarehardto
achievedueto methodologicalssueselatingto keepingcontrol populationsof beesalive.For
thisreasonthe implicationsof low levelresiduesn honeyarenot easyto assess termsof
theirimpactsunderfield conditions.However theseneonicotinoidconcentrationcanalsobe
consideredn termsof ahazardquotient(HQ), which provideanindication of the potential
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Fig 3. Respon se of combined neonicotin oid residues in honey to land use. The graphs show the back transformed model predictions ( “SE) for the
response of combined neonicotinoid residues found in honey to (A) oilseed rape cover, (B) winter sown cereals and (C) total arable cover. All honey was
collected in 2015 during the first year where the use of neonicotinoids seed treatments had been banned on mass flowering crop in the EU. All percentage
covers are within 2 km radii of individual hives. Neonicotinoid residues represent the combined concentration of imidacloprid, thiamethoxam and clothianidin.

https://cbi.org/10.1371durnal.por.0189681.¢08
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risk from neonicotinoidsconsumedn honeyrelativeto acuteoraltoxicity valueg12,21+23].
Whenthisis derivedwe detecta peakvalueof 480,which while an order of magnitudelower
thanvaluedor imidacloprid reportedby Tosi, Costa(22) (HQ = 5054)and Stonerand Eitzer
(21)(HQ =17,949)js still equivalento abeeconsumingl12%of its LDsga day.This suggests
apotentialrisk of long-termlow-levelexposureoverthe courseof anentirefloweringseason
[4, 5]. Importantly, residuesn honeyandpollen,equivalento the concentrationsdentified
here ,havebeenshownto reducecolonyviability in overwinteringhoneybeefd]. Longterm
sub-lethakeffectsof neonicotinoidshavealsobeenreportedin responseo concentrations
equivalento thosewefound in UK honey[24]. While theimpactsof theresiduein honey
identified hereshouldbe consideredvith caution,an absencef information on the conse-
guence®f long-termchronic effectsof neonicotinoidsremainsasignificantevidencegapfor
understandingheir implications.

An importantfinding of the studywasthat concentrationof neonicotinoidsin honeydid
declinefrom May to Septembefollowing theimplementationof the moratorium. This could
bedueto eitherthe graduallossof persistingneonicotinoidresiduesn the soil,or dueto the
shortearlyseasorilowering of oilseedrapeproviding animportant mechanism®f exposure
to honeybeesf neonicotinoidsoil residuesUItimately anylink to land usepresentedereis
correlativeandassuchcanonly beusedto infer possiblenechanismshoroughwhichforag-
ing honeybeanaybecomeexposedo neonicotinoidresiduedollowing the moratorium.
However clarificationof the mechanismss requiredif betterstewardshipf thesepesticidess
to beachievedWe hypothesizedwo non-exclusiveexposureoutesin agriculturalsystems.
Theseare:1) the presencef neonicotinoidsin mass-floweringropsgrownin soilscontami-
natedwith thesecompoundsand2) the presenc®f neonicotinoidsin wildflowersgrownon
neonicotinoidcontaminatedsoilsthoughprevioususeor the drift of contaminateddustor
surfacewaterfrom treatedcrops[5, 14+16,18]. Thelatter of thesehypothesesanalsobecon-
sideredn termsof the underlyingmechanisnof soil contamination which maybedrivento a
far greaterextentby accidentatontaminationof non-crop areaghoughdustwhensowingor
movementof surfacevaterfrom areaf treatedcrop[5, 14+16,18]. Note,thattheimportance
of drift is consideredo beverylow for winter sowncerealsalthoughcontaminationrisk from
surfacewaterremainsa potentialissug10, 18]. Previousvork hasalsosuggestethat dueto
therelativelyshortfloweringperiodof oilseedrape,wild plantsfound throughoutthe growing
seasommayposearisk to beesf non-targetneonicotinoidsarepresentn their pollenandnec-
tar [15]. However the currentanalysigocuse®n dominantcropslikely to beactingasapri-
mary sourceof exposuren termsof total land coverand historicaland ongoingpracticeof
neonicotinoiduse Agricultural systemsrecomplexinteractingenvironmentsandsimple
metricsof land coverasusedherecanonly provideindicationsof potentialroutesof exposure
for thesepesticides.

While our resultsdo not precludethe potentialfor wild flowersto providearisk of exposure
to neonicotinoidfor beesywewould arguethat our evidencesuggestthat the identification of
non-targetneonicotinoidsin mass-floweringropsmayposethe greaterisk. Thisreflectsthe
relativelylargeareaverwhichthesecropsaresownandthe continueduseof neonicotinoid
seedreatmenton cerealshat mayprecedehemin acroppingrotation [29]. Further,the
coverof untreatedoilseedrapewasthe betterpredictorof therelationshipbetweeragricultural
land useandneonicotinoidresiduesn honeywhencomparedo the coverof eithertotal ara-
ble(> 5 difference)or winter sowncerealg>8 difference) Theimportanceof oil-
seedapeasmechanisnof continuedexposureisk for honeybeess alsosupportedby the
numberof samplegontainingresiduegpredominantlyassociatewith the peakperiod of oil-
seedapeflowering(May-June) Earlyseasomexposurgo neonicotinoidswhichwould occur
whereneonicotinoidswerefound in untreatedoilseedrape,mayposeaparticularrisk to
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honeybeeasthis coincideswith the periodwherecoloniesaresmalland queenshowtheir
highestevelsof vulnerability[42]. The predominanceof earlyseasomeonicotinoidresidues
interestinglycontrastswith an Italian studythat found that peakconcentrationf all pesticide
residuesareassociatedith the summermonths[22]. Althoughweproposethe earlyseason
prevalencef residuessalink to oilseedapeflowering,it shouldbenotedthatthereis some
evidencdhatautumnsupplementaryeedingwith sugarsyrup(apracticeusedto promote
greaterthoneyyieldsthe following summer)maycauseéeeso movesyrupstoredfrom brood
chambeiinto the supersoverthe winter whentheyneedthat spacdor rearingbrood.We
thereforecannotexcludethe possibilitythat someof the honeycollectedn the springof 2015
may containhoneyfrom the previousyearwhereit wasstoredin the brood chamberoverthe
winter period[25].

Conclusions

Thesustainableiseof pesticidesemainsdependenbn robustrisk assessmentkat protect
not justhumanhealth,but alsothe environmentandassociate@cosystenprocessep! 3,
44]. Theresultsof this nationalsurveysuggestthat the EU moratorium on neonicotinoid
usefor mass-floweringropshavebeenonly partially effectivein reducingexposureisk to
beesTherewasevidencdor continuedneonicotinoidresiduesn honeyfollowingthe mora-
torium, althoughthe occurrenceof theseresiduesavedeclinedin the monthsfollowing the
implementationof the ban.Thisrisk of exposuraslikely linked to persistentsoil residuesn
the extensivaareasvhereoilseedrapeis grown. It isimportantto emphasize¢hattherela-
tionshipspresentedn this studyarecorrelative While the presencef residuesfterthe ban
andour identification of acorrelationbetweerpilseedrapecoveraddweightto soilresidues
asamechanisnof exposureaisk for honeybee$o neonicotinoidstheycannotconfirm it
directly.Researcls ultimatelyrequiredto quantify howlong neonicotinoidresiduegersist
underfield conditions,in particularby providing quantificationof thoseconditionsor soil
typeswheredegradatiorratesarereduced Wherethe persistencef soil residuegollowing
neonicotinoidsuseis a problemthenrestrictingapplicationof seed-treatments cropsthat
precedeamassloweringspeciedjke oilseedrape,mayhelpto reducethe presencef these
pesticidesn pollenandnectar.However it remainsto beseenf residuesn honeycontinue
to persistovertime undercurrentpermittedneonicotinoiduseandagriculturalrotationsin
theEU.

Supporting information

S1Appendix. Supporting figures and tables.Figuresandtablesdescribingraw dataand 2014
pre-moratoriumresultsfor neonicotinoidresiduesn honey.
(DOCX)
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