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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

present in 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-1), and posed

no risk to human health, they may represent a continued risk to honeybees through long-term

chronic exposure.

Introduction
Neonicotinoidpesticidesarethemostwidelyusedclassof insecticidesandaccountfor around
onethird of theworldwidemarket[1]. Theyaremostcommonlyappliedasprophylacticseed
coatingson awidevarietyof flowering(e.g.oilseedrapeandsunflower)andnon-flowering
(e.g.wheatandmaize)crops[2, 3]. Their systemicexpressionin thetissuesof plantsprovides
targetedprotectionagainstherbivorouspests,including thosethatshowresistanceto previ-
ouslydevelopedpesticides,suchaspyrethroids[2, 3]. However,their systemicnaturealso
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meansthatneonicotinoidsarefound in thepollenandnectarof mass-floweringcropsattrac-
tive to pollinatinginsects,includinghoneybeesandwild bees[4, 5]. A considerablebodyof
recentresearchhaslinked this routeof exposureto negativeimpactson insectpollinators[4,
6±9].Theseconcernshaveresultedin aEuropeanUnion (EU) temporarymoratoriumon the
applicationof threeclassesof neonicotinoidseedtreatments±imidacloprid,clothianidinand
thiamethoxam[10]. Thisrestrictionin theEU is for massfloweringcrops(principallyoilseed
rapeandsunflower)anddoesnot includewinter sowncereals.Thismoratoriumcameinto
effectfor cropssownin thespringof 2014andisstill in place[10±12](TableA in S1
Appendix).

Typically2±20%of neonicotinoidseedcoatingsareabsorbedinto thegerminatingcrop,
whichleavesapotentiallylargeproportion of thepesticidesasresiduesin thesoil [13]. Soil
degradationtimesof neonicotinoidsarealsohighlyvariable,with �� �� (soilhalf-life)values
rangingfrom 200to over1000daysfor clothianidin,thiamethoxamandimidacloprid[5].
Bothof thesefactorsarelikely to contributeto theidentificationof soilcontaminationfollow-
ing theuseof neonicotinoidson crops.Forexample,undertypicalfield conditionsconcentra-
tionsashighas13.6�g kg-1 werereportedin arablesoilsbeforethemoratorium[14]. Thereis
considerablepotentialfor neonicotinoidsto persistin soils,evenaftercessationof their useon
massfloweringcrops[5, 13].Wherethisoccurstheymaycontinueto befound in massflower-
ing cropsgrownon thesamesoils,thusposingarisk of exposurefor beesfeedingon their pol-
lenandnectar[5]. A further exposurepathwayfor pollinatorsis throughdrift of dustor
movementin surfacewaterfrom cerealcropsinto field edgeswhichcanresultin neonicoti-
noid residuesbeingfound in wild flowersandshrubsgrowingin theseareas[5, 15±18].

DespitetheEU moratoriumon neonicotinoidseeddressingusein massfloweringcrops,
therehasbeenno systematicmonitoring to determinehoweffectivethishasbeenin reducing
exposurerisk to insectpollinators.Wereport thefindingsof anationalsurveyof neonicoti-
noid residuesfound in honeycollectedin GreatBritain.Honeysamplesweresourcedfrom
amateurbeekeepersbothbefore(2014)andafter(2015)theimplementationof theEUmorato-
rium on neonicotinoiduse.Theresiduesin honeywerethenrelatedto theareasof bothoilseed
rape,winter sowncerealsandtotalarablecoverthatsurroundedthesampledapiaries.We
hypothesizedthat:1) residuesof neonicotinoidswouldbedetectedin honeystoredbyhoney-
beesathigherratesbeforethemoratoriumthatafterit; 2) followingthemoratoriumresidues
of neonicotinoidswouldbedetectedin honeyasaresultof beesforagingon floweringplants
grownon soilscontainingpersistingneonicotinoidresidues;3) wheretheseresiduespersisted
themostlikely mechanismof exposurewouldbeuntreatedmassfloweringcrops(oilseed
rape)sowninto soilscontaminatedbypreviousneonicotinoiduse[14,15].In line with
hypothesis3),wepredictedthatdespitethemoratorium,residuesof neonicotinoidsin honey
wouldremaincorrelatedwith theareaof oilseedrape(theprincipalmassfloweringcrop
grownin theUK) aroundeachapiary.

Materials and methods

Honey samples
Theuseof storedhiveproducts(pollen,nectaror honey)hasbeenusedto assessexposure
risksto pesticidesfor honeybees[19±23].This includingaworldwidesurveyof neonicotinoid
residues[24]. Hereweexpandon thispreviousresearchbyusingsimilarapproachesto quan-
tify neonicotinoidpersistencefollowingabanon its usein massfloweringcropsandlinking
thisexposureto localcroppingpatterns.Althoughlargecommercialapiariesproducethe
majority of consumedhoneyin theUK, thereare�. 24,000amateurapiarists.Typicallyama-
teurapiaristskeeponly oneto fivehivesduring aseasonwith honeyproductionfor either
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personalconsumptionor smallscalecommerce.Honeysamplesweresolicitedfrom these
amateurapiaristsfrom 23/2/2016until 20/5/2016througharequestadvertisedin thenewslet-
ter of TheBritishBeekeepersAssociationaswellastheªTheScottishBeekeeperºmagazine.
Theprovisionof honeysampleswason anentirelyvoluntarybasisandresultedin 122apiarists
providingsamplesfrom oneor moreyearsfrom 2014(N = 23),2015(N = 147).In all cases
postagecostswerecovered,althoughno directpaymentwasmadeto beekeepers.It shouldbe
notedthat thestudywasnot designedto makeinferencesaboutthedecisionmakingprocess
for whybeekeepersprovideduswith samples,whichwerelikely specificto eachindividual.
Theimpactof suchfactorswasbeyondthescopeof thecurrentstudy,however,thereisno �
��	
�	 reasonto expectthis to influencetheresults.Thevoluntaryprovisionof honeysamples
havebeenusedto assesspesticideresiduesin previousstudies[22,24].

Eachsamplecomprisedblendedhoneyoriginatedfrom aharvestfrom asinglelocationof
thesupers(frames)of individual hivesor hives(typically2±3).Insufficientrecordsarekeptto
distinguishbetweenhoneysamplesoriginatingfrom singleor multiple hives.Howeverwithin
asinglesitehiveswouldbewithin 5±10m of eachother.Wherehoneywasblendedfrom hives
in severallocationsthiswasexcludedfrom theanalysis.Samplesfrom 2012±2013wereex-
cludeddueboth to their ageandlimited replication.Furthersampleswereremovedfrom the
datasetwhereexactinformation couldnot beprovidedasto thelocationof theoriginalhive
(for examplewherehoneywasamalgamatedfrom hivesin multiple locations).A smallnum-
berof samplesfrom Irelandwerealsoexcludedastheywereoutsideof thegeographicalrange
for spatialinformation on cropcoverage.Thisresultedin asub-setof 130samplesfrom indi-
vidualbeekeepers(N2014= 21,N2015= 109).Therewasagoodspatialdistribution of samples,
with honeycollectedfrom over20counties(Fig1).

Themodalmonth of honeycollectionwasAugust,althoughsampleswerecollectedfrom
Mayto September(TableB in S1Appendix).It shouldbenotedthatwhilemanybeekeepers
regularlyremovehoneyfrom hivesthroughtheseason(to increasesthetotal yield) this isnot a
universalpractice.It ispossiblethathoneysamplescollectedfrom periodsafteroilseedrape

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://doi.org/10.1371/journal.pone.0189681.g001
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floweringendedmayhaveincludedhoneyoriginatingfrom while it wasin flower[25]. For
this reasontheharvestmonth reportedfor individual honeysamplesshouldbeconsidered
only asanindicationof thetime of yearwhenit wassourced.

Residue analysis
Samplesof honeywereanalysedto quantifyconcentrationsof clothianidin,thiamethoxam
(UKASaccreditedISO17025:2005standards)andimidacloprid.In all caseshoneyhadbeen
collectedusingnormalbeekeepingpractice,wherebyhoneywasspunfrom hivesupers
(framescontaininghoneycombs).Thiscollectedhoneythatwashomogenizedandstoredfor
subsequenthumanconsumption.Fromthishoneya1.5ml sub-samplewascollectedand
storedat -80ÊC,althoughprior to this it waskeptunderconditionstypicalfor foodstorageand
sonot frozen.

Determinationof thewetweightconcentrationof thethreeneonicotinoidcompoundswas
undertakenusingliquid chromatographycoupledto atriple quadrupolè QuantumUltra TSQ'
massspectrometer(ThermoFisherScientific,HemelHemsptead;UK). Thiswasinterfaced
usinganion maxelectrosprayionisation(ESI).Analyteseparationwasperformedon aPhe-
nomenexSynergiFusioncolumn(2.5�m particlesize,50mm x 2mmI.D., Phenomenex)
usingaH2O:MeOHmobilephasegradient.In eachcaseresidueswerecomparedto spiked
samples(0.1g)labelledwith internalneonicotinoidstandards(Thiamethoxam,Clothianidin,
Imidacloprid).Quantificationof neonicotinoidresidueswerebasedon their respectivere-
sponsefactorto theseinternalstandards.Chromatographicpeakswereintegratedusingthe
ICISalgorithm,whichwasalsousedto generatelinearcalibrationcurvesbasedon a1/X
weighting(� � >0.99).Theperformanceof themethodwasassessedin termsof thelimit of
detection(LoD = 0.38ngg-1) andrecoveryof theinternalstandardsfor theanalytes.TheLoD
wasderivedasthreetimesthesignalto noiseratio includinganassessmentof theexpanded
uncertaintyof themethod[26]. TheLoQ(limit of quantification)wascalculatedastheLoD
plusthecalculatedexpandeduncertaintyof themethod(LoQ = 0.53ngg-1). Honeyresidue
thatcontainedneonicotinoidsabovethelimit of quantificationweregivenavalueequalto
their detectedconcentration.Whenhoneysamplescontainedresiduesbelowthelimit of quan-
tification,but greaterthanthelimit of detectiontheywereallocatedafixedvaluesequivalent
to thelimit of detection(LoD = 0.38ngg-1). Weusedthisapproachaswithin this rangeneoni-
cotinoid residuesaredetectable(i.e.abovetheLoD), but areatconcentrationtoo low to pro-
videanexactresiduevalue(i.e.belowtheLoQ).Thisapproachfollowsthesameprincipalsas
thatusedin comparablestudieslookingatpesticideresiduesin honeybeecolonies[19,20,22].
Residuesbelowthelimit of detectionwereconsideredto haveazeroneonicotinoidresidues,
althoughit ispossiblethatsomeverylow levelsof neonicotinoidswerepresentin therangeof
0.0±0.38ngg-1. It shouldbenotedthatneonicotinoidconcentrationsin honeywouldnot be
thesameasthat found in thenectar(e.g.from oilseedrapeor wild flowers)whichthebeescol-
lectedandusedto createit. Whenstoredashoneythewatercontentof nectaris reducedas
partof thepreservationprocess.In addition,themixing of contaminatedanduncontaminated
nectarbybeesmayleadto thedilution of neonicotinoidresiduesin storedhoney[27].

Agricultural land use as a predictor of neonicotinoid exposure risk
Oilseedrapeis theprincipalmassfloweringcropgrownin theUK to whichneonicotinoid
seedtreatmentshavebeenappliedandassuchrepresentsthemostlikely mechanismsthrough
whichhoneybeeswouldbeexposedto thesepesticidesbeforetheEU moratorium[4, 6±8,28,
29].Wefocuson thiscropasin addition to isdominantlandcoverit alsoprovidesafunction-
allyhomogenousmechanismof exposurein termsof flowertypeandbroadlevelsof attraction
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to honeybees[30]. In 2014(thefinal pre-moratoriumyear)atotalof 674,580hectaresof oil-
seedrape(98%winter sownin 2013)wereharvestedin theUK. Of this95.0%receivedsome
form of seedtreatment(including non-neonicotinoidproducts),with thiamethoxam(50.9%
of seedtreatedcrop)andclothianidin (33.3%of seedtreatedcrop)beingthemostfrequently
used[31]. Theuseof imidacloprid in theUK hadlargelystoppedby2014,sothatonly 0.3%of
seedtreatedoilseedrapewastreatedwith imidacloprid in thisyear[31]. With theexceptionof
smallareasof experimentallytreatedcrops[9], neonicotinoidswerenot appliedasseedtreat-
mentsin 2015to anymassfloweringcropin theUK (TableA in S1Appendix).Noneof these
areaswerewithin 10km of anyof thecollectedhoneysamples.It shouldbenotedthatother
massfloweringcropsaresownin theUK, althoughall aremuchlessfrequentlygrownthanoil-
seedrape.Forexamplefield beans(	�	� ����) grownon only 3.0%of thecroppedarea[29].
Also,neonicotinoidseedtreatmentswereappliedonly to oilseedrapeandnot field beans[27,
32].

While thereisareasonableexpectationthat residuesof neonicotinoidsin honeywouldbe
predictedby thecoverof oilseedrapein yearsprior to theEU moratorium(TableB in S1
Appendix,FigA in S1Appendix),theextentto whichsoilcontaminationresultedin post-
moratoriumcontaminationof honeyremainsunclear.If neonicotinoidspersistin soil thereis
considerablepotentialthat theymaybefound in untreatedmassfloweringcropsgrowingon
landwhereseedtreatedcropsweregrownin previousyears(including winter sowncereals).
To assesspotentialroutesof exposurelinked to arablelanduse,wecorrelatedthesummedres-
iduesof all threeneonicotinoidproducts(clothianidin,thiamethoxamandimidacloprid) in
honeyto thecoverof oilseedrape,winter sowncerealsandtotalarablecrops.Thiswasdone
for honeysamplesfrom 2015whentheeffectiveEU moratoriumon neonicotinoidusein mass
floweringcropswasin place.

To deriveinformation on thecoverof cropsweusedthe2015CEHLandCoverPlus:Crops
map(NERCCEH) [33] in ESRIArcGISv10.4(ESRI,Redlands,CA). This is thefirst high reso-
lution mapof UK cropping,classifying�. two million landparcelsbasedon theexistingUK
LandCoverMap(LCM) (Fig1).Theminimum mappingunit for thecropmapis represented
by2 halandparcelsandisderivedfrom acombinationof CopernicusSentinel-1C-bandSAR
(SyntheticApertureRadar)andSentinel-2opticaldata.Usingthismapweassessedthecover
of oilseedrape,winter sowncerealsandtotalarablecropsfor a2km radiussurroundingthe
locationof hivesfrom whichahoneysamplewasprovided.Thisradiusreflectscommonly
reportedmeanforagingrangesof honeybees,althoughtheyarecapableof foragingoverlarger
distances[34,35].

Statistical analysis
Honeysampleswhereneonicotinoidsresiduesdid not exceededthelimit of detection
(LoD = 0.38ngg-1) wereconsideredto havezeroneonicotinoidresidues.Theresultingresidue
datawasdominatedby thesezeroes(72.3%of valueswerenon-detections),althoughwasalso
non-negativeandcontinuous.Thepresenceof zero-inflationwaspotentiallytheresultof two
unquantifiedfactors:1) alackof neonicotinoidresiduesastheywerenot presentin theland-
scapeor hive;or 2) afailureto detectresiduesthatwerepresentin thehive,but not theparticu-
lar sub-sampleof analysedhoney,or thosethatwerepresentbut haddegradedbelowthelimit
of detection.Modellingsuch`zero-inflation'iscommonplacefor discretedata,but hasonly
recentlybegunto beperformedfor continuousdistributions[36,37].Weanalysedthezero-
inflateddatausingaTweediedistribution [38] modeledwithin thepackageFishModimple-
mentedin Rversion3.1.2[32,36,39].Themethodusedaloglink function to keeppredicted
valuesabovezeroandextendstheTweediedistribution sothat theexpectedvalueof the	th
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observationof theresponse(� i) predictedby thecovariate(� i) isgivenby thebelowequations.

��� …m†̂ � � �

� �� …	
†ˆ �m
�

Whereparameter� relatestheneonicotinoidresiduevaluesto avector� of appropriate
covariates.Theadditionalparameters� and� settheshapeof thecurvefor 1<�<2 andresult
in aPoissonmixture of gammadistributionsthatservesto producethe`spike'atzero[36].

Within this frameworkwetestedfor thecorrelatedresponseof thecombinedresiduesof all
threeneonicotinoidproductsdetectedin honey(NNI = clothianidin+ thiamethoxam+ imida-
cloprid) to agriculturallanduses.Threeseparatemodelsconsideredthecoverof oilseedrape
(akeyforagingcropgrownon soilslikely to containneonicotinoidresidues),coverof winter
sowncereals(to whichneonicotinoidseedtreatmentscouldhavebeenappliedin 2015)or
totalarablecover(total landon whichneonicotinoidseedtreatmentsmayhavebeenusedover
previousyears).Strongcorrelationsbetweenthethreeagriculturallandusespreventedtheir
inclusionin anoveralladditivemodel(TableC in S1Appendix).In addition to theresponses
to landscape,wealsousedthesameapproachto assessif combinedneonicotinoidresidues
changedin responseto themonth from whichthehoneywasharvestin 2015.In eachcasewe
uselikelihoodratio testswith a�!� teststatisticto assessif theinclusionof thelandscapestruc-
tureexplainedvariationin neonicotinoidresiduesbycomparing� = a0 + � �

� X to anintercept
only modelof � = a0, whereX = landusecover.To testfor underlyingspatialstructurein the
dataweperformedaMoran'sI testof therawneonicotinoidresiduedata.Goodnessof fit was
alsoassessedbyexaminationof modelresiduals.Dueto thelimited availabilityof samples
from thepre-moratoriumyear(2014:N = 21)wefocustheanalysisin themainpaperon data
from the2015(N = 111)field season.Thisrepresentsthefirst yearof theneonicotinoidmora-
torium. However,for the2014analysisbasedon this limited datasetseeFigA andTableC in
S1Appendix.Byseparatingtheanalysisinto separateyearsweaccountfor potentialconfound-
ing differencesin thebreakdownof neonicotinoidresiduesin thehoneybetween2014and
2015.

Results

Effectiveness of the moratorium in reducing neonicotinoid residues in
honey
Overall130honeysampleswereanalysed(N2014= 21;N2015= 109).Thesmallnumberof sam-
plesfrom 2014reflecttheavailabilityof honeystocksfrom olderyearsrelativeto honeyhar-
vestedin 2015(Tables1 & 2).A greaterproportion of honeyfrom 2014hadbeensoldfor
consumptionandsowasnot availablefor analysis.Followingthemoratorium,averagecon-
centrationsof all neonicotinoidin contaminatedhoneysamplesdeclinedthrough2015(�!� � =
31.9,p<0.001,Fig2A),althoughcombinedmedianresidueswereonly abovezeroin Mayof
thatyear(Table1).Overalltheconcentrationsof clothianidin,thiamethoxamandimidaclo-
prid residueswithin honeyweretypicallylow anddid not exceed1.69ngg-1 for anygiven
product.Thecombinedresiduesof all threeproductsdid not exceeding1.99ngg-1 in ahoney
samplein 2015.However,acrossthethreeproductstherewaslittle differencein themaximum
residueconcentrationin thepostmoratoriumperiod,with thevaluesrangingfrom 1.41±1.69
ngg-1 (Table1).Thelikelihoodof honeycontainingneonicotinoidresidueswashigherbefore
themoratoriumthanafterit, with 52.3%of samplesfrom 2014containingresiduesof either
clothianidin,thiamethoxamor imidacloprid,comparedto the22.9%in 2015(Tables1 & 2;Fig
2).However,following theimplementationof themoratoriumin 2015residuesweremost
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frequentlydetectedin honeycollectedfrom theperiodof oilseedrapeflowering(May to July)
ratherthanthemonthsfollowingthis (Fig2B).Occasionally,honeysamplescontainedtwo of
thethreeneonicotinoidcompounds(3.8%),althoughno samplecontainedall three(TableB
in S1Appendix).Themostfrequentlyidentifiedneonicotinoidwasclothianidin (Table1),
whichwasin 72.0%of samplestestingpositivefor neonicotinoidsin 2014(pre-moratorium)
and38.1%of samplesin 2015(post-moratorium). Thiamethoxamandimidaclopridwereless
common,occurringin 14±28%of neonicotinoid-contaminatedhoneysamplesin eitheryear.

Oilseed rape crops as a predictor of neonicotinoid residues in honey
following the moratorium
Althoughneonicotinoidresiduesdeclinedfrom Mayto Septemberin 2015,therewerepositive
correlationsbetweenthreetypesof agriculturallanduseandthecombinedneonicotinoid
(clothianidin,thiamethoxamandimidacloprid)concentrationsin all honeysamplesfrom that
year(Table3).Positivecorrelationswerewith thecoverof oilseedrape(Fig3A), thecoverof

Table 1. Summary of neonicotino ids residues found in honey pre- and post the EU morator ium.

Date Number of honey
samples

Averag e combine d NNI
residue (ng g-1 w/w)

Maximum combined NNI
residue (ng g-1 w/w)

Median combined NNI
residue (ng g-1 w/w)

Propor tion of honey
containi ng

neonico tinoids
residue s above LOD

(0.38 ng g-1 w/w)

NNI TMX CTD IMI

2014
(all)

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

2015
(all)

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

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://doi.org/10.1371/journal.pone.0189681.t001

Table 2.

Thiamethoxam Clothianidin Imidacloprid

2014 Ave. = 0.1 ng g-1 (SE = 0.13) Max = 1.41 ng g-1 Ave. = 0.28 ng g-1 (SE = 0.14) Max = 1.02 ng g-1 Ave. = 0.05 ng g-1 (SE = 0.09) Max = 0.64 ng g-1

2015 Ave. = 0.04 ng g-1 (SE = 0.02) Max = 1.41 ng g-1 Ave. = 0.11 ng g-1 (SE = 0.03) Max = 1.69 ng g-1 Ave. = 0.03 ng g-1 (SE = 0.02) Max = 1.61 ng g-1

May-15 Ave. = 0.24 ng g-1 (SE = 0.14) Max = 1.41 ng g-1 Ave. = 0.45 ng g-1 (SE = 0.17) Max = 1.69 ng g-1 Ave. = 0.03 ng g-1 (SE = 0.03) Max = 0.38 ng g-1

Jun-15 Ave. = 0.00 ng g-1 (SE = 0) Max = 0.00 ng g-1 Ave. = 0.27 ng g-1 (SE = 0.2) Max = 1.37 ng g-1 Ave. = 0.13 ng g-1 (SE = 0.21) Max = 1.61 ng g-1

Jul-15 Ave. = 0.05 ng g-1 (SE = 0.09) Max = 0.38 ng g-1 Ave. = 0.16 ng g-1 (SE = 0.14) Max = 0.72 ng g-1 Ave. = 0.06 ng g-1 (SE = 0.1) Max = 0.53 ng g-1

Aug-15 Ave. = 0.02 ng g-1 (SE = 0.02) Max = 0.69 ng g-1 Ave. = 0.04 ng g-1 (SE = 0.02) Max = 0.58 ng g-1 Ave. = 0.01 ng g-1 (SE = 0.01) Max = 0.38 ng g-1

Sep-15 Ave. = 0.00 ng g-1 (SE = 0) Max = 0.00 ng g-1 Ave. = 0.00 ng g-1 (SE = 0.00) Max = 0 ng g-1 Ave. = 0.02 ng g-1 (SE = 0.06) Max = 0.38 ng g-1

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://doi.org/10.1371/journal.pone.0189681.t002
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winter sowncereals(Fig3B)andthecombinedcoverof all arablecrops(Fig3C)(Table3).
Thecovervaluesof thedifferentlandusetypeswerestronglycorrelatedandsocouldnot be

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://doi.org/10.1371/journal.pone.0189681.g002
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includedin asingleadditivemodel(TableB in S1Appendix).However,comparingmodels
usingsinglelandusetypesshowedthat themodelusingcoverof oilseedrapeasapredictorof
neonicotinoidresiduesin honeyhadthelowest���� valuesandthusthegreatestexplanatory
power(Table3).Therewasno evidenceof spatialautocorrelationin theconcentrationsof neo-
nicotinoidsin honeyfrom eitherthepre-moratorium(Moran'sI test:observed/ expectedI =
-0.13/-0.05,p = 0.42)or post-moratoriumperiod(Moran'sI: 0.019/-0.009,p = 0.34).A correla-
tion betweenoilseedrapecoverandtheresiduesof neonicotinoidsin honeyfrom thepre-mor-
atoriumperiodwasalsofound for thelimited numberof 2014samplestakenbeforethe
moratorium(FigA andTableD in S1Appendix).

Discussion
Thisnationalsurveydetectedresiduesof neonicotinoidin overonefifth of samplesoriginating
from honeyharvestedin thefirst yearof anEU moratoriumon theuseof thesepesticideson
massfloweringcrops.While this representedareductionin thefrequencyof honeycontami-
natedwith neonicotinoidscomparedto thepre-moratoriumperiod(asidentifiedbothhere
andfrom pre-moratoriumsurveysin France[20]), thissuggeststhat thesepesticidesremain
prevalentin thefarmingenvironment.Indeedthepersistenceof residueswashighlightedby
thedetectionof imidacloprid in honeyataratedisproportionalto its usein 2014;bywhich
time it hadlargelybeenreplacedin theUK byclothianidinandthiamethoxam[31]. The
combinedconcentrationsof neonicotinoidsresidues(imidacloprid,clothianidinandthia-
methoxam)neverexceeding2.0ngg-1 in samplesfrom eitherthepre-or post-moratorium
period.Thisrepresentscomparableconcentrationsof neonicotinoidsto thosereportedfrom
worldwidehoneysurveysof neonicotinoids,althoughmeanconcentrationsfoundherewere
lowerthantheir reported1.8ngg-1 [24]. Importantly, theseconcentrationsposeno risk to
humanhealthbeingmorethantwo ordersof magnitudebelowthe500ngg-1 maximumresi-
duelevelpermittedin honeyintendedfor humanconsumption[40].

Evenfor honeybeesthatconsumestoredhoneytheseconcentrationsarebelowthosethat
causeacutemortality.Forexample,honeybeesexposedto our highestrecordedresidues
wouldreceive0.08ngday-1 bee-1 basedon thedailyconsumptionof 40mgof honey[41]. This
fallswellbelowacuteoralLD50values[12]. Undercontrolledregulatoryconditionsquantifica-
tion of longterm (> 10day)chroniceffectsof neonicotinoids(e.g.�� �� values)arehardto
achievedueto methodologicalissuesrelatingto keepingcontrol populationsof beesalive.For
this reason,theimplicationsof low levelresiduesin honeyarenot easyto assessin termsof
their impactsunderfield conditions.However,theseneonicotinoidconcentrationcanalsobe
consideredin termsof ahazardquotient(HQ), whichprovideanindicationof thepotential

Table 3. Likelihood ratio tests for honey residu e responses to oilseed rape crop cover.

Model Log Lik. Para. �3 p n AICc LRT

�� = a0 + a1�OSR -64.87 4 0.92 1.12 109 139.6 �!21 = 12.4, p��0.001

�� = a0 + a1�Winte r cereals -69.02 4 1.03 1.14 109 146.4 �!21 = 4.08, p = 0.04

�� = a0 + a1�Arable -67.73 4 1.01 1.13 109 143.8 �!21 = 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://doi.org/10.1371/journal.pone.0189681.t003
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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://doi.org/10.1371/journal.pone.0189681.g003
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risk from neonicotinoidsconsumedin honeyrelativeto acuteoral toxicity values[12,21±23].
Whenthis isderivedwedetectapeakvalueof 480,whichwhileanorderof magnitudelower
thanvaluesfor imidaclopridreportedbyTosi,Costa(22)(HQ = 5054)andStonerandEitzer
(21)(HQ = 17,949),isstill equivalentto abeeconsuming12%of its LD50aday.Thissuggests
apotentialrisk of long-termlow-levelexposureoverthecourseof anentirefloweringseason
[4, 5]. Importantly,residuesin honeyandpollen,equivalentto theconcentrationsidentified
here,havebeenshownto reducecolonyviability in overwinteringhoneybees[9]. Longterm
sub-lethaleffectsof neonicotinoidshavealsobeenreportedin responseto concentrations
equivalentto thosewefound in UK honey[24]. While theimpactsof theresiduein honey
identifiedhereshouldbeconsideredwith caution,anabsenceof information on theconse-
quencesof long-termchroniceffectsof neonicotinoidsremainsasignificantevidencegapfor
understandingtheir implications.

An important finding of thestudywasthatconcentrationsof neonicotinoidsin honeydid
declinefrom Mayto Septemberfollowing theimplementationof themoratorium.Thiscould
bedueto eitherthegraduallossof persistingneonicotinoidresiduesin thesoil,or dueto the
shortearlyseasonfloweringof oilseedrapeprovidinganimportant mechanismsof exposure
to honeybeesof neonicotinoidsoil residues.Ultimatelyanylink to landusepresentedhereis
correlativeandassuchcanonly beusedto infer possiblemechanismsthoroughwhichforag-
ing honeybeemaybecomeexposedto neonicotinoidresiduesfollowing themoratorium.
However,clarificationof themechanismsis requiredif betterstewardshipof thesepesticidesis
to beachieved.Wehypothesizedtwo non-exclusiveexposureroutesin agriculturalsystems.
Theseare:1) thepresenceof neonicotinoidsin mass-floweringcropsgrownin soilscontami-
natedwith thesecompounds,and2) thepresenceof neonicotinoidsin wildflowersgrownon
neonicotinoidcontaminatedsoilsthoughprevioususeor thedrift of contaminateddustor
surfacewaterfrom treatedcrops[5, 14±16,18].Thelatterof thesehypothesescanalsobecon-
sideredin termsof theunderlyingmechanismof soilcontamination,whichmaybedrivento a
far greaterextentbyaccidentalcontaminationof non-cropareasthoughdustwhensowingor
movementof surfacewaterfrom areasof treatedcrop[5, 14±16,18].Note,that theimportance
of drift isconsideredto beverylow for winter sowncereals,althoughcontaminationrisk from
surfacewaterremainsapotentialissue[10,18].Previouswork hasalsosuggestedthatdueto
therelativelyshortfloweringperiodof oilseedrape,wild plantsfound throughoutthegrowing
seasonmayposearisk to beesif non-targetneonicotinoidsarepresentin their pollenandnec-
tar [15]. However,thecurrentanalysisfocuseson dominantcropslikely to beactingasapri-
marysourceof exposurein termsof total landcoverandhistoricalandongoingpracticesof
neonicotinoiduse.Agriculturalsystemsarecomplexinteractingenvironmentsandsimple
metricsof landcoverasusedherecanonly provideindicationsof potentialroutesof exposure
for thesepesticides.

While our resultsdo not precludethepotentialfor wild flowersto providearisk of exposure
to neonicotinoidfor bees,wewouldarguethatour evidencesuggeststhat theidentificationof
non-targetneonicotinoidsin mass-floweringcropsmayposethegreaterrisk.Thisreflectsthe
relativelylargeareasoverwhichthesecropsaresownandthecontinueduseof neonicotinoid
seedtreatmentson cerealsthatmayprecedethemin acroppingrotation [29]. Further,the
coverof untreatedoilseedrapewasthebetterpredictorof therelationshipbetweenagricultural
landuseandneonicotinoidresiduesin honeywhencomparedto thecoverof eithertotalara-
ble(> 5 ���� difference)or winter sowncereals(>8 ���� difference).Theimportanceof oil-
seedrapeasmechanismof continuedexposurerisk for honeybeesisalsosupportedby the
numberof samplescontainingresiduespredominantlyassociatedwith thepeakperiodof oil-
seedrapeflowering(May-June).Earlyseasonexposureto neonicotinoids,whichwouldoccur
whereneonicotinoidswerefound in untreatedoilseedrape,mayposeaparticularrisk to
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honeybeesasthiscoincideswith theperiodwherecoloniesaresmallandqueensshowtheir
highestlevelsof vulnerability[42]. Thepredominanceof earlyseasonneonicotinoidresidues
interestinglycontrastswith anItalian studythat found thatpeakconcentrationsof all pesticide
residuesareassociatedwith thesummermonths[22]. Althoughweproposetheearlyseason
prevalenceof residuesasalink to oilseedrapeflowering,it shouldbenotedthat thereissome
evidencethatautumnsupplementaryfeedingwith sugarsyrup(apracticeusedto promote
greaterhoneyyieldsthefollowingsummer)maycausebeesto movesyrupstoredfrom brood
chamberinto thesupersoverthewinter whentheyneedthatspacefor rearingbrood.We
thereforecannotexcludethepossibilitythatsomeof thehoneycollectedin thespringof 2015
maycontainhoneyfrom thepreviousyearwhereit wasstoredin thebroodchamberoverthe
winter period[25].

Conclusions
Thesustainableuseof pesticidesremainsdependenton robustrisk assessmentsthatprotect
not justhumanhealth,but alsotheenvironmentandassociatedecosystemprocesses[43,
44].Theresultsof this nationalsurveysuggeststhat theEU moratoriumon neonicotinoid
usefor mass-floweringcropshavebeenonly partiallyeffectivein reducingexposurerisk to
bees.Therewasevidencefor continuedneonicotinoidresiduesin honeyfollowing themora-
torium, althoughtheoccurrenceof theseresidueshavedeclinedin themonthsfollowing the
implementationof theban.This risk of exposureis likely linked to persistentsoil residuesin
theextensiveareaswhereoilseedrapeisgrown.It is important to emphasizethat therela-
tionshipspresentedin this studyarecorrelative.While thepresenceof residuesaftertheban
andour identificationof acorrelationbetweenoilseedrapecoveraddweightto soil residues
asamechanismof exposurerisk for honeybeesto neonicotinoidstheycannotconfirm it
directly.Researchis ultimatelyrequiredto quantifyhowlongneonicotinoidresiduespersist
underfield conditions,in particularby providingquantificationof thoseconditionsor soil
typeswheredegradationratesarereduced.Wherethepersistenceof soil residuesfollowing
neonicotinoidsuseis aproblemthenrestrictingapplicationof seed-treatmentsin cropsthat
precedeamassfloweringspecies,like oilseedrape,mayhelpto reducethepresenceof these
pesticidesin pollenandnectar.However,it remainsto beseenif residuesin honeycontinue
to persistovertime undercurrentpermittedneonicotinoiduseandagriculturalrotationsin
theEU.
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(DOCX)
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