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Summary

Pollinators play &ey role in ecosystem&nsuringthe reproductionof mostwild and cultivatedflowering
plantspeciesHowever, pllinator communitiesarerapidly changing de tomultiple anthropogenidrivers
with potential effects also oine fundamentagécosystem service they providehrough the chapters of my
thesis, lanalysedhow the factorsthat shapehe abundancediversity and distributionof pollinators in
landscapesand thusdeterminetheir thriving or decline,i.e., landuse changes, the use of pesticides,
urbanization, andhe introduction of managed speciafectboth managed and wilgbllinators.

After a brief introductioron pollinators andhe key determinants of theidbundance, diversity and
distribution(Chapter 3, | investigated the effects of landscape composition and seasonality o pleeties
of pollen collected by managed honey bees, in particotapollen diversity Chapter 3 and pollen
contamination bypesticides(Chapter 3, both of whichstrorgly impact bee healthFor both works, we
collected pollen samples monthly, from April to September, for two consecutive years at 13 locations in
Northern Italy.We highlighted thatandscape compositi@ifectedboth pollenfeaturesand in particular that
a high amountof seminatural habitats in landscapkelped both to increase the heterogeneity of pollen
collected by honey bees and to minimise contaminatigrebticides

| thenfocusedon the effects ofirbanizatioron wild pollinators(Chapter4). In particular, lexplored
howincreasing temperatures and the amount of green areas affected wild bee comamghilies functional
traitsin the city of Rome, in central ItalyVe sampled wild beéstimes during spring and sumnier36 sites
We found tlat higher temperatures were generally associated with a higher abundance and species richness of
wild bees, but they also led sohomogenisation of wild bee community trafessouring a few traits such as
small body size and polylectic diet. On the othand, the amount of green areas did not affect wild bee
communities.

In thefollowing chapter | examinedhe potential impacts ahassivelyintroducedmanagedpecies
onwild pollinator communitiegChapter5). Through the study of 51 plapbllinator networksampledin
northern Italy,| examined how potential competiti between managed honey baad wild pollinators was
influenced by the functional traits of both pollinators andpilaats they forage oWe highlighted that lant
communitiescharacterised by high functional richnessuld helpmitigate potential competition between

managed and wild pollinatoby providing alternative resources on which wild pollinators can foeg®that



pollinators characterised by functional traits simtla those of the honey bee were mprene to potential
competition.

Last | analysed how two pollinatdriendly measures.e., habitatrestoration antlabitatenhancement
for pollinators affected pollinator diversity and ecosystem mfultictionality (Chapter6). We selected 96
sites in northern Italypelonging tothreehabitat typedqcrop field margins, semhaturalpatchesand urban
green areas) with gradient oflower coverageWe sampled wild pollinators aradlarge number of ecosystem
services, mostlpiodiversitybasedusingwhich we calculated two indices e€osystenmulti-functionality.
We found that Wwile habitatrestoratiorfrom intensive to sermaturalhabitatsbenefiedboth pollinators and
multiple ecosystem services, habitthancemenfor pollinatorspromoted pollinator diversity, butid not
affectecosystenmulti-functionality:

In conclusion, the results obtained from my thesiald helpdeveloptargetedstrategies foithe
conservation oboth wild and managepgollinators | highlightedthat seminatural areaglay akey rolein
supportingpollinators, that honey bees may pose a threapiecificcategories opollinators and that rising
temperatures will lead to drastic changes in patttn communitied. also showedthatfunctional traits of both
plants and pollinators havestrong influence on pollinateesponses tthefactors that threaten their survival.
Finally, | pointed outhow conservatio measures for pollinators mayor maynot i also impact other
fundamental ecosystem services. thisreforeclear that multiple factonsustbe considered in order to get
clear pictureof how pollinator communities are changing amldat we can do tslow, stop orreversetheir
decline Species conservation is a complex science, and further studies are needed to invegbigiztetidie

effects of interactions betweéniversthreateing managed and wildollinatorsin the Anthropocene

Xi



Riassunto
Gli insettiimpollinatori svolgono o ruolo fondamentale negli ecosistenvnsentendta riproduzionedella
maggiorana delle specie di angiospmesiaselvatiche che coltivatf uttavia,le comunita di impollinatori
stannorapidamenteambiandaa causa dmolteplici fattori di origine antropica, con potenziali effetti anche
sul fondamentale servizio ecosistemicloe questiinsetti forniscono.Attraversoi capitoli della mia tesi ho
analizzatonel dettagliocomei fattori che deternmiano I'abbondanzaa diversitae la distribuzionedegli
impollinatori nei paesaggin particolard cambiamenti nell'uso del suolo, I'uso di pesticidi, l'urbanizzazione
e l'introduzione di specie esotiche e gestitBuenzinosiagli impollinatori gestitiche quell selvatici

Dopo una breve introduzione sugli impollinatorsei fattori che determinano la loebbondanza,
diversita edistribuzione (Capitolo 1), ho indagato gli effetti dellacomposizione del paesaggio e della
stagionalita slle caratteristiche del polline ractoldalle api mellifere gestite, in particolare suligersita del
polline (Capitolo 2 e sullasuacontaminazioneala prodotti fitosanitariutilizzati in agricoltura(Capitolo 3,
due fattori che possono impattare fortemente la salute delldapéntrambi i lavori, Bbiamo raccolto
campioni di pollinemensilmenteda aprile a settembrper due anni consecutivi in 13 localita in Nord Italia.
Abbiamo evidenziato come la composizione del paesaggio abbia un effetto molto forte su entrambe le
caratterstiche del polline, e in particolare comnea elevata percentualehabitat semnaturali nel paesaggio
possacontribuires i a ad aumentare | deterogeneit”™ del pol |l in
contaminazione da prodoatti fitosanitar

Mi sono poi concentrata sugl. ef f etQapitolodhelh | dur b
particolare abbiamo esploratb 6 e f f et t 0 d edmpelatureendelia guantitd @i areeeversdlille
comunita diapi selvatiches i loro tratti funzionalnella citta di Roma, in Italia central&bbiamo campionato
leapi selvatiche per 7 v o Ingesit.dbbramormigcentrato @he pempenatare e r a
elevateerano associata una maggiore abbondanza e ricaaedi specie di api selvatiche, ma anche a
un‘omogeneizzazione dei trateelth comunita di apifavorendo specifici tratti come dimensioni del corpo
limitate e dieta generalistdlon abbiamo invece evidenziato alcun effetto della quantita di aree véedi su
comunita di api selvatiche.

Nel capitolo successivho esaminato potenziali impatti degli impollinatori gestiti sulle comunita di

impollinatori selvatici{Capitolo 5. Attraverso lo studio di 51 network di interazione tra piante e impollinatori
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in Nord Italia eébbiamoindagatocome la potenziale competizione &pi melliferegestitee impollinatori
selvatici fosse influenzata dai tratti funziondggli impollinatori edelle piantefiorite su cui foraggiano
Abbiamo sottolineatocomecomunita dipiante caratterizzate da alta ricchezza funzionale possano aiutare a
mitigare la potenziale competizione tra impollinatori gestiti e selvatici, e come gli impollinatori caratterizzati
da tratti funzimali simi | i a quel | isiambmulinclidi allp potemaialé dorpktizione.

Infine, ho analizzato come due misypellinator-friendly, cioé il ripristinodegli habitat semmnaturali
e il miglioramentadegli habitatper gli impollinatorj influissero sulla diversita di impollinatori e sulla multi
funzionalita degli ecosisten{Capitolo 6). Abbiamo selezionat 96 siti in Nord Italia in tréhabitatdiversi
(margini di campo, aree sematurali, earee verdi urbane) caropertura dpiante fiorite variabileAbbiamo
campionato gli impollinatorselvaticie un elevato numero di servizi ecosistemici, per la maggior parte legati
alla biodiversitacon i quali abbiamo calcolato due indici di miithzionalitaecosistemicaAbbiamo rilevato
che mentrd ripristino deglihabitat da intensivi a sematurali pudfavoriresia gli impollinatori che molteplici
servizi ecosistemici] miglioramentodegli habitatpud beneficiare gli impollinatori, ma ndra alcun effetto
sullamulti-funzionalitaecosistemica

| risultati ottenuti dalla mia tesi si configurano come uno strumentopuler | 6 el abor azi on
strategie per la conservazione degli impollinatori sia selvatici che gektitiottolineato che le aree semi
naturali svégono un ruolo chiave per il benessere degipollinatori, che le api mellifere possono
rappresentare una minaccia pgpecifiche categorie diimpollinatori selvatici e che | daumen
temperatureuod portarea cambiamenti drastici nelle comunita di impollinatbld anche mostratohei tratti
funzionali, sia delle piante che degli impollinatgrpssono averena forte influenza sulle risposte degli
impollinatori ai fattori che ne minacciano la sopravvivenkafine, ho evidenziatocome misure di
conservazione per gli impollinatori pes® i 0 menoi aver un impatto anche su altri fondamentali servizi
ecosistemiciE quindi evidente come sia necessario considenameerosifattori per avere un quadro chiaro
di comele comunita di impollinatoristiano cambiandoe cosa possiamo fare pedlentare, arrestare o
invertirne il declino. La conservazione delle specie € una scienza complessa, e ulteriori studi sono necessari
per indagare gli effetti delle possibiliterazioni tra i fattori che minacciano gli impollinatgestiti e quelli

selvatici nell 6Antropocene
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Chapter 1: Introduction

1.1 Wild and managed pollinators
Pollination is a vital ecosystem serviégmimal pollination in particularjs fundamental for the reproduction
of more than 85% of angiosperr@llerton et al. 2011)ncluding 75% of global food crop typéBotts et al.
2016) In temperate regions, insects are the most important group of pollingithra monetaryalue oftheir
contribution to crop productioof a b o u t billiorl (&&lai et al. 2009)Among then, bees (Hymenoptera:
Anthophila) and hoverflies (Diptera: Syrphidatand out for their efficiecy. Bees include more than 20,000
speciesvorldwide, classifiedinto 7 families(Michener 2007)Since lmth adults and larvae of maspecies
feed on nectar and pollen, bees are strongly specidbizemllecting these resourcddostbeespeciesare
characterized by specific pollearrying structures on their legs or abdomen, calbeghaor corbicula which
make them particularly efficient itransportingpollen from one flower to anothdMichener 2007) The
westernhoney bedApis melliferaLinnaeus)s the most widespredibespecies, as it has been managed for
millennia(RoffetSalque et al. 2015)nostly for the production of honeyhe honeybee is a supeggeneralist
pollinator and it is fundamenté&br the pollination of a largproportion of wild and cultivated plant species
(Garibaldi et al. 2013; Hung et al. 2018pspite being less efficient than wild pollinators in some contexts
(Rollin and Garibaldi 2019; Eeraerts et al. 2020)verflies are a relatively large family oids, including
about 6,000 species worldwi@Botheray and Gilbert 20L1Moverflieshave different lifestyles ankabitat
preference different stagsof their life cyclewhile larvae could beaprotrophsinsectivores, phytophagous
or coprophagousnd therefore linked to a high variety of habitat typaisnost all adlts feed on nectar and
pollenandoften preferopen habitat§ Vuj i | e MangHoverfly2spe2i@migrate and, as opposed to
beestheydo not build nests for their larvae. Therefdreyerfliesusuallyhave large home ngesand areable
to transport pollen overonsiderable distancéseven up to 100 knWotton et al. 2019; Doyle et al. 2020;
Fisler and Marcacci 2023)

In the past 50 year the demand for insepbllination in cropshas tripled(Goulson et al. 2015)
NeverthelessseveraWworksshowed that pollinators are decliningedto multipleanthropogenicausegPotts
et al. 2010) A global studyhighlighted that the number of collected and observed bee spgesdeen
declining since 1990, with 25%werspecies found in recent yed#attara and Aizen 2021Also, regional
studies showed thattollinators strongly declined ithe Netherlands an@reat Britainin the last 40 years
(Biesmeijer et al. 2006; Carvalheiro et al. 2013; Powney et al. 2019; Van Strien et a).a2eit@)mblebee
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Chapter 1: Introduction

communitycompositionchangedn red clover fields in Swedén the last 70 year@ommarco et al. 2012)
Somebumblebee specidrave declined up to 90% and have contracted their surveyed geographicinanges
23-87%in North Americain the last decadg€ameron et al. 2011; Bartomeus et al. 2013; Jacobson et al.
2018; Richardson et al. 201®)hile declines irabundance and richness of Ammmblebeevild pollinators in
the United States seem to be modBstrtomeus et al. 2013Besideghis decline pollinator communities in
generalre undergoing major alteratior&artomeus et al. (2013howed thab6% of wid pollinator species
significantlychangedheir relative abundandae the United Statesver the last centuryvhile Mathiasson and
Rehan (2020highlighted profound changes alsapliantpollinator interactions

However not all pollinator species aimpactedoy environmental changes in the same way. Changes
may negatively affect some species, while others, more adaptable to the new conditions, may beafadoured
become dominanBartomeus et al. 2013)hese differences in species responses areymestted to their
functional traits. For examplepecies characterized biigolecty (high resource specializatigmunivoltinism
(one generation per yeamall phenological breadtrand large body sizemay bemore prone to decline
(Biesmeijer et al. @06; Bartomeus et al. 2013pn the other hand,hsrttongued bumblebees became
prevalentin bumblebee communities of Northern Eurdiéesmeijer et al. 2006; Bommarco et al. 2012;
Jacobson et al. 2018; Richardson et al. 2C4r8J dominant crop pollinators increased their abundance by 10%
in Great Britain in the last 30 years, potentially followaggi-environmenscheme managemdot pollinators
(Powney et al. 2019)
1.2.Pollinators in dynamic landscapes
Managed and wilgollinatars live in dynamic, rapidly evolving landscapesDependingon their features,
landscapes will host specific pollinator communitigsich will changeover time being affected by several
anthropogenidrivers that shapspeciesabundance and diversity. These drivers are the smtentially
determiningpollinator decline and includeamong the most relevant onks)duse changeand habitat loss
the use of pesticidesrbanization, anthe introduction of managed spec({@®tt et al. 2010; Goulson et al.
2015)

Landuse changerelated to human activitigaclude modifications in land coweconfiguration and
managementhat may result inhe loss of sitable habitats for pollinator@otts et al. 2016)Semi-natural
habitatsare of crucial importance for pollinatotseing especiallyich in floral resource@and areas suitable
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for nesting or where larvae can develdperefore, the conversion of sendtural habitats tantensive
agricultureis known tostrongly negatively d&éct pollinator communitiegCarvalheiro et al. 2013; Koét al.
2016; Habel et al. 20)9and ncreasing distance from sematural areas reduces wild pollinator abundance
and richnesgRicketts et al. 2008; Moquet et al. 2018loreover habitatloss andragmentation can influence
the foraging activity of pollinators, for examgig increasingearch and travel timés gather resourcewith
potential negative effects on pollinator hedlthBuhn and Vargas Luna 2020igolecticand grounehesting
beesappear to benore vulnerable tbabitat loss thapolylectic and cavitynesting beef_eBuhn and Vargas
Luna 2021)while hoverflies andlipteransin generalare more resilientbecause of their polylecgndhigh
mobility (Millard et al. 2021) Clarify how pollinatorsand their foraging activityare affected by landse
changesnd habitat loss a centrathemein conservation ecologgs evignced by théargebody of literature
on the topiqWinfree et al. 20097 onietto and Larkin 2018Millard etal. 2021 Raven et al. 2021;iang et
al. 2023. Neverthelesssignificantknowledge gaps remain to be agssedevenfor the mostwell-studied
species, such as the honey fdéartel andSteffanDewenter2014).

The conversion of habitats from senaituralto agriculturalalsoinvolves changen management
practicesDue to the sharp increase inltivated areas in the last 50 yeawmewadaygesticides are applied
more than evefBernhardt et al. 2017Pesticidesare commonly used for crop protection amclude among
the most important categori@ssecticides, fungicides, and herbiciggsga et al. 2020)The toxicity of these
compounds is highly variable, based on the target speciisator speciesensiivity, pesticideformulation
and landscape context. general, msecticidesncludecompounds that pose magbreatgo pollinators since
they arespecifically formulated tmegativelyaffect insechealth Neonicotinoids, in particulagre systemic
insecticides thatave keen largey shown to have important negative effects on-tavget insect§Tooker and
Pearsons 2021and have therefore been banned in most EU countdegerthelesspewly formulated
insecticides havalso beershown to negatively impact pollinatofSiviter and Muth 2020)Fungicides are
usually characterized by lower toxicity compared to other groups of pesticides, but they can interact
synergistically among theselvesand with other pesticides to exacerbatgate effects on pollinators
(Siviter et al. 2021)Herbicides on the other handpuld affect pollinator health both directly and indirectly,
i.e,, by reducing the abundance and diversity of flowering pl@Psts et al. 2016 However, pollinators

foraging in landscapes are exposed to multiple pesticides, which can synergistically interact to exacerbate the
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negative effects on pollinator healtthao et al. 2020 While it is crucial to investigate the toxicity of single
compounds for pollinators, it ialso essentié understand howhe mixes otompounds to which insects are
exposedare modulated by landscape structure and compaosition.

In addition to theconversionof seminaturalhabitatsto agricultural habitatshe development and
expansion of urban areas amongthe major landuse changethat characterizedhe 20th centuryand
nowadays more than 50% of the world population lives in c{t@SCD 2015. Urbanization, however, has
strong impacts on biodiversignd pollinatordor multiple causesTheincrease in buitup areas is thenost
obviousand directeffect of urbanization as it leads to the loss arduction of green areasiitable for
pollinators Herrmann et al. 2093Moreover increasedmpervioussurface canresult inthe secalled "urban
heat island effect'making cities warntehan surrounding rural are@@olidori et al. 2023)Warmer and drier
climates associated with high urbanization can lead to homogenization of pollinator comnjGiaitieza et
al. 2022) and most pollinator groups, such as hoverflies and butterflies, struggle to adapt to urban
environmentgBurdine and McCluney 2019; Theodorou et al. 2020; Piamab 2020; Fenoglio et al. 20R0
However, some species, characterizecef@mple by high thermal limits, could adapt more easily and seem
to thrive in citieg(Papanikolaou et al. 2017; Hamblin et al. 205ihceurban sprawls predicted to further
increase in the next decad@E=CD 2019, additional studies are neededitwlerstand how pollinaterespond
and adapto urban environments.

Recently another potential threat twild pollinators has emergetdihe presence in landscapekthe
soc a | Massivelfi Introduced Managed Spedies ( M [(@éSin et al. 2017)which ircludethehoney bee
andafew other speciegan cause major changespmllinator communities anplantpollinator interactions.
The density omanagedoney beeolonies increased exponentiaittythe last 50 years in the Mediterranean
areagHerrera2020) andeachhoney be&olonycan host more than 50,000 begs.a result, honey bees are
often dominant in pollinator communiti€dung et al. 2019; Herrera 202Mespite being essential for crop
pollination, extremely high abundances of honey bieemdin areas where beekeepirggwidely practised
could potentiallythreaterwild pollinators(Mallinger et al. 2017; Geldmann and Gonz&Wezo 2018; Wojcik
et al. 2018; Ropars et al. 2019; Angelella et al. 20Zhgse negativeeffects could be directj.e, via
competitionfor floral ard nesting resources or sprezdliseases and pathogens, or indireet, via changes

in plant communitieso which wild pollinators are not able to adéptaveset and Richardson 2006; Mallinger
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et al. 2017)However these potential negative effects are often cordegpendent, anitlis still uncleamwhich
pollinator groups might be most affected ayhigh abundancef managed honey bees, and how local
conditions might mitigate this potential competition.
1.3. Pollinator conservation
Changes in pollinator communitieslated to landuse changes, the use of pesticides, urbanization and the
introduction of managed pollinatopotentiallyimpactboth human welbeingand biodiversity (Potts et al.
2016) Pollination deficit resulting from drastic changes in pollinator communities and pollinator dectige
endangewild plantreproduction andliversity (Clough et al. 2014 Moreover,in agricultural landscape#
couldcause yield loss aralreduction irthe quality of producedood, but alsampairthelongterm resilience
of food production system@lhnuud et al. 2021 Equally important, however, atée potential negative
effecs onthe secalledbio-cultural diversity(IPBES 2016; Dicks et al. 20219 concepivhich recognises that
culture and biodiversitgre linked and may be mutuatipnstituted Hill et al. 2019) It is thereforeclearhow
crucial it is todevelopspecificconservatiorplans to protedhese key organisms

Improvng land management with pislator-friendly measuress a key action to safeguard pollinator
populations, for example througlalitatrestoratiorand habitat enhancemeot pollinators(Kennedy et al.
2013; Van Strien et al. 2019; Warren et al. 203bitat restorationinvolves he transformation from
intensivdy mareged habitatssuch as cropland$o seminatural habitat{Ricketts et al. 2008)andthe
presence in the landscape of different types of setiral habitatg particularhas been shown twostwild
pollinator richnesgPindar and Raine 2023jabitat enhancemerimvolves the creation of flower strips
flower-rich margins and hedgerowsusually in agricultural or urbagiominated landscapg$Vratten et al.
2012) Both flower strips and hedgerowhowed important conservation benefits for pollinaf@svrard et
al. 2018; Buhk et al. 2018; Ponisio et al. 20489 forbiodiversity in generglAlbrecht et al. 2020However,
it is alsoessentiato ensurghatseminatural habitapatchesflower strips or hedgeroware not isolated within
intensive agricultural landscapes but are adequately connecmderto allow pollinator movementn the
landscap€Potts et al. 2016)

Conservation actiongimed at protectingne group of pollinators do noecessarily benefit another
since different pollinators haveifferent necessities. For example, the presence of green roofs in urban
environments has been shown to increase wild bee populations, but not hoverfly pop(latobs et al.
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2023) In fact, different pollinator groups often require specific resourées. centralplace foragersthe
availability of nesting resourcds alsocrucial Interventions such as leaving patches of bare growidce
nearly75% of wild bees nest on the groupdtoine and Forrest 2021)or providingsuitable nesting cavities
havebeen shown tdoostpollinator populationgPotts et al. 2005)Also, for some specigether types of
resources such assin and floral oil€an be limiting(Requier and Leonhard020). Similarly, conservation
measure$or pollinatorscanimpact other key ecosystem services, such as biological control and water quality
regulation thus underscoring how critical it i® carefully evaluatéghe most appropriate interventiots
implement in order to maximize the benefitst only for different pollinator groupkut also formultiple
ecosystem services.
1.4. Research objectives and thesis structure
The overallaim of myPhDthesiswasto analysehow landuse changes, the usepssticidesurbanization,
the introduction of managed speciasgdconservation measures for pollinaterapedherelative abundances
andspecies diversity gbollinator communitiesfocusing on both managed and wild pollinators

In Chapter2, we explored how the provision of pollen lyanagechoney bees was influenced by
landscape composition and seasondhity.two consecutive yearsgweollected pollen samplesonthly, from
April to Septembeifrom apiaries placed in 13 locationsaimounainous area of Northern Italgind identified
pollen grains to theowest possible taxonomic lev&Ve determined landscape composition at two different
spatial scales using regional land cover maps. Thengegted howandscapeompositionand seasonalit
shaped the diversity of pollen collected by honey bees

In Chapter 3, we analyzed the effect of landscape compositeord seasonalityon pesticide
contaminatiorof pollen collected by honey be&imilary to Chapter 2 we collected pollen samples monthly
from apiaries placed in 13 locationsarmountainous area of Northern Itédy two consecutive yearblsing
a multiresidual analysis, we searched for almost 400 compounds in podiming insecticidederbicides,
and fungicidesFor each pollen sample, vaalculated the Pollen Hazard Quotient, a measidirpotential
pollen toxicity, and then tested how it changed dependitgaiscape composition, seasonabityd pesticide
category.

In Chapter4, we investigagd the effects airbanization on wild bee communitiasd their functional
diversity. We sampled bees using fieaps in 36 sites in the city of Rome (central Italy) characterized by
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independent gradients of temperature and amount of open habitat ceveongidered four functional traits

of bees,i.e, body size, nesting strategy, diet breadth, and social behaviour. We then tested how wild bee
communities changed in relation to temperature and open habitat cover in terms of abundance of individuals,
spedes richness, and functional diversity.

In Chapter5, we used a combination of ecological network analysis and functional traits analysis to
disentangle the relationships between managed honey bees and wild pollinatorsriataeshhabitatsWe
sampledplantpollinator networks in51 grasslandsn Northern Italyand calculated the resource overlap
between managed honey bees and wild pollinaWesanalyzedoboth functional traitsof plants i.e., corolla
length, flower shape and flower catpandof padllinators,i.e., tongue length, body sizgpe of foraging range
and taxonomic familyThen, we tested how the resource overlap was influencechéwyagechoney bee
abundance, functional composition of plant communities, and pollinator traits.

In Chapter6, we exploredhow two pollinatoffriendly measures,e., habitatrestorationand habitat
enhancementaffectedpollinatorsand multiple ecosystem service¥e sampled 96 sites belonging to three
habitat typesi.e., seminatural patches, urban green areas, and crop field margins. We sampled pollinators
using parraps and measured seven ecosystem senMoesy beerelated ecosystem serviceground
dwelling arthropoerelatedecosystem servicepest contral seedpredation, @ease controlsoil nutrient
cycling, andflood control We calculatedcosystem mukiunctionality using two approachasdthen tested
how ecosystem muHfunctionality andpollinator diversity were shaped Imabitat type (habitat restorai)
andincreasinglower cover(habitat enhancemefuar pollinatory.

Finally, in chapter7, | summarized the results of my PhD thesis
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2.1. Abstract

The western honey beApis mellifera is the most important and widespread manggatinator species.

Honey bee diet is based on nectar and pollen, and pollen diversity and composition, in particular, affect colony
health and fitness. As landscape composition is strongly linked to floral resource heterogeneity, it could
influence the reource intake of honey bees. This work aimed to explore how the composition of pollen
collected by honey bees was modulated by seasonality and landscape composition heterogeneity in a
mountainous cultivated area of Northern Italy. We selected 13 locatioti@it each location, we placed two

honey bee colonies from which we collected pollen samples every month during the whole flowering season
for two consecutive years. We then analyzed pollen samples in the laboratory and determined the Shannon
diversity ndex of each pollen sample and the temporal pollen taxon replacement. We extracted the cover of
the main habitat types at three spatial scales and tested the effect of landscape diversity and composition using
Principal Component Analysis. Honey bees fehgn a high number of floral resources, however, they mostly
collected pollen from a small number of taxa, with pollen type composition changing throughout the flowering
season. In early spring and late summer, most pollen grains were collected frorplarfespecies, while

from May to August the number of collected pollen types was significantly higher. Landscape composition
affected pollen diversity only at the end of the flowering season. While honey bees were able to collect highly
diverse pollen thoughout spring and summer regardless of landscape composition, in late summer, when
pollen collected is fundamental for the overwintering of the colony and its development in the following
season, sermatural areas became crucial for honey bee foragitigtes, with pollen diversity increasing

with increasing percentages of semaitural areas. Our research highlighted the importance for honey bees of
certain seasonal resources and of seawiiral habitats at the end of the flowering season, which etigure

subsistence of their colonies throughout the year.
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2.2. Introduction
In recent years, pollinator abundance and diversity faced a strong decline due to multiple antitropogen
pressures (Potts et al. 201@ne of the main causes of this decline isltiss and fragmentation of natural
areas, which led to a decrease in plant diversity, potentially determining insufficient nutrition for pollinators
(Goulson et al. 2008)n particular, the honey beapis melliferalinnaeus, is the most widespread mamhge
pollinator species and its presence is crucial not only for ensuring the reproduction of plant species in natural
habitats but also for crop production, which is positively impacted by honey bee pollination both in terms of
guantity and qualityHung etal. 2018; Rollin et al. 2019).

The honey bee is a eusocial species whose colonies can host more than 50,000 indiidalsch
1954; Fontana 2019Jts diet is based on nectar and pollen. Nectar is a source of energy and, after being
transformed intdoney, it constitutes the food stock through which the colony survives during winter. Pollen
is a source of protein and lipids, and in addition to direct feeding of larvae and adult workers, it is necessary
for the secretion of two substances essentighi®life of the colonyi.e., the royal jelly, which is the food for
all the larvae in the first 3 days and for queens during their whol@Nffieston 1991) and the wax, of which
honeycombs are madelepburn 1986; Tautz 2008pollen availability not oly influences the development
and reproduction of the colony in the short term, but as for honey, it is also fundamental for the overwintering
of the colony and its development in the following seg#daux et al. 2017).

The quality of pollen in terms ofutrient content varies from one plant species to angRmulston
and Cane 2000and for this reason, honey bees must have access to diverse pollen sources in order to assure
colony health. Only landscapes with a certain degree of floristic diveesityherefore guarantee adequate
resources for honey bef@3i Pasquale et al. 2018Recent studies showed that the proportion of sexhiral
habitat within the landscape is positively related to honey bee pollen diversity and protein(Corikatsley
et al. 2014; Cannizzaro et al. 2028)d to the probability of winter survival of the colonfBaitschmann et al.
2022) while habitat fragmentation negatively affects the abundance of pollen collected by honey bees
(Ochungo et al. 2021 Moreover, heterogeeous landscapes have been shown to support honey bees also by
reducing their foraging distances, therefore allowing them to consume fewer resources to ob{&arfned

et al. 2017).
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In this work, we aimedo understandhe effect of landscape compaositiand seasonality on the
diversity of pollen collected by honey bees in a mountainous cultivated area in Northern Italy. We selected 13
locations, from which we collected pollen samples monthly from two honey bee coloniestterapging
and summer of @9 and 2020. After analyzing pollen samples in the laboratory, we determined the Shannon
diversity index for each pollen sample ate temporalb-diversity of pollen at each location. To assess
landscape heterogeneity, we calculated the cover of the hahitat types at 1, 3, and 5 km radius buffers
around the sampling locations, and analyzed landscape composition through Principal Component Analysis
and Shannon diversity index. We hypothesize that pollen composition would change throughout the flowering
season, following plant phenology at least in early spring and late summer when floral resources are relatively
scarce. Moreover, we expect that landscape composition would strongly affect pollen composition, with high
diverse landscapes supporting hobeg colonies by offering a wider range of pollen types in comparison to
homogeneous landscapes.

2.3. Materials and methods

2.3.1. Studyarea

The study was carried out in the Trentino province, an area in Northern Italy covering about &,2lHekm

area isgenerally mountainous, but it is characterized by a considerable landscape heterogeneity, with about
80% seminatural areas, 15% agricultural areas, and 5% urban areas. As a result, the climate is highly variable.
The mean annual temperature is abol€9and the mean annual precipitation at 200 m a.s.l. is 1,200 mm.

We selected 13 sampling locations, which were characterized by great variability in landscape
composition Table S21; Figure2.1). Three sites were close to apple orchards, three weretalaiseyards,
three were in an urban setting, and three were far from agricultural areas. The average elevation of the sampling
locations was 533 m a.s.l. (min =93 m a.s.l.,, max = 1,481 m a.s.l.). The mean air temperature at the sampling

sites during theampling periodsg,e., from April to September of 2019 and 2020, was@7
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CORINE Land Cover classes

Il 111 Continuous urban fabric

Il 112 Discontinuous urban fabric

- 121 Industrial, commercial and public units
[ 124 Airport

B 131 Mineral extraction sites

[] 211 Non-irrigated arable land

B 221 Vineyards

] 222 Fruit trees and berries plantations
[ 231 Pastures

I:l 242 Complex cultivation patterns

243 Land principally occupied by
agriculture, with significant areas of
natural vegetation

[ 311 Broadleaved forest

. 312 Coniferous forest

[ 313 Mixed forest

[ 321 Natural grassland

] 324 Transitional woodland-scrub
I:] 332 Bare rock

[ 333 Sparsely vegetated areas
I 511 Water courses

[] 512 Water bodies

Figure 2.1 Map of the 13 sampling locations, also showing the landscape composition at 3 km radius buffers around the sampling
locations using CORINE Land Cover classibbreviationdor locationsare ALA (Ala), BOV (Borgo Valsugana), CAL
(Caldonazzo), CAV (Cavalese), CLE (Cles), FAE (Faedo), GIO (Giovo), PEI (Peio), PEV (Pergine Valsugana), RDG (Riva del
Garda), ROM (Romagnano), ROV (Rovereto), and TDS (Tiarno di S&pea)Table S2.1 for additional information on sampling
locations.

2.3.2. Experimental design

In 2019 and 2020, we placed one small apiary consisting of two honey bee colonies at each sampling location.
All colonies originated from the livestock managedisyEdmund Mach Foundation and had sister queens of

A. m. carnicax A. m. ligustica The colonies were managed directly by Edmund Mach Foundation personnel
according to the local beekeeping practice. From April to September, we carried out pollen saawplings
month, for a total of six pollen samples collected per colony per year. At some locations, however, the number
of pollen samples was lower due to adverse climatic conditions. In particular, in 2019, at one location only
three samples could be colledt and only five at twothes. In 2020, only five samples were collected at
three locations. Pollen samples were colletigdctivating pollen traps at the hive entrance for 48 h, Pollen
samples were then stored-20 °C.

2.3.3. Landscapecomposition

For each sampling location, we extracted the cover of the main habitat types using the CORINE Land Cover
(CLC) database (© European Union, Copernicus Land Monitoring Service 2018, European Environment
Agency) at three spatial scale., the local foragig scale of honey bees (1 km radius buffer around the
sampling locations) and two landscape foraging scal&ésméy bes (3 and 5 km radius buffers around the
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sampling locations). Following the CLC classification, we considered a total of 24i$@ndases (Table

S22). Landscape composition was heterogeneous across sites. In 3 km radius buffers around the sampling
locations, an average of 33% of the land was covered by agricultural areas (min = 7%, max = 52%), 51% by
seminatural areas (min = 26%, max92%), 13% by urban areas and other artificial surfaces (min = 0, max

= 30%), and 2% by other areas (min = 0, m&k3%) (TableS21).

As most of these classes were highly correlated, we performed a Principal Component Analysis (PCA)
to extract the landspa composition at each of the three spatial scales. We extracted the first two eigenvalues,
PC1 and PC2, which explained 38, 48, and 45% of the total landscape variability at 1, 3, and 5 km radius
buffers around the sampling locations (TaB23). PC1 wagpositively related to senmatural areas, in
particular coniferous forests, natural grasslands, and areas with sparse vegetation, and negatively related to
intensive areas, in particular urban areas and vineyards ($2B[e Therefore, high values of R@an be
interpreted as a high proportion of semaitural aeas within the landscapes.

Moreover, we calculated the Shannon diversity index for landscape composition using theus¢land
classes at each of the three spatial scales. Shannon diversityjiraiiifies the heterogeneity of landscapes,
taking into account both richness and evenness ofuaadlasses, with low values of the index indicating a
low landscape heterogeneity. Shannon diversity index was calculated usihgablkages/egan(Oksaneret
al. 2019) All statistical analyses were performed using Fheoftware version 3.6.(R Development Core
Team 2019).
2.34.Pollenanalysis
From each pollen sample, we extracted two grams of pollen pellets, which were dissolved in distilled water
and mixed using an advanced vortex mixer (VELP Sci
and placed it on a microscopic slide. Otive suspension of water and pollen was dry, we placed a drop of
glycerin jelly on top of the sediment and covered it with a slide. Pollen was then observed under the optical
microscope (Optika, B500PPH). For each sample, we counted about 500 pollenbgraipslying the
it rans e c(Tamic etalt 201d)Pollen grains were identified at the lowest possible taxonomic level
according to available literatu¢eRi cci ar del | i do Al Habbae 20200 BalynoBgicalh e r =
databased@alDat200; PollenAtla202l) . The i denti fied pollens were cl

nomenclature proposedBye r sano Oddo and Ricciardel I dé Al bor e
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For each pollen sample, we calculated the Shannon diversity index. As for landscape caompusitio
Shannon index for pollen reflects bate richness and evenness of pollen samples, with lower values
indicating a lower diversity in pollen sample composition. Moreover, to understand how pollen composition
changed throughout the flowering seasea calculated the medmrichness and replacement at each location
over the six sampling months, based on presence/absence data. All pollen indices were calculatedRusing the
packagesegan(Oksanen et al. 2019)

2.3.5. Statistical analysis

First, to determine the effect of landscape composition and seasonality on pollen diversity, we built two linear
mixed-effect models for each spatial scale using the R paakags(Pinheiro et al. 2019)n all models, the
response variable was pollen 8han index. Selected explanatory variables were collection month, year,
landscape Shannon index, and the interaction between month and landscape Shannon index for the first model,
and collection month, yedgndscapdC1,landscapéC2, and the interactig between month atgndscape

PC1 and between month and PC2 for the second model. We also included the sampling location as random
factor in all models. Starting from each full model, we used a backward deletion procedure, rematiprg one
onethe interadbns withp value> 0.05, and rean the model to corregtinterpret model main effects.

Second, to explore the effect of landscape composition on tenfipdiradrsity of pollen, we built four
linear models for each spatial scale. We selelotedhnessand replacement of pollen as response variables,

PC1 and PC2 as explanatory variables for the first model, and landscape Shannon index as explanatory variable
for the second model.

24. Results

We analyzed a total of 116,979 pollen grains in 224 sampliesteal during 2 years. We identified 122 plant
taxa, most of them (n = 93) at the genus level (TSBI&). We observed 48 pollen types in April, 80 in May,
77 in June, 67 in July, 69 in August, and 50 in September. The most abundant typelederespp (n =
16,896 pollen grains), Plantaginaceae (n = 10,303 pollen grainsMaodPyrus spp. (n = 7,826 pollen
grains). On the other hand, the most prevalent taxa were Compodibaen, Twhich includes the genera
Taraxacumand Cichorium (found in 149 pokn samples), Compositaefbkm, which includes the genera
Helianthus PetasitesandSenecidfound in 117 pollen samples), aidfolium repensgroup (found in 110
pollen samples).
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The monthly pollen samples were dominated by a handful of taxa, andmagr strong temporal
turnover in the composition of pollen samples (Figii®. In spring, honey bees mostly collected pollen on
MalusPyrusspp. (21% of total pollen grainsyalix spp. (18%), and Compositaefdrm (12%), with only
three species makingp half of the collected pollen grains (Fig@@ a, b). In JuneCastanea sativhecame
the prevalent pollen type (29%), together withrepensgroup (8%),Filipendula spp. (7%), and/itis spp.
(6%) (Figure 22 ¢). In July, the most visited taxa were Plantaginaceae (3R%@pengroup (9%)Clematis
spp. (7%), andarthenocissuspp. (7%) (Figur@.2d). Plantaginaceae were also found in August (16%), but
pollen was mostly collected dkrtemisiaspp. (22%) andp a lesser extent, on Compositadarim (9%) and
Thalictrumspp. (8%) (Figure.2 €). In September, almost all pollen was collectedHmueraspp. (79%)
(Figure 22f).

a) April b) May
100 100

Salix spp.
Malus/Pyrus spp.
R Compositae T-form Malus|Pyrus spp.
10 Rubus spp.

ompositae T-form

Proportion (%)

0 10 20 30 40 50 0 20 40 60 80

¢) June d) July
100

Castanea sativa 30| § Plantaginaceae

Trifolium repens group 101§ T’”””“”.’ repens group

Filipendula spp.

Proportion (%)

0 20 40 60 80 0 20 40 60

e) August f) September

100 Hedera spp.

<
2 30 Artemisia spp.
c Plantaginaceae
-1% 10 Compositae H-form 10
8_ Compositae H-form
o 3 Compositae T-form
o

1 1
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Figure 2.2 Rank abundance plots showing the relative proportion of the taxa found in pollen samples colctguliinb) May,
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Pollen Shannon index was strongly influencedH®y ¢ollection month (Tabl2.1). Pollen diversity
was higher in May, July, and August, while pollen samples of April and particularly September were more
homogeneous (Figur23 a). Moreover, pollen Shannon index responded to the interaction between month
and landscape PC1 at 3 and 5 km. Landscape composition had no effect on pollen diversity from April to
August, however, in September the diversity of collected pollen increased with increasing landscape PCL1,

suggesting a positive effect of sendtural haltat on pollen collection in late summer (Fig@&b, c).

Table 21: Results of the linear mixeeffect models testing the response of pollen Shannon todewnth, year, landscape Shannon
index, and the interaction between month and landscape Shannon index; and month, year, landscape PC1 and PC2, and the
interactions between month and landscape PC1 and month and landscape PC2. Landscape Shannoreind&CP Gkre
calculated at the three spatial scailes,a) 1 km radius bufferb) 3 km radius buffer, and) 5 km radius buffer around the sampling
locations Values in bold indicate significant effects\alue< 0.05) Only significant results aftertzackward stepwise model
selection procedure are reported.

Spatial scale Explanatory variable G df pvalue
a)1l km Month 105.494 5 <0.001
Year 0013 1 0.911
Landscape Shannonind¢ 1.156 1 0.282
Month 104570 5 <0.001
Year 0019 1 0.891
Landscape PC1 2.467 1 0.116
Landscape PC2 0.283 1 0.595
b) 3 km Month 105.054 5 <0.001
Year 0.000 1 0.992
Landscape Shannonind¢ 0.018 1 0.894
Month 103.378 5 <0.001
Year 0.001 1 0.980
Landscape PC1 1.357 1 0.244
Landscape PC2 0.030 1 0.862
Month x Landscape PC1 16.795 5 0.005
c) 5 km Month 105.493 5 <0.001
Year 0.000 1 0.990
Landscape Shannonind¢ 1.292 1 0.256
Month 98.978 5 <0.001
Year 0.002 1 0.961
Landscape PC1 1938 1 0.164
Landscape PC2 0.050 1 0.823
Month xLandscape PC1 17.397 5 0.004
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Temporalb-richness and replacement did not change in response to landscape composition at any of
the selected spatial scales (Table&21d. In generalp-richness values were high at all locations (min = 0.783,

max = 0.880), whild-replacement values were particularly low (min = 0.235, max = 0.342).

Table 22: Results of the lineanodels testing the responseadimeanb-richness anth) meanb-replacement of pollen samples to
landscape PC1 and PC2, and landscape Shannon atdexthree spatial scaldse., 1 km, 3 km, and 5 km radius buffers around
the sampling locations

Response variable  Spatial ~ Explanatory Estimate SE tvalue pvalue
scale variable
a)Me a michbess 1km Landscape PC1 0.002 0.007 0.302 0.769

Landscapd’>C2 0.001 0.008 0.104 0.919
Landscape Shannon 0.035 0.023 1.558 0.147
index
3 km Landscape PC1 -0.010 0.005 -2.060 0.066
Landscape PC2 -0.004 0.006 -0.643 0.535
Landscape Shannon 0.032 0.031 1.057 0.313
index
5 km Landscape PC1 -0.009 0.005 -2.062 0.066
Landscape PC2 -0.001 0.006 -0.119 0.908
Landscape Shannon 0.017 0.036 0.482 0.639
index
byMean b 1 km Landscape PC1 0.005 0.006 0.966 0.357
replacement Landscape PC2 -0.005 0.007 -0.670 0.518
Landscape Shannon 0.025 0.022 1.164 0.269
index
3 km Landscape PC1 -0.007 0.005 -1.403 0.191

Landscape PC2 0.004 0.006 0.585 0.571
Landscape Shannon 0.035 0.028 1.285 0.225

index

5 km Landscape PC1 -0.006 0.005 -1.300 0.223
Landscape PC2 -0.003 0.006 -0.516 0.617
Landscap&hannon 0.023 0.033 0.720 0.487
index

2.5. Discussion

The survival, prosperity, and reproduction of honey bee colonies depend on the ability of honey bees to collect
and store honey and poll@&rodschneider and Crailsheim 2010) this study, bybserving almost 117,000

pollen grains, we were able to collect information on honey bee foraging beh#wio early spring to late
summer. Moreover, we highlighted how pollen diversity was strongly shaped by seasonality, while landscape
composition affeted pollen diversity only at the end of the flowering season.

25.1. Effect of seasonality on honey bee foraging preferences and pollen diversity
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Honey bees, despite being extraordinarily polylectic, usually select a limited number of flowerirspptaes
to forage on(Lau et al. 2019)Here, we observed a strong temporal turnover in the composition of pollen
collected by honey bees, which partly reflects honey bee foraging preferences, and partly reflects plant
phenology and pollen availability the study area, at least in the early and late flowering season. In particular,
trees were revealed to be a key resource for honey bees in §adirgpp. in April,MalugPyrusspp. in May,
andCastanea sativin June were the main pollen taxa colledgdhoney bees. The importance of trees for
honey bees is weknown(Donkersley 2019as they are often among the edtbwering species. We showed
that Compositae such @araxacunspp.,Helianthusspp., andsenecispp., and the legunigifolium repens
strongly supported honey bees throughout spring and summer. In AAgestjsiaspp. pollen was highly
represented, as this taxon is common in fallows and urban areas. In September, almost all pollen was collected
onHederaspp., which was the most abamd flowering plant species in late summer in the study(messer
et al. 2019).

Pollen diversity was also shaped by seasonality. We observed that the start and end of the flowering
seasoni.e., April and September, were characterized by a deartbrad flesources, while we observed a peak
of pollen diversity in May. Interestingly, despite the high percentage of agricultural areas in certain landscapes,
we did not highlight a strong effect of mass flowering crops such as apple, which flowers iangipkilay,
which can potentially reduce the diversity of pollen collected by honey bees, as bees tend to focus on these
resources. The diversity of pollen collected in August was surprisingly high, given that resources are usually
relatively scarce at the dmf summe(Garbuzov et al. 2015; Requier et al. 2015; Danner et al. 2017; Sponsler
et al. 2020) The high diversity found in August could be explained by theeatadation of sampling sites,
which causes a shift in pollen decline from August to September

Since many of the pollen taxa that we collected were grouped at the family level, and almost all the
remaining ones were identified at the genus level, pollen diversity could have been even higher in some
seasons, if we had been able to achieve spbmresidentifications of pollen.
25.2. Interactive effect of seasonality and landscape composition on pollen diversity
Our results highlighted thatbe diversity of pollen collected by honey bees was influenced by the interaction

between collection montmd landscape compositiore., the proportion of sermatural areas.
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Pollen diversity was independent of the proportion of seathiiral areas from April to August. Several
studies found that pollen composition was not affected by landscape comp@stioer et al. 2017; Guzman
et al. 2019; Simanonok et al. 2020; Jones et al. 20219 can be explained by both the structure of selected
landscapes and the foraging behaviof the honey bee. Even if some landscapes were strongly modified by
anthropogeni@ctivities, they always included a certain proportion of seairal habitats, ranging from 25
to 83%, which comprised both open habitats and forests. Moreover, many agricultural areas, which ranged
from 7 to 52%, were intermixed with sermatural habitts. In all landscapes, honey bees were therefore able
to collect pollen in areas that offered a high amount of resources, at least wstilmriter. Moreover, honey
bees can travel more than 10 km from their hive, although they usually fotaga gway fom the hivgVon
Frisch 1967; Visscher and Seeley 1982; Tautz 2008; Seeley. Z2d\@ral studies highlight that landscape
composition affects the distance to which honey bees forage, and in particular that their foraging distance
increases in simplifiethndscapeéSteffanDewenter and Kuhn 2003; Abéthaara 2014; Danner et al. 2017)
A study from the UK reports that in landscapes dominated by the common hézdlend vulgare, the
average distance of foraging honey bees strongly changed duringdbe:sghile in May it was about 1 km,
in August, during the flowering period of the common heather, the average for&ianged increased up to
5.5 km (Beekman and Ratnieks 200@)our study, however, we did not collect data on how far honey bees
travdled to collect pollen. In some areas, honey bees may need to travel much further to obtain food resources,
with potentially negativeansequences for colony fitness.

On the other hand, in September, pollen diversity increased with increasing propostaniétural
habitats at 3 and 5 km radius buffers. While honey bees are able to collect heterogeneous pollen independently
of landscape compaosition from spring to migmmer, the scarcity of floral resources in late summer may turn
seminatural areas intkey habitats. In this part of the season, when nectar sources are dedieawsiet al.
2022) honey bees search for the most diverse pollen sources in order to breed winter individuals that must
develop adequate fat bodi@&ias et al. 2016)Seminatual areas in the landscape can promotedateson
pollen protein and winter survival of honey bee color{iéschling et al. 2018; Simanonok et al. 2020;
Rutschmann et al. 202Z)herefore, the higher number of resources offered by these habitats canidle cr
for honey bees at such a critical stage of the colony cycle.
2.6. Conclusiors
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Our work highlighted thahediversity of pollen was shaped by seasonality, as we observed a strong temporal
turnover in the diversity of pollen collected by honey bees. Landscape composition only affected pollen
diversity at the end of the flowering season. In spring and summer; heas were able to efficiently forage

in all landscapes, probably even due to the presence of a few key plant speciesTsificliuas repenghat

could strongly support colonies (Filipiak et al. 201IF) late summer, when resources were generally scarc
seminatural areas became fundamental for honey bees, as they offered a wider range of floral resources.
However, more research on this topic is needed, as landscape composition could also affect other aspects of
honey bee ecology. For example, completimg this study with observations on foraging flight distances and
colony fitness could help elucidate the potential effect of landscape simplification on honey bees. Moreover,
another aspect that should be taken into account is the potential contamifified sources for bees, as the
presence of intensively cultivated areas can affect pollen quality due to pesticide p{2meyzcet al. 2020).
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3.1. Abstract

The honey bee is the most common and important managed pollinator of crops. In recent years, honey bee
colonies faced high mortality for multiple causes, including the use of plant protection products (hereafter
pesticides). This work aimed to explore hoantamination by pesticides of pollen collected by honey bees

was modulated by landscape composition and seasonality. We placed two honey bee colonies in 13 locations
in Northern Italy in contrasting landscapes, from which we collected pollen sampledynalmithg the whole
flowering season in 2019 and 2020. We searched for almost 400 compounds, including fungicides, herbicides,
and insecticides and acaricides. We then calculated for each pollen sample the Pollen Hazard Quotient (PHQ),
an index that provies a measure of multesidue toxicity of contaminated pollen. Almost all pollen samples

were contaminated by at least one pesticide. We detected 95 compounds, mainly fungicides, but insecticides
and acaricides showed the highest toxicity. Fifteen % opthlen samples had medidnigh or high levels

of PHQ, which could pose serious threats to honey bees. Fungicides showed a nearly constant PHQ throughout
the season, while herbicides and insecticides and acaricides showed higher PHQ values in sprihg and ea
summer. Also, PHQ increased with increasing cover of agricultural and urban areas from April to July, while

it was low and independent of landscape composition at the end of the season. The cover of perennial crops,
i.e., fruit trees and vineyards, biot of annual crops, increased PHQ of pollen samples. Our work highlighted
that the potential toxicity of pollen collected by honey bees was modulated by complex interactions among
pesticide categories, seasonality, and landscape composition. Dueatgéhedmber of compounds detected,

our study should be complemented with additional experimental research on the potential interactive effects

of multiple compounds on honey bee health.
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3.2. Introduction

The honey beéApis melliferaLinnaeus, is the most important managed pollinator species, with an estimated
economic value to crop yield of about $6.4 billion in the USA alone (Reilly et al. 2020). Despite a global
increase of 85% in the number of managed honey bee colonies sirk#0% in recent years honey bees

have been experiencing high mortality, especially in North America and Europe (Osterman et al. 2021). This
syndrome is often referred to as Colony Collapse Disorder (CCD) (vanEngelsdorp et al. 2009), and it is related
to sveral causes (Goulson et al. 2015). Among these causes, the most relevant ones seem to be the spread c
parasites and pathogens, such as the parasiticviaitea destructorAnderson & Trueman and the fungus
Nosema cerana@&osenkranz et al. 2010; Le Cert al. 2010; Geffre et al. 2020), and nutritional stress related

to a restricted diet due to limited availability of floral resources, often caused bynakmal habitat loss

(Naug 2009; Branchiccela et al. 2019). Moreover, the use of plant protpobiducts (hereafter, pesticides)

that could contaminate pollen and nectar can also play a key role in the decline of these pollinators (Henry et
al. 2012; SancheBayo et al. 2016; Tsvetkov et al. 2017; Woodcock et al. 2017).

Agriculture has increased by40% globally in the last 50 years (Aizen et al. 2019), and consequently
the use of pesticides and their potential impact on bees (DiBartolomeis et al. 2019). Fungicides, herbicides and
insecticides are commonly used for crop protection (Zioga et al.) 2b@@cticides include the compounds
that pose major threats to arthropods, since they are designed to directly affect them (Fairbrother et al. 2014;
Lundin et al. 2015; Tsvetkov et al. 2017; Woodcock et al. 2017; Wood and Goulson 2017; Holder e).al. 2018
Few studies have investigated the effect of fungicides and herbicides on honey bees and pollinators in general,
despite being the most widely used compounds in terms of applied tonnes (Tamburini et al. 2021, EUROSTAT,
2023). However, effects such as teeluction of bee foraging efficiency, longevity and survival rate, and
changes in gut microbiota have been reported, with a large variability among compounds (Cullen et al. 2019;
Rondeau and Raine 2022).

Since most pesticides are applied in crop fiel@gshforaging in landscapes dominated by intensive
farming should be more exposed to these compounds (David et al. 2016; Bohme et al. 2018). A high cover of
seminatural habitats could help dilute pollen contamination since honey bees could collect quotien f
uncontaminated floral resources. The amount of crops in the landscape is known to potentially boost insecticide
concentration in pollen, especially for some highly toxic neonicotinoids, such as thiamethoxam and
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imidacloprid, and organophosphates, sasfthlorpyrifos (Calatayudernich et al. 2018; Wood et al. 2019).

Also, the cover of specific crop categories in the landscape, such as apple and cherry orchards and blueberry
plantations, could predict pesticide residue concentration in pollen (McAft 2017; Graham et al. 2021,

2022). However, pesticide drift from crops could lead to high contamination also in surrounding areas,
resulting for example in a high number of pesticides detected in pollen collected by bees-riataeshi

habitats (Lamberet al. 2013; Calatayudernich et al. 2018).

The use of pesticides is not continuous throughout the year. Therefore, seasonality can play a strong
role in increasing or reducing the level of contamination by pesticides in pollen collected by honeydrees, e
because mechanisms of exposure to pesticides of honey bees might change throughout the season (Krupke e
al. 2012). The highest concentration of pesticide residues in pollen collected by honey bees is usually observed
in April and May since a large gaof pesticide applications is made in spring (Lambert et al. 2013; Tong et
al. 2018; Liu et al. 2022). However, some studies reported contamination peaksseasith or even later,

e.g, between July and September (Long and Krupke 2016; Tosi et al). 20@8:0ver, previous works
reported a reduction in pesticide concentration after the blooming of focal crop species, which might be related
to different foraging preferences, but also to the biodegradation of pesticides with increasing temperatures
(David et al. 2016). Most of these studies, however, focused on specific pesticide categories such as
insecticides, or a limited range of compounds, while mmakidue analyses on temporal and spatial variability

of pollen contamination are largely still misginThis approach can provide a comprehensive picture of the
importance of single crops and associated pesticides across heterogeneous agricultural landscapes.

In this work, we explored how pesticide residues in pollen collected by honey bees were hjfected
seasonality, landscape composition, and compound category. We selected 13 sampling locations in Northern
Italy from which we collected pollen samples monthly for two consecutive years. For each pollen sample, we
used liquid chromatograpkgndem mass sgtrometry and gas chromatograghpdem mass spectrometry
to search for 375 compounds, including insecticides, acaricides, fungicides and herbicides. Then, for each
compound and each pollen sample, we calculated the Pollen Hazard Quotient (PHQ), a oheasengal
pollen toxicity for honey bees. We expected that insecticide would have a major impact on the potential toxicity

of pollen, especially for some categories, such as neonicotinoids. We also expected higher pollen
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contamination at the beginnimd the season, especially in areas with a high cover of crops and fruit orchards
in particular.
3.3. Materials and methods
3.3.1. Study area and site selection
The study was carried out in Northern Italy, in the Trenfitto Adige and Veneto regions (NEaly), where
we selected 13 sampling locations characterized by contrasting landscapes. In 3 km radius buffers around the
sampling locations, the cover of sendtural areas ranged from 1 to 92% (mean = 50%), the cover of
agricultural areas ranged from@® 87% (mean = 38%), and the cover of urban areas ranged from 0 to 30%
(mean = 12%) (Table3&L, Figure 8.1). Site elevation ranged between 91 and 1,481 m a.s.l. (mean =535 m
a.s.l.). As a result, the climate in the sampling areas was highly variabhee#imannual temperature ranged
between 6.8 °C (1500 m a.s.l.) and 13.5 °C (90 m a.s.l.) (mean = 10.8 °C), while the total precipitation ranged
between c. 1,100 and 1,700 mm/year (mean = 1,260 mm/year).

In 2019 and 2020, we placed two honey bee colonieadt location. Activating pollen traps at the
hive entrance for 48 hours, we collected pollen samples monthly from April to September, for a total of six
samples per year per locati@ue to adverse climatic conditions, we were not able to collect psdieples
each month at a few locations: in 2019 we collected only five samples at two locations and three at one, while
in 2020 we collected only five samples at three locations. Pollen samples were then sgiré@ at
3.3.3. Landscape composition
We extracted the cover of the main habitat types at each sampling location using the regicns¢ larap (©
European Union, Copernicus Land Monitoring Service 2018, European Environment Agency) at two scales
considering the foraging distance of honey bées, 3 km and 5 km radius buffers around the sampling
locations (Table $2). Since most of the 15 lante classes were correlated with each other, we performed a
Principal Component Analysis (PCA) to extract the landscape composition at each sampting. l¥¢a
extracted the first three eigenvalues, PC1, PC2, and PC3, which respectively explained 25.9%, 18.9%, and
14.21% of the total landscape variability at 3 km radius buffers (Figdi2eaf and 31.2%, 20.6%, and 12.75%
at 5 km radius buffers (Figui®3.2 b). All statistical analyses were performed using Reoftware version
3.6.1 (R Core Team 2019).
3.3.4 Pesticideanalysis
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We searched for 375 active ingredients in pollen samples, including insecticides and acaricides (N = 169),
fungicides (N = 11}, and herbicides (N = 89) (Tabl&3, Figure 8.3 a). For the chemical analyses, pollen

was grounded using a mill in liquid nitrogen. From each sample, we extracted two grams of pollen according
to the QUEChERS method (EN 15662:2018) (European Standadb&62:2018 2018). The extracts were

then analysed using liquid chromatograppagdem mass spectrometry (MS/MS) and gas chromatography
tandem mass spectrometry (BLS/MS) (Tables S4, S3.5).

LC-MS/MS analyses were performed using an Acquity URIdDpled with a XEVO TQ mass
spectrometer equipped with an electrospray ion source (Waters Corporation, Milford, USA) and operating in
MRM mode recording two specific transitions for each pesticide. The column used was an Acquity UPLC
BEH C18 (1.7 um partle size, 100 x 2.1 mm), and the mobile phases were A (water with 0.1% formic acid)
and B (methanol with 0.1% formic acid). The gradient conditions were as follows, based on times(t): t
0.25 min, hold 95% A, 5% B3t 0.256 min, ramp linearly to 709B; t3 = 6-7.5 min, hold 70% B;st=7.5
9.5 min, ramp linearly to 100% B;+ 9.512 min, hold 100% B.

GC-MS/MS analyses were performed by Agilent 8890 gas chromatograph coupled to a TQ 7010B
mass spectrometer (Agilent Technologies Inc., USA) equippddanielectron impact ion source (ionization
energy = 70 Ev El). GC analysis was conducted on a Restek3R¥NS capillary column (20 m x 0.18 mm
internal diameter x 0.18 pm) (Restek, USA) and the following conditions were used: He constant flow 1
mL/min, inlet temperature 260 °C, injection volume 1 uL (split, 1:10), MS transfer line temperature 280 °C,
temperature program: 60 °C for 1 minute, then 60 °C/min ramped to 170 °C, followed by 20 °C/min ramped
to 320 °C (held for 1 minute). The acquisition, aallvas for the LC/MS system, was carried out in MRM
mode.

Glyphosate was quantified following the QuFF@Method (M1.9, Version 12) (Anastassiades et al.
2020) which involves the use of an IMS/MS (Acquity UPLC coupled with a XEVO TQ mass spectrometer)
system equipped with a Raptor Polar X column.

3.35. Validation method
Analytical parameters of the pollen medésidue method such as matrix effect, limits of quantification
(LOQs), limits of detection (LODs), linearity, precision and trueness were ¢sdlaacording to SANTE

guidelines (SANTE/12682/2019; European Commission, 2020) (TaBlésSB.7). All pesticide parameters
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were quantified using fivpoint matrixmatched calibration curves {R 0.98) and triphenyl phosphate as
internal standard. Matrieffects were evaluated by comparing the slope of the calibration curve done in solvent
and the slope of that prepared in the extract of the pollen matrixerify the recovery (Rec%) and the
repeatability (RSD%) of the method, a blank pollen matrixg@sticide contamination) was used. Pesticides
were added to the matrix at three concentration levels: 10, 50, and 200 pg/kg, and each added concentration
level was analysed sixfold. Average values of Rec% and RSD% over three concentration levels agtnplied

the SANTE guidelines (Rec % 7A20% and RSD% < 20%) (European Commission, 2020). The sensitivity

of the method was estimated by establishing the LOQs according to SANTE guidelines, and LODs were
estimated as onrthird of the quantification limit. Acaaling to the SANTE guidelines, all obtained pesticide

data were not corrected by the recovery since it was found to be between 80% and 120%.

3.3.6. Pesticide risk assessment

After determining the concentration in ppm, we calculated the Pollen Heeartent (PHQ) (Stoner and

Eitzer 2013) for each compound in each pollen sample. PHQ is a measure of hazard from pesticide residues in
pollen in relation to acute toxicity to honey bees, and it is calculated as the ratio between the compound
concentratoi n ppb (eg/ kg) an gforthbney bees. dVe retdaved oral ilromche L D
University of Hertfordshire Pesticide Properties DataBase (Lewis et al. 2016). However, we used centact LD
for five compounds (bromophos ethyl, emamectin benzoate, flugzibnpyl, piperonyl butoxide, and
tetradifon), for which we could not obtain oral §DThen, we determined the total PHQ of each pesticide
category (fungicides, herbicides, and insectisidearicides) in each pollen sample by summing PHQ values

of each category in each sample, and the total PHQ for each pollen sample by summing PHQ values of all
compounds in each sample. We assumed additive toxic effects of multiple pesticides dueat tife |
information on possible synergistic or antagonistic effects.

In addition, we calculated the acute risk quotient (RQ) for honey bees for each compound in each
pollen sample using the US Environmental Protection Agency BeeREX model. While PHQI ifoidea
evaluating the effect of specific drivers on muéisidue contamination of pollen, it does not take into account
the amount of pollen consumed by honey bees, as opposed to the BeeREX model. First, we calculated the total
dose of each compound consdrby each bee as the product between the concentration of the compound in

eg/ mg and the dose of pollen consumed by the hone
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how pesticide toxicity varied for different bee castes, we consideredgtieshconsumed dose, which is 9.6
mg/day for nurse workers. Second, we calculated the acute RQ as the ratio between the total dose of pollen
consumed by each bee and the oraddfbr the compound. An acute RQ > 0.4 exceeds the concern threshold
and indiates high toxicity of the compound for honey bees.

3.3.7. Statistical analyses

In order to determine the effect of seasonality, landscape composition, and pesticide category on PHQ of each
pollen sample, we used linear mixetfects models. We included thetal PHQ of each pesticide category
(fungicide, herbicide, and insecticide/acaricide) as response variabtear($fiormed), while selected
explanatory variables were the year and the interaction between the sampling month and pesticide category,
betweenthe sampling month anthndscapePC1, between the sampling month daddscapePC2, and
between the sampling month daddscap&C3.Landscap®C1, PC2 and PC3 were calculated at both spatial
scalesi.e., 3 km and 5 km radius buffers around the samptingtions. To account for the repeated measures,

we included the sample ID nested within the location ID as random factor. Then, starting from the full model,
we used a backward deletion procedure, removingograne interactions witp-value > 0.05, ande-ran the

model to correctly interpret the main effects. We tested whether model residuals were spatiatiyralated

usi ng Mor Rpaclkagedpe(ParadistahdeSchliep 2019) and we detected no spatial autocorrelation
(global testp-value = 0859).

Then, we focused on the effect of specific crop categories on PHQ of pollen samples. We built two
linear mixedeffects models using the total PHQ of pollen samples as response variable, and the cover of annual
crops (including notirrigated arabléand, complex cultivation patterns, and agriculture with significant areas
of natural vegetation) and perennial crops (including fruit trees, berry plantations, and vineyards) in the
landscape at 3 km and 5 km radius buffers around the sampling locatierplanatory variables. We also
included the location ID as random factor. Since the results of the models at the two spatial scales were similar,
we presented in the main text only the results of the models atkime&dius scale.

34. Results
Out of the total 147 samples, only 4% were free of pesticide residues. We detected a total of 97 compounds in

pollen samples, mostly fungicides (N = 48), followed by insecticides (N = 32) and only a few herbicides (N =
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17) (Figure 8.3 @). The proportion bthe detected compounds was similar throughout the season (F&@ire S
b). On average, we detected 11 compounds in each pollen sample.

The concentration of detected pesticides was significantly higher for fungicides than for
insecticides/acaricides andrbicides (Figure8.1 a). The most abundant compounds were all fungicides,
captan, found in 30% of samples with a total concentration (summed across all pollen samples) of 320.135
ppm (max = 142 ppm, mean = 2.178 ppm); folpet, found in 10% of samfiles total concentration of
28.409 ppm (max = 15.6 ppm, mean = 0.193 ppm); and zoxamide, which was the most common detected
compound, found in 80% of samples, with a total concentration of 16.955 ppm (max = 3.99 ppm, mean = 0.115
ppm) (Table 8.3). The tingicides spiroxamine and penconazole were also commonly detected in our samples,
respectively found in 62% and 50% of samples (TaBl8)S

However, the overall toxicity of fungicides was low, as these compounds are mostly characterized by
high LDsy values. The highest contribution to the total PHQ of pollen samples was made by
insecticides/acaricides, in particular neonicotinoids and organophosphates 8Hidpird he compounds with
the highest total PHQ (summed across all pollen samples) were aliditessi.e., dimethoate, imidacloprid,
and indoxacarb (Table38). Dimethoate showed a total PHQ of 31,870 and, despite its toxicity, it was very
common, being found in 23% of samples, with a total concentration of 3.187 ppm (max = 1.370 ppm, mean =
0.022 ppm). Three pollen samples showed particularly high dimethoate concentrations, which led to PHQ
values for the compound of 13,700, 7,470, and 4,840, corresponding to 137%, 75%, and 48% of the oral LD
respectively. Dimethoate in these three pollengamexceeded the concern threshold for acute RQ, with
acute RQ values of 0.132, 0.072, and 0.046, respectively. Imidacloprid showed a total PHQ of 25,405, and it
was also common, being found in 20% of samples, with a total concentration of 0.094 ppr(0G& ppm,
mean = 0.001 ppm). One pollen sample showed a peak of imidacloprid concentration, which led to a PHQ
value of 10,270, corresponding to 102% of the oraloL&nd an acute RQ value of 0.099, beyond the concern
threshold. Indoxacarb showed aaldPHQ of 4,821 and was less common than dimethoate and imidacloprid,
being found in 7% of samples with a total concentration of 1.119 ppm (max = 0.812 ppm, mean = 0.008 ppm).
One sample showed a peak of indoxacarb concentration, which led to a PHQ @f@®pcorresponding to

35% of the oral LI, which however did not exceed the concern threshold for acute RQ.
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Figure 3.1 Bar plots showing) total concentrations in ppm giesticidecategories for each sampling month &jdbtal PHQ of
pesticidecategories for each sampling month.

Although the toxicity of single compounds in terms of acute RQ was relatively low, total PHQ values
of pollen samples were high (total PHQ > 1000) in 8% of samples, mddgm{500 < total PHQ < 1000) in
7% of samplesmedium (50 < total PHQ < 500) in 22% of samples, and low (total PHQ < 50) in 58% of
samples. Total PHQ was influenced by the interactions among seasonality, landscape composition, and
pesticide category at both 3 km and 5 km radius buffers around thérgalopations (Table8.1, S3.8). PHQ
of pollen samples changed throughout the season based on the pesticide category. The peak of PHQ of
fungicides was in July, but PHQ was approximately constant in all months. On the other hand, PHQ of
herbicides and ®ecticides and acaricides was higher from April to June, and it decreased, especially for
insecticides and acaricides, at the end of the season (Biglre

Table 3.1 Results of the linear mixeeffects model testing the effect of the interaction betmiee sampling month arpgesticide
category, the interaction between the sampling month and landscape PC1, the interaction between the sampling montpand landsc
PC2, and the sampling year on PHQ of pollen samplesgirsformed). Landscape PC1, PC2 and PC3 were calculated using the
regonal landuse map categories in 3 km radius buffers around the sampling locations. Values in bold indicate significamt effects (
value < 0.05)Only significant results after a backward stepwise model selection procedure are reported.

Explanatory variable G? df pvalue
Intercept 0.001 1 0.980
Month 14.108 5 0.015
Pesticidecategory 44,770 2 <0.001
Landscapé’C1 (3 km) 15.363 1 <0.001
Landscapd’C2 (3 km) 0.137 1 0.711
Landscapd’C3 (3 km) 0.103 1 0.749
Year 0.787 1 0.375

Month x Pesticidecategory 34.736 10 <0.001
Month xLandscapeC1 (3 km) 23.513 5 <0.001
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Figure 3.2 Plots showing the effect of the interaction between the sampling period grektloidecategory on PHQ of pollen
samples (Itransformed)Small colarred pintsrepresentaw data points, large black points represent model estimatebaasd
representhe 95% confidence intervals

PHQ was also influenced by the interaction between the sampling month and landscape PC1 calculated
at both 3 km and 5 km radius buearound the sampling locations. PHQ increased with increlasidgcape
PC1 from April to July, while in August and September, landscape composition did not affect PHQ of pollen
samples (Figure8.3, S3.4). Low values of landscape PC1 were related to-satniral areas, in particular
coniferous forests, natural grasslands, and sparsely vegetated areas, while high {eldesagdC1 were

related to both agricultural and urban areas (FigB2 & b).
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Figure 3.3 Plot showing the effect of the interaction between the sampling period and landscape PC1 on PHQ of pollen samples (In
transformed). Landscape PC1 was calculated using the regionaldandap categories in 3 km radius buffers around the sampling
locations. Pointgepresentaw data points antines represennodel estimates

Total PHQ of pollen samples increased with increasing cover of perennial iceq@gyit trees and
berries plantations and vineyards, at both 3 km and 5 km radius buffers drewwaaiipling locations (Tables

3.2, 3.9, Figures3 4, 3.5). However, total PHQ was only marginally affected by the cover of annual crops
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in 3 km radius buffers around the sampling locations (TaRlg and the effect was not significant at a larger

scale(Table 3.9).

Table 3.2 Results of the linear mixeeffects model testing the effect of the percentage of annual and perennial crops in 3 km buffers
around the sampling locations on PHQ of pollen samplesdfsformed)Values in bold indicatsignificant effectsif value<
0.05).

Explanatory variable  Estimate SE df tvalue pvalue
Intercept 0.264 1.012 64 0.261 0.795
Annual crop% (3 km)  5.865 2.892 10 2.028 0.070
Perennial crofo (3 km) 13.108 3.646 10 3.595 0.005

10

(4]

PHQ (In+0.001)
o

0 10 20 30 40
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Figure 3.4 Plot showing the effect of the percentage of perennial crops (fruit trees and vinay&#s) radius buffers around the
sampling locations on PHQ of pollen samplest{émsformed). Points represeatvdata points, the line representedel estimates
and the shaded area represémé95% confidence interval

3.5. Discussion

Contamination by pesticides of pollen collected by honey bees can seriously threaten the health of honey bees
and their colonies. Here, we performed a msidue analysis, tésg for almost 400 compounds, and
explored how the potential toxicity of pollen changed based on the pesticide category and how it could be
modulated by landscape context and seasonality. For the first time, we demonstrated the interactive effects of
the three variables on the potential toxicity of pollen collected by honey bees. In particular, we found that
the peak of potential toxicity of pollen for honey bees changed for fungicides, herbicides, and insecticides and
acaricides. Moreover, the effect lahdscape composition, in particular of agricultural and urban areas, was
modulated by the sampling month. Also, a high cover of perennial crops in the landscape, but not of annual

crops, was associated with a higher potential toxicity.
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We detected at least one compound in 96% of analysed pollen samples. The few {fiessgtigidkben
samples were all collected in the areas with the highest cover ehatumal areas. Similar works carried out
in Italy found a lower rate of pollen samplentamination, with 5&2% of samples contaminated by pesticides
(Tosi et al. 2018; Martinello et al. 201%)owever, a study conducted in our same study region found no
samples free of pesticid¢Bavaro et al. 20190ut of the 375 compounds searchegatlen samples, we
identified 97 compounds (26%), a percentage similar to the one reporiihine et al. (2018put much
higher tharFavaro et al. (2019jvhich only detected 13% of the searched compounds. Our surveys were done
halfway through each montbut we had no information on whether pesticide treatments were applied in the
surrounding areas before our surveys due to the high number of farmers and fields. Although the investigated
areas were mainly mountainous and characterized by a relativélychiger of semnatural areas, the
agricultural and urban areas around the hives boosted the presence of pesticides in pollen.

Herbicides were rare in our pollen samples and comprised the least toxic compounds, despite their
toxicity being considered modae for honey bed$wvasaki and Hogendoorn 202By far, the most common
and abundant pesticides detected in pollen samples were fungicides, as also found in othdfulioriet
al. 2010; Friedle et al. 2021yhe most commonly detected were zoxamwlaich affects cytoskeleton and
motor proteins, and spiroxamine and penconazone, which affect sterol biosynthesis in membranes. These
fungicides are used for the control of fungal pathogens in a variety of crops, in particular vineyards, fruit
orchards andereal fields. The toxicity of fungicides for honey bees is generally low since they do not directly
impact insects, and therefore their potential negative effects on honey bees are still (ebatdd and
Hogendoorn 2021)For exampleTamburini et al(2021) highlighted no effect of azoxystrobin, a systemic
broadspectrum fungicide, on honey bee colonies at fieldistic exposure, whil&l Naggar et al. (2022)
showed that the same compound could have detrimental effects on the gut microbiotatédweesr, the
major threat of fungicides is related to their interaction with other compdlwatsaki and Hogendoorn 2021,
Ward et al. 2022)for example, the acute toxicity of some insecticides dramatically increases in the presence
of fungicides(Tsvetlov et al. 2017)Moreover, even low doses of pesticide mixtures, considered not harmful
for honey bees, may reduce the efficiency of insects exposed in early developmer{Pstalfest al. 2019)
While laboratory experiments are fundamental to test tfeeteof single pesticides, it is crucial to also

investigate the effect of multiple pesticides to which bees could be exposed in nature.
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In general, only a few single compounds exceeded the concern threshold for the acute RQ. However,
multi-residue analsis showed that 15% of analysed pollen samples had medium or high levels of PHQ, which
could pose serious threats to honey bees. Insecticides and acaricides were less common than fungicides,
however, they contributed most to the total PHQ of pdqlifeiedle et al. 2021; Knapp et al. 2023his result
was expected since insecticides and acaricides are specifically formulated to negatively affect arthropods,
therefore including notarget species. The most toxic insecticide categories were neonicotinpiesiathg
abundant in April and May, and organophosphates, which boosted PHQ of pollen in June and July.
Neonicotinoids are highly efficient in controlling target species, but consequently also highly toxic to bees.
These insecticides are known to strongggatively impact bee survival, also during overwintering, and bee
general health, especially the immune and reproductive syéfesnetkov et al. 2017; Woodcock et al. 2017)

Since the use of neonicotinoids has led to higher risks to bees in the las{€cailson et al. 2018}ktrict
regulations have been imposed. In the analysed pollen samples, imidacloprid was the neonicotinoid with the
highest PHQ, as also found Bysi et al. (2018)Imidacloprid is an insecticide with immunosuppressive
activity, that also showed detrimental effects on bee merfwiliamson and Wright 2013; Di Prisco et al.

2013; DelkastRoudsari et al. 202dut sedDai et al. 2019)Despite a shift towards neonicotinoids in the last

few yeargDiBartolomeis et al. 2019prganopbsphates are still commonly used in It@prrini et al. 2016),

as demonstrated by the widespread use of dimethoate.

3.5.1. Banned pesticides

In our pollen samples, we detected a few compounds that were banned for use in the EU because of health and
environmental concerns, as already reported in I{Rlgrugini et al. 2018)We identified the fungicide
carbendazim, which was banned in the EU since 2014, at 6 locations and in 14 samples, 7 from 2019 and 7
from 2020, at higher concentrations in 2020 (me&082 ppm) than in 2019 (mean = 0.0003 ppm). The use

of carbendazim is still widespread in the EU (Pesticide Action Network Europe, 2020), and it was also detected
in food produced in Italy (EFSA 2022). However, carbendazim is also a metabolite of tlaitghathyl, a
fungicide which was still legal to use until 2021 and was also found in our samples. Therefore, the
contamination of some of our pollen samples by carbendazim could be related to thicplethgte
conversion- although carbendazim and thigstatemethyl were not found in association in two pollen

samples, pointing out the need for stricter controls on pesticide use in Europe. The fungicide quinoxifen and
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the insecticide chlorpyrifos were banned in Italy in March and April 2020 respectinelafeer these dates,

we detected them in 2 samples from 2 locations and 4 samples from 4 locations respectively. Some highly
toxic compounds were banned in Italy after our surveys,the neonicotinoid insecticides thiamethoxam and
imidacloprid, and tb oxadiazine insecticide indoxacarb, which was one of the compounds with the highest
total PHQ. Lastly, in June 2020, the use of dimethoate was banned in Italy following the EU Regulation
2019/1090, however, its use was allowed in olive orchards untib&c920, after our samplings.

3.5.2. Interactive effect of pesticide category and seasonality on pollen toxicity

Seasonality differently affected PHQ of the three pesticide categories. For herbicides and insecticides and
acaricides, PHQ was higher in spring and early summer and started to decrease in July. While herbicide
contamination was generally low, the resaltihsecticides is probably largely related to applications in apple
orchards, which in Italy are mainly made in spring and early sur(@sthwaite et al. 2015nd may have
boosted pollen contamination. Similarly, other works found that pollen contaominBy insecticides
decreased at the end of sumrfieong et al. 2018; Friedle et al. 2021; Murbirales et al. 2021)Some

studies highlighted a peak of acaricide PHQ at the end of the season caused by treatmenf{aigigaimstes

(Murcia Morales etla2020) which we did not observe since our honey bee colonies were only treated with
oxalic acid.

On the other hand, PHQ of fungicides slightly decreased in August and September, but it was more
uniform throughout the season. The presence of fungicidpslien samples was probably related to both
apple orchards and vineyards in the landscapes. In apple orchards, fungicides are mainly applied to control
diseases such as powdery mildews, apple scab, and cankers, while in vineyards they are usedimyrgvent
mildew, powdery mildew, and grey mould. These treatments are usually applied throughout the season, from
the beginning of the vegetative growth to pid@ivering of crops, and therefore caused little seasonal variation
in fungicide PHQ.

3.5.3. Inter active effect of landscape composition and seasonality on pollen toxicity

The effect of landscape composition on PHQ of pollen collected by honey bees was modulated by the sampling
month. PHQ increased with increasing cover of agricultural and urbanfemea8pril to July, while it was

lower in August and September and unrelated to landscape composition. It is well known that seasonality can

have a strong effect on the detection of pollen contamingfiarech et al. 2023)with fewer pesticides found
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at the end of the season according to plant protection pra¢hb@sia-Morales et al. 2021)On the other

hand, the effect of landscape context on honey bee pollen contamination is still debated. For example, some
works highlighted that pesticide contamioat was independent of landscape compositiRaimets et al.

2020; Koech et al. 2023; Knapp et al. 2Q2@)ile others showed that samples collected from hives placed in
agricultural areas exhibited a higher concentration of pestifithadd et al. 2016Meikle et al. 2020; Zaller

et al. 2022) Our honey bee hives were not placed in intensive agricultural landscapes, since all selected
landscapes were characterized by a certain cover ofrsgomal areas (mean cover = 50%). Nevertheless,
pollen contaminabn was high in areas with a higher cover of urban and agricultural areas, emphasizing that
even a small amount of these areas may seriously threatefMase<t al. 202Q)

An additional factor that should be considered when exploring the effect of landscape composition on
pollen contamination is pesticide drift, which could increase risks to honey bees in agricldtonahted
landscapes. Pesticide residues could drift ffooal crops to surrounding areas, contaminating pollen and
nectar of wildflowers at field margin®ard et al. 2022)Since a high diversity of floral resources could be
related to a higher contamination risk of pollen collected by {agnarska et ak022),the lower diversity
of floral resources typical of the end of the season could have also minimized pollen contamination by
pesticides.

Unexpectedly, urban areas emerged as key pathways of pollen contamination by pesticides.
Contamination is usuallpwer in urban areas compared to rural areas (David et al. 2016, Siviter et al. 2023).
However, recent studies underlined that urban habitats could be associated with high pollen contamination by
pesticides, which may exceed that of agricultural hahitas®me sampling periods (Benner et al. 2023), in
particular for specific compounds such as neonicotinoid insecticides (Botias et al. 2017, Kavanagh et al. 2021).
In addition, urban areas pose additional risks to honey bee health due to air pollutibncavhieegatively
affect odour learning and memory (Leonard et al. 2019). The impacts of pesticide applications and pollution
in general on pollinators in urban areas are still largely unexplored, despite the widespread use of pesticides in
public and privée gardens and the growing interest in urban beekeeping in most cities (Matsuzawa and
Kohsaka, 2021), underscoring the need for further studies on this topic.

3.5.4. Effect of annual and perennial crops orpollen toxicity
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The cover of annual crops, whiahthe study area mostly included maize, did not affect pollen contamination,

as also found byVintermantel et al. (20200n the other hand, pollen collected in landscapes with a high
cover of perennial cropge., fruit orchards and vineyards, was chéedzed by a higher PH@®6hme et al.

(2018) analysed pesticide residues in pollen collected by honey bees in different habitats, highlighting the
lowest pollen contamination in sematural habitats, intermediate contamination in grain fields, and the
highest contamination in fruit orchards, similar to what we observed. Most of the perennial crops in our
landscapes were apple orchards, which are crucial for the economy of our study area, and covered a large
portion of our landscapes, ranging between 0485% (mean = 9%). Apple is one of the most sprayed crops,
with an average of 25 pesticide applications per y@arthwaite et al. 2015and therefore pollen collected

in apple orchards often shows high levels of pesticide contaminti@pp et al. 2023However, it is also
important to emphasize that most pesticide applications, especially for insecticides, are not permitted during
blooming to safeguard pollinators. The high PHQ observed during apple blooming could be therefore related
to preblooming pesticide applications, since most treatments in apple orchards in the study region are made
between mieMarch and the end of Mag@rthwaite et al. 2035but also to contamination at néwcal crops,

as also highlighted by McArt et al. (2017).

3.5.5. Stug limitations

Like most of the works performed under field conditions, we were not able to account for the potential
interactive effects among pesticides, thus considering only additive effects when estimatinggialulé

pollen toxicity, and potentiallyinderestimating the negative effects on bee health. In fact, laboratory trials
showed that the toxicity of pesticide mixtures can increase synergistically and also lead to an amplification of
the sublethal effects of the leasbxic compounds, resulting detrimental effects on bee health and colony
longevity (Di Prisco et al. 2013)Therefore, future studies should also consider possible synergies among
pesticides, in order to have an accurate and realistic assessment of the impacts of pesticidggseeson

3.6. Conclusions

Honey bees are key pollinators and are seriously threatened by pesticide applications. Here, we showed that
the potential toxicity of pollen was related to the interaction of multiple faatersthe pesticide category,
seasonality, and landscape composition. We highlighted that contamination was generally higher in spring and
early summer, and that semmtural areas can contribute to decreasing pollen contamination. We also found

42



Chapter 3: Impact of landscape composition on honey bee pollen contamination by plant protection products

that pesticideapplications in urban and agricultural areas, especially in perennial crops, were probably
responsible for a high contamination of pollen. To ensure thebsgly not only of pollinators but also of
humans, without overlooking crop protection, specifitiams can be implemented. For example, farmers
should decrease their dependency on pesticides, moving towards more sustainable management practices sucl
as the use of pheromones and biopesticides (Pretty 2018, Baker et al. 2020). Agrochemical coropi&hies sh
formulate compounds that are more selective and less toxic téarget organisms, focusing arew
technologies such as controlled release sys8mgh et al. 2020). Lastly, beekeepers should always carefully
assess where to place honey bee hpreferring whenever possible areas surrounded bysatural habitats,

in order to provide potentially uncontaminated resources for bees.
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4.1. Abstract

More than half of the world's population lives in urban areas, a proportion that is expected to increase. Even if
urbanisation is widely regarded as a major threat to glolwalivirsity, recent research highlighted the
potential ecological importance of cities for pollinators. Key determinants of cities' ability to sustain pollinators
are the presence of green areas and the connectivity between them. However, also tenspexptoted to

be of primary impodnce for pollinator activitieddere, we aimedo disentanglehe effects of temperature,

open habitat cover, and distance from the city centre on wild bee communities in the city of Rome (Italy). We
selected 36 sites along two statistically independent gradients of temperature and open habitat cover, and we
sampledwild bee communities usingpanr aps f or 4 mont hs. Then, we mea
species, that is, body size, social behaviour, nesting strategy, and diet bfeagtkrature emerged as the

main driver of wild bee communities, with comnities richer in species and individuals at warmer
temperatures. We found little species replacement between cold and warm sites. In addition, with increasing
temperatures, bee communities were dominated by polylectic andlmdadt speciedlere, we shwed that

in a highly urbanised environment, temperature shapes pollinator communities irrespective of other landscape
metrics. Even if warming seemed beneficial for urban pollinator abundance and richness, it might strongly

homogenise bee communities lafexting those traits that make species more easily adaptable.
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4.2. Introduction

Globally, urban areas are expanding, while natural hatstatek and become more remote (Grimm et al.
2008) Today, more than half of the world's population lives in uthadscapes, a proportion that is expdc

to increase to 85% by 2100 (OECD 201Bybanisation is widely regarded as a madjumeat to global
biodiversity (Sala et al. 2000; Grimm et al. 2Q0&wever, high levels of biodiversity may also thrive inside
cities (Beninde et al., 2015). In particular, recent research highlighted the ecological importance of cities for
pollinators(Hall et al. 2017; Theodorou et al. 2020; Wenzel et al. 202Hanisation generally enhanced
pollinator diversity compared to moietersified agricultural landscapes (Wenzel et al. 2020preover,
urbanisation appeared to shift the functiatigersity of bee assemblages (Fournier et al. 2020%r the last
few years, it has been well established that insect pollinators areidgakioridwide, mostly due to habitat
fragmentation, loss and lanbe intensificatior(Potts et al. 2010; Kennedy et al. 201B) this context,
understanding the potential role of cities as pollinator refuge becomes fundamental.

Key determinants of citieability to sustain pollinators are often related to the amount of green areas
that are rich in nesting and food resources and to the connectivity between green fréBerénte et al.

2015; Wenzel et al. 2020; Biella et al. 202R)oreover, besides theell-known positive effects of flower
availability and high landscape connectivity, temperature is expected to be of primary importance for pollinator
activities(Kuihsel and Bliuthgen 2015As for ectotherms in general, temperature is one of the maierslo¥

insect pollinators' activitie@Bale et al. 2002; Kiihsel and Blithgen 20Marmer environments are expected

to be associated with higher growth rates, reduced development time, and increased probability of survival
(Zuo et al. 2012)However,excessive climate warming can also lead to negative effects such as increased
desiccation impairing insect growth, reproduction, and surg¢itamblin et al. 2018; Dale and Frank 2018)

For pollinators, changes in climate are also expected to cause apdtiamporal mismatches with their food
plants(Papanikolaou et al. 2017)he urban heat island effect makes cities warimen surrounding natural

areas (Oke 1973providing an ideal system to study warming effects.

Considering the high diversity of bdlife-history strategies, different species might respond to
environmental changes in dflent ways (Bale et al. 200Because certain traits can be favoured in different
environmental conditions, pollinator communities are likely to exhibit shiftariotfonal group composition
in response to urbanisation and warming. Usually, under warming temperatures, organisms show a smaller
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body size because warmer temperature increases metabolic rates and the associated costs for a given body siz
(Brown et al. D04; Eggenberger et al. 2019)owever, responses to increasing temperatures can be different
from taxon to taxon, for example, bumblebees Hiadictidae beeshowed dissimilar thermal limits and
desiccation tolerancg8urdine and McCluney 2019)n contast, the relationship between wild bees' traits

and urbanisation is more variable. However, most studies highlighted that urban areasa attoag
environmental filter on wild bees and that some functional traits are particularly beneficial to thrifearin
areas(Buchholz and Egerer 2020; Gathof et al. 20E)r example, cavitpesting and polylectic species
seemed to profit more from urbanisation than grenesting and oligolectic speci¢#/enzel et al. 2020;

Sexton et al. 2021).

In this study, waimedto disentangl¢he effects of temperature, open habitat cover, and distance from
the city centre on wild bee communities in the metropolitan city of Rome (ltaly). Mediterranean ecosystems
are among the most vulnerable to climate change and belding weorld biodiversity hotspots for wild bees
(Orr et al. 2021)In particular, Italy hosts an incredible diversity of bee species: more than half of the specie
listed for the entire Europe (Quaranta et al. 2088)vever, few studies focus on Mediterrandees and even
less on bees in Mediterranean urban environments. Here, we selected 36 sites along two statistically
independent gradients of temperature and open habitat cover and we sampled bee communitiesragag pan
for 4 mont hs . sabWralfunctienal traite af gollimater dpecies. We hypothesised that wild bee
diversity and abundance would increase with warmer temperatures and with a higher cover of open habitat at
the landscape scale. In addition, we expected that communities weddntinated by species adapted to
warm conditions at higher temperatures. In particular, we hypothesised traits to be filtered by the environment,
with small bees being favoured at warmer temperatures near the city cenbel@amground nesters and
oligolectic bees in areas with a higher cover of open habitat.

4.3. Materials and methods

4.3.1. Study area

The study area was the metropolitan city of Rome (1#ly889956 N, 12.492286) EFigure4.1 a), defined
as the territory circumscribed by thegread t or way r i?nRpmd icthe thidbnibst gopulated city
in the European Union, with a population estimated at 3.8 million, and a densjAaafgople/krhin 2016
(World Population Revie2016). The climate is temperate, with mild wet wintard warm summers. From
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1970 to 2000, maximum mean annual temperature was’@ldinimum mean annual temperature was 9.1

AC, and mean precipitation was 140. 9 msincreBeden t he
average by 0.52 C e v geary (Fidravanti et al. 20203pproximately 54% of the study area is represented

by urban areas (residential, industrial, and commercial areas), 16% by urban green aragscdiuitural

green areas, both artificial and semaitural, including historideand archaeological sites, public parks and
gardens, grasslands, shrublands, and forests), and the remaining 30% is covered in agricultural lands, pastures

and water.

0 100 200 km|
|-

Figure 4.1: a) Study aea in the city of Rome, Itajy) spatial distribution of the 36 selected sampling sites (black points) along a
gradent of urbanisation (shaded),e x ampl e of open green habitat cover (in green
the point where patraps were placed. Mapgere obtained from OpenLayers Plugin, QGIS.

4.3.2. Sampling design

We selected 36 sampling sites with open grassl an
distance from each othefdble .1, Figure 4.1 b). Sampling sites were chosen along twidependent
gradients: a gradient of median surface temperatures from 34@ 48d a gradient of open habitat cover in

a buffer of 500 m radius spanning from 4% to 53%
several studies as the magpropriate landscape scale for wild bg&athmann and Tscharntke 2002; Steffan
Dewenter et al. 2002).

To obtain surface temperatures, we extracted the radiative skin temperature of the land surface, using
Landsat 8 i mages wi t Ixel 3@ caloulatecetrse onkdian af thentempeffatures recardett p
over the sampling period, from June to September 2016, using Google Earth(Engiicie et al. 2020)T his
temperature metric is considered very relevant for insects and it has been used@s @ semperature data

in several insect population modéGhuang et al. 2012; Blum et al. 2015).
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To quantify the cover of the main habitat cat e
we identified urban, woody, and open habitat aréas ¢overed in herbaceous vegetation) and digitised
polygons in Google Earth Pro manually (Google Earth 7.1.5.1557, 2015). Then, with a field survey, we
validated the habitat classification obtained digitised polygons (FQL®.

Moreover, we calculatethe distance of each site from the city centre, that is, the Colosseum
(41.890149 N12.492298). For Rome, this variable is a good proxy of decreasing disturtzdong an
urbanrural gradient (Fattorini 2014&s suburban areas are richer in seatuil habitats than the central areas
(Figure 4.1 b). Lastly, we assessed collinearity between all landscape variables, that is, land surface
temperature, open habitat cover, urban cover, woody habitat cover, and distance from the city centre (Figure
4.1 a).
4.3.3. Wild bee sampling
At each sampling site, we collected wild bees (Apoidea: Anthophila) using a set of six yelldragmsn
composed of plastic cups (750 ml, I 12.5 c¢cm, h 4.
dish detergent. As the vegetationinthengal i ng si t es was b ettapswn tbeQgrounch, we
approximately 10 m apart, in two parallel lines of three-tpaps each. Due to the welbcumented
relationship between pollinator diversity and flower cover, we chose our sampling siéfledd a similar
amount of flower availability, allowing us to focus on the broader landscape context, that is, open habitat cover
and temperature. We placed the faaps in small patches of open grassland vegetation characterised by
similar plant composii on and si mil ar vegetation height (betw
every 2 we-8ukesto nfidBeptemben 2046, for a total of seven sampling rounds. For each sampling
round,pat r aps wer e set 0 ubneyfbesrfromiti8s stndy bedéeise e wur samplirg drea
mosthoney bes are managed; therefore, their abundance strongly depends on beehive presence. The material
was sorted by D.C. and identified by M.M. using identification kéykl{tional references in Supplementa
Informatior) and the reference collection of the Museum of Zoology of Sapienza, University of Rome. Species
names follow Discover Lif§Perlmutter 2010)Specimens are preserved at the Museum of Zooldgy o
Sapienza, University of Rome.

Pantrap samplings a wellestablished method of collecting Hymenoptera and it usually captures a

greater diversity of & species compared to netting (Boyer et al. 2@@n if the potential bias was constant
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across all sites, by using pan traps to sample wild be@saydave undeisampled certain taxa (Prendergast

et al. 2020), in particular larger bees (Roulston et al. 20@7xddition, several studies assessed colour
preference in Hymenoptera, showing that trap colour affects the diversity of sampled bees, amanthett

cases, yellow pan traps collected the largest numbers oflaifisgton et al. 2021; Krahner et al. 202Tp

evaluate the completeness of our sampling effort, we estimated the rarefactiorusimgesscoveragbased

method (Chao et al. 202(Figure 2.2 a, b). With a few exceptions, the curves presented similar slopes and

did not cross indicating that our species richness estimates were comparable across sites. However, the quick
saturation showed by most curves stressed again that sonps grfollees might have been undampled
(Prendergast et al. 2020)

4.3.4.Wild bee functional traits

To investigate how life history and ecological characteristics mediate bee response to temperature, open habitat
cover, and distance from the city centwe, sorted all recorded species based on functional traits. For each bee
species, we collected 1) body size, 2) social behaviour (solitary or social), 3) nesting strateggr@lnuye

or belowground), and 4) diet breadth (oligolectic or polylectic) (€al.2, Additional references in
Supplementary Information). We selected the most informative functional traits in predicting bee responses to
environmental change according to cuti@arature and our knowledge (Williams et al. 2Q1)r body size,

we measured body length of pinned specimens from head to metasoma end using graph paper. We measured
one to five individuals, proportionally to how many specimens we collected in the field. For each species,
whenever possible, we measured at least one feandle®ne male. We then calculated the mean body size
value for each species. We considered suial, social, and eusocial bees as social. Concerning nesting
strategies, nesting categories were collapsed to bglound and abowvground nesting to increassample

size and provide greatermgrality (Williams et al. 2010)Above-ground nesting bees included those species
which build their nests in stems or gristing cavities. For diet breadth, we classified as oligolectic those bee
species that are spatised to forage on one specific plant taxon, faragle, one single plant family (Cane

2021) Finally, we assessed collinearity between all functioa#ktof wild bees (Figure4sl b).

4.3.5. Statistical analyses

First, we estimated the effects of fame temperature, open habitat cover, and distance from the city centre on

wild bee abundance, species richness, and community evenness. We calculated wild bee commesty even
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using theR packagecodyn(Hallett et al. 2016)vith the default settingd#t calculate evenness Bgar (Smith

and Wilson 1996)Then, we fitted three linear regressions using surface temperature, open habitat cover,
distance from the city centre, and their tway interactions as fixed factors and wild bee abundance, species
richness, and community evenness as response varlgesed a natural logarithmic transformation of wild

bee abundance and species richness to meet the assumption of normally distributed residtebs. Rare

placed in herbaceous open habitats that are considered to be the most influential habitat tyie bees
(Michener 2007; Winfree et al. 2011lowever, some oligolectic species, in particular the ones nesting in
wood, might be associated with trees. Therefore, we tested also the effect of woody cover on wild bees and
woodnesting bees, sepaet. As woody cover was negatively correlated with surface temperatur®.@9;

p value= 0.002), we could not test for the effect of both variables in the same models. Woody cover did not
affect the abundance, species richness, and community evefire®owild bees or wooedesting bees
(Table &.3). Therefore, we decided to present in the main text only models testing for the effects of open
habitat, surface temperature and distance frantity centre on all wild bees.

Second, we measured changethe community composition. Based on presence/absence community
data, we calculated richness and replacement, the two components of pairwise Jaccard dissisiilgribe
functionbetadiverin the R packagevegan(Oksanen et al. 2019Then, we genated a temperature distance
matrix, a habitat cover distance matrix, and a distance from the aitse atistance matrix using tivegdist
function with Euclidean distance, and a geographicalmistanatrix using thR packagegeosgmere(Hijmans
2019). To test the effects of temperature, open habitat cover and geographic distance anamidrbenity
dissimilarity, we performed multiple regressions oa ditained distances using thi&kM function in theR
packageecodistwith 1000 permutationgGoslee and Urban 20Q7We used richness and replacement
dissimilarities as response variables.

Third, to measure functional diversity, we used functional dispersion (FDis) and functional evenness
(FEve). Functional dispersion represents the dispersibeetpecies in a mulimensional trait space, that
is, the distance of species to the centroid of all species in the community, weighted by their abundance
(Laliberté and Legendre 201@unctional evenness describes the regularity of species distniloutice trait
space weighted by their abundance. First, we created a distance matrix using Gower distance for traits. Then,

we calculated both indices based on abundance data and Gower distahegss fasing theR packageFD
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(Laliberté et al. 2014 )Fnally, we fitted two linear models using functional dispersion and functional evenness
as response variables and surface temperature, open habitat cover, distance from the city centre, and their two
way interactions as fixed factors.

Fourth, to assess $isi in trait values within communities due to environmental selection, we used
communityweighted means (CWMs), which allow extracting commutétyel trait values weighed by
species abundances. CWMs are particularly useful as the distribution of ties @f the best methods to
describe the acomunity functional composition (Moretti et al. 200%Ye calculated CWM for all wild bee
functional traits, expanding nominal traits, that is, social behaviour, nesting strategy, and diét brieadt
binary trats (Podani 2005)Then, we fitted four linear regressions using surface temperature, open habitat
cover, distance from the city centre, and their-tvay interactions as fixed factors and CWMs for each of the
four traits as response variables. We exclukdegtoparasite species from all models of funaiotraits, as
they lack pollercollecting structures and do not build their nests, and morphospecies from social behaviour
and diet breadth models, as we lack these data. Moreover, when analysing nestigy, ste excluded one
site because it contained extreme values of agjomendnesting bees compared to all other sites, distorting
our aralysis (Grubbs test for outligrvalue< 0. 00 1) , ssumptiorvaf residaadormality. a

Starting from each of the full linear models, we used a backward deletion procedure, removing one
by-one the interactions wighvalue> 0 . 0 5ran ttee mddel wigh all main effects to avoid overfitting and
to correctly interpret the main effects. Mover, in all models, we estimated variance inflation factors (VIFs)
to assess possible collinearity issues between fixed effects. All VIF values were close to 1, indicating very
little collinearity among predictor@kinwande et al. 2015All statisticalanalyses were performed using the
R software versior3.5.1 (R Development Core Team 2019)

4.3.6. Multi -model inference

To evaluate the uncertainty of model selection, we also performed amnaalél inference analysis and
compared the fit of all possibtandidate models nested within each of the full models presented above. Within
each set, models were ordered based on their secdad Akaike information criterion (AICc), with the best

fitting model showing the lowest AlCc. For each model, we calcutheedifference between the model AICc

and the | owest Al Cc of =tAlfRe ANCoq,)i Armedelanatset aarf be ooostlerdds (¢

pl ausi bl e i f its-mgdllinence aalybeeete parforred withl thiuMin package
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(Burnham et al. 2011; Barton 2020he fnal models selected according to the backward stepwise deletion
were consistent with the ranking of the plausible models based on Albte¢ 8.4, $4.5). Hence, we
presented the results of the reduced models tinerbackward deletion procedure in the main text and reported
the multtmodel inference analyses onlytlre Supplementary Information
4.4. Results
Overall, we collected ,280 individuals of 96 species and morphospecies of wild bBesddg 1.2, Figure
$4.3). The most abundant species wWassioglossum malachururgKirby, 1802) (n = 897 individuals),
followed by Lasioglossum glabriusculurgMorawitz, 1853) (n = 456 individuals) arfseladonia gemmea
Dours, 1872 (n = 275 individuals). Among the collected &3¢ 7% were polylectic bees, 22% showed a
social lifestye and 38% nested above ground.

Surface temperature was the only factor affecting wild bee abundance and richnes4.{J.abtth
abundance and species richness increased with increasing tengse(gigured.2 a, b), while community
evenness did not respond. Open habitat cover and distance from the city centre did not affect wild bee

abundance, species richness, and community evenness 4I1able

Table 4.1: Resultof thelinear models testing the effect of temperature, open habitat cover, and distance from the city @@ntre on
wild bee abundanaog@n-transformed)b) species richnegin-transformed)andc) community evennes¥alues in bold indicate
significant effectgp value< 0.05). No significant interactions were found.

Response variable Explanatory variable Estimate SE tvalue pvalue
a) Wild bee Intercept 0.278 1.775 0.157 0.877
abundancéln) Temperature 0.107 0.045 2.389 0.023
Open habitat cover -0.011 0.009 -1.164 0.253
Distance from the citgentre  0.015 0.041 0.362 0.720
b) Wild beerichness Intercept 1.154 0.765 1.509 0.141
(In) Temperature 0.048 0.020 2.418 0.016
Open habitat cover -0.007 0.004 -1.814 0.081
Distance from the citgentre < 0.001 0.018 -0.015 0.988
¢) Community Intercept 1.070 0.366 2.919 0.006
evenness Temperature -0.015 0.009 -1.567 0.127
Open habitat cover -0.004 0.008 -0.512 0.612

Distance from the citgentre  0.001 0.002 0.715 0.480
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Figure 4.2: Plot showinghe dfect of surface temperature ajabundancéIn-transformedjandb) species richnegin-transformed)
of wild beesPoints represemaw datapoints,lines represenmodelestimatesand the shaded ass@present the 95% confidence
intervak.

Multiple regressions on distance matrices showed that temperature distance affected only community
dissimilarity related to species richness difference (Tdld® Species richness difference increased with
increasing temperature distance, that is, sit#ssimilar temperatures shared a subset of the occurring species
and showed more similar bee communities (FiglB&. In contrast, the species replacement component was
not affected by temperature. In addition, open habitat distance, distance froity tentte and geographic

distance did not have any effect on both richness and replacement component4.ZJ.able

Table 4.2: Resultsof multiple regression models on distance matrices testing the effects of temperature distance, open habitat cover
distance, and geographic distance on wild bee composition dissimilarity compaeermtstichness dissimilarity ank)
replacement dissinatity. Values in bold indicate significant effecis\alue< 0.05).

Response variable Explanatory variable Estimate pvalue

a) Richness dissimilarity  Intercept <0.001 0.823
Temperature distance 0.015 0.027
Open habitat distance <0.001 0.764
Distance from the city centi -0.004  0.524

Geographic distance <0.001 0.701
b) Replacement dissimilarit Intercept <0.001 0.682
Temperature distance -0.001 0.910

Open habitat distance <0.001 0.923
Distance from the city centi 0.004 0.571
Geographic distance <0.001 0.451
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Figure 4.3: Plot showing theféect of temperature distance on richness dissimilarity of wild bee communities among sites.
Composition dissimilarity was calculated using the richness component of Jaccard index (Legendre 2014 )epnedémgs the
estimateof a multiple regression oalel on distance matrices.

Functional diversity analyses showed that functional evenness decreased at higher temJexrblires (
4.3 a, Figure4.4) while it was not affected by open habitat cover or distance from the city ¢Eabie4.3
a). Functional @&spersion did not respond to temperature, open habitat cover or distance from the city centre

(Table4.3 b).

Table 4.3: Resultsof the linear models testing the effect of temperature, open habitat cover, and distance from the city agntre on
functionalevennesandb) functionaldispersiorof wild bee communities/alues in bold indicate significant effecfs\alue<
0.05). N\b significant interactions were fad.

Response variable Explanatory variable Estimate SE tvalue pvalue

a) Functional evenness Intercept 1.190 0.223 5.338 <0.001
Temperature -0.014 0.006 -2.488 0.018
Open habitat cover 0.001 0.001 0.737 0.467
Distance from the citgente 0.001 0.005 0.289 0.774

b) Functional dispersio Intercept 0.359 0.119 3.004 0.005
Temperature -0.003  0.003 -0.848 0.403
Open habitat cover -0.001 0.001 -1.183 0.245

Distance from the citgente -0.003  0.003 -1.024 0.314
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Figure 4.4: Plot showing theféect of surface temperature on functional evenness of wild bee commuRdiats represemaw data
points, the line represents model estimate, and the shaded area represents the 95% confidence interval.

By analysing CWMs for body size, social behaviour, nesting strategy, and diet breadth, we found that
communities were functiaily diverse depending on temperature and distance from the city centre (Table
4.4). Communities were characterised by smaller individuals when they were close to the city centre or when
temperatures were warmer (Figuté a, b). Moreover, bee communitieshowed a higher proportion of
individuals of polylectic species with warmer temperatures (Fige). In contrast, CWMs for nesting
strategy and social behaviour did not respond to surface temperature, open habitat cover or distance from the

city cente. However, we found a positive trend between sociality and open habitat cover (Bigure S

Table 4.4: Resultof the linear models testing the effect of temperature, open habitat and distance from the city centre on CWMs for
a) body sizeb) neging strategy (abowground) c) diet breadth (plylecty), andd) social behaviour (socialityf wild bee
communitiesValues in bold indicate significant effecfs\alue< 0.05). No significant interactions were found.

Response variable Explanatory variable Estimate SE tvalue pvalue
a) CWM body size Intercept 10.892 1.826 5.965 <0.001
Temperature -0.117 0.046 -2.524 0.017
Open habitat cover <0.001 0.009 0.050 0.941
Distance from the city centre 0.096 0.042 2.284 0.031
b) CWM nesting Intercept <0.001 0.003 0.036 0.570
strategy(aboveground) Temperature <0.001 0.003 0.036 0.972
Open habitat cover -0.001  0.000 -1.302 0.203
Distance from the city centre <0.001 0.002 -0.186 0.854
c) CWM diet breadth  Intercept 0.533 0.280 1.903 0.066
(polylecty) Temperature 0.007 0.002 3.710 0.001
Open habitat cover 0.001 0.000 1.578 0.128
Distance from the city centre -0.001  0.002 -0.283 0.602
d) CWM social Intercept -0.041 0.436 0.095 0.925
behaviour (sociality)  Temperature 0.015 0.011 1.360 0.174
Open habitat cover 0.004 0.002 1.830 0.077

Distance from the city centre 0.007 0.010 0.717 0.496

57



Chapter4: Temperature and not landscape composibapes wild bee communities in an urban environment

a) b) c)

CWM body size (mm)

34 36 38 40 42
Temperature (°C)

34 36 38 40 42 3 6 9
Temperature (°C) Distance from the city center (km)

CWM diet breadth (polylecty) (arcsin(sqrt))

Figure 4.5: Plots showing theffects ofa) temperatureb) distance from the city centre @WM body size, anthe effect oft)
temperature on CWM diet breadth (polyledgjcsir(sqrf)-transformed)Pointsrepresentaw data pointslines representnodel
estimatesand the shaded am@presenthe 95% confidence intervals.

4.5. Discussion

Here, we showed that in a highly urbsad environment, temperature was the key driver of wild bee diversity,
abundance, composition and functional diversity, shaping pollinator communities irrespective of the cover of
open habitat and the distance from the city centre. Warmer sites showedrdtigswmicher in individuals and

species but dominated by similar traits. In response to warming and distance from the city centre, bee
assemblages exhibited clear shifts in functionatosition.

4.5.1. Temperature as the main driver of wild beecommunities

Both wild bee abundance and species richness were driven by temperature, with a positive effect of warmer
temperatures. In addition, temperature was the only factor filtering community composition and, even with a
very high variability, it ledo communities that differed because of the number of species, and not because of
species turnover. Warm temperatures are often beneficial to insects, as they might increase growth rate and
survival, and reduce development tif@eio et al. 2012)Most studes investigating the relationship between
temperatures and pollinators found that warm temperatures increased insect activities, abundance, diversity or
biomasgKiuhsel and Blithgen 2015; Schirch et al. 2016; Burdine and McCluney 2019; Welti et ap.2022,

20, butseePapani kol aou et al . 2017 ; Ha mb | i nHowever, thé . 20
reported positive effect of warming should be taken with caution. Large deviations frotetongemperature
averages were found to negatively affflging insects, as rapid temperature rises may exdeeally
established tolerance (Welti et al. 202Pp assess more precisely temperature warming effects on bees, we
should gain knowledge on midnd longterm effects of temperature and on speciegtial optima. However,

little is still knownaboutbee thermal and humidity limits, besides that they could strongly differ from species
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to species and even from one population to andgBendine and McCluney 2019; SancHeeheverria et al.
2019; Martinekt al. 2021)

Cities usually experience much warmer temperatures than nearby rural oraderal areas because
of heatabsorbing andmpervious building materials (Oke 1973h contrast, increasing vegetaticover
decreases temperatures (De Frenra.€2013) Also in this study, we found a negative correlation between
temperature and tree cover, that is, warmer sites were embedded in highly urbanised landscapes, while colder
sites showed a Wer percentage of urbanisatioBesides increasing localm@eratures with a potentially
positive effect on bee growth and survival, high urbanisation might provide locally a large amount of floral
resources, for example, in parks, gardens and roadsides, therefore sustaining a high number of species and
individuals (Hall et al. 2017; Baldock et al. 2019; Wilson and Jamieson 2&{®yever, in our study, wild
bee abundance and diversity did not respond to open green habitat cover and distance from the city centre.
Therefore, it is likely that different sites offeradimilar amount of floral resources irrespective of the amount
of open habitat in the landscape. Another hypothesis is that all sampled species had been already selected for
intensive anthropogenic habitat tyg€orcos et al. 2019)n cities, wild beecommunities should be the result
of centuries of human disturbance and therefore, they might be composed mostly of species adapted to an
urban environment. Many studies revealed that only a subset of species, coo§igtagnost tolerant to
anthropogerd activities, is able to survive in highly disturbed environmé@BasiaszalCi bi cka and t mi
2012; Gamew/irués et al. 2015; Fournier et al. 2020) particular, it has been found that insect diversity
increases witlthe age of an urban settlemenatffer et al. 2010Q)as its insect fauna has probably been selected
for high tolerance to fragmentation and colonisation potential.
4.5.2. Warm urban communities are dominated by specific functional traits
Our results show that in warmer sites, functioma#énness decreased. This means that at high temperatures,
the most abundant species shared similar traits different from the tiestommunity. Probably, few species
characterised by specific traits can cope better with warm conditions. As a consedjuese few dominant
species may be better adapted to future climate change scenarios, while others, characterised by different traits,
may disappear. By analysing community mean traits, we were able to identify which traits seemed beneficial
with increagng temperatures. Community mean trait values shifted depending on temperature and distance

from the city centre. As expected, we found that mean body size decreased with increasing temperatures, that

59



Chapter4: Temperature and not landscape composisbapes wild bee communities in an urban environment

is, communities adapted to warm conditions showed @mnage smaller individuals. Similar results were
reported for spiders, beetles, and aquatic taxa in urban environfltamtskx et al. 2018)It is well known

that usually smaller animals dissipate heat bé®erdine and McCluney 2019arger wild bee spaes might

be therefore negatively affected by increasing temperatures in(difils®n and Jamieson 2019h addition,

mean body size increased further away from the city centre, irrespective of the cover of open habitat. Similar
results were reportea iother studies, where mean body size of several invertebrate species increased with
increasing distance from the city centre regardless of local site charactdfisticsand Hornung 2019;
Braschler et al. 2021)For grounedwelling arthropods, the de@se in body size has been related to a
combination of reduced soil moisture and increased soil contamir{&taschler et al. 2021However, for

mobile flying organisms such as wild bees, this result is probably linked to foraging distances. Larger bee
individuals forage further away, while smaller individuals travel closer to thei{@es¢nleaf et al. 2007)

Cities seem to favour smalleodied species because small bees may be more likely to use local and isolated
floral spots in the city cent{@raschler et al. 2021; Prendergast et al. 208R)additional possible explanation

is that smaller species require a much limited amount of resources compared to large(\Mefcezset al.

2011; Eggenberger et al. 2019).

Besides filtering for smallebody size, warm temperatures increased the number of individuals of
polylectic species in the community. In our study, all wild bee communities showed a high level of
generalisation, with most species having a polylectic diet. This is typical of hidtdyised environments,
where oligolectic species are usually uncomridni z ®e et al . 2011; .Caykcainel | e:
wild bee species are better able to exploit resources in urban areas as they can access and forage on a gres
variety of flovers. In this study, the few oligolectic species occurring at colder temperatures disappeared at
warmer temperatures. A possible explanation for this might be that specialised species strongly depend on a
particular range of conditions and are, consequentibre vulnerable to habitat disturbance in general and
warming in particula{Winfree et al. 2011; Hopfenmueller et al. 2014; Martinet et al. 20Rd)ight also be
that the abundance of the favoured host plants of some oligolectic species decreasetiatemperatures
but, unfortunately, we lack the data to confirm this hypothesis.

Finally, we did not find any effect of temperature, open habitat cover, and distance from the city centre

on nesting strategy and social behaviour, except for a poseive between smality and open habitat cover
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Williams et al. (2010also found that social species responded strongly to the amount of natural habitat. In our
study, most soai species nested belagyroundand, therefore, the availability of bare groundpen areas

might have been a key resource for them.

4.6. Conclusions

In a highly urbanised environment, such as the metropolitan city of Rome, wild bee abundance and diversity
did not change in response to open habitat cover or distance from thentigy becontrast, temperature was

the main driver shaping wild bee communities. Under future global warming, we expect thatdraat wild

bee species will benefit from increasing temperatures in urban settlements amdhtmeemperature
communitieswill be dominated by polylectic and smdlbdied bees. Further research is needed to understand
the potential role of cities as pollinator refuge under global change, focusing not only on wild bees, but even
on other fundamental pollinator taxa such akeQutera, Diptera, and Lepidoptera.
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5.1. Abstract

Managed and wild pollinators often cohabit in both managed and natural ecosystems. Thehaesicee

Apis mellifera is the most widespread managed pollinator species. Due to its density and behaviour, it can
potentially influence the foraging actiyibf wild pollinators, but the strength and direction of this effect are
often contexddependent. Here, we observed plaatlinator interactions in 51 grasslands, and we measured
functional traits of both plants and pollinators. Using a matidel infereice approach, we explored the effects

of honey beabundance, temperature, plant functional diversity, and trait similarity between wild pollinators
and thehoney beeon the resource overlap between wild pollinators anchtney bee Resource overlap
deceased with increasingoney beeabundance only in plant communities with high functional diversity,
suggesting a potential diet shift of wild pollinators in areas with a high variability of flower morphologies.
Moreover, resource overlap increased withréasing trait similarity between wild pollinators and tumey

bee In particular, centrgblace foragers of family Apidae with proboscis length similar tohthieey bee
exhibited the highest resource overlap. Our results underline the importance dipgdoctional diversity

of plant communities to support wild pollinators in areas with a high densktgrady beéiives. Moreover,
greater attention should be paid to areas where pollinators possess functional traits simitenrteytheeas

they ae expected to be more prone to potential competition with this species.
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5.2. Introduction

As a managed and supggneralist pollinator, the westetroney bege Apis melliferaLinnaeus, plays a
fundamental role in the pollination of both crqi@aribaldi & al. 2013)and wild plantfHung et al. 2018)

However, managedioney bes might adversely impact wild pollinator communities, as they are often
extremely abundant, have a prolonged flight season, and tend to forage on the most abundant and rewarding
floral resourcegGoulson 2003)Nevertheless, observed effects are oftersidioratic and seem to depend on

local conditions, the composition of wild pollinator communities, and the different methodological approaches
adoptedGoulson 2003; Cane and Tepedino 2017; Mallinger et al. 2017)

Against this background, functional traibé both plants and pollinators can help to identify the
likelihood, strength and direction of the interactions between managed and wild poll{attheset al. 2007;

EkI6f et al. 2013; Schleuning et al. 2015; Bergamo et al. 2G2&al morphologicalraits are fundamental in
shaping planpollinator interactiongJunker et al. 2013)Plant species with greater flower size and longer
flowering periods are usually more generalist, being attractive to many pollinator species, while flowers with
deep cordh are usually accessible only to a few specialized pollinator species (Lazaro et al. 2020). Although
the effect of functional diversity of plant communities on pollinators is still deb@&echoff et al. 2017;
Uyttenbroeck et al. 2017; Goulnik et al. 2)2one expectation is that increased functional diversity should
reduce the plant resource overlap between wild pollinators and a dominant species subbrasythedy
providing a larger number of alternative nectar and pollen resources€bit).

Similarly, pollinator traits can affect both how pollinators interact with plant species and how they
interact with each othéAlbrecht et al. 2012; Garibaldi et al. 2015; Woodcock et al. 200 articular, the
competition of wild pollinators witlhoney bees in areas with a high abundance of managed pollinators could
be stronger for centrgdlace foragers, which are forced to collect pollen and nectar near thejWeatter
Hellwig et al. 2006)and for oligolectic pollinators, which have a limitedigpto shift to alternative resources
(Cane and Tepedino 201Dn the contrary, largsized pollinators with longer proboscis usually have a larger
diet breadth, as they are able to exploit a wider range of resources compared to smgereenésakt al.

2007; LaraRomero et al. 2019Hence, we expect that a high trait similarity between wild pollinators and the

honey beehould increase their resource overlap (Feg.1).
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Environmental variables can also have a strong effect on species pheantbdyehaviour. Air
temperature and weather, in particular, modulate the activity of pollinators (Trgjelsgaard and Olesen 2013;
Giannini et al. 2015). For example, bumblebees are often active at low temperatures and under unfavourable
weather condition§Goulson 2010)while butterflies are strongly negatively affected by low air temperatures
(Abrahamczyk et al. 2011Honeybees are more sensitive to low temperatures than many wild pollinators
(Jaffé et al. 2010), so potential competition between wildmadtirs andhoney bes should be more severe at
high temperatures (Fige5.1).

Functional diversity of flowering plants
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Figure 5.1: Expected effects of functional diversity of plant community and trait similarity between wild pollinator community and
thehoney been plantpollinator interactions. We hypothesise thajtin sites with a low functional diversity of plant community
and a low trait similarity between wild pollinator community andtibeey begethe resource overlap between wild pollinators and
thehoney beavould be generally low, as pollinator species with functional traits different from those lobtiey beevould exploit
different resourcedy) in sites with a high functional diversity of plant community and a low trait similarity between wild pollinator
community and théoney begthe resource overlap would be even lower, as pollinator species would spread on different floral
resourcesg) in sites with a low functional diversity of plant community and a high trait similarity between wild pollinator
commurity and thehoney begpollinator species would share an important portion of plants withahey begtherefore, resulting
in a high resource overlag) in sites with a high functional diversity of plant community and a high trait similarity betwden wi
pollinator community and thieoney begthe resource overlap would decrease, as pollinator species would have much more resources
to forage on. Increasingoney be@abundance and higher temperatures would intensify the observed effects.

A promising appoach to elucidate potential mechanisms shaping the interactions between plants and
pollinators is the use of network tools integrated with functional trait analysis. Here, we investigated how
functional traits of both plants and pollinators, together Withabundance dfoney bes and temperature,
affected the foraging behaviour of wild pollinators. In particular, this study aimed to explore how functional
richness and dispersion of plant communities influenced the resource overlap between wild gadinthtoe

honey begalso testing the effect of trait similarity between wild pollinators andhdmey beeWe observed
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plantpollinator networks in 51 grasslands in Northern Italy and computed the resource overlap between each
wild pollinator species and thmney beeWe calculated functional richness and functional dispersion of plant
communities using flower corolla lengttodver colour, and flower shape, while trait similarity between wild
pollinators and théoney beeavas calculated using proboscis length, body size, type of foraging range, and
taxonomic family.

5.3. Materials and methods

5.3.1. Sampling design

Fieldwork ws carri ed out in 51 grasslands in Northern
size. Grasslands were selected across a steep elevational gradient ranging from 150 to 2100 m a.s.l., and had
wide range ohoney beabundance (Table53L, Fgure S5.1). The selection of the sites was adjusted during

the sampling season to have statistical independence between temperatimeneyndoeeabundance
(Pearsonbts copvalklat+fod. 41 0. 1Each sampl i ngressond e wa
(mean = 4.60 km). We were not able to determine t
the mean density in the study area was c. 5 beehives péd&ta provided by the National Data Bank of the
Zootechnical Registryestablslkd by t he Mini stry of Health at the N
Institute of Teramo).

5.3.2. Sampling of ecological interactions

Between May and September 2019, we observed-pllhinator interactions in the selected sites. Sampling

occuy r ed bet ween 9: 00 and 17: 00 only with air ter
coverage < 70 %. Each site was visited only once.
assessed their relative abundance. All the individofaésach plant species were then observed for 15 min in

total, during which all hymenopterans and dipterans touching the reproductive parts of flowers were counted
and collected. Both plant and pollinator species were identified in the field when paosiibleyise, plants

were collected and prepared in a herbarium, while pollinators were placed in vials filled with 70% ethanol.
Later identification was entrusted to experts (Filippo Prosser and LM for plants, and AC, MM, DP, and PC for
pollinators). Duringhe sampling, we also measured the air temperature using a Tinytag PlusAD TGirata

logger.

5.3.3. Resource overlap between wild pollinators and theoney bee
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Starting from the observed interactions, we built 51 bipartite jplaitinator networks, onfor each sampling

site. For each network, we calculated the resource overlap between each wild pollinatorispeeieduding
thehoney bepand thehoney beal s i ng Mo r i(Moiisitadl @8)n thelR daekagespaa(Zhang 2016)

The index rangefrom 0 to 1, with increasing values indicating an increase in the plant resource overlap
between the two pollinator species. In each network, we then calculated the community weighted mean
(hereafter, CWM) resource overlap between wild pollinators andahey beeas the mean resource overlap
value of all wild pollinator species weighted by their abundance. We used CWM resource overlap instead of
resource overlap values of single species as no model using species as replicates met statistical assumptions
even after changing the distribution or transforming the variables. All analyses were perform&ivessign

3.6.1(R Development Core Team 2019)

5.3.4. Functional traits of plant species

For each flowering plant species, we measured flower corolgHevith a calliper, and recorded flower type
afterKugler (1970)and flower colour (Table3s2). These are among the most important morphological traits

for the definition of pollinator feeding niches: flower colour affects the attractiveness andrgglettiowers,

while flower type and corolla length determine the accessibility of flowers to pollindtorker et al. 2013)

We then calculated two indices of functional diversity of plant communities for each netveqrkhe
standardized functiohaichness and the functional dispersion, which provide complementary information
(Villéger et al. 2008; Laliberté and Legendre 2010). First, for each network, we m#ilictidean distance

matrix by projecting flowering plant species into a thd@aensonal trait space with each axis corresponding

to a functional trait. The distance matrix was analysed through Principal Coordinate Analysis (PCoA), and the
PCoA axes were then used as new combined traits to compute the functional diversity indicescélategor
variables were transformed into dummy variables, (binary). Functional richness measures the functional
space filled by the plant communitye., the volume of the convex hull. For each network, we standardized
the i ndex val u etiodalyichhebseincliiding aliplant speciésunrall networks (Laliberté and
Legendre 2010). Its value ranges from 0 to 1, with increasing values of the index indicating an increase in
community functional richness. Functional dispersion additionally tedtesaccount the relative abundance

of plant species. The index represents the dispersion of plant species in the traitesp#ue distance of

species to the centroid of all species in the community, weighted by their relative abundance. lsgakie r
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from O to infinity, with increasing values indicating an increase in functional dispeisipa,strong difference

in traits between dominant plant species and low abundant ones. Both indices were calculated Rsing the
packagd-D (Laliberté et al2014).

5.3.5. Functional traits of pollinator species

For each pollinator species, we selected one to four individuals, depending on the availability, and extracted
the proboscis which was measured along with total body length (body size). We diennetie literature

two additional traits: type of foraging range (two classes: cepliak forager, for species which build a nest,

and norcentratplace forager), and taxonomic family (Tabl&.& Additional Réerences in Supplementary
Information). Asfor corolla shape and length, proboscis length and body size affect the way a pollinator species
can exploit a floral resource. The type of foraging range does not directly influence resource selection, but it
determines how far pollinators can travektdlect pollen and nectar. Finally, the taxonomic family is often
linked to floral preferences or particular mouthpart morphology. Using these traits, we estimated the trait
similarity between each wild pollinator species andhitveey beel s i n g  Groilarigy ca@fficiest(Gower

1971)as described blyodani (1999)calculated using thie package=D (Laliberté et al. 2014). For each site,

we then determined the CWM trait similarity between the community of wild pollinators amdniey bee

by calculatig the mean trait similarity value of all wild pollinator species.,(excluding thehoney beg
weighted by their abundance.

5.3.6. Potential collinearity between predictors

Before performing the statistical analyses described below, we analysed potdhtiahrity in our data by

computing the variance inflation factors (VIFs) using Bhpackagecar (John and Weisberg 20199lant

species richness and standardized functional rich
correlO86jpoal e < 0.001), as well as temperapure &
value < 0.001) . We , t herefor e, chose to build ou

temperature as explanatory variables. Functionaktditpollinators were also correlated with each other
(Table $.4, Figure S5.2), so their effect on resource overlap was analysed separately. The explanatory
variables of the six global models described in the next paragraph fitted without the intefzetidriss<

1.5, indicating low collinearity.

5.3.7. Statistical analyses
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For the statistical analyses, we followed an informatiaoretic approactBurnham and Anderson 2002)
which allows comparing the fit of a set of models rather than selecting one single best model pashdksn

The first global model (Model 1) included resource overlap between wild pollinator community duothdye
beeas response variable, and thain effects ohoney beabundance, temperature, standardized functional
richness of plant community, and trait similarity between wild pollinator community ankotiey beeas
explanatory variables. The model also included all the interactions that swahgly affect the resource
overlap,i.e., the tweway interactions betweehoney beeabundance and plant standardized functional
richness, betweemoney bee@bundance and trait similarity between wild pollinator community antddhey

bee between plat standardized functional richness and trait similarity between wild pollinator community
and thehoney begeand the thregvay interaction betweemoney bee@bundance, plant standardized functional
richness and trait similarity between wild pollinator ecoomity and thdoney beeThe structure of the second
model (Model 2) was similar, but standardized functional richness of plant community was replaced by
functional dispersion of plant community.

Second, we explored the effect of single pollinator tiaitsesource overlap. We, therefore, built four
linear mixedeffect models, one for proboscis length (Model 3), one for body size (Model 4), one for type of
foraging range (Model 5), and one for taxonomic family (Model 6). Proboscis length and bodywike of
pollinators were categorized according to trait values ohtimey begwhich possesses a proboscis of c. 5
mm and body size aiboutl2 mm. Proboscis length categories for wild pollinators were: proboscis shorter
than thehoney bee 3.9 mm, probods similar to thehoney bee 4-6.9 mm, and proboscis longer than the
honey bee- 7 mm. Body size categories for wild pollinators were: smaller tharmdhey bee 7.9 mm,
similar to thehoney bee -18.9 mm, and larger than theney bee 15 mm. We catgorized continuous trait
variables due to the poor outcome of model residual diagnostics using traits as continuous variables. For
taxonomic family, we aggregated families with less than ten collected individuals,Cimbicidae,
Megalodontesidae, Melitlae, and Scoliidae. For each network, we calculated the CWM resource overlap
between wild pollinators and theney bedor each trait categore.g, for body size, we had one value of
CWNM resource overlap for wild pollinators smaller thantibeey begone for wild pollinators similar in size,
and one for wild pollinators larger than theney beeEach global model includdubney beeabundance,

temperature, trait category, and the interaction betlveray be@bundance and trait category as explanatory

70



Chapter5: Functional traits explain resourcaverlap between honey bees avitl pollinators

variables, and network identity as random factor. In all models described above, the continuous explanatory
variables were scaled to mean 0 and standard deviation 1 to make slopes conf@ataizie 2008)For a
summary of the six global models, see TalibS

Within each set, models were ordered based on their secdad Akaike information criterion
corrected for small sample size (AlCc), with lower values indicating models that better fit the data. For each
model |, we ¢ al d.e,thadifferdncetbbtweeergh® malel AlICc and the lowest AICc of the entire
set of models (with the best model having oAl Cc
probability that the model is the best oAs. a measure of goodnestfit, we estimated the RLastly, we
calculated the modelveraged partial coefficient for each explanatory variable using all models within each
set and estimated the 95% confidence intervals around ravdedged partial coifients. We presented in
the tabl es al | 6ifHardsed esal. R018)AH muii Anodelcanatyses were conducted using
the R packageMuMIn (Barton 2020)

Lastly, we tested for potential spatial autocorrelation of residuals of all modelsMisilga n s | i n
R packageape (Paradis and Schliep 2019Jhe analyses highlighted no spatial autocorrelation in any of the
model (Model Ipv al ue = 0.p&%2 ;ueMocd @l.pdZa8 ueMecd &1.p¥F6 ueMaed &I. 8
Model 5pv al ue ;Modél6py&a9 ue = 0. 075) .
5.3.8. Methodological considerations
In this study, we opted to sample many sites with a single visit, as we wanted to include a wide range of plant
and pollinator functional traits and temperatures. In network ecology, itrisioa practice to aggregate data
collected in multiple sampling events within a single plawitinator network €.g, MonteroCastafio and Vila
2017; Norfolk et al. 2018; Valido et al. 2018)owever, this operation can potentially create artificial species
assemblagege., cumulative communities composed of species obsenvedferent days, weeks or seasons,
often with normoverlapping phenologyCaraDonna et al. 2020; Schwarz et al. 2023jing singlevisit
networks, we aimed at exploring the realized interactions betweecccoring individuals ohoney bege and
wild pollinators, rather than achieving high sampling completeness of pollinator species or interactions. Our
interactions cartherefore, be interpreted as shtentm, behavioural responses.
5.4. Results
5.4.1. General results
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Across the 51 networks combined, we observed 262 plant species (bdh)lar®l 325 pollinator species or
morphospecies (TabléS), for a total of 10,84 follinator visits to flowers. During the 255 h of observation,

we recorded 1497 unique plamllinator interactions. We identified to the species level 99% of collected wild

pollinators (Table 5.3). We observed an average of 81 wild pollinator indididga ( mi n = 16, max
24 pollinator species ( rBil)nThehon8y beevasfaundbn all Sitgs aqpevas s i t
t he most abundant pollinator with 6718 coll ected

generalst one, visiting 111 flowering plant species. Other common, abundant and generalist species were
Eristalis tenax(Linnaeus), a hoverfly species found at 39 sites with 597 individuals that visited 76 flowering
plant speciesBombus pascuorutfscopoli), a bmblebee species found at 35 sites with 411 individuals that
visited 45 flowering plant species, aBghaerophoria scriptéLinnaeus), a hoverfly species found at 37 sites

with 366 individuals that visited 77 flowering plant species. Pollinator proboscis length ranged from 0.4 mm
for Entomognathus brevi¥ander Linden) to 16 mm fdombus gerstaeckekiorawitz, while body lagth

ranged from 4 mm farylaeus taeniolatugorster andH. imparilis Forster to 22.5 mm foXylocopa violacea
Linnaeus (Table $3).

We observed an average of 20 fl oweri ngl.pheant s
most frequently viséd species wer&ubussp. L. (931 total visits, 97% by theoney beg Centaurea
nigrescendVilld. (823 total visits, 84% by thboney beg andEpilobium angustifoliunk. (560 total visits,

93% by thehoney beg while the species maost frequently visitealy by wild pollinators werésaleopsis
pubescenBesser (278 visits},eucanthemum vulgateam. (191 visits), ané&rigeron annuugL.) Pers. (153
visits). Few plant speci éaneybés while hany spexiesavere exaubiuels i v e
visited by wild pollinators (N = 102 Paucuscamtdg whi c
Anthriscus sylvestri¢L.) Hoffm., and Heracleum sphondylium L. The most generalist plant species were
Ranunculus acrig. (attracting 40 pollinatospecies)Trifolium pratensd.. (attracting 39 pollinator species),

and E. annuugattracting 37 pollinator species). Flower corolla length ranged from 0.05 mm of open disc
flowers to 33 mm o€Calystegia sepiur(L.) R. Br. (Table S.2).

5.4.2. Overall funcional traits of plants and pollinators

For Model 1, fifteen mo dbe&)l Modesahveragimydndicatedprat bGileplarntardl (T

pollinator functional traits affected the resource overlap between wild pollinator community uothélyebe
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(Figure 5.2). The impact of plant functional traits on resource overlap varied heitley beeabundance:
resource overlap decreasedhasey beeabundance increased in sites with high plant functional richness,
while there was no change in resource overlap with increasingy beeabundance in sites with low plant
functional richness (Fige 5.3 a). Moreover, resource overlap increased as tiaitlarity between wild
pollinator community and thieoney beéncreased (Figre 5.3 b). Temperature and other interactions did not

affect the resource overlap (Table.& Figure5.2).
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Figure 5.2: Model estimates from the modaVeraging procedure based the set of models with all functional traits of both plants
and pollinators (Model 1). Explanatory variables of the global moddi@arey beabundanceApis In-transformed), temperature
(Temp), standardized functional richness of plant community (FRic), trait similarity between wild pollinator community and th
honey be€TSim), and the interactiorpisx FRic,Apisx TSim, FRic x TSim, andpisx FRic x T3m. All explanatory variables
were scaled to mean 0 and standard deviati®oihts represent model estimates batsrepresenthe 95% confidencimtervals
The variable effect is supported when the confidence interval does not include zero.

a) b) Standardized functional
0 richness of plant
community
= Low

Medium
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Resource overlap with
the honey bee (In+0.1)

2 4 6 0.5 0.6 0.7 0.8
Honey bee abundance (In) Trait similarity with the honey bee

Figure 5.3: Plots showing the effect &) the interaction betwedmney beabundance (htransformed) and standardized functional
richness of plant community, with the three standardized functional richness levels representifig3f® 40d 96" percentiles,
andb) trait similarity between wild pollinator community and theney been resource overlap between wild pollinator community
and thehoney bedin-transformed) (Model 1Points represemaw data points, lines represent model estimated,he shaded areas
representhe 95% confidence intervals
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For Model 2, twentye i g h't model s s howe 87).&hegqel8durCecoverlapBvas( T a b

affected only by the trait similarity between wild pollinator community andhtmey bedFigure S5.3).

5.4.3. Single functional traits of pollinators

For Model 3, the multmo d e | i nference analysis selectbh8d). five
Proboscis length was the only variable affecting the resource overlap between wild pollinator community and
thehoney bedFigure5.4a), i.e., pollinators with proboscis length similar to theney beshowed the highest

overlap Figureb.5 a).

For Mock | 4, five model s 5Bk .Bodgsizepwas tBe only vatabld affextind e S
resource overlap between wild pollinator community anchthreey bedFigure5.4 b), i.e., resource overlap
increased with increasing body siZ€igure 5.5 b). Modds for body size showed the highest values &f R
compared to other functional traits (Table&.

For Mo d el 5, si X mode b.&c). Agaid, ordy the it Category stéongly T a b |
affected resource overlap between wild pollinator commumitytaehoney bedFigure5.4 ), i.e., central
place foragers showed a higher overlap witimey bes compared to necentralplace foragersHigure5.5
).

For Model 6, four mod e |58d).3Hetaxorocic@milgsiron@icaffectedé ( T
resource overlap between wild pollinator community andhtimey bedFigure5.4 d). Bees of family Apidae
showed a higher resource overlap than the other famiigsre€ 5.5 d), but the resource overlap was also
relatively high for other families such as Conopidae, Halictidae, Megachilidae, and Syrphiiime3.5 d).

We did not find an interactive effect bbney beabundance and trait category in any of the modetgi(e
5.4), meaning that the differencer@source overlap between trait categories was independbahey bee

abundance.

74



Chapter5: Functional traits explain resourcaverlap between honey bees avitl pollinators

a) b) c)

Model averaged estimates
o
[=]
1
i

—er—i
1
i

et

1
1
1
I
]
1
I
|
1
]
1
1
1
I
]
1
]
1
1
!

e
i
1
|
!
1
I
1
1
I
]
1
I
i
1
!
[]
1
1
T
i

l II
1
I
;

I ] I
:
1
I
]
1
1
1
1
I
]
!
i
1
1

\© Q &
AC P el +<a‘°°% & W o & S N S
PO P
d
w0
L
T 05 1
E
3
o
D po-- —-—I ——————————————————————————————————————————————— RUREY U T M D R S M S
g1 }
5]
>
©
Saos
<]
=
1.0
& R

» O P » 2 3 » > S P . B .. A o >
P & o& W@ “@q d\“?) cﬁ& < <& \\Q.é? . o +C;° o o _p?‘b \&aq O'KS‘Q %\\’@ < +«®(\ s
© + +7 4+ i

e e

?\Q\S ,\?}QQ ?‘é\

. )

- R +° .
B ?“?\5 ° o w6° o RO

Figure 5.4: Model estimates from the modaVeraging procedure based on the four sets of models considering single traits of
pollinators,i.e., a) proboscis length (Model 3p) body size (Model 4)) type of foraging range (Model 5), additaxonomic family
(Model 6). Explanatory variables of the four global modelsharey be@abundanceApis In-transformed), temperature (Temp), the
levels of he four trait categories (Preb proboscis similar to theoney beeProh = proboscis longer than th®ney begBodys =
body size similar to theoney beeBody. = body size larger than th®ney begFomc = non-central forager, Apig: Apidae, Coll=
Colletidae, Cona Conopidae, Crab Crabronidae, Halr Halictidae, Mega= Megachilidae, other other familiesj.e., Cimbicidae,
Megalodontesidae, Melittidae, and Scoliidae, SyQyrphidae, Tack Tachinidae, Tent Tenthredinidae, Vesp Vespidae) ad
the interactions betwedroney be@bundance and each levels of the traits. All continuous explanatory variables were scaled to mean
0 and standard deviation Rointsrepresent model estimates dratsrepresent the 95% confidence intervalse variabé effect is
supported when the confidence interval does not include zero.
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Figure 5.5: Plots showing the effect &) proboscis length (Model 3b) body size (Model 4)) type of foraging range (Model 5),
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5.5. Discussion

Incorporating functional traits into ecological network analyses helped to elucidate the degree of resource
overlap between wild pollinators and theney bee In particular, a low functional diversity of plant
community combined ith a high trait similarity between wild pollinators and theney beeappeared to
increase the risk of potential negative impacts of a hayiey beabundance on wild pollinator communities.

In areas with a high abundance of managed pollinators, resource overlap between wild pollinators and
thehoney beeould be mitigated by a high functional richness of plant community, in which pollinators could
shift to alternative food resources, as ogab® areas with a low functional richness. To our knowledge, this
is the first time that plant functional diversity was used to explore the changes in the resource overlap between

wild pollinators and théaoney beePrevious works highlighted a similarfedt of plant diversity antioney
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bee abundance on pollinator communities, with a reduction of potential competition in sites rich in plant
species despite an increase honey beeabundance (Rodriguez et al. 2021). Similarly, heterogeneous
landscapes havmeen shown to support wild pollinators by reducing competitionhuitiey bes(Herbertsson
et al. 2016) while a lower availability of differentiated floral resources might increase competition among
pollinator speciegThomson 2016; Wignall et al. 2020a). However, in contrast with previous research, we
found that the resource overlap between wild pollinators andhey beeever increased with increasing
honey beabundance (Lindstrom et al. 2016 but Bleelewenz and Klein 2015¢ven in sites withow plant
functional diversity. This might be related to tieney bedoraging behaviour, as it often focuses on the most
abundant and rewarding resources, especially in areas with low diversity of(Magtsach et al. 20170n
the other hand, the lawresource overlap observed in sites with high functional diversity of plant community
and highhoney beeabundance could be related to the foraging behaviour of wild pollinators that could be
forced to forage on plants that are not visitedhbogey bes. However, while we found an effect of functional
richness of plant community, we observed no effect of functional dispersion. This could be partly explained
by the fact that many sites were characterized by the same dominant plant spgdietnuusandMelilotus
albus Medikus) and many different species with lower abundances, so functional dispersion values were
similar across sites.

As expected, the resource overlap increased with increasing trait similarity between wild pollinators
and thehoney be. Species with similar functional traits usually exploit similar floral resouf€estaine et
al. 2006; Albrecht et al. 201230 potential competition is expected to be higher for wild pollinators which
share traits with thboney beeFirst, proboscisength is one of the main constraints of resource selection,
affecting whether a pollinator species can obtain nectar from specific flowers. Pollinators are usually more
efficient when foraging on plants with flower corolla length matching their mouthgragth (Inouye 1980;
Madjidian et al. 2008; Klumpers et al. 2018pr example, hoverflies with a short proboscis tend to prefer
flowers that are flat or have a shallow cor@f@ntaine et al. 2006yvhile longtongued bumblebees tend to
forage on flowersvith deep corollgBalfour et al. 2013)While pollinator species with proboscis shorter or
longer than théoney beenostly foraged on plant species that were not visitduboygy bes, pollinators with
a similar proboscis visited the same plant spetiesefore, increasing their potential competition. Second,

body size determines how far pollinators are able to forage, with large pollinators usually having a longer
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foraging range compared to small spe¢f@athmann and Tscharntke 2002; Greenleaf &04l7) Here, we

found that body size was a key functional trait, driving the resource overlap between wild pollinators and the
honey beeThe latter increased with increasing body size, even if we expected a higher overlap for species
similar in size tollehoney beePotential competition withoney bes was, therefore, higher for large species,
such as bumblebees. Third, we also observed an increase in resource overlap fglaeati@agers. These
species are obliged to forage relatively near trst, iiased on their foraging range, and are, therefore, unable
to expand their foraging area, even when the local dendityray bee is high(WaltherHellwig et al. 2006)

Fourth, many Hymenoptera families such as Apidae, Halictidae, and Megachilideedshadigh level of
resource overlap withoney bes. Surprisingly, both thickeaded flies (Diptera: Conopidae) and hoverflies
(Diptera: Syrphidae), which we expected to mostly visit open disc flowers, also showed a relatively high
resource overlap. Whilihe potential negative effectstodbney bee on wild pollinators have often focused on

wild bees(e.g, Mallinger et al. 2017)other groups of insects might also be affected.

As thehoney beds not particularly active at low temperatures (Jaffé et al. 2010), we expected that its
effect on wild pollinators would be stronger in sites with relatively high temperatures. However, similarly to
what was observed in other worksd, Corcos et al. @20; Seoane et al. 2021ye did not find any effect of
temperature on resource overlap between wild pollinators arbtiey begeven if the observed temperature
range was | arge (min = 18 AC, max = 38 AC).

5.6. Conclusions

Honeybees have been introduteorldwide, and, therefore, often cohabit with wild pollinators. As their hives

can host more than 50,000 individuals, their abundance in natural and managed habitats can be extremely high.
Here, we showed that the potential interactions between wilihgilis andhoney bes depended on
functional traits of both plants and pollinators. In particular, our results highlight the potential role of plant
functional diversity in supporting wild pollinators in areas with higiney beedensity by decreasing the
resource overlap between wild pollinators anchitveey beeMoreover, as pollinator species with traits similar

to those of thénoney bedended to visit the same plant species, they could be more vulnerable to potential
competition. From a conservatipoint of view, particular attention should be paid to the potential effects of

beekeeping in sites where pollinator species of conservation concern possess functional traits similar to those
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of thehoney beeMore research is needed to quantify potentiattsand longterm effects of higlmoney bee
abundance on fitness, health, and population dynamics of wild pollinators.
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6.1. Abstract

The decline of pollinators is an urgent issue that has gained global attention and many initiatives have been
implemented to promote conservation actions. However, interventions aimed at safeguarding pollinators can
have ripple effects on multiple ecosysteervices that are equally important for human Avelhg. In this

work, we investigated whether environmental conditions favouring pollinators are positively associated with
the provision of multiple ecosystem services across three different habitaseléted 96 sites belonging to

three habitat types with different roles in supporting pollinatas.crop field margins, senmatural patches,

and urban green areas. We sampled wild pollinators and seven ecosystem services, which included
provisioning cultural, and regulatory services, using which we calculated two ecosystéirfumctionality

metrics. Semnatural patches and crop field margins exhibited both the highest diversity of pollinators and
ecosystem muHiunctionality, i.e., habitats thasupported pollinators also delivered ah#g number of
environmental cdbenefits. However, increasing habitat quality for pollinators did not result in increased multi
functionality, indicating that single ESs exhibited dmear responses. Thereformproving lo@l conditions

for wild pollinators did not enhance ecosystem rrfultictionality, while specific habitat types have been
shown to have the potential to improve pollinator diversity while generating multiple environmental co

benefits.
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6.2. Introduction

Pollination is one of the most valuable ecosystem services (ESs), with an estimated overall monetary value of
about US$195 billiorfBauer and Sue Wing 2016)nimal pollination, in particular, is essential for ensuring
wild plant reproductiorfAguilar et al. 2006; Ollerton et al. 2014)d maintaining crop productivifilein et

al. 2007; Garibaldi et al. 201.3%ince the decline of pollinators could strongly impact pollingtiteilly et al.
2020) maintaining or increasing pollinatdiversity and abundance has become a central target in biodiversity
conservation(Brittain et al. 2013; Hallmann et al. 2017; Lemanski et al. 20€2mmon interventions to
support pollinators include management actions at the local s@lémprovinghabitat quality by increasing
flower cover and diversit{Gill et al. 2016; Sutter et al. 2017; Klaus et al. 2011} also the enhancement of
landscapes.g, by restoring natural and sematural habitatéScheper et al. 2013; Tonietto and Larkin 2018)
However, any intervention designed faoollinators should be carefully assessed, as it could affect multiple
ESs both positively and negativel@aller et al. 2015)

In the bestase scenario, habitat or landscape manipulations to boost pollinatoitgliasisincrease
multiple ESs, leading to enhanced ecosystem #fwittionality (EMF). EMF is the capacity of a landscape,
habitat, or ecosystem to provide multiple functions at the same time, implying social, economic, and ecological
benefitsyByrnes eal. 2014) Until now, most studiestEMF have focused on its asg&tdion with biodiversity,
highlighting positive relationships between EMF and abawe belowground diversityMaestre et al. 2012;
Lefcheck et al. 2015; Mensah et al. 2020; DelgBdquerizo et al. 2020; Fan et al. 2023; but see Gamfeldt
and Roger 20177 key research gap concerns the response of EMF to conservation actions in different habitat
types. In particular, it is not known yet the extent to which management actions desigratsdoee
pollinators in different evironments will lead to positive effectsnoother ESs, potentially geraing
environmental cdenefits.

ES provision worldwide strongly depends on land use ch@vidiennium Ecosystem Assessment
2005; Haddad et al. 261 Gomes et al. 2020)n general, habitats with a favourable conservation status
enhance bit regulating and cultural ESs (Maes et al. 2048y a high amount of seimatural areas enhances
biodiversitybased ESs compared to urban and agricultural éBaaal et al. 2014)For example, pest control
is strongly related to the presence of seatural habitats in the landscaffusch et al. 2016; Holland et al.
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2016; Rega et al. 20183nd pollinator diversity declines with increasing distance from-saaral areas
(Ricketts et al. 2008)However, even urban areas, especially those characterized by a moderate level of
urbanization and rich in green areas, seem to better support pollinators and the ESs they provide than
agricultural areagTheodorou et aR020; Wenzel et al. 2020, but see Baldock et al. 2Q1%)ally, agricultural

areas are fundamental for crop production but are poor in delivering other ESs, particularly regulating ones
(Maes et al. 2012; Laura et al. 2017; Téth et al. 2048hethelessmost of these studies analysed how single

ES provisioning changed in different habitat types, without taking into account the possible interactions among
ESs.

In this work, we measured wild pollinator diversity, flower cover and diversity and seven ESs,
comprising povisioning, regulating and dukal ESs, through eight ES indicators. We selected 96 sampling
sites in nortkeastern Italy belonging to three habitat types, crop field margins, senrmatural patches, and
urban green areas. Selected habitapresent common laruse categories, each potentially suitable to support
pollinators but characterised by a distinct degree of relevance to pollinators. Moreover, sites belonging to the
same habitat were selected along a gradient of habitat qualipplimators, estimated through flower cover
and diversity. Our specific aims were 1) to understand how wild pollinator diversity and EMF varied among
different habitat types, and 2) to test whether improving local conditions for pollinators would@ds & bib-.

We expect that both pollinator diversity and EMF would be higher insataial patches and that EMF would
increase with increasing flower cover and diversity, suggesting that both restoringageral habitats and
improving existing habitat @ity for pollinators should produce multiple eraimental cebenefits.

6.3. Materials and methods

6.3.1. Study area and sampling design

We selected four regions in norlastern ltaly (Table&Ll, Figure S6.1). Within each region, we selected 24
sampling sites representing three habitat types: crop field margins, which included simple herbaceous margins
and complex margins; sematural patches, which included grasslands and open abandoned areas; and urban
green areas, which included both private and public gardens. Within each region, we selected 8 sites for each
habitat type. Within each habitat, sites were chosen a priori along a gradient of quality for pollinators, taking
into account both the cover andelisity of floral resources. Sites belonging to the same habitat type were at
least 500 m away from each other. Climatic conditions of sites were similar since elevation ranged between
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10 and 550 m above sea level. Minimum annual temperatures ranged ftbim fanuary and 18 °C in July,
maximum annual temperatures ranged from 6 °C in January and over 30 °C in July, and total annual
precipitation ranged from 800 to 1100 mm.

6.3.2. Wild pollinator and plant sampling

We sampled wild pollinators,e., wild bees (Hymenoptera: Apoidea: Anthophila) and hoverflies (Diptera:
Syrphidae), using pan traps. At each site, we placed three pan traps (yellow, blue, and white; 750 ml capacity,
12.5 cm diameter, 4.5 cm height), 1 m apart from each other, filled with watex drop of biodegradable

dish soap with no fragrance. We did not perform standard transect observations since the sampling was
performed by people with different skills, and due to COMMDrestrictions, it was not possible to work in
teams. Pan traps weplaced on the ground, in areas with short grass, so that they were clearly visible to
pollinators. Pan traps were exposed for 48 h during sunny dalgsow wind and temperatures20 °C. Wild
pollinators were morphologically identified to the spedemorphospecies level by DP (hoverflies), and AC

and MM (wild bees). Wild pollinator samplings were repeated three times, once per month, between May and

July 2021. Since pan traps are considered an unreliable method for estimating pollinator aljMvesipbal

etal. 2008; Portman etal. 2020) we f ocused on pol | i wigetsityji.e,theé nurebers i t y .
of wild poll i nat or-divergitgi®,thke sotalantmber af wild padlinatorespecies foideach
habitat type.

The cover and diversity of flowering plant species are strong indicators of habitat quality for
pollinators, and can therefore be used as proxies for habitat enhancement for po{liedtien et al. 2012;
Zamorano et al. 2020; von Koénigslow et al. 2022)each site, we identified all flowering plant species in a
10-m radius buffer around the pan traps and assessed their relative abundance. The sampling was repeated
three times, once per month, between May and July 2021. At each site, we then cdlowatraty plant
s p e c-diversity &hd mean flower cover.

6.3.3. Assessment of multiple ESs

Between April and September 2021, we measured eight indicators of seven ESs at each site. ESs were choser
based on the Common International Classification of Ecosystem Services (CICES) 5.1 categories and included
provisioning, regulating and cultural ESnpstly related to biodiversity (Tablel) (HainesYoung and

Potschin 2018)We chose a high number of ESs that are fundamental in both agricultural and natural areas
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(Garland et al. 202 1put are rarelassessed in urban environments (Pereira et al) 20@8eover, all selected

ESs could be quickly and easily measured in all habitat types.

Table 6.1: List of the assessed ESs, with information on the corresponding Common International Classification of Ecosystem
Services (CICES) 5.1 category and c@dainesYoung and Potschin 2018hd the measured ES indicators.

ES CICES 5.1 category CICES 5.1 code ES indicator(s)

1) Honey beeelated Provisioning, 1.1.3.1,2.2.2.1, Managechoney beabundance

ESs regulating, cultural  3.1.1.2, 3.1.1.3

2) Grounddwelling Regulating 2.2.2.2,2.2.3.1 Grounddwelling arthropod

arthropodrelated ESs abundance

3) Pest control Regulating 2231 Dummy caterpillar predation rate

4) Seed predation Regulating 2222 Seed predation rate

5) Disease control Regulating 2.2.3.2 Asian tiger mosquito egg abundanc

6) Soil nutrient cycling Regulating 2242 Soil stabilisation factor S and
decomposition rate k

7) Flood control Regulating 2213 Water infiltration rate in soll

6.3.3.1.Honey beerelated ESs

Thehoney be€Apis melliferaLinnaeus) is the most important managed pollinator species (Hung et al., 2018).
ESs provided byoney bes include several regulating, provisioning, and cultural services. Sincesiaege
pollinators are oftenndersampledising pan traps (Roulston et al. 200#& opted for direct observations of
honey bes on flowering plants to assess their abundance. At each site, we doomégdbes on flowers for

10 min.Honey beesamplings were repeated three times, once per niogtihieen May and July 2021. At each

site, we then calculated the tokadney beabundance.

6.3.3.2. Ground-dwelling arthropod-related ESs

Grounddwelling arthropods include key groups of pest and seed predBtiran et al. 2011; Nyffeler and
Birkhofer 2QAL7). We assessed growdevelling arthropod abundance using pitfall traps. At each site, we placed
two pitfall traps, consisting of a buried plastic cup (500 ml capacity, 11 cm diameter, 15 cm height) protected
by a plastic covefSpence and Niemeld 1994yaps were activated with 70% ethylene glycol for four weeks
from June to August 2021, for a total of three sampling rounds. Collected arthropods were stored in 75%
ethanol and sorted in the laboratory. At each site, we then determined the total abohdamyet ground
dwelling arthropodsi.e., ground beetles (Coleoptera: Carabidae), rove beetles (Coleoptera: Staphylinidae),
and spiders (Araneae).

6.3.3.3. Pest control
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Pest control by natural enemies is a major regulating ES, especially in agroecs$listibend et al. 2016;

Rega et al. 2018Ppummy caterpillars are commonly used to assess the intensity of pest predation by actively
hunting sight predatorHowe et al. 2009)We moulded 30 mm x 3 mm dummy caterpillars using green
plasticine and glued ¢hcaterpillars on wood skewers. We placed eight dummy caterpillars at each site, which
were exposed for 72olrs The sampling was repeated two times, in June and July 2021. We then checked all
predation marks on caterpillars and determined the mestation rate of dummy caterpillars at each site.

6.3.3.4. Seed predation

We used seed cards to assess the intensity of predation of weed seeds by seed predators. Seed cards were ma
of small rectangles (8 x 3 cm) of P80 grit sandpaper, on which seeglghed using a repositionable glue

(3 M Spray Mount]Westerman et al. 2003pPn each seed card, we glued forty seedsaodxacum officinale

(Weber) ex Wiggers, a native plant species, and forty se€snaithera biennik., an invasive exotic species.

At each site, we placed three seed cards that were fixed to the ground using nails and were exposed for 72
hours during sunny days with low wind. Then, we collected the seed cards and counted the remaining seeds
of each species. The sampling was repettest, in June and July 2021. At each site, we then estimated the
mean seed predation rate.

A limitation of this study is that we assumed that weed seeds removed from the cards were predated,
thus indicating a service, although we cannot ensure thatrgfamisms that removed the seeds actually
destroyed them. However, seed cards have been used for decades to specifically assess seed predation rathe
than dispersgBrust and House 1988; Westerman et al. 200®yeover, the most common predators of both
T. officinaleandO. biennisare insect§Honek et al. 2005; Anstett et al. 20,1ddich as ground beetles, which
are key seed predatdisulkarni et al. 2015; Carbonne et al. 2028¢eds of both species are relatively small
in size (weight of 1000 seedsrfboth species: 0.45 gr) and birds and rodents probably predated them to a
minimal exten{Hulme 1998)
6.3.3.5. Disease control
We used ovitraps to estimate the abundance of Asian tiger mosqhioles, albopictuéSkuse), a species of
medical importancéBenedict et al. 2007)vitraps consisted of a small dark container (400 ml capacity, 8
cm diameter, 10 cm height) filled with water and containing a masonite stick where mosquitoes laid their eggs.

At each site, we placed one ovitrap on the ground gposed it for two weeks at the end of July 2021, during
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the peak season ofegglayin® e t r i | .@\trapa Were cdl€t2d], gnd the number of eggs was counted
using a stereoscope.

6.3.3.6. Soil nutrient cycling

We estimated the decomposition rafeorganic matter in soil using the Tea Bag Index (TBI) methodology
(Keuskamp et al. 2013We weighed the green tea and rooibos before placing the bags in the field. At the end
of April 2021, we buried two pairs of bags in tweBdeep holes at each sifeor each pair, we used one

green tea bag and one rooibos bag. After three months, at the end of July 2021, bags were collected, oven
dried at 65 °C for 48 h, and their contents were weighedohtgte, following the TBI protocol, we calculated

the stabilisation factdsand the decomposition rat€Keuskamp et al. 2013).

Since we were not able to collect all green tea and rooibos bags after three months, we had a few
missing values for both thstabilisation factor and the decomposition rate, which we replaced with the
respective averaged values to have the same number of measured ESs in all sites. However, to ensure that the
use of averaged values would not affect the results of our modedssaveerformed all the statistical analyses
excluding sites with missing bagse., those for which it was not possible to calculate soil stabilisation factor
and/or soil decomposition rate. This sensitivity analysis indicated that all models did nosighdigant
differences, therefore, we only present the results of models including averaged values.
6.3.3.7. Flood control
We assessed flood control by measuring the rate of water infiltration iiUsdied States Department of
Agriculture 2014) Themeasurements were taken after the soil had been saturated by rain, in September 2021.
At each site, we selected a spot with short grass, where we hammered a plastic tube (20 cm diameter) in the
ground for about 10 cm. Then, we poured 1 L of water intpldwic tube and assessed the water depth at the
beginning of the experiment and after 6 min to obtain the water infiltration rate. We repeated the process three
times per site. At each site, we then calculated the mean water infiltration rate as the eaieiof the three
trials.

6.3.4. Assessment of EMF
We assessed EMF at each site including measurdsofay beaelated ESs, groundwelling arthropoe

related ESs, pest control, seed predation, disease control, soil nutrient cycling, and floodwenisgd two
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approaches: 1) the averaging appro@dbuillot et al. 2011)and 2) the multiple threshold approd8yrnes
et al. 2014)All statistical analyses were performed uditwgersion 3.6.1 (R Core Team, 2019).

Using the averaging approach, weccédted a simple EMF index based on normalized values for each
ES indicator. First, we normalized each ES indicator value by its maximum, using the forgaa (Xraw T
Xmin) I (XmaxT Xmin), Where Xormis the normalized ES indicator valueaxis theraw ES indicator value,
is the minimum ES indicator value anéhaXis the maximum ES indicator value. We considered asaxd
Xmax the minimum and maximum ES indicator values observed over the whole detelseling all three
habitat types. Fahe abundance of Asian tiger mosquito eggs, the only indicator for which low values indicate
higher levels of the ES, raw indicator values were reflected before normalizatiepaXx1 Xraw. Second,
we calculated the averaged EMF index for eachastéhe mean value of all nhormalized indicator values.
Averaged EMF was calculated using thpackagecaret(Kuhn 2008).

The multiple threshold approach allofes evaluating whether multiple functions are simultaneously
performing at high levels. We cddered the full range of thresholds, from 1% to 99% of the maximum value
of each ES indicator, and then counted the number of ES indicators that surpassed each threshold at each site
To compute the multiple threshold EMF, we usedRIpackagemultifunc(Byrnes et al. 2014).
6.3.5. Statistical analyses
First, we visually assessed the diff eieemsitydlswera mo n g
cover , f | odmersityandESpnticators. Tdto so, we compared normalized leavihes among
the three hiaitat types using a radar plot.

Second, we anal ys e-diverity and BNMF cangedin the tiree thabitat types
(indicator of habitat restoration) and in relation to flower cover (indicator of habitat enhancehsdidjver
cover and f |-doiweerrisnigt yplwaenrte Ust rongly correl atped (P
value<0.001), we could not include both in the same models. Therefore, all models were run twice, first using
fl ower cover as explanatory wdversihads explanataywvariablehAd n  u s
models including flower cover showed a EmAIC, therefore, we chose flower cover as an indicator of habitat
enhancement for pollinators. We built two linear mbeedl f e ct model s udivensifyandi | d p
averaged EMF as response variables, and habitat type and flower cover as @yplaenatbles. We also

included the region ID as random factor. To run these models, we usRgp#ukagenime (Pinheiro et al.
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2019) Moreover, using the multiple threshold approach, we analysed the effect of habitat type and flower
cover on the numberf &Ss beyond a certain level of performance. To visually assess the significance of each
threshold, we calculated the slope of these relationships and plotted them against the corresponding threshold
value. Figures were plotted using R@ackageggplot2(Wickham 2016).

Third, to quantify the r edivarsity, iower bovep Bowdrimgtplane e N W
Udiversity and ES indicators and test how these relationships changed among the three habitat types, we
cal cul at ed t hation Recticient® betwsen paosr af edriables within each habitat type.
Correlations were plotted using tRepackagecorrplot (Wei et al. 2017).

Landscape context, in particular the amount of semiral areas, could affect both wild pollinators
and EMF.However, our study was not designed to explore the effect of landscape context, since due to
COVID-19 restrictions during fieldwork, we could only sample sites relatively close to the area where the
authors who did the fieldwork resided. Therefore, waddgtto reduce as much as possible the variation in
landscape composition during site selection. To evaluate any potential effect of landscape variables, we fitted
three models for each response variabdg, wi | d pdivérdity andeavemaged EMEBsing maximized
logl i kel i hood and compared them using oAl Cc. Mo d el
flower cover. Model 2 included as explanatory variable only the percentage efiatmal habitats in a 250
m radius buffer around ¢hsampling sites. Model 3 included as explanatory variables habitat type, flower
cover, and the percentage of samatural habitats in a 250 m radius buffer around the sampling sites. For all
response variables, the @Al Gaw2hnditaing ldgtle impavemedtwith a n d
the addition of landscape variables, while the difference between Model 1 and Model 2 was always above 2,
indicating a better predictive power of local variables (Tabl2)S
6.4. Results
6.4.1. Wild pollinators
We collected 1516 wild pollinator individuals belonging to 144 species or morphospecies (6.8hld 1%
most represented wild pollinator family was Halictidae, wid80 individuals and 45 species collected, which
included the three most abundant wild pollinator species] asioglossum glabriusculuiMorawitz) (295
individuals),L. malachurun{Kirby) (125 individuals), and.. minutissimun{Kirby) (118 individuals) While
wild bees were relatively common, we only collected 96 hoverfly individuals belonging to 30 species.
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6.4.2. Effect of habitat type on wild pollinators and EMF

Seminatural patches were characterized by a higher provision of most ESs comparedfilccroprgins

and urban green areas, and results were similar for pollinators and flowering pebtes$6.4Figure6.1).
However, the abundance of groudaelling arthropods was higher in crop field margins. Urban green areas
generally showed the lowevariable values, except faoney beeabundance, flower cover and flowering

p | a-diversity. Soilrelated ESs were comparable among the three habitat types.

Wild poll a-div Habitat type

Inf rate Flower cover Crop field margin
e Semi-natural patch

o Urban green area

TBl k Flower a-div
TBI S Honey bee ab
Mosq egg ab
(ref) Ground arth ab

Seed pred rate  Cat pred rate

Figure 6.1: Radar plot showing the mean normalized value of each variable at each Babitatr e vi at i ons-dawvé: f & Wi |
wild poHiveasotyl AFl ower cover 0-dfiord ffloawé rl-ibhweea dHaregnbige v e rU,

for managedhoney beabundancehpney beeg el at ed ESs) , fi Gindawelind) ardaropochabuandiadce fground g r o

dwelling arthropoer el at ed ESs) , ACat pred rateo for dummy caterpillart
predation rate (seed predation), fAMafngeedqg edhb e(crtefd) o (fddrs eAsi
for soil stabilisation factor S and ATBI ko f or nmdilmationrate c o mp o

in soil (flood control).

Habitat type affected both wild pollinatoi & er si ty and EMFiversiyiwad p ol
comparable in sermatural patches and crop field margins, and it was lower in urban green area able
a, Figures6.2a, $6.2a) . However , -dnerbitgwag lhghdrin seanatural patchethan in other
habitats. We observed 111 wild pollinator species in s&rhiral patches, 77 species in crop field margins,

and only 59 species in urban green areas.
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Averaged EMF was also higher in semaitural patches and crdield margins (Tableé.2 b, Figures

6.2 b, $6.2 b). EMF calculated using the multiple threshold approach showed a similar response to habitat

type. EMF in semhatural patches and crop field margins was generally comparable at low thresholds, but

their differences increased at higher thresholds, with serniral patches providing higher levels of multiple

ESs (Table 65 a, Figure6.3 a, d). We observed no differences in multiple threshold EMF between crop field

margins and urban green areas (Talié 8, Figure 6.3 b, €), while the comparison between semaitural

patches and urban green areas revealed higher values of EMF inageral @tches (Table &5 c, Figure

6.3¢, ).

Table 6.2: Results of the linear mixeeffect modelgestingthe effect of habitat type and flower coveraywi | d po-l | i nat or
diversity andb) averaged EMFValues in bold indicate significant effecgs\alue< 0.05).

Response variable Explanatory variable Estimate SE df tvalue pvalue

a)Wi | d p o {diversity: Intercept (Crop field margin 8.113 0.782 89 10.380 <0.001
Semknatural patch -1.902 1.136 89 -1.674 0.098
Urban green area -3.822 1.023 89 -3.735 <0.001
Flower cover 0.128 0.047 89 2.751 0.007

b) Averaged EMF Intercept (Crop field margin 0.377 0.015 89 25.371 <0.001
Seminatural patch 0.037 0.022 89 1.626 0.108
Urban green area -0.049 0.020 89 -2.434 0.017
Flower cover 0.001 0.001 89 1.558 0.123
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a) b) c) Threshold (%)
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Figure 6.3: Plots showing the effect of habitat type on multiple threshold EMEFthe number of ESs maximized at a certain
threshold level. Panety andd) compare crop field margins and semaitural patches, panddy ande) compare crop field margins
ard urba green areas, and paneJsandf) compare semnatural patches and urban green areas. Pajpdls andc) show the
relationship between pairs of habitats and the number of functions that performed higher than a certain threshold. e tenside
full range of thresholds, from 1% to 99% of the maximum value of each ES indicator, and each line represents a given threshold.
Paneld), e), andf) show the corresponding relationship between the threshold value and the slope of the relationship between
habtat type and the number of functions reaching a certain threshotik l@iantsrepresent fitted valueend theshaded areas
represent th®5% confidence intervals. For each threshold, the relationship with habitat type is significant if the confidence interval
does not overlap zero.

6.4.3. Effect of flower cover on wild pollinators and EMF

Wi | d p o idiversityattongly inddeased wiihcreasing flower cover (Tab®&2 a, Figure6.4). On the

other hand, flower cover did not affect averaged and multiple threshold EMF®&de 6.6, FigureS6.3).

To explain this result, we an al-diversiyflowvehoaver fowering!| at i
p | adiversity, and ES indicator§igure S6.4). We highlighted several dzenefits (positive correlations)

and only a few tradeffs (negative correlations) among variables in all habitat types. However, correlations
changedependi ng on habitat type. -diversitgshoved aftradefflwdh mar g i
infiltration rate, but we also observed synergies betvieaey bee@bundance and flower cover, flower cover

and soil decomposition indices, and abundance of ground arthropods and predation rate of dummy caterpillars
(FigureS6.4 a). Seminatural patches showed the lowest number of significant correlations among variables

of which only one was a tragef f |, and we observed no signifi-cant

diversity and other variable&igureS6.4b) . I n ur ban gr e e ndivarsitewaspositivelyl d p
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correl ated t edivérsityandegnotngiveelling arthropod abundance, and negatively correlated

to the abundance of Asian tiger mosquito egagure S6.4 c).
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Figure6.4:Pl ot showing the effect odverdity.Romwtsrepresertawedata pams, theilined pol | i v

represents model estimate, and the shaded area represents the 95% confidence interval.
6.5. Discussion
To our knowledge, this is the first study investigating how conservation actions for pollingtotsbitat
restoration aneénhancement, affected EMF calculated using a considerable number of ESs. We found that
habitat types supporting a higher diversity of wild pollinators were also associated with higher EMF. On the
other hand, we did not find any relationship between flmgger and EMF in the three habitat types, meaning
that improving local conditions for pollinators did not lead to higher EMF and indicatirtneam responses
of multiple ESs.
6.5.1. Effect of habitat type on wild pollinators and EMF
Contrary to our expetations, we found that sematural patches and crop field margins hosted a comparable
number of wild pollinator species. However, even if the number of species at each site was similar, the total
species diversity of crop field margins was consideraiel, with 34 fewer pollinator species than in semi
natural patches.e., species assemblages of field margins were more homogeneous and characterized by a low
spatial turnover. Wild pollinators are usually negatively affected by agricultural intenefii¢ia¢ Féon et al.
2010; Williams et al. 2010gince floral resources are often insufficient and the use of pesticides can pose a
serious threa{Goulson et al. 2015)However, unmanaged field margins can be a crucial resource for
pollinators in agriculttal areagArnold et al. 2021; Slupik et al. 2022h our study, we sampled both simple

herbaceous field margins and complex field margins characterized by hedgerows and trees that might have
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boosted pollinator diversitgAviron et al. 2023) Also, we found that urban green areas hosted the lowest
number of pollinator species. This result is quite unexpected since recent studies highlighted the potential
importance of urban areas for pollinat@sall et al. 2017; Wenzel et al. 202B)owever, these posit effects

have been mostly reported for wild b€bat see Herrmann et al. 2028)hile other pollinator groups such as
hoverflies are known to be negatively affected by urbanizdtiagucki et al. 2017; Theodorou et al. 2020;
Herrmann et al. 2023).

EMF also changed among the three habitat types. Averaged EMF showed comparable values in semi
natural patches and crop field margins and lower values in urban green areasatBeshiareas and, in
general, habitats with a low management intensity have bemmsto exhibit higher EMKLavorel et al.
2022; Moi et al. 2022; Olimpi et al. 2022h particular, our crop field margins showed a high abundance of
grounddwelling arthropods and a high predation rate of seeds, as they often provide shelter anidalterna
prey (Allan et al. 2015; Samnegard et al. 2019pwever, the multiple threshold approach revealed that at
higher thresholds the difference between seatural patches and crop field margins was consistent, meaning
that seminatural patches, unlikerop field margins, were able to simultaneously provide high levels of
multiple ESs. On the other hand, lower EMF values in urban green areas were expected, since regulating
services have been shown to strongly decrease with increasing urbani?édiom & al. 2019) Therefore,
both wild pollinator diversity and EMF were maximized in sewiural patches and crop field margins, also
highlighting the potential role of field margins for sustaining pollinators while generating multiple
environmental cdbenefts (Mkenda et al. 2019Habitat conversion from intensively managed to pollirator
friendly habitats might not be the only way to increase pollinator diversity and EMF.
6.5.2. Effect of flower cover on wild pollinators and EMF
As expected, we foundapaosiv e r el ati onship bet we e n -diverstywHabitatc ov e r
enhancement for pollinatorise., the increase in diversity and cover of flowering plant species, is an effective
measure specifically designed to boost pollinator abundambeiaersity in different habitat typéMorandin
and Kremen 2013; Woodcock et al. 2014; Andrieu et al. 2018; Zamorano et al. 2020; Dietzel et al. 2023;
Hussain et al. 2023jince floral resources are one of the central factors in shaping pollinator pyulat

Contrary to our expectations, we did not find any relationship between flower cover and EMF. This is

in contrast with other studies since habitat enhancement seems to benefit not only pollinators but also other
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ESs, especially those related to biadtsity (Wratten et al. 2012Moreover, there is a large body of literature

that showed positive relationships between biodiversity and EMF across different land use types, and most
studies on the effect of abogeound biodiversity on EMF focused on plapeciegfMaestre et al. 2012; Jing

et al. 2015; Lefcheck et al. 2015; Soliveres et al. 2016; Schittko et al. 2022; Zhou et alH2&}er, here

we did not sample the complete plant community, since we were only interested in understanding how flower
cover and diversity, as indicators of habitat enhancement for pollinators, could affect EMF. Flower cover did
not emerge as a good predictor of EMF, highlighting that improving the quality of existing habitats for
pollinators does not positively affect EMWithin the same habitat type, the analysis of the correlation among
ESs indicated that probably the underlying drivers that promoted wild pollinator diversity were distinct from
those promoting EMF. Moreover, the lack of consistent relationships amamgesewnithin the three habitats
suggested that specific drivers may lead to-lirwear responses depending on the habitat type. For instance,
pollinatortargeted interventions are often beneficial not only to pollinators butt@alpcedators of pests
(Albrecht et al. 2020; Savage et al. 202pwever, sown flower strips do not always benefit pollinator
populations as their effects may vary depending on the chosen flower n{iAtooel et al. 2015)and they

might also increase the abundance of herbiveessilting in a tradeff between pollination and pest control
(Wackers et al. 2007 herefore, the net effects of pollinatargeted interventions are not straightforward,

and it is crucial to investigate which drivers determine high levels of diff&i@mtamong habitatBullock et

al. 2021)

6.6. Conclusions

Maximising the delivery of multiple ESs across different habitat types is a complex task, but it is of central
importance for the welbeing of humans and ecosystems across hiimpacted landscapes. Here, we showed

that both semnatural patches and crdigld margins were associated with higher pollinator diversity and
EMF, highlighting not only the key role of undisturbed habitats but also the potential importance of field
margins. Nevertheless, it is fundamental to emphasise that the total diveptirator species collected in

crop field margins was much lower than in seraiural patches, which are therefore able to support more
heterogeneous pollinator communities. Moreover, we found no association between flower cover and EMF in
any of the thre investigated habitats, meaning that improving habitat quality for pollinptowed to be
insufficient to enhance EMF. Our study indicated that promoting pollinators does not always increase the
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number of cebenefits that could be delivered to soci€tyture investigations are needed to understand how
pollinator interventions could affect ESs and EMF in different habitat types, and how landscape composition
and structure could modulate these relationships.

6.7. Funding information

This project received funding from the European Union's Horizon 2020 research and innovation programme
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Chapter 7: General conclusions

Through the chapters of nBhDthesis, | was able to analyse in detail how managed and wild pollinators are
affected by thdriversthat determine their abundance and diversity in dynamic landsdapelnd-use
changes and habitat loss, urbanization, and the introduction of managed sjpadesape alteratiorse now
unavoidablexnd usually occur rapidly, leavipgllinator communities little time to adap¥hile some species,

the more resilient onemjay continue to thrive, other species will not be able to cope with the new conditions
and will therefore decrease in abundancgin the worst caseajisappear. Understanding how pollinators
respond to these factovéll allow us to counteract their netjge effects through tailemade conservation

interventions summarized in Table 7.1.

Table 7.1 Summary of conservatianterventiongor pollinators that emergad thechapters of myhesis including informationon
thepollinator groug that can benefit frothemand the chaptsiof the thesis in which the topic was addressed.

Conservationintervention Affected Tested in
pollinator group

Preserveor restoreseminatural habitats All pollinators Chapter 2

Chapter 3

Chapter6

Promoterichness, cover and functional richnes All pollinators Chapter 5

of flowering plants Chapter6

Limit the density of managed honey bedsen  Wild pollinators  Chapter5
floral resources are scarce
Devel tailoredconservation strategies for Wild pollinators  Chapter 4

pollinators based otheir functional traits Chapters
Createclimate change refugia in urban Wild bees Chapter4
environments

Provideearly-seasorloral resourcese.g, Honey bees Chapter2
flowering treessuch as willows

Consider landscape structure when placing  Honey bees Chapter 2
honey bee hiveg.g, awayfrom perennial crops Chapter3

7.1.The importance of protectingdiverse seminatural habitats and theresourcesthey provide
Semkinatural habitats) landscapgare crucial for sustaining pollinator communitias seen i€hapter2 and
Chapter3. However,seminatural habitatare heterogeneous and not@lithemsupportpollinatorsto the
same degreeMaurer et al(2022) showed thaextensively and conventionally managed meadows, flower
strips, hedgerows and forest edgested unique sets of pollinator specesdthat the importance of these
habitatscharged throughout theflowering seasonBartual et al.(2019) on the other hand, showed that
althoughforests andvoodlandsmay be optimator nest buildingand larvae development, thegrbouredhe

lowest abundance of bees compghiieopen semmatural habitatdifferent types of semmnatural habitatalso
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offer distinct nesting resources for wild bedwereforedifferent bee taxa may benefit more from the presence
of certain types of senmatural habitats than othgiiSeraerts and Isaacs 202Bhesedifferencesaremainly
related teseminatural habitastructue and vegetation compaosition, and thus to the atmofunesources they
can provideparticularlyfloral resourcesFor example,nn Chapter 2we observed how plant phenology and
bee preferences affected the compositiorpoifen collected by honey bees. Eventlie abundance of
pollinators inforestsis generally low, we found thi&ees played a key role in supportimgnaged honelyees
at the beginning of the flowering season, being replaced later in the season bgdestiavering plants,
further confirming how different habitat types are neededi®mveltbeing of pollinatopopulations

The restoration of different types of senatural habitatghereforecould be a kewction to safeguard
pollinator populationdHowever whenevepollinatorfriendly measures are implementétke potential impact
on other organismandecosystem services fundamental to our Aweihgshould also be assessedprderto
maximise the positive effects tfiese conservation actigrss we observed i@hapter 6 In Europe, agri
environment schemés agricultural landscapesewidely sponsoredhot onlyfor the protection gpollinators
but also fobiodiversityand their associated ecosystem servidesvever these programmes aretrsufficient
evento protect pollinatrs to effectively protect insects, we would need thtieees the amourihdicated by
the current policy guidelinesf a diverse range of habitaf®indar and Raine 2023Jargeted policie$or
pollinatorsand other key organisnase essentiglCole et al. 202Qhowever, to date no government worldwide
has delivered specific legislation to addregsliversitydecline(Hall and Steiner 2019; Van Der Sluijs 2020)
7.2. Conservation ofpollinator functional traits
The analysis opollinatorfunctional traits can be crucial f@accurately assessing the response of pollinators
to the drivers that determitieeir abundance and diversitg.Chapter 4 we found that wild bees characterized
by specific functional traitsverethreatenedy high temperatures in cities, and@mnapter 5we highlighted
that potential competition with managed honey bees changed based onlmiédgrdunctional traitsindeed,
the impacs of thesedrivers onpollinatorspeciesare not related to tiretaxonomic identity, but rather to their
functional identity. We observed that wild pollinator responses were influenced &y thorphological
featuressuch as body size and pascis lengthecological features such iaging and nesting preferences,
and evolutionary history such as taxonomic famifpr example, although bees are generatipsidered a
thermophilic group,negative impacts of increasing temperatures have hagighted for bumblebees
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(Janousek et al. 2023; Sepulveda and Goulson 20#8for abovaground nesting bedsllyshen and Horn
2023) stressinghow climate effects strongly depend on pollinator tréidsrian et al. 2023)This also
emphasises that, qdte being a common practice, tlwdustering of large groups of pollinatorse.g,
considering wild bees or hoverfliessinglegroups shouldbe evaluated carefully, as it can lead to results that
do not give an accurate picture of tiualchanges itommunities.

Exploring the functional composition of pollinator communities and ttey changes also crucial
becausehese modificationsan strongly impadhe ecosystem servigellinatorsprovide(Gagic et al. 2015)
and, therefore, ecosystem resilien®douillot et al. 2013) Functional traits determine species role in
ecosystemgCoux et al. 2016and, br pollinators, traits such as body size and proboscis leargtistrongly
related to pollination efficacgChaseet al. 2023) Pollinator communities characterized by a high functional
diversity are generally more efficiemiotentially leading tdigher crop yieldHoehn et al. 2008; Woodcock
et al. 2019) andchanges inthe functional composition of pollinator commities can also impact plant
pollinator networks and $&l to major changes in plant communit{&mpson et al. 2022Moreover the loss
of specific functional traits, for example large body size, couajshct the reproduction specificplantspecies
(ZaragozaTrello et al. 2023)It is therefore clear that not only the conservatiopaffinator speciedut also
the preservigon of their functional traitshould be a priority.
7.3.Managedand wild pollinators: Matching conservation strategies?

The honey bee is a key pollinator speciesd @ahe pollination and production ofany crops depend on its
activity. Therefore, it is crucial to ensure thainey bee coloniemaintainoptimal health, which could be
achieved, for example, by placing their hivaslandscapes with a high amount of seratural areas, as
highlightedin Chapter 2andChapter 3However, honey bees arensiderablgifferent from other pollinatar
and bee species, being eusocial, competitive, sygregralist and, most importantijmanaged by humans.
These characteristics make managed honey bees potentiatifuhtar wild pollinators, aseenin Chapter 5
T including feral honey bee populations, which in Europe are endandeecthe lack of nesting sites and
transfer of pathogenand parasitesom managed hive@Requier et al. 2019)n Europe, the vast majority of
honey bees are managed &&cl honey bee colonies are rare and scattered, with densities usuafythan
0.2 colonies km and a high rate of winter mortalifRutschmann et al. 2022; Kohl et al. 20ZPhe density
of managed hives imuchhigher in Europewith more than 5 hivelsm2in Italy (data provided by the National
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Data Bank of the Zootechnical Registry established by the Ministry of Health at the NS&oviae Centre
of the nG. Ca p o r a ITereseunhatusalabundande® of mahaged doney roamgd.result
for examplejn increasing competition for floral resources with wild pollinatoging the flowering season,
a single honey bee colony could colldw pollen needed for the developmenfi®®,000wild solitary bees
(Cane and Tepedino 2017)

Several strategies have been recommeramltuohit these potential negative effects on wildllinatas.
For example, it has been proposedrut the placement of bee hivesmatural areas, or establialthreshold
of hive density in landscapéGeslin et al. 2017)however, some of these actioosuld be detrimental to
managedoney bee hedit Therefore, it is clear thate needan inclusive approach fond a balance between
managedaollinator health and wild pollinator conservatigtieijn et al. 2018) Specific legislatiorshould be
adopted that would lead toore sustainable armbnsciousbeekeeping, without impacting bee health, crop
pollination and honey productio
7.4. Knowledge 6 pollinator species
A key, but oftemeglectedaspect of pollinator conservation is that it carlr@accomplished without proper
knowledge ofpollinator species, their ecolog and distributios. Although pollinators are crucial for
ecosystems and our wddking,our knowledgenf somepollinatorgroups is extremely limitedHoverflies are
a relatively wellknown groupand for only 5% of European species, ofitthe total 890 species, the
International Union for the Conservation of Nature (IUCN) could not evaluate the risk of extinction due to
insufficient information( Vuj i | e. For laeks, on thé® @&her) haritle scenario is quite different: for
more than half of the European species (55.6%), out of the total 1,965 species, we have too little information
to define their overall population trer{lieto et al. 2014)For instance, the Italian Red List of Beesyonl
assessed the conservation status of less than 15% of the species reported for the country, and yet 55% were
cl assified agQuérdnia etal. 2DISfoirithe stwlies peesented @hapter4, Chapter5 and
Chapter 6we sampled managed and wibdllinators and gathered a large amiboef dataon species
distribution andtheir floral and habitat preferencd®y sampling for only three yearand mostly in areas
characterized bynoderate ohigh anthropogenipressureywe collected more than 400 pohtor species and

morphospecies, including more than 100 hoverfly species and almost 250 bee Spes&data are of critical
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importancefor our knowledge b pollinators and will contribute to future assessments pbllinator
conservation status

7.5. Future steps and final remarks

The factors that determimmllinator abundance and diversity are not indepenafezdich otherf-or example,
climate couldnteract with pesticideitherimproving or worseimg their effect on pollinator heal{Kenna
etal. 2023) butit can also interaawith landuse changesvith effects changing from one pollinator guild to
anothe(Ganuza et al. 20220 my PhD thesid,analyzed how pollinators were affectedibgividual factors
but future studiesieed tatake into account thpotentialinteractive effects among driveirs order to have a
realistic andaccurate overviewf pollinator statusthat will allow us toeffectively protectthem In addition,
we know that even thaore resilienpollinatorspeciesare experiencing changeg, pollinatorindividualsof
common species found in warmer urban areabecemingsmaller than those of the same speciasier
areas(Eggenberger et al. 2019; Tommasi et al. 2022)my PhD thesis,| focused on communitievel
responses, which are the most easily observed in thetehmrtbut future studies should explore lgagn
adaptationst the intraspecificlevel.

Pollinator conservation israultifacetedscience and an ongoing challenge. The factorgigtatmine
the abundance and diversitymfllinators are multiple, complex, often contelgpendent, and interconnected.
It is our responsibility to work telow, stop orreverse this process of dime, not only for their value for
biodiversity but also because our wed#ling strongly depends on pollinatof® protect pollinators, the key
ecosystem service they provide, and the fundamental contribution they make to biodiversity, tailored
conservabn actions are needetb limit land consumption andestorenaturaland semnatural habitatshat
areadayudely connected even in citiesto more strictly regulate beekeepiagdbecome less dependent on
honey bee pollination in favour efild pollinators to decrease the use bighly toxic pesticides, moving
towards anntegrated pest managemapproach, which could benefit not oplgllinators and other organisms
but also crops; and last, to pursue pollinator monitoring programs ltbat @eterminiry how pollinator

populations are changing over time.
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Table S2.1 List of the 13 sampling locations with information wordinates (WGS84, decimal degrees),
elevation (m a.s.l.Jand percentage of agriculturdidric), seminatual (Seminaf), manmade (Manmade),

and other (Other) areas in 3 km radius buffers around the sampling locations.

Location Lat (N) Lon (E) Elev Agric Seminat Man-made Other
Ala 45.782728 11.029251 291 20 73 5 1
Borgo Valsugana 46.055169 11.455965 406 44 41 15 0
Caldonazzo 45.997705 11.270409 462 33 42 12 13
Cavalese 46.283778 11.50333 894 37 55 8 0
Cles 46.361671 11.039318 650 46 31 12 11
Faedo 46.194805 11.169871 700 18 79 3 0
Giovo 46.143398 11.118596 339 52 25 21 0
Peio 46.38582 10.687238 1481 8 76 0 0
Pergine Valsugani 46.073691 11.231101 503 38 43 19 0
Riva del Garda  45.901052 10.852101 93 40 28 27 4
Romagnano 46.000702 11.113726 192 44 45 8 3
Rovereto 45.884123 11.021881 175 41 28 29 2
Tiarno di Sopra  45.893395 10.679264 747 13 83 3 0
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Table 2.2: CORINE LandCover(CLC) classes and merged categories.

CLC code CLCclass Category
111 Continuous urban fabric Urban
112 Discontinuous urban fabric

121 Industrial, commercial and public units

122 Road and raihetworks and associated land

124 Airport

131 Mineral extraction sites

132 Dump sites

211 Norvirrigated arable land Crop
221 Vineyards

222 Fruit trees and berries plantations

231 Pastures

242 Complex cultivation patterns

243 Crop withsignificant amount of natural vegetatic

311 Broadleaved forest Seminatural
312 Coniferous forest

313 Mixed forest

321 Natural grassland

322 Moors and heathland

324 Transitional woodlangcrub

332 Bare rock

333 Sparsely vegetated areas

335 Glaciers and perpetual snow

511 Water courses Other
512 Water bodies
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Table 2.3: Results of the Principal Component Analysis (PCA) for 1, 3, and 5 km radius buffers around the

sampling locations, showing variable loadings and their eigenwestiaes.

1km 3 km 5 km
PC1 PC2 PC1 PC2 PC1 PC2

Explained variability 22.4% 15.8% | 26.1% 19.9% | 28.8% 16.3%
CLC class

111- Continuous urban fabric -0.382 -0.277 | 0.231 0.272 |-0.203 -0.087
112- Discontinuous urban fabric -0.331 0.284 |0.281 0.347 |-0.266 -0.193
121- Industrial, commercial and public units -0.308 0.178 | 0.255 0.227 | -0.233 0.098
122 - Road and rail networks and associa - - - - -0.146 0.056
land

124- Airport - - 0.096 -0.288 | -0.029 0.343
131- Mineral extraction sites 0.137 -0.094 | 0.070 -0.211 | -0.092 0.087
132- Dump sites - - - - -0.069 0.037
211- Norvirrigated arable land -0.382 -0.277 | 0.078 0.157 | -0.065 -0.189
221- Vineyards -0.019 -0.180 | 0.225 -0.260 | -0.178 0.360
222- Fruit trees and berries plantations -0.064 0.393 | 0.000 0.145 |-0.017 -0.149
231- Pastures 0.119 -0.098 | -0.204 0.002 | 0.213 -0.107
241 - Crop with significant amount of naturi 0.318 -0.019 | 0.161 0.259 | -0.246 -0.099
vegetation

242- Complex cultivation patterns -0.176 0.202 |0.195 0.282 |-0.199 -0.204
311- Broadleaved forest -0.043 -0.411 | 0.194 -0.363 | -0.164 0.377
312- Coniferous forest 0.280 -0.028 | -0.401 0.050 |0.215 -0.247
313- Mixed forest 0.204 -0.327 | 0.085 -0.220 | -0.173 0.050
321- Natural grassland 0.213 0.016 |-0.356 0.020 |0.335 0.071
322- Moors and heathland - - - - 0.267 0.262
324- Transitional woodlangcrub -0.394 -0.281 | 0.109 -0.240 | -0.052 0.197
332- Bare rock - - -0.356 0.020 | 0.325 0.072
333- Sparsely vegetated areas - - -0.347 0.044 | 0.321 0.064
335- Glaciers angberpetual snow - - - - 0.324 0.073
511- Water courses -0.051 -0.081 | 0.187 -0.328 | -0.111 0.433
512- Water bodies -0.102 0.354 | 0.001 0.131 |-0.051 -0.210
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Table 2.4: Pollen types identified in pollen samples and their average proportion in gengiing months

and in total. The identified pollensere classified following the pollen type®menclature proposed by

Persano Oddo and Ricciardellli d6bArbor e
Pollen type April  May June July August September Total
Acerspp. 0.062 0.030 0.004 - - - 0.015
Acidantheraspp. - - - - 0.004 - 0.001
Actinidia spp. - 0.011 0.008 - - - 0.004
Aesculusspp. 0.009 0.013 - - - - 0.004
Agrimoniaspp. - - - - 0.002 - -

Ailanthusspp. - - 0.004 - - - 0.001
Alnusspp. - - 0.002 - - - -

Ambrosiaspp. - - - - 0.006 - 0.001
Apiaceae - 0.009 0.040 0.031 0.010 0.011 0.018
Artemisiaspp. - - - 0.004 0.052 0.022 0.013
Aruncusspp. - 0.004 0.013 0.012 0.017 0.015 0.010
Asparagusspp. 0.009 0.004 0.006 0.004 - 0.004 0.004
Begoniaspp. - - 0.002 - 0.006 0.015 0.003
Betulaceae 0.047 0.015 - - - - 0.009
Boraginaceae - 0.008 0.002 0.004 0.004 - 0.003
Buddlejaspp. - 0.006 0.006 0.012 0.017 - 0.008
Buxusspp. 0.009 0.002 - - - - 0.002
Cameropspp. 0.006 0.017 0.002 - 0.002 - 0.005
Campanulaspp. - 0.004 0.002 0.008 0.002 - 0.003
Cannabaceae - 0.002 0.002 0.008 0.014 - 0.005
Caprifoliaceae 0.021 0.021 0.002 - 0.004 - 0.008
Carexspp. 0.018 0.021 0.004 - - - 0.007
Carpinusspp. - 0.002 - - - - -

Caryophyllaceae 0.018 0.011 0.002 0.012 0.023 0.004 0.012
Castanea sativa - - 0.045 0.014 - - 0.011
Centaureaspp. - - - 0.004 - 0.004 0.001
Chelidoniumspp. - 0.006 - - - - 0.001
Chenopodiaceae - 0.002 - 0.006 0.035 0.041 0.013
Clematisspp. - 0.023 0.025 0.035 0.023 0.022 0.023
Compositaéd-form - 0.006 0.006 0.043 0.023 0.026 0.018
Compositae Horm 0.018 0.013 0.032 0.057 0.062 0.112 0.045
Compositae-Jorm 0.003 0.004 0.025 0.023 0.021 0.019 0.016
Compositae Sorm - 0.004 0.002 0.023 0.027 0.011 0.012
Compositae Fform 0.103 0.057 0.034 0.062 0.047 0.064 0.058
Convolvulusspp. - 0.004 0.017 0.023 0.029 0.004 0.014
Cornusspp. - 0.032 0.002 - 0.002 - 0.007
Corylaceae 0.018 - - - - - 0.002
Cotinusspp. - - - - 0.002 - -

Crocusspp. 0.015 0.004 - - - - 0.003
Cruciferae 0.018 0.015 0.030 0.043 0.023 0.041 0.028
Daturaspp. - - - 0.002 0.004 0.015 0.003
Echiumspp. - - 0.002 0.006 0.002 - 0.002

(1989) .



Eleagnusspp.
Epilobiumspp.
Ericaceae
Eucalyptusspp.
Fagopyrumspp.
Fagusspp.
Filipendulaspp.
Fragaria/Potentillagroup
Frangulaspp.
Fraxinusspp.
Genistaspp.
Geraniaceae
Gleditziaspp.
Hederaspp.
Hedisarumspp.
Helianthemunspp.
Humulusspp.
Hypericumspp.
llex spp.
Impatiensspp.
Juglansspp.
Knautiaspp.
Labiatae
Lagestroeniapp.
Lamiumspp.
Laurusspp.
Ligustrumspp.
Liliaceae
Liriodendronspp.
Loniceraspp.
Lotusspp.
Luzulaspp.
Lytrhumspp.
Magnoliaspp.
Malug'Pyrusspp.
Malva spp.
Melilotus spp.
Ocinumspp.
Oenotheraspp.
Oleaceae
Onobrychisspp.
Ostryaspp.
Papaveraceae
Parthenocissuspp.
Passifloraspp.
Phaceliaspp.
Piceaspp.
Pinusspp.

0.008 0.008
0.002 0.002
0.004 0.004

0.013 0.008
0.028 0.010

0.015 -

0.006 0.002
0.013 0.010
0.002 0.008

0.002 -
0.019 0.021

0.008 0.029

0.004 0.004
0.006 0.008

0.008 -

0.019 0.010
0.023 0.002
0.004 0.002
0.002 -

0.002 0.004
0.017 0.006

0.011 -
0.006 -

0.023 0.021

0.013 0.014

0.002 -

0.015 0.006
0.045 0.051

0.004 -
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0.006

0.002

0.002

0.006
0.010

0.008

0.033

0.021
0.006
0.008

0.025

0.006
0.010
0.045

0.004
0.004
0.002

0.010

0.002
0.004

0.012
0.025
0.016

0.010

0.006

0.016
0.002

0.003

0.005
0.001
0.002
0.004
0.007
0.013
0.001
0.018
0.003
0.011
0.003
0.022

0.017
0.002
0.009
0.004
0.007
0.001
0.003
0.013
0.016
0.002

0.006
0.018
0.004
0.002
0.004
0.004

0.004
0.023
0.003
0.015
0.004
0.001
0.013
0.002
0.001
0.013
0.022

0.001
0.002
0.007



Plantaginaceae
Platanusspp.
Poaceae
Poteriumspp.
Prunusspp.
Quercusspp.
Ranunculaceae
Rhamnaceae
Robiniaspp.
Rosaspp.
Rosaceae
Rubiaceae
Rubusspp.
Rumexspp.
Salixspp.
Sambucuspp.
Sambucusgbulus

Trifolium incarnatumgroup
Trifolium pratensegroup
Trifolium repengyroup

Thalictrumspp.
Tilia spp.
Typhaspp.
Umbellifarae
Urticaceae
Verbascunspp.
Viburnumspp.
Vicia spp.
Viola spp.

Vitis spp.
Xantiumspp.
Zea mays

0.009
0.003
0.006
0.003
0.076
0.038
0.035
0.003
0.003

0.009

0.009
0.006
0.094
0.006
0.003

0.019

0.023
0.002
0.019
0.023
0.038
0.002
0.023

0.019

0.032
0.006
0.025
0.015
0.006
0.002
0.009
0.026
0.008

0.002
0.002
0.002

0.002

0.004

0.038 0.064

0.032 0.025

0.006 0.002
0.002 0.002

0.008 0.002
0.008 0.006

0.051 0.031
0.008 0.008
0.004 -

0.002 -
0.004 0.006
0.057 0.062
0.028 0.031
0.038 0.004
0.002 -

0.015 0.021

0.006 -
0.002 -
0.030 0.004
0.002 -
0.002 0.021

0.042

0.023
0.001
0.014
0.011
0.013
0.001
0.005
0.002
0.009
0.001
0.028
0.005
0.018
0.004
0.002
0.001
0.004
0.043
0.021
0.008
0.001

0.012

0.001
0.002
0.007
0.001
0.008
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Table S3.1: List of the 13 sampling locations with information on coordinates (WGS84, decimal degrees),
elevation (m a.s.l.), and percentage of seatural (Semnat), agricultural (Agric), and mamade (Man

made) areas calculated using the regional-lsselmagategories in 3 km radius buffers around the sampling

locations.

Location Lat(N) Lon(E) Elev Seminat Agric Man-made
Ala 45.78273 11.02925 291 74 20 5
Borgo Valsugana  46.05517 11.45597 406 41 44 15
Caldonazzo 45.99771 11.27041 462 49 38 13
Cavalese 46.28378 11.50333 894 56 37 8
Cles 46.36167 11.03932 650 35 52 14
Cogolo di Peio 46.38582 10.68724 1481 92 8 0
Faedo 46.19481 11.16987 700 79 18 3
Giovo 46.1434 11.1186 339 26 52 22
Pergine Valsugana 46.07369 11.2311 503 43 38 19
Rovereto 45.88412 11.02188 175 29 41 30
Salorno 46.24121 11.20504 216 47 45 7
Tiarno di Sopra 45.8934 10.67926 747 84 13 3
Valeggio sul Mincio 45.4085 10.72586 91 1 87 11
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Table S3.2: Regional laneluse map classes and corresponding categoriesiusiee Principal Component

Analysis.

CLC code CLC class Category Type

111 Continuous urban fabric Urban Man-made

112 Discontinuous urban fabric Urban Man-made

121 Industrial commercial and public  Industrial Man-made
units

122 Road and rail networkand Urban Man-made
associated land

131 Mineral extraction sites Mineral extraction sites Man-made

142 Sport and leisure facilities Urban Man-made

211 Norrirrigated arable land Nonirrigated crop Agric

221 Vineyard Vineyard Agric

222 Fruit trees andberries plantations  Fruit trees Agric

231 Pastures Pastures Agric

242 Complex cultivation patterns Complex crop Agric

243 Agriculture with significant areas ¢ Crop-natural Agric
natural vegetation

311 Broadleaved forest Broadleaved forest Seminat

312 Coniferous forest Coniferous forest Seminat

313 Mixed forest Mixed forest Seminat

321 Natural grassland Natural grassland Seminat

324 Transitional woodlangcrub Transitional woodlangcrub  Seminat

332 Bare rock Other Seminat

333 Sparselyegetated areas Other Seminat

335 Perpetual snow Other Seminat

511 Water courses Other Seminat

512 Water bodies Other Seminat
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Table S3.3: List of compoundssearched in pollen samples, including information onpisticidecategory (Cat; Fung = fungicide, Herb = herbicide, Ins =
insecticide and/or acaricide), chemical group (@lgeoup), frequency at locations (Freq loc), frequency in samples (Freq sam), maximum and mean concentration

(Conc max, Conc mean), maximum and me&alQ (PHQ max, PHQ mean), and maximum risk quotie@ (hax.

Compound Cat Chem group Freq Freq Conc Conc PHQ max PHQ mean RQ max
loc sam  max mean

2, 4DDD Ins NA 0 0 0 0 0 0 0

2, 4DDE Ins NA 0 0 0 0 0 0 0

2, 4DDT Ins NA 0 0 0 0 0 0 0

3, 5-dichloroaniline Fung NA 0 0 0 0 0 0 0

3-hydroxycarbofuran Ins NA 0 0 0 0 0 0 0

3-ketocarbofuran Ins Carbamates 0 0 0 0 0 0 0

4, 4DDE Ins NA 0 0 0 0 0 0 0

4, 4DDT Ins NA 0 0 0 0 0 0 0

6-benzylaminopurine Herb NA 8 20 0.041 0.001619 0.698 0.027558  0.000007

Abamectin Ins Avermectins 0 0 0 0 0 0 0
milbemycins

Acephate Ins Organophosphates 0 0 0 0 0 0 0

Acetamiprid Ins Neonicotinoid 10 57 0.267 0.009844 18.376 0.677476  0.000176

Acetochlor Herb Uchloroacetamides 0 0 0 0 0 0 0

AcibenzolarS-methyl Fung Benzo thiadiazole 0 0 0 0 0 0 0

Acrinathrin Ins Pyrethroids and 0 0 0 0 0 0 0
pyrethrins

Alachlor Herb Uchloroacetamides 0 0 0 0 0 0 0

Aldicarb (sum) Ins Carbamates 0 0 0 0 0 0 0

Aldicarb sulfone Ins Carbamates 0 0 0 0 0 0 0

Aldicarb sulfoxide Ins Carbamates 0 0 0 0 0 0 0

Aldrin Ins Cyclodiene 0 0 0 0 0 0 0
organochlorines

Allethrin Ins Pyrethroids and 0 0 0 0 0 0 0
pyrethrins
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Ametoctradin
Ametryn
Amidosulfuron
Amisulbrom
Amitraz

Atrazine
Azaconazole
Azinphosethyl
Azinphosmethyl
Azoxystrobin
Beflubutamid
Benalaxyl
Bendiocarb
Benfluralin
Benfuracarb
Benomyl
Bensulfuronmethyl
Benthiavalicarb isopropyl
Benzoximate
Benzoylpropethyl
Bifenazate
Bifenox
Bifenthrin

Bitertanol
Boscalid

Bromacil
Bromophosethyl
Bromophosmethyl
Bromopropylate
Bromoxynil
Bromuconazole

Fung
Herb
Herb
Fung
Ins
Herb
Fung
Ins
Ins
Fung
Herb
Fung
Ins
Herb
Ins
Fung
Herb
Fung
Ins
Herb
Ins
Herb
Ins

Fung
Fung
Herb
Ins
Ins
Ins
Herb
Fung

QoSI fungicide
Triazines
Sulfonylureas

Qil fungicides
Amitraz

Triazines

DMI fungicides
Organophosphates
Organophosphates
Qol fungicides
Phenyl ethers

PA fungicides
Carbamates
Dinitroanilines
Carbamates

MBC fungicides
Sulfonylureas

CAA fungicides
Benzoximate

NA

Bifenazate
Diphenylethers
Pyrethroids and
pyrethrins

DMI fungicides
SDHI

Uracils
Organophosphates
Organophosphates
NA

Nitriles

DMI fungicides

[y
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0
0.003075
0
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0
0
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0
0
0
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0
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0
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Bupirimate Fung Hydroxypyrimidines 10 34 0.303 0.005245 1.515 0.026224  0.000015

Buprofezin Ins Buprofezin 2 3 0.004 0.000048 0.024 0.000286  <0.000001
Cadusafos Ins Organophosphates 0 0 0 0 0 0 0

Captan Fung Phthalimides 10 44 142.000 2.177789 1420.000 21.777891 0.013632
Carbaryl Ins Carbamates 2 3 0.004 0.000054 19.048 0.259156  0.000183
Carbendazim Fung MBC fungicides 6 14 0.176 0.001551 1.760 0.015510  0.000017
Carbofuran Ins Carbamates 0 0 0 0 0 0 0
Carbosulfan Ins Carbamates 0 0 0 0 0 0 0
Carboxin Fung SDHI 0 0 0 0 0 0 0
Carfentrazonethyl Herb N-phenyl triazolinones 1 1 0.001 0.000007 0.012 0.000082  <0.000001
Chinomethionat Fung Quinoxalines 0 0 0 0 0 0 0
Chlorantraniliprole Ins Diamides 8 24 1.020 0.011599 9.798 0.111415 0.000094
Chlorfenapyr Ins Pyrroles, dinitrophenols, 0 0 0 0 0 0 0

sulfluramid
Chlorfenson Fung Chloronitriles 0 0 0 0 0 0 0
Chlorfenvinphos Ins Organophosphates 0 0 0 0 0 0 0
Chlormephos Ins Organophosphates 0 0 0 0 0 0 0
Chlorpropham Herb Carbamates 0 0 0 0 0 0 0
Chlorpyrifos Ins Organophosphates 9 29 0.052 0.001626 208.000 6.503401 0.001997
Chlorpyrifosmethyl Ins Organophosphates 0 0 0 0 0 0 0
Chlozolinate Fung Dicarboximides 0 0 0 0 0 0 0
Chromafenozide Ins Diacylhydrazines 0 0 0 0 0 0 0
Clethodim (sum) Herb Cyclohexanediones 0 0 0 0 0 0 0
Clofentezine Ins Clofentezine, 0 0 0 0 0 0 0
diflovidazin, hexythiazox

Cloquintocet Herb NA 0 0 0 0 0 0 0
Cloquintocetmexyl Herb NA 0 0 0 0 0 0 0
Clothianidin Ins Neonicotinoid 0 0 0 0 0 0 0
Coumaphos Ins Organophosphates 0 0 0 0 0 0 0
Cyanazine Herb Triazines 0 0 0 0 0 0 0
Cyantraniliprole Ins Diamides 0 0 0 0 0 0 0
Cyazofamid Fung Qil fungicides 4 4 0.007 0.000095 0.046 0.000626  <0.000001
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Cycloxydim
Cyflufenamid
Cyflumetofen
Cyfluthrin (sum)

Cyhalofopbutyl

Cymoxanil
Cypermethrin (sum)

Cyproconazole
Cyprodinil
Deltamethrin

DemetorS-methyl
DemetonS-methylsulfone
Desethylatrazine
Desisopropyiatrazine
Desmedipham
Diazinon

Dicamba

Dichlobenil
Dichlofenthion
Dichlofluanid
Dichlorvos

Dicloran

Dicofol (sum)
Dicrotophos

Dieldrin

Diethofencarb
Difenoconazole

Herb
Fung
Ins
Ins

Herb

Fung
Ins

Fung
Fung
Ins

Ins
Ins
Herb
Herb
Herb
Ins
Herb
Herb
Ins
Fung
Ins
Fung
Ins
Ins
Ins

Fung
Fung

Cyclohexanediones
Phenyl acetamide
b-ketonitrile derivates
Pyrethroids and
pyrethrins
Aryloxyphenoxy
propionates
Cyanoacetamide oxime
Pyrethroids and
pyrethrins

DMI fungicides

AP fungicides
Pyrethroids and
pyrethrins
Organophosphates
Organophosphates
Triazines

Triazines
Phenlcarbamates
Organophosphates
Benzoates

Nitriles
Organophosphates
Sulfamides
Organophosphates
AH fungicides

NA
Organophosphates
Cyclodiene
organochlorines
N-phenyl carbamates
DMI fungicides
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0.029
0.348

0.010

1.040

0.266

0.000197
0.006361
0
0

0

0.000068
0

0

0.023320
0

.000041
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0
0.007027

0.285
3.480

0.117

9.244
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20.690
0

0
0
0

0
1.503

0.001939
0.063605
0
0

0

0.000796
0

0

0.207313
0

.140748

[eNeolNeolNeolNolNololNolNolNolNolNolNolNolNo)

0
0.039694

0.000003
0.000033
0
0

0

0.000001
0

0

0.000089
0

.000199
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Diflubenzuron
Diflufenican
Dimethoate
Dimethomorph
Dimoxystrobin
Diniconazole
Dinotefuran
Dioxathion
Diphenamid
Diphenylamine
Disulfoton
Ditalimfos
Diuron
Dodemorph
Dodine
Emamectin benzoate

Endosulfan alpha
Endosulfan beta
Endosulfan sulfate

EPN
Epoxiconazole
Etaconazole
Ethalfluralin
Ethion
Ethirimol
Ethofumesate
Ethoprophos
Ethoxyquin

Ins
Herb
Ins
Fung
Fung
Fung
Ins
Ins
Herb
Fung
Ins
Fung
Herb
Fung
Fung
Ins

Ins
Ins
Ins

Ins
Fung
Fung
Herb
Ins
Fung
Herb
Ins
Fung

Benzoylureas
Phenyl ethers
Organophosphates
CAA fungicides
Qol fungicides

DMI fungicides
Neonicotinoid
Organophosphates
Acetamides

NA
Organophosphates
NA

Ureas

Amines
Guanidines
Avermectins
milbemycins
Cyclodiene
organochlorines
Cyclodiene
organochlorines
Cyclodiene
organochlorines
Organophosphates
DMI fungicides
DMI fungicides
Dinitroanilines
Organophosphates
Hydroxypyrimidines
Benzofurans
Organophosphates
NA
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3.800
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0.032
0.007

0

0 0
0 0

0.021680 13700.000 216.802721 0.131520

0.043075 41.975

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0
0.059170 19.000
0.000170 277.778
0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0.000401 20.000
0.000075 0.140
0 0

0 0

0 0
0 0
1.329469 0.000403
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0.295850 0.000182
4724116  0.002667
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0.250850 0.000192
0.001497  0.000001
0 0
0 0



Etofenprox

Etoxazole
Etridiazole
Etrimfos
Famoxadone
Fenamidone
Fenamiphos
Fenarimol
Fenazaquin

Fenbuconazole
Fenbutatiroxide
Fenchlorphos
Fenhexamid
Fenitrothion
Fenothiocarb
Fenoxaprop

Fenoxycarb
Fenpropathrin

Fenpropidin

Fenpropimorph
Fenpyrazamine
Fenpyroximate

Fenson
Fenthion

Fenthionsulfone
Fenthionsulfoxide

Ins

Ins
Fung
Ins
Fung
Fung
Ins
Fung
Ins

Fung
Ins
Ins
Fung
Ins
Ins
Herb

Ins
Ins

Fung
Fung
Fung
Ins

Ins
Ins

Ins
Ins

Pyrethroids and
pyrethrins
Etoxazole

AH fungicides
Organophosphates
Qol fungicides

Qol fungicides
Organophosphates
DMI fungicides
Meti-acaricides and
insecticides

DMI fungicides
Organotin miticides
Organophosphates
KRI fungicides
Organophosphates
NA
Aryloxyphenoxy
propionates
Fenoxycarb
Pyrethroids and
pyrethrins

Amines

Amines

KRI fungicides
Meti-acaricides and
insecticides
Cyclodiene
organochlorines
Organophosphates
Organophosphates
Organophosphates
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0.000068 1.154

0 0
0 0
0.003395 1.548
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0.000150 0.090
0 0
0 0
0 0
0 0
0 0

0.446075
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0.013082
0
0
0.033265
0
0
0

0
0

0
0
0.001497
0

0

o

0.000446
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0.000011
0
0
0.000015
0
0
0

0
0

0
0
0.000001
0

0
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Fenvalerate (sum)

Fipronil
Fipronil-sulfone
Flazasulfuron
Flonicamid
Florasulam
Fluazifop

FluazifopP-butyl

Fluazinam
Flubendiamide
Flucythrinate (sum)

Fludioxonil
Flufenacet
Flufenoxuron
Fluopicolide
Fluopyram
Flupyradifurone
Fluguinconazole
Fluroxypyr

Fluroxypyr-1-methylheptyl este:

Flusilazole
Flutriafol
Fluvalinate Tau

Fluxapyroxad
Folpet
Fonofos
Fosthiazate

Ins

Ins
Ins
Herb
Ins
Herb
Herb

Herb

Fung
Ins
Ins

Fung
Herb
Ins

Fung
Fung
Ins

Fung
Herb
Herb
Fung
Fung
Ins

Fung
Fung
Ins
Ins

Pyrethroids and
pyrethrins
Phenylpyrazoles
Phenylpyrazoles
Sulfonylureas
Flonicamid
Triazolopyrimidine typel
Aryloxyphenoxy
propionates
Aryloxyphenoxy
propionates

NA

Diamides
Pyrethroids and
pyrethrins
PPfungicides
U-chloroacetamides
Benzoylureas
Benzamides

SDHI

Butenolides

DMI fungicides
Pyridyloxy carboxylates
Phenoxy carboxylates
DMI fungicides

DMI fungicides
Pyrethroids and
pyrethrins

SDHI

Phthalimides
Organophosphates
Organophosphates
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7.750
0.004

0.014
0.013
0.166

0.012

0.172

0.486
15.600
0

0

.001272

O OO O oo

0.000061

0.059626
0
0

0.085204
0.000061
0
0.000095
0.000245
0.001633
0
0.000082
0
0
0
0.002449

0.007803
0.193259
0
0

77.500
0.040
0
0.058
0.127
138.333
0
0.323
0

0

0
13.651

4.382
66.102
0

0

012721

O OO O oo

0.000973

0.596259
0
0

0.852041
0.000612
0
0.000395
0.002401
1.360544
0
0.002197
0
0
0
0.194361

0.070327
0.818898
0
0

.000009

O OO O oo

0.000001

0.000152
0
0

0.000744
<0.000001
0
0.000001
0.000001
0.001328
0
0.000003
0

0

0
0.000131

0.000042
0.000635
0
0



Fuberidazole
Furalaxyl
Furathiocarb
Glyphosate
Heptachlor

Heptenophos
Hexachlorobenzene
Hexaconazole
Hexaflumuron
Hexythiazox

Imazalil
Imazaquin
Imazosulfuron
Imidacloprid
Indoxacarb
Ipconazole
Iprodione
Iprovalicarb
Isofenphos
Isofetamid
Isopropalin
Isoproturon
Isopyrazam
Kresoximmethyl
Lambdacyhalothrin

Lenacil
Linuron
Lufenuron
Malaoxon

Fung
Fung
Ins
Herb
Ins

Ins
Fung
Fung
Ins
Ins

Fung
Herb
Herb
Ins

Ins

Fung
Fung
Fung
Ins

Fung
Herb
Herb
Fung
Fung
Ins

Herb
Herb
Ins
Ins

MBC fungicides
PA fungicides
Carbamates
Glycine
Cyclodiene
organochlorines
Organophosphates
NA

DMI fungicides
Benzoylureas
Clofentezine,

diflovidazin, hexythiazox

DMI fungicides
Imidazolinones
Sulfonylureas
Neonicotinoid
Oxadiazines

DMI fungicides
Dicarboximides
CAA fungicides
Organophosphates
SDHI
Dinitroanilines
Ureas

SDHI

Qol fungicides
Pyrethroids and
pyrethrins

Uracils

Ureas
Benzoylureas
Organophosphates
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0.038
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0.000639
0.007612

0.000027

O OO oOoOoo

0.000007
0
0
0

0
0
0
28.365
0

0
0
0
0
0.107

0

0

0
10270.270
3500.000
0

0

0.010
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0.005

0
0

.698905
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.001034

0

0

0
172.825905
32.811395
0

0

0.000136

0
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0.000034
0
0
0

.000272
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.000001
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0.098595
0.033600
0

0
<0.000001
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0
0
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Malathion
Mandipropamid
MCPA

Mecarbam
Mecoprob
Mepanipyrim
Mepronil
Meptyldinocap
Metalaxyl
Metamitron
Metazachlor
Metconazole (sum)
Methamidophos
Methidathion
Methiocarb (sum)
Methiocarbsulfone
Methiocarbsulfoxide
Methomyl
Methoxychlor (sum)
Methoxyfenozide
Metolachlor
Metrafenone
Metribuzin
Mevinphos
Monocrotophos
Monolinuron
Monuron
Myclobutanil
Napropamide
Nicosulfuron
Nitenpyram
Nuarimol

Ins
Fung
Herb
Ins
Herb
Fung
Fung
Fung
Fung
Herb
Herb
Fung
Ins
Ins
Ins
Ins
Ins
Ins
Ins
Ins
Herb
Fung
Herb
Ins
Ins
Herb
Herb
Fung
Herb
Herb
Ins
Fung

Organophosphates
CAA fungicides
Phenoxy carboxylates
Organophosphates
Phenoxy carboxylates
AP fungicides
SDHI

Dinitrophenyl crotonates
PA fungicides
Triazinones
U-chloroacetamides
DMI fungicides
Organophosphates
Organophosphates
Carbamates
Carbamates
Carbamates
Carbamates

DDT methoxychlor
Diacylhydrazines
U-chloroacetamides
Aryl phenyl ketones
Triazinones
Organophosphates
Organophosphates
Ureas

Ureas

DMI fungicides
Acetamides
Sulfonylureas
Neonicotinoid

DMI fungicides
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0.003374
0.003714
0
0
0.000034
0
0
0.002599
0.001095
0
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0.011265
0.000252
0.023558
0.000871

0
0.016871
0.018571
0
0
0.000680
0
0
0.009667
0.011265
0
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0

0.005667
0.002279
0.206667
0.011347

0
0.000009
0.000023
0
0
0.000001
0
0
0.000002
0.000006
0
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0.000004
0.000001
0.000067
0.000015



Omethoate
Ortophenylphenol
Oryzalin
Oxadiazon
Oxadixyl

Oxamyl
Oxathiapiprolin

Oxycarboxin
Paclobutrazol
Paraoxon
Paraoxormethyl
Parathiorethyl
Parathioamethyl
Penconazole
Pencycuron
Pendimethalin
Penoxsulam
Penthiopyrad
Permethrin

Pethoxamid
Phosalone

Phosmet

Phoxim
Picoxystrobin
Piperonyl lutoxide
Piridafention
Pirimicarb
Pirimicarbdesmethyl
Pirimiphosmethyl

Ins

Fung
Herb
Herb
Fung
Ins

Fung

Fung
Herb
Ins
Ins
Ins
Ins
Fung
Fung
Herb
Herb
Fung
Ins

Herb
Ins
Ins
Ins
Fung
Ins
Ins
Ins
Ins
Ins

Organophosphates
NA
Dinitroanilines

N-phenyl oxadiazolones

PA fungicides
Carbamates

OSBPI oxysterol binding

protein homologue
inhibition

SDHI

NA
Organophosphates
Organophosphates
Organophosphates
Organophosphates
DMI fungicides
Phenylureas
Dinitroanilines

Triazolopyrimidine type2

SDHI

Pyrethroids and
pyrethrins
U-chloroacetamides
Organophosphates
Organophosphates
Organophosphates
Qol fungicides

NA
Organophosphates
Carbamates
Carbamates
Organophosphates
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0.319
0.073
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.002993

0
0
0
0
0
0
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010952
0
0.000524
0
0.012381
0
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0.000592
0
0.002864
0.000585
0
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.670
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29.286

0.128

1.718
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0.245

79.750
18.250
0
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.074354

0
0
0
0
0
0
0.

977925
0
0.005177
0
0.024762
0

OO oOooo

0.002014
0
0.715986
0.146259
0

O O OO O OoOOo

.000045

0
0
0
0
0
0
0.

000281
0
0.000001
0
0.000017
0

OO oOoo

0.000002
0
0.000766
0.000175
0



Prochloraz
Procymidone
Profenofos
Profluralin
Promecarb
Prometon
Prometryn
Propamocarb
Propanil
Propaquizafop
Propargite
Propham
Propiconazole
Propoxur
Propoxycarbazone
Propyzamide
Proquinazid
Prosulfocarb
Prosulfuron
Prothioconazole
Prothioconazolelesthio
Prothiofos
Pyraclostrobin
Pyraflufen
Pyraflufenethyl
Pyrazophos
Pyrethrins (sum)

Pyridaben

Pyrifenox
Pyrimethanil

Fung
Fung
Ins

Herb
Ins

Herb
Herb
Fung
Herb
Herb
Ins

Herb
Fung
Ins

Herb
Herb
Fung
Herb
Herb
Fung
Fung
Ins

Fung
Herb
Herb
Fung
Ins

Ins

Fung
Fung

DMI fungicides
Dicarboximides
Organophosphates
Dinitroanilines
Carbamates
Triazines
Triazines
Carbamates
Amides

NA

Propargite
Carbamates

DMI fungicides
Carbamates
Triazolinones
Benzamides
Aza-naphthalenes
Thiocarbamates
Sulfonylureas
DMI fungicides
DMI fungicides
Organophosphates
Qol fungicides
Phenylpyrazoles
Phenylpyrazoles
Dithiolanes
Pyrethroids and
pyrethrins
Meti-acaricides and
insecticides

DMI fungicides
AP fungicides
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0.051
8.280

.002993

.000054

.002490

.015014
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Pyriofenone
Pyriproxyfen
Quinalphos
Quinoxyfen
Quintozene
QuizalofopP-ethyl

Sedaxane
Sethoxydim
Simazine
Spinetoram
Spinosad (sum)
Spirodiclofen

Spirotetramat

Spirotetramatnol

Spirotetramatnolglucoside

Spirotetramaketohydroxy

Spiroxamine
Sulfotep
Sulfoxaflor
Tebuconazole
Tebufenozide
Tebufenpyrad

Tebupirimifos
Tecnazene
Teflubenzuron

Fung
Ins
Ins
Fung
Fung
Herb

Fung
Herb
Herb
Ins
Ins
Ins

Ins
Ins
Ins
Ins

Fung
Ins
Ins
Fung
Ins
Ins

Ins
Fung
Ins

Aryl phenylketones
Pyriproxyfen
Organophosphates
Aza-naphthalenes
AH fungicides
Aryloxyphenoxy
propionates

SDHI
Cyclohexanediones
Triazines

Spinosyns
Spinosyns

Tetronic and tetramic
acid derivatives
Tetronic andetramic
acid derivatives
Tetronic and tetramic
acid derivatives
Tetronic and tetramic
acid derivatives
Tetronic and tetramic
acid derivatives
Amines
Organophosphates
Sulfoximines

DMI fungicides
Diacylhydrazines
Meti-acaricides and
insecticides
Organophosphates
AH fungicides
Benzoylureas
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0.001
0.004

0.189

0.004

o o

0.001
0.015

0.892

1.940

0.079
0.222
0.051
0.004

o

0.000007
0.000048
0
0.001878
0
0.000027

0
0
0
0.000007

0.000136
0

0.008707

0

0.029435
0

0.000537
0.002932
0.000347
0.000068

o

0.010
0.040

1.890

0.040

0

0

0

7.143
267.857
0

8.313

0

19.400
0
541.096
2.673
0.614
0.066

o

0.000068
0.000476
0
0.018776
0
0.000272

0
0
0
0.048592

2.429544
0

0.081143

0

0.294354
0

3.680925
0.035299
0.004177
0.001129

o

<0.000001
<0.000001
0
0.000018
0
<0.000001

0
0
0
0.000069

0.002571
0

0.000080

0

0.000186
0

0.005195
0.000026
0.000006
0.000001
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Tefluthrin

Tembotrione
Tepraloxydim
Terbufos
Terbumeton
Terbuthylazine
Terbutryn
Tetrachlorvinphos
Tetraconazole
Tetradifon
Tetramethrin

Thiabendazole
Thiacloprid
Thiamethoxam
Thifensulfuronmethyl
Thiobencarb
Thiodicarb
Thiometon
Thiophanatemethyl
Tolclofosmethyl
Tolylfluanid
Triadimefon
Triadimenol
Tri-allate
Triasulfuron
Triazamate
Triazophos
Trichlorfon
Triclopyr
Tricyclazole

Ins

Herb
Herb
Ins
Herb
Herb
Herb
Ins
Fung
Ins
Ins

Fung
Ins
Ins
Herb
Herb
Ins
Ins
Fung
Fung
Fung
Fung
Fung
Herb
Herb
Ins
Ins
Ins
Herb
Fung

Pyrethroids and
pyrethrins
Triketones
Cyclohexanediones
Organophosphates
Triazines

Triazines

Triazines
Organophosphates
DMI fungicides
Tetradifon
Pyrethroids and
pyrethrins

MBC fungicides
Neonicotinoid
Neonicotinoid
Sulfonylureas
Thiocarbamates
Carbamates
Organophosphates
MBC fungicides
AH fungicides
Sulfamides

DMI fungicides
DMI fungicides
Thiocarbamates
Sulfonylureas
Carbamates
Organophosphates
Organophosphates
Pyridyloxy carboxylates
MBI-R

O O O o

=

1

O © OO0

ool eoleolNeolNolNolNoloNolNolNoNelololNoll el

129

OO O0OOoORrPk
©

N
N

OO O0OO0O0O0OO0OO0OO0OO0oOOoOOo

O OO OO0 O0OOoOOoOo

.000558

O OO O oo

0
0.002816
0.000034
0

0
0.004136
0.000034

OO OO0 O0OO0OOoOOoOo

18.938
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0
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0
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Trifloxystrobin
Triflumizole
Triflumuron
Trifluralin
Triticonazole
Tritosulfuron
Valifenalate
Vamidothion
Vinclozolin
Zoxamide

Fung
Fung
Ins

Herb
Fung
Herb
Fung
Ins

Fung
Fung

Qol fungicides
DMI fungicides
Benzoylureas
Dinitroanilines
DMI fungicides
Sulfonylureas
CAA fungicides
Organophosphates
Dicarboximides
Benzamides
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0.004837
0
0.004912
0
0
0
0.000054
0
0
0.115340

0.024184
0
0.021735
0
0
0
0.000510
0
0
0.784578

0.000022
0
0.000025
0
0
0
0.000001
0
0
0.000261
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Table S3.4: Instrument acquisition data fpesticidesanalysed by LEMS/MS. The table reportheionization
mode and its polarity (lon mode), cone voltage (@¥pressed as V), quantification trace (Quant trace),

collision energy (CE, expressed as eV), and qualification trace (Qual trace).

Compound lon CV Quant CE Qual CE
mode trace trace
3-hydroxycarbofuran ES+ 30 238>163 16 238 >181 10
3-ketocarbofuran ES+ 22 236>161 24 236 > 179 15
6-benzylaminopurine ES+ 30 226.1>91 26 226.1 > 65 36
Abamectin ES+ 74 895.52 >751.48 44 895.52 >183.1 52
Acephate ES+ 8 184.1 > 143 8 184.1>125.1 18
Acetamiprid ES+ 32 223>126 22 223 >56 14
AcibenzolarS-methyl ES+ 40 211>135.93 28 211 >91.06 20
Aldicarb (sum) ES+ 26 208.1>89 15 NA NA
Aldicarb sulfone ES+ 15 240.1>86.2 20 240.1 >148.2 13
Aldicarb sulfoxide ES+ 12 207.1>1321 10 207.1>89.1 14
Allethrin ES+ 15 303.2>90.9 40 303.2 > 107 20
Ametodradin ES+ 68 276.223 > 36 276.223 > 36
149.0999 176.213
Ametryn ES+ 28 228.1>186.1 18 228.1 > 96 36
Amidosulfuron ES+ 20 370.1>69 50 370.1>261.1 15
Amisulbrom ES+ 15 466 > 227 20 468 > 229 20
Amitraz ES+ 20 294 >163 15 294 > 122 28
Atrazine ES+ 29 216.1>174 18 NA 23
Azaconazole ES+ 30 300>159 28 300 > 231 18
Azinphosethyl ES+ 10 346>132 16 346 >77.1 36
Azinphosmethyl ES+ 12 318>261 8 318 > 160 8
Azoxystrobin ES+ 17 404 > 372 15 404 > 329 30
Beflubutamid ES+ 25 356.1>91.1 35 356.1 > 65.1 40
Benalaxyl ES+ 17 326.1>148 20 326.1>91 34
Bendiocarb ES+ 15 224.1>109 20 224.1>167.1 10
Benfuracarb ES+ 22 411.2>195 23 411.2 > 190 13
Benomyl ES+ 26 291>160 20 291 > 192 20
Bensulfuroamethyl ES+ 28 411>149 22 411 > 182 20
Benthiavalicarbisopropyl ES+ 20 382>180 30 382 >116 20
Benzoximate ES+ 9 364 >199.1 8 364 > 105 26
Benzoylpropethyl ES+ 16 366 > 105 14 366 > 77 45
Bifenazate ES+ 16 301.159 > 10 301.159 > 20
198.112 170.089
Bifenthrin ES+ 16 440.25 > 14 440.25 > 165.96 44
181.125
Bitertanol ES+ 12 338.1>99.1 16 338.1>70.1 8
Boscalid ES+ 32 342.9 > 307 20 342.9>1399 20
Bromacil ES+ 20 261 >205 14 261 > 188 28
Bromophosmethyl ES+ 30 365>229 24 365 > 291 30
Bromoxynil ES 38 275.8>78.9 30 275.8>80.8 30
Bromuconazole ES+ 32 376>158.9 35 378 > 159 25
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Bupirimate
Buprofezin
Cadusafos
Carbaryl
Carbendazim
Carbofuran
Carbosulfan
Carboxin
Carfentrazonesthyl

Chlorantranilprole
Chlorfenvinphos
Chlorpyrifos
Chlozolinate
Chromafenozide
Clethodim Isomer A
Clethodim Isomer B
Clofentezine
Cloquintocet
Cloquintocetmexyl
Clothianidin
Coumaphos
Cyanazine
Cyantraniliprole
Cyazofamid
Cycloxydim

Cyflufenamid
Cyflumetofen
Cymoxanil
Cyproconazole
Cyprodinil
DemetonS-methyl
DemetonS-methylsulfone
Desethylatrazine
Desisopropyitrazine
Desmedipham
Diazinon

Dicamba

Dichlorvos
Dicrotophos
Diethofencarb

Difenoconazole
Diflubenzuron
Dimethoate
Dimethomorph
Dimoxystrobin

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES

ES+
ES+
ES+

ES+
ES

ES+
ES+
ES+

31
22
17
19
26
20
25
22
36

20
18
27
34
15
25
25
19
30
25
20
30
27
24
17
24

24
21
14
27
47
28
30
30
34
18
20
12
23
17
16

37
20
12
30
15

317 >108
306.1 > 201
271 > 159
202 > 145

192.1 > 160.07

222.1>165.1
381>118
236.1 > 143
412.096 >
345.999

482.07 > 450.99

358.9 > 155
349.9 > 97
331 > 268
395> 175
360.1 > 164
360.1 > 164
303 > 138
238> 179
336 > 192

250.03 > 168.99

363 > 227
241 > 214

474.99 > 285.89

325>107.9
326.223 >
280.197

413.09 > 295.05

465 > 173
199 > 128
292.2>70.2
226 > 93
231 >89
263 > 169
188 > 146
174 > 96
318 > 182
305.1 > 169
219> 175
221 > 109
238 > 112
268.1596 >
124.0039
406 > 251.1
309 > 289
230.1> 125
388.1 > 300.9
327.1>116

132

25

20
20
21

317 > 166
306.1>57.4
271> 97

202 > 117
192.1 >132.1
222.1>123
381>76
236.1 > 87
NA

482.07 > 283.95

358.9 > 99
349.9 > 198
331>81

395 > 339
360.1 > 268.1
360.1 > 268.1
303 > 102
238 > 192
336 >238

250.03 >131.98

363 > 307
NA

474,99 > 111.97

325> 261
NA

413.09 > 241.01

465 > 249
199 > 111
292.2>125.1
226 > 108
231 >61
263 >121
188> 79
174 >78.9
318> 136
305.1>96.9
221 > 177
221>79
238 > 193
268.1596 >
152.0901
406 > 111.1
309 > 156
230.1 > 199
388.1 > 165
327.1 > 205

60
11
10
30
10



Diniconazole
Dinotefuran
Diphenamid
Ditalimfos
Diuron
Dodemorph
Dodine

Emamectin bnzoate

Epoxiconazole
Etaconazole
Ethion
Ethirimol
Ethofumesate
Ethoprophos
Ethoxyquin
Etofenprox
Etoxazole

Etrimfos
Fenamidone
Fenamiphos
Fenarimol
Fenazaquin
Fenbuconazole
Fenbutatiroxide
Fenhexamid
Fenothiocarb
Fenoxaprop
Fenoxycarb
Fenpropidin
Fenpropimorph
Fenpyrazamie

Fenpyroximate
Fenthion
Fenthionsulfoxide
Fipronil
Fipronil-sulfone
Flazasulfuron
Flonicamid
Florasulam
Fluazifop
FluazifopP-butyl

Fluazinam
Flubendiamide
Fludioxonil

ES+
ES+
ES+
ES+
ES+
ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+

ES+
ES+
ES+
ES

ES

ES+
ES+
ES+
ES+
ES+

ES
ES+
ES

37
15
30
15
22
30
46

52
25
16
16
30
25
18
30
17
34

30
22
27
37
27
29
52
32
15
26
22
50
45
26

23
25
30
22
25
23
36
30
30
32

34
20
42

326.1>70.2
203.1 > 157.2
240.1 > 134.1
300.1 > 130.1
233>721
282 >116
228.223 >
57.046
886.59 > 158.11
330> 121
328.1 > 159
385> 199
210 > 140
287.1>121.1
243.2>131
218.1 > 148
394.3>177
360.2744 >
141.0321

293 > 125
312.1>92
304.1>217.1
331> 268
307.2>57.2
337> 125
519.15 > 90.99
302.1>97.2
270 > 95
334.1 > 288
302.22 > 88
274 > 147
304> 147
332.16 >
230.412
422.2 > 366.1
279.1>247.1
295 > 109
435 > 330
451 > 415
408.1 > 181.9
230.03 > 203.01
360 > 129
328.1 >282.1
384.16 >
282.107
462.9 > 415.98
683.2 >274.1
247 > 180

133

25

20
34
18
21
22

34

25
20
23
15
20
22
15
30

25
25
24
22
25
36
44
22
25
20
20
30
28
18

15
13
32
15
15
20

22
20
22

328> 70
203.1 >129.2
240.1 > 167.1
300.1 > 148.1
233 >46.1
282 > 98
228.223 >
60.038
886.59 > 82.01
330> 101
328.1 > 205
402 > 199
210 > 98
287.1 > 259.1
243.2 > 97
218.1 > 160.1
394.3>106.9
360.2744 >
113.0764
293 > 265
312.1>236.1
304.1 > 202.1
331>81
307.2 > 161
337>70.1
519.15 > 196.89
302.1>55.3
270 > 242
334.1>70
302.22 > 116.04
274 > 86

304 > 117
332.16 >
216.117
422.2 >138.1
279.1 > 169.1
295 > 280
435 > 250
451 > 282
NA

230.03 > 147.96
360 > 192
328.1 >255.1
NA

462.9 > 397.97
683.2 > 408
247 > 126

25
12
25
20
15
28
22

32

23

14
20



Flufenacet
Flufenoxuron
Fluopicolide
Fluopyram

Flupyradifurone
Fluguinconazole

Fluroxypyr

Fluroxypyr-1-methylheptyl ester

Flusilazole
Flutriafol
Fluvalinate Tau
Fluxapyroxad
Fonofos
Fosthiazate
Fuberidazole
Furalaxyl
Furathiocarb
Heptenophos
Hexaconazole
Hexythiazox
Imazalil
Imazaquin
Imazosulfuron
Imidacloprid
Indoxacarb
Ipconazole
Iprovalicarb
Isofetamid
Isopropalin
Isoproturon
Isopyrazam
Lenacil
Linuron
Lufenuron
Malaoxon
Mandipropamid
MCPA
Mecarbam
Mecoprob
Mepanipyrim
Mepronil
Meptyldinocap
Metalaxyl
Metamitron
Metazachlor

Metconazole (sum)

ES+
ES+
ES+
ES+

ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES

ES+
ES

ES+
ES+
ES

ES+
ES+
ES+
ES+

15
31
30
32

25
32

74
15
27
28
15
20
15
15
35
20
20
15
31
21
30
35
22
23
25
28
19
15
30
26
25
20
26
26
15
20
18
12
16
37
30
46
15
30
15
30

364.1>152.1
489.12 > 158.02
383.05>173
397.096 >
173.008

289> 126
376.0319 >
349.079
254.102 > 91.04
367 > 255

316 > 247
302.16 > 69.99
503 >181.1
382.1>362.1
247.1 > 109
284 > 104

185 > 157
302.1>95
383.2>195.1
251 > 127
314>70.1
353 >228.1
297 > 159
312.1>128
413 > 155.9
256.1>175.1
528 > 203
334.2>70
321.1>119.06
360.1 > 125
310.2 > 226.2
207.2>72.1
360.2 >244.1
235.1 > 153.1
249.1 > 160
511.2 > 141
315>98.9
412.16 > 328.16
199 > 140.9
330>227.1
213 > 141
224.1 > 106
270.1>119.1
295.16 > 193.24
280.1 > 220.1
203> 175

278 >134.1
320.1>70

134

23
22

32

364.1>194.1
489.12 > 141
383.05 > 144.9
397.096 >
145.051

289 > 99
376.0319 >
107.999

NA

367 > 181
316 > 165
302.16 > 123.06
503 > 208.1
382.1>342.1
247.1 > 137
284 > 228
185 > 65
302.1>242.1
383.2>252.1
251 > 125
316> 70

353 >168.1
297 > 69
312.2 > 267.2
413> 152.8
256.1 > 209.1
528 > 150
334.2 > 125
321.1 > 203.1
360.1 > 210
310.2 > 268.2
NA

360.2 > 340.2
235.1>136.1
249.1 >182.1
511.2 > 158
315> 127
412.16 > 125.01
201 > 143
330 > 97

NA
224.1>77
270.1 >91
295.16 > 134.06
280.1>192.1
NA

NA

320.1 > 125

11
46
54
52



Methamidophos
Methidathion
Methiocarb(sum)
Methiocarbsulfone
Methiocarbsulfoxide
Methomyl
Methoxyfenozide
Metolachlor
Metrafenone
Metribuzin
Mevinphos
Monocrotophos
Monolinuron
Monuron
Myclobutanil
Napropamide
Nicosulfuron
Nitenpyram
Nuarimol
Omethoate
Oryzalin
Oxadiazon
Oxadixyl

Oxamyl
Oxathigoiprolin
Oxycarboxin
Paclobutrazol
Paraoxon
Penconazole
Pencycuron
Pendimethalin
Penoxsulam
Penthiopyrad
Permethrin
Pethoxamid
Phosmet

Phoxim
Picoxystrobin
Piperonyl lutoxide

Pirimicarb
Pirimicarb-desmethyl
Pirimiphosmethyl
Prochloraz
Profenofos
Promecarb
Prometon
Prometryn

ES+
ES+
ES+
NA

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
Es+
ES+
ES+
ES+
ES+
NA

ES+
ES+
ES+
ES+
ES+
ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+

17
10
22
NA
22
10
25
18
19
33
13
25
22
20
25
25
26
22
37
16
28
32
31
15
35
22
27
20
25
40
12
NA
24
16
20
30
15
15
16

25
25
25
20
25
15
30
27

142 >93.9
303 > 145

226.11 > 169.06

258.1>122.1
242.1> 185
163 > 106
369.1 > 149.1
284.1 > 252.1
409 > 209.1
215 > 187
225.1>127.1
224 > 127
215.1>126.1
199> 72
289.1 >70.2
272.15> 129
411.1 > 106
271.1> 2249
315 > 252
214.1 > 183.1
345.15>281.1
345.15 > 220
279 > 219
237>72
540.4 > 480.4
268.1 >174.8
294.1>125.1
276 > 220
284 >70.1
329.1 > 124.98
282.2 >212.2
484 > 195
360.2 > 276.2
408.175 > 183
296 > 131.1
318 > 160
299 > 129
368.1 > 145.1
356.2873 >
177.109
239.1>72
225 >72
306.1 > 108.1
376 > 308
372.9 > 302.6
208.1 > 151
226.1 > 184.3
242 > 200.1

135

NA

18
20
32
15
20
10
28
17

142 >124.9
303>85.1

226.11 >121.12

258.1 > 107.1
242.1 > 122
163 > 88
369.1 > 313.2
NA

409 > 226.9
NA
225.1>193.1
224 > 98
215.1>99
199 > 126
289.1>125.1
272.15>171.1
411.1 > 182
271.1>125.9
315>81.1
214.1>125.1
345.15>78
345.15> 177
279> 132
237 > 90
540.4 > 350.3
268.1 > 146.9
294.1>70.2
276> 94

284 > 159
329.1 > 218
NA

484 > 164
360.2 > 256.1

408.175 > 355.2

296 > 250.1
318> 77

299 > 153
368.1 > 205.1
356.2873 >
119.117
239.1>182.1
225 > 168
306.1 > 164.1
376 > 266
372.9>127.9
208.1 > 109
226.1 > 86.3
NA

22

22

15
16
22
15
40
16

24



Propamocarb

Propanil
Propaquizafop
Propargite

Propham
Propiconazole
Propoxur
Propoxycarbazone
Propyzamide
Proquinazid
Prosulfocarb
Prosulfuron
Prothioconazole
Prothioconazolelesthio
Pyraclostrobin
Pyraflufen
Pyraflufenethyl
Pyrazophos
Pyrethrum (Cinerin 1)

Pyrethrum (Cinerin Il)

Pyrethrum (Jasmolin |)
Pyrethrum (Jasmolin II)

Pyrethrum (Pyrethrin I)
Pyrethrum (Pyrethrin I1)

Pyridaben
Piridafention
Pyrifenox
Pyrimethanil
Pyriofenone
Pyriproxyfen
Quinalphos
Quinoxyfen
QuizalofopP-ethyl
Sedaxane
Sethoxydim
Simazine
Spinetoram
Spinosad A
Spinosad D
Spirodiclofen
Spirotetramat
Spirotetramatnol
Spirotetramatnolglucoside

ES+

ES+
NA

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
NA

ES+
ES

ES+
ES+
ES+

ES+

NA
ES+

ES+
ES+

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
NA

30

30
NA
20

37
12
30
22
18
22
26
20
NA
20
28
40
33
18

18

20
38

18
20

22
31
29
42
35
28
15
52
30
35
26
32
40
47
42
22
28
35
NA

189.1596 >
101.9647

218 > 162
444.1 > 299.1

368.22 >231.21

180 > 138
342 > 159
210 > 111
416 > 116
256.1>190
373 > 289
252.1>90.9
420 > 141
344.1 > 326
312>70
388.1 > 163
383> 325
413 > 339
374 >222.1
317.16 >
149.016
361.16 >
149.011
331.1> 164
375.213 >
163.005

329.16 > 160.99

373.16 >
160.991

365.16 > 147.12

341 > 189
295 >0903.1
200 > 107
366 > 184.1

322.16 > 96.06

299 > 96.9
308 > 197
373 > 299
330.1>131
328.2>178
202 > 96

748.4 > 142.12

732.6 > 142
746.52 > 142
411.1 > 313

374.35>216.18

302.1>216.1
464 > 302

136

16

NA

NA

189.1596 >
74.0084
218 > 127

444.1 > 100.04
368.22 > 175.15

NA

342 > 69
210 > 168
416 > 199
256.1>173
373> 272
252.1>127.9
420 > 167
344.1 > 189
312> 125
388.1 >193.9
383 > 274
413 > 253
374 > 194
317.16 >
106.998
361.16 >
106.995
NA
375.213 >
79.093

329.16 > 142.98

373.16 >
133.022

365.16 > 309.1

341> 92
297 > 93
200 > 82
366 > 209

322.16 > 227.1

299 > 162.9
308 > 161.9
NA
330.1>91
328.2>282.1
NA

760.4 > 98.05
732.6>98.1
746.52 >98.1
411.1>71.2

374.35 > 302.27

302.1 > 117
464 > 216

24

22
NA
14
16

10
15
23
32
13
21
20
NA
12
30
30
32
20

18

NA
40

16
18



Spirotetramaketohydroxy

Spiroxamine
Sulfotep
Sulfoxaflor
Tebuconazole
Tebufenozide
Tebufenpyrad
Tebupirimifos
Teflubenzuron
Tembotrione
Tepraloxydim
Terbufos
Terbumeton
Terbuthylazine
Terbutryn
Tetrachlorvinphos
Tetraconazole
Tetramethrin
Thiabendazole
Thiacloprid
Thiamethoxam
Thifensulfuronmethyl
Thiobencarb
Thiodicarb
Thiophanatemethyl
Tolclofos-methyl
Tri-allate
Triadimefon
Triasulfuron
Triazamate
Triazophos
Trichlorfon
Triclopyr
Tricyclazole
Trifloxystrobin
Triflumizole
Triflumuron
Triticonazole
Tritosulfuron
Valifenalate
Vamidothion
Zoxamide

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES

ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+
ES+

20
27
17
25
31
12
43
22
17
30
25
12
30
28
28
30
32
20
35
32
19
22
20
15
24
30
30
22
28
20
22
19
12
42
25
13
23
15
30
23
30
27

318.1 > 300.1
298 > 144
323>97

276 > 213
308> 125
353.1 > 133
334> 117
319.1 > 153
380.9 > 158
441 >261
342.1 > 250.1
289 > 103
226.2>170.1
230>174
242.1 > 186.1
366.8 > 127
372 > 159
332> 164
202.1>175
253> 126
292 >211.2
388 > 167
258 > 125
355 > 88
343.1 > 151.02
301.1>174.9
304 > 142.9
294.1 > 197.2

402.05 > 167.05

315.1>72
314.1>161.9
257 > 109
256 > 198
190 > 136
409 > 186
346 > 277.9
359 > 156.1
318.1>70.1
446 > 145
399 > 116
288 > 118
336 >187.1

318.1>214.1
298 > 100
323>171
276 > 261
308 >70.1
353.1>297.1
334 > 145
319.1 > 277
380.9 > 140.9
441 > 305
342.1 > 166.1
289 >57.2
226.2 >114.1
NA

NA

366.8 > 240.9
372>70.1
332>135
202.1>131
253>90.1
292 > 132
388 > 56

258 > 89
355> 108
343.1>311.1
301.1>125
304 > 86
294.1 > 69.3

402.05 > 141.05

315.1 >226.1
314.1 >118.9
257 >79

254 > 196
190 > 163
409 > 145
346 > 73

359 >139.1
318.1>124.9
446 > 195
399 > 155
288 > 146
336 > 159
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Table S35: Instrument acquisition data fopesticidesanalysed by G@®IS/MS. The table reports

guantification trace (Quant trace), collision energy (CE, expressell), and qualification trace (Qual trace).

Compound Quanttrace CE Qualtrace CE
2, 4DDD 235.0->165.1 25 235.0->200.1 10
2, 4DDE 248.0->176.2 30 246.0->176.2 30
2, 4DDT 237.0->165.2 20 235.0->165.2 20
3, 5dichloroaniline 161.0->99.0 20 161.0->90.0 20
4, 4DDE 246.1->176.2 30 315.8->246.0 15
4, 4DDT 237.0->165.2 20 235.0->165.2 20
Acetochlor 146.0-> 131.1 10 174.0->146.1 10
Acrinathrin 181.0->152.0 30 207.8->181.1 10
Alachlor 188.1->160.1 10 160.1->132.1 15
Aldrin 262.9->192.9 35 254.9->220.0 20
Benfluralin 292.0->264.0 5  292.0->206.0 10
Bifenox 189.1->126.0 20 340.9->309.9 10
Bromophosethyl 302.8->284.7 15 358.7->302.8 15
Bromopropylate 185.0->157.0 15 183.0->155.0 15
Captan 263.0->79.0 25 149.0->70.0 15
Chinomethionat 206.0->148.1 15 233.9->206.1 10
Chlorfenapyr 137.0->102.0 15 247.1->227.1 20
Chlorfenson 175.0->111.0 10 111.0->75.0 15
Chlormephos 121.1->65.0 10 153.9->1211 O

Chlorpropham 127.0->65.0 25 213.0->127.0 10
Chlorpyrifosmethyl 78.9->47.0 10 286.0->93.0 15
Cyfluthrin | 162.9->90.9 15 162.9->127.0 5

Cyfluthrin Il {CAS # 6835937-5} 162.9->90.9 15 162.9->127.0 5

Cyfluthrin Il {CAS # 6835937-5} 162.9->90.9 15 162.9->127.0 5

Cyfluthrin IV {CAS # 6835937-5} 162.9->90.9 15 162.9->127.0 5

Cyhalofopbutyl 120.1->91.0 15 256.2->120.1 10
Cypermethrin | 163.0->91.0 10 163.0->127.0 5

Cypermethrin Il {CAS # 523197-8}
Cypermethrin Il {CAS # 5231807-8}
Cypermethrin IV {CAS # 523187-8}
Cypermethrin, alpha

Cypermethrin, betCAS# 6737530-8)

163.1->127.1 5

163.1->91.0 15
163.1->91.0 15
163.0->91.0 15
163.0->91.0 15

163.1->91.0 15
163.1->127.1 5
163.1->127.1 5
163.0->127.0 5
181.0->152.0 30

Deltamethrin 252.9->93.0 15 181.0->152.1 25
Dichlobenil 171.0->100.0 20 171.0->136.0 20
Dichlofenthion 223.0->204.9 15 279.0->223.0 15
Dichlofluanid 123.0->77.0 20 123.0->51.0 40
Dicloran 206.1->176.0 10 160.1->124.1 10
Dicofol o, p* 139.0->75.0 30 139.0->111.0 10
Dicofol p, p- 183.9->169.3 5 183.9-> 155.0 30
Dieldrin 262.9->193.0 35 277.0->241.0 5
Diflufenican 266.0->238.1 15 266.0->246.1 15
Dioxathion 124.9->96.9 5 152.9->96.9 10
Diphenylamine 169.0->168.2 15 168.0->167.2 15
Disulfoton 88.0-> 60.0 5 142.0->109.0 5
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Endosulfan sulfate
Endosulfan alpha
Endosulfan beta
EPN

Ethalfluralin
Etridiazole
Famoxadone
Fenchlorphos
Fenitrothion
Fenpropathrin
Fenson
Fenthionsulfone
Fenvalerate |

Fenvalerate Il {CAS # 516368-1}

Flucythrinate |

Flucythrinate 1l {CAS # 701247-5}

Folpet
Heptachlor

Hexachlorobenzene

Hexaflumuron
Iprodione
Isofenphos
Kresoximmethyl
Lambdacyhalothrin
Malathion
Methoxychlor o, p
Methoxychlor p, p
Ortophenylphenol
Paraoxormethyl
Parathiorethyl
Parathiormethyl
Phosalone
Procymidone
Profluralin
Prothiofos
Quintozene
Tecnazene
Tefluthrin
Tetradifon
Thiometon
Tolylfluanid
Triadimenol
Trifluralin
Vinclozolin

273.8->238.9
194.9-> 159.0
194.9-> 158.9
169.0-> 141.1
275.9-> 202.1
183.0-> 140.0
197.0->141.1
268.9-> 254.0
125.1-> 47.0
181.1-> 152.1
141.0->77.1
124.9->79.0
167.0->125.1
167.0-> 125.1
156.9-> 107.1
156.9-> 107.1
261.8-> 130.1
271.7-> 236.9
283.8->213.9
176.0-> 148.0
316.0-> 247.0
212.9->185.1
116.0-> 89.0
181.1-> 152.1
126.9-> 99.0
121.1->91.1
227.0-> 141.1
170.0-> 141.0
108.9-> 79.0
139.0-> 109.0
125.0->47.0
182.0-> 111.0
96.0->67.1
318.1-> 199.1
113.0->94.9
237.0-> 119.0
214.9-> 179.0
177.1->127.1
158.9-> 131.0
125.0->47.0
137.0->91.1
128.0-> 65.0
264.0-> 206.0
187.0-> 124.0

15

10

15
15
15
15
15
25

(62 &)

15
10
15
15
30
15
10

15
30

15
40
15

10
15
10
15
10
20
10
15
10
15
20
25

20

271.9->237.0
194.9-> 160.0
206.9->172.0
169.0-> 77.1
315.9-> 275.9
211.1->183.0
223.9-> 196.2
270.9-> 256.0
125.1->79.0
207.9->181.0
267.9->77.1
124.9-> 47.0
208.9-> 141.1
208.9-> 141.1
198.9-> 157.0
198.9-> 157.0
259.8-> 130.1
273.7-> 238.9
283.8->248.8
277.0-> 176.0
314.0-> 271.0
212.9->121.1
116.0-> 63.0
208.1-> 181.1
172.9->99.0
227.1->121.1
227.0-> 169.1
141.0->115.0
229.9-> 106.1
109.0-> 81.0
262.9-> 109.0
121.1->65.0
96.0->53.1
318.1->55.1
266.9-> 239.0
295.0-> 237.0
260.9-> 203.0
197.0->141.1
226.9-> 199.0
125.0->79.0
238.0-> 137.0
168.0-> 70.0
306.1-> 264.0
197.9-> 145.0

20

15
25
10
10
10
15

ol

20
10
15
15
10
10
15
15
15
15
10
10
30
10
15
15
25
15
15
15
10
10
15
15

20
10
10
15
10
15
10

15
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Table S3.6: Validation data of th€@QUEChERSmethod (EN 15662:2018) applied on the pollen matvlatrix-matched calibratiomasused to quantify spiked
samples (5 concentration levels included in the range shown in the &iklegplicates werprepared for each level added, aadavery data shown represents
the average of six replicates. For each compound, the table reports the limit of quantification (LOQ, expegéed estimatedaccording to theSANTE
guidelines), limit of detectionLOD, expressed gsy/kg, estimated as onthird of theLOQSs), thethree concentration levetd added compounds (10, 50, and 200

ug/kg), recovery (Rec, expressed as %) amatability(RSD, expressed as %) of the method, matrix effeqiressed as %), and linearity’R

Compound LOQ LOD Instrumental 10 pg/kg 50 pg/kg 200 pg/kg  Calib Matrix  R?
technique range effect
Rec RSD Rec RSD  Rec RSD

2,4-DDD 10 3 GC-MS/MS 88 7 91 4 97 2 10- 200 -8 0.9902
2,4-DDE 10 3 GC-MS/MS 89 5 80 5 74 2 10- 200 17 0.9807
2,4-DDT 10 3 GC-MS/MS 71 3 80 2 86 2 10- 200 -23 0.9809
3, 5dichloroaniline 30 10 GC-MS/MS 65 27 71 10 103 4 30- 250 18 0.9945
3-hydroxycarbofuran 3 1 LC-MS/MS 87 3 98 2 105 3 3-200 -11 0.9979
3-ketocarbofuran 3 1 LC-MS/MS 119 5 111 6 106 6 3-200 7 0.9905
4,4-DDE 10 3 GC-MS/MS 92 10 95 8 103 7 10-200 -8 0.9908
4,4-DDT 10 3 GC-MS/MS 89 7 95 8 9% 4 10-200 -20 0.9854
6-benzylaminopurine 3 1 LC-MS/MS 111 7 108 6 105 5 3-200 14 0.9928
Abamectin 10 3 LC-MS/MS 61 20 85 26 103 6 10-200 18 0.9854
Acephate 5 2 LC-MS/MS 98 3 106 2 114 2 5-200 -14 0.9867
Acetamiprid 3 1 LC-MS/MS 66 15 84 11 95 2 3-200 22 0.9805
Acetochlor 10 3 GC-MS/MS 80 8 90 8 93 6 10-200 45 0.9842
AcibenzolarS-methyl 3 1 LC-MS/MS 82 20 95 12 112 5 3-200 1 0.9856
Acrinathrin 10 3 GC-MS/MS 90 7 92 5 9% 3 10-200 24 0.993
Alachlor 30 10 GC-MS/MS 77 3 86 3 93 3 30- 250 7 0.9961
Aldicarb (sum) 30 10 LC-MS/MS 96 8 99 6 103 4 10-200 18 0.9931
Aldicarb sulfone 3 1 LC-MS/MS 88 20 88 21 94 14  3-200 8 0.9827
Aldicarb sulfoxide 5 2 LC-MS/MS 69 18 71 16 77 10 5-200 -17 0.9805
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Aldrin

Allethrin
Ametodradin
Ametryn
Amidosulfuron
Amisulbrom
Amitraz

Atrazine
Azaconazole
Azinphosethyl
Azinphosmethyl
Azoxystrobin
Beflubutamid
Benalaxyl
Bendiocarb
Benfluralin
Benfuracarb
Benomyl
Bensulfuroamethyl
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80
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71
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115
96
74
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93
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0.9901
0.9925
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0.9828
0.9871
0.9805
0.9807
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Bupirimate
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Chlorfenson
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Difenoconazole
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Vinclozolin 10 3 GC-MS/MS 89 7 86 5 9 6 10- 200 23 0.9915
Zoxamide 3 1 LC-MS/MS 82 14 107 9 92 9 3-200 14 0.9947
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Table S3.7: Validation data ofhe QuPPd>O-Methodappliedto the pollen matrixMatrix-matched calibratiowasused to quantify spiked samples (5 concentration
levels included in the range shown in the tal®®) replicates werprepared for each level added, aadavery data showrepresentthe average of six replicates.
The table reports the limit of quantification (LOQ, expressatyés, estimatedhccording to th&ANTE guidelines), limit of detectio(LOD, expressed gagy/kg,
estimated as one third of th©Q), thethreeconcentration levelsf added compound (100, 500, and 2000 ug/kg), recovery (Rec, expressed asépeatadbility

(RSD, expressed as %) of the method, matrix effect (expressed as %), and linéarity (R

Compound LOQ LOD Instrumental 100 ug/kg 500 ug/kg 2000 ug/kg Calib Matrix ~ R?
technique range effect
Rec RSD Rec RSD Rec RSD
Glyphosate 0.1  0.030 LC-MS/MS 90% 10% 91% 6% 97% 5% 100-2000 3 0.991
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Table S3.8: Results of the linear mixedffects model testing the effect of the interaction between the sampling
month andoesticidecategory, the interaction between the sampling month and landscape PC1, the interaction
between the sampling month and landscape P@4ntaraction between the sampling month and landscape
PC3, and the sampling year on the PHQ of pollen samplésfiaformed). Landscape PC1, PC2 and PC3
were calculated using the regional lamgk map categories in 5 km radius buffers around the samplin
locations. Values in bold indicate significant effegtvélue< 0.05).0nly significant results after a backward

stepwise model selection procedure are reported.

G 2 df p-value
Intercept 0.009 1 0.925
Month 17571 5 0.004
Pesticidecategory 32.377 2 <0.001
Landscapd’C1 (5 km) 14922 1 <0.001
Landscapd>C2 (5 km) 0.370 1 0.543
Landscapd’C3 (5 km) 0.002 1 0.970
Year 1396 1 0.237
Month x Pesticidecategory 38.397 10 <0.001

Month x Landscape PC1 (5 km 19.717 5 0.001
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Table S3.9: Results ofthe linear mixeeeffects model testing the effect of the percentage of annual and
perennial crops in 5 km radius buffers around the sampling locations on the PHQ of pollen samples (In

transformed). Values in bold indicate significant effeptsdlue< 0.05).

value SE df  t-value p-value
Intercept 0.779 1061 64 0.734 0.466
Annual crop% (5 km) 6.227 3.825 10 1.628 0.135
Perennial crofo (5 km) 12.690 4.620 10 2.747 0.021
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Figure S3.1 Map of the 13 sampling locations. Imagery © 2023 TerraMeteg data © 2023 Google.
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