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STRESZCZENIE

Rosnace zapotrzebowanie na zywnos¢ i che¢ maksymalizacji zyskéw z upraw, napedzane
wzrostem populacji ludzkiej, negatywnie wptywaja na bior6znorodnos¢ owadow, w tym
zapylaczy, ktorych rola w produkcji rolnej jest nie do przecenienia. Obserwowany w
ostatnich latach gwaltowny spadek liczebnosci zapylaczy, przede wszystkim w
krajobrazie rolniczym, nie tylko negatywnie wptywa na biordéznorodno$¢, ale rowniez
moze zaszkodzi¢ gospodarce rolnej i doprowadzi¢ do wzrostu cen zywnosci. Dlatego
wazne jest, aby utrzymac wystarczajaco liczebne populacje owadéw zapylajacych na
terenach rolniczych. To z kolei wymaga utrzymania niezbednych warunkéw
siedliskowych, zapobiegajacych ekstynkcji zapylaczy. Intensyfikacja rolnictwa poprzez
zwigkszanie areatu upraw i stosowanie pestycydoéw, zwlaszcza insektycydow, zagraza
zapylaczom. Wiele upraw, takich jak zboza, zwlaszcza w wielkoobszarowych
monokulturach, wokot ktorych brakuje miedz, zadrzewien i innych ostoi dla zapylaczy,
jest nieatrakcyjne dla owadow zapylajacych i nawet bez udzialu pestycydéw moze
znaczgco wplywaé na ich bior6znorodnosé¢. Z drugiej strony, rosliny masowo kwitnace,
np. rzepak, moga dostarczac nektar i pytek dzikim zapylaczom. Jednak nawet w uprawach
atrakcyjnych dla zapylaczy, o duzych zasobach pokarmowych, stosuje si¢ pestycydy.
Dlatego badania nad tagcznym wplywem struktury krajobrazu i pestycydow na pszczoty,
ktorych przedstawicielem jest murarka ogrodowa (Osmia bicornis), sa niezbedne, aby w
pelni zrozumie¢ ich skutki dla kolejnych pokolen tych pszczot i wprowadzi¢ odpowiednie
strategie ochrony zapylaczy. Presja powodowana przez intensyfikacje rolnictwa moze
ujawniac si¢ w postaci bezposrednich efektow widocznych w przezywalno$ci osobnikow
rodzicielskich, ale niekorzystne warunki zycia rodzicow mogg tez wptywac na rozwoj ich
potomstwa (ang. carry-over effect), czy tez ujawniaé si¢ dopiero w nastepnym pokoleniu
w postaci efektow matczynych (ang. maternal effect). Dlatego, jednym z gtéwnych celow
niniejszej rozprawy bylo zbadanie, czy intensyfikacja rolnictwa, wyrazona r6zng
strukturg Krajobrazu rolniczego z gradientem udziatu upraw rzepaku wokot gniazda, a
tym samym wzrastajaca presja ze strony rolnictwa, wptywa negatywnie na parametry
populacyjne pszczoty samotnej O. bicornis i jej wrazliwo$¢ na przedstawicieli gtdwnych
grup stosowanych obecnie insektycydow oraz czy konsekwencje rozwoju osobnikoéw w

krajobrazie rolniczym zdominowanym przez rzepak sa widoczne tylko na kolejnych



etapach rozwoju w danym pokoleniu czy tez rowniez w pokoleniu kolejnym,
rozwijajacym si¢ juz W warunkach pozbawionych presji rolnictwa (artykut I). Ponadto
sprawdzano czy wraz ze wzrostem udziatu rzepaku wokot gniazd pszczot O. bicornis

maleje roznorodnos¢ pytku i wzrasta stezenie pestycydow w pytku (artykut II).

Czgstym zabiegiem stosowanym w rolnictwie jest uzywanie mieszanin dwoch lub
wiecej réznych pestycydow, na ogét nalezacych do rdéznych grup chemicznych. Skutki
dziatania pestycydow w mieszaninie moga okazac si¢ znacznie bardziej szkodliwe dla
organizmu niz suma dziatania pojedynczych substancji, co wynika z mozliwosci
synergistycznego dziatania dwoch (lub wigcej) substancji na organizm. Dziatanie kilku
substancji moze by¢ jednak tez antagonistyczne, czyli powodowa¢ skutki stabsze niz
wynikatoby to z prostego sumowania si¢ efektow dziatania tych substancji stosowanych
niezaleznie. Ponadto, zapylacze cz¢sto narazone s3 na subletalne dawki substancji
chemicznych, tj. takie, ktore nie powoduja natychmiastowych i jednoznacznych skutkow
toksycznych. Sprawdzenie wptywu mieszanin insektycydow nalezacych do réznych grup
na przezywalno$¢ (artykut I1T) oraz na wybrane parametry biochemiczne, tj. aktywnosé¢
trzech enzyméw (acetylocholinoesterazy (AChE), S-transferazy glutationowej (GST) i
esterazy (EST)) oraz poziom ATP (artykut IV) to kolejne cele, jakie postawiono w

niniejszej rozprawie.

Przeprowadzone badania wykazaty, ze rozwo6j larwalny w warunkach
monokultury rzepaku (tj. w obszarach ze wzrastajgcym udziatem upraw rzepaku wokot
gniazda pokolenia rodzicielskiego (P)) wptynat negatywnie na niektére parametry
populacyjne potomstwa (F1), tj. obnizat sukces wylegania pszczot z kokonow i zwickszat
wrazliwos¢ samic na insektycyd Durshan 480 EC, ale efekty te w wigkszosci zanikly w
nastepnym pokoleniu (F2). W pokoleniu F2, rozwijajacym si¢ w terenie pozbawionym
presji rolniczej (taki $rodlesne), wptyw udziatu rzepaku i struktury krajobrazu wokot
gniazda zatozonego przez samice z pokolenia P byl widoczny tylko w zaburzonej
proporcji pici, tj. w wiekszym udziale samic. Ponadto wykazano, ze obecno$¢ naturalnych
1 potnaturalnych elementéw krajobrazu ma istotne znaczenie dla rozwoju pszczot
samotnych w krajobrazie rolniczym. Udzial rzepaku wokot gniazd pszczot nie wptywat
na roznorodno$¢ florystyczng pytku, warto$¢ energetyczng czy poziom skazenia pytku

zbieranego przez samice z pokolenia P dla swojego potomstwa F1, ale roznorodnos¢ i



warto$¢ energetyczna tego pytku, zalezaly od obecnosci innych niz rzepak elementéw
krajobrazu. Ponadto, roznorodnos¢ pytku malata, a warto$¢ energetyczna rosta wraz z
réznorodnos$cig krajobrazu. W badanym krajobrazie rolniczym, pszczoty zebraty pytek z
28 taksonow roslin, z dominacjg Brassica napus, Quercus sp., Ranunculus sp., Poaceae i
Acer sp. W pytku wykryto pozostatosci 12 pestycydow, a acetamipryd, azoksystrobina,
boskalid i dimetoat byly najczesciej wykrywane. Skazenie pylku pestycydami malato

wraz ze wzrostem jego réznorodnosci florystycznej.

Whbrew oczekiwaniom, badania laboratoryjne na dorostych samicach O. bicornis
wskazaty albo brak interakcji (w mieszaninie Sherpa 100 EC x Dursban 480 EC) albo
antagonistyczne dziatanie badanych mieszanin insektycydow na przezywalnosé
O. bicornis. Interakcje antagonistyczne wystapity W mieszaninach insektycydow,
w ktorych jeden nalezat do pyretroidow (Sherpa 100 EC lub Karate Zeon 050 CS), a drugi
byt neonikotynoidem (Mospilan 20 SP) lub sulfoksyminem (Closer). Pyretroid Sherpa
100 EC wptywal na wszystkiec badane biomarkery (AChE, GST, EST, ATP),
a fosforoorganiczny Dursban 480 EC na aktywno$¢ AChE i EST oraz poziom ATP.
Ztozone interakcje pomigdzy tymi insektycydami oraz neonikotynoidem (Mospilan 20
SP) wptywaty na poziom ATP, dajac wyniki, ktorych nie datoby si¢ przewidziec testujac

kazdy z insektycydow osobno.

Uzyskane wyniki pokazuja, ze rozwdj larwalny w warunkach dominacji upraw
rzepaku negatywnie wptywa na niektore parametry historii zyciowej pszczot, ale efekty
te w wigkszos$ci zanikajg w kolejnym pokoleniu. Daje to nadziej¢ na szybka odbudowe
populacji dzikich pszczot, o ile zapewni si¢ ku temu dogodne warunki. Obecnos$¢ takich
elementow krajobrazu jak zbiorniki wodne wraz z otaczajaca je roslinnos$cig, tgki, lasy
oraz struktura krajobrazu charakteryzujaca si¢ duza dlugoscig granic miedzy polami
a siedliskami  naturalnymi, powinny by¢ uwzglednione W oOchronie owadow
pozytecznych w krajobrazach rolniczych, podobnie jak zapewnienie réznorodnej bazy
pokarmowej. Wykazano, ze stosowanie pyretroidu w mieszaninie z neonikotynoidem lub
sulfoksaminem moze by¢ bezpieczniejsze dla O. bicornis niz stosowanie tych
insektycydow pojedynczo, a wyniki z analiz poziomu ATP dodatkowo sugeruja, ze

insektycydy fosforoorganiczne nie powinny by¢ mieszane z neonikotynoidami i/lub



pyretroidami, poniewaz takie kombinacje insektycydéw negatywnie wplywaja na

metabolizm pszczo6t samotnych.
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SUMMARY

The growing demand for food and the desire to maximize crop profits, driven by human
population growth, negatively affect the biodiversity of insects, including pollinators, whose
role in agricultural production cannot be overestimated. The strong decline in the number of
pollinating insects observed in recent years, mainly in agricultural landscapes, not only
negatively affects biodiversity but can also harm the agricultural economy and lead to higher
food prices. Therefore, it is important to maintain a sufficiently large population of pollinating
insects in agricultural areas. This, in turn, requires maintaining the necessary habitat conditions
to prevent the extinction of pollinators. The intensification of agriculture through increasing
crop acreage and the use of pesticides, especially insecticides, threatens pollinators. Many
crops, such as cereals, especially in large monocultures that lack baulks, trees, and other refuges
for pollinators, are unattractive to pollinators and even without pesticides can significantly
affect their biodiversity. On the other hand, mass-flowering plants, such as oilseed rape, can
provide nectar and pollen to wild pollinators. However, even crops attractive to pollinators,
which offer abundant food supply, are treated with pesticides. Therefore, research on the
combined effects of landscape structure and pesticides on bees, with the red mason bee (Osmia
bicornis) as a representative, is essential to fully understand their effects on future generations
of these bees and to implement adequate conservation strategies for pollinators. Pressure from
agricultural intensification can manifest itself as direct effects visible in the survival rate of
parental individuals, but unfavourable living conditions of parents can affect the development
of their offspring (carry-over effect) or reveal themselves in the next generation as maternal
effects. Therefore, one of the main objectives of this dissertation was to investigate whether
agricultural intensification, expressed in the structure of agricultural landscape with a gradient
of the share of oilseed rape around the nest, and thus increasing pressure from agriculture,
negatively affects population parameters of the solitary bee O. bicornis and its sensitivity to the
representatives of the major groups of insecticides currently in use, and whether the
consequences of the development of individuals in the landscape dominated by oilseed rape are
visible only at subsequent developmental stages in the given generation, or also in the next
generation developing under conditions without agricultural pressure (article I). Additionally,
it was examined whether pollen diversity decreases and pollen pesticide contamination
increases with the increase in the proportion of oilseed rape around the nests of O. bicornis bees
(article I1).
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It is common practice in agriculture to use mixtures of two or more different pesticides, usually
belonging to different groups. The effects of pesticides in a mixture may be much more harmful
than the sum of the effects of individual substances, due to possible synergistic effects of two
(or more) substances on the organism. However, the effect of several substances can also be
antagonistic, i.e., weaker than expected from a simple summation of the effects of these
substances used independently. In addition, pollinators are often exposed to sublethal doses of
chemicals, i.e., doses that do not cause immediate and unambiguous toxic effects. Studying
effects of a mixture of insecticides belonging to different groups on survival (article I11) and on
selected biochemical parameters, i.e., the activity of three enzymes (acetylcholinesterase
(AChE), S-glutathione transferase (GST), and esterase (EST)), and the level of ATP (article
IV), were other goals of this dissertation.

The study showed that larval development in areas dominated by oilseed rape monoculture
(i.e., with the elevated share of oilseed rape around the nest of the parental generation (P))
negatively affected some population parameters of offspring (F1), namely decreased the
emergence success of bees from cocoons and increased the sensitivity of females to the
insecticide Dursban 480 EC, but these effects have mostly disappeared in the next generation
(F2). In the F2 generation that developed in an area without agricultural pressure (mid-forest
meadows), the effect of the share of oilseed rape and the landscape structure around the nest
established by the females of the P generation was evident only in the distorted sex ratio, i.e.,
the higher proportion of females. In addition, the presence of natural and semi-natural landscape
elements was shown to be important for the development of bees in agricultural landscapes.
The share of oilseed rape around the bees’ nests did not affect the floral diversity, energy value
or contamination level of pollen collected by P generation females for their F1 offspring, but
the diversity and energy value of this pollen depended on the presence of landscape elements
other than oilseed rape. Moreover, pollen diversity decreased, and energy value increased with
landscape diversity. In the studied agricultural landscape, bees collected pollen from 28 plant
taxa, among which Brassica napus, Quercus sp., Ranunculus sp., Poaceae, and Acer sp. were
predominant. Residues of 12 pesticides were detected in the pollen, with acetamiprid,
azoxystrobin, boscalid, and dimethoate being the most frequently detected. Pollen

contamination with pesticides decreased with increasing floral diversity.

Contrary to expectations, laboratory tests on adult females showed either no interaction (in the
Sherpa 100 EC x Dursbhan 480 EC mixture) or antagonistic effects of the tested insecticide

mixtures on the O. bicornis survival. Antagonistic interactions occurred in mixtures in which
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one insecticide belonged to pyrethroids (Sherpa 100 EC or Karate Zeon 050 CS), and the other
was a neonicotinoid (Mospilan 20 SP) or a sulfoxymine (Closer). The pyrethroid Sherpa 100
EC affected all biomarkers tested (AChE, GST, EST, ATP), and organophosphate Dursban 480
EC affected AChE and EST activity and ATP levels. The complex interactions between these
insecticides and the neonicotinoid (Mospilan 20 SP) affected ATP levels, giving results that

could not be predicted by testing each insecticide separately.

The results show that larval development under conditions of oilseed rape dominance
negatively affects some life history parameters of bees, but these effects mostly disappear in
the next generation. This gives hope for the rapid recovery of wild bee populations, as long as
favourable conditions are provided. The presence of landscape elements such as water bodies
and vegetation close to water, meadows, forests, and a landscape structure with long boundaries
between fields and natural habitats should be considered in the protection of beneficial insects
in agricultural landscapes, as well as the provision of a diverse food base. It has been shown
that using a pyrethroid in a mixture with a neonicotinoid or sulfoximine may be safer for O.
bicornis than using these insecticides alone. Further, results of ATP level analyses suggest that
organophosphate insecticides should not be mixed with neonicotinoids and/or pyrethroids, as

such insecticide combinations negatively affect bee metabolism.
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WPROWADZENIE - SYNTEZA BADAN I WYNIKOW

Owady zapylajace odgrywaja istotng role¢ w utrzymaniu réoznorodnosci biologicznej, dobrym
funkcjonowaniu ekosystemow i bezpieczenstwie zywnosciowym, a takze majg wiele wartosci
spoteczno-ekonomicznych jako zrédto dochodu, inspiracji i warto$ci kulturowej dla
spoteczenstwa (Potts i in., 2016). W zwigzku ze wzrastajaca liczbg ludnos$ci na §wiecie wzrasta
zapotrzebowanie na zywnosc¢, w ktorej produkcji duzy udziat maja zapylacze (Klein i in., 2007).
Zapylanie roslin przez owady jest kluczowg ustugg ekosystemows, niezbedng W wiekszo$ci
upraw (IPBES, 2016), i jest wyceniane w skali $wiata na 153 miliardy dolaréw rocznie (Gallai
et al., 2009). Jednak w ostatnich latach jest coraz wigcej dowodow na spadek liczebnosci
stawonogow, w tym dzikich owadoéw zapylajacych, szczegélnie w Europie i Ameryce
Poétnocnej, gdzie entomofauna byta szeroko badana (Hallmann i in., 2017; Koh i in., 2016;
Powney i in., 2019; Seibold i in., 2019). Podobne trendy zaobserwowano jednak rowniez w
innych regionach $§wiata (Millard i in., 2021). Szczegdlnie zauwazalny jest spadek bogactwa
gatunkowego dzikich zapylaczy; przyktadowo w Wielkiej Brytanii pomi¢dzy 1980 a 2013
rokiem liczba gatunkow nalezacych do tej grupy zmniejszyta si¢ 0 33% (Powney et al., 2019).
Moze to negatywnie wplyna¢ na gospodarke i skutkowaé wzrostem cen zywnosci (Kevan i
Phillips, 2001). W zwiagzku z tym wazne jest, aby na terenach rolniczych utrzymywac populacje
zapylaczy na odpowiednim poziomie. Aby spehnic to zalozenie, niezbgdne jest zapewnienie im
odpowiednich warunkow siedliskowych. Intensywny rozwoj rolnictwa przyczynia si¢ jednak
do powstawania wielkoobszarowych monokultur upraw, co prowadzi do spadku
heterogenicznos$¢ krajobrazu - zanikajg miedze, zadrzewienia $rodpolne, nieuzytki. Takie
monokultury czgsto nie sg atrakcyjne dla zapylaczy (np. uprawa zboza), ze wzgledu na brak
roslin nektarodajnych. Z drugiej strony, ro$liny masowo kwitngce moga dostarcza¢ nektaru i
pytku dzikim zapylaczom i chociaz jest to monotonna i chwilowa baza pokarmowa, to dla
niektorych gatunkow, takich jak pszczota samotna Osmia bicornis, dla ktorej okres budowy
gniazda przypada na okres kwitnienia rzepaku (kwiecien — maj), moze to by¢ bardzo istotny
element bazy pokarmowej. Jednak takze w uprawach roslin potencjalnie atrakcyjnych
pokarmowo dla zapylaczy (np. uprawa rzepaku) stosuje si¢ wiele srodkéw ochrony roslin
(herbicydy, insektycydy, fungicydy), ktore moga negatywnie oddzialywaé na zapylacze
(Sgolastra i in., 2018). Wszelkie chwasty - potencjalne zrodto pozywienia dla zapylaczy, sa w
takich miejscach systematycznie zwalczane. W s$rodowiskach zdominowanych przez
monokultury brakuje r6znorodnej bazy pokarmowej, co rowniez moze rowniez negatywnie

wptywac na populacje zapylaczy, gdyz dzikie zapylacze czesto potrzebujg zréznicowanych
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zasobow kwiatowych, aby uzyska¢ lepsza wydajnos¢ reprodukcyjng (Klaus i in., 2021). Na
przyktad wykazano, ze wysoki udzial terenow rolniczych wokoét gniazd Osmia cornifrons
zmniejszyl liczb¢ potomstwa samic poprzez zmniejszenie réznorodno$ci pytku w diecie

pszczot (Centrella i in., 2020).

Mimo, ze w ostatnich latach liczba badan nad wptywem cech krajobrazu na rézne gatunki
pszczot wzrosta (np. Bednarska i in., 2021; Coudrain i in., 2016; Coutinho i in., 2021; Schiiepp
iin., 2011; Sdber i in., 2020), wcigz niewiele wiadomo o tym, jaki jest fgczny wptyw struktury
krajobrazu i stosowania pestycydow, czyli ogolna presja ze strony rolnictwa, na cechy historii
zyciowej dzikich pszczot samotnych. Koszty zycia organizmoéw ponoszone na wczesniejszych
etapach rozwoju (np. na etapie rozwoju larwalnego) moga ujawniac si¢ dopiero na poézniejszych
etapach zycia (np. w stadium dorostym) (Anderson i Harmon-Threatt, 2019; Stuligross i
Williams, 2021), co wiaze si¢ z tzw. ,,efektem przenoszenia” (ang. carry-over effect; O’Connor
I in., 2014). ,,Efekt przenoszenia” moze wystgpowac migdzy poszczegdlnymi etapami historii
zyciowej, etapami rozwojowymi, etapami fizjologicznymi lub etapami spotecznymi, z ktoérych
kazdy wystepowa¢ moze w odrebnej skali czasowej (O’Connor i in., 2014). Co wiecej,
srodowisko zycia rodzicow moze wptywac na jakos$¢ ich pdzniejszego potomstwa i ujawniac
si¢ dopiero w kolejnym pokoleniu (Mousseau i Fox, 1998). To, czy ewentualny wplyw presji
rolnictwa jest widoczny tylko w postaci bezposrednich efektow u 0sobnikéw dorostych, czy tez
ujawnia si¢ na kolejnych etapach rozwoju w danym pokoleniu lub tez dopiero w kolejnych
pokoleniach, ma istotny wptyw na dobor odpowiednich strategii, jakie powinny by¢ wdrazane

w celu zapewnienia ochrony zapylaczy w krajobrazie rolniczym.

Jak wspominano powyzej, nie tylko brak naturalnych lub potnaturalnych elementow struktury
krajobrazu, ale rowniez ilo$¢ i rodzaj stosowanych pestycydow wpltywa na obecno$¢ i
liczebno$¢ zapylaczy w krajobrazie rolniczym. Catkowite zuzycie pestycydow w rolnictwie na
swiecie wyniosto 3,5 Mt substancji czynnych w 2021 ., co stanowi wzrost 0 4% w ciggu roku
i dwukrotny wzrost od 1990 r. (FAO, 2023). Z punktu widzenia ochrony zapylaczy, najwicksze
zagrozenie stanowig $rodki stosowane do zwalczania szkodnikow owadzich — insektycydy,
gdyz dzialaja one na mechanizmy uniwersalne w $wiecie zwierzat, zwigzane z
funkcjonowaniem uktadu nerwowego (np. blokuja kanaty sodowe w komodrkach nerwowych
oraz Ca2+-ATPaz¢, hamujac w ten sposob repolaryzacje neurondéw, co uniemozliwia
prawidtowe przekazywanie sygnatu nerwowego; poprzez dziatanie na ATPazy, uszkadzaja
funkcjonowanie mitochondriow; blokuja acetylocholinesteraze, uniemozliwiajac rozktad

acetylocholiny, a tym samym pozostawiajac uklad nerwowy w stanie wzbudzenia, co
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uniemozliwia normalne przewodzenie sygnaldow nerwowych; wigzg si¢ z receptorami
acetylocholiny na btonie postsynaptycznej uposledzajac przekazywanie sygnatéw nerwowych

pomi¢dzy neuronami).

Popularnym zabiegiem stosowanym w rolnictwie jest uzywanie mieszanin dwoch lub wiegcej
pestycydow, czesto nalezacych do roznych grup chemicznych. Skutki dziatania pestycydow w
mieszaninie mogg okaza¢ si¢ dla organizmu bardziej szkodliwe niz wynikatoby to z sumy
skutkow pojedynczych substancji. Takie Synergistyczne dziatanie pestycydow nha
przezywalnos$¢ stwierdzono na przyktad u O. bicornis w przypadku klotianidyny (insektycyd)
I propikonazolu (fungicyd) (Sgolastra i in., 2018). Z kolei antagonizm (gdzie toksycznosc¢
dwoch lub wigcej pestycydow W mieszaninie jest nizsza niz suma toksycznosci kazdego
pestycydu zastosowaego 0sobno) stwierdzono na przyktad w badaniach przezywalnosci u
A. mellifera po narazeniu na mieszaning fungicydéw hamujacych biosyntezg steroli z niska
dawkga tau-fluwalinatu (insektycyd) (Johnson i in., 2013). Chociaz problem toksycznoS$ci
mieszanin byl szeroko dyskutowany w ostatnich dwoch dekadach (Van Gestel et al., 2010),
zaskakujaco mato wiadomo na temat wplywu stosowania mieszanin pestycydow na owady
zapylajace, szczegélnie pszczoly samotne (Tosi i in., 2022). Interakcje miedzy roéznymi
insektycydami badano tylko w okolo 6% eksperymentow zwigzanych z pestycydami na
pszczotach miodnych (Benuszak i in., 2017). Carnesecchi i in. (2019) wykazali, ze sposrod 957
publikacji, tylko 14 dotyczyto wpltywu mieszanin substancji, przy czym wigkszos¢ (10
artykutlow) koncentrowata si¢ na A. mellifera, podczas gdy tylko cztery artykuty obejmowaty
badania na rodzajach Bombus i Osmia. Wynika to prawdopodobnie z faktu, ze obecnie ocena
ryzyka ekologicznego nie uwzglednia wptywu interakcji miedzy Srodkami ochrony roslin,
nawet jesli wiele z nich jest powszechnie stosowanych jako mieszaniny lub w krotkich
odstgpach czasu. Co wigcej, badania nad toksycznoscig pestycydow czesto polegaja na
testowaniu substancji czynnej pestycydu, a nie catego $rodka ochrony ro$lin dostepnego
komercyjnie, ktory zawiera zwykle takze r6znego typu rozpuszczalniki, substancje utrwalajace,
aktywatory i adiuwanty wzmacniajace dziatanie substancji czynnej (Mullin i in., 2015), ktore
takze moga negatywnie wptywaé na pszczoty (Heys i in., 2016). Badania wykazaly, ze te
dodatkowe substancje mogga by¢ toksyczne zarowno dla larw, jak i dorostych pszczot miodnych
(Shannon i in., 2023; Zhu i in., 2014). Z tego powodu wazne jest, aby pozna¢ nie tylko wptyw
mieszanin réznych substancji czynnych, ale takze wptyw mieszanin r6znych srodkéw ochrony
roslin na owady zapylajace. Ponadto, zapylacze sa czgsto narazone na subletalne dawki

substancji chemicznych, tj. takie, ktore nie powoduja natychmiastowych 1 jednoznacznych
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skutkow toksycznych, ale mogg zaburzac¢ rozne procesy fizjologiczne i biochemiczne, co w
przypadku pszczot innych niz te z rodzaju Apis jest stabo poznane (Lehmann i Camp, 2021).
Lepsze zrozumienie zagrozehn zwigzanych z fagcznym stosowaniem insektycydow i ich wpltywu
na fizjologi¢ i metabolizm pszczdét samotnych stanowi wazny Krok w kierunku ich lepszej
ochrony (Leroy i in., 2023, Raine i Rundlof, 2024).

Ocena potencjalnego wptywu pestycydow na owady zapylajace skupia si¢ gldwnie na badaniu
pszczoty miodnej (Apis mellifera), ktora jest standardowym gatunkiem uwzgl¢dnianym w
testach ekotoksykologicznych, bedacych podstawa prawnych regulacji stosowania pestycydow
w UE. Istnieje jednak rosngca potrzeba uwzglednienia W ocenie ryzyka ekologicznego (ang.
ecological risk assessment, ERA) innych gatunkow pszczot, o roznej biologii i ekologii
(Schmolke 1 in., 2021; Williams et al., 2023). Tym bardziej, ze okoto 20% ustug zapylania w
produkcji rolnej jest §wiadczonych przez dzikie pszczoty (Losey 1 Vaughan, 2006), w tym
pszczoty samotne z rodzaju Osmia, ktore czesto sg bardziej skutecznymi zapylaczami niz
pszczoty miodne (Garibaldi et al., 2013). Pszczoty z rodzaju Osmia odgrywaja wazng role w
zapylaniu takich gatunkow roslin, jak jabton, wisnia czy rzepak (Bosch i Kemp, 2002). Ze
wzgledu na roznice (nawet 25-krotne) we wrazliwos$ci na niektore pestycydy w poréwnaniu z
pszczotami miodnymi i trzmielami (Heard i in., 2017) niedawno zostaty rekomendowane jako
gatunki modelowe w ocenie ryzyka ekologicznego ze strony pestycydow dla pszczot (EFSA i
in., 2023), chociaz standardowe testy OECD dla tych pszczot nie zostaly jeszcze zatwierdzone.
Ponadto, coraz wigcej mowi si¢ o tym, ze ocena ryzyka (ERA) powinna odbywac si¢ na
poziomie krajobrazu (Topping et al., 2020), co prowadzi do rozwoju nowych narzedzi (Poulsen
et al., 2023) pozwalajacych na ocen¢ w jaki sposob ryzyko rdzni si¢ w zaleznosci od krajobrazu
1 umozliwiajacych ocen¢ skutkéw narazenia na wiele pestycyddéw (np. mieszanek pestycydow

w jednym oprysku lub stosowania serii opryskéw w krotkich odcinkach czasu).

Osmia bicornis nalezy do rodziny Megachilidae i jest szeroko rozpowszechniona w Europie i
Azji Zachodniej (Amiet et al., 2004). Cykl zycia tego gatunku, podobnie jak innych pszczot
samotnych, obejmuje kilka etapow. Wiosna, po wygryzieniu si¢ z kokondéw samice sa
zaptadniane przez samce 1 poszukuja miejsca do gniazdowania (preferowane sg m.in. puste
todygi roslin czy dziury w drewnie). W kolejnym etapie samica zaopatruje komorke gniazdowa
w zapas pytku i nektaru i sktada w niej jajo. Nastepnie zabezpiecza wejscie do komorki
wilgotna glina/ziemia. Jedna samica sktada okoto 30 jaj (Sedivy i Dorn, 2014). Z jaj rozwijaja
si¢ larwy, ktore zywig si¢ zapasami nektaru 1 pytku. Po okoto 35.5+1.99 1 31.6+£2.41 dniach,

odpowiednio dla samic 1 samcow, przedpoczwarki zaczynaja tka¢ kokony (Giejdasz i
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Wilkaniec, 2002). Nastepnie zaczyna si¢ stadium poczwarki, ktora przeksztatca si¢ w dorostego

osobnika, ktory hibernuje w kokonie do wiosny.
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CEL BADAN

Celem prowadzonych przeze mnie badan bylo sprawdzenie wptywu struktury krajobrazu
rolniczego i toksycznos$ci stosowanych w rolnictwie pestycydow na pszczoly samotne —
murarki ogrodowe Osmia bicornis. Dzigki potaczeniu badan terenowych i laboratoryjnych
zbadany zostat wptyw struktury krajobrazu opisanej m. in. gradientem udziatu upraw rzepaku
wokot gniazd pszczot na jakos¢ i skazenie bazy pokarmowej pszczot, parametry populacyjne
dwoch pokolen pszczot oraz ich wrazliwo$¢ na przedstawicieli gtownych grup insektycydow
(. pyretroidu Sherpa 100 EC i fosforoorganicznego Dursbanu 480 EC) (artykuty I i II).
Zbadany zostat takze wptyw interakcji pomigdzy insektycydami na przezywalno$¢ dorostych
samic O. bicornis oraz na wybrane parametry biochemiczne (aktywnos¢ trzech enzymow i
poziom ATP) (artykuty Il i IV).

Hipotezy, ktore w zwigzku z wyzej wymienionymi celami zostaty przetestowane, to:

H1: Wzrastajacy udziat rzepaku wokot gniazda pszczot oraz spadek heterogenicznosci

krajobrazu wptywa negatywnie na parametry populacyjne pszczot (artykut I).

H2: Wrazliwo$¢ pszczot O. bicornis na insektycydy jest wyzsza na stanowiskach bardziej

zdominowanych przez rzepak (artykut I).

H3: Wraz ze wzrostem udzialu rzepaku wokot gniazd pszczot O. bicornis wzrasta stgzenie
pestycydow w pytku gromadzonym przez pszczoty jako pokarm dla rozwijajacych si¢ w

gniezdzie larw oraz maleje r6znorodnos¢ pytku (artykut II).

H4: Mieszaniny kilku pestycydéw wptywaja na przezywalnos¢ i parametry biochemiczne O.
bicornis inaczej niz wynikatoby to z sumarycznego dziatania tych pestycydéw aplikowanych

pojedynczo (artykut II1 i IV).
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METODY

1. Wyboér i charakterystyka obszaréw do badan (artykul I i II):

Badania terenowe zostaly przeprowadzone w wojewodztwach opolskim (2019) i dolnoslgskim
(2020) i skupity sie na analizie wptywu struktury krajobrazu rolniczego z gradientem udziatu
rzepaku w najblizszym sasiedztwie gniazd na przezywalnos¢ dwoch pokolen pszczot samotnic
Osmia bicornis i ich wrazliwos¢ na dodatkowy czynnik stresowy — insektycyd. W 2019 roku,
12 gniazd z kokonami rozmieszczono na obrzezach pdl rzepaku o roznej wielkosci,
reprezentujacych zakres pokrycia rzepakiem (ang. oliseed rape coverage, ORC) od 6% do 65%
w obszarze o promieniu 500 m od gniazda. Dodatkowym kryterium wyboru stanowisk
(obszarow o roznym udziale upraw rzepaku w promieniu 500 m wokot gniazda), byta ich
lokalizacja w krajobrazie zdominowanym przez rolnictwo, czyli potozenie w centrum obszaru
o wymiarach 5x5 km, w ktorym pokrycie gruntami rolnymi byto powyzej 50% (57-94%), przy
czym ponad potowa (>55%) tych gruntéw byta zdominowana przez duze (>5 ha) pola. Na
podstawie danych z BDOT10K oraz informacji o typach upraw otrzymanych z ARIMR i
uzupelnionych zdjeciami satelitarnymi, lokalna struktura krajobrazu wokot kazdego gniazda
(tj. w buforze o promieniu 500 m oraz 1000 m od gniazda) zostata opisana przede wszystkim
wspomnianym procentowym udziatlem rzepaku, ale takze przez 12 cech krajobrazu (m.in.
udziat roslinno$ci przy ciekach i zbiornikach wodnych, udziat roslinnosci przy zabudowie,
udziat krzewow, laséw, ogrodow, pol uprawnych, udziat innych niz rzepak upraw kwitnacych).
polami jako przyblizenie $redniej wielkosci dziatki i fragmentacji terenu, oraz fn — ang. field-
to-natural, czyli dlugo$¢ granic migdzy polami a naturalnym elementem krajobrazu. Tych 14
elementéw (z wytaczeniem udziatu rzepaku) poddano analizie czynnikowej, ktora wykazata
istnienie dwoch gléwnych gradientow zmiennych krajobrazowych wsrdd badanych stanowisk.
W buforze 500 m pierwszy czynnik (FA1) wyjasnit 32,4% calkowitej zmiennosci cech
krajobrazu i scharakteryzowat krajobraz wedlug cech zwigzanych z terenami zabudowanymi
(tj. beton, budynki, ale takze roslinnos¢ w poblizu infrastruktury i1 sady) w konfrontacji z
bardziej poinaturalnymi cechami krajobrazu, takimi jak ro§linno$¢ w poblizu wody, natomiast
drugi czynnik (FA2) wyjasnit 21,0% catkowitej wariancji i uchwycit przewage cech ,,gruntow
ornych” (tj. zboza oraz rosliny niekwitnace i kwitnace, ale takze krzewy) w konfrontacji z
elementami naturalnymi krajobrazu (zbiorniki wodne 1 roslinnos¢ w poblizu, 1gki, lasy oraz

dhugos¢ granic miedzy polami a siedliskami przyrodniczymi). Dodatkowo kazde stanowisko
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zostalo opisane przez wskaznik roznorodnos$ci krajobrazu (ang. Landscape Diversity Index,

LDI, obliczany jako exp(H’), gdzie H’ jest indeksem réznorodnosci Shannona-Wienera).
2. Badania terenowe prowadzone w latach 2019-2020 (artykut I)

Zakupione kokony pszczot (pokolenie rodzicielskie P) wraz z formatkami do zasiedlenia i
budowy gniazd zostaly rozmieszczone w terenie na poczatku kwitnienia rzepaku (17 kwietnia)
i zebrane pod koniec kwitnienia rzepaku (4 czerwca). Kazde gniazdo sktadato si¢ z 16
elementéw (formatek), ktore utozone jeden na drugim tworzyty wspolnie 360 ,rurek”
gniazdowych mozliwych to zasiedlenia przez pszczoty. Po zebraniu gniazd z terenu, w
gniazdach policzono wszystkie komorki zatozone przez pszczoty, a nastepnie potowa kazdego
gniazda (8 formatek) wraz z pytkiem znajdujagcym si¢ w komorach gniazdowych zostata
zamrozona, aby zebra¢ dane na temat jako$ci i zanieczyszczenia pokarmu zebranego przez
samice z pokolenia P dla swojego potomstwa (artykut IT). Druga cz¢$¢ gniazd wraz z larwami
byla przechowywania w komorach klimatycznych, w zmiennych warunkach temperaturowych
symulujacych temperature w terenie, w celu hodowli pszczot (pokolenie F1). W ciggu 3
miesi¢gcy zimowych (styczen — marzec 2020 r.) kokony zostaly wypreparowane z formatek, a
nastgpnie zwazone i umieszczone pojedynczo w probowkach typu Eppendorf. Na podstawie
masy kokonoéw, wybrane zostaty te, ktore przeznaczono do dalszych badan terenowych.
Wybrano po 100 kokonow na gniazdo — 50 kokondéw o najwigkszej masie i jednocze$nie tych
z komorek potozonych najglebiej w rurkach i 50 kokondéw o najmniejszych masach,
pochodzacych z komorek w zewnetrznej czesci rurki, tak aby zwigkszy¢ prawdopodobienstwo
otrzymania réwnej proporcji ptci samic (kokony o duzej masie) i samcoéHw (kokony o malej
masie). Wybrane kokony wraz z gniazdami zostaly przewiezione w kwietniu 2020 r. na
stanowiska kontrolne (Nadle$nictwa Zawadzkie i Proszkow), czyli tereny naturalne,
pozbawione pol uprawnych (obrzeza gk s$rodlesnych, ktorych udzial w promieniu 500 m
wynosit od 2 do 31%), upewniajac sie, ze gniazdo jest zlokalizowane w centrum obszaru 5x5
km z mniejszym niz 10% udziatem p6l uprawnych i znaczacym udziatem obszaréw naturalnych
(86-97%), w tym udziatem lasow powyzej 75%. Do tych badan wybrano kokony z 9 gniazd ze
wzgledu na niewystarczajaca liczbe kokondw w trzech pozostatych gniazdach. Gniazda ze
stanowisk kontrolnych zostaty zebrane z terenu w lipcu 2020 r. i przechowywane byly w
komorze klimatycznej w zmiennych warunkach temperaturowych w celu hodowli kolejnego

pokolenia pszczot (pokolenie F2), w sposob analogiczny jak to miato miejsce rok wczesniej.
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3. Badania parametrow populacyjnych i wrazliwosci pszczol O. bicornis na pestycydy
(artykul I):

W kwietniu 2020, kokony pochodzace z 12 gniazd, po przezimowaniu zostaty przeniesione do
temperatury 20°C i pozostawione na ponad dwa tygodnie w celu wygryzienia si¢ dorostych
pszczot z kokondéw. Sprawdzono liczbg osobnikéw wygryzionych, czas jaki zajelo im
wygryzienie z kokondow oraz ple¢, a nastgpnie przeznaczono je do testow
ekotoksykologicznych — przeprowadzono dwa testy na samcach i dwa testy na samicach. Uktad
eksperymentalny obejmowat po 60 pszczot danej pici (30 osobnikow eksponowanych na
pestycyd oraz 30 w kontroli) na gniazdo, chyba ze mniejsza liczba pszczot w niektorych
gniazdach to uniemozliwiata. Pestycyd aplikowany byl topikalnie poprzez aplikacje 1ul
roztworu pestycydu w 0.01% Tritonie (lub tylko 0.01% Tritonu w przypadku kontroli) na
przedplecze pszczoly przy uzyciu strzykawki Hamiltona. W testach ekotoksykologicznych
sprawdzano przezywalnos$¢ pszczot po narazeniu na insektycyd Dursban 480 EC (samce — 0,25
x RAC; samice — 0,2 x RAC, gdzie RAC to zalecane stezenie w dawce polowej, ang.
Recommended Application Concentration) lub insektycyd Sherpa 100 EC (samce i samice - 1
x RAC). W kolejnym roku (2021) przeprowadzono podobne analizy na pokoleniu F2, z tym ze
w przypadku testow ekotoksykologicznych mozliwe byto przeprowadzenie tylko jednego testu
(testowano Dursban 480 EC) na samicach pochodzacych z 5 gniazd (po 10-30 samic na zabieg
(insektycyd lub kontrola) na gniazdo), ze wzgledu na ogdlnie znacznie mniejsza liczbe pszczot
dostepnych w tym pokoleniu. Ponadto, wszystkim samcom z pokolenia F2 aplikowano tylko
0,01% Triton X-100 (kontrola).

Nastepujace cechy zyciowe zostaly zmierzone i uwzglednione w analizie statystycznej dla
pszczot pokolen F1 i F2 dla kazdego gniazda: liczba komorek, liczba kokondw, $rednia masa
kokonow [mg], wskaznik wygryzania si¢ osobnikow dorostych z kokonoéw [%], $redni czas do
wygryzienia si¢ ($rednia liczba dni potrzebna do wygryzienia si¢ z kokonow, osobno dla samic
1 samcoOw, po przeniesieniu kokonow do temperatury 4°C, [dni]) oraz stosunek plci osobnikow
dorostych (samice:samce, F:M). Wrazliwo$¢ pszczo6t na Dursban 480 EC zostata wyrazona dla
kazdego gniazda jako mediana czasu zycia (LTso), obliczona przy uzyciu analizy przezywania
Kaplana-Meiera. Statystyczna istotno$¢ zaleznos$ci miedzy kazdg z badanych cech historii
zycia, w tym wrazliwoscia na insektycyd (LTso0) pszczot z kazdego pokolenia (F1 lub F2), a
zmiennymi krajobrazowymi (ORC, warto$ci osi FA1 i FA2, LDI) zostata przetestowana za
pomocg analizy regresji wielokrotnej oddzielnie dla buforéw 500 m i 1000 m. Dodatkowo,

udziat tak 1 lasow [%] opisujacy lokalny krajobraz wokot gniazd (osobno dla 500 m i 1000 m)
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w Krajobrazie nierolniczym zostat uzyty jako zmienna objasniajgca dla cech historii zycia O.
bicornis z pokolenia F2. W ten sposéob przetestowano nie tylko wptyw krajobrazu pochodzenia
rodzicow (tj. samic budujacych gniazda wzdhuz gradientu pokrycia rzepakiem) na cechy historii
zycia kolejnych pokolen (F1 i F2), ale takze ewentualny bezposredni wpltyw krajobrazu

naturalnego na pszczoty z pokolenia F2.
4. Analiza pylku (artykut II):

Pytek pochodzacy z potowy kazdego gniazda zostat zebrany z kazdej komorki gniazdowe;j i byt
przechowywany w -20°C. Nastgpnie, zostal on wymieszany w obrebie gniazda i podzielony na
probki przeznaczone do analizy pozostatosci pestycydow w pytku (~30 g z kazdego gniazda),
analiz palinologicznych (~3 g) i kalorymetrycznych (~0.4 g). Analizy poziomow pestycydow
w pylku przeprowadzone zostaly przy uzyciu technik LC-MS/MS lub GC-MS/MS przez
Instytut Ochrony Roslin, Panstwowy Instytut Badawczy w Laboratorium Bezpieczenstwa
Zywnosci i Pasz w Bialymstoku. Analizy palinologiczne zostaty wykonane przez specjaliste z
Uniwersytetu Lubelskiego. Warto$¢ energetyczng uprzednio wysuszonych prozniowo probek
pytku zmierzono za pomoca kalorymetru Semimicro 6725 z termometrem kalorymetrycznym

6772 i bombg tlenowg Semimicro 1109A (Parr Instrument Company).

Dla kazdej zmiennej zaleznej, a mianowicie r6znorodnosci kwiatowej pytku (ang. Pollen
effective number of species, PENS), indeksu toksycznosci (ang. Toxic Unit, TU) i wartosci
energetycznej pytku, analizowano zalezno$ci ze zmiennymi krajobrazowymi ORC, FAL, FA2
i LDI przy uzyciu analizy regresji wielokrotnej, oddzielnie dla buforéw 500 m i 1000 m.
Ponadto, zalezno$¢ migdzy PENS a TU zostala przeanalizowana przy uzyciu regresji
zredukowanej osi glownej (ang. reduced major axis, RMA) w celu sprawdzenia, czy
zmniejszona réznorodnos¢ pytku powoduje wzrost jego toksycznosci. Analiza RMA zostata
roéwniez wykorzystana do przetestowania zwigzku miedzy PENS a warto$cig energetyczng
pytku. Ponadto wykonano analize redundancji (RDA) z testem Monte Carlo z 499
nieograniczonymi permutacjami, aby okres§li¢ wzorzec powigzan pomigdzy stezeniami

pestycydow w pytku a udziatem taksonow roslinnych w gniazdach.

5. Badania nad wplywem interakcji pomiedzy pestycydami na przezywalnos¢

dorostych pszczét O. bicornis (artykut III):

Do badan nad wplywem mieszaniny pestycydow zostaly przeznaczone samice pszczol
pochodzace z zakupionych kokonow. Wykonano trzy eksperymenty, w ktorych badano wptyw
dwusktadnikowych mieszanin insektycydow (Dursban 480 EC x Sherpal00 EC, Sherpa 100
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EC x Mospilan20 SP, Karate Zeon 050 CS x Closer) na przezywalno$¢ dorostych samic. Kazdy
eksperyment prowadzono w pelnym uktadzie eksperymentalnym, z pigcioma stezeniami
kazdego z badanych insektycydow w 0.01% Tritonie X-100 i dodatkowym zabiegiem
kontrolnym (pszczoty nie eksponowane na (0,01% Triton X-100). Po indywidualnej topikalnej
aplikacji pestycydu, pszczoty pochodzace z tego samego zabiegu (po 20-30 osobnikéw na
zabieg w zaleznosci od eksperymentu) przeniesiono do plastikowych terrariow (30%19,5%20,5
cm) i umieszczono w komorze klimatycznej (20£2°C, 60+5% wilgotno$¢ wzglgdna, fotoperiod
16:8 godzin $wiatto:ciemnos¢) w celu obserwacji przezywalnos$ci. Pszczoty byly sprawdzane
codziennie i karmione ad libitum 33% (w/w) roztworem sacharozy umieszczonym w

probowkach typu Eppendorf.

Ze wzgledu na brak spetnienia zatozenia o rozktadzie normalnym, do przetestowania wptywu
pestycydow i ich interakcji na przezywalnos¢ (czas zycia, dni) O. bicornis wykorzystano
dwukierunkowa analiz¢ PERMANOVA z 9999 permutacjami. Ponadto krzywe przezywania
wyznaczone dla kazdego zabiegu przy uzyciu analizy p Kaplana-Meiera poréwnywano
pomiedzy zabiegami za pomocg testu Log-rank. Wyznaczono takze mediany czasu zycia (LTso)

dla kazdego zabiegu.

6. Badania nad wplywem insektycydow na biomarkery narazenia u pszczol

O. bicornis (artykul IV):

Do przeprowadzenia eksperymentu zostaly uzyte pszczoty (samice) pochodzace z zakupionych
kokondéw. Przeprowadzono dwa identyczne eksperymenty, w krotkim odstepie czasu (9 dni) z
narazeniem topikalnym pszczot na trzy insektycydy — Dursban 480 EC, Sherpa 100 EC,
Mospilan 20 SP, z trzema stezeniami kazdego insektycydu, co w pelnym uktadzie
eksperymentalnym (ang. full-facorial design) dato 27 zabiegdéw, po pie¢ terrariow na zabieg z
CO najmniej piecioma pszczotami w kazdym. Osobniki do analiz enzymoéw (pomiary
aktywnos$ci AChE (acetylocholinoesteraza), GST (transferaza glutationowa) i EST (esteraza),
pierwszy eksperyment) oraz poziomu ATP (drugi eksperyment), pobierane byty po 1, 2,417
dniu od narazenia i po zamrozeniu w ciekltym azocie przechowywane byly w temperaturze -
70°C. Wybrane biomarkery odgrywaja kluczowe funkcje w metabolizmie, usprawniajac proces
detoksykacji srodkow owadobdjczych i1 sa mediatorami reakcji na stres oksydacyjny. Wptyw
insektycydow, dnia poboru pszczot do analizy i interakcji migdzy tymi zmiennymi na badane
biomarkery analizowano za pomoca ogdélnych modeli liniowych (ang. General Linear Models,
GLMs).
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WYNIKI

W pierwszej pracy (artykut I) stwierdzono, ze udziat rzepaku wokot gniazda (ORC) miat wptyw
na pszczoly z pokolenia F1, zmniejszajac ich sukces wygryzania si¢ z kokonow i czynigc je
bardziej wrazliwymi na Dursban 480 EC. Istotny byt tez wptyw ORC na $redni czas wygryzania
si¢ samic F1 z kokonow — im wigcej rzepaku, tym samice wygryzaty si¢ szybciej. Ponadto, czas
wyjécia samic z kokonow skracat si¢ na stanowiskach bardziej zdominowanych przez tereny
uprawne (uprawy zbozowe, inne kwitngce badz niekwitngce uprawy). Wspomniane efekty
znikngty w pokoleniu F2, czyli w pokoleniu, ktore rozwijato si¢ juz na obszarach bez presji
rolniczej, u ktorego istotnym efektem byt wzrost udziatu samic wraz ze wzrostem ORC.
Stwierdzono roéwniez, ze wraz ze wzrostem udzialu rzepaku na stanowiskach gniazdowania
pokolenia P mediana czasu zycia (LTso) nowo wygryzionych samcow F1 zmniejszata sig, ale
odwrotng zalezno$¢ stwierdzono dla samcéw F2. Wyniki wskazuja, ze rozwdj larwalny w
warunkach monokultury rzepaku miat negatywny wptyw na niektore cechy historii zyciowej
W p6zniejszym stadium dorostym (,,efekt przeniesienia”), ale efekty te w zasadzie zanikty w

kolejnym pokoleniu, rozwijajacym si¢ w krajobrazie pozbawionym presji z estrony rolnictwa.

W drugiej pracy (artykut Il) wykazano, ze pszczoty zebraty pytek z 28 taksonow roslin (6-15
na gniazdo), a w ich zapasach pytkowych dominowaty Brassica napus (6,0-54,2%), Quercus
sp. (1,2-19,4%), Ranunculus sp. (0,4-42,7%), Poaceae (1,2-59,9) i Acer sp. (0,6-42). W pyltku
wykryto pozostatosci 12 pestycydow, przy czym acetamipryd, azoksystrobina, boskalid i
dimetoat byty najczesciej wykrywane. Roznorodnos$¢ florystyczna 1 warto$¢ energetyczna
pylku, zalezaty od struktury krajobrazu. W badanym krajobrazie ryzyko zwigzane z obecnoscia
pozostatosci pestycydow w pytku zmniejszato si¢ wraz ze wzrostem jego réznorodnosci

florystyczne;j.

W trzeciej pracy (111), wbrew zaktadanym oczekiwaniom, wykazano, ze badane insektycydy
oddzialuja na przezywalno$¢ samic O. bicornis antagonistycznie, a nie synergistycznie.
Interakcje antagonistyczne wystapity w mieszaninach Sherpa 100 EC x Mospilan 20 SP
(zarowno w stezeniach nizszych 1 wyzszych niz zalecana dawka polowa) i Karate Zeon 050 CS
x Closer (szczegolnie, gdy jeden lub oba insektycydy byly stosowane w st¢zeniach
odpowiadajacym dawkom polowym). Nie stwierdzono interakcji pomigdzy insektycydami
Dursban 480 EC x Sherpa 100 EC, najpewniej ze wzgledu na ogolnie wysoka toksycznos¢
Dursbanu 480 EC dla pszczot, nawet w stezeniach znacznie ponizej tych odpowiadajacych

dawkom polowym. Obie mieszaniny, w ktorych stwierdzono interakcje antagonistyczne,
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zawieraly insektycyd z grupy pyretroidow, ktorych mechanizm dziatania polega na zaktocaniu
bramkowanych napigciem kanatow sodowych, a w konsekwencji zaburzaniu przekazywania
sygnalow elektrycznych w uktadzie nerwowym, powodujac subletalny paraliz z efektem
,,powalajacym” (ang. ,,knockdown " effect) i niezdolno$¢ do lotu (Krief, 2021), w potgczeniu z
neonikotynoidem lub sulfoksaminem, ktorych sposéb dziatania polega na zaktdcaniu inicjacji
sygnalow elektrycznych w neuronach postsynaptycznych, powodujac nadmierng stymulacje

aktywnos$ci neuronéw, co moze by¢ $Smiertelne (Seifert, 2014).

W czwartej pracy (1V) wykazano wptyw insektycydéw Dursban 480 EC i Sherpa 100 EC na
inhibicje¢ aktywnos$¢ AChE i EST. Ponadto, narazenie pszczot na insektycyd Sherpa 100 EC
doprowadzito do znacznego wzrostu aktywnosci GST. Insektycyd Dursban 480 EC zmniejszyt
pozytywny wptyw Sherpa 100 EC na poziomy ATP, a jego wpltyw uwidacznial si¢ wraz z
uptywem czasu od narazenia. Dursban 480 EC zmniejszyt réwniez pozytywny wplyw
Mospilanu 20 SP na poziom ATP. Ponadto obecnos¢ Dursbanu 480 EC spowodowata zanik

antagonistycznego efektu pomiedzy insektycydami Mospilan 20 SP i Sherpa 100 EC.
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WNIOSKI | PODSUMOWANIE

Przeprowadzone badania (artykut 1) pokazaly, ze naturalne elementy krajobrazu, takie jak
zbiorniki wodne, roslinnos¢, tgki, lasy oraz dlugosé granic pomiedzy polami a naturalnymi
elementami krajobrazu, wptywaja pozytywnie na liczb¢ komoérek zatozonych przez pszczoty
O. bicornis, zwigkszaja przezywalnos¢ samcow z pokolenia F1 oraz skracaja czas wygryzania
si¢ samic z pokolenia F1. Ten ostatni parametr jest jednak trudny do zinterpretowania: z jednej
strony szybkie wygryzienie z kokondw mozna rozpatrywac jako zjawisko pozytywne — skraca
si¢ czas przebywania pszczot w nieaktywnym stadium, w ktorym dochodzi¢ moze do ubytku
masy ciala, wigc im szybciej pszczoty si¢ wygryza, tym maja wigkszg mas¢ ciata i przez to
mozliwo$¢ dluzszego zycia (Slominski 1 Burkle, 2019); z drugiej strony, nie mozna wykluczy¢,
ze szybkie wygryzanie z kokondw moze odbywac si¢ pewnym kosztem metabolicznym
W postaci utraty masy ciata, wyczerpania ciata thuszczowego i przez to krotsza zywotnos¢
(Bosch i Kemp, 2000). Znaczenie elementow naturalnych i poéinaturalnych dla pszczot
samotnych jest zgodne z wcze$niejszymi badaniami, ktore wykazaty, ze utrata siedlisk
pOhaturalnych jest jednym z gléwnych czynnikow powodujacych spadek liczebnosci
zapylaczy (Ricketts i in., 2008; Tscharntke i in., 2012). Rozwoj larw w warunkach monokultury
rzepaku wplywat niekorzystnie na niektore cechy w pdzniejszym stadium dorostym, ale w
zasadzie zanikal w kolejnym pokoleniu, gdyz efekt matczyny przejawiat si¢ tylko w zmianie
proporcji ptci potomstwa na korzy$¢ samic. Efekt ten mozna rozpatrywac jako korzystny z
punktu widzenia ochrony zapylaczy w krajobrazie rolniczym — ,,produkcja” samic jest bardziej
kosztowng inwestycja z punktu widzenia samicy matki, a zatem mozna wnioskowac, ze juz w
pierwszym pokoleniu po zmianie srodowiska zycia na bardziej korzystne (tj. zmiana krajobrazu
rolniczego zdominowanego przez uprawy rzepaku na tereny nierolnicze z obecno$cig 13k),
pszczoty sg w stanie odbudowaé swoje populacje. Uzyskane wyniki wskazuja na duze
znaczenie warunkow rozwoju pszczot w krajobrazie rolniczym w ochronie pszczot i ocenie
ryzyka — obecnos$¢ takich elementéw krajobrazu jak zbiorniki wodne wraz z otaczajaca je
roslinnoscia, taki, lasy oraz struktura krajobrazu charakteryzujaca si¢ duza dlugo$cia granic
migdzy polami a siedliskami naturalnymi, powinny by¢ uwzglednione w ochronie owadow

pozytecznych w krajobrazach rolniczych.

Przeprowadzone analizy pytku (artykut Il) wykazaty, ze samice O. bicornis, nawet
W krajobrazie z duzym udziatem upraw rzepaku poszukuja pytku innych gatunkow ros$lin dla

swojego potomstwa, w tym pytkéw drzew i krzewéw. Zaréwno roznorodnos¢ florystyczna jak
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i warto$¢ energetyczna komorek pytkowych zalezaty od struktury krajobrazu w najblizszym
sasiedztwie gniazda (bufor 500 m), co jest zgodne z dystansem, jaki zwykle pokonuja pszczoty
w poszukiwaniu pokarmu (Gathmann and Tscharntke, 2002). Ponadto nawet strukturalnie
prosty krajobraz moze zapewnic¢ roznorodne pozywienie dla O. bicornis, jesli gniazdo znajduje
si¢ w poblizu pojedynczego, ale zroznicowanego pod wzgledem zasobow ptatu roslinnosci.
Jednak zaré6wno uprawy masowo kwitngce jak i pobliskie kwiaty, krzewy i drzewa moga by¢
skazone szeroka gamg pestycydow — stezenia pestycydow w komoérkach pytkowych byty
skorelowane zarowno z zawartoscig pytku roslin uprawnych (Bnapus), jak i nieuprawnych (np.
Ranunculs sp., Poaceae, Carex sp.). W badanym krajobrazie ryzyko zwigzane z obecnoscia
pozostato$ci pestycydow w pytku (wyrazone wskaznikiem toksycznosci ,, Toxuc Unit”) ogélnie
malalo wraz ze wzrostem réznorodnosci florystycznej pytku. Zapewnienie pszczotom
zréznicowanej bazy pokarmowej w krajobrazie rolniczym powinno by¢ uwzglednione w
strategiach dotyczacych ochrony zapylaczy. Z kolei ocena ryzyka, jakie pestycydy stanowig
dla zapylaczy, powinna uwzglednia¢ wplyw mieszanin pestycydow. Ten wplyw na
przezywalnos¢, jak pokazujg otrzymane wyniki (artykut 111), nie musi by¢ synergistyczny, ale
moze prowadzi¢ do efektow mniejszych niz wynikatoby to z sumy efektéw pojedynczych
substancji. Warto zauwazy¢, ze antagonistyczne interakcje zachodzily pomiedzy dwoma
insektycydami, z ktérych jeden oddziatywal na zaburzanie przekazywania sygnatow
elektrycznych w uktadzie nerwowym (pyretroid), a drugi na zaktocanie inicjacji sygnatow
elektrycznych w neuronach postsynaptycznych (neonikotynoid lub zwigzek z grupy
sulfoksymin) (tj. Sherpa x Mospilan” i ,,Karate x Closer”). Podkresla to ztozono$¢ dziatania
mieszanin pestycydéw na owady pozyteczne. Wplyw mieszanin insektycydow w stezeniach
subletalnych widoczny byt w oddziatywaniu na badane enzymy (AChE, GST, EST) i poziom
ATP (1V) —w przypadku ATP dajac wyniki, ktorych nie datoby si¢ przewidzie¢ testujac kazdy
Z insektycydow osobno. Wykazano, ze enzymy AChE i EST s3 odpowiednimi markerami
narazenia nie tylko na pestycydy fosforoorganiczne, ale takze na pyretroidy, natomiast GST
wydaje si¢ by¢ wiarygodnym markerem w badaniach subletalnego wptywu pyretroidow na
pszczoty samotne. Najbardziej czulym biomarkerem byt poziom ATP, ktéry wykazywal
ztozony wzorzec odpowiedzi. Biorac pod uwagg fakt, ze narazenie na Sherpa 100 EC oraz
Dursban 480 EC zmniejszato aktywnosci AChE i EST, a rownocze$nie narazenie na Sherpa
100 EC prowadzito do wzrostu poziomu ATP, moglo dojs¢ do uaktywnienia niektorych
szlakow metabolicznych (widoczne jako wzrost poziomu ATP) i zahamowania innych
(widoczne jako spadek aktywno$ci enzymow). Obecnos¢ insektycydu Dursban 480 EC w

mieszaninie uposledzata produkcje ATP, a biorac pod uwage fakt, ze insektycyd ten zwigkszal
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Smiertelno$¢ pszczol, nawet w stezeniach znacznie nizszych niz zalecane do stosowania w
terenie, wyniki sugeruja, ze pestycydy fosforoorganiczne nie powinny by¢é mieszane z

neonikotynoidami i/lub pyretroidami.

Podsumowujac, wyniki uzyskane w niniejszej rozprawie, zwickszajac nasza wiedz¢ na temat
zagrozen stwarzanych przez intensyfikacje rolnictwa dla pszczoét innych niz Apis. Otrzymane
wyniki, oprécz znaczenia poznawczego, beda rdéwniez wykorzystane praktycznie do
opracowywania i weryfikacji modeli matematycznych wykorzystujgcych platforme¢ ALMaSS,
pozwalajacych na poprawe stanu Srodowiska rolniczego poprzez odpowiednie zarzadzanie
strukturg terenow rolniczych przy zachowaniu wysokiej wydajnosci rolniczej (Zidtkowska i in.,
2021, 2023). Ponadto, stwierdzenie istotnych interakcji pomiedzy insektycydami i ich wptywu
na pszczoly samotne potwierdza, ze niezbedne jest wprowadzenie zasadniczych zmian w
procedurach testowania $rodkdw ochrony roslin, ktore obecnie obligatoryjnie sa wykonywane

wylacznie dla pojedynczych substancji chemicznych.
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ARTICLE INFO ABSTRACT

Keywords: The intensification of agriculture and the related increase in pesticide use and land transformation toward large-
Solitary bee scale monocultures are linked to a global insect decline that impacts biodiversity and essential ecosystem ser-
Agroecosystem

vices. Apart from direct effects, potential delayed carry-over and maternal effects from past exposure to intensive
farming at different life stages may have profound implications for population dynamics. We studied the effects
of farming of varying intensity, represented by different proportion of oilseed rape in the close vicinity of nests
and, at the same time, by different landscape structure on the life history traits of two generations of the red
mason bee (Osmia bicornis) and the sensitivity of bees toward insecticide. Twelve O. bicornis nests with cocooned
adults of the parental (P) generation were located at sites representing 6-65% of oilseed rape coverage (ORC, %
land cover) within nonoverlapping circles of 500 m radius. The bees were allowed to build their nests during the
entire period of oilseed blooming. The following year, part of the newly emerged bees (generation F1) was used
to test sensitivity to Dursban 480 EC insecticide, and the remaining bees were transferred to mid-forest meadows
and allowed to establish the next (F2) generation in the areas without agricultural pressure. The F2 adults were
tested the following year to determine their sensitivity to the same insecticides as F1 adults. We showed that ORC
affected the F1 bees by decreasing their emergence success, shortening the emergence time of F1 females, and
making them more sensitive toward Dursban 480 EC (topical exposure). However, these effects of ORC and the
effect of landscape structure around the nests on emergence time disappeared in the F2 generation that devel-
oped in the areas without agricultural pressure. The only significant effect observed in F2 bees was the increase
in the female:male ratio with increasing ORC. We also found that with increasing ORC, the survival time of newly
emerged F1 males decreased, but the opposite relationship was found for F2 males. The results indicate that
larval development under monoculture farming has some carry-over effects, but the effects mostly disappear in
the next generation. Implications of carry-over and maternal effects for population sustainability should be
considered in pollinator conservation and management decisions to mitigate the effects of agricultural landscape.

Insecticide
Carry-over effect
Maternal effect

1. Introduction

In recent years, a worldwide decline in the number of insects has
been observed (Hallmann et al., 2017; IPBES, 2018; Potts et al., 2010;
Seibold et al., 2019), with a third of them being threatened with
extinction (Sanchez-Bayo and Wyckhuys, 2019). Particularly note-
worthy is the decrease in the number of pollinators (e.g., 33% of wild
pollinator species have decreased between 1980 and 2013 in Britain)
(Powney et al., 2019). Plant pollination by insects is a key ecosystem
service necessary for the production of most crops (IPBES, 2016), worth
€153 billion and representing 9.5% of the world agricultural production
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value used for human consumption (data from 2005) (Gallai et al.,
2009). Among pollinators, western honey bees (Apis mellifera L.) pro-
vides the most highly valued pollination services for a wide variety of
agricultural crops (Calderone, 2012) and therefore has received the
highest amount of attention and research focus. Although the role of
A. mellifera in the environment is invaluable, Garibaldi et al. (2013)
showed that honey bees do not maximize pollination and do not replace
the contributions of diverse wild insect assemblages to fruit set for a
broad range of crops on all continents with farmland. Approximately
20% of the pollination services in agricultural production are provided
by wild bees (Losey and Vaughan, 2006). Wild insects also pollinate
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selected crops more effectively than honey bees (Garibaldi et al., 2013).
Among wild pollinators, solitary bees of the genus Osmia proved to be
effective pollinators in several crops across the world, such as apples and
cherries (Gruber et al., 2011; Ryder et al., 2020; Sekita, 2001), straw-
berries (MacInnis and Forrest, 2019; Herrmann et al., 2019), sunflowers
(Mallinger et al., 2019) and in Europe, mainly in oilseed rape cultiva-
tions (Brassica napus) (Holzschuh et al., 2013).

Several factors are responsible for the decline in pollinators, but one
of the main causes is the intensification of agriculture and the related
transformation of land use and farming practices, such as the use of
pesticides (Dudley and Alexander, 2017; Vanbergen and Initiative,
2013). Intensive development of agriculture promotes large-scale agri-
cultural monocultures, resulting in the decline in heterogeneity of the
landscape and seminatural habitats (buffer strips and wastelands),
leading to the loss of nesting and foraging resources for pollinators and
increased exposure to insecticides (Kline and Joshi, 2020; Long and
Krupke, 2016). Large monocultures of crops attractive to pollinators,
such as oilseed rape (Brassica napus L), are potentially hazardous
(Holzschuh et al., 2011), also due to use of pesticides (herbicides, in-
secticides, fungicides), which may have a negative effect on pollinators
(Sgolastra et al., 2018). Indeed, residues of many pesticides have been
found in the pollen and nectar of flowering crops (Dively and Kamel,
2012), wild flowers growing in agricultural field margins (Botias et al.,
2015; David et al., 2016) or food provisions collected by wild bees for
their offspring (Woodcock et al., 2017; Bednarska et al., 2022). Wild
pollinators often need diverse floral resources for better reproductive
output (Klaus et al., 2021). For example, a high proportion of agricul-
tural habitats around Osmia cornifrons nests decreased the number of
female offspring by reducing pollen diversity in the diet (Centrella et al.,
2020). On the other hand, Yourstone et al. (2021) and Holzschuh et al.
(2013) showed that Osmia bicornis benefits from the proximity of oilseed
rape, which is an abundant source of nectar for adults; the reproductive
output of bees was higher near oilseed rape and additionally increased
with the availability of trees and grasslands in the surroundings, but
oilseed rape pollen may be of poor quality for larval development
(Dobson et al., 2012).

Due to their invaluable role in the environment and their recognized
decline, wild pollinators, including solitary bees, have recently been
receiving more attention in pesticide risk assessments (Heard et al.,
2017; Peters et al., 2016; Ruddle et al., 2018; Sandrock et al., 2014;
Woodcock et al., 2017). In contrast to Apis mellifera, which is the stan-
dard species both in ecotoxicological tests (Douglas et al., 2020;
Thompson and Pamminger, 2019) and in studies on landscape structure
effects (Rosas-Ramos et al., 2017), knowledge about the effects of
chronic exposure to pesticides on the life history parameters of solitary
bees is very limited. Because of their biological and morphological
specificity and lack of social lifestyle, solitary bees may be affected by
pesticides and/or surrounding landscape characteristics differently than
social Apis bees (Brittain and Potts, 2011; Uhl and Briihl, 2019). More-
over, organisms chronically exposed to low concentrations of pesticides
(or other stressors) may not show signs of acute toxicity (e.g., increased
mortality) but may have affected other life history parameters and/or
reduced tolerance to other stress factors, such as other chemicals and/or
various types of natural environmental factors (e.g., extreme tempera-
tures, shortage of food) (Stone et al., 2001). Thus, stress during one life
stage (e.g., larvae) may carry over to affect later life stages (e.g., adults)
(Anderson and Harmon-Threatt, 2019; Stuligross and Williams, 2021).
In ecological context, carry-over effect is defined as an effect which
occurs in any situation in which an individual’s previous history and
experience explains their current performance in a given situation
(O’Connor et al., 2014). Such effects can occur between life-history
stages, developmental stages, physiological stages, or social stages,
and each is associated with a discrete time-scale (O’ Connor et al., 2014).
Moreover, the maternal environment may also affect offspring quality
(Mousseau and Fox, 1998) and have a delayed impact on the perfor-
mance of subsequent generations (Mousseau and Dingle, 1991).
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Understanding bee responses to insecticide pressure in their local
landscape context may help in assuring vital habitat conditions to pre-
vent beneficial species from extinction and in management and con-
servation decisions for pollinators.

The objective of this study was to investigate the interplay of land-
scape structure and proportion of oilseed rape in the close vicinity of
Osmia bicornis nests on the life history parameters of the bees and
sensitivity of newly emerged adults (F1 generation) toward Dursban 480
EC. Additionally, cocooned adults from the F1 generation were trans-
ferred in the following year to natural mid-forest meadows and allowed
to establish their populations in the areas without agricultural pressure.
In that way, we were able to test for possible carry-over effects from past
“agricultural pressure” measured as oilseed rape coverage at the larval
stage (i.e., how larval environment affects adult performance) and for
maternal effects that may lead to phenotypes of offspring that change
their fitness (i.e., how parental environment of F1 generation affects
quality of F2 offspring). We selected oilseed rape (winter variety), as it is
an important mass-flowering crop in the European Union (5.2 million
hectares of oilseed rape was planted in the EU in 2020; Eurostat, 2017)
that is attractive to wild bees but treated with a number of pesticides
(Goulson et al., 2015). We hypothesized, although the parental gener-
ation of bees could potentially benefit from increasing oilseed rape
coverage around the nest as a source of nectar, the effect of increasing
ORC on the next generation of bees might be negative due to the reduced
quality of pollen collected for larvae and/or increased insecticide
exposure in that pollen. Such a delayed carry-over effect from past
exposure at the larval stage could have a persistent effect on the sub-
sequent generation (F2).

2. Materials and methods
2.1. Selection and characteristics of study areas and study sites

Field studies were conducted in the Opolskie and Lower Silesia dis-
tricts (Poland) in 2019 and 2020. The region for locating Osmia bicornis
nests in 2019 was chosen to represent the intensive agricultural (A)
landscape. One O. bicornis nest with 550 cocooned adults of the parental
(P) generation were placed at the perimeter of each of the 12 oilseed
rape fields of different sizes, representing the highest possible range of
oilseed rape coverage (ORC, 6-65%) within nonoverlapping circles of
500 m radius. Additionally, each study site fulfilled the prerequisite of
being located in the center of the landscape of 5 x 5 km with 57-94%
agricultural land coverage and with more than half (>55%) of the arable
land dominated by large fields (>5 ha) (Table S1, Fig. 1). In turn, the
field study on the F1 generation in 2020 was performed in a nonagri-
cultural landscape (N) with less than 10% of the 5 x 5 km landscape
around the nest covered by agricultural fields, a significant proportion of
natural areas (86-97%) and forest coverage > 75%. Nine out of 12 nests,
in which enough O. bicornis cocooned adults of the F1 generation were
found, were located in the mid-forest meadows, which covered 2-31%
of the area within a 500 m radius around the nest (Fig. 1). Meadows
located in the mixed Scots pine forest with significant admixtures of oak,
beech, spruce, maple and black alder were selected, as it was important
that the subsequent (F2) generation of bees will develop far from agri-
cultural areas (i.e., without the pressure of intense agriculture) and with
good access to food. The polylectic O. bicornis opportunistically collects
pollen of plants present in the environment, including pollen from oak,
maple, chestnut, and elm trees (Bednarska et al., 2022; Splitt et al.,
2021a).

The original identification numbers (1—12) were kept for the nests in
both landscapes, with the landscape type encoded as A (agricultural)
and N (nonagricultural). For every nest (12 nests in agricultural (A) and
9 nests in nonagricultural (N) landscape) two landscape maps were
created for the circular areas of 500 and 1000 m radius (later referred to
as “buffers”) to match the red mason bee foraging range (Bednarska
et al., 2022; Gathmann and Tscharntke, 2002): 1000 m buffer reflected
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Fig. 1. Location of the 12 study sites in the agricultural (A) landscape and the 9 study sites in the nonagricultural (NA) landscape (red circles) in the Opolskie
Voivodeship (Poland) and the examples of the 500 m buffer with the oilseed rape (yellow) or mid-forest meadow (green) coverage indicated for A or NA landscapes,

respectively.

the maximum homing distance (the distance at which 10% of O. bicornis
bees is able to return to the nest (Gathmann and Tscharntke, 2002)) and
the area in the close vicinity of the nest (i.e., within the radius of 500 m)
is reported to represent the landscape immediately available for
O. bicornis to roam (Bednarska et al., 2022). As such, both buffers pro-
vide the most meaningful and robust explanatory base for Osmia bicornis
life traits (Bednarska et al., 2022; Mikotajczyk et al., 2021). The maps
combined information from two main data sources:

(i) Land cover information was derived from the Polish Vector
Database (1:10000) BDOT10k with additional units of vegetation

around water bodies and along infrastructure also calculated on the
basis of BDOT10k.

(i) A map of agricultural reference parcels (i.e., cadastral parcels)
mapped within the national Land Parcel Identification System LPIS
together with information on crop types for 2019 provided by the Polish
Agency for Restructuring and Modernization of Agriculture (ARMA),
and the missing crop data (ca. 15%) were obtained from satellite im-
agery (Copernicus Land Monitoring Service accessed through ArcMap
via WMS service) by visual examination and comparison to neighboring
units.
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The vector information layers from (i) and (ii) were converted into
raster layers of 1 m spatial resolution, grouped thematically and stacked
on each other according to predefined rules, generating a detailed raster
land cover map with complete coverage. Land-cover units were subse-
quently reclassified to create classes of landscape elements that are ex-
pected to be functionally equivalent for wild bees (Mikotajczyk et al.,
2021). Clustering allowed for a reduction of the unnecessary complexity
of the initial land cover maps by distinguishing the following 9 land
cover units (1-9): vegetation by water bodies (vegwat), water bodies
(wat), concrete and infrastructure (con), vegetation by infrastructure
(veginf), bushes (bush), forests (for), buildings (bui), meadows (mead),
orchards (orch) and 4 agricultural field units (10—13) grouped based on
crop types: cereals (cultivated, anemophilous grasses; cer), nonflow-
ering crops (cultivated plants harvested before blooming or not
blooming at all; noflo), flowering crops (cultivated plants harvested
after blooming; flo), and oilseed rape (selected separately due to its
importance for pollinators; osr; Stanley and Stout, 2013). All 13 discrete,
nonoverlapping units, covering the full extent of the area of interest,
were represented as a 1 m resolution raster. Additionally, two linear
features were calculated: field-to-field borders per total agricultural land
(as a proxy for plot size and land fragmentation; ff) and field-to-natural
borders (course of borders between agricultural fields and natural
habitats, e.g., forest, bushes, etc.; fn). The detailed description of land-
scape units and raw data are summarized in Table S1 (Supplementary
Materials), and for more details, see Mikolajczyk et al. (2021). Spatial
data were manipulated with the use of ArcMap 10 (ESRI, 2020).

2.2. Study design

In spring 2019 (17th April), at the beginning of oilseed rape flow-
ering, twelve artificial nests, each with 50 g of Osmia bicornis cocoons
(equivalent to ca. 550 cocoons) purchased from a local supplier
(Pszczelinka, Kapka Sp. z o. 0., Poland) were set up on the perimeters of
oilseed rape fields. Each nest consisted of 16 nesting cases made of
polypropylene, stacked on top of each other, each with 22 or 23 nesting
tubes (thus forming 360 nesting tubes of internal size of 7.5 x7.5 mm)
opened at one end only, and were 14.5 cm in length (Pszczelinka, Kapka
Sp. z o. 0., Poland). Nesting cases (Fig. S1) were placed in box-shaped
housing units made of durable and weather-resistant polyethylene
(Pszczelinka, Kapka Sp. z 0. 0., Poland). To protect the bees against birds
and rodents, each nest was closed with a plastic mesh and placed on a
pole ca. 1 m above the ground (Fig. S1). The entrance to the nest was
oriented toward the southeast to enhance O. bicornis activity in the early
morning (Maclvor, 2017).

During oilseed rape flowering, O. bicornis adults emerged from co-
coons (parental generation, P) and mated, and then females built brood
cells, provisioning them with a mixture of pollen and nectar collected
from the surrounding area and laying a single egg on top of each pro-
vision (Fig. S1). Immediately after oilseed rape flowering finished (4th
June), all nests were brought to the laboratory of the Institute of Envi-
ronmental Sciences at Jagiellonian University in Krakéw, Poland. The
total number of sealed cells comprising pollen provision with an egg or
larvae was counted, and then half of each nest (8 lower nesting cases)
was frozen at — 20 °C for further analysis (not discussed in this paper),
while the second half was kept in a walk-in climatic chamber under
changing temperature conditions (ca. two months at 20 °C, two months
at 15 °C, a month at 10 °C and finally overwintering at 4 °C until April
2020) to breed the F1 generation (Fig. S1). During winter (January -
March 2020), the number of produced cocoons was counted. Cocoons
were extracted from the nesting cases, weighed to the nearest 0.1 mg
and placed individually in labeled Eppendorf tubes with a hole in the lid
and stored at 4 °C for further overwintering.

Typically, O. bicornis deposits female progeny deeper inside the nest
(inner brood cells) and male progeny toward the nest entrance (outer
brood cells) (Ivanov, 2006) and female progeny is heavier than male
progeny (Radmacher and Strohm, 2010). Based on cocoon weight and
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position in the nest, 100 cocoons (F1 generation) from each nest were
selected for the field study in spring 2020: 50 heavier cocoons origi-
nating from the cells located deepest in the nesting tubes, most likely
representing females, and 50 lighter cocoons derived from cells in the
outer part of the nesting tubes, presumably males. The mean weight of
F1 cocoons from nests selected for the field study ranged from 139.7
+ 19.06 to 141.8 + 8.14 mg for “females” and from 55.6 + 7.45 to 57.4
+ 3.69 mg (Table 1) for “males”.

In spring 2020 (15 April), selected cocoons together with the artifi-
cial nests (the same as used in the previous year) were placed in the
nonagricultural (N) landscape (i.e., mid-forest meadows). However, due
to the insufficient number of cocoons in three nests (Table 1), only 9 out
of the original 12 nests could be used in 2020. The nests remained in the
field until July 22nd and were then transferred to the laboratory and
kept in a climatic chamber under variable temperature conditions as
described above to breed the next generation of bees (F2 generation). In
January 2021, cocoons were extracted from nesting tubes, weighed and
placed individually in labeled Eppendorf tubes with a hole in the lid and
stored at 4 °C for further overwintering until April 2021.

The remaining cocoons of the F1 generation (i.e., those that were not
taken to the field in 2020) as well as cocoons from the F2 generation
(extracted from tubes in 2021) were used to check the emergence suc-
cess and to test the sensitivity of emerged bees to Dursban 480 EC. In
April 2020 (F1 generation) and April 2021 (F2 generation), Eppendorf
tubes with cocoons originating from 12 or 9 nests, respectively, were
transferred to a temperature 20 °C, 60 + 5% relative humidity (RH) and
16:8 h light:dark (L:D) regime to emerge. The tubes were controlled
daily, and the number of emerged adults, time to emergence [days] and
their sex were recorded. Upon emergence, less than 24-h-old bees from
each nest were transferred from Eppendorf tubes to respective Plexiglas
cages (46 x30 x17 cm) with air flow supply from the top, males and
females from each nest separately. Adult bees were kept in the cages
until enough bees were collected to run the ecotoxicological test (see
below). The bees were fed ad libitum with sucrose solution 33% (w/w)
placed into 2-ml Eppendorf tubes without lids but with cotton wool
inside the tube and with a small square-cut yellow sponge cloth mounted
around the tube (Fig. S2).

2.3. Sensitivity of bees toward Dursban 480 EC

Dursban 480 EC containing 44.86% chlorpyrifos as an active ingre-
dient (a.i.) was used (Dow AgroSciences, Warszawa, Poland). Although
chlorpyrifos was prohibited in the EU in 2020, it is still used in flowering
crops outside the EU, potentially threatening pollinating insects
(Onwona-Kwakye et al., 2020; Urlacher et al., 2016). Nevertheless, for
testing the sensitivity of bees to insecticides, other formulation might as
well have been used, especially that we were not interested in the effect
of a particular formulation on bees but rather in testing whether the bees
from F1 and F2 generation (i.e., the bees that developed under agri-
cultural pressure and their offspring) are handicapped in terms of their
resistance to additional stressor (here an insecticide). The recommended
field application rate (RAR) given by their manufacturers, together with
recommended dilutions (300 L per hectare), were used to calculate the
Recommended Application Concentration (RAC) of the agrochemical to
prepare experimental solutions with respect to actual concentrations
used by farmers in the field. The concentrations of insecticide solution
were chosen considering its toxicity to O. bicornis females after topical
application found by Mokkapati et al. (2021). The following concen-
trations of the insecticide, prepared in 0.01% Triton X-100 (Sigma-
—Aldrich, Poland) to facilitate the adhesion of the applied solution to
bees, were used: 0.25 RAC and 0.2 RAC for males and females, respec-
tively. The RAC of Dursban 480 EC for females was lowered after a very
strong effect was seen for males that were tested before females, as they
emerged earlier (Table 1). The 0.2 RAC of Dursban 480 EC (which gives
a chlorpyrifos concentration of 0.192 ug/ul) was confirmed by a certi-
fied external contractor (Laboratory of Food and Feed Safety at the
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Table 3
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Median lethal times (LTsq, days) and dry weight (mg) of Osmia bicornis females and males from the F2 generation (developed in a nonagricultural (NA) landscape)
exposed topically to Dursban 480 EC or 0.01% Triton (control). The same lowercase letter indicates no significant differences (at p > 0.01 after applying the Bonferroni
correction for multiple comparisons) in survival (pairwise comparison of survival curves, log-rank test) between exposed and control bees within the nest. Number of

bees used is indicated in brackets.

Nest ID Mean dry weight of females [mg] LT50 =+ SE [days] for females Mean dry weight of males [mg] LT50 =+ SE [days] for males
Control (Triton) Exposed (Dursban) Control (Triton) Exposed (Dursban) Control (Triton) Control (Triton)

N1 47.88 +11.743 - 20 +0.48 17.17 + 4.955 19 +5.86
(10) (10) 21 21

N2 50.18 + 15.560% 42.07 + 12.288" 55 4 0.61% 55 + 3.22% 25.22 + 5.084 19 £ 0.29
(30) (30) (30) (30) 29 29

N3 37.22 £ 12.674% 35.71 +13.323° 68 + 2.06" 65 + 2.83° 20.21 + 4.444 19 +£1.33
a7 (18) a7 (18) (20) (20)

N5 44.51 + 10.301 - 20 +0.31 - 24.16 + 1.685 19 +3.29
(10) (10) %) )

N6 32.08 + 13.649 - 58 + 2.56 18.00 + 2.142 21 +£11.43
12) 12) 3 3)

N7 43.62 + 9.458% 44.29 + 8.853% 64 + 3.19° 64 + 5.94° 23.76 + 5.331 19 +1.79
(30) (28) (30) (28) (30) (30)

N8 44.26 + 9.792° 43.76 + 7.902% 61 + 4.68% 57 +3.19% 21.60 + 5.616 19 +0.79
(30) (30) (30) (30) (30) (30)

N12 37.19 £ 10.974% 36.95 + 7.487% 55 + 1.58% 45 + 8.70° 23.52 + 9.965 20 +£7.67
(10) (10) (10) (10) 5) 5)

Institute of Plant Protection, National Research Institute, Biatystok,
Poland) using a GC-MS/MS technique with LOD = 0.001 pg/ml. The
measured concentration of chlorpyrifos was 0.197 ug/ul.

Altogether, four tests toward sensitivity to insecticide were con-
ducted on generation F1: two tests were run with females and two with
males, and the number of bees per treatment depended on bee avail-
ability (Table 2). Females and males originating from all 12 nests were
tested for sensitivity to Dursban 480 EC, but in the F2 generation, only
the test toward the sensitivity of females from 5 nests to Dursban 480 EC
was conducted due to the generally much lower number of bees avail-
able in this generation (Table 1) in the three nests (N1, N5 and N6). Test
groups of the F2 females consisted of 10-30 adult bees per nest in both
treatments (i.e., with the insecticide and control) depending on avail-
ability (Table 3). Moreover, all males from the F2 generation were given
only 0.01% Triton X-100 and constituted a control group for checking
the survival of F2 males (Table 3). Control bees were included in the
study as the untreated bees originating from landscapes with different
farming intensity could simply differ in survival rate.

The bees (at least 3 days old; Robinson et al., 2017) were treated
individually by topical application of 1 pl of the test solution (either
insecticide solution or 0.01% Triton X-100 solution) on the dorsal thorax
using a Hamilton microsyringe with a dispenser (Fig. S2). Approxi-
mately one hour before treatment, bees were taken out of the cages,
placed in glass Petri dishes of 12 cm diameter (maximum 10 bees/dish, 3
dishes/treatment/sex) and placed at 4 °C for approximately 20 min to
limit their mobility and ensure proper pesticide application (i.e., prevent
the bees from spreading the solution to the neck or wing hinges). The
treated bees were then transferred to plastic cages (bees from 3 dishes
per box of size 30 x19.5 x20.5 cm, Fig. S2) for group housing and
moved to the climatic chamber (20 & 2 °C, 60 & 5% RH, 16:8 L:D). The
bees were fed ad libitum with 33% (w/w) sucrose solution placed in
Eppendorf tubes (as described above), and their survival was recorded
daily until the death of the last bee. The dead bees were consecutively
removed from the boxes and frozen in 2-ml Eppendorf tubes at — 20 °C
until they were dried at 105 °C for 24 h and weighed to the nearest
0.1 mg.

2.4. Data analysis

The landscape units (Section 2.1) excluding oilseed rape coverage
(ORG, treated as a separate explanatory variable) used to characterize
the local landscape structure around each nest located in the agricultural
(A) landscape were reduced to two factors (FAl, FA2) using factor

analysis. Factor analysis with quartimax rotation was computed on
standardized units separately for 500 m and 1000 m buffers. Addition-
ally, the local habitat within the 500 and 1000 m buffers was described
by the Landscape Diversity Index (LDI) calculated as exp(H’), where H’
is the Shannon-Wiener diversity index (Jost, 2007, 2006), using those
landscape units that are expected to be functionally relevant for the red
mason bee (i.e., vegwat, veginf, bush, for, mead, orch, flo; Table S2)
(Fahrig et al., 2011; Mikolajezyk et al., 2021). The local landscape
structure around the nests located in the nonagricultural (N) landscape
was characterized by the dominance of natural elements - meadows and
forests, as most of the other units were not present in the N landscape.

The following life-history traits were measured for the F1 and F2
generations of bees for each nest and were included in the statistical
analysis: number of provisioned cells produced, number of cocoons
produced, average cocoon weight (data truncated by removing 1% of
the minimum weight of cocoons to eliminate empty cocoons, [mg]),
adult emergence rate [%], average time to emergence (mean number of
days required to emerge from cocoons for females and males separately,
after transferring cocoons to 4 °C, [days]) and sex ratio (Female:Male, F:
M). Moreover, the sensitivity of bees to Dursban 480 EC was expressed
for each nest as the median lethal time (LTsg), estimated using
Kaplan-Meier survival analysis. The statistical significance of the re-
lationships between all measures of life history traits, including the
sensitivity to insecticide (LTsp), of bees from each generation (F1 or F2)
and the landscape variables (ORC, scores of FA1l and FA2, LDI) was
tested with multiple regression analysis separately for 500 m and
1000 m buffers. The regression models were estimated using both
nonstandardized and standardized landscape variables. The models
estimated using nonstandardized variables can be used as predictors,
while standardization allows for direct comparison of the importance
(strength) of individual variables. After running the initial model, a
backward stepwise selection procedure was used to remove nonsignifi-
cant variables, starting with those with the highest p values until only
variables with p < 0.05 remained in the model, and the normal distri-
bution of residuals was formally tested using the Shapiro-Wilk test. The
traits expressed as percentage (emergence rate) or proportion (F:M)
were transformed using arc sine of the square root transformation (Zar,
1999). Additionally, the proportion of meadows and forests [%]
describing the local landscape around the nests (for 500 m and 1000 m
separately) in the nonagricultural (N) landscape was used as an
explanatory variable for all measures of the life history traits of
O. bicornis from the F2 generation. In that way, we were able to test not
only for the effect of parent origin (i.e., parents nesting along the
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Fig. 2. Results of the multiple regression analysis for the 500 m buffer: nega-
tive effect of oilseed rape coverage, ORC (p = 0.049, R?> = 33.3%) on the
emergence rate of the F1 generation of Osmia bicornis from the 12 nests located
in agricultural landscape; arc sine of the square root transformation of emer-
gence rate data was used.
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Fig. 3. Results of the multiple regression analysis for the 500 m buffer: nega-
tive effects of (A) oilseed rape coverage, ORC (p =0.007) and (B) FA2
(p = 0.006) on the average emergence time of Osmia bicornis females from the
F1 generation originating from 12 nests located in the agricultural landscape.
The overall model including both variables was significant at p = 0.009 and
explained 64.8% of the variability. The line shows the relative change in the
predicted values of average emergence time of F1 females that occurs when
changing (A) ORC or (B) FA2 over their observed ranges. Each point (site) is
then plotted by adding its residuals to a line. Note that the values on the y-axis
are the residuals of the part of the model explained by the other significant
variable. The bottom additional scale (FA2 structure) shows the variable scores
for 14 landscape units describing sites (vegwat - vegetation by water bodies;
wat - water bodies, con - concrete and infrastructure; veginf - vegetation by
infrastructure; bush - bushes; for - forests; bui - buildings; mead - meadows;
orch - orchards; cer - cereals; noflo - nonflowering crops; flo - flowering crops; ff
- field-to-field borders; fn - field-to-natural borders; see Table S2 for a full
description of the landscape units) spread on the unitless FA2 axis.
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gradient of oilseed rape coverage in landscape A) on the life history
traits of their F1 and F2 offspring but also for the possible direct influ-
ence of the N landscape on F2 bees.

Survival curves of bees from the F1 generation, either treated with
the insecticide or the control, were compared between nests (p < 0.05,
log-rank test), separately for males and females. Pairwise comparisons of
survival curves of F1 generation bees between insecticide-treated and
control bees were performed for each nest separately using the log-rank
test, and the dry weight of bees treated with insecticide versus controls
was compared within each nest using a t test (Table 2 and Table 3) with
Bonferroni correction for multiple comparisons. Analysis of survival
curves and dry weights of bees from the F2 generation were performed
similarly but for fewer nests and fewer bees per nest (Table 3).

Data analysis was carried out with the Statgraphics Centurion pro-
gram (Statgraphics Technologies Inc.) version 18.1.13.

3. Results
3.1. Local landscape characteristics of the study sites

Factor analysis showed the presence of two main gradients of envi-
ronmental variables among the study sites. In the 500 m buffer, the first
factor (FA1) explained 32.4% of the total variability in local landscape
characteristics and characterized the dataset according to features
related to built-up areas (i.e., concreate, buildings but also vegetation
close to infrastructure and orchards) as confronted with seminatural
landscape features such as water and vegetation close to water, whereas
FA2 explained 21.0% of the total variance and captured the prevalence
of “arable lands” features (i.e., cereals and nonflowering and flowering
crops but also bushes), as confronted with landscape naturalness (i.e.,
water bodies and vegetation nearby, meadows, forests, and the length of
borders between fields and natural habitats) (Table S3 and Fig. S3A). In
the 1000 m buffer, factors FA1 and FA2 explained 29.0% and 27.1% of
the total variance, respectively, but this time it was FA1 that captured
the prevalence of “arable lands” features (nonflowering crops, flowering
crops and cereals but also orchards), as confronted with the length of
borders between fields and natural habitats, forests and meadows),
whereas FA2 differentiated between sites with a pronounced build-up
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Fig. 4. Results of the multiple regression analysis for the 1000 m buffer: pos-
itive effect of FA2 (p = 0.041, R? = 35.4%) on the total number of cells pro-
duced by the parental generation of Osmia bicornis females in 12 nests located in
the agricultural landscape. The bottom additional scale (FA2 structure) shows
the variable scores for 14 landscape units describing sites (vegwat - vegetation
by water bodies; wat - water bodies, con - concrete and infrastructure; veginf -
vegetation by infrastructure; bush - bushes; for - forests; bui - buildings; mead -
meadows; orch - orchards; cer - cereals; noflo - nonflowering crops; flo -
flowering crops; ff - field-to-field borders; fn - field-to-natural borders; see
Table S2 for a full description of the landscape units) spread on the unitless
FA2 axis.
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Fig. 5. Results of the multiple regression analysis for the 1000 m buffer:
negative effect of oilseed rape coverage, ORC (p = 0.012, R? = 48.2%) on the
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originating from 12 nests located in the agricultural landscape.
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Fig. 6. Results of the multiple regression analysis for the 1000 m buffer: pos-
itive effect of oilseed rape coverage, ORC (p = 0.015, R? = 65.4%) on the sex
ratio of bees from the F2 generation., i.e., developed from F1 parents trans-
ferred as cocoons to nonagricultural landscapes; arc sine of the square root
transformation of sex ratio (Female:Male) data was used.

character (buildings, concreate and vegetation by infrastructure) and
those dominated by water bodies and surrounding vegetation, bushes
and meadows (Table S3 and Fig. S3B). Thus, the obtained FA1 for the
1000 m buffer and FA2 for the 500 m buffer captured almost the same
landscape units, which scored similarly: “arable lands” features (i.e.,
cereals nonflowering and flowering crops but also bushes and the length
of borders between fields) scored high, whereas “landscape naturalness”
(meadows, forests, and the length of borders between fields and natural
habitats) scored low on those axes. However, FA2 for buffer 1000 m and
FA1 for 500 m buffer were inversed: in general, landscape units char-
acteristic for built-up areas (concreate, buildings but also vegetation
close to infrastructure) that scored high on FA1 for 500 m buffer, scored
low on FA2 for 1000 m and, at the same time, those scored low on FA1
for 500 m (water and vegetation by water) scored high for FA2 for
1000 m. Only some units (e.g., orchards) shifted their position on the
FAl and FA2 factors, scoring higher either in “built-up areas” (FA1,
buffer 500 m) or “arable lands” (FA1, buffer 1000 m).

The landscape diversity index (LDI) ranged from 1.21 to 2.55 for the
500 m buffers and from 1.86 to 3.24 for the 1000 m buffers in the
agricultural landscape (Table S1). The area around the nest was covered
by oilseed rape in 6.4-65.3% and 6.7-42.9% in the 500 m and 1000 m

Agriculture, Ecosystems and Environment 352 (2023) 108514

buffers, respectively (Table S1). All sites located in the nonagricultural
(N) landscape were covered with meadows and forest in 91.4-98.2%
and 92.7-98.0% in the 500 m and 1000 m buffers, respectively
(Table S1).

3.2. Effect of oilseed rape coverage (ORC) and other landscape
characteristics on the life history parameters of Osmia bicornis of different
generations

The total number of cells built by O. bicornis in 2019 ranged from 284
to 1749, and the number of cells in half of the nests used for population
parameter analysis ranged from 56 to 835. At the same time, nest A9 was
characterized by the smallest (N = 48), and nest A11 was characterized
by the highest (N = 675) number of cocoons (Table 1).

The cocoons from the A7 nest were the heaviest (95.9 + 31.64 mg),
and those from the A4 nest were the lightest (82.7 &+ 28.19 mg)
(Table 1). Between 81.1% and 98.5% of bees emerged from cocoons
(generation F1), and between 29.8% and 50.0% of emerged adults were
females (Table 1). It took, on average, between 1.0 + 0.76 and 1.7
+ 1.74 days for males and between 2.4 + 2.68 and 6.2 + 1.22 days for
females to emerge after transferring cocoons to 20 °C (Table 1).

For unknown reasons, F1 females that emerged from cocoons origi-
nating from the A11 nest did not build their N11 nest in a nonagricul-
tural landscape in spring 2020. In the remaining 8 nests, between 37
(nest N6) and 289 (nest N7) cells with 17-235 cocoons were built. The
cocoons from the N7 nest were the heaviest (126.6 + 34.59 mg), and
those from the N5 nest were the lightest (78.0 + 33.20 mg). Only 28.6%
of F2 bees emerged from cocoons in nest N5, and in the other nests, the
emergence rate was between 63.3% and 96.6% with a sex ratio toward
females (i.e., 51.0-80.0% of emerged bees were females). On average, it
took 2.8 + 0.40-3.7 + 0.92 days for F2 males and 7.4 + 1.30-8.3
=+ 2.10 days for F2 females to emerge from cocoons after transferring
cocoons from overwintering at 4 °C to 20 °C (Table 1).

The parameters of multiple regression models for all studied life-
history traits on standardized variables (parameter # allowing for com-
parisons of model estimates) and nonstandardized (parameter b) vari-
ables are presented for the 500 and 1000 m buffers for the F1 and F2
generations in Tables S4 and S5. Below, only significant (p < 0.05) re-
lationships are presented in more detail.

For generation F1, multiple regression analysis for the emergence
rate showed a significant negative relationship with ORC for the 500 m
buffer (p = 0.049, R? = 33%; Fig. 2). A significant negative relationship
for the 500 m buffer was also found between the average time to
emergence of females and both ORC (p = 0.007) and FA2 (p = 0.006)
(Fig. 3AB); the model including those two explanatory variables was
significant at p =0.009 and explained 65% of the variance in the
average time to emergence of females (see Table S4 for pf parameters).
This indicates that the average time to emergence of females decreased
not only at sites with high oilseed rape coverage but also at those
dominated by cereals and nonflowering crops and bushes. In the 1000 m
buffer, the total number of cells produced was positively related to FA2
(p = 0.041, R? = 35%), showing that the number of cells produced
increased with a high proportion of vegetation by water, bushes and
meadows and decreased in built-up areas and with agricultural land
fragmentation (Fig. 4). Moreover, the average time to emergence of
females decreased with ORC (p = 0.012, R? = 48%) (Fig. 5) in the
1000 m buffer.

For generation F2, the only significant relationship was found be-
tween the sex ratio and ORC (p = 0.015, R? = 65%) for the 1000 m
buffer: the proportion of females in newly emerged adults increased
with increasing oilseed rape coverage in F1 habitats (Fig. 6).

None of the studied life-history traits of bees from the F2 generation
were significantly related to the proportion of meadows and forests
around the nests in the N landscape for either the 500 m buffer or the
1000 m buffer.
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3.3. Sensitivity of bees toward Dursban 480 EC

Both Dursban-treated (0.2 RAC) (p =0.0009) and control
(p = 0.0006) females from generation F1 differed significantly between
nests in their survival rates (LTsg s from 29 + 3.4 to 42 + 1.4 days and
from 35 + 1.4 to 45 + 1.6 days, respectively; Table 2). Pairwise com-
parisons of survival curves within each nest separately showed signifi-
cant differences between control and Dursban-treated females for four
(A5, A7, A11, A12) out of 12 nests with better survival of controls
(p < 0.004; Table 2). These differences were not due to differences in
dry body weight, which was similar for Dursban-treated and control
females in all 12 nests (p > 0.3; Table 2).

All F1 males exposed to 0.25 RAC of Dursban died within one day, so
only control males were compared between nests showing significant
differences in survival curves (p < 0.0001), with the lowest LTs for the
A6 nest (18 + 0.4 days) and the highest LTsq for the A3 nest (27 £+ 0.7
days; Table 2). The short lifetime (LTsy <1 day) of Dursban-treated
males was most likely the reason for significantly lower dry body
weight than in control males, which was observed for 6 (A2, A3, A6, A7,
A8 and A12) out of 12 nests (p < 0.0001): Dursban-treated males did not
live long enough to gain weight.

No differences between nests were found in the survival of Dursban-
treated F2 females from five available nests (p = 0.2), but control F2
females originating from eight nests differed in their survival
(p < 0.001), with the lowest LT5 5 of 20 days found for nests N1 and N5
and the highest LT5¢ s of 68 days found for nest N3. In contrast to F1
females, no effect of Dursban 480 EC on the survival of F2 females was
found for any out of 5 nests available for running pairwise comparison
(p = 0.5), and Dursban-treated and control F2 females from those 5
nests did not differ in terms of their dry body weight (Table 3). In terms
of F2 males, only control males were available for testing for differences
in survival between nests, and significant differences in survival curves
between nests (p = 0.03) were found with LTsos between 19 and 21
days (Table 3).

In generation F1, a significant negative relationship was found be-
tween the LTsg s of Dursban-treated females and ORC for the 500 m
buffer (p = 0.009, R? = 51%) (Fig. S4A). A similar relationship was
found for the 1000 m buffer, but apart from ORC (p = 0.0006), LDI
(p = 0.01) also negatively affected the LTs of Dursban-treated females
(p =0.001, R? = 77%) (Fig. S4BC, Table S5). Multiple regression
analysis for the LTsg s of control F1 males showed a significant negative
relationship with ORC (p = 0.02) and FA2 (p = 0.02) for the 500 m
buffer (Fig. SSAB); the model including both explanatory variables was
significant at p = 0.025, R? = 56%. Moreover, ORC (p = 0.03) and FA1
(p = 0.04) negatively affected the LTsq of control F1 males in a 1000 m
buffer (model significant at p = 0.01, R2 = 63%; Fig. S5CD). Although
the survival of control F1 males was negatively related to FA2 for the
500 m buffer and to FA1 for the 1000 m buffer, the conclusion of these
results is similar, regardless of the buffer radius: the survival of control
F1 males was better at sites with a high proportion of natural habitats (i.
e., forests and meadows) and large length of borders between fields and
natural habitats and decreased at sites with a high proportion of cereals
and nonflowering crops.

For control F2 females, a negative relationship was found between
LTsp and both ORC (p = 0.033) and LDI in the F1 generation habitat
(p = 0.004), and an opposite relationship with FA1 (p = 0.011) was
found, only for 500 buffer (Fig. S6ABC). The model including all
explanatory variables was significant at p = 0.012 and explained 92% of
the variance in LT5¢ (Table S4). Additionally, a significant positive
relationship was found between the LTs( of control males and both ORC
(p = 0.035) and FA2 (p = 0.04) for the 500 m buffer in the F1 genera-
tion habitat (model significant at p = 0.05, R? = 71%; Fig. S7AB). The
LTso of control F2 males also increased with ORC (p = 0.001) for
1000 m buffer, but FA2 negatively affected the survival of control F2
males (p = 0.049) in this buffer (model significant at p = 0.003, R? =
90%; Fig. S7CD).
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No significant relationship was found between the LTsq 5 of control
males, control females or Dursban-treated females and the proportion of
meadows and forests describing areas around the F2 nests (500 m and
1000 m buffer) in the N landscape.

4. Discussion

Although the number of studies on the effects of landscape charac-
teristics on different bee species has increased recently (e.g., Bednarska
et al., 2022; Coudrain et al., 2016; Coutinho et al., 2021; Schiiepp et al.,
2011; Sober et al., 2020), to the best of our knowledge, this is the first
work in which the local landscape structure has been studied for its
effect on two subsequent generations of bees. Our previous study
already indicted the importance of ORC and landscape structure, but not
pollen diversity, for the performance of Osmia bicornis (Bednarska et al.,
2022). Our main findings in the present study are that the proportion of
oilseed rape around the nest affected the bees by decreasing the emer-
gence success, shortening the time to emerge in females from the F1
generation and making them more sensitive toward the Dursban 480 EC
insecticide, and shortening the survival time of newly emerged F1 males.
However, those effects, together with the effects of landscape structure
around the nest, disappeared in the next generation that developed in
the areas without agricultural pressure: the only relationship for the F2
generation was found between ORC around the nest in the previous
generation and the sex ratio, and, contrary to F1 males, the survival of
newly emerged F2 males increased with increasing ORC. Such results
indicate that larval development under monoculture farming may have
some negative carry-over effects (decreased emergence rate from co-
coons and increased sensitivity of adult females to additional stress), but
the effect on the next generation was not strong and visible only in
shifting the sex ratio toward females. In general, similar relationships
between the studied parameters (i.e., average time to emergence for F1
females, sensitivity of newly emerged F1 females to Dursban 480 EC,
survival of newly emerged F1 and F2 males) and oilseed rape proportion
around nests were found for bees within both studied buffers. This is
because the proportion of oilseed rape within a radius of 500 m and
1000 m was highly correlated (p = 0.0013, R? = 81%). In fact, the only
significant relationship with ORC found for the 1000 m buffer but not
for the 500 m buffer was for the female rate (positive).

4.1. Carry-over effects of oilseed rape coverage and other landscape
characteristics on life history traits and sensitivity to Dursban 480 EC in
Osmia bicornis

Although positive effects of oilseed rape on the number of brood cells
(Holzschuh et al., 2013; Yourstone et al., 2021) or cocoon weight and
weight of newly emerged adult O. bicornis (Bednarska et al., 2022) have
been previously reported, we did not find similar effects in this study.
Here, the total number of cells produced by bees increased on sites with
a high proportion of more natural landscape elements (vegetation by
water, bushes, meadows) within a radius of 1000 m from the nest and
decreased in both built-up areas (areas with buildings, roads, paved
areas but also adjacent vegetation characteristic of back-yard terrains in
rural areas) and heavily fragmented agricultural areas. Similarly, Pers-
son et al. (2018) did not find significant effects from the area of oilseed
rape within 500 m of nests, landscape type (conventional, organic
farming or pasture rich) or the length of field borders on the number of
brood cells and proportion of female offspring. Our results showed that
the more natural the landscape was, the higher the number of brood cells
established by mason bees. Such results are in accordance with Park
et al. (2015), who showed that natural areas support crop-pollinating
insects by providing the necessary resources for foraging, nesting, and
population growth that are not available in agricultural fields. Although
the emergence success was generally high in all nests (81.1-98.5%), a
higher proportion of oilseed rape in the close vicinity of nests of the
parental generation of bees resulted in a reduction of emergence success
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in their offspring (F1 generation) and shortened time needed for F1 fe-
males to emerge. The negative effect of oilseed rape coverage on
emergence could have been a result of the pollen quality consumed by
F1 bees at their larval stage. Although not tested here, it is known that
Brassicaceae are a source of O. bicornis pollen (Haider et al., 2014; Jauker
etal., 2012) and up to 46% on average, but even 100% of B. napus pollen
was found in some O. bicornis nest cells during the oilseed rape blooming
period (Teper and Bilinski, 2009). Similarly, our previous study showed
that pollen provisions of O. bicornis nests collected in agricultural
landscapes were dominated by B. napus in 9-73%, but the proportion of
oilseed rape in the pollen was not related to the ORC in the nest prox-
imity (Bednarska et al., 2022). The relationship between the percentage
of oilseed rape in provisions and its coverage was, however, not ex-
pected by Bednarska et al. (2022), as, in contrast to this study, bees were
allowed to forage over their entire adult life and, because of the
exceptionally warm spring, they started building nests long before
oilseed rape began to bloom. At the same time, oilseed rape pollen was
suggested to be of poor quality for larval development, as individuals
raised on pure B. napus pollen showed behavioral malfunctions (Dobson
et al., 2012). Similarly, Coudrain et al. (2016) suggested that oilseed
rape pollen is of poor quality and adversely affects larval development,
although it provides an abundant source of nectar for adult bees. The
poor quality of oilseed rape pollen was associated with Zn and Cu
scarcity (Filipiak and Filipiak, 2020; Filipiak et al., 2022). A high per-
centage of oilseed rape pollen in provisions may also result in higher
pesticide exposure of larvae due to high pesticide use in this crop (Zhang
et al., 2017). Indeed, as many as 48 and 34 pesticides were found in
oilseed rape pollen and nectar, respectively, some at concentrations
exceeding the allowable limits (Wen et al., 2021). As shown by Mok-
kapati et al. (2021), exposure to insecticide-contaminated pollen may
not only cause direct larval mortality but also affect larval development
to pupae and imagos. Thus, in order to better understand the impact of
ORC on bees, future research should address not only population pa-
rameters, but also pollen quality and pesticide contamination.

The only “positive” effect of increasing oilseed rape coverage around
the nest for F1 bees was that F1 females emerged faster. Moreover, they
emerged faster if they originated from sites dominated by cereals and
nonflowering crops in fragmented agricultural landscapes, while the
time to emergence increased for females originating from sites with a
high proportion of natural landscape elements and when the proportion
of field-to-natural borders was high around the nest. A short emergence
time and, in turn, less time spent in the nonfeeding life stage should be
beneficial for bees, as it reduces preemergence weight loss and increases
the postemergence lifespan (Slominski and Burkle, 2019), although we
cannot exclude that fast emergence may be at some metabolic cost in
terms of weight loss, fat body depletion and associated vigor (Bosch and
Kemp, 2000). The effect of ORC on the sex ratio was not visible in the F1
generation, but it was shifted toward females with increasing ORC in the
F2 generation. This indicates that F1 females feeding on pollen collected
on sites dominated by oilseed rape monoculture at their larval stage
produced more female offspring the following year (see further Dis-
cussion in Section 4.2).

We hypothesized that the increasing oilseed rape coverage around
the nest might result in reduced food diversity of pollen and/or
increased insecticide risk in that pollen eaten at the larval stage and thus
affect the survival of bees in their adult stage and make them more
sensitive to additional stressors. Indeed, the adult F1 females that
developed in their larval stage in the landscape dominated by the oilseed
rape monoculture lived for a shorter amount of time after exposure to
the insecticide Dursban 480 EC. It has been previously shown that larval
exposure to pesticides has a carry-over effect on adults by shortening the
lifespan of lab-reared solitary bees (Anderson and Harmon-Threatt,
2019). Additionally, insecticide exposure directly to foraging adults
and via carry-over effects from past exposure reduced the reproduction
of Osmia bees (Stuligross and Williams, 2021). The control F1 males also
survived shorter with increasing proportion of oilseed rape around the
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nest. Moreover, they survived shorter if they originated from sites
dominated by “arable lands” (i.e., cereals and nonflowering crops) than
from those dominated by more natural habitats (i.e., forests and
meadows) with large length of borders between field and natural hab-
itats. Such results confirm the importance of natural landscape elements
for the postemergence lifespan of O. bicornis males. Even if the role of
males is limited to insemination (they are not involved in the con-
struction of the nest cells and collecting pollen for future offspring, Raw,
1972) and they spend more time in close proximity to the nest, still the
better survival of O. bicornis males translate into higher fertilization
success.

4.2. Maternal effects resulted from exposure of a previous generation of
Osmia bicornis to increasing oilseed rape coverage around the nest

Previous studies have shown that the availability of resources affects
the sex ratio: females invest in female production, which requires larger
pollen resources when resources are available (Ivanov, 2006; Splitt
et al., 2021b). However, in our study, the shift of the sex ratio toward
females with increasing ORC was visible not in the F1 generation but in
their offspring, even if those offspring developed in natural landscapes,
i.e., without pressure from a possible monotonous and
pesticide-contaminated diet and with similar access to floral resources.
Thus, although all F1 adult females had similar access to the resources
for their offspring in nonagricultural landscapes, those that developed in
their larval stage in landscapes dominated by oilseed rape monocultures
invested more in female than male offspring. This confirms that the
environment at the early stage of mother development had an indirect,
delayed impact on subsequent generations. Assuming that it is evolu-
tionarily more beneficial, although more costly, to produce females
(Bosch, 2008), shifting offspring sex toward females is the positive ef-
fect. Thus, adult bees that developed as larvae in the sites with higher
ORC, by investing more in female offspring, increased their fitness.

Carry-over effects resulting from the larval food environment are
relatively well documented, especially in insects with complete meta-
morphosis from larval to adult stages, for which most feeding occurs
during the larval stage (De Block and Stoks, 2005). The effects observed
in offspring phenotypes, including changes in the sex ratio and insecti-
cide resistance in insects, have been attributed to maternal effects
(Mousseau and Dingle, 1991). However, it is often difficult to separate
maternal effects from the offspring environment. To do this, we ensured
that the F2 offspring developed without any pressure from the agricul-
tural landscape by establishing their parental generation from F1 coc-
ooned adults in a nonagricultural area and letting newly emerged F1
bees originate from all nests located on the ORC gradient to forage for
food for their progeny in very similar environments, regardless of their
origin. In that way, whatever “effects” were passed by mother bees (F1)
onto their offspring should not be the result of differences in pollen
provisions (similar for all populations) and nesting materials (identical
for all populations) but must result from past exposure of the mothers at
their larval stage. We checked whether the F2 generation acquired
resistance to pesticides but found no confirmation for this: although F1
females had shorter life spans with increasing oilseed rape coverage
around the nests from which they originated, no relationship between
LTsg s of Dursban 480 EC-treated females and ORC around their parent’s
nests was found for the F2 generation. However, we need to stress here
that the limited number of nests was available for testing the effect of
Dursban 480 EC on the F2 generation. The negative effect of ORC in the
previous generation was only visible in the control (Triton-treated) F2
females, for which survival time decreased with increasing ORC (and at
the same time with increasing proportion of build-up areas around
parental nests), while the opposite relationship was found for the control
F2 males. The control F2 males survived longer if their parents devel-
oped in areas with a high proportion of cereals and other nonflowering
crops and in highly fragmented agricultural landscapes rather than more
natural landscapes. Such result is hard to explain, as the trend was
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opposite than those found for survival of F1 control males (i.e., negative
relationships between LTsy values and both ORC and FA2). We must
mention, however, that due to the insufficient number of cocoons in
some nests collected from the field with F1 larvae and the loss of one
nest that was not inhabited by F1 bees after transferring cocooned adults
to the nonagricultural landscape, data for only 8 out of 12 nests were
available for the study on the F2 generation, which might affect the
obtained results. Moreover, the numbers of F2 males and females were
lower than those obtained in the F1 generation. Thus, for multigenera-
tional studies, a larger number of nests/sites with a larger number of
cocooned adults is recommended for nest loss due to unpredictable
random events.

5. Conclusions

Our study revealed that past exposure to environmental stressors,
herein related to the development of larvae in pesticide-treated mono-
cultures, may have carry-over effects at the adult stage and can have
even maternal effects across generations. In our study, the carry-over
effect of developing in areas with increasing dominance by oilseed
rape was visible as the decrease in emergence success and the higher
sensitivity of newly emerged females toward insecticide. The across-
generation maternal effect was seen as the shift in offspring sex to-
ward females. Carry-over and maternal effects have implications for
population persistence in agricultural landscapes and should be
included in risk assessment, conservation, and management decisions
for pollinators to mitigate the effects of agricultural landscape structure.
Understanding the multigenerational effects of mass-flowering crops
and landscape complexity in general on the fitness of wild pollinators
would promote their maintenance in the long term.

We also showed that multiple generations of O. bicornis bees benefit
from landscape elements that describe landscape naturalness, i.e., water
bodies and vegetation nearby, meadows, forests and the length of bor-
ders between fields and natural habitats. These landscape elements,
being sources of heterogeneity, should be considered to support bene-
ficial insects in agricultural landscapes, as they positively affected the
number of brood cells established by the parental generation of bees,
shortened the emergence time of F1 females and increased F1 male
survival. The importance of seminatural elements and other permanent
landscape features is consistent with previous studies, showing that the
loss of seminatural habitats is one of the main drivers of pollinator
decline (Ricketts et al., 2008; Tscharntke et al., 2012).
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Table S2. Description of landscape units used for characterization of buffers around each site in
agricultural landscape (1-13) (Mikotajczyk et al. 2021). Two additional landscape characteristics (14-
15) were calculated within the buffers around nests.

Landscape
unit

Name

Acronym

Description

Vegetation by water
bodies

vegwat

Encompasses (an arbitrarily chosen if not already
mapped) 2 m wide strip of terrain that surrounds lakes,
ponds and runs along both sides o streams, brooks,
rivers, drainage ditches and hydro-technical channels of
a different sort. Because of its peripheral location, this
type of vegetation is rarely maintained or cut and seems
to remain in a relatively untouched state throughout the
whole year.

Water bodies

wat

Groups all bodies of water, flowing and standing, of
natural and anthropogenic origin.

Concrete, asphalt,
infrastructure

con

Groups all anthropogenically paved terrains — roads,
walkways, paved yards, and other infrastructural objects
like pylons, wind turbines, and transmission towers.

Vegetation by
infrastructure

veginf

Groups vegetation around roads, walkways, yards, and
infrastructural objects. This vegetation is often
maintained is some way (roads) but might as well stay
forsaken (back yards).

Bushes

bush

Groups terrains covered with perennial plants, bushes,
shrubs, overgrown uncultivated lands but not yet forests.
Group gathers also urban parks and cemeteries.

Forests

for

Groups terrains covered with trees and underbrush.

Buildings

bui

Gathers man-made structures of habitual or industrial
character — edifices, houses, factories, warehouses, etc.

Meadows

mead

Groups terrains covered by grasslands and meadows,
offering an abundance of flowering plants when not
maintained.

Orchards

orch

Groups terrains with perennial, flowering fruits
plantations.

10

Cereals

cer

Gathers agricultural land with anemophilous grasses
cultivated for grain. Terrains prone to agricultural
treatment (e.g. insecticide spraying).

11

Non-flowering crops

noflo

Groups agricultural land with crops not producing
regular flowers or harvested before blooming. Terrains
prone to agricultural treatment.

12

Flowering crops

flo

Gathers agricultural land with crops producing flowers.
Terrains prone to agricultural treatment.

13

Oilseed rape

oil

Groups agricultural land planted with intensively
flowering oilseed rape (Brassica napus). Prone to heavy
agricultural treatment.

14

Field-to-field borders

Counts the total length of field boundaries and is used as
a proxy for average agricultural plot size and land
fragmentation.

15

Field-to-natural
borders

fn

Counts the total length of boundaries between
agricultural land and natural (or semi-natural) habitats
and is used as a proxy for potential shelter availability
for arthropods in an agricultural landscape.
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Figure S1. (A) The artificial nest made of polystyrene 16 elements (nesting cases), stacked on top of
each other. Nesting cases were placed in the box-shaped housing made of durable and weather-resistant
polypropylene together with a carton box with Osmia bicornis cocoons. To protect of solitary bees
against birds or rodents, each nest was equipped with plastic grid (1x1 cm) and attached to a wooden
pole at a height of ca. 1 m above the ground. (B) Example of nesting case with eggs laid on the top of
pollen provision stored in a walk-in climatic chamber, under changing temperature conditions (ca. two
months at 20°C, next two months at 15°C, then a month at 10°C and finally overwintering at 4°C) to
breed F1 generation. (C) Example of nesting case with F1 cocoons produced.



Figure S2. (A, B) Topical application of the treatment solution to bee female on glass Petri dishes using
Hamilton micro-syringe; (B) Eppendorf tubes used for feeding bees with sucrose solution 33% (w/w),
with cotton wool inside to prevent bees from entering the tubes and with a small square-cut piece of
yellow sponge-cloth provided around the tube to attract the bees to the food. (D) Plastic box used for

group housing after application of treatment solution.
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Figure S3. Plots of factors loadings depicting results of Factor Analysis for (A) 500 m buffer and (B)
1000 m buffer with the variable scores plotted over an ordination plane with axes representing the first
two FA factors (FAL and FA2). Variable names as described in Table S1.
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Figure S4. Results of the multiple regression analysis for (A) the 500 m buffer and (B, C) the 1000 m
buffer: (A) negative effect of oilseed rape coverage, ORC (p=0.009, R?=50.7%) on the L Tso of Durshan-
treated Osmia bicornis females from F1 generation (developed in agricultural landscape). In the 1000
m buffer, apart from (B) oilseed rape coverage, ORC (p=0.0006), (C) Landscape Diversity Index, LDI
(p=0.0096) affected the LTso of Dursban-treated Osmia bicornis females from F1 generation; the overall
model including both variables was significant at p=0.001 and explained 77.2% of the variability. The
line shows the relative change in the predicted values of the LTso of Durshan-treated F1 females that
occurs when changing (A, B) ORC or (C) LDI over their observed ranges. Each point (site) is then
plotted by adding its residuals to a line. Note that the values on the y-axis are the residuals of the part of
the model explained by the other significant variable.
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Figure S5. Results of the multiple regression analysis for (A, B) the 500 m buffer and (C, D) the 1000
m buffer: (A) negative effect of oilseed rape coverage, ORC (p=0.02) and (B) FA2 (p=0.02) on the L Tses
of control Osmia bicornis males from F1 generation (developed in agricultural landscape); the overall
model including both explanatory variables was significant at p=0.025, R?>=56%. In the 1000 m buffer,
negative effect of (C) oilseed rape coverage, ORC (p=0.03) and (D) FAL1 (p=0.04) was found; the overall
model including both significant explanatory variables was significant at p=0.01, R?=63%. The line
shows the relative change in the predicted values of the LTses of control Osmia bicornis males from F1
generation that occurs when changing (A, C) ORC, (B) FA2 or (D) FAL over their observed ranges.
Each point (site) is then plotted by adding its residuals to a line. Note that the values on the y-axis are
the residuals of the part of the model explained by the other significant variable. The bottom additional
scale below Figures B and D (FA2 and FA1 structures, respectively) shows the variable scores for the
14 landscape units describing sites (vegwat - vegetation by water bodies; wat - water bodies, con -
concrete and infrastructure; veginf - vegetation by infrastructure; bush - bushes; for - forests; bui -
buildings; mead - meadows; orch - orchards; cer - cereals; noflo - nonflowering crops; flo - flowering
crops; ff - field-to-field borders; fn - field-to-natural borders; see Table S2 for a full description of the
landscape units) spread on the unitless FA2 (B) and FAL (D) axes.
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Figure S6. Results of the multiple regression analysis for the 500 m buffer: negative effect of (A) oilseed
rape coverage, ORC (p=0.03) and (B) FAL (p=0.01) on the LTses of control Osmia bicornis females
from F2 generation (developed in non-agricultural landscape). The overall model including all variables
was significant at p=0.012 and explained 91.9% of the variability. The line shows the relative change in
the predicted values of the LTses of control Osmia bicornis females from F2 generation that occurs when
changing (A) ORC, (B) FAL and (C) LDI over their observed ranges. Each point (site) is then plotted
by adding its residuals to a line. Note that the values on the y-axis are the residuals of the part of the
model explained by the other significant variable. The bottom additional scale below Figure B (FAl
structure) shows the variable scores for the 14 landscape units describing sites (vegwat - vegetation by
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water bodies; wat - water bodies, con - concrete and infrastructure; veginf - vegetation by infrastructure;
bush - bushes; for - forests; bui - buildings; mead - meadows; orch - orchards; cer - cereals; noflo -
nonflowering crops; flo - flowering crops; ff - field-to-field borders; fn - field-to-natural borders; see
Table S2 for a full description of the landscape units) spread on the unitless FA1 axis.
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Figure S7. Results of the multiple regression analysis for (A, B) the 500 m buffer and (C, D) the 1000
m buffer: (A) positive effect of oilseed rape coverage, ORC (p=0.035) and (B) FA2 (p=0.038) on the
LTsos of control Osmia bicornis males from F2 generation (developed in non-agricultural landscape);
the overall model including both explanatory variables was significant at p=0.046, R?>=70.8%. In the
1000 m buffer, positive effect of (C) oilseed rape coverage, ORC (p=0.001) and negative effect of (D)
FA2 (p=0.049) was found; the overall model including both significant explanatory variables was
significant at p=0.003, R?=90.4%. The line shows the relative change in the predicted values of the LTscs
of control Osmia bicornis males from F2 generation that occurs when changing (A, C) ORC and (B, D)
FA2 over their observed ranges. Each point (site) is then plotted by adding its residuals to a line. Note
that the values on the y-axis are the residuals of the part of the model explained by the other significant
variable. The bottom additional scale below Figures B and D (FAZ2 structures) shows the variable scores
for the 14 landscape units describing sites (vegwat - vegetation by water bodies; wat - water bodies, con
- concrete and infrastructure; veginf - vegetation by infrastructure; bush - bushes; for - forests; bui -
buildings; mead - meadows; orch - orchards; cer - cereals; noflo - nonflowering crops; flo - flowering
crops; ff - field-to-field borders; fn - field-to-natural borders; see Table S2 for a full description of the
landscape units) spread on the unitless FA2 axes.
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Floral resources, energetic value
and pesticide residues in provisions
collected by Osmia bicornis

along a gradient of oilseed rape
coverage

Anna Misiewicz'™, tukasz Mikotajczyk? & Agnieszka J. Bednarska®

Pollinators in agricultural landscapes are facing global decline and the main pressures include food
scarcity and pesticide usage. Intensive agricultural landscapes may provide important food resources
for wild pollinators via mass flowering crops. However, these are monofloral, short-term, and may
contain pesticide residues. We explored how the landscape composition with a different proportion

of oilseed rape (6-65%) around Osmia bicornis nests affects floral diversity, contamination with
pesticides, and energetic value of provisions collected by this species of wild bees as food for their
offspring. Altogether, the bees collected pollen from 28 plant taxa (6-15 per nest) and provisions were
dominated by Brassica napus (6.0-54.2%, median 44.4%, 12 nests), Quercus sp. (1.2-19.4%, median
5.2%, 12 nests), Ranunculus sp. (0.4-42.7%, median 4.7%, 12 nests), Poaceae (1.2-59.9%, median
5.8%, 11 nests) and Acer sp. (0.6—-42%, median 18.0%, 8 nests). Residues of 12 pesticides were found
in provisions, with acetamiprid, azoxystrobin, boscalid, and dimethoate being the most frequently
detected at concentrations up to 1.2, 198.4, 16.9 and 17.8 ng/g (median 0.3, 10.6, 11.3, 4.4 ng/g),
respectively. Floral diversity and energetic value of provisions, but not the Pesticide Risk Index
depended on landscape structure. Moreover, pollen diversity decreased, and energetic value increased
with landscape diversity. Thus, even a structurally simple landscape may provide diverse food for O.
bicornis if the nest is located close to a single but resource-diverse patch. Both B. napus and non-crop
pollen were correlated with pesticide concentrations.

Pollinators provide essential ecosystem services for agricultural production!, and a third of human food pro-
duction benefits directly or indirectly from insect pollination®. However, in recent years, insects, including bee
pollinators, have been exposed to many stressors and their biomass, abundance and species richness are declin-
ing over the world®* with potentially detrimental effects on the ecosystem services they provide®. About 20% of
pollination services in agricultural production are provided by wild bees®. A very important wild pollinator of
various crops is the solitary bee Osmia bicornis’'°, which is often a more effective pollinator than the honeybees!'.

A reduction in floral resource abundance and diversity observed in agroecosystems due to landscape sim-
plification and habitat loss, together with widespread exposure to pesticides, are the main threats to pollinating
insects'?. Natural flower-rich habitats have been converted into large-scale agricultural monocultures in the
last few decades!?. Such large-scale crop monocultures are usually not attractive to pollinators due to the lack
of floral resources (e.g., cereals) or, in case of mass flowering crops (e.g., oilseed rape), they provide short-lived,
monofloral, and thus nutritionally unbalanced nectar and pollen resources'*'¢. Furthermore, mass-flowering
crops are usually intensively treated with pesticides!?, which may increase pollinator mortality and could reduce
their efficiency!”!8. Pesticide residues were found both in the pollen of mass-flowering crops and in wild flowers
growing in the field margins'®*° and as many as 14 different compounds have been detected in winter Brassica
napus®. Brassica napus is the second most essential oilseed crop and is considered the main valuable nectar-
producing plant in the world?2. However, the effect of the presence of oilseed rape around the nest on solitary
bees is not fully clear. It was shown that proximity to oilseed rape crop positively affects the number of nesting

!institute of Nature Conservation, Polish Academy of Sciences, A. Mickiewicza 33, 31-120 Krakéw, Poland. ?Institute
of Environmental Sciences, Jagiellonian University, Gronostajowa 7, 30-387 Krakdéw, Poland. ®email: misiewicz@
iop.krakow.pl
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O. bicornis, but it was suggested that oilseed rape benefits solitary bees in the form of abundant nectar for for-
aging flights rather than pollen for brood provisioning?*~?*. However, B. napus has been also identified as an
important source of pollen for O. bicornis larvae?*~%°. The quality of pollen is very important to the larvae but, if
contaminated with pesticides, it can affect negatively larval development®. Also the nutritional value of pollen
may vary depending on the landscape®'.

The aim of this study was to investigate the influence of agricultural landscape structure with different propor-
tion of oilseed rape crop in the area around O. bicornis nests on floral diversity, the level of contamination with
pesticides and the energetic value of provisions retrieved from nests established in 12 sites. We hypothesized that
an increasing proportion of oilseed rape around the nests reduces landscape heterogeneity and, in consequence,
the pollen diversity of larval provision. Increased pesticide exposure risk was also expected, as the diets with
higher proportion of oilseed rape pollen are more likely to be contaminated with pesticides. Because the diversity
of floral resources may depend on the availability of different habitats around the nest, the effect of local landscape
characteristic within the circular areas of 500 m and 1000 m around the nests, which correspond to the typical
foraging distances of O. bicornis**** was also studied. We hypothesized that landscape with lower proportion
of oilseed rape crop in the area around O. bicornis nests and with more natural elements provides higher floral
diversity, lower pesticide risk and better food quality in terms of its energy value.

Results

Floral diversity. Altogether, the bees collected pollen from 28 plant taxa (6-15 per nest), and three of
them—Brassica napus, Quercus sp. and Ranunculus sp.—were recorded in all 12 nests (Table 1). Provisions were
dominated by B. napus pollen, which constituted 6% to 54% (median 44.4%). Poaceae (1-60%, median 5.8%),
Ranunculus sp. (0.4-43%, median 4.7%), Acer sp. (0.6-42%, median 18.0%), and Quercus sp. (1-19%, median

Mean proportion of plant taxa in provisions in different sites [%]
Pollen type A2 A3 A4 A5 A6 A7 A8 A9 Al10 All Al12 Min [%] | Max [%] | Median [%]
g:::fl‘;:c::;fl . 5421 |2825 |617 [50.72 |5215 |6.00 |51.18 |45.35 [4361 |4521 |850 |10.14 |6.00 54.21 44.41
Acer sp. 30.74 | - 2830 |18.56 |17.38 |- 4231 | 4.74 - 4.71 0.59 - 0.59 42.31 17.79
Achillea typ 0.17 - - - - - - - - - - - 0.17 0.17 -
Aesculus sp. 0.17 0.41 - - 0.19 - 0.54 - - - 0.79 - 0.17 0.79 0.41
f{?ﬁﬁgﬁaceae/ - - - - - - - 039 |- - - 0.39 0.39 -
Carex sp. - - - - - - 0.38 - 7.90 - 3.11 0.38 7.90 3.11
Caryophyllaceae 0.41 0.17 0.41 - - - - - - - - 0.17 0.41 0.41
Centaurea cyanus - - - - - - 0.19 - - - - 0.19 0.19 -
Chenopodiaceae - 0.17 - - - - - - - - - 0.17 0.17 -
Cornus sp. - - - - - - 0.38 - - - - 0.38 0.38 -
Eleagnus sp. - - - - - - - - 0.34 - - 0.39 0.34 -
Hypericum sp. 5.29 0.62 1.03 0.41 0.56 7.35 - - 0.98 - 9.68 21.33 | 0.41 21.33 1.03
Juglans sp. 0.50 1.24 - 0.62 0.56 0.39 0.18 1.14 - - - 0.62 0.18 1.24 0.59
Lamium sp. - - - - - - 0.19 - - 0.40 - 0.19 0.40 0.29
Malus sp. - - - - - - - 0.79 0.50 - - 0.50 0.79 -
Papaver sp. 0.82 0.17 - - 0.58 - 0.38 0.20 - - - 0.17 0.82 0.38
Pinus sp. - 0.17 0.21 0.19 - - 0.19 - 0.17 0.40 - 0.17 0.40 0.19
Plantago sp. 0.50 1.24 - - - 0.39 - - - 0.34 0.59 1.45 0.34 1.45 0.54
Poaceae 1.16 8.87 1.20 371 5.79 2573 |- 17.46 |2.36 5.21 59.88 |27.74 |1.20 59.88 5.79
Prunus sp. 0.83 2.27 - 0.21 0.75 1.55 - 2.28 0.59 2.69 3.36 3.73 0.21 3.73 191
Pyrus sp. 9.90 - - - - - - - - - - 9.90 9.90 -
Quercus sp. 3.64 5.15 10.81 |[3.30 19.44 | 1.55 5.24 6.83 14.93 |4.87 5.53 1.24 1.24 19.44 5.20
Ranunculus sp. 1.16 38.97 |0.51 2124 |1.31 42.75 |0.54 0.38 9.82 5.04 4.35 2795 [0.38 42.75 4.69
Rubus sp. 1.86 1132 |- 1.12 13.15 |- 19.54 |5.50 21.51 |593 1.66 1.12 21.51 593
Rumex sp. 0.17 - 38.94 | - - - - - 18.86 | - - 0.21 0.17 38.94 9.53
Salix sp. 1.49 - 0.17 - 0.19 - - - 0.39 0.17 - 0.62 0.17 1.49 0.29
Trifolium repens - 0.86 0.62 0.37 0.58 - 0.57 1.57 0.67 - 0.21 0.21 1.57 0.60
Viola tricolor - - - - - - - - 0.67 - - 0.67 0.67 -
PENS 3.54 5.51 4.98 3.88 4.00 4.82 2.53 4.94 5.32 5.68 4.32 5.92
Provision energetic value [kJ/g] | 18.62 |18.02 |17.74 |1832 |18.77 |17.58 |17.15 |18.18 |18.19 |17.46 |18.08 |17.41

Table 1. Mean proportion of pollen types (identified to family, genus, or species level) in bee collected
provisions per nest in the twelve nests (A1-A12) located in the agricultural landscape, pollen diversity
expressed as pollen effective number of species (PENS), and provision energetic value.
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5.2%) prevailed upon the rest pollen types, but up to 13 plant taxa contributed less than 1% to the diet of O.
bicornis (Table 1). Pollen floral diversity (expressed as PENS) decreased with increasing LDI (p=0.011) and FA1
(p=0.007) in 500 m buffer (Fig. S2), although the significance of the latter relationship was driven by a single
nest (A7 nest located in the site with high contribution of concrete, buildings, vegetation close to infrastructure
and orchards; Fig. 1). The model including both explanatory variables i.e., LDI and FA1) was significant at
Pp=0.0003, R*=84% (see Table S4 for  parameters). On a larger scale (1000 m buffer), PENS was not related to
any of the four landscape variables (ORC, FA1, FA2, LDI).

Pesticide residues. Altogether, residues of 12 pesticides (eight fungicides, three insecticides, and one her-
bicide), 1-9 per nest, were detected in O. bicornis provisions at concentrations ranging from 0.11 ng/g (for
acetamiprid) to 198.40 ng/g (for azoxystrobin). Acetamiprid was detected in 9 out of 12 nests and azoxystrobin,
boscalid, and dimethoate were the next most frequently detected pesticides (7 out of 12 nests, Table 2).

No effect of any studied landscape variables (ORC, FA1, FA2, LDI) on the Pesticide Risk Index, either for 500
m or 1000 m buffer was found. Negative relationship of the Pesticide Risk Index with PENS (RMA regression,
p=0.01, Fig. S3) was found, however, although significant, the percent of explained variance was negligible

B vegwat wat [l con [ veginf ] bush [ for | bui mead orch = cer [ nofl M flo osr

Figure 1. Location of the 12 study sites (A1-A12) in the agricultural landscape in the Opolskie province
(Poland) and the characteristics of the 500 m buffer with the oilseed rape (yellow) and other 13 landscape
elements (see Table S2 for detailed description). Map created with the use of Esri ArcMap 10 and GIMP 2.10.30
software. Satellite imagery data: Google, CNES / Airbus, Airbus Maxar Technologies obtained via Google Earth
Pro software.
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(R*=0.2%). No relationship between the proportion of B. napus in pollen and Pesticide Risk Index (simple
regression, p=0.6) was found. RDA showed that the presence of both B. napus and non-crop pollen types are
correlated with the concentrations of different pesticides (Fig. 2); the first ordination axis explained 29.1% of
variance of the dependent variables and the second ordination axis explained 25% of variance. High correlation
between plant taxa and pesticide was found especially for Salix sp. and picoxystorbin, Poaceae and fluxapyroxad,
as well as Carex sp. and difenoconazole (Fig. 2).

Energetic value of provisions. The energetic value of provisions ranged from 17.15 kJ/g in the A7 nest
to 18.77 kJ/g in the A5 nest (Table 1). A positive relationship was found between the energetic value of the
provisions with the LDI (p=0.003) and negative with FA1 (p=0.011) (Fig. S4) for the 500 m buffer; the model
including these two explanatory variables was significant at p=0.008, R*=66% (see Table S4 for p parameters).
However, as in case of PENS, the relationship between energetic value of provisions and FA1 was mainly driven
by A7 nest, which scored high on FA1 axis (Fig. S4). A highly significant negative relationship was observed
between the energetic value and PENS (RMA regression, p=0.009; Fig. S5), but, the model explained only 3%
of the variability.

Discussion

The bees collected from 6 to 54% of B. napus pollen in the agricultural landscape with different proportion of
oilseed rape around their nests. Teper and Bilinski?’, who also studied O. bicornis pollen provisions during the
flowering period of oilseed rape, found on average 46% of oilseed rape pollen and Brassicaceae was indicated as a
one of the main sources of O. bicornis pollen by Haider et al.”” and Peters et al.?%. Albeit, even on sites dominated
by oilseed rape (i.e., with ORC =40%), bees collected pollen from non-crop herbaceous plants (e.g., Ranunculus
sp. at 43% in the A6 nest) and trees (mainly Quercus sp. and Acer sp. at 15% and 42% in the A7 nest, respec-
tively), as mentioned by previous studies®*~*. Studies by Coudrain et al.* conducted in agricultural areas with
different percentage of forest around nests, showed a high proportion of Ranunculus sp. (58.6%) and Quercus sp.
(23.4%) among 41 pollen types found in provisions of O. bicornis. In our study, Quercus sp. pollen was collected
at relatively high proportion (1.2-19.4%) even by bees whose nests were adjacent to a field of oilseed rape. This
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Figure 2. Results of a Redundancy Analysis (RDA) performed on the concentrations of pesticides in pollen,
and the proprtion of pollen from the dominant taxa (i.e., more than 1% in at least one nest) in the studied 12
nests of Osmia bicornis in the agricultural landscape. Positions of the vectors of dependent variables on the two
first RDA axes are shown by black arrows and that of the independent variables (proportion of pollen taxa) are
shown by red arrows. The first ordination axis explained 29.1% of the variance of the dependent variables and
the second 25.0%.
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confirms previous observations that oak trees are a substantial source of pollen for O. bicornis?**”*® and that
bees can fly large distances (up to 800 m from the nest, which is close to the maximum foraging distance of the
red mason bee®?), to reach oak pollen®. O. bicornis mixes different types of pollen to ensure constant protein
content of provision®’, but Radmacher and Strom®® suggested that because wind-pollinated oak trees offer large
amounts of pollen, O. bicornis females may temporarily (and locally) specialize in one or two plant species with
high pollen availability to maximize the collected pollen mass per unit time.

Saunders et al.** found that bees visit ca. 100 wind-pollinated plant genera, and large part of visitation records
were for grasses and sedges (Poales). Schulze-Albuquerque et al.*! indicated that the floral cues, colour, and scent
of Poaceae can attract insects. For example, honeybees, bumblebees and sweat bees (Lasioglossum spp.) foraged
on a pasture grass from Poaceae family*? and Poaceae was one of the dominant pollen type (4-12%) in the diet
of the Australian bee Tetragonula carbonaria®. In our study, Poaceae pollen was found in 11 out of 12 nests and
accounted for up to 60% of pollen provisions (Table 1). The presence of Poaceae, but at smaller proportions
(0.3-4.7%), in the O. bicornis diet was also confirmed by Splitt et al.**.

Floral diversity of pollen provisions decreased on sites with a greater share of “urban landscape” features (i.e.,
buildings, concrete and infrastructure, vegetation by infrastructure, orchards) and increased on sites with a higher
share of vegetation close to water bodies and borders between fields and natural habitats. The significance of this
relationship was driven mostly by a single nest located close to build-up area with a high share of buildings, con-
create, and in-between vegetation as well as orchards. This result shows the imporatnce of more natural landscape
elements for the floral diversity of wild bee collcetd pollen, however, a previous study perfomerd in different
agricultural landscpaes that used similar landscape elements, showed an increase in pollen diversity with higher
proportion of built-up areas around the nest*. Moreover, while in Factor Analysis all 14 landscape elements were
included, the LDI included only those 7 landscape characteristics that are expected to be functionally relevant for
the red mason bee (Table S1) and still a negative relationship with PENS was found. This may indicate that even a
homogeneous landscape always contains some portion of semi-natural habitats that provide food diversity, which
was also suggested by Malagnini et al.** in their study of diversity of pollen collected by honeybees in an agricul-
tural area. Malagnini et al.** expressed the landscape heterogeneity around honeybee nests by both landscape
composition through Principal Component Analysis and landscape diversity through Shannon diversity index
(based on data for 24 land-use classes (elements). Comparably to our study, the authors expected to find highly
diverse landscapes offering a wider range of pollen types in comparison to homogeneous landscapes. However,
honeybees collected highly diverse pollen regardless of the landscape diversity, while landscape composition
affected pollen diversity only at the end of the flowering season when the proportion of semi-natural areas started
to play important role®. Also, the study by Danner et al.* on honeybees found that pollen composition was not
affected by landscape composition expressed via the Shannon diversity index. These results question the valid-
ity of using landscape diversity indices calculated based on the type of the element and its coverage to describe
landscape diversity available for bees artificially introduced into the environment***’. Unlike local populations,
bees artificially introduced to the field together with nesting material for one season, are not constrained by nest
availability, and their reproductive success mainly depends only on the degree to which a landscape facilitates
or impedes access to the resource patch(es) and/or movement of bees among resource patches (nectar and pol-
len) (i.e., connectivity). In this case, even the existence of a single element (patch) in a small proportion (e.g.,
only a small multi-species flowering meadow which may contain an average 60 plant species*®) can provide a
more diverse food source than several elements (patches), which provide little diverse food (e.g., single-species
strip of trees or shrubbery, monoculture of flowering crop, single-species orchard, etc.). On the other hand, LDI
based on Shannon diversity index will not capture the diversity of the multi-species flower meadow, as it will
treat it as a single element (patch) functionally relevant for bees. Because LDI calculated for sites dominated by
a single element (patch) will be lower than for sites with several bee-relevant elements, it may produce results
opposite to the expected increase in pollen diversity (PENS) with landscape diversity (LDI). Shannon diversity
index quantifies the heterogeneity of landscapes, considering both richness and evenness of land-use elements
(patch types), with low values of the index indicating a low landscape heterogeneity, but it does not consider
species richness of the individual elements themselves. Therefore, although the widely used Shannon index has
been recommended for landscape management within an ecological framework, description and interpretation
of the relationships between pollen diversity (but also other variables) and Shannon-based landscape diversity
indices*’, should be made with caution. On a larger scale (1000 m buffer), our results show that floral diversity
of pollen was not related to any of the four landscape variables studied. This emphasizes the importance of the
local landscape, (i.e., the area in the close vicinity of the nest) for the food resources of O. bicornis.

Bees may be frequently exposed to different classes of pesticides through nectar, pollen, and guttation
droplets?°%-32, We found residues of 12 pesticides in O. bicornis provisions with acetamiprid being the most
frequently detected and dimethoate and omethoate presenting the highest risk to bees (i.e., their contribution
to the pesticide risk index was the largest). The reported concentrations of acetamiprid residues detected in pol-
len directly collected from plants were in the range 0.02-0.82 ng/g!®>?, similar to what we found in provisions
collected by O. bicornis in this study (up to 0.83 ng/g, median 0.28 ng/g) and in the earlier study by Bednarska
etal.?: 0.1-2.23 ng/g (median 0.30 ng/g). Acetamiprid belongs to neonicotinoids, which are the most widely used
insecticides in the world**. It was proven that acetamiprid has a negative effect on adult honeybees and stingless
bees, including a significantly reduced lifespan and affected locomotor activity>>*. In case of O. bicornis, Mok-
kapati et al.*® showed that although acetamiprid did not affect larval survival and larval body mass, the length
of larval stage (i.e., time to cocoon formation) was significantly shorter in larvae exposed to acetamiprid com-
pared to controls. The negative effect of other pesticides detected in our pollen samples, such as picoxystrobin
and dimethoate was also confirmed in studies on adult honeybees fed ad libitum sucrose solutions containing
different concentrations of these insecticides® .
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Our results showed that bees are exposed to a wide spectrum of pesticides in agricultural landscapes, as previ-
ously indicated in honeybee studies®®. In contrast to honeybee pollen, the one collected by solitary bees in the
agricultural landscape was less frequently evaluated for pesticide residues. Bednarska et al.?® detected residues of
34 pesticides (with acetamiprid among the 10 found most often) in provisions collected by O. bicornis over the
entire season in the intensively used agricultural landscape in Poland. Also, Rundlof et al.*! found residues of 12
pesticides in provisions collected by O. lignaria, which experienced similar pesticide risk at sites without and with
flower strips used to mitigate the effects of bee pesticide exposure and support bee reproduction in intensively
farmed landscapes in Sweden. Centrella et al.*? found 28 pesticides (13 insecticides and 15 fungicides) in pollen
collected by O. cornifrons in apple orchards and indicated that the presence of agricultural habitats within 2 km
was associated with an increased level of pesticide risk. In our study, there was no effect of any of the evaluated
landscape variables on the Pesticide Risk Index, including both 500 m and 1000 m buffer.

Mass-flowering crops, such as oilseed rape, are often intensively treated with pesticides*"*. Zioga et al.*!
indicated up to 14 different compounds in winter B. napus, and the median concentrations of these compounds
found in cultivated plants was higher than those in wild plants. Similarly, in individual oilseed rape pollen
samples collected in China, Wen et al.®* found residues of at least 10 pesticides, and 4 samples contained up to
40 pesticides. It is not clear whether the pesticide residues found in our study came from contaminated oilseed
rape flowers, other non-focal crops, wildflowers along field margins, or other sources, since the pesticide analysis
could be performed only on mixed pollen from multiple provisions from each nest. Although no relationship
between the proportion of B. napus in pollen and Pesticide Risk Index was found, we cannot exclude that even
a small amounts of crop pollen collected by bees can lead to significant pesticide risks'®. Moreover, we observed
negative relationship between PENS and Pesticide Risk Index, showing that reduced pollen diversity (PENS)
increases pesticide risk in bee collected pollen. However, this relationship explained only a small percentage of
the total variance and seems to be driven by high contribution of dimethoate and omethoate to the Pesticide Risk
Index. The presence of these two active substances cannot be directly linked to any specific pollen species and,
in fact, the RDA analysis showed that the presence of both B. napus and non-crop pollen types are correlated
with the concentrations of different pesticides. Contrary to our results, a positive relationship between pollen
diversity and insecticide risk levels in O. bicornis pollen was found by Bednarska et al.?® which may also suggest
the contamination of plants in non-crop areas.

The energetic values of provisions were similar to those estimated for honeybee pollen (16.6-17.1 kJ/g) col-
lected by beekeepers in Portugal®. The energetic value of pollen increased with increasing landscpe diversity
and on sites with a higher share of vegetation close to water bodies and borders between fields and natural
habitats and decreased on sites with a higher share of "urban landscape" features, namely was the lowest on A7
site. Surprisingly, the provision of nest A7, although located close to "build-up areas”, was dominated by theree
pollen types (B. napus > Acer sp.> Quercus sp), was the least diverse (had the lowest value of PENS) and had the
lowest caloric value.

Despite the low percentage of explained variance, the negative relationship between PENS and energetic value
may show that a more diverse pollen provision does not necessairly show better quality in terms of caloric value.
It should be noted, that bomb calorimetry does not necessarily correspond to digestible energy, as it measures
total energetic value of a sample, including also poorly digestible parts of the pollen grain, such as the pollen
wall®. Furthermore, the presence and number of pores of germination has been hypothesized to influence pol-
len digestibility®. At the same time, provisions taken from O. bicornis brood cells may contain nectar sugars,
which also contribute to the caloric value of provisions, but no study has specifically determined the ratios of
pollen to nectar in O. bicornis provisions and the factors that control that ratio. Maddocks and Paulus®® suggested
that O. bicornis provision brood cells with pollen and a comparatively low proportion of nectar (2%), but in a
study performed on the larvae of the alfalfa leaf-cutting bee, Megachile rotundata (which belongs to the same
Megachilidae family as O. bicornis), Cane et al.%’ estimated that the provisions consist of pollen and nectar at a
1:2 ratio (~33% alfalafa pollen and 67% nectar). Brassica napus pollen has a high energy value (12.6 kJ/g) and
a high fat content (5.47%)°, so even a small proportion of oilseed rape pollen might influence mean calorific
value of larval provision. Nevertheless, it is unlikely that proportion of B. napus determines the energetic value
of the nest provisions in our study, as a proportion of B. napus in the nest with the lowest caloric value of the
provision (51% in A7 nest) was similar to that of nests with the highest caloric values (52%, 54% and 50% in
nests A5, Al and A4, respectively).

Conclusions

In conclusion, although O. bicornis is a generalist species, we confirmed that it prefers a certain set of plants,
including trees and shrubs, if available. The pollen collected by O. bicornis was dominated by five taxa, includ-
ing B. napus, by the fields of which, nests were placed during its flowering period. Both floral diversity and
energy value of provisions were related to the landscape structure. The influence of the landscape structure and
diversity was visible on a small scale (500 m buffer) only, which is in line with the rather small foraging radius
of that species®*®. However, caution is needed for the interpretation of the results based on relationships with
the Shannon-based landscape diversity index, as it does not consider species diversity within individual land-
scape elements (cover types). In our study, the presence of landscape elements, their sizes (i.e., proportions in
the landscape) and connectivity between different landscape elements were captured by the scores for both FA1
and F2, but the results for relationship of PENS with LDI indicate that it is still necessary to include the quality
(e.g., diversity) of landscape elements themselves. Although time-consuming, measures based on provisions
collected by bees for their offspring rather than landscape characteristics provide a complete picture of food
resources in an agricultural landscape. After all, it is what the bees have collected, regardless of where they col-
lected it, that determines the survival and development of the offspring in the nest. We showed that bee larvae
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are exposed through their food to a variety of pesticides, the concentrations of which are correlated with both
crop pollen (B. napus) and other non-crop plants (e.g., Ranunculs sp., Poaceae, Carex sp.). Although both the
mass-flowering crops and the nearby flowers and trees can be contaminated with a wide range of pesticides, in
the studied landscape the pesticide risk generally decreased with increasing floral diversity of provisions. Thus,
introduction of varied flora into the agricultural landscape should be considered in pollinator conservation and
management decisions to mitigate the effects of agricultural landscape.

Methods

Sites and landscape characteristic. Data were collected during oilseed rape blooming season in 2019
from twelve sites located in the agricultural landscape of the Opolskie province, Poland (Fig. 1). The sites rep-
resented the gradient of oilseed rape coverage (ORC, 6-65%) within non-overlapping circular areas of 500 m
radius (called the “buffer” thereafter) (Table S1). The local landscape structure around each nest was charac-
terised based on land cover maps created at two spatial scales (500 m and 1000 m buffers), using 13 discrete,
non-overlapping landscape elements (land cover types) and two linear features representing land fragmentation
(Table S2). It was analysed in ArcMap 107° as described in Misiewicz et al.”!. Landscape elements (without oil-
seed rape coverage which was used separately due to its importance for bees and as a controlled experimental
factor) were reduced to two factors (FA1 and FA2) using Factor Analysis, which explained respectively 32.4%
and 21.0% of the total variability in local landscape characteristics in the 500 m buffer, and 29.0% and 27.1%
respectively in the 1000 m buffer. FA1 for the 1000 m buffer and FA2 for the 500 m buffer captured almost the
same landscape elements, which scored similarly: “arable lands” features (i.e., cereals, nonflowering and flower-
ing crops but also bushes and the length of borders between fields) scored high, while “landscape naturalness”
(meadows, forests, and the length of borders between fields and natural habitats) scored low on those axes. How-
ever, FA2 for 1000 m buffer and FA1 for 500 m buffer were inversed: in general, landscape elements characteristic
for “urban areas” (concreate, buildings, but also vegetation close to infrastructure) that scored high on FA1 for
500 m buffer, scored low on FA2 for 1000 m and, at the same time, those scored low on FA1 for 500 m (water
and vegetation by water) scored high for FA2 for 1000 m. Only some elements (e.g., orchards) shifted their posi-
tion in FA1 and FA2 factors, scoring higher either in “built-up areas” (FA1, buffer 500 m) or “arable lands” (FA1,
buffer 1000 m). See Misiewicz et al.” for more details on Factor Analysis. In addition, the Landscape Diversity
Index (LD, i.e., Shannon-Wiener index) of seven landscape elements that present potential foraging habitats for
bees (i.e., vegetation by water, vegetation by infrastructure, bushes, forests, meadows, orchards, flowering crops;
Table S2) was calculated for each study site.

Solitary bees and experimental design. One artificial nest (Fig. S1A) with 16 nesting cases provid-
ing 360 nest cavities, and ca. 550 commercially available cocoons of O. bicornis (Pszczelinka, Kapka Sp. z. o.0.,
Poland) were placed on the perimeters of the oilseed rape field in each site centre. The nests were left in the field
from 17th April to 4th June 2019. In agricultural landscapes, flower resources and pesticide use change over
space and time”2 Thus, flower phenology influences bee activity and expected pesticide exposure’®. To ensure
the availability of food resources in the close vicinity from the nest, we allowed females to gather food for their
larvae only during the restricted period of oilseed rape blooming.

Upon transferring to the laboratory, half of each nest (8 upper nesting cases) was kept under changing tem-
perature conditions to breed the next generation of bees as described by Misiewicz et al.”* and the second half
(8 lower nesting cases) was frozen at —20°C for pollen provision sampling (Fig. S1B). The samples of provisions
were kept in the freezer for 4 months before used for chemical analysis.

Eggs or larvae were removed from the brood cells and the pollen provision from a separate nesting cavity was
placed in a separate Eppendorf tube and stored at — 20°C until further analysis. For this study, only nesting cavi-
ties with less than six provisions per cavity were used (27-104 cavities per nest; Table S3); the remaining cavities
were used for another study. The pollen provisions were thoroughly mixed to create a combined representative
sample for the entire nest. Each combined sample was divided into three subsamples used for palynological
analysis (~ 3 g), pesticide analysis (~ 30 g) and to determine pollen energetic values (~0.4 g).

Palynological analysis. The palynological analysis was performed using microscope slides, following the
method described in the Supplementary Materials. Brassica napus, Centaurea cyanus, Trifolium repens, and Viola
tricolor were identified at the species level and other taxa at the genus (20) or family level (4). All pollen types for
each nest site are presented in Table 1. The pollen effective number of species (PENS)?® was calculated for each
nest as exp(H’), where H’ is the Shannon-Wiener diversity index”*"°.

Pesticide analysis. For pesticide analysis, pollen samples were screened for residues of 510 different active
substances using LC-MS/MS or GC-MS/MS techniques at the Institute of Plant Protection, National Research
Institute, Laboratory of Food and Feed Safety, Bialystok, Poland (see Bednarska et al.? for all details on chemical
analysis, including multiresidues and single methods used, LC-MS/MS and GC-MS/MS parameters and valida-
tion parameters for 510 active substances analyzed (LOQ levels and recovery (%)). The results were reported as
the mean value of two parallel determinations for each nest and a site Pesticide Risk Index was calculated using
toxic unit (TU) approach as described by Bednarska et al.*® to capture the combined hazard and exposure level
to multiple substances at a site. In short, the TU for each nest was calculated as the sum of the products of the
concentration of each active substance and the mean provision mass per larvae divided by the oral LD5, of that
active substance for adult honeybees (Table 2), using a following equation:
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Acive substance [Z—g] X provision mass[g]

n
LDso ps.

Pesticide Risk Index = Z

The mean provision mass still available for larvae in each nest was calculated from the provision mass col-
lected from those nesting cavities which contained six or more brood cells and were used for another study (see
Table 2).

Determination of pollen energetic values. The energetic value of the vacuum-dried provision samples
was measured with a Semimicro Calorimeter (model 6725) containing a calorimeter thermometer (model 6772)
and a Semimicro Oxygen Bomb (model 1109A) (Parr Instrument Company). The energetic value of the pollen
in each nest was measured in 3 replicates and expressed in kJ/g dry mass (Table 1).

Statistical analysis. For each response variable (PENS, Pesticide Risk Index, energetic value), multiple
regression analyses with all landscape variables (i.e., ORC, FA1, FA2, and LDI) as explanatory variables were
performed separately for 500 m and 1000 m buffers. Landscape variables were standardised, and the stepwise
backward selection process was used to remove nonsignificant variables from the model so that only variables
significant at p<0.05 remained. The normal distribution of residuals was tested for each model using the Shap-
iro-Wilk test.

The relationship between pollen diversity (PENS) and Pesticide Risk Index (TU) was analysed using reduced
major axis (RMA) regression to test whether reduced pollen diversity increases pesticide risk in bee-collected
pollen. The RMA was also used to test relationship between PENS and the energetic value of provision. The RMA
was used instead of standard least-squares regression to handle errors in both the x and y variables.

Because we hypothesized that prevalence of oilseed rape pollen in the provisions would increase pesticide risk
due to pesticide applications on oilseed rape fields, we tested whether the Pesticide Risk Index depends on the
proportion of B. napus pollen found in the provisions by using a simple regression analysis. Moreover, a redun-
dancy analysis (RDA) with Monte Carlo test with 499 unrestricted permutations was performed to determine
the pattern of variability in pesticides concentrations among sites by the proportion of plant taxa as explanatory
variables. For RDA we selected pollen contributing more than 5% to the diets in any nest (i.e., 13 pollen types
were not included in this analysis).

Multiple regression analyses and simple regression analyses were performed using Statgraphics Centurion
18 (StatPoint, Herndon, VA, USA; http://www.statgraphics.com), RMA regression was performed using PAST
3 software for Windows (https://softfamous.com/past/) and RDA analysis was performed in Canoco ver. 57°.

Data availability
The raw data are available from the corresponding author upon request.
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Methods
1. Palynological analysis

For palynological analysis, 3 g of composite pollen sample from each pooled collection was taken
and mixed with 100 ml of distilled water and vortexed for several times, each time for 2 minutes,
over the course of 6 hours. The resulting solution was used to prepare microscope slides?, two slides
per sample. To determine the share of pollen representing different taxa, ca. 300 grains per slide were
counted? along two lines chosen randomly across the cover slip at a magnification of 400x (Olympus
BX41) using reference specimens and published reference collections. Brassica napus (oilseed rape),
Centaurea cyanus, Trifolium repens, and Viola tricolor were identified at the species level and other
taxa to the genus or family level. Average sum of pollen grains from two analyzes was calculated for
each taxon and the data were expressed as the percentage content of individual type of pollen.

2. Pesticide analysis

The pesticide analyses were performed using the protocols and methodology fully described in

Supplementary materials in Bednarska et al.2.



Tables

Table S1. Characteristics of the study sites in the close vicinity of Osmia bicornis nests (i.e., within 500 m
and 1000 m radius around each nest, called “buffers”) in the agricultural landscape selected for the field
study in 2019; ORC — oilseed rape coverage [%], LDI — Landscape Diversity Index.

Agricultural Natural
[0)
area [%6] axiigif] [8?% [8?% LDIin | LDIin
Nest 1D | within 5x5 km ’ > 500 m | 1000 m
5x5km | 500 m | 1000 m
around the buffer buffer
around buffer buffer
nest
the nest
Al 88 10 6.35 6.73 3.22 3.20
A2 91 12 13.93 11.83 2.24 3.07
A3 57 44 14.33 8.20 1.94 1.86
A4 81 21 14.98 22.93 2.53 3.14
A5 71 31 22.48 10.77 2.55 2.80
Ab 93 11 39.56 42.87 1.69 2.09
A7 84 17 39.98 20.26 2.53 3.24
A8 80 21 4573 22.62 1.66 3.08
A9 94 6 52.85 28.16 1.56 2.09
Al10 81 20 57.33 30.15 1.21 2.94
All 91 15 63.23 35.27 2.13 2.79
Al2 92 12 65.30 39.02 1.52 2.47




Table S2. Description of landscape characteristics (elements) used for characterization of buffers around
each Osmia bicornis nest as described in Mikotajczyk et al.®. The landscape elements (cover types) used to
calculate Landscape Diversity Index (LDI) are in boldface.

Landscape

unit Name Acronym Description

Encompasses (an arbitrarily chosen if not
already mapped) 2 m wide strip of terrain that
surrounds lakes, ponds, and runs along both
sides o streams, brooks, rivers, drainage ditches
vegwat | and hydro-technical channels of a different sort.
Because of its peripheral location, this type of
vegetation is rarely maintained or cut and seems
to remain in a relatively untouched state
throughout the whole year.

Groups all bodies of water, flowing and standing,
of natural and anthropogenic origin.

Vegetation by
water bodies

2 Water bodies wat

Groups all anthropogenically paved terrains —
roads, walkways, paved yards, and other
infrastructural objects like pylons, wind turbines,
and transmission towers.

Concrete, asphalt,

. con
infrastructure

Groups vegetation around roads, walkways,
yards, and infrastructural objects. This
veginf vegetation is often maintained is some way
(roads) but might as well stay forsaken (back
yards).

Groups terrains covered with perennial plants,
bushes, shrubs, overgrown uncultivated lands
but not yet forests. Group gathers also urban
parks and cemeteries.

Vegetation by
infrastructure

5 Bushes bush

Groups terrains covered with trees and
underbrush.

Gathers man-made structures of habitual or
7 Buildings bui industrial character — edifices, houses, factories,
warehouses, etc.

6 Forests for

Groups terrains covered by grasslands and
8 Meadows mea meadows, offering an abundance of flowering
plants when not maintained.

Groups terrains with perennial, flowering fruits
plantations.

Gathers agricultural land with anemophilous
10 Cereals cer grasses cultivated for grain. Terrains prone to
agricultural treatment (e.g., insecticide spraying).

9 Orchards orch

Groups agricultural land with crops not producing
noflo regular flowers or harvested before blooming.
Terrains prone to agricultural treatment.

Non-flowering
crops

11

Gathers agricultural land with crops producing
12 Flowering crops flo flowers. Terrains prone to agricultural
treatment.




Groups agricultural land planted with intensively

13 Oilseed rape oil flowering oilseed rape (Brassica napus). Prone to
heavy agricultural treatment.
. . Counts the total length of field boundaries and is
Field-to-field . .
14 ff used as a proxy for average agricultural plot size
borders .
and land fragmentation.
Counts the total length of boundaries between
Field-to-natural agricultural land and natural (or semi-natural)
15 fn habitats and is used as a proxy for potential shelter

borders

availability for arthropods in an agricultural
landscape.




Table S3. Number of nesting cavities per nest of Osmia bicornis used to prepare mixed provision samples
for palynological analysis, screening of active substances and energetic value measurements.

No. of total nesting No. O.f nestlng (_:avmes
Nest ID cavities with with provisions .
- selected for analysis
Provisions in this study
Al 124 104
A2 76 40
A3 100 60
A4 74 38
A5 75 64
A6 106 68
A7 60 30
A8 104 62
A9 47 27
Al0 60 38
All 147 73
Al2 138 64
Sum 1111 668




Table S4. Results of the backward stepwise multiple regression analysis for 500 m buffer to describe the
relationship between explanatory variables, i.e., Pollen Effective Number of Species (PENS), Pesticide Risk
Index and energetic value of pollen and four independent variables (oilseed rape coverage (ORC, %), FAL,
FAZ2 and Landscape Diversity Index (LDI)). The regression parameters b and B (the latter for the model on
standardized variables) and p values are reported only for the variables included in the final model containing
only significant explanatory variables (at p < 0.05); p, R?, R%q — values for the final model. NS — not
significant.

Independent variable
Explanatory
variable ORC FA1 FA2 | LDl p R? R%q
p| — | 0007 | — | o011
PENS b - -0.121 - -0.867 | 0.0003 | 83.8% | 80.2%
B| — | 0548 | — | -0.499
.. . p
Pesticide Risk
Index b = B B - NS B B
p
) p — 0.011 — 0.003
Energetic value b| — [781370]| — [-79.790]0.0078 | 66.0% | 58.4%
B — -361.730 | — |449.480




Figures

T

Figure S1. (A) The artificial nest made of 16 polystyrene elements (nesting cases), stacked on top of each
other. Nesting cases were placed in the box-shaped housing made of durable and weather-resistant
polypropylene together with a carton box with Osmia bicornis cocooned adults. To protect solitary bees
against birds or rodents, each nest was closed with a plastic grid (1x1cm) and attached to a wooden pole at a
height of ca. 1 m above the ground. (B) Example of a nesting case with pollen provisions stored.



Q

component effect

fn—---0.22

noflo - -0.18
flo4—-0.16

bush - -0.13
for —-0.07
cer —-0.02

ff 1+ 0.45

mead — 0.61
f
h,

veg:vvgg T :31?

FA1 structure

O
—

I_

.

e

component effect
o

1.2 1.6 2 2.4 2.8 3.2 3.6
LDlI

Figure S2. Results of the multiple regression analysis for the 500 m buffer: negative effects of (A) FAL (p =
0.007) and (B) LDI (p = 0.011) on the pollen diversity (PENS). The overall model including both variables
was significant at p < 0.001 and explained 83.8% of the variability. The line shows the relative change in the
predicted values of the PENS when changing (A) FAL or (B) LDI over their observed ranges. Each point (site)
is then plotted by adding its residuals to a line. Note that the values on the y-axis are the residuals of the part
of the model explained by another significant variable. The right side of the graph A shows the variables
scores for 14 landscape elements that describe sites (see Table S2 for a full description of the landscape units)
spread on the unitless FAL axis.
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Figure S3. Results of the reduced major axis (RMA) regression: negative relationship between pollen
diversity expressed as pollen effective number of species (PENS) and Pesticide Risk Index expressed as toxic
unit (p = 0.01) analysed in pollen provisions collected by Osmia bicornis for their larvae in 12 nests located

in agricultural landscape.
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Figure S4. Results of the multiple regression analysis for the 500 m buffer: negative effects of (A) FAL (p =
0.011) and positive effect of (B) LDI ( p = 0.003) on the energetic value of pollen. The overall model including
both variables was significant at p = 0.008 and explained 66% of the variability. The line shows the relative
change in the predicted values of the energetic value of pollen when changing (A) FA1 or (B) LDI over their
observed ranges. Each point (site) is then plotted by adding its residuals to a line. Note that the values on the
y-axis are the residuals of the part of the model explained by another significant variable. The right side of the
graph A shows the variables scores for 14 landscape units describing sites (see Table S2 for a full description
of the landscape units) spread on the unitless FA1 axis.
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Figure S5. Results of the reduced major axis (RMA) regression: negative relationship between pollen
diversity expressed as pollen effective number of species (PENS) and energetic value of pollen (p = 0.009)
analysed in pollen provisions collected by Osmia bicornis for their larvae in 12 nests located in agricultural
landscape.
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Abstract

Insecticides are widely used to control pests, but can also be toxic to ecosystem service
providers, including bees. Moreover, their efficacy can increase if they are applied in mixtures.
These mixtures can be intentional, e.g., created by farmers as tank mixtures (i.e., a mixture of
different, individually formulated plant protection products (PPP) applied together in one
application event or applied at short intervals), or unintentional, when exposure to a mixture
results from bees foraging on different crops, each of which is treated with a different PPP.
However, the combined toxicity of various PPPs remains largely unexplored, posing a potential
threat to bees. Here, we assessed the interactive effects of five insecticides belonging to
different chemical classes: organophosphate Dursban 480 EC (a.s. chlorpyrifos), two
pyrethroids — Sherpa 100 EC (a.s. cypermethrin) and Karate Zeon 050 CS (a.s. lambda-
cyhalothrin), neonicotinoid Mospilan 20 SP (a.s. acetamiprid), and sulfoximine Closer (a.s.
sulfoxaflor)) applied topically as binary mixtures, on survival of Osmia bicornis females.
Contrary to expectations, the experiment revealed either no interaction (in ‘Dursban x Sherpa’
experiment) or antagonistic interactions, particularly in mixtures of insecticide belonging to
pyrethroids (Sherpa or Karate) with the one belonging to either neonicotinoids (Mospilan) or
sulfoximines (Closer). Moreover, the mixture ‘Karate x Closer’ showed an antagonistic effect
on the survival of O. bicornis already at field-relevant concentrations. The results suggest that
mixtures of neonicotinoids and pyrethroids, commonly used nowadays, may be safer for
O. bicornis than when the insecticides are applied individually. Such unexpected results
emphasize the need for longer-term testing of cumulative toxicity effects via different exposure
routes and on different bee species, as well as the need to consider the risk of exposure to

multiple pesticides when assessing the safety of pesticides for bees.

Keywords: solitary bees, insecticide, mixture, interaction, antagonism
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Highlights

e Binary mixture effects of insecticides on solitary bees were studied.

e Bees exposed to Durshan 480 EC, Karate Zeon 050 CS and Closer showed reduced
lifespan.

e Antagonistic effects in binary mixtures of pyrethroid with either neonicotinoid or
sulfoximine were observed.

e Mixtures of pyrethroids and neonicotinoids may pose less risk to O. bicornis than those

insecticides applied individually.
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1. Introduction

During the last decades, significant declines in wild bee diversity at local and regional
scales have been observed (Biesmeijer et al., 2006; Hallmann et al., 2017; Zattara and Aizen,
2021). Although these declines are undoubtedly caused by a combination of different factors,
including habitat loss, large-scale use of chemical pesticides and their metabolites have often
been indicated as one of the main factors leading to a global decline in pollinators (Dudley and
Alexander, 2017; Pisa et al., 2015; Uhl and Briihl, 2019; Woodcock et al., 2016). A total of 439
active substances are currently approved for use in plant protection of the various agricultural
crops within the EU (European Commission, 2024) and their use in agriculture was 3.5 million
tonnes in 2021, a twofold increase since 1990 (FAO, 2023). Among pesticides, insecticides in
particular, which have increased substantially globally over the last decade (FAO, 2023), pose
a serious threat to the environment as they can also affect beneficial insects such as pollinators
(Brittain and Potts, 2011).

Pesticides are rarely found as individual chemicals in the environment. On the contrary,
a variety of pesticide residues are frequently detected simultaneously (Tosi et al., 2018; Zioga
et al., 2023). This is because they are often applied as mixtures, intentionally created by farmers
to increase the efficacy of the treatment (i.e., tank mixes of several pesticides, often from
different groups, applied together in one application event (Gazziero, 2015; Ngowi et al., 2007,
Xu et al., 2008)) or sprayed consecutively at short time intervals (Jordaan et al., 2012;
Tabashnik, 1989). Moreover, bees foraging on different crops are often exposed to many
pesticides sprayed on those crops (Heys et al., 2016). A recent study has shown that the
detection of mixtures of compounds in the same matrix (either floral pollen or nectar) from the
same field was more the rule than the exception, and often these detections did not correspond
with the pesticides recently applied (Zioga et al. 2023). Thus, the toxicity of mixtures of
pesticides to bees has become an important safety concern (Williams et al., 2023) but hasn’t
been introduced yet into ecological risk assessment (ERA) or registration procedures of Plant
Protection Products (PPPs) (EFSA et al., 2023). The current ERA of pesticides in Europe
considers almost exclusively single applications of single PPPs on a single crop (Topping et al.,
2020). More specifically, the ERA includes only the “mixture” in a single PPP, which is a
formulation of one or more active substances and additives (surfactants, penetrant enhancers,
spreaders, stickers, UV blocking agents, and/or co-solvents) used to optimize the efficacy and
stability of the active substances (Mesnage and Antoniou, 2018) and thus improve the PPP's

properties such as solubility for example. If at all, PPP applications with one or more PPPs at
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the same time are only considered in rare cases where mixtures of several PPPs are specifically
registered as such and listed on the label with a clear name and dose rate.

Pesticides in mixtures can potentially interact with each other, causing both lethal and
sublethal effects in bees (Boff et al., 2021; Brandt et al., 2020; Heys et al., 2016). The effects
of pesticide mixtures can be more harmful to organisms than the sum of effects of individual
substances due to their synergistic effects, as found, for example, in the case of combined
exposure of Osmia bicornis to clothianidin and propiconazole (Sgolastra et al., 2018). Also, the
toxicity of a combination of chlorothalonil (which did not caused mortality when applied alone)
and imidacloprid appeared to be 23.9 times higher for Apis mellifera and 83.4 times higher for
Partamona helleri than imidacloprid used alone (Tomé et al., 2017). Another type of non-
additive effect of pesticides in mixtures is antagonism, where combined toxicity is lower than
the sum of each pesticide’s toxicity, as was found, for example, in A. mellifera exposed to a
mixture of sterol biosynthesis inhibiting fungicides with tau-fluwalinat (at lowest dose)
(Johnson et al., 2013). However, antagonistic effects have been reported much less frequently
than synergistic (Carnesecchi et al., 2019).

The mixture effects of PPPs in bees are poorly recognized; for example, interactions
between different insecticides have only been studied in about 6% of pesticide-related
experiments on honey bees (Benuszak et al., 2017). Carnesecchi et al. (2019) showed that out
of 957 publications, only 14 were on the effects of mixtures of pesticides. The major part (10
articles) focused on A. mellifera, while four articles included Bombus spp. and Osmia spp. Also,
a recent comprehensive overview of the combined pesticides’ toxicity in bees by Tosi et al.
(2022) indicated that most effects of binary pesticide combinations were tested on the western
honey bee A. mellifera, which is a standard species in ecological risk assessment of pesticides
(Committee et al., 2021). Honey bees, however, are not the only insect pollinators that
contribute to biodiversity by providing critical pollination services (Brittain et al., 2013). Non-
Apis species can also serve as important pollinators of crops, either as wild or managed
populations (Garibaldi et al., 2014; Garibaldi et al., 2013; Kremen et al., 2002), but despite their
important role in the environment (Artz and Pitts-Singer, 2015; Heard et al., 2017; Kopit et al.,
2022; Sgolastra et al., 2018; Losey and VVaughan, 2006) they have received much less attention.
Non-Apis bees may, however, respond to pesticides and their mixtures differently because of
differences in physiology and ecology (Brittain and Potts, 2011; Tomé et al., 2017). This is
supported by a meta-analysis comparing the pesticide sensitivity of the honey bee with that of
other bee species (Arena and Sgolastra, 2014), including Osmia spp., which has been identified

as a suitable model species for ecological risk assessments (EFSA et al., 2023). Both single and
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multiple pesticide exposures in bees can occur through multiple routes, such as nectar (Krupke
et al., 2012), pollen (Tosi et al., 2018) or water (Samson-Robert et al., 2014), but in addition to
oral exposure, exposure through direct contact with the sprayed pesticide(s) is also possible,
especially in species foraging in crops with high bee attractiveness, such as oilseed rape. Some
pesticides, for example hydrophobic insecticides, including pyrethroids, are on average three
times more toxic to bees through contact than through oral exposure, whereas most hydrophilic
pesticides, such as sulfoxaflor, are more toxic via oral exposure, sometimes reaching 11-13
times higher toxicity (Sanchez-Bayo and Goka, 2014).

Here, we assessed the combined effects of binary mixtures of PPPs with different active
substances (a.s.) with different modes of action (Sparks and Nauen, 2015), on the survival of
O. bicornis, which is a native pollinator across Europe, northern Africa, and western Asia
(Amiet et al., 2004). The effects of topical exposure of bees on the field-relevant formulations
of three binary mixtures of PPPs were studied: (i) organophosphate Dursban 480 EC (a.s.
chlorpyrifos) with pyrethroid Sherpa 100 EC (a.s cypermethrin) (Dursban x Sherpa), (ii)
neonicotinoid Mospilan 20 SP (a.s. acetamiprid) with Sherpa 100 EC (Mospilan x Sherpa), and
(iii) pyrethroid Karate Zeon 050 CS (a.s. lambda-cyhalothrin) with and sulfoximine Closer (a.s.
sulfoxaflor) (Karate x Closer). In agricultural environments, bees are likely to be exposed
simultaneously to selected binary mixtures as these PPPs are commonly applied to various
crops (Kortenkamp and Faust, 2018; Levine and Borgert, 2018; Mu et al., 2022).

Methods
2.1. Study organism

Osmia bicornis cocoons were purchased from a local supplier (BioDar, Poland) in
February 2020 and in March 2021 and stored at 4°C in darkness until use. In spring, the largest
cocoons (expected to be females) were transferred to large plexiglas boxes (46x30x17 cm) with
air flow provision from the top and were left to hatch at temperature 20°C, 60+5% relative
humidity (RH) under 16:8 hour light:dark (L:D) regime until emergence. The emergence was
checked two times a day, and the emerged males (if present) were discarded. The emerged
females were fed ad libitum with sucrose solution 33% (w/w) provided in 2-ml Eppendorf tubes
with cotton wool inside the tube and with a small square-cut yellow sponge-cloth provided
around the tube (Fig. S1A) to ensure the bees located the feeder quickly. At least 4-day-old
unmated females were used in experiments to avoid loss of portion of the population early

during husbandry (Robinson et al., 2017).
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2.2. Insecticides

The field-relevant formulations of PPPs available on the market, containing active
substances with different modes of action, were used: Dursban 480 EC (Dursban; 44.86%
chlorpyrifos a.s., Dow AgroSciences, Poland), Sherpa 100 EC (Sherpa; 10.76% cypermethrin
a.s., Chemirol, Poland), Mospilan 20 SP (Mospilan; 20% acetamiprid a.s., Sumi Agro, Poland),
Karate Zeon 050 CS (Karate; 4.81% lambda-cyhalothrin a.s.; Syngenta, Poland) and Closer
(11,3% sulfoxaflor a.s., Dow AgroSciences, Poland).

Stock solutions of each PPP were prepared in 100 ml of 0.01% Triton X-100 (used to
facilitate the adhesion of the solution to the bee body) as 10 x Recommended Application
Concentration (RAC) given by their manufacturers for spray application in oilseed rape. Then,
stock solutions were diluted in 0.01% Triton to achieve the desired range of concentrations of
individual insecticides and their mixtures (Table 1). In the case of Dursban, Sherpa and
Mospilan, the ranges of concentrations were chosen taking into account their individual toxicity
to O. bicornis females after topical application found by Mokkapati et al. (2021). Literature
data on the LDsos for O. bicornis and A. mellifera (Arena and Sgolastra, 2014; Lewis et al.,
2016) and for A. mellifera and Bombus terrestris (Bacci et al., 2018) were used to select
concentrations of lambda-cyhalothrin and sulfoxaflor, respectively, and then to recalculate
them into concentrations for Karate and Closer, respectively, and expressed as a multiple (or
fraction) of the RAC.

2.3. Experimental design

Two full-factorial experiments with binary mixtures of PPPs were conducted in 2020:
‘Dursban x Sherpa’ and ‘Mospilan x Sherpa’ and one full-factorial experiment was conducted
in 2021: ‘Karate x Closer’. The following five concentrations were used: 0, 0.2, 0.4, 0.7,
1 x RAC for Dursban (i.e., 0, 192, 384, 672, and 960 ng/uL for chlorpyrifos as a.s.) and 0, 0.25,
0.5, 1 and 5 x RAC) for Sherpa (i.e., 0,25, 50, 100 and 500 ng/uL for cypermethrin as a.s.) in
the experiment ‘Dursban x Sherpa’; 0, 0.04, 0.2, 1 and 5 x RAC for Mospilan (0, 3.2, 16, 80
and 400 ng/uL for acetamiprid as a.s.) and Sherpa (0, 4, 20, 100 and 500 ng/uL for cypermethrin
as a.s) in the experiment ‘Mospilan x Sherpa’; 0, 0.2, 1, 5, and 25 x RAC for Karate (0, 5, 25,
125, and 625 ng/uL for lamda-cyhalothrin as a.s.) and Closer (0, 24, 120, 600, and 3000 ng/uL
for sulfoxaflor as a.s.) in the experiment ‘Karate x Closer’ (Table 1). Triton X-100 at 0.01%
was used as a control. The concentrations of active substances were confirmed in selected
treatments used for the experiment. The chemical analyses were done by the certified external
contractor — the Regional Experimental Station of the Institute of Plant Protection, National

7
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Research Institute in Biatystok, Poland, using LC-MS/MS or GS-MS/MS techniques. The
measured concentrations of chlorpyrifos, cypermethrin and acetamiprid were on average 116%
of their nominal concentrations. For lambda-cyhalothrin and sulfoxaflor, the measured
concentrations were higher than expected, with an average of 166% of nominal concentrations,
but still represented the assumed geometric series. Moreover, similar concentrations were
measured for the same insecticide regardless of whether it was applied individually or in a
mixture. The results of the chemical analyses are presented in Table S1.

In two experiments, ‘Dursban x Sherpa’ and ‘Karate x Closer’, 20 females per treatment
were used, and in the experiment ‘Mospilan x Sherpa’ 30 females per treatment were used. The
bees were treated individually using a topical application of 1 ul of the test solution (either
insecticide(s) solution or 0.01% Triton X-100) on the dorsal thorax using a Hamilton micro-
syringe with a dispenser (Fig. S1B). About one hour before treatment, bees were taken from
the cages, placed in glass Petri dishes (5 bees/dish) and then placed at 4°C for approximately
20 min to limit their mobility and ensure proper application of test solution (i.e., prevent the
bees from spreading the solution to the neck or wing hinges). The exposed bees were then
transferred to plastic boxes (30x19.5%x20.5 cm) and moved to the climatic chamber (20+£2°C,
60+5% RH, 16:8 L:D) (Fig. S1CD). Despite of being treated individually, the bees were group-
housed in boxes and were fed ad libitum with 33% (w/w) sucrose solution placed in Eppendorf
tubes as described above (Fig. S1A). An additional control treatment with bees not exposed at
all was used in each experiment to control for the possible effect of 0.01% Triton X-100. The
survival of bees was checked daily until all bees died. During daily checks, the food was

replenished. The dead bees were removed from the boxes consecutively.
2.4. Data analysis

Since the normal distribution of data on life times was not met (Shapiro Wilk W test),
the effects of PPPs and their interaction on life times of O. bicornis was tested using two-way
PERMANOVA with 9999 permutations in Past program version 4.08 (Hammer et al., 2001).
To visualize the effects in 3D graphs, a general linear models (GLMs) analysis was used
(Statgraphics Centurion program, version 19.4.04, Statgraphics Technologies Inc.). Bees that
escaped or were found covered with sucrose solution as well as those with exceptionally long
lifespans were removed from PERMANOVA as outliers (25 bees (from among 509) were
excluded in ‘Dursban x Sherpa’ experiment, 35 bees (from among 781) were excluded in
‘Sherpa x Mospilan’ experiment and 6 bees (from among 519) were excluded in

‘Closer x Karate’ experiment) but were included as right-censored in the Kaplan-Meier
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survival analyses. Kaplan-Meier survival analysis was used to create survival curves of the
different treatment groups and to individually compare treatments of interest using the Log-
rank test (Statgraphics Centurion program, version 19.4.04, Statgraphics Technologies Inc.).
The sensitivity of bees to each treatment was additionally expressed as the median lethal time

(LTs0s) estimated from the survival curves.
3. Results
3.1. Survival of Osmia bicornis after exposure to Dursban x Sherpa

The survival curves of bees in the two control groups (treated with 0.01% Triton and not treated
at all) did not differ (p = 0.22), indicating that Triton did not influence survival. Therefore, both
controls were combined for further analyses, resulting in LTsos = 29+3.2 days.

Two-way PERMANOVA indicated a significant negative effect of Dursban (p <0.001) and
Sherpa (p = 0.015), with no interaction (p = 0.7; Fig. 1A) on bees life time.

Very high toxicity was observed for Dursban at 0.7 x RAC and 1 x RAC (Table 2), with LTsos
of 1 day for both concentrations, regardless of whether the bees were additionally exposed to
Sherpa. The survival of bees exposed to Sherpa alone was higher, with LTses from 10+3.1 to
30+1.7 days, depending on concentration (Table 2). Sherpa alone did not affect bee survival at
the studied concentrations, except for the negative effect for Sherpa alone at 0.25 x RAC:
Kaplan-Meier survival analysis showed significantly lower survival of bees at 0.25 x RAC
Sherpa compared to all other concentrations of this insecticide (0.5, 1, 5 x RAC, p <0.001) and
to control (p =0.0002; Table 2). However, the additional presence of Dursban at both
0.2 x RAC and 0.4 x RAC in a treatment did not modify the survival of Sherpa-exposed bees,
as no differences in survival curves were found between Sherpa-exposed bees for those two
concentrations of Dursban (p>0.13). When Dursban was applied alone, the bees had
significantly lower survival at two highest doses (0.7 or 1 x RAC) compared to other doses (0.2
and 0.4 x RAC, p <0.001) and to control (p < 0.001) (Fig. 2A). When Dursban was applied in
a mixture with the highest concentration of Sherpa (5 x RAC), significantly lower survival of
bees was found at the two higher concentrations of Dursban (0.7 and 1 x RAC) compared to
both 0.2 x RAC (p <0.09) and the control (p <0.03), and there was no difference between
0.4 x RAC and 0.7 x RAC of Durshan (p = 0.4; Fig. 2B).

3.2. Survival of Osmia bicornis after exposure to Mospilan 20 SP C x Sherpa 100 EC
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Survival in the two control groups differed (p <0.001), indicating that Triton might have
influenced survival, so only the treatment with Triton (LTsos Of 25+8.2 days) was included as a
control for further statistical analysis.

PERMANOVA of life times detected a significant effect of Sherpa (p =0.019) and an
antagonistic interaction with Mospilan (p = 0.001) (Fig. 1B).

Kaplan-Meier analysis did not indicate a difference in survival curves between bees treated
with Sherpa or Mospilan alone (p > 0.1), but the presence of Mospilan at 0.2 x RAC modified
the survival of bees which were simultaneously exposed to Sherpa: those exposed to Sherpa at
0.2 x RAC lived longer (LTsos = 44 days) than control bees (LTsos= 36 days, p <0.001) and
than those exposed to 0.04 x RAC (LTsos =37 days; p=0.012), 1 x RAC (LTsos=28 days;
p <0.001) and 5 x RAC (LTso0s = 33 days; p = 0.015). Mospilan at 1 x RAC did not affect the
survival negatively in any combination with Sherpa but the exposure of bees to both Mospilan
and Sherpa at their highest concentrations (5 x RAC) unexpectedly had a positive effect on
bees' survival (LTsos = 37 days): bees survived longer than those exposed to Mospilan alone at
5x RAC (LTsos =30 days, p=0.037) and similarly to those exposed to Sherpa alone at
5x RAC (LTsos =39 days, p =0.08). As mentioned, Mospilan applied individually did not
affect the survival of bees (p = 0.8), although LTsos varied from 26 to 40 days (Table 3, Fig. 2C),
but Mospilan applied at its highest concentration affected survival of bees at 0.04 x RAC
Sherpa treatment (p = 0.01; Fig. 2D).

3.3. Survival of Osmia bicornis after exposure to Karate Zeon 050 CS x Closer

Survival in the two control groups did not differ (p = 0.153), indicating that Triton did not
influence survival. Thus, both controls were combined, resulting in LTsos = 19+£0.27 days.

Two-way PERMANOVA showed that both Karate and Closer as well as their interaction had
a significant effect on O. bicornis survival (Karate: p <0.001; Closer: p < 0.0001; interaction:
p <0.0001; Fig. 1C).

Kaplan-Meier analysis indicated that both Karate and Closer applied individually decreased the
survival of bees (p <0.00001 for each PPP) and survival was lower at all concentrations in
comparison with control (p <0.00001) as well as the most seriously affected at higher
concentrations (LTses equaled 3+1.0 days at 25 x RAC for Karate and 1 day at both 5 x RAC
and 25 x RAC for Closer, in comparison with 19+0.3 days for control). Generally, median
lethal times (L Tsos) at the higher concentrations of PPPs (5 x RAC or 25 x RAC), whether alone
or in a mixture, dropped to 2 days and 1 day, respectively. There was no monotonic relationship
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between Karate concentration and mortality when Karate was applied alone — at the first three
consecutive concentrations (0.2, 1, and 5 x RAC) the LTsos were identical (Table 4) and the
survival curves did not differ (p > 0.68). Closer exhibited even more unexpected results when
applied alone: the bees treated with 0.2 x RAC had significantly higher survival compared to
the control (p = 0.004; Table 4; Fig. 2E). However, the combination of both PPPs at 1 x RAC
resulted in an unusually high LTsos (26 days) — bees survived significantly better than the control
ones (p <0.001, Table 4) and better than those in treatments with each PPP applied alone
(p<0.001 and p<0.001, for Karate and Closer, respectively; Table 4), indicating an
antagonistic interaction between Karate and Closer. The interaction detected between Karate
and Closer was also seen for Karate at 25 x RAC when applied with Closer at or below the
RAC, resulting in similar survival of bees to those exposed to 25 x RAC Karate alone (p > 0.14;
Fig. 2F). Also, when Karate was applied at the 1 x RAC, the application of Closer at
concentrations at or below the RAC resulted in an antagonistic effect on mortality
(p <0.000004; Table 4). However, no interaction was seen when Karate was used in
combination with Closer at 25 x RAC (p =0.2), indicating that the negative effect on bee

survival was dominated by Closer.
Discussion

Because antagonistic effects have been reported much less frequently than synergistic
(Carnesecchi et al., 2019) for binary mixtures of pesticides, and considering different modes of
action of the studied PPPs, we hypothesized their synergistic effects on the survival of
O. bicornis at gradually increasing concentrations. In contrast, antagonistic interaction occurred
between Sherpa and Mospilan (at concentrations higher and lower than RACs) and between
Karate and Closer (specifically when one or both PPPs were applied at concentrations near
RACSs). No statistically significant interaction between Dursban and Sherpa was found, mostly
due to the high toxicity of Dursban already at concentrations much lower than RAC. In each of
the studied binary mixtures, two insecticides with different modes of action (i.e., acting on
different pathways or affecting different mechanisms crucial for insect functioning and
survival) were combined (Sparks and Nauen, 2015; Stenersen, 2004). Both mixtures in which
antagonistic reactions occurred, contained one insecticide that belongs to pyrethroids (Sherpa
or Karate), which modify the function of neuronal membrane-bound voltage-gated sodium
channels in insects, leading to disruptions in the transmission of electrical signals within the
nervous system (Soderlund, 2010), and the other one belonging to either neonicotinoids

(Mospilan) or sulfoximines (Closer). Although technically active substances of Mospilan and
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Closer belong to different groups, they act in a similar manner. Neonicotinoids act as agonists
on insects' nicotinic acetylcholine receptor (NnAChR), disrupting the initiation of electric signals
in postsynaptic neurons (Seifert, 2014). Those insecticides replace acetylcholine at the agonist
site of the receptors, causing the channels to remain open, which leads to lethal overstimulation
of neuronal activity within minutes (Casida, 2018). The sulfoximines are a new class of
insecticides created as an alternative to neonicotinoids (Bacci et al., 2018). They are also
nNAChR agonists, but structural differences (structure-activity relationships) let them to be

classified separately from neonicotinoids (Sparks et al., 2013).

In the experiment ‘Sherpa x Mospilan’, the interaction between those two PPPs showed
that Mospilan at 0.2 x RAC (i.e., 16 ng/uL for acetamiprid) enhanced the survival of Sherpa
exposed bees at 0.2 x RAC (i.e., 20 ng/uL for cypermethrin). Similarly, Mospilan at the highest
dose (5 x RAC, i.e., 400 ng/uL for acetamiprid) enhanced survival of Sherpa exposed bees (at
5x RAC, i.e.,, 500 ng/uL for cypermethrin). After topical exposure, the 24-h LCsos for
cypermethrin applied in Sherpa was 3330 ng/uL for O. bicornis (Mokkapati et al. 2021) and for
cypermethrin applied as the active substance it was 2.27 ng/uL for A. mellifera (Mazi et al.,
2020). This suggests that either cypermethrin is much less toxic to O. bicornis than to A.
mellifera or much more toxic as an active substance than in a formulation. The lack of negative
effects of acetamiprid on bees’ survival in our experiment within the tested range supports the
previous findings in which low toxicity of this insecticide was observed in O. bicornis exposed
topically to Mospilan (the 24-h LCsos for acetamiprid applied in Mopsilan 20 SP was 4090
ng/uL in Mokkapati et al, 2021), in Tetragonisca angustula (a small eusocial stingless bee)
orally exposed to Mospilan (Jacob et al., 2019), as well as in Osmia corniforis exposed topically
to Assail 30SG (acetamiprid 30%) (Biddinger et al., 2013). Although there are no other studies
in which the combined effects of Sherpa and Mospilan or their active substances (i.e.,
cypermethrin and acetamiprid, respectively) were studied on bees, a few studies confirmed
antagonistic interactions between insecticides from the same classes as those studied here. For
example, Li et al. (2023a) showed the antagonistic effect of a mixture of neonicotinoid
thiamethoxam and pyrethroid esfenvalerate (formulated pesticides) on the survival of orally
exposed A. mellifera. The authors tested the effect of thiamethoxam also in combinations with
three other pyrethroids (zeta-cypermethrin, cyfluthrin, and permethrin), but in these cases the
effects were synergistic. Wang et al. (2021) also tested binary mixtures of a neonicotinoid
(Belay 50 WDG; clothianidin a.s.) with two pyrethroids (either Baythroid XL 1 EC; beta-

cyfluthrina a.s. or Declare; gamma-cyhalothrin a.s.) in orally exposed A. mellifera. Two days
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after the exposure, each combination exhibited antagonistic interactions in their toxicological

effects on honey bees survival (Wang et al., 2021).

The antagonistic effect was also observed for the mixture ‘Karate x Closer’.
Combinations of these compounds increased the survival of O. bicornis compared to controls
when both pesticides were used at their RACs. As the RAC is likely the concentration used by
farmers in the field, these results are intriguing considering that topical exposure to the
combination of the two pesticides at these concentrations improved survival compared to either
pesticide used alone. Sulfoxaflor (a.s. in Closer) was recognized as very hazardous to honey
bees and buff-tailed bumblebees by the European Food Safety Authority (EFSA et al., 2020).
Restrictions on its use have been introduced in Europe and the USA (OJEU, 2022; US EPA,
2019). In our study, the two highest applied doses of Closer (5 x RAC and 25 x RAC) were
very toxic for bees as half of the tested bees died already one day after applying these doses of
the insecticide. However, at the lower dose (0.2 x RAC) we observed unexpected results:
treated bees had significantly higher survival compared to the control, although their LTsos were
similar (21+1.5 days vs 194+0.3 days). This indicates a hormesis, i.e. a situation in which low
doses of a stressor can stimulate biological processes (Cutler and Rix, 2015). This phenomenon
was also observed in ground-nesting bees exposed to nesting substrates contaminated with
imidacloprid — the hormetic responses were observed in Megachile rotundata development
speed and body mass (Anderson and Harmon-Threatt, 2019).

In the case of Karate applied alone, reduced survival compared to the control was noted,
especially at the highest concentration. At the first three consecutive concentrations (0.2, 1, and
5 x RAC) of Karate alone, the LTsos values were identical, and the survival curves did not differ
between each other but differed from control. Another study has also shown negative effects of
this insecticide on bees (Deepika et al., 2022). Contact toxicity (filter paper with the insecticide)
of lambda-cyhalothrin (5EC, 0.6 mL/L) caused a mortality of 46% and 68% to Apis cerana
indica and Tetragonula iridipennis, respectively, 24 hours after exposure (Deepika et al., 2022).
On the other hand, it seems that Closer can cause hormesis alone, and this effect is amplified
when combined with Karate. There is ample evidence that hormesis can occur when insects are
exposed to low doses of insecticides, and while most of this evidence focuses on insect pests,
it has also been observed in beneficial insects such as bees (Cutler and Rix, 2015). For example,
hormesis has been observed in solitary bees exposed to soil contaminated with imidacloprid,
however, the fundamental mechanisms remain unknown (Anderson and Harmon-Threatt,

2019). In the case of antagonism between ‘Closer x Karate’, to the best of our knowledge, our
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study is the first to investigate interactions between sulfoximines and pyrethroids. The effect of
toxins on insect survival could be associated with the induction of detoxification enzymes,
including cytochrome P450 monooxygenases (CYP450s) (Cutler and Rix, 2015). Studies
indicate that CYP450 expression can influence sulfoxaflor resistance in insect pests (Li et al.,
2023b; Wang et al., 2022; Watson et al., 2021), and may play a role in reducing the toxicity of
certain insecticides in non-target organisms like bees (Johnson et al., 2006). Furthermore, it has
been demonstrated that CYP450 expression reduces lambda-cyhalothrin toxicity in honey bees
(Johnson et al., 2006). CYP450s involved in pyrethroid (and other pesticides) metabolism can
be induced by pyrethroids themselves, altering detoxification abilities (Hernandez et al., 2017).
Therefore, it is possible that the combination of Closer and Karate at the specific doses for
which antagonism were observed may strongly induce CYP450 upregulation, enhancing the
detoxification of insecticides. However, this effect may not be sustainable at higher insecticide
concentrations, leading to faster mortality. In the cases where hormesis was observed, it is
possible that the strongly increased CYP450 upregulation assists in the detoxification of some
natural toxins that are present in the bees, as well as detoxification of the insecticides
themselves. For instance, topical application of 0.2 x RAC Closer alone could upregulate
CYP450 enough to detoxify other natural toxins and improve survival, but this effect may not
occur when higher Closer concentrations are used because the toxicity of the insecticide
becomes too strong. However, when combined with Karate and its additional CYP450
upregulation potential, the ability to detoxify natural toxins and the insecticides may potentially
be restored; this could explain the hormesis observed when both insecticides were applied at

the RAC. Nevertheless, such an effect requires more detailed studies.

A very high toxicity of Dursban was found when it was applied both at and below the
concentration recommended by the producer (i.e., 1 and 0.7 x RAC). This was visible when
Dursban was applied individually as well as in combination with Sherpa at all tested
concentrations, where Dursban caused 100% mortality of female bees within one day. Such
high toxicity of Durshan was also found in O. bicornis males; our previous studies showed that
it killed all males within one day already at 0.25 x RAC (Misiewicz et al., 2023). Many studies
have confirmed the negative effects of chlorpyrifos (a.s. in Dursban) on the survival of bees
(e.g., Scaptotrigona bipunctata, Tetragonisca fiebrigi, T. angustula, A. mellifera and B.
terrestris) (Dorneles et al., 2017; Leite et al., 2022; Pervez and Manzoor, 2021; Reid et al.,
2020, respectively). Although chlorpyrifos usage was prohibited in the European Union in 2020
(OJEU, 2020) and then also in the USA in 2022 (US EPA, 2021), chlorpyrifos-based PPPs are
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still used in many countries around the world (Nai et al., 2017; Onwona-Kwakye et al., 2020;
Urlacher et al., 2016), potentially threatening pollinating insects. Sherpa showed much lower
toxicity than Dursban, but significant effect of Sherpa alone on bee survival was noticeable, but
only in one experiment in which Sherpa was used. Surprisingly, in the experiment
‘Dursban x Sherpa’, females exposed to the lowest concentration of Sherpa, i.e., 0.25 x RAC,
lived significantly shorter than those from control and those exposed to higher tested
concentrations. One may hypothesize that the 0.25 x RAC Sherpa paradoxically could induce
a stress mechanism in the bees that could have been more harmful than the direct toxic effects
of higher doses. On the other hand, similar effect was not observed in the second experiment,

although similar concentration of Sherpa (0.2 x RAC) was used.
Conclusion

Our findings revealed that the studied PPPs either interacted antagonistically or that
there was no interaction between them. Antagonistic interactions were observed in
‘Sherpa x Mospilan’ and ‘Karate x Closer’ mixtures, even at concentrations above those
recommended for field use. Notably, these interactions occurred in two mixtures of insecticides
with different modes of action, but always when the one affecting neuronal membrane-bound
voltage-gated sodium channel was combined with the one being nAChR agonist, highlighting
the complexity of pesticide interactions with non-target organisms. Our results suggest that
when either insecticide is applied at the recommended concentration, the addition of the other
at its RAC or lower concentrations is inconsequential or even beneficial for the survival of
O. bicornis. However, this does not exclude the possibility that Sherpa, Mospilan or their
interaction, as well as Closer, Karate or their interaction, have sublethal effects on O. bicornis,
nor the possibility that other organisms would be negatively affected by the application of these
insecticides. This may be supported by the fact that our results for O. bicornis are opposite to
those found for the bumblebee B. terrestris by Gill et al. (2012) who showed that combined
oral exposure to neonicotinoid and pyrethroid increased the propensity of colonies to fail. Due
to insect resistance to single insecticides, farmers have already started using mixtures of
insecticides to achieve high efficacy and slow down the development of pests’ resistance. Our
results emphasize the need for further research to better understand the effects of PPPs
combinations on pollinators like O. bicornis and their general effect on the health of wild bees,
which could have far-reaching consequences for pollinator protection in an agricultural
landscape.

Founding
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Figure 2. Survival curves for Osmia bicornis when no (left column) or maximum (right column)
concentration of one insecticide was used in combination with the incremental concentrations (expressed
relative to the recommended application concentration, RAC) of the other insecticide: (A) Dursban 480
EC used alone, (B) Sherpa 100 EC applied at maximum concentration, (C) Mospilan 20 SP used alone,
(D) Sherpa 100 EC applied at maximum concentration, (E) Closer used alone, and (F) Karate Zeon 050
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concentration do not differ significantly.
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Table 2. Median lethal time (LTsos + standard error [SE], days) for each combination of pesticides in
the ‘Dursban x Sherpa’ experiment. Some cells do not have SE because nearly all individuals died
within the first 24 hours. Note that the L Tsgs listed for the control group is the combined LTsgs for both
the 0.01%Triton X-100 and not exposed bees, as the two groups did not differ.

Sherpa 100 EC x RAC
0 0.25 0.5 1 5

Q 0 29432 1043.1  24+1.6 30+1.7 29+1.3
¢ 02 | 33:07 35:13 28+3.6 18442 26+3.7
%é 04 |20£16.4 18+11.0 19+11.0 29+5.9 24+16.7
2% 07 1 1 1 1 1
A 1 1 1 1 1 1

Table 3. Median lethal time (LTses = standard error [SE], days) for each combination of pesticides in
the ‘Mospilan x Sherpa’ experiment. Note that the LTsos listed for the control group is the LTsos only
for the 0.01%Triton X-100 control, as the survival in two control groups (Triton control and not
exposed bees) differed from each other.
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Table 4. Median lethal time (LTsos = standard error [SE], days) for each combination of pesticides in
the ‘Karate x Closer’ experiment. Some cells do not have a SE because nearly all individuals died
within the first 24 hours. Note that the LTss listed for the control group is the combined LTsgs for both
the 0.01%Triton X-100 and not exposed bees, as the two groups did not differ.
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TABLES AND FIGURES

Table S1. The concentrations of active substances (a.s.) measured in selected treatments. The
chemical analyses were done by the certified external contractor — the Regional Experimental
Station of the Institute of Plant Protection, National Research Institute in Bialystok, Poland,
using LC-MS/MS or GS-MS/MS techniques. The presented values are the means of two

measurements.
Concentration . Nominal Measure(_:i
Experiment Treatment of PPP Active substance concentration concentration
(xRAC) (a.s.) measured of as. [ng/uL] of a.s.
[ng/pL]

Dursban 480 EC 0.4 chlorpyrifos 384 338

Duriban Sherpa 100 EC 0.5 cypermethrin 50 43
Sherpa Dursbhan 480 EC 04 chlorpyrifos 384 411
x Sherpa 100 EC 0.5 cypermethrin 50 34

0.04 cypermethrin 4 4
Sherpa 100 EC 1 cypermethrin 100 208

Shexrpa Mospilan 20 SP 0.04 acetam?prid 3.2 2
Mospilan 1 acetamiprid 80 92
Sherpa 100 EC 1 cypermethrin 100 240

x Mospilan 20 SP 0.04 acetamiprid 80 78

0.2 lambda-cyhalothrin 5 7

Karate Zeon 050 1 lambda-cyhalothrin 25 50
CS 5 lambda-cyhalothrin 125 252
25 lambda-cyhalothrin 625 723

0.2 sulfoxaflor 24 59
Ka;ate al 1 sulfoxaflor 120 196
Closer oser 5 sulfoxaflor 600 763

25 sulfoxaflor 3000 2524

Karate Zeon 050 0.2 lambda-cyhalothrin 5 8

CS 0.2 sulfoxaflor 24 61
X 5 lambda-cyhalothrin 125 209
Closer 5 sulfoxaflor 600 718




Figure S1. (A) Eppendorf tubes used for feeding bees with sucrose solution 33% (w/w), with

cotton wool inside to prevent bees from entering the tubes and with a small square-cut piece of
yellow sponge-cloth provided around the tube to attract the bees to the food; (B) Topical
application of the treatment solution to bee female on glass Petri dishes using Hamilton micro-

syringe; (C, D) Plastic box used for group housing after application of treatment solution.
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HIGHLIGHTS

e Solitary bees were topically exposed to
three insecticides and their mixtures.

o Insecticides affected enzymatic and non-
enzymatic biomarkers in bees.

e Dursban 480 EC and Sherpa 100 EC
reduced AChE and EST activity.

e Sherpa 100 EC increased GST activity.

e ATP levels varied according to in-
secticides, their combination and sam-
pling time.
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ABSTRACT

Bees are simultaneously exposed to a variety of pesticides, which are often applied in mixtures and can cause
lethal and sublethal effects. The combined effects of pesticides, however, are not measured in the current risk
assessment schemes. Additionally, the sublethal effects of pesticides on a variety of physiological processes are
poorly recognized in bees, especially in non-Apis solitary bees. In this study, we used a full-factorial design to
examine the main and interactive effects of three insecticide formulations with different modes of action
(Mospilan 20 SP, Sherpa 100 EC, and Dursban 480 EC) on bee biochemical processes. We measured acetyl-
cholinesterase (AChE), glutathione S-transferase (GST) and esterase (EST) activities, as well as a nonenzymatic
biomarker associated with energy metabolism, i.e., ATP level. All studied endpoints were affected by Sherpa 100
EC, and the activities of AChE and EST as well as ATP levels were affected by Dursban 480 EC. Moreover,
complex interactions between all three insecticides affected ATP levels, showing outcomes that cannot be pre-
dicted when testing each insecticide separately. The results indicate that even if interactive effects are sometimes
difficult to interpret, there is a need to study such interactions if laboratory-generated toxicity data are to be
extrapolated to field conditions.
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1. Introduction

A growing body of evidence points to a decline in wild pollinating
insects, particularly in Europe and North America, where the insect
fauna has been widely studied (Koh et al., 2016; Powney et al., 2019),
although similar trends are occurring in other regions of the world
(Millard et al., 2021). Several factors contribute to the decline of wild
pollinators, including the intensification of agriculture and the resulting
loss of seminatural habitats (e.g., meadows, field margins, hedgerows)
as well as the widespread use of pesticides (Brittain and Potts, 2011;
Hallmann et al., 2017). Wild pollinating insects may be exposed to
pesticides through various routes, such as oral or contact routes (Sgo-
lastra et al., 2018), and residues of many pesticides have been found not
only in the pollen and nectar of crop plants but also in wildflowers
growing near crops (Zioga et al., 2020) and soil (Silva et al., 2019).
Among the many groups of pesticides used in agriculture, insecticides
belonging to neonicotinoids, pyrethroids, and organophosphates are
used worldwide to control insect pests. Residues of insecticides are often
found in bee pollen (Mullin et al., 2010), and the comprehensive
assessment of risks posed by various pesticide groups revealed that the
primary risk to honeybees and bumblebees, arising from exposure to
contaminated pollen, is associated with residues of the compounds
belonging to these three groups (Sanchez-Bayo and Goka, 2014).

Neonicotinoids, pyrethroids, and organophosphates have different
modes of action (Sparks and Nauen, 2015). Neonicotinoids act as ago-
nists on the nicotinic acetylcholine receptor, mimicking natural neuro-
transmitters, disrupting the initiation of electric signals in postsynaptic
neurons and causing overstimulation of neuronal activity, which may be
lethal (Seifert, 2014). Pyrethroids interfere with voltage-gated sodium
channels located in insect neuronal membranes, which ultimately dis-
rupts the transmission of electrical signals in the nervous system. This
alteration in the membrane potential of nerve cells induces an abnormal
state of hyperexcitability, causing a sublethal “knockdown” effect —
paralysis and flight incapability. This state can lead to either death or
recovery through enzymatic detoxification (Krief, 2021). Organophos-
phorus insecticides inactivate acetylcholinesterase (AChE) by an
organophosphorus ester: they can bind to AChE and block the break-
down of acetylcholine (ACh). This leads to excessive release of ACh
followed by overstimulation of nicotinic receptors (Fukuto, 1990).
Notwithstanding these differences, all three classes of insecticides aim to
disrupt normal neural function in insects, leading to their incapacitation
or death. To protect honeybees against the toxic effects of these in-
secticides, the European Union has banned three neonicotinoids (thia-
methoxam, imidacloprid, and clothianidin) (OJEU, 2018a, 2018b,
2018c), three pyrethroids (alpha-cypermethrin, beta-cypermethrin,
beta-cyfluthrin) (OJEU, 2017, 2020a, 2021), and a few organophos-
phates, including chlorpyrifos (OJEU, 2020b) and phosmet (OJEU,
2022). However, those and many other insecticides are used worldwide
in agricultural landscapes (757,540 tones of insecticides in 2021; Food
and Agriculture Organization of the United Nations, 2021), with the risk
of lethal or sublethal effects on bees and other insect pollinators
(Onwona-Kwakye et al., 2020).

The individual effects of different neonicotinoids, pyrethroids, and
organophosphates on bees are well documented, but the combined ef-
fects of these insecticides in their binary or ternary mixtures on bees,
especially wild bees, are poorly recognized (Tosi et al., 2022) and most
of the binary combinations effects that can occur in the field are un-
known (Barascou et al., 2019; Carnesecchi et al., 2019; Siviter et al.,
2021). This is probably at least partly because the current ecological risk
assessment does not consider the impact of interactions between pesti-
cides (EFSA et al., 2023). However, under field-realistic conditions, the
usual agricultural practice is to mix several pesticides, often from
different groups, or apply them at short intervals to control a wider
range of pests or increase the effectiveness of the mixture (Heys et al.,
2016). The use of insecticide mixtures has been proposed as a strategy to
limit the emergence of pest resistance, although not without an impact
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on pollinating insects (Taillebois and Thany, 2022). In an agricultural
landscape, bees are also exposed to multiple pesticides because they
forage on different crops (e.g., oilseed rape, fruits, vegetables, cotton)
sprayed with different pesticides, and exposure through noncrop plants
(e.g., weeds, wildflowers, succeeding crops) has also been reported
(McArt et al., 2017). As shown by several studies, many pesticides in
mixtures can show synergistic effects, meaning that the combined effect
is stronger than a simple summation of individual effects, resulting in
increased mortality (Siviter et al., 2021). Pesticides can also exhibit
antagonistic relationships (when the combined effect is weaker than the
simple summation), resulting in reduced mortality (Ritz et al., 2021),
but such effects have been reported less frequently (Carnesecchi et al.,
2019). The interactive effects of pesticides can vary depending on the
chemical structure of the compound, dosage levels, biological targets,
and duration of exposure (Hernandez et al., 2017). Based on the dose-
response acute contact data for 92 binary mixtures available for hon-
eybee (Apis mellifera) and wild bees (Bombus spp., Osmia spp.), dose
addition, synergism and antagonism were found in 17%, 72% and 11%
of cases, respectively (Carnesecchi et al., 2019). Additionally, a review
published recently by Taillebois and Thany (2022) indicated that
neonicotinoid and pyrethroid mixtures as well as neonicotinoid and
organophosphate mixtures may result in diverse toxicological effects (i.
e., antagonism, additivity, or synergism) in different nontarget insects,
including bees. Apart from the effects of individual active substances,
coformulants used in plant protection products (PPP) can also affect
bees (Heys et al., 2016). In the field, formulations containing less than
50% of the active substances are used, with the remaining components
comprising solvents, activators, spreaders, stickers, adjuvants, and sur-
factants, which act as enhancers of the active substances in the product
(Mullin et al., 2015). These substances are frequently used as "other
ingredients" in pesticide labels (EPA, 2023). Studies showed that they
could be toxic to both larval and adult honeybees (Shannon et al., 2023;
Zhu et al., 2014). For this reason, it is important to study not only the
effect of mixtures of different active substances but also the effects of
mixtures of PPPs on nontarget insects.

Historically, the assessment of potential pesticide effects on polli-
nators has mainly focused on honeybees (A. mellifera). However, there is
a growing need to encompass a wider range of bee species with different
biology and ecology (Schmolke et al., 2021). Solitary bees, such as Osmia
spp. have been recognized as valuable model species when exploring
pesticide risk to bees and thus for ecological risk assessments (EFSA
et al., 2023). The inclusion of Osmia spp. as model species in the eval-
uation of pesticide effects on pollination can be justified by several
factors, such as their role as pollinators for various crops (i.e., apples,
cherries, oilseed rape) (Bosch and Kemp, 2002) and the potential dif-
ferences in pesticide sensitivity when compared to honeybees and
bumblebees (Heard et al., 2017). However, data on the combined effects
of insecticides on Osmia spp. are scarce, particularly concerning suble-
thal effects assessed at the biochemical level (Lehmann and Camp,
2021). A better understanding of the risks associated with the combined
use of insecticides and their effects on the physiology and metabolism of
these important pollinators is a crucial step for their better protection
(Leroy et al., 2023).

Different physiological sublethal effects of pesticides have already
been reported in honeybee (Decourtye et al., 2005) and non-Apis bees
(Martins et al., 2023), including effects on AChE and glutathione
S-transferase (GST) (Chibee et al., 2021), the latter having a central role
in detoxification as an important mediator of oxidative stress responses
(Ranson and Hemingway, 2005). While AChE remains a widely used
biomarker within the class of esterases, the activity of esterases as a
group of enzymes has also been adopted as an indicator of pesticide
exposure in insects (Bosch-Serra et al., 2021), including bees (Ahmed
et al., 2023; Milone et al., 2020; Zhu et al., 2017a, 2017b). Esterase
(EST) enzymes are categorized based on their function and substrate
specificity, and play broad and pivotal functions in metabolism (Wei
et al., 2020). They improve the detoxification process of insecticides by
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breaking down ester bonds and converting them into less harmful
(water-soluble) forms that can be more easily eliminated from the body
(Montella et al., 2012). Moreover, adenosine triphosphate (ATP) is
gaining recognition for its potential to assess pesticide effects in insects
(Kairo et al., 2017). ATP plays a vital role in transferring and storing
energy within living organisms (Dunn and Grider, 2023), supporting
essential cellular processes and maintaining metabolic functions (Kairo
et al., 2017). ATP also serves as an oxidative stress indicator, wherein
increased oxidative stress leads to amplified production of HyOy by
mitochondrial electron transport, depletion of ATP, and ultimately, cell
death (Tiwari et al., 2002). Nevertheless, knowledge of the effects of
insecticides on ATP in bees is limited to studies on honeybees and
bumblebees (Kairo et al., 2016, 2017; Powner et al., 2016; Prado et al.,
2020).

In this study, we investigated the possible interactive effects of three
commercially available PPPs: neonicotinoid Mospilan 20 SP (active
substance (a.s.) acetamiprid), pyrethroid Sherpa 100 EC (a.s. cyper-
methrin), and organophosphate Dursban 480 EC (a.s. chlorpyrifos),
applied at their realistic field concentrations, on the activity of three
enzymes (AChE, EST, GST) and the whole-body ATP level in the red
mason bee O. bicornis. Since the optimal time to measure biomarker
response depends on the type of pesticide, dose, route of exposure, and
the organism under study (Ahmed et al., 2023; Bednarska et al., 2017;
Han et al., 2019), the levels of biomarkers were measured at four time
points after topical application of insecticides and their mixtures.

2. Materials and methods
2.1. Study organism

Osmia bicornis cocoons were purchased from a local supplier (BioDar,
Poland) in February 2021 and kept at a wintering temperature of 4 °C
until use. In April, the largest cocoons, expected to be females, were
placed in plexiglass boxes (46 x 30 x 17 cm) with airflow provision
from the top (Fig. S1A) and incubated at 20 + 2 °C, 60 + 5% relative
humidity (RH) and the 16:8 h light:dark (L:D) regime until emergence.
Boxes were controlled several times a day, and the newly emerged males
were released, while females were fed ad libitum with sucrose solution
33% (w/w) placed in 2-mL Eppendorf tubes with a cotton wool stopper
and small square-cut yellow sponge cloth provided around the tube
(Fig. S1B). At least 4-day-old females were used to avoid a cohort effect
on the duration of bee survival (Robinson et al., 2017).

2.2. Insecticides

Three PPPs available on the market were used: Mospilan 20 SP
(Mospilan) with 20% acetamiprid a.s. (Sumi Agro, Warszawa, Polska),
Sherpa 100 EC (Sherpa) with 10.76% cypermethrin a.s. (Chemirol,
Mogilno, Poland), and Dursban 480 EC (Dursban) with 44.86% chlor-
pyrifos a.s. (Dow AgroSciences, Warszawa, Poland). Stock solutions of
each PPP were prepared in 100 mL of 0.01% Triton X-100 (used to
facilitate the adhesion of the solution to the bee body) as 10 x Recom-
mended Application Concentration (RAC) based on the recommended
field application rates given by their manufacturers for spray application
in oilseed rape crop and the recommended dilution (300 L/ha). Then,
stock solutions were diluted in 0.01% Triton to achieve the desired range
of concentrations of individual insecticides and their mixtures
(Table S1). The following concentrations, expressed as a fraction of RAC,
were used: 0, 0.5 and 1 x RAC for Mospilan and Sherpa and 0, 0.2 and
0.4 x RAC for Dursban due to its higher toxicity to O. bicornis (Mok-
kapati et al., 2021). Mokkapati et al. (2021) showed that in topical
exposure, the estimated infinity LCs value (LCsoo) for Dursban was
approximately 70% lower than the concentration recommended for field
application for this product, whereas for Sherpa and Mospilan, it was
much higher than RAC. Also, our earlier study confirmed high toxicity of
Dursban (0.7 x RAC caused 100% mortality within 24 h after topical
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exposure; data not shown). Therefore, for this study, we chose lower than
recommended concentrations of Dursban (0, 0.2 and 0.4 x RAC) to
ensure that enough bees would survive the study and be collected for
biomarker measurements for at least a week.

2.3. Experimental design

Two identical experiments were conducted in a short time interval
(ca. two weeks apart). In the first experiment, bees were sampled for
enzyme activity measurements, and in the second experiment, ATP
levels were measured. The full factorial design was used with three
levels of each PPP, which resulted in 27 treatments, 5 boxes per treat-
ment, and a minimum of 5 bees in each box (i.e., min. 25 bees per
treatment in each experiment) but more bees than needed for the ana-
lyses were used in treatments with higher insecticide concentrations to
account for elevated mortality (Table S2).

Approximately 1 h before each experiment, female bees taken from
the breeding boxes were placed in glass Petri dishes (5 bees/dish) and
transferred to a refrigerator (4 °C) for approximately 20 min to limit
their mobility and ensure proper pesticide application (i.e., prevent the
bees from spreading the solution to the neck or wing hinges). Bees were
treated individually by topical application of 1 pL of the test solution
(either insecticide(s) solution or 0.01% Triton X-100 solution as a sol-
vent control) on the dorsal thorax using a 50 pL Hamilton microsyringe
with a repeater (Fig. S1C). Such exposure simulates direct spraying of
foraging bees in crops with high bee attractiveness. The exposed bees
were then transferred to plastic boxes (min. 5 bees per box, five boxes
per treatment; Fig. S1D) and moved to the climatic chamber (20 + 2 °C,
60 + 5% RH, 16:8 L:D). Throughout the experiment, the bees were
provided food ad libitum with 33% (w/w) sucrose solution in Eppendorf
tubes (as described above; Fig. S1B) and observed daily. On each sam-
pling day (i.e., 1, 2, 4 and 7 days after the exposure), the bees were
sampled (one bee per box, five bees per treatment), frozen in liquid
nitrogen and stored at —80 °C for analyses.

2.4. Engzyme activity and protein analysis

Before homogenizing the bees for the analyses, the most heavily
sclerotized parts of their exoskeleton (legs and wings) were removed (on
ice). The bees were homogenized individually on ice in 500 pL of
phosphate buffer (50 mM KHyPO4, 40 mM KyHPO4 and 0.1% (w/v)
Triton X-100, pH 7.4) using a homogenizer (Bead Ruptor Elite, Omni
International). Next, the homogenates were centrifuged for 10 min at
4 °C and 15,000 g (Eppendorf Centrifuge 5430 R), and the resulting
supernatants were stored at —80 °C for the analyses.

The acetylcholinesterase activity was assayed according to the
modified method by Bednarska et al. (2017). The reaction mixture
contained 5 pL of supernatant, 180 uL of phosphate buffer (pH 7.4), and
10 pL of 0.01 M DTNB (5.5-dithiobis [2-nitro-benzoic acid], Sigma-
Aldrich, USA) in 0.1 M Tris-HCI (pH = 8.0; BioChemika) and 5 pL of 0.1
M of acetylthiocholine iodide ((2-mercaptoethyl) trimethylammonium
iodide acetate; Sigma—-Aldrich, USA)) as a substrate. AChE activity was
determined spectrometrically as kinetic readings of absorbance in 42 s
intervals over 4 min at A = 405 nm and then expressed as nmol hydro-
lysed acetylthiocholine iodide per min per mg protein (nM/min/mg
protein).

The activity of GST was determined using a GST assay kit (CS0410,
Sigma-Aldrich, USA) according to the manufacturer’s protocol. The
reaction mixtures consisted of 5 pL supernatant and 195 pL Master mix
(0.1 mL 200 mM r-Glutathione reduced, 0.1 mL 100 mM 1-chloro-2,4-
dinitrobenzene (CDNB) (substrate) and 9.8 mL Dulbecco’s Phosphate
Buffered Saline). The absorbance was recorded spectrophotometrically
in 60 s intervals over 6 min at A = 340 nm, and GST activity was
expressed as nmol CDNB conjugate formed per min per mg protein (nM/
min/mg protein).

The EST activity was measured according to a protocol prepared
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based on Bosch-Serra et al. (2021), Johnston and Ashford (1980) and
Milone et al. (2020). The reaction started by adding 20 pL of supernatant
to 160 pL of distilled water and 20 pL of substrate solution 1 mM 1-NA
(1-naphthyl acetate; Sigma-Aldrich, USA) (diluted in distilled water
with 1% acetone (>99.5%)). The mixture was incubated at 30 °C for 10
min, and the enzymatic reaction was terminated by adding 50 pL of
staining solution (0.075 g Fast Blue B salt (Pol-Aura, Poland) dissolved
in 16.25 mL distilled water and 8.75 mL of 10% sodium dodecyl sulfate
solution (Sigma-Aldrich, USA)). The product of the new reaction be-
tween 1-NA and the Fast Blue B salt was determined spectrophotomet-
rically by measuring the absorbance in 60 s intervals over 5 min at A =
570 nm. To obtain a standard curve, 1-NA was replaced by a-naphthol
(1-naphthol solution 20% in ethanol; Chempur, Poland), and the su-
pernatant was replaced by homogenization phosphate buffer (pH = 7.4).
Seven concentrations (0, 0.063, 0.125, 0.25, 0.5, 1 and 2 mM/mL) of
a-naphthol in ethanol (96%) were prepared to calibrate the absorbance
versus concentration of a-naphthol. The EST activity was expressed as
nmol of hydrolysed 1-NA per min per mg protein (nM/min/mg protein).

The protein concentrations were determined according to the
method of Bradford (1976) by using Bradford’s reagent (Sigma-Aldrich,
USA) at 1:50 and measuring the absorbance at A = 595 nm using bovine
serum albumin (Sigma-Aldrich, USA) as a standard.

All absorbance measurements were carried out at room temperature
(25 °C) on 96-well plates (Greiner Bio-One, GmbH, Austria;
MSCPNUV40, Millipore, Sigma-Aldrich, USA) using a BioTek Synergy
HTX multimode reader (Agilent Technologies, USA). Each sample was
measured in three replicates on a plate, and the average absorbance
corrected against blank sample (i.e., the sample consisting of the ho-
mogenization buffer (phosphate buffer) instead of supernatant and all
components of the reaction mixture) was used for further calculations.

2.5. ATP level analysis

For ATP measurements, the frozen bees were first weighed on ice to
the nearest 0.1 mg (WPA-180/K Radwag, Poland) and immediately af-
terwards individually homogenized on ice in 500 pL of 1 M perchloric
acid (Sigma-Aldrich, USA) using a homogenizer (Bead Ruptor Elite,
Omni International). Next, the samples were placed on ice for 12 min,
after which they were vortexed and centrifuged (10 min, 4 °C, 12,000 g
(Eppendorf Centrifuge 5430 R)). The supernatants were neutralized
with a mixture of 2 M KOH (Avantor Performance, Poland) and Tris
hydrochloride solution (100 mM, pH = 7.8, Sigma-Aldrich, USA)
(Nicodemo et al., 2020). After final centrifugation (5 min, 4 °C, 8000 g),
the samples were immediately used for ATP ratio luminometric mea-
surements using an ATPlite Luminescence ATP Detection Assay System
(PerkinElmer, USA) according to the manufacturer’s protocol. Mea-
surements were performed on white 96-well plates (OptiPlate-96, Per-
kinElmer, USA) using a BioTek Synergy HTX multimode reader (Agilent
Technologies, USA). Each sample was measured in three replicates, and
the average ATP levels were expressed as nmol of ATP per mg of body
mass (nM/mg body mass).

2.6. Data analysis

To quantify the relationship between the measured endpoints
(enzyme activities and ATP level) and the studied factors (Mospilan,
Sherpa, Dursban, and sampling day), the data were analysed with gen-
eral linear models (GLMs). The log-transformed insecticide concentra-
tions (log;p(concentration+1)) were used as independent variables. The
analysis started with formulating the full model, i.e., testing all main
factors and interactions for significance (p < 0.05), and then a back-
wards selection with retained lower order effect was used to remove
from the model nonsignificant factors (and/or their interaction(s)). The
normal distribution of residuals was formally tested using the Shapiro-
Wilk W test. Since the normal distribution of residuals was not met, data
for AChE activity and ATP level were log-transformed, while data for
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GST and EST activity underwent square root transformation (Zar, 1999).
All data analyses were performed using Statgraphics Centurion 19
(Statgraphics Technologies Inc., version 19.4.04).

3. Results

Due to some random mortality (Table S2), data for 534 bees, instead
of the planned 540 (27 treatments x 5 bees x 4 sampling days), were
used for statistical analysis of AChE activity, and 532 bees were used for
GST and EST activity measurements, as there was not enough homog-
enate in two samples to run the measurements (Table S1). In the case of
ATP, data for 400 bees sampled on Days 1, 2, and 4 were used in the
statistical analysis due to the mortality of bees on Day 7, especially in
treatments with high concentrations of PPPs, especially with high con-
centration of Dursban (Tables S1 and S2). The mean values for all bio-
markers (AChE, GST, EST activity [nM/min/mg protein] and ATP level
[nM/mg body mass] in female Osmia bicornis bees are presented in
Tables S3-S6.

The final GLMs, i.e., after a backwards selection with retained lower
order effect, for all enzymes were significant at p < 0.0001, with no
significant effect of Mospilan and no significant interactions between the
insecticides tested (Table 1). Dursban and Sherpa significantly
decreased AChE activity (p < 0.0001 and p = 0.03, respectively;
Fig. 1A), but the effect of Sherpa depended on the sampling day (p =
0.04 for Sherpa x sampling day interaction), with a steeper relationship
on later days. The sampling day itself was also significant (p = 0.002),
but due to the significant interaction with Sherpa, AChE activity
increased with time (without Sherpa or at low Sherpa concentrations),
remained constant (at moderate Sherpa concentrations) or increased (at
higher Sherpa concentrations) (Fig. 1B). The activity of GST signifi-
cantly increased with increasing Sherpa concentration (p < 0.0001;
Fig. 1C), and this was the only factor affecting this enzyme. Both
Dursban (p = 0.008) and Sherpa (p < 0.0001) decreased the EST activity
with increasing concentration, with no differences between sampling

Table 1

The results of GLM analysis for biomarkers: acetylcholinesterase (AChE),
glutathione S-transferase (GST), esterase (EST) activity [nM/min/mg protein]
and ATP level [mM/mg body mass] measured at different sampling days after
exposing the red mason bee Osmia bicornis to Mospilan 20 SP (Mospilan), Sherpa
100 EC (Sherpa), and Dursban 480 EC (Dursban) in a full-factorial experiment
with three concentrations of each insecticide. The p values for the variables and/
or interactions included in the final model, i.e., the model with only significant
explanatory variables and/or interactions (at p < 0.05) retained after backwards
stepwise selection while holding lower order effects, are presented together with
p values and R? for the final model.

Factor/Interaction Biomarker measured
AChE GST EST ATP

Mospilan 0.03
Sherpa 0.03 <0.0001  <0.0001  <0.0001
Dursban <0.0001 0.008 0.004
sampling day 0.002 0.04
Mospilan x Sherpa 0.007
Mospilan x Dursban 0.02
Sherpa x Dursban <0.0001
Mospilan x sampling day
Sherpa x sampling day 0.04 0.001
Dursban x sampling day
Mospilan x Sherpa x Dursban 0.001
Mospilan x Sherpa x sampling

day
Mospilan x Dursban x sampling

day
Sherpa x Dursban x sampling day 0.03
Mospilan x Sherpa x Dursban x

sampling day
p for the final model <0.0001  <0.0001  <0.0001  <0.0001
R? [%] 18.7 7.9 17.0 12.9
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Fig. 1. Estimated response surfaces for (A) effect of Dursban 480 EC (Dursban) and Sherpa 100 EC (Sherpa) (plotted for no Mospilan 20 SP (Mospilan) at sampling
Day 1) and (B) effect of the interaction between Sherpa and sampling day (day) (plotted for no Dursban and no Mospilan) on acetylcholinesterase (AChE) activity
[nM/min/mg protein], as well as (C) effect of Sherpa (plotted for different sampling days and in the absence of other insecticides) on glutathione S-transferase (GST)
activity [nM/min/mg protein], and (D) effect of Dursban and Sherpa (plotted for no Mospilan and sampling Day 1) on esterase (EST) activity [nM/min/mg protein],
in full factorial experiment with female Osmia bicornis exposed topically to insecticide(s).
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sampling days, as shown by a significant interaction between Sherpa and
sampling day (p = 0.001; Fig. 2A). Dursban reduced the positive impact
of Sherpa on ATP levels on the first day (p < 0.0001 for Sherpa x
Dursban interaction), and the effect decreased on the second day and
disappeared on the fourth sampling day, as indicated by the Sherpa x
Dursban x sampling day interaction (p = 0.03; Fig. 2A). The analysis
revealed that Dursban also reduced the impact of Mospilan on ATP
levels (significant interaction at p = 0.02; Fig. 2B). It was also observed
that Mospilan counteracted the effects of Sherpa on ATP levels (p =
0.007 for the Mospilan x Sherpa interaction; Fig. 2B). Additionally, a
significant interaction between three insecticides was observed (p =
0.001): adding Dursban to the insecticide mixture caused the antago-
nistic effect between Mospilan and Sherpa to disappear (Fig. 2B).

4. Discussion

This study is among a limited number of investigations examining
the effects of insecticides on the physiology of the solitary bee (Martins
et al., 2023; Mokkapati et al., 2022), and to our knowledge, no previous
studies have investigated the interactive effects of insecticides with
different modes of action at environmentally realistic concentrations on
O. bicornis. We found inhibitory effects of Dursban and Sherpa on the
activity of both AChE and EST, and exposure to Sherpa led to a signifi-
cant increase in GST activity. No interactive effects were found between
the studied insecticides at environmentally relevant concentrations (i.e.,
not higher than recommended for field application) for any of the
studied enzymes, but both two- and three-insecticide interactions were
found in effects on the ATP level. In general, the ATP level exhibited a
complex pattern of response to insecticide exposure, including
higher-level interactions with time, as in the case of the antagonistic
effect of Dursban on Sherpa-induced ATP changes being dependent on
the sampling day. AChE inhibition is particularly important because
suppression of the activity of this enzyme alters the motor performance
of bees (Williamson et al., 2013), which may affect foraging activity and
put bees at risk. GST activity increased with Sherpa concentration,
which may reflect a defense and detoxification mechanism in bees
against pyrethroids that would contribute to the resistance to this class
of insecticides, as observed in other insects (Kostaropoulos et al., 2001).
Although temporarily beneficial, resistance may be metabolically costly
(Sibly and Calow, 1989) and indeed the results for ATP indicate
increased metabolic demand for detoxification processes upon exposure
to each insecticide alone.

The observed changes in the studied biomarkers show that topical
exposure to insecticides resulted in sublethal effects in O. bicornis, which
may ultimately affect their overall health and survival. Of course, in
nature it is unlikely that each bee will be exposed to exactly 1 pL of
insecticide solution, so this is rather worst-case scenario. On the other
hand, in nature bees are often exposed not only while flying, but also
while consuming food resources (nectar or/and pollen), collecting water
and soil to build their nests, etc. In addition, in the wild, bees are often
exposed to other factors (biotic and abiotic) which can also affect the
biomarkers studied. We studied the effect of field realistic doses of in-
secticides under fully controlled laboratory conditions, thus eliminating
stressors other than insecticides. This allowed us to infer potential toxic
effects of studied insecticides and their mixture on bee physiology rather
than effects on bee populations in the wild. Nevertheless, the biomarkers
studied may serve as a good tool to increase the precision of environ-
mental monitoring for solitary bees and provide an early warning system
for exposure to different insecticides, as changes in their levels were
evident, even without serious effect on bee behaviour.

4.1. Effect of insecticides on AChE activity
As expected, the activity of AChE in O. bicornis females decreased in

Dursban-exposed bees, which is consistent with studies on A. mellifera
exposed to the organophosphate insecticide Bracket 97 (acephate a.s.)
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either continuously via food (Yao et al., 2018) or via single spray (Zhu
et al., 2017b). On the other hand, Mokkapati et al. (2022) did not find
any changes in AChE activity in O. bicornis orally exposed to Dursban
480 EC, Sherpa 100 EC or Mospilan 20 SP. However, the concentrations
used in that study in sucrose solution offered to the bees as food were
very low (0.0001 x RAC for Dursban 480 EC, i.e., 0.1 pg/mL for
chlorpyrifos, 0.2 x RAC for Sherpa 100 EC, i.e., 20 pg/mL for cyper-
methrin and 0.1 x RAC for Mospilan 20 SP, i.e., 8 pg/mL for acet-
amiprid), as the study was designed to simulate exposure via nectar. In
our study, we used topical exposure to simulate the exposure via spray
application, but because of the high toxicity of Dursban 480 EC to
O. bicornis (Mokkapati et al., 2021), we still used Dursban 480 EC con-
centrations much lower than the RAC (0.2 and 0.4 x RAC, i.e., 192 and
384 pg/mlL, respectively). Recommended application concentrations
and corresponding to 0.5 RAC was used for both Sherpa (100 pg/mL and
50 pg/mlL, respectively) and Mospilan (80 pg/mL and 50 pg/mL,
respectively).

Although pyrethroids are primarily known to affect the voltage-
gated Na' channels of nerve cell membranes, there are studies sug-
gesting that they can also have secondary effects on the cholinergic
system, causing a decrease in AChE activity, which contributes to their
neurotoxicity (Kumar et al., 2009). The decrease in AChE activity may
be because pyrethroids reduce the release of ACh by increasing the
release of gamma-aminobutyric acid (GABA), which leads to the inhi-
bition of cholinergic excitation; at high doses, pyrethroids may affect the
sodium channels of GABAergic nerves, leading to an increase in GABA
release, which can inhibit the release of ACh from cholinergic nerve
terminals (Hossain et al., 2004). Indeed, we found a decrease in AChE
activity with increasing Sherpa concentration. This relationship was true
for all sampling days, but because in the absence of Sherpa and at low
concentrations, AChE activity increased with time, whereas at higher
Sherpa concentrations, it remained constant or even slightly decreased,
the strength of that negative relationship between AChE activity and
Sherpa concentration increased on consecutive bee sampling days.
Similarly, Badiou et al. (2008) revealed a decrease in AChE activity in
honeybees exposed topically to deltamethrin at 25 ng/bee one day after
exposure, but two days after exposure, an increase in AChE activity was
observed at this dose. At the same time, no changes in AChE activity
compared to the control were observed in honeybees exposed to a lower
dose, 12.5 ng/bee (Badiou et al., 2008). It should be noted, however,
that most of the honeybees were paralyzed within the first day in the
experiment performed by Badiou et al. (2008), and AChE activity was
measured in those paralyzed bees 2 days later, which might affect the
results. In our study, we selected for biomarker analysis only those bees
that were not visibly affected by the tested insecticides in a way that
altered their behaviour, i.e., only those without visible signs of stress or
disease were sampled. However, since mortality was evident in some
treatments, it also means that the most resistant bees that survived were
sampled. Our findings also differ from those obtained by Chibee et al.
(2021) for Meliponula bocandei bees exposed to sublethal doses of
cypermethrin (25, 50, 100, 200 and 400 mg/L) via 4-h contact with
pesticide-infused filter paper, in which a dose-dependent increase in
AChE activity was found. The differences observed between our study
and the findings of Badiou et al. (2008) and Chibee et al. (2021) could be
attributed to the usage of pesticide formulations in our study compared
to the use of only active substances in their studies.

We did not observe any changes in AChE activity under the influence
of the neonicotinoid Mospilan. Similarly, Han et al. (2019) reported that
acetamiprid at 3.66 pg/mL and 9.15 pg/mL in food did not affect AChE
activity in orally exposed newly emerged and forager Apis c. cerana bees,
regardless of exposure time (1, 5, and 10 days). However, Badawy et al.
(2015) found a decrease in AChE activity with increasing Mospilan
concentration (0.6-60 pg/mL for acetamiprid in sucrose solution) in
A. mellifera upon 24 h of continuous oral exposure.
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4.2. Effect of insecticides on glutathione S-transferase activity

Sherpa, but not two other insecticides or their combinations, affected
GST activity in O. bicornis. GST contributes to cellular protection against
oxidative damage, and therefore, the induction of GST activity has been
used as an environmental biomarker of exposure to toxicants (Bad-
iou-Bénéteau et al., 2012). Indeed, increased GST activity with
increasing concentration of Sherpa was found in our study. In contrast,
Mokkapati et al. (2022) did not observe any changes in GST activity in
the same species, but in their experiment, the bees were orally exposed
to 0.2 x RAC of Sherpa (i.e., 20 pg/mL of cypermethrin). Moreover, Zhu
et al. (2017b) found significantly decreased GST activity in A. mellifera
two days after exposure (via spray tower) to the pyrethroid insecticide,
but in that study, Karate Zeon 50 CS with A-cyhalothrin as an active
substance was used, which might be responsible for the difference in the
GST reaction. Similar to our study, no effect of organophosphate in-
secticides, either Bracket 97 (Zhu et al., 2017b) or ethion (Delkash--
Roudsari et al., 2022), on GST activity was found in orally exposed
A. mellifera, although given the involvement of organophosphate pesti-
cides in glutathione-dependent metabolism of insecticides and the
conjugation of glutathione to organophosphates (Enayati et al., 2005),
an increase in GST activity was expected. Such an increase in GST ac-
tivity relative to untreated bees was found in A. mellifera topically
exposed to chlorpyrifos (Fellows et al., 2022).

In our study, similar to that by Mokkapati et al. (2022), the neon-
icotinoid Mospilan did not affect GST activity in O. bicornis. In turn, in
honeybees exposed to three doses of thiamethoxam, namely, LD5y =
51.16 ng/bee and two sublethal doses of 5.12 ng/bee and 2.56 ng/bee,
the two higher doses also did not affect GST activity, but increased GST
activity was found at the lowest dose two days after exposure (Bad-
iou-Bénéteau et al., 2012). No GST activity changes were found in newly
emerged A. c. cerana bees following one-day oral exposure to acet-
amiprid at 3.66 pg/mL (Han et al., 2019), but after 10 days of exposure
(every day, the bees had access to contaminated food for 10 h per day
and during the remaining 14 h were offered uncontaminated food), a
notable GST decrease was noted compared to controls. Conversely,
forager bees exposed orally to acetamiprid at 9.15 pg/mL exhibited
increased GST activity after one day of exposure in comparison with the
control, with no differences after five days of exposure (Han et al.,
2019). Therefore, it seems that induction, inhibition and/or inactivation
of GST may depend on the physiological differences between life stages,
species, exposure doses, time of exposure and sampling time after
exposure.

4.3. Effect of insecticides on esterase activity

Only the organophosphate Dursban and pyrethroid Sherpa affected
EST, decreasing its activity. Similarly, Stuchi et al. (2023) observed a
decrease in EST activity after one day of contact exposure with filter
paper soaked with different solutions of the organophosphate insecticide
Malathion 500 EC (i.e., 0.031 pg/mL and 0.037 pg/mL malathion a.s.) in
the eusocial stingless bee Tetragonisca. angustula. Yao et al. (2018) also
reported significant suppression of EST activity in A. mellifera, but in a
different experimental setup, i.e., with bees orally exposed to Lorsban
500 EC (i.e., 0.83 pg/mL of chlorpyrifos a.s.) for 3 weeks. On the other
hand, topical exposure of honeybees (A. mellifera) to 1 pl of chlorpyrifos
at 37.5 pg/mL (i.e., 37.5 ng/bee in comparison with 19.2 ng/bee and
38.4 ng/bee in our study) did not alter general esterase activity relative
to control bees (Fellows et al., 2022). Nevertheless, although honeybees
(Fellows et al., 2022) and solitary bees (our study) were exposed to
similar concentrations of chlorpyrifos, the solitary bees received a
higher dose per mg body mass, as they are much smaller than honey-
bees. The difference in response in these two studies may also result
from the fact that we used a formulation (Dursban 480 EC) with chlor-
pyrifos as an active substance, while Fellows et al. (2022) used the active
substance alone.
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Detoxification of pyrethroids can be accomplished through the hy-
drolysis of ester bonds within pyrethroid molecules (Montella et al.,
2012), potentially resulting in increased EST activity to neutralize the
toxin more effectively. Indeed, increased EST activity in response to
pyrethroids was found in various insect species, although mostly for
insecticide-resistant strains or populations (Bhatt et al., 2020). To date,
literature addressing EST activity in pyrethroid-exposed bees remains
limited. Nonetheless, Carvalho et al. (2013) examined three forms of
carboxylesterases (CaEs) classified by substrate specificity for hydroly-
sis: CaE-1 (a-NA), CaE-2 (B-NA), and CaE-3 (p-NPA) in tissues of
A. mellifera after topical exposure to 1 pL of deltamethrin solution (0.05
LDsp and 0.1 LDsg) and found that a-NA decreased at the highest dose of
insecticide, B-NA increased regardless of the dose, and there was no
significant change in the activity of p-NPA. The results for a-NA in the
study by Carvalho et al. (2013) are consistent with our results for the
esterase (we also used a-NA as a substrate). These findings suggest that
depending on the esterase isoform, there may be different changes in the
activity of this enzyme, and thus, either an increase (Bhatt et al., 2020)
or decrease (present study) could be observed after exposing bees to
pyrethroids.

Exposure of O. bicornis to Mospilan did not change EST activity. This
is also consistent with the results of Delkash-Roudsari et al. (2022), who
orally exposed A. mellifera to Confidor 200 SC (i.e., 0.16 pg/mL of imi-
dacloprid as a.s.) for 2 h. Similarly, Zhu et al. (2020) demonstrated no
changes in EST activity 2 days after exposure (via the single tower spray
treatment) of A. mellifera to Advise 2 FL (i.e., 58.6 pg/mL of imidacloprid
a.s.), although an earlier experiment by Zhu et al. (2017a) indicated that
EST activity in A. mellifera increased by 50% following oral exposure for
14 days to Advise 2 FL (i.e., concentration of 0.92 pg/mL for imidaclo-
prid as a.s.).

4.4. Effect of insecticides on ATP levels

We revealed significant effects of all three studied insecticides and
several interactions between them, as well as between insecticides and
sampling day, i.e., time, on ATP levels in O. bicornis. First, Dursban
reduced the positive impact of Sherpa on ATP levels, and its impact
strengthened with time after a single exposure. Dursban also reduced the
positive effect of Mospilan on the ATP level. Furthermore, the presence
of Dursban caused the disappearance of the antagonistic effect between
Mospilan and Sherpa. While our findings concerning ATP are of signif-
icant interest, a direct comparison of our results in terms of the com-
bined effects of insecticides on the ATP level in bees is impossible due to
the lack of similar studies in the literature. In general, in organisms
exposed to a stressor, low levels of ATP are expected, which can be
associated with mitochondrial uncoupling (disruption of the proton
gradient across the mitochondrial membrane), resulting in a slowdown
of oxidative phosphorylation and ATP deficiency (Tiwari et al., 2002).
However, we observed that ATP levels exhibited an increase with
increasing concentration on the day after exposure to Sherpa, although
this effect decreased both with time and with increasing Dursban con-
centration. Contradictory to our results, Bendahou et al. (1999) noticed
that injecting honeybees with sublethal doses (0.4, 0.8, and 1 nmol/bee)
of cypermethrin resulted in a decrease in ATPase activity within 3 h after
exposure (bees were collected 0, 15, 30, 60, 120 and 180 min after in-
jection). A decrease in ATP content was also observed in Bombyx mori
larvae that were fed for one day with a sublethal dose of the pyrethroid
A-cyhalothrin at LCyo (0.21 pg/mL) applied to mulberry leaves (Ren
et al., 2023). Additionally, Powner et al. (2016) demonstrated that ATP
declined by 25% after exposing bumblebees (Bombus terrestris audax) to
another neonicotinoid, imidacloprid (10 nM in 50% sucrose), for 10
days, following a recovery period of 22 days, whereas in our study,
exposure to Mospilan (with acetamiprid a.s.), in the absence of Dursban
and Sherpa, increased ATP levels.

Dursban and Mospilan exposure, in the absence of other insecticides,
also raised ATP levels. Increased ATP levels were also observed in the
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semen of A. mellifera drones after exposure to fipronil (0.001 pg/mL) for
20 days via contaminated syrup (Kairo et al., 2016). The authors pointed
out that such an increase in ATP levels could be related not only to
increased metabolism but also to decreased ATP consumption (Kairo
et al., 2016). After exposure of A. mellifera bees to pollen contaminated
with pesticide mixtures composed of a.s. of insecticides and fungicides at
environmentally relevant concentrations (mixture 1: Cyrpodinil, Dife-
noconazole, Dodine, Fludioxonil, Tau fluvalinate; mixture 2: Chlorpyr-
ifos ethyl, Cyrpodinil, Fludioxonil, Iprodione) decreased ATP levels
were observed for bee abdomen, and at the same time, increased ATP
levels were observed for bee thorax (Prado et al., 2020). Such differences
in ATP levels between body parts could be attributed to compensatory
changes, i.e., an increase in energy demand in one part of the body is
compensated by a decrease in another (Prado et al., 2020). As suggested
by Prado et al. (2020) and Schmitt et al. (2021), we also suppose that the
increase in ATP levels observed in our study after exposure to Sherpa
(without the presence of Dursban) or Mospilan (without the presence of
Dursban), which were used at relatively low concentrations, was caused
by the increased metabolic demand for detoxification processes upon
exposure to the insecticide. Such an increase in ATP after exposure to
various pesticides has been found for different invertebrates (Martelli
et al., 2022; Schmitt et al., 2021). On the other hand, the presence of
Dursban, which is the most toxic to O. bicornis among the studied in-
secticides (Mokkapati et al., 2021), ultimately impaired mitochondrial
energy production. Thus, our findings suggest that the impact of in-
secticides on bee energy metabolism can vary depending on whether
they are used alone or in combination, which may be influenced by their
different modes of action.

5. Conclusion

This is the first study on non-Apis bees where the impact of three
insecticide formulations at sublethal levels on bee biochemical processes
was examined by assessing various biomarkers: three enzymatic (AChE,
GST, EST) and one nonenzymatic related to energy metabolism (ATP).
We showed that AChE and EST are suitable markers of exposure not only
to organophosphates but also to pyrethroids, while GST seems to be a
reliable marker for pyrethroids.

The most sensitive biomarker of exposure to the tested insecticides
and their mixtures was ATP, which showed a complex pattern of
response. Given that exposure to Sherpa and Dursban led to reduced
AChE and EST activities, along with the increased ATP level in response
to Sherpa exposure, a metabolic shift may have occurred: some meta-
bolic pathways could become more active (ATP generation), while
others might have been inhibited (decrease in enzyme activity) to
maintain organism functioning despite the stress. The presence of
Dursban in mixture impaired mitochondrial energy production, sug-
gesting that the impact of insecticides on bee energy metabolism can
vary depending on whether they are used alone or in combination,
which may be influenced by their different modes of action. Dursban
itself also caused the highest mortality of bees, even at concentrations
much lower than recommended for field application. Thus, our results
suggest that organophosphates should not be mixed with neonicotinoids
and/or pyrethroids, as such combinations of insecticides negatively
affect metabolism of solitary bees and increase their mortality.

In summary, this study provides insight into the effects of insecticide
mixtures on sublethal endpoints in solitary bees, enhancing our under-
standing of the risks posed by pesticides to non-Apis bees.
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Table S2. Survival of female Osmia bicornis bees (together with total number of individuals used and
sampled) exposed topically in two experiments run for the effect of Mospilan 20 SP, Sherpa 100 EC and
Dursban 480 EC on enzyme (acetylcholinesterase, glutathione S-transferase, esterase) activities and ATP
levels. Nominal concentrations of PPPs are expressed as fraction of the recommended application
concentration (xRAC).

Treatment Mospilan  Sherpa  Dursban Number of Number of
20 SP 100EC 480 EC individuals individuals Survival [%0]
xRAC xRAC xRAC used sampled”
1 0.0 0.0 0.0 50 50 100.0
2 0.5 0.0 0.0 50 50 100.0
3 1.0 0.0 0.0 50 48 96.0
4 0.0 0.0 0.2 50 47 94.0
5 0.5 0.0 0.2 50 40 80.0
6 1.0 0.0 0.2 50 49 98.0
7 0.0 0.0 0.4 68 41 60.3
8 0.5 0.0 0.4 65 38 60.6
9 1.0 0.0 0.4 61 34 57.2
10 0.0 0.5 0.0 50 49 98.0
11 0.5 0.5 0.0 50 47 94.0
12 1.0 0.5 0.0 51 46 90.4
13 0.0 0.5 0.2 50 45 90.0
14 0.5 0.5 0.2 52 44 84.9
15 1.0 0.5 0.2 50 46 92.0
16 0.0 0.5 0.4 52 35 68.0
17 0.5 0.5 0.4 50 36 72.0
18 1.0 0.5 0.4 51 40 79.3
19 0.0 1.0 0.0 52 46 89.0
20 0.5 1.0 0.0 50 47 94.0
21 1.0 1.0 0.0 50 47 94.0
22 0.0 1.0 0.2 50 38 76.0
23 0.5 1.0 0.2 50 46 92.0
24 1.0 1.0 0.2 51 45 88.5
25 0.0 1.0 0.4 55 31 57.1
26 0.5 1.0 0.4 55 39 71.0
27 1.0 1.0 0.4 47 36 78.1

* Number of sampled bees is different than number of bees analysed in different sampling days (see Table S1),
as not all bees that survived till sampling day were analysed for enzyme activity and ATP levels

** Control treatment with 0.01% Triton X-100

*** Bees that were unexpectedly lost were not included in the survival rate calculation



Table S3. Mean + SD (standard deviation) values of acetylcholinesterase (AChE) activity [nM/min/mg
protein] in female Osmia bicornis bees sampled at different days after topical exposure.

PPP Acetylcholinesterase activity [nM/min/mg protein]
Mospilan Sherpa Dursban .
Treatment 205 100EC 480 EC Sampling Day
xRAC 1 2 4 7
1 0 0 0 0.78+0.041 0.67+0.083 0.80+0.097 0.78+0.150
2 0.5 0 0 0.82+0.161 0.66+0.078 0.82+0.094 0.87+0.087
3 1 0 0 0.85+0.100 0.96+0.110 0.87+0.101 0.744+0.088
4 0 0 0.2 0.79+0.136 0.74+0.100 0.72+0.121 0.76+0.099
5 05 0 0.2 0.69+0.069 0.65+0.133 0.73£0.051 0.73+0.108
6 1 0 0.2 0.61+0.112 0.76+0.140 0.85+0.147 0.73+0.166
7 0 0 0.4 0.62+0.084 0.66+0.101 0.62+0.126 0.79+0.081
8 05 0 0.4 0.51+0.150 0.65+0.077 0.584+0.059 0.75+0.109
9 1 0 0.4 0.50+0.120 0.68+0.188 0.65+0.068 0.65+0.077
10 0 05 0 0.51+0.104 0.60+0.126 0.50+0.054 0.63+0.215
11 0.5 0.5 0 0.62+0.128 0.56+0.066 0.64+0.114 0.59+0.132
12 1 05 0 0.61+0.128 0.63+0.187 0.62+0.179 0.65+0.094
13 0 0.5 0.2 0.42+0.047 0.42+0.051 0.48+0.037 0.67+0.117
14 0.5 0.5 0.2 0.49+0.056 0.47+0.091 0.56/£0.205 0.68+0.124
15 1 0.5 0.2 0.54+0.094 0.47+0.051 0.53+0.124 0.55+0.070
16 0 0.5 0.4 0.50+0.097 0.44+0.078 0.53+0.108 0.50+0.128
17 05 05 0.4 0.61+0.150 0.62+0.133 0.57+0.076 0.54+0.193
18 1 0.5 0.4 0.63+0.122 0.69+0.112 0.54+0.045 0.61+0.127
19 0 1 0 0.79+0.111 0.67+0.084 0.80+0.133 0.63+0.238
20 0.5 1 0 0.87+0.179 0.63+0.113 0.69+0.102 0.80+0.265
21 1 1 0 0.73+0.064 0.74+0.139 0.58+0.094 0.71+£0.176
22 0 1 0.2 0.68+0.118 0.66+0.163 0.67+0.079 0.57+0.178
23 0.5 1 0.2 0.51+0.097 0.56+0.098 0.55+0.083 0.69+0.126
24 1 1 0.2 0.57+0.109 0.62+0.037 0.58+0.043 0.554+0.129
25 1 0.4 0.56+0.106 0.57+0.059 0.66+0.157 0.69+0.241
26 0.5 1 0.4 0.56+0.108 0.60+0.093 0.54+0.096 0.53+0.041
27 1 1 0.4 0.45+0.123 0.58+0.101 0.56+0.094 0.49+0.096

*Control treatment with 0,01% Triton X-100



Table S4. Mean + SD (standard deviation) values of glutathione S-transferase (GST) [nM/min/mg protein] in

female Osmia bicornis bees sampled at different days after topical exposure.

PPP Glutathione S-transferase activity [nM/min/mg protein]
Mol Shere Dureen
Treatment
xRAC 1 2 4 7

1 0 0 0 420.6+91.51 447.8+57.15 354.2+71.03 340.1£62.09
2 0.5 0 0 446.8+191.87 430.7+£109.35 422.6+68.62 375.3£78.40
3 1 0 0 445.8+39.07  428.7+£88.54  369.3+87.19 397.5+53.60
4 0 0 0.2 424.7+129.00 401.5+£96.09 386.4+73.03 385.9+£79.39
5 0.5 0 0.2 337.1£35.04 398.7£99.39 358.5+96.38  403.5+123.68
6 1 0 0.2 465.9+93.36 504.2+131.99 376.4+74.92 383.4+144.01
7 0 0 0.4 410.6£137.91 404.9+£155.59 448.8+114.31 377.4+£57.37
8 0.5 0 0.4 477.0£175.18 451.8£109.51 476.7£95.59  426.7+103.63
9 1 0 0.4 408.6+138.22 385.4+119.42 378.9+76.88 381.1£95.06
10 0 0.5 0 468.9+112.13 486.0+47.55 396.9+67.44  463.9+83.77
11 0.5 0.5 0 436.7+£119.46 536.4+81.02  456.9+67.82 589.7+67.26
12 1 0.5 0 463.9+63.18  463.9+83.09  423.6£58.40  570.6£71.74
13 0 0.5 0.2 440.8+70.49 548.4+102.99 520.3+131.33 428.7+61.97
14 0.5 0.5 0.2 455.8+119.73 437.7£152.86 419.6+81.41 462.9+127.09
15 1 0.5 0.2 396.5+68.93 430.7£127.22 437.7£27.79 539.4+152.71
16 0 0.5 0.4 485.0+77.18 593.7+130.33 534.3£92.60 465.9+124.91
17 0.5 0.5 0.4 457.9+116.81 528.3+£83.97  482.0+66.12 527.3+64.37
18 1 0.5 0.4 479.0+67.45  410.6£124.15 416.6£159.48 532.3+91.50
19 0 1 0 640.0+113.03 533.3+74.54  453.8€100.40 473.0+96.39
20 0.5 1 0 386.4+20.89 570.6£97.34  492.1£98.49  459.9+68.31
21 1 1 0 511.2+128.65 407.5+61.11 463.9+103.93 358.2+174.13
22 0 1 0.2 457.9+125.94 382.4+£115.01 440.8+116.63 444.8+94.91
23 0.5 1 0.2 578.1+£163.56 510.2+£105.94 474.0+£89.04  514.2+£150.67
24 1 1 0.2 679.2+75.64 502.1£101.22 414.6£75.27 416.6£196.66
25 0 1 0.4 485.0+£225.45 408.6+£132.52 532.3+69.84  434.4+187.20
26 0.5 1 0.4 457.9+£83.59  475.0+£76.69 525.3+£132.10 568.6+150.86
27 1 1 0.4 533.3£102.19  503.1+169.40 558.5+157.55 524.3+93.95

*Control treatment with 0,01% Triton X-100



Table S5. Mean + SD (standard deviation) values of esterase (EST) activity [nM/min/mg protein] in female
Osmia bicornis bees sampled at different days after topical exposure.

PPP Esterase activity [nM/min/mg protein]
Mospilan Sherpa Dursban .
Treatment 202P 1OOEpC 480 EC Sampling Day
xRAC 1 2 4 7
1" 0 0 0 1218.8+431.42 1214.6+420.36 1322.3+£279.35 1078.1+£332.25
2 05 0 0 1346.0+£184.41 1353.84299.24 1519.7£499.26 1575.8+£560.99
3 1 0 0 1342.6+£306.02 1289.3+360.12 1557.5£329.11 1279.3+£256.25
4 0 0 0.2 1329.8+318.28 1413.3£386.33  1409.5+£369.20 1447.6£187.02
5 05 0 0.2 1075.1£308.83  1758.6+£236.99 1286.2+227.43 1398.2+391.29
6 1 0 0.2 966.7£182.82  1603.8£147.94 1264.6+£223.21 1451.0+£577.66
7 0 0 0.4 1169.4+£208.99 1133.84374.95 1050.1£252.60 1434.8+131.57
8 05 0 0.4 817.7£184.36  1259.1+£239.93  869.4+227.87 1391.2+667.13
9 1 0 0.4 990.9+201.74  1282.8+300.98 1194.2+284.14 1326.4+577.43
10 0 05 0 892.4+269.54 1052.4+210.69  872.4+230.74 1070.0+514.92
11 05 05 0 866.6+£227.78  812.6+£213.33 955.94383.54  942.8+246.53
12 1 05 0 697.1£450.38  959.1£261.99 1067.1£163.28 913.3+£360.02
13 0 0.5 0.2 792.6+354.70 809.8+127.03 766.3£172.71 825.4+143.75
14 05 05 0.2 874.9+302.96 1031.6+248.19  849.0+636.68 1233.0+95.54
15 1 0.5 0.2 914.5+116.43 876.3+432.40 790.7+£93.87 918.44+223.06
16 0 0.5 0.4 818.1+408.00 995.2+385.18 1035.6+£307.73  856.7+132.86
17 05 05 0.4 954.3+£255.92  1036.4+£358.59  880.6+£207.86  671.4£129.93
18 1 0.5 0.4 1232.4+181.43 1015.6+248.18 1038.4+£124.88 1093.2+341.59
19 0 1 0 1031.6+447.80 962.0+113.81 937.5+271.77 940.0+213.28
20 0.5 1 0 1216.0+£327.00 863.3+182.03  1092.0+262.19 1097.0+640.20
21 1 1 0 938.5£205.14 1071.9+344.16  981.7£277.74  984.9+497.29
22 0 1 0.2 1098.2+442.01 1033.2+96.96  897.2£331.16  900.3+216.64
23 0.5 1 0.2 811.0+225.00 877.9+£223.13 874.6+157.46 1107.1+£377.13
24 1 1 0.2 1145.6+424.21 1042.2+260.09 1023.7£314.37  909.3+£195.43
25 0 1 0.4 906.1£123.18  939.7£329.15 1166.3£219.03  949.6+298.89
26 0.5 1 0.4 867.8+303.39  793.2+244.68  708.0+260.82  859.5+193.49
27 1 1 0.4 617.3£174.55  722.5£395.84  982.1£393.63  791.7£156.46

*Control treatment with 0,01% Triton X-100



Table S6. Mean + SD (standard deviation) values of ATP level [nM/mg body mass] in female Osmia

bicornis bees sampled at different days after topical exposure.

PPP ATP level [nM/mg body mass]
Mospilan Sherpa Dursban .
Treatment 205 100EC 480 EC Sampling Day
xRAC 1 2 4
1" 0 0 0 61.6+£22.85 133.3£26.73 111.3£35.20
2 0.5 0 0 139.4+67.53 153.6+40.34  218.9+91.54
3 1 0 0 129.7£72.62 164.0+£53.43 159.0+62.42
4 0 0 0.2 171.6£91.16  181.2+48.53 148.9+66.57
5 0.5 0 0.2 137.4+67.09 176.6+£5.88 215.9+71.01
6 1 0 0.2 146.9+60.69  154.0+£50.30  155.4+73.06
7 0 0 04 123.5£65.98  211.6+£70.81 165.8+33.77
8 0.5 0 04 141.0£78.97  139.9£55.25  161.3£74.16
9 1 0 04 145.1£73.79  163.8+68.78  181.7+182.64
10 0 0.5 0 263.5+75.33 182.2443.40  152.5£51.09
11 0.5 0.5 0 158.5+98.63 188.1+65.67  140.7+£26.03
12 1 0.5 0 179.1£101.65 193.6+49.00  150.1+38.02
13 0 0.5 0.2 225245921  220.0£50.88  137.9+46.61
14 05 05 0.2 334.9+£75.52 133.1£20.64 161.2+£21.52
15 1 05 0.2 163.8+98.23 156.9+41.71 171.6+£32.43
16 0 05 0.4 156.6+£73.04 174.7£35.51 152.3+12.31
17 05 05 0.4 194.8+66.85 166.4+40.38 161.1£37.91
18 1 0.5 0.4 127.9450.55 255.3+£118.18  175.4+34.07
19 0 1 0 201.8£29.66  402.0+£129.67 141.1+£27.16
20 0.5 1 0 197.3£51.26  354.2+210.69 191.9+46.63
21 1 1 0 155.5¢49.62  330.5+125.78  131.7+39.86
22 0 1 0.2 136.7+440.49  183.8+42.33 178.3+38.34
23 0.5 1 0.2 154.9+60.51 272.7+£103.32  174.7+45.01
24 1 1 0.2 155.5£35.68 306.7+£157.86  183.3+44.59
25 0 1 0.4 138.4+42.16 170.0£23.59 136.3£11.50
26 0.5 1 0.4 136.7£22.26  299.3£171.66 161.4+36.72
27 1 1 0.4 135.3£23.69  264.74£86.62  195.0+65.40

*Control treatment with 0,01% Triton X-100



FIGURES

Figure S1. (A) Cocoons in cartoon box prepared for emergence; (B) Eppendorf tubes used to feed bees with
33% sucrose solution (w/w), with cotton wool inside to prevent bees from entering the tubes and a small piece
of yellow sponge placed around the tube to attract bees to the food; (C) Topical application of the treatment
solution to female bees on glass Petri dishes using a Hamilton micro-syringe with a repeating applicator; (D)
Plastic box used for group housing of bees (min. 5 bees per treatment) after application of the treatment
solution.
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moj udzial wynosit 60% i polegal na opracowaniu metodologii badar, wykonaniu prac
terenowych w drugim sezonie badan, wykonaniu pomiaréw wszystkich analizowanych cech
historii zyciowe] pszczét oraz eksperymentéw laboratoryjnych, wykonaniu analiz
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and pesticide residues in provisions collected by Osmia bicornis along a gradient of oilseed

rape coverage. Scientific Reports 13, 13372. https://doi.org/10.1038/s41598-023-39950-5

moj udziat wynosit 65% i polegat na opracowaniu metedologii badan, przeprowadzeniu prac
terenowych oraz laboratoryjnych, wykonaniu analiz statystycznych, interpretacji i wizualizacji
wynikéw, przygotowaniu tekstu maszynopisu, poprawie maszynopisu zgodnie z uwagami
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badan, wykonaniu eksperymentow laboratoryjnych, wykonaniu analiz statystycznych,

interpretacji i wizualizacji wynikow, przygotowaniu tekstu maszynopisu.
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three insecticides with different modes of action on biochemical responses of the solitary
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moj udzial wynosit 60% i polegat na udziale w pracach koncepcyjnych oraz opracowaniu ‘
metodologii badan, wykonaniu eksperymentéw laboratoryjnych i pomiaréw aktywnosci
badanych enzymoéw, przeprowadzeniu analiz statystycznych, interpretacji i wizualizacji

wynikéw, przygotowaniu tekstu maszynopisu oraz poprawie maszynopisu zgodnie z uwagami

recenzentow.
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moj udzial wynosit 25% i polegat na opracowaniu koncepcji badan oraz uczestniczeniu w
opracowaniu metodologii badan, pomocy w wykonaniu analiz statystycznych oraz w
przygotowaniu tekstu, udzielaniu krytycznych uwag i sugestii na wszystkich etapach

powstawania pracy, oraz pozyskaniu funduszy na badania.

Misiewicz, A., Mikolajczyk, L.., Bednarska, A. J., 2023. Floral resources, energetic value
and pesticide residues in provisions collected by Osmia bicornis along a gradient of oilseed

rape coverage. Scientific Reports 13, 13372. https://doi.org/10.1038/s41598-023-39950-5

moj udzial wynosil 25% 1 polegal na uczestniczeniu w pracach koncepcyjnych, pomocy w
wykonaniu analiz statystycznych, wspoétudziale w przygotowaniu tekstu, udzielaniu
krytycznych uwag 1 sugestii na wszystkich etapach powstawania pracy, oraz pozyskaniu

funduszy na badania.
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moj udziat wynosit 20% i polegat na uczestniczeniu w pracach koncepcyjnych, pomocy w
pracach laboratoryjnych i przy opracowaniu metodologii badan, pomocy przy wykonaniu
analiz statystycznych, wspotudziale w przygotowaniu tekstu, udzielaniu krytycznych uwag i

sugestii na wszystkich etapach powstawania pracy, oraz pozyskaniu funduszy na badania.
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méj udziat wynosit 15% i polegal na udziale w pracach koncepcyjnych, pomocy przy
wykonaniu analiz statystycznych, wspotudziale w przygotowaniu tekstu, udziclaniu
krytycznych uwag i sugestii na wszystkich etapach powstawania pracy, oraz pozyskaniu

funduszy na badania.
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