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SUMMARY

Residues of plant protection products (PPPs) are frequently detected in beematrices1–6 due to foraging bees
collecting contaminated nectar and pollen, which they bring back to their hive. The collected material is
further used by nurse bees to produce glandular secretions for feeding their larvae.7 Potential exposure to
PPPs occurs through direct oral ingestion, contact during foraging, or interactionwith contaminated hivema-
terial.8,9 Contaminants can pose health risks to adult worker bees,10,11 queens,12,13 drones (males),14 or
larvae,15,16 potentially impacting colony health and productivity. However, residue concentrations can vary
significantly between analyzed matrices, and potential accumulation or dilution steps have not been widely
investigated. Although research has provided valuable insights into contamination risks, there remain gaps in
our understanding of the entire pathway from field, via foragers, stored products, nurse bees, and finally to
food jelly, i.e., royal, worker, and drone jelly, and the larvae, including all possible processing steps.17 We
collected samples of bee-relevant matrices following the in-field spray application of the product Pictor
Active, containing the fungicides boscalid and pyraclostrobin. The samples were analyzed for residues along
this entire pathway. Fungicide residues were reduced by a factor of 8–80 from stored product to nurse bees’
heads, suggesting a filtering function of nurse bees. Furthermore, detected residues in larval food jelly re-
sulted from added pollen and not from nurse bee secretions. Calculated risk quotients were at least twice
as low as the threshold values, suggesting a low risk to honey bee colonies from these fungicides at the
tested application rate.

RESULTS

In 159 of 241 samples from bee colonies placed at the edge of

oilseed rape (OSR) fields treated with the fungicide formulation

(Pictor Active), residues of the applied active substances were

detected in concentrations of between 6 3 10�5 and

34.72 mg/kg. Boscalid and pyraclostrobin residues were de-

tected in comparable concentrations in the same order ofmagni-

tude in each matrix. Samples from the untreated control sites

showed positive trace values of, on average, 0.032 mg/kg

(SD = 0.14mg/kg) for at least one of the tested active substances

in only 30% of 243 samples (Data S1A). Further, the plant inflo-

rescence samples of the untreated control sites were tested

for 288 active substances; the results are shown in Data S1B.

Almost all samples were free of residues prior to application,

with only four exceptions showing trace-level contamination

(Figures 1 and 2). However, trace-level contamination is ex-

pected when conducting open-field experiments.2

Over time, residue concentrations of plant inflorescences, pol-

len baskets, and honey sacs decreased, with a negative logarith-

mic trend for both substances (Figures 1A and 1B). The derived

dissipation time (DT50) for boscalid or pyraclostrobin was 2.12 or

1.86 days for plant inflorescences, 0.93 or 1.11 days for pollen

baskets, and 0.79 or 0.73 days for honey sacs. A decrease

over time, albeit not statistically significant (linear mixed model

[LMM]: p > 0.05), in residues was also detectable in stored pollen

and nectar for both substances (Figure 1C). Concentrations in

stored matrices, of approximately 0.2 mg/kg in pollen and
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0.04mg/kg in nectar, were in the same order of magnitude as the

related plant-derived material (Figures 1 and 3; Data S1A). The

concentrations in nurse bee heads, larval food jelly (Figure 2A),

and the larvae remained constantly low, with a concentration

of, on average, 0.029 mg/kg for boscalid and 0.028 mg/kg for

pyraclostrobin (Figure 2B). Eight days after in-field exposure,

the detectable residue concentrations were all below

1.8 mg/kg for both active substances (Figures 1 and 2). Signifi-

cantly higher residue concentrations were only detectable in

stored pollen, compared with stored nectar for boscalid (LMM:

p < 0.05), on both assessment days after exposure (Figure 1C).

In contrast, residue concentrations in larval food jellies

increased significantly—from the heads of nurse bees and royal

jelly to worker food jelly and, finally, to drone food jelly. However,

the detected concentrations were all below 0.3 mg/kg for both

active substances (Figure 2A). Larvae of all castes and sexes

showed the lowest residue concentrations: a maximum of

0.04 mg/kg for both active substances (Figure 2B). Further, the

calculated risk quotient (RQ) for bees and larvae was at least 2

times lower than the threshold level of concern of acute exposure

(threshold = 0.4) for pyraclostrobin and at least 15 times lower for

boscalid. For chronic exposure (threshold = 1), larval RQ values

were all at least 2 times lower as the threshold, with only two ex-

ceptions where pyraclostrobin RQ values were equal to the

threshold values (Data S1C).

Samples of bee bread, honey, in-hive bees, and wax collected

from treatment sites in autumn showed only trace-level residue

concentrations, with a median concentration of 0.009 mg/kg

for boscalid and 0.014 mg/kg for pyraclostrobin (Figure S1). In

spring, bee bread, honey, and in-hive bees were collected and

residues were only detected in 8 out of 15 samples, with a

maximum concentration of 0.009 mg/kg for both substances.

At the control sites, only 35% of the autumn samples showed

detectable trace-level residues, with a median concentration of

0.003 mg/kg for both substances, and in spring 2023, all sam-

ples were absent of any residues, except of one sample with a

trace-level concentration of 0.001 mg/kg (Figure S1).

The transfer factor of the residues was highest from applied

solution to plant inflorescence, with a reduction of the residue

concentration by a factor of 309–435, followed by the transfer

from plants to nectar foragers by a factor of 200 (Figure 3). The

storage of pollen and nectar led to an increase in concentration

by a factor of 2 to 4 from foragers to the stored material, but con-

centrations found in the heads of nurse bees were again reduced

by a factor of 8 to 80 from stored material to nurses. The median

concentrations in larval food jelly ranged from 0.014 to

0.0079 mg/kg for both substances, and only traces of residues

were transferred to larvae.

DISCUSSION

Pesticide residues are often found in various concentrations

within bee-relatedmatrices, but the transfer pathway fromplants

to the hive remains unclear. The role of processing factors like

Figure 1. Fungicide residues detected in plant-related material and stored products
(A and B) The measured concentrations of active substances boscalid (A) and pyraclostrobin (B) in plant inflorescences (OSR), pollen baskets, and honey sacs

from fungicide treatment sites with fitted logarithmic regression line (LMM: residue concentration � assessment day + sample type). Detected residues were

plotted on a logarithmic scale (A and B).

(C) Residues of both substances detected in stored pollen and nectar. Boxes represent the first and third quartiles of data and the median, whiskers extend the

range by values with a maximum of the 1.5-fold interquartile range. Different letters indicate significant differences in residue concentration between analyzed

matrices (LMM: residue concentration � assessment day + sample type, a = 0.05). Samples were collected in a field experiment at five different locations in

Germany. Data points represent the measured concentration. BO, Bochum; BS, Braunschweig; CE, Celle; HO, Hohenheim; VH, Veitshöchheim.

See also Data S1 and Figure S1.
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accumulation or dilution is not fully understood. In our field-real-

istic experiment, we collected samples along the entire transfer

pathway and analyzed them for residues of boscalid and pyra-

clostrobin from the fungicide formulation Pictor Active.

Our findings provide critical insights into this transfer process.

The residue content was reduced by a factor of 9.8 from stored

pollen or 1.5 from nectar to larval food (Figures 1, 2, and 3), indi-

cating that nurse bees may act as a filtering step in the following

residue transfer from stored products to the larvae.1,18,19 During

digestion of consumed stored products, the antioxidative and

immune system of nurse bees induces different enzymatic

response mechanisms to metabolize and evacuate hazardous

substances, such as plant protection products (PPPs).20,21 Addi-

tionally, some PPPs may be excreted without passing through

the digestive system and entering the hemolymph.21 Within the

body tissues, the accumulation of PPPs (and their modifications)

will be partly determined by solubility, i.e., we therefore predict

that lipophilic substances will accumulate in fat body rather

than gland tissue. This could minimize contaminant concentra-

tions when gland secretions are produced in the head glands

of bees. Furthermore, nurse bees exchange food with each

other, drones, and the queen in a process called trophallaxis,

and contaminants can be transferred—but also diluted—

through every mouth-to-mouth contact.9 Even if residues are

not directly transferred to larvae, indirect effects should be

considered, as residues might negatively impact worker bees.

Sub-lethal effects on workers may result in behavioral or physi-

ological alterations, which could lead to a reduction in foraging

activity or brood care.22

Previous studies support the hypothesis of a filtering function

of nurse bees in reporting no or limited transfer of boscalid and

pyraclostrobin residues from nurse bee to royal jelly in an artifi-

cial feeding scenario.18,23 Nonetheless, a literature review

showed that low concentrations of pesticides are transferred

into royal jelly.6 Only Böhme et al.24 focused additionally on

worker jelly and detected boscalid and pyraclostrobin in concen-

trations of up to 0.038 or 0.048 mg/kg in an artificial pollen-

feeding scenario. The concentrations in worker jelly we detected

are in the same order of magnitude (Figure 2A).

Furthermore, the lowest concentration of residues was de-

tected in larvae, with a reduction factor from jelly to larvae of

3.8 to 31.5 (Figure 3). Honey bee larvae do not excrete during

the larval stage of development until they pupate,7 indicating

that PPP residues in larval food jelly are not concentrated in

larvae by ingestion. Consequently, our study showed that, under

field-realistic conditions, the transfer from plant inflorescence to

worker foodwould be approximately 1.3%, from collected pollen

at around 29.9%, and from stored pollen up to 13%. The pro-

cessing of collected material, which is realized by forager and

in-hive bees, must be included in transfer calculations. Addition-

ally, the improvement of colony strength, including many forager

and nurse bees, may hence support bees’ filtering function.

Thus, it is to be expected that the more individuals that are pre-

sent in a colony during application of plant protection products,

the more efficiently they can filter and may buffer the impact of

pesticide exposure. In contrast to social bee species, which

could buffer the lethal or sub-lethal impacts of contaminants

on an individual level by their colony strength, solitary bee

Figure 2. Fungicide residues detected in nurse bee heads and larval food jelly and larvae

(A) Nurse bee heads and larval food jelly. (B) Larvae. Figures show the measured concentrations of active substances boscalid and pyraclostrobin over time,

collected from fungicide treatment sites. Detected residues were plotted on a logarithmic scale. Data points represent measured concentrations and boxes

represent the first and third quartiles of data and the median, whiskers extend the range by values with a maximum of the 1.5-fold interquartile range. Different

letters indicate significant differences in residue concentration between analyzed matrices (LMM: residue concentration � assessment day + sample type,

a = 0.05). BO, Bochum; BS, Braunschweig; CE, Celle; HO, Hohenheim; VH, Veitshöchheim.

See also Data S1 and Figure S1.
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speciesmay bemore susceptible to these contaminants. If a sol-

itary bee is poisoned by contaminants and dies, this will directly

impact their offspring as there is no buffering capacity.21 Howev-

er, further research is still needed to compare exposure levels

between different bee species in this context.

The filtering effect of nurse bees during food jelly production is

further supported when comparing the results of the different

food jellies. At both assessment days after exposure, worker

and drone jellies contained significantly higher boscalid and pyr-

aclostrobin concentrations than nurse bees’ heads and, partly,

than royal jelly (Figure 2A). Larval food jelly is a mixture of glan-

dular secretions from the bees’ heads, containing proteins and

lipids.25 In comparison with queen jelly, which consists only of

these glandular secretions, worker and drone jellies contain

additional pollen at later stages of their development.26,27 Addi-

tional pollen in worker jelly correlates positively with higher PPP

residue concentrations24 (Figure 2A). This correlation is presum-

ably related to the beneficial lipophilic character of pollen.24 Bo-

scalid and pyraclostrobin have a water solubility of 4.6 or 1.9mg/

L and a water partition coefficient of 2.96 or 3.99, indicating their

low solubility and limited dissolution in water.28 On the other

hand, pollen has a high lipid content, including non-polar lipids.29

The lipophilic character of pollen is hence beneficial for the sol-

ubility and accumulation of lipophilic fungicides. Nonetheless,

higher exposure could also result from the fact that the stamens,

and thus the pollen, are more exposed to the spray deposits,

whereas the nectar is protected in the nectaries. Significantly

higher residue concentrations in worker and drone jelly most

likely resulted from the additional pollen added to the jelly at

this later stage (L3–L4) of larval development and not from the

nurse bee secretions. This is further supported by the fact that

there are no significant differences in the residue concentrations

of nurse bees’ heads and royal jelly, which consists solely of the

head gland secretions (Figure 2A). However, it is important to

note that the bee head contains other tissues, such as the brain,

trachea, and eyes, in addition to the food glands.25 These non-

glandular tissuesmay dilute the residues measured in the heads.

Nonetheless, the head glands of nurse bees are particularly

enlarged during the feeding period and show a positive correla-

tion with head weight30,31 (Figure S2).

Based on the residue unit doses (RUDs), residues in pollen are

expected to be more than 10 times higher than in nectar, regard-

less of the active ingredients32 (Data S1D). Here, we also showed

this 10-times-higher median concentration in pollen products

(pollen baskets and stored pollen) compared with nectar prod-

ucts (honey sac and stored nectar) (Figures 1A–1C), and the

significantly higher boscalid concentration in stored pollen,

compared with stored nectar at both assessment days after

exposure (Figure 1C). However, the expected residues based

on the median RUDs were overestimated when compared with

the actual median residues detected in this study (Data S1D).

The variation in residue concentrations across different matrices

may be attributed to the different physicochemical properties of

those matrices. The correlation between the lipophilic character

of different pesticides and higher residue concentrations in pol-

len, bee bread, or beeswax was previously confirmed.33,34 How-

ever, the storage of collected products in wax cells can, in turn,

serve as a potential accumulation step.34 Wax is a highly lipo-

philic matrix, with no polar content, and a source of accumula-

tion for lipophilic substances. Finally, evaporation during nectar

processing can also concentrate contaminants.34–37 In this

study, the concentration of residues from bees’ collected mate-

rial to stored products varied by a factor of 2.1–3.7, but a direct

accumulation of the residues could not be shown (Figure 3).

Figure 3. Transfer pathway of fungicide residues from in-field application to honey bee larvae

The figure shows the transfer factors from an analyzed matrix to another. Concentrations given below the icons are median concentrations measured among all

time points, reflecting expected concentration levels independent of time. Values on the arrows are the transfer factors calculated from one stage to the next

along the transfer pathway. Positive values represent a concentration factor, negative values a dilution factor. Light blue, boscalid; dark blue, pyraclostrobin.

See also Data S1.
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Residue concentrations in OSR inflorescences, pollen bas-

kets, and honey sacs decreased logarithmically over time,

with a maximum detected concentration of 0.3 mg/kg 8 days

after application (Figures 1A and 1B). The derived DT50 values

for pollen baskets and honey sacs aligned with the expected

dissipation rates of boscalid and pyraclostrobin in pollen or

nectar, showing a dissipation time of less than 2 days.32

Furthermore, residue concentrations decreased during over-

wintering in 2023 and were only detectable at a maximum of

0.009 mg/kg (Figure S1). Although boscalid and pyraclostrobin

are frequently detected in bee matrices,4,5,18,23,24,38–48 when

samples are collected in a time-dependent interval after appli-

cation, concentrations decrease over time4,38–41 (Data S1E).

However, metabolites of boscalid have been detected in adult

bee samples and the resulting toxicological effects should

also be considered.48

RQs were calculated based on the BeeREX model, with four

different scenarios to evaluate potential threats for adult bees

and the larvae.49 The BeeREX was designed by the US Envi-

ronmental Protection Agency (EPA) to assess the potential

risk of residues in bee matrices by also considering the con-

sumption of these matrices by bees of different castes, sexes,

and developmental stages.49 All calculated matrix-dependent

RQs were below the levels of concern for acute and chronic

exposure, which are of 0.4 and 1, respectively, except for

two cases involving the larval chronic RQ for pyraclostrobin50

(Data S1C). The default assumptions for boscalid generally

overestimated the RQ values for adult bees and queen larvae,

while underestimating RQ values for young worker larvae.

Conversely, the default assumptions for pyraclostrobin showed

the opposite pattern. The expected RQ values based on the

RUD estimations were consistent with the default RQ values.

Despite this, the RQ values were predominantly below the

threshold levels. This low risk was further supported by our par-

allel field study in which we simultaneously monitored and as-

sessed colonies within the same experimental setup. We

observed only short-term effects related to the combined

stressor effect of Pictor Active exposure and pollen restriction

in nucleus colonies, such as alterations in colony development

and brood ratio, but no impacts on the gut microbiome or

brood termination. Effects were compensated over time and

no long-term effects were observed in overwintering.51 Howev-

er, pyraclostrobin acts on bee mitochondria. It inhibits complex

III of cellular respiration in fungi but also oxidative phosphoryla-

tion and ATP synthesis in bees.52 Physiological alterations

might impact honey bee health on an individual or colony level

and should not be neglected.53–57

As honey bee queens and drones are the reproductive units,7

impacts on their development and health could influence colony

reproduction negatively. The queen lays thousands of eggs per

day, from which the workers hatch and thus enable the colony

to grow. Drone eggs are only laid and reared during the repro-

ductive season, when queens are also reared.14 Potential

short-term effects include the impairment of the quality of larval

food jelly,16 while long-term effects could include a reduction in

sperm quality or inhibition of ovarian development in

queens.14,58 Worker bees are responsible for many tasks within

the colony, including nursing and feeding the brood, which is

important for colony growth and strength. Therefore,

understanding potential exposure routes and the transfer of res-

idues within the honey bee colony is essential, as these can be

considered in the risk evaluations.

Here, we have investigated the transmission pathway by eval-

uating all potential dilution and accumulation steps using the

example of two globally used lipophilic fungicides. The transfer

route from field to larvae showed that residue concentrations

were diluted from one stage to another, with the exception of

storing processes. Nurse bees act in this process as a biological

filter that dilutes residue levels along the pathway. This key func-

tion may prevent queen, worker, and drone larvae from being

exposed to high, potentially harmful concentrations of fungi-

cides. Based on this, PPPs with active substances of different

physicochemical characteristics and effects on other bee spe-

cies should be assessed in future studies. Results may differ

when polar substances are tested, as their chemical character

tends to interact more with polar matrices such as nectar, or

when solitary bees are used, as they may not rely on the filtering

function of a colony.
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41. Piechowicz, B., Szpyrka, E., Zaręba, L., Podbielska, M., and Grodzicki, P.

(2018). Transfer of the active ingredients of some plant protection prod-

ucts from raspberry plants to beehives. Arch. Environ. Contam. Toxicol.

75, 45–58. https://doi.org/10.1007/s00244-017-0488-4.

42. Daniele, G., Giroud, B., Jabot, C., and Vulliet, E. (2018). Exposure assess-

ment of honeybees through study of hive matrices: Analysis of selected

pesticide residues in honeybees, beebread, and beeswax from French

beehives by LC-MS/MS. Environ. Sci. Pollut. Res. 25, 6145–6153.

https://doi.org/10.1007/s11356-017-9227-7.

43. David, A., Botı́as, C., Abdul-Sada, A., Nicholls, E., Rotheray, E.L., Hill,

E.M., and Goulson, D. (2016). Widespread contamination of wildflower

and bee-collected pollen with complex mixtures of neonicotinoids and

fungicides commonly applied to crops. Environ. Int. 88, 169–178.

https://doi.org/10.1016/j.envint.2015.12.011.

44. Mullin, C.A., Frazier, M., Frazier, J.L., Ashcraft, S., Simonds, R.,

Vanengelsdorp, D., and Pettis, J.S. (2010). High levels of miticides and ag-

rochemicals in North American apiaries: Implications for honey bee health.

PLoS One 5, e9754. https://doi.org/10.1371/journal.pone.0009754.

45. Murcia-Morales, M., Dı́az-Galiano, F.J., Vejsnæs, F., Kilpinen, O., van der

Steen, J.J.M., and Fernández-Alba, A.R. (2021). Environmental monitoring

study of pesticide contamination in Denmark through honey bee colonies

using APIStrip-based sampling. Environ. Pollut. 290, 117888. https://doi.

org/10.1016/j.envpol.2021.117888.

46. Ostiguy, N., and Eitzer, B. (2014). Overwintered brood comb honey: colony

exposure to pesticide residues. J. Apic. Res. 53, 413–421. https://doi.org/

10.3896/IBRA.1.53.3.10.
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Hive-derived drone larvae and food jelly This paper N/A

Chemicals, peptides, and recombinant proteins

Pictor Active BASF, Ludwigshafen N/A

Boscalid-d4 LGC Limited, Middlesex, UK 188425-85-6

Boscalid LGC Limited, Middlesex, UK 2468796-76-9

Pyraclostrobin-d6 LGC Limited, Middlesex, UK N/A

Pyraclostrobin LGC Limited, Middlesex, UK 175013-18-0

Aceton Th.Geyer GmbH&Co.KG, Renningen, Germany 67-64-1

Sodium chloride Th.Geyer GmbH&Co.KG, Renningen, Germany 7647-14-5

Dichloromethane Th.Geyer GmbH&Co.KG, Renningen, Germany 75-09-2

Methanol Th.Geyer GmbH&Co.KG, Renningen, Germany 67-56-1

Acetonitrile Th.Geyer GmbH&Co.KG, Renningen, Germany 75-05-8

Formic acid Th.Geyer GmbH&Co.KG, Renningen, Germany 64-18-6

Ammonium formiate Th.Geyer GmbH&Co.KG, Renningen, Germany 540-69-2

Abamectin HPC Standards, Cunnersdorf, Germany 71751-41-2

Acephate LGC Limited, Middlesex, UK 30560-19-1

Acetamiprid HPC Standards, Cunnersdorf, Germany 135410-20-7

Acrinathrin LGC Limited, Middlesex, UK 101007-06-1

Alachlor LGC Limited, Middlesex, UK 15972-60-8

Alanycarb HPC Standards, Cunnersdorf, Germany 83130-01-2

Aldicarb LGC Limited, Middlesex, UK 116-06-3

Aldicarb-sulfone LGC Limited, Middlesex, UK 1646-88-4

Aldicarb-sulfoxid LGC Limited, Middlesex, UK 1646-87-3

Allethrin LGC Limited, Middlesex, UK 584-79-2

alpha-Cypermethrin HPC Standards, Cunnersdorf, Germany 67375-30-8

alpha-Endosulfan LGC Limited, Middlesex, UK 115-29-7

alpha-HCH LGC Limited, Middlesex, UK 319-84-6

Amisulbrom HPC Standards, Cunnersdorf, Germany 348635-87-0

Amitraz HPC Standards, Cunnersdorf, Germany 33089-61-1

Amitraz-metabolite BTS 27271 LGC Limited, Middlesex, UK 33089-74-6

Amitraz-metabolite BTS 27919 HPC Standards, Cunnersdorf, Germany 60397-77-5

Azadirachtin HPC Standards, Cunnersdorf, Germany 11141-17-6

Azamethiphos LGC Limited, Middlesex, UK 35575-96-3

Azinphos-ethyl LGC Limited, Middlesex, UK 2642-71-9

Azinphos-methyl LGC Limited, Middlesex, UK 86-50-0

Azoxystrobin HPC Standards, Cunnersdorf, Germany 131860-33-8

Bendiocarb LGC Limited, Middlesex, UK 22781-23-3

Benfuracarb HPC Standards, Cunnersdorf, Germany 82560-54-1

Benthiavalicarb-isopropyl HPC Standards, Cunnersdorf, Germany 413615-35-7
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Benzoximate LGC Limited, Middlesex, UK 29104-30-1

beta-Cyfluthrin HPC Standards, Cunnersdorf, Germany 1820573-27-0

beta-Endosulfan LGC Limited, Middlesex, UK 33213-65-9

beta-HCH LGC Limited, Middlesex, UK 319-85-7

Bifenazat HPC Standards, Cunnersdorf, Germany 149877-41-8

Bifenox HPC Standards, Cunnersdorf, Germany 42576-02-3

Bifenthrin HPC Standards, Cunnersdorf, Germany 82657-04-3

Bromopropylate LGC Limited, Middlesex, UK 18181-80-1

Bromoxynil HPC Standards, Cunnersdorf, Germany 1689-84-5

Bromuconazole HPC Standards, Cunnersdorf, Germany 116255-48-2

Buprofezin HPC Standards, Cunnersdorf, Germany 69327-76-0

Butoxycarboxim LGC Limited, Middlesex, UK 34681-23-7

Captan HPC Standards, Cunnersdorf, Germany 133-06-2

Carbaryl LGC Limited, Middlesex, UK 63-25-2

Carbendazim HPC Standards, Cunnersdorf, Germany 10605-21-7

Carbofuran LGC Limited, Middlesex, UK 1563-66-2

Carbophenothion LGC Limited, Middlesex, UK 786-19-6

Carbosulfan HPC Standards, Cunnersdorf, Germany 55285-14-8

Carboxin HPC Standards, Cunnersdorf, Germany 5234-68-4

Carfentrazon-ethyl HPC Standards, Cunnersdorf, Germany 128639-02-1

CEKAFIX LGC Limited, Middlesex, UK 121227-99-4

Chlorantraniliprole HPC Standards, Cunnersdorf, Germany 500008-45-7

Chlordimeform LGC Limited, Middlesex, UK 19750-95-9

Chlorfenapyr LGC Limited, Middlesex, UK 122453-73-0

Chlorfenvinphos HPC Standards, Cunnersdorf, Germany 470-90-6

Chlorpyrifos HPC Standards, Cunnersdorf, Germany 2921-88-2

Chlorpyrifos-methyl HPC Standards, Cunnersdorf, Germany 5598-13-0

Chlorthalonil HPC Standards, Cunnersdorf, Germany 1897-45-6

Chlorthiamid LGC Limited, Middlesex, UK 1918-13-4

Clofentezine HPC Standards, Cunnersdorf, Germany 74115-24-5

Clomazone HPC Standards, Cunnersdorf, Germany 81777-89-1

Clothianidin HPC Standards, Cunnersdorf, Germany 210880-92-5

Clothianidin-metabolite TZMU HPC Standards, Cunnersdorf, Germany 634192-72-6

Clothianidin-metabolite TZNG HPC Standards, Cunnersdorf, Germany 135018-15-4

Coumaphos HPC Standards, Cunnersdorf, Germany 56-72-4

Cyantraniliprole LGC Limited, Middlesex, UK 736994-63-1

Cyazofamid HPC Standards, Cunnersdorf, Germany 120116-88-3

Cyflufenamid HPC Standards, Cunnersdorf, Germany 180409-60-3

Cymiazole LGC Limited, Middlesex, UK 61676-87-7

Cymoxanil HPC Standards, Cunnersdorf, Germany 57966-95-7

Cypermethrin HPC Standards, Cunnersdorf, Germany 52315-07-8

Cyphenothrin HPC Standards, Cunnersdorf, Germany 39515-40-7

Cyproconazole HPC Standards, Cunnersdorf, Germany 94361-06-5

Cyprodinil LGC Limited, Middlesex, UK 121552-61-2

Cyromazine HPC Standards, Cunnersdorf, Germany 66215-27-8

DEET HPC Standards, Cunnersdorf, Germany 134-62-3

Deltamethrin HPC Standards, Cunnersdorf, Germany 52918-63-5

Demeton-S-methylsulfone LGC Limited, Middlesex, UK 17040-19-6

Diafenthiuron HPC Standards, Cunnersdorf, Germany 80060-09-9

Dialifos LGC Limited, Middlesex, UK 10311-84-9
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REAGENT or RESOURCE SOURCE IDENTIFIER

Diazinon LGC Limited, Middlesex, UK 333-41-5

Dichlobenil LGC Limited, Middlesex, UK 1194-65-6

Dichlorvos LGC Limited, Middlesex, UK 62-73-7

Diethofencarb LGC Limited, Middlesex, UK 87130-20-9

Difenoconazole LGC Limited, Middlesex, UK 119446-68-3

Diflubenzuron HPC Standards, Cunnersdorf, Germany 35367-38-5

Diflufenican LGC Limited, Middlesex, UK 83164-33-4

Dimethachlor HPC Standards, Cunnersdorf, Germany 50563-36-5

Dimethenamid-P LGC Limited, Middlesex, UK 163515-14-8

Dimethoate LGC Limited, Middlesex, UK 60-51-5

Dimethomorph LGC Limited, Middlesex, UK 110488-70-5

Dimoxystrobin LGC Limited, Middlesex, UK 149961-52-4

Dinotefuran LGC Limited, Middlesex, UK 165252-70-0

Diuron LGC Limited, Middlesex, UK 330-54-1

Empenthrin LGC Limited, Middlesex, UK 54406-48-3

Endosulfansulfat LGC Limited, Middlesex, UK 1031-07-8

Epoxiconazole LGC Limited, Middlesex, UK 133855-98-8

Esfenvalerate LGC Limited, Middlesex, UK 66230-04-4

Ethiofencarb LGC Limited, Middlesex, UK 29973-13-5

Ethofumesate LGC Limited, Middlesex, UK 26225-79-6

Ethoprophos HPC Standards, Cunnersdorf, Germany 13194-48-4

Etofenprox LGC Limited, Middlesex, UK 80844-07-1

Etoxazole LGC Limited, Middlesex, UK 153233-91-1

Famoxadone HPC Standards, Cunnersdorf, Germany 131807-57-3

Fenamidone HPC Standards, Cunnersdorf, Germany 161326-34-7

Fenamiphos HPC Standards, Cunnersdorf, Germany 22224-92-6

Fenarimol LGC Limited, Middlesex, UK 60168-88-9

Fenazaquin LGC Limited, Middlesex, UK 120928-09-8

Fenhexamid LGC Limited, Middlesex, UK 126833-17-8

Fenitrothion LGC Limited, Middlesex, UK 122-14-5

Fenoxaprop-P-ethyl HPC Standards, Cunnersdorf, Germany 71283-80-2

Fenoxycarb HPC Standards, Cunnersdorf, Germany 72490-01-8

Fenpropidin HPC Standards, Cunnersdorf, Germany 67306-00-7

Fenpropimorph HPC Standards, Cunnersdorf, Germany 67564-91-4

Fenpyroximate HPC Standards, Cunnersdorf, Germany 111812-58-9

Fipronil HPC Standards, Cunnersdorf, Germany 120068-37-3

Fipronil-carboxamid HPC Standards, Cunnersdorf, Germany 205650-69-7

Fipronil-desulfinyl HPC Standards, Cunnersdorf, Germany 205650-65-3

Fipronil-sulfid HPC Standards, Cunnersdorf, Germany 120067-83-6

Fipronil-sulfon HPC Standards, Cunnersdorf, Germany 120068-36-2

Flonicamid HPC Standards, Cunnersdorf, Germany 158062-67-0

Flonicamid-metabolite TFNA HPC Standards, Cunnersdorf, Germany 158063-66-2

Flonicamid-metabolite TFNG HPC Standards, Cunnersdorf, Germany 207502-65-6

Fluazifop LGC Limited, Middlesex, UK 69335-91-7

Fluazifop-P-butyl HPC Standards, Cunnersdorf, Germany 79241-46-6

Fluazinam HPC Standards, Cunnersdorf, Germany 79622-59-6

Fludioxonil HPC Standards, Cunnersdorf, Germany 131341-86-1

Flufenacet HPC Standards, Cunnersdorf, Germany 142459-58-3

Flufenoxuron LGC Limited, Middlesex, UK 101463-69-8

Fluopicolide HPC Standards, Cunnersdorf, Germany 239110-15-7

(Continued on next page)

ll
OPEN ACCESS

Current Biology 34, 1–8.e1–e11, December 2, 2024 e3

Please cite this article in press as: Wueppenhorst et al., Nurse honey bees filter fungicide residues to maintain larval health, Current Biology (2024),
https://doi.org/10.1016/j.cub.2024.10.008

Report



Continued
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Fluopyram HPC Standards, Cunnersdorf, Germany 658066-35-4

Fluoxastrobin HPC Standards, Cunnersdorf, Germany 361377-29-9

Flupyradifurone HPC Standards, Cunnersdorf, Germany 951659-40-8

Fluquinconazole HPC Standards, Cunnersdorf, Germany 136426-54-5

Fluroxypyr-1-methylheptylester HPC Standards, Cunnersdorf, Germany 81406-37-3

Flurtamone HPC Standards, Cunnersdorf, Germany 96525-23-4

Flusilazole LGC Limited, Middlesex, UK 85509-19-9

Flutriafol LGC Limited, Middlesex, UK 76674-21-0

Fluxapyroxad HPC Standards, Cunnersdorf, Germany 907204-31-3

Folpet HPC Standards, Cunnersdorf, Germany 133-07-3

Fonofos LGC Limited, Middlesex, UK 944-22-9

Fosthiazate HPC Standards, Cunnersdorf, Germany 98886-44-3

Fuberidazole LGC Limited, Middlesex, UK 3878-19-1

Furathiocarb HPC Standards, Cunnersdorf, Germany 65907-30-4

Heptenophos LGC Limited, Middlesex, UK 23560-59-0

Hexachlorobenzene (HCB) LGC Limited, Middlesex, UK 118-74-1

Hexaconazole HPC Standards, Cunnersdorf, Germany 79983-71-4

Hexaflumuron HPC Standards, Cunnersdorf, Germany 86479-06-3

Hexythiazox HPC Standards, Cunnersdorf, Germany 78587-05-0

Icaridin HPC Standards, Cunnersdorf, Germany 119515-38-7

Imazalil HPC Standards, Cunnersdorf, Germany 35554-44-0

Imidacloprid HPC Standards, Cunnersdorf, Germany 138261-41-3

Imidacloprid-5-hydroxy HPC Standards, Cunnersdorf, Germany 155802-61-2

Imidacloprid-olefin LGC Limited, Middlesex, UK 115086-54-9

Imiprothrin HPC Standards, Cunnersdorf, Germany 72963-72-5

Indoxacarb HPC Standards, Cunnersdorf, Germany 144171-61-9

Ioxynil HPC Standards, Cunnersdorf, Germany 1689-83-4

Ipconazole HPC Standards, Cunnersdorf, Germany 125225-28-7

Iprodion HPC Standards, Cunnersdorf, Germany 36734-19-7

Iprovalicarb HPC Standards, Cunnersdorf, Germany 140923-17-7

Isoproturon HPC Standards, Cunnersdorf, Germany 34123-59-6

Isoxaben HPC Standards, Cunnersdorf, Germany 82558-50-7

Kresoxim-methyl HPC Standards, Cunnersdorf, Germany 143390-89-0

lambda-Cyhalothrin HPC Standards, Cunnersdorf, Germany 91465-08-6

Lindane (gamma-HCH) HPC Standards, Cunnersdorf, Germany 58-89-9

Lufenuron HPC Standards, Cunnersdorf, Germany 103055-07-8

Malathion HPC Standards, Cunnersdorf, Germany 121-75-5

Mandipropamid HPC Standards, Cunnersdorf, Germany 374726-62-2

MCPA HPC Standards, Cunnersdorf, Germany 94-74-6

Mecoprop HPC Standards, Cunnersdorf, Germany 93-65-2

Mefentrifluconazole LGC Limited, Middlesex, UK 1417782-03-6

Mepanipyrim HPC Standards, Cunnersdorf, Germany 110235-47-7

Mepronil LGC Limited, Middlesex, UK 55814-41-0

Metaflumizone LGC Limited, Middlesex, UK 139968-49-3

Metalaxyl-M HPC Standards, Cunnersdorf, Germany 57837-19-1

Metazachlor HPC Standards, Cunnersdorf, Germany 67129-08-2

Metconazole HPC Standards, Cunnersdorf, Germany 125116-23-6

Methamidophos LGC Limited, Middlesex, UK 10265-92-6

Methidathion LGC Limited, Middlesex, UK 950-37-8

Methiocarb HPC Standards, Cunnersdorf, Germany 2032-65-7
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Methiocarb-sulfon LGC Limited, Middlesex, UK 2179-25-1

Methiocarb-sulfoxid HPC Standards, Cunnersdorf, Germany 2635-10-1

Methomyl HPC Standards, Cunnersdorf, Germany 16752-77-5

Methoxychlor LGC Limited, Middlesex, UK 72-43-5

Methoxyfenozide HPC Standards, Cunnersdorf, Germany 161050-58-4

Metofluthrin LGC Limited, Middlesex, UK 240494-70-6

Metrafenone LGC Limited, Middlesex, UK 220899-03-6

Metribuzin HPC Standards, Cunnersdorf, Germany 21087-64-9

Mevinphos LGC Limited, Middlesex, UK 7786-34-7

Milbemectin mixture of A3 and A4 HPC Standards, Cunnersdorf, Germany 51596-10-2/51596-11-3

Momfluorothrin LGC Limited, Middlesex, UK 609346-29-4

Myclobutanil HPC Standards, Cunnersdorf, Germany 88671-89-0

Naphthalin HPC Standards, Cunnersdorf, Germany 91-20-3

Napropamid HPC Standards, Cunnersdorf, Germany 15299-99-7

Nicotine LGC Limited, Middlesex, UK 54-11-5

Nitenpyram LGC Limited, Middlesex, UK 150824-47-8

Novaluron HPC Standards, Cunnersdorf, Germany 116714-46-6

Omethoate LGC Limited, Middlesex, UK 1113-02-6

Orange oil ((R) (+) Limonene) LGC Limited, Middlesex, UK 8008-57-9

Oxydemeton-methyl LGC Limited, Middlesex, UK 301-12-2

Paclobutrazol LGC Limited, Middlesex, UK 76738-62-0

Paraoxon HPC Standards, Cunnersdorf, Germany 311-45-5

Parathion HPC Standards, Cunnersdorf, Germany 56-38-2

Parathion-methyl HPC Standards, Cunnersdorf, Germany 298-00-0

Penconazole HPC Standards, Cunnersdorf, Germany 66246-88-6

Pencycuron HPC Standards, Cunnersdorf, Germany 66063-05-6

Pendimethalin HPC Standards, Cunnersdorf, Germany 40487-42-1

Pentachlorobenzene LGC Limited, Middlesex, UK 608-93-5

Pentachlorophenol HPC Standards, Cunnersdorf, Germany 87-86-5

Permethrin LGC Limited, Middlesex, UK 52645-53-1

Phenothrin HPC Standards, Cunnersdorf, Germany 26002-80-2

Phosalone LGC Limited, Middlesex, UK 2310-17-0

Phoxim HPC Standards, Cunnersdorf, Germany 14816-18-3

Picoxystrobin LGC Limited, Middlesex, UK 117428-22-5

Piperonylbutoxide HPC Standards, Cunnersdorf, Germany 51-03-6

Pirimicarb HPC Standards, Cunnersdorf, Germany 23103-98-2

Pirimicarb-desmethyl HPC Standards, Cunnersdorf, Germany 30614-22-3

Pirimicarb-desmethyl-formamid HPC Standards, Cunnersdorf, Germany 27218-04-8

Pirimiphos-methyl HPC Standards, Cunnersdorf, Germany 29232-93-7

Prallethrin HPC Standards, Cunnersdorf, Germany 23031-36-9

Prochloraz LGC Limited, Middlesex, UK 67747-09-5

Prochloraz-metabolite BTS 40348 HPC Standards, Cunnersdorf, Germany 67747-01-7

Prochloraz-metabolite BTS 44596 HPC Standards, Cunnersdorf, Germany 139542-32-8

Procymidon LGC Limited, Middlesex, UK 32809-16-8

Profenofos LGC Limited, Middlesex, UK 41198-08-7

Propachlor LGC Limited, Middlesex, UK 1918-16-7

Propamocarb HPC Standards, Cunnersdorf, Germany 24579-73-5

Propaquizafop LGC Limited, Middlesex, UK 111479-05-1

Propargite HPC Standards, Cunnersdorf, Germany 2312-35-8

Propiconazole LGC Limited, Middlesex, UK 60207-90-1
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Propoxur LGC Limited, Middlesex, UK 114-26-1

Propyzamid LGC Limited, Middlesex, UK 23950-58-5

Proquinazid LGC Limited, Middlesex, UK 189278-12-4

Prosulfocarb LGC Limited, Middlesex, UK 52888-80-9

Prothioconazol-desthio LGC Limited, Middlesex, UK 120983-64-4

Pymetrozine LGC Limited, Middlesex, UK 123312-89-0

Pyrazophos LGC Limited, Middlesex, UK 13457-18-6

Pyrethrine HPC Standards, Cunnersdorf, Germany 8003-34-7

Pyridaben HPC Standards, Cunnersdorf, Germany 96489-71-3

Pyridalyl LGC Limited, Middlesex, UK 179101-81-6

Pyrimethanil HPC Standards, Cunnersdorf, Germany 53112-28-0

Pyriproxyfen HPC Standards, Cunnersdorf, Germany 95737-68-1

Quinoclamine HPC Standards, Cunnersdorf, Germany 2797-51-5

Quinoxyfen HPC Standards, Cunnersdorf, Germany 124495-18-7

Rotenone LGC Limited, Middlesex, UK 83-79-4

Sulfur HPC Standards, Cunnersdorf, Germany 7704-34-9

Silthiofam HPC Standards, Cunnersdorf, Germany 175217-20-6

Spinetoram (Mixture of Spinetoram J & L) HPC Standards, Cunnersdorf, Germany 187166-40-1 / 187166-15-0

Spinosad (mixture of spinosy A & D) HPC Standards, Cunnersdorf, Germany 131929-60-7/ 131929-63-0

Spirodiclofen LGC Limited, Middlesex, UK 148477-71-8

Spiromesifen LGC Limited, Middlesex, UK 283594-90-1

Spirotetramat LGC Limited, Middlesex, UK 203313-25-1

Spiroxamine HPC Standards, Cunnersdorf, Germany 118134-30-8

Sulfoxaflor LGC Limited, Middlesex, UK 946578-00-3

tau-Fluvalinate HPC Standards, Cunnersdorf, Germany 102851-06-9

Tebuconazole HPC Standards, Cunnersdorf, Germany 107534-96-3

Tebufenozide LGC Limited, Middlesex, UK 112410-23-8

Tebufenpyrad LGC Limited, Middlesex, UK 119168-77-3

Teflubenzuron LGC Limited, Middlesex, UK 83121-18-0

Tefluthrin HPC Standards, Cunnersdorf, Germany 79538-32-2

Terbufos LGC Limited, Middlesex, UK 13071-79-9

Tetrachlorvinphos LGC Limited, Middlesex, UK 961-11-5

Tetraconazole LGC Limited, Middlesex, UK 112281-77-3

Tetradifon HPC Standards, Cunnersdorf, Germany 116-29-0

Tetrahydrophthalimide-cis-1,2,3,6 HPC Standards, Cunnersdorf, Germany 1469-48-3

Tetramethrin LGC Limited, Middlesex, UK 7696-12-0

Thiabendazole HPC Standards, Cunnersdorf, Germany 148-79-8

Thiacloprid HPC Standards, Cunnersdorf, Germany 111988-49-9

Thiacloprid-amide LGC Limited, Middlesex, UK 676228-91-4

Thiamethoxam HPC Standards, Cunnersdorf, Germany 153719-23-4

Thymol HPC Standards, Cunnersdorf, Germany 89-83-8

Tolclofos-methyl LGC Limited, Middlesex, UK 57018-04-9

Tolylfluanid LGC Limited, Middlesex, UK 731-27-1

Transfluthrin LGC Limited, Middlesex, UK 118712-89-3

Triadimenol LGC Limited, Middlesex, UK 55219-65-3

Triazamate HPC Standards, Cunnersdorf, Germany 112143-82-5

Triazophos HPC Standards, Cunnersdorf, Germany 24017-47-8

Triazoxid LGC Limited, Middlesex, UK 72459-58-6

Tribenuron-methyl HPC Standards, Cunnersdorf, Germany 101200-48-0

Trichlorfon HPC Standards, Cunnersdorf, Germany 52-68-6
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study design was affiliated to the experimental setup described inWueppenhorst et al.51 In brief, the study was conducted simul-

taneously in spring 2022 at one control and one treatment site of winter oilseed rape (OSR, Brassica napus) across five different

geographical regions in Germany (Bochum, Braunschweig, Celle, Hohenheim (Stuttgart) and Veitshöchheim). Two to four full-sized,

queen-right honey bee (Apismellifera L.) colonies were placed at each control and treatment site to ensure sufficient resources for the

subsequent samplings. The colonies were at least one year old and had already successfully overwintered once. Colonies were

treated according to good beekeeping practice throughout the full experimental course.

METHOD DETAILS

Study design
Spray application of the formulation Pictor Active (150 g/L boscalid and 250 g/L pyraclostrobin) was carried out during full bloom of

OSR (BBCH 64-65) at the treatment sites between 10 a.m. and 2 p.m., with visible foraging activity of bees ensuring adequate expo-

sure. The highest application rate permitted in the European Union of one L (product) / ha and 200–250 L (water) / ha was applied in

accordance with good agriculture practice.51 The applied solutions were also tested for the active substances (a. i.). The maximum

field recommended rate corresponds to a recovery rate of 750 ng/ml boscalid and 1250 ng/ml pyraclostrobin in the spray solution

based on the weighted sample. The concentrations of boscalid and pyraclostrobin in the solutions were 98 and 138 ng/ml (13%

and 11% potency of set value for a. i.) for Bochum, 714 and 1133 ng/ml (95% and 91%) for Braunschweig, 789 and 1368 ng/ml

(106% and 109%) for Celle, 772 and 1357 ng/ml (103% and 109%) for Hohenheim and 650 and 1212 ng/ml (87% and 97%) for Veit-

shöchheim. The low level measured in the applied solution at Bochumwas probably due to sampling error. The residues found on the

plants were consistent with those found at the other sites, demonstrating the successful application. The day of application was

defined as DAA0 (day after application).
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Trifloxystrobin HPC Standards, Cunnersdorf, Germany 141517-21-7

Triflumuron HPC Standards, Cunnersdorf, Germany 64628-44-0

Trifluralin HPC Standards, Cunnersdorf, Germany 1582-09-8

Triforine LGC Limited, Middlesex, UK 26644-46-2

Triticonazole HPC Standards, Cunnersdorf, Germany 131983-72-7

Vamidothion LGC Limited, Middlesex, UK 2275-23-2

Vinclozolin LGC Limited, Middlesex, UK 50471-44-8

Zeta-Cypermethrin HPC Standards, Cunnersdorf, Germany 1315501-18-8

Zoxamide HPC Standards, Cunnersdorf, Germany 156052-68-5

Deposited data

Raw data This paper Open-Agrar: https://doi.org/10.5073/

20240927-165036-0

Software and algorithms

R (version 4.2.2) R Core Team (2021) https://www.r-project.org/

R Studio (version 2022.12.0) Posit Software, PBC formely RStudio, PBC https://posit.co/products/

open-source/rstudio/

glmmTMB package (version 1.1.8) Brooks et al.59 https://doi.org/10.32614/RJ-2017-066

DHARMa package (version 0.4.6) Hartig60 https://CRAN.R-project.org/

package=DHARMa

Emmeans package (version 1.8.7) Lenth61 https://CRAN.R-project.org/

package=emmeans

BeeREX assessment tool US Environmental Protection Agency (EPA)49 https://www.epa.gov/pesticide-science-

and-assessing-pesticide-risks/models-

pesticide-risk-assessment

Chromeleon 7.2.10 ES ThermoFisher Massachusetts, USA https://www.thermofisher.com/order/

catalog/product/de/de/CHROMELEON7

Sciex OS 3.1.0. AB Sciex Toronto Kanada https://sciex.com/products/

software/sciex-os-software

ll
OPEN ACCESS

Current Biology 34, 1–8.e1–e11, December 2, 2024 e7

Please cite this article in press as: Wueppenhorst et al., Nurse honey bees filter fungicide residues to maintain larval health, Current Biology (2024),
https://doi.org/10.1016/j.cub.2024.10.008

Report

https://doi.org/10.5073/20240927-165036-0
https://doi.org/10.5073/20240927-165036-0
https://www.r-project.org/
https://posit.co/products/open-source/rstudio/
https://posit.co/products/open-source/rstudio/
https://doi.org/10.32614/RJ-2017-066
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/models-pesticide-risk-assessment
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/models-pesticide-risk-assessment
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/models-pesticide-risk-assessment
https://www.thermofisher.com/order/catalog/product/de/de/CHROMELEON7
https://www.thermofisher.com/order/catalog/product/de/de/CHROMELEON7
https://sciex.com/products/software/sciex-os-software
https://sciex.com/products/software/sciex-os-software


Sampling
To evaluate the entire pathway, the following relevant samples were collected: OSR inflorescences, pollen and nectar foragers,

stored nectar and pollen, nurse bees, larval food jelly (royal jelly, worker jelly and drone jelly), and queen, worker, and drone larvae.

All samples were collected in sterile containers at both sites following protocols described below and stored at -20�C until further

preparation and analysis.

OSR inflorescence samples were collected before exposure at DAA-3, during exposure at DAA0+1 h (one hour after application),

DAA1, DAA2, DAA4, and after exposure at DAA7. Ten flowering inflorescences were collected along a diagonal or in zig-zag across

the field minimizing the variance in concentration resulting from application. Headland or field edges were excluded from sampling.

Nectar and pollen foragers were collected using a vacuum cleaner with a modified collection container to avoid injuring the bees.

Approximately 200 returning honey bees were collected. Sampling was carried out at DAA-3, DAA0+1 h, DAA2, DAA4, and DAA8. As

only pollen baskets and honey sacs were used for further analysis, samples were prepared under sterile conditions by colony and

date. Pollen baskets of pollen foragers were collected from their corbicula, and honey sacs were dissected from nectar foragers.

Plant inflorescence, pollen basket and honey sac samples were pooled per location, treatment site and time point for further

analysis.

At least 1 gram of stored nectar and pollen, as well as approximately 100 in-hive bees directly from brood frames, were collected at

DAA-2, DAA4, and DAA8. It was ensured that samples were not contaminated with wax during sampling. Worker bees perform

different tasks during their early development and this suggests that bees are in different parts of the colony. We assume that nursing

bees will predominantly be found on brood frames and thus we conclude that the collected in-hive bees are predominantly nursing

bees. Heads of in-hive beeswere dissected to evaluate their gland development and compared to a reference nursing bee (Figure S2).

To evaluate the residue transfer from nursing bees to larval food jelly, only the heads of in-hive bees were used for the analysis, as the

jelly is produced only in the hypopharyngeal glands and mandibular glands of the heads.

All (royal/queen, worker and drone) jelly and larvae samples were collected at DAA-3, DAA4, and DAA8. Cells containing larvae of

stadium L3 to L4 were selected for worker and drone jelly collection, as they contain the largest quantity of food jelly during larval

development.24 Brood combs with age matching larvae were selected and on-sitting bees were carefully brushed off. Approximately

1,000-2,000 cells were sampled for one gram of worker and drone jelly. The larvaewere pulled out of the cells without damaging them

and were sampled in a collection tube. The larval jelly was then collected using a micro spoon without wax contamination. To ensure

the availability of drone brood at the appropriate age, drone brood combs were provided to the colonies beforehand.

Royal jelly collection was performed using established queen rearing methods. Young L1 worker larvae were carefully removed

from cells and were placed in polystyrene queen rearing cups. Around 20 cups were provided and placed in a rearing comb in

the center brood frame and royal jelly was collected after three days as described above.

In autumn 2022, bee bread, honey and wax samples were collected to estimate the remaining residue load in colonies before over-

wintering. One gram of bee bread and honey was collected from each colony and one pool sample of beeswax per site and location.

After overwintering, in spring 2023, bee bread and honey were collected again as well as approximately 100 in-hive bees to evaluate

the remaining residues after overwintering.

Residue analysis
Sample preparation

Bee heads. The samples of bee heads (on average 0.6 g (BS, BO), 0.8 g (HO, VH) and 0.5 g (CE)) were weighed into a glass centrifuge

tube. A surrogate standard solution (boscalid-d4, pyraclostrobin-d6, c = 2.5,1 ng/mL, 26.6 mL) and 20mL of an acetone/water-mixture

(2:1 v/v) were added to each sample. The tubes were closed and left to stand for 15 min. The samples were homogenized with an

Ultra-Turrax for three minutes and subsequently centrifuged (10 min at 16903 g). 15 mL of the supernatant were removed, and after

adding 5 mL of sodium chloride-solution (20%) to this aliquot, transferred onto a disposable ChemElut cartridge (20 mL, unbuffered;

Agilent, Santa Clara, CA, USA). 15 min later the samples were eluted twice with 50 mL dichloromethane. The combined eluates were

rotary evaporated to approximately 2 mL (35�C water bath temperature), then transferred to a graduated tube and evaporated to

dryness with nitrogen. The residual extract was re-dissolved with acetonitrile (1 mL) containing the internal standards using an ultra-

sonic device (10 s), and stored in the freezer (-18�C) over night. Eight of the internal standards are isotope-labeled. The concentra-

tions in the measuring solution depend on the sensitivity of the measuring systems. Cold samples were filtered (syringe filter: PTFE

25 mm, 0.2 mm) into a sample vial and further stored in the freezer until measurement. Based on the described procedure, the

measuring solution contains 75% of the sample weight.

Bees. The samples (30 bees: on average 4.3 g) were weighed into glass centrifuge tubes. The surrogate standard solution (see

above, 100 mL) and 30mL of an acetone/water-mixture (2:1 v/v) were added to each sample. The further course of sample processing

up to the concentration and the final volume of themeasuring solution (in this case: 1mL) corresponds to the procedure described for

bee heads. Based on the procedure described, the measurement solution contains 50% of the sample weight.

In hive samples. 0.8 g bee bread / pollen, 1 g nectar / honey sac, 0.9 g jelly or 0.9 g larvae were weighed into a glass centrifuge tube.

The surrogate standard solution (see above, 26.6 mL) and 20 mL of an acetone/water-mixture (2:1 v/v bee bread / pollen and larvae,

3:1 v/v nectar / honey sac and jelly) were added to each sample. Subsequently, residue analysis was continued as described for the

bee head samples. In this procedure, the measuring solution contains 75% of the sample weight.

Plant material. The samples (pre-homogenized by a knife-mill) (approx. 5 g) were weighed into glass centrifuge tubes and the sur-

rogate standard solution (see above, 50 mL) and 30 mL of an acetone/water-mixture (3:1 v/v) were added. 15 mL of the supernatant
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were removed, and after adding 5 mL of sodium chloride-solution (20%) to this aliquot, transferred onto a disposable ChemElut car-

tridge (20 mL, unbuffered; Agilent, Santa Clara, CA, USA). 15 min later the samples were eluted twice with 50 mL dichloromethane.

The combined eluates were rotary evaporated to dryness (35�C water bath temperature). The further course of the sample process-

ing up to the concentration and the final volume of the measuring solution (in this case: 2.5 mL) corresponds to the procedure

described for bee samples. Based on the procedure described, the measurement solution contains 50% of the sample weight.

The treatment samples were diluted 1:100 with acetonitrile, as a high content was assumed.

In addition to the actual question of the project, the plant samples were also analyzed for 288 target substances using a full

screening approach (Data S1B). The sample preparation was run analogously to the described plant preparation with additional sur-

rogate standard solutions (acetamiprid-d3, chlorpyrifos-d10, pirimicarb-d6, c = 2, 2, 1 ng/mL, 50 mL). The full screen analysis included

the following substances: Abamectin, Acephate,Acetamiprid, Acrinathrin, Alachlor, Alanycarb, Aldicarb, Aldicarb-sulfone, Aldicarb-

sulfoxid, Allethrin, alpha-Cypermethrin, alpha-Endosulfan, alpha-HCH, Amisulbrom, Amitraz, Amitraz-metabolite BTS 27271, Ami-

traz-metabolite BTS 27919, Azadirachtin, Azamethiphos, Azinphos-ethyl, Azinphos-methyl, Azoxystrobin, Bendiocarb, Benfuracarb,

Benthiavalicarb-isopropyl, Benzoximate, beta-Cyfluthrin,beta-Endosulfan, beta-HCH, Bifenazat, Bifenox, Bifenthrin, Bromopropy-

late, Bromoxynil, Bromuconazole, Buprofezin, Butoxycarboxim, Captan, Carbaryl, Carbendazim, Carbofuran, Carbophenothion,

Carbosulfan, Carboxin, Carfentrazon-ethyl, CEKAFIX, Chlorantraniliprole, Chlordimeform, Chlorfenapyr, Chlorfenvinphos, Chlorpyr-

ifos, Chlorpyrifos-methyl, Chlorthalonil, Chlorthiamid, Clofentezine, Clomazone, Clothianidin, Clothianidin-metabolite TZMU, Clo-

thianidin-metabolite TZNG, Coumaphos, Cyantraniliprole, Cyazofamid, Cyflufenamid, Cymiazole, Cymoxanil, Cypermethrin, Cyphe-

nothrin, Cyproconazole, Cyprodinil, Cyromazine, DEET, Deltamethrin, Demeton-S-methylsulfone, Diafenthiuron, Dialifos, Diazinon,

Dichlobenil, Dichlorvos, Diethofencarb, Difenoconazole, Diflubenzuron, Diflufenican, Dimethachlor, Dimethenamid-P, Dimethoate,

Dimethomorph, Dimoxystrobin, Dinotefuran, Diuron, Empenthrin, Endosulfansulfat, Epoxiconazole, Esfenvalerate, Ethiofencarb,

Ethofumesate, Ethoprophos, Etofenprox, Etoxazole, Famoxadone, Fenamidone, Fenamiphos, Fenarimol, Fenazaquin, Fenhexamid,

Fenitrothion, Fenoxaprop-P-ethyl, Fenoxycarb, Fenpropidin, Fenpropimorph, Fenpyroximate, Fipronil, Fipronil-carboxamid, Fipro-

nil-desulfinyl, Fipronil-sulfid, Fipronil-sulfon, Flonicamid, Flonicamid-metabolite TFNA, Flonicamid-metabolite TFNG, Fluazifop, Flua-

zifop-P-butyl, Fluazinam, Fludioxonil, Flufenacet, Flufenoxuron, Fluopicolide, Fluopyram, Fluoxastrobin, Flupyradifurone, Fluquinco-

nazole, Fluroxypyr-1-methylheptylester, Flurtamone, Flusilazole, Flutriafol, Fluxapyroxad, Folpet, Fonofos, Fosthiazate,

Fuberidazole, Furathiocarb, Heptenophos, Hexachlorobenzene (HCB), Hexaconazole, Hexaflumuron, Hexythiazox, Icaridin, Imazalil,

Imidacloprid, Imidacloprid-5-hydroxy, Imidacloprid-olefin, Imiprothrin, Indoxacarb, Ioxynil, Ipconazole, Iprodion, Iprovalicarb, Iso-

proturon, Isoxaben, Kresoxim-methyl, lambda-Cyhalothrin, Lindane (gamma-HCH), Lufenuron, Malathion, Mandipropamid,

MCPA,Mecoprop,Mefentrifluconazole,Mepanipyrim, Mepronil, Metaflumizone,Metalaxyl-M,Metazachlor, Metconazole, Methami-

dophos, Methidathion, Methiocarb, Methiocarb-sulfon, Methiocarb-sulfoxid, Methomyl, Methoxychlor, Methoxyfenozide, Metoflu-

thrin, Metrafenone, Metribuzin, Mevinphos, Milbemectin mixture of A3 and A4, Momfluorothrin, Myclobutanil, Naphthalin, Napropa-

mid, Nicotine, Nitenpyram, Novaluron, Omethoate, Orange oil ((R) (+) Limonene), Oxydemeton-methyl, Paclobutrazol, Paraoxon,

Parathion, Parathion-methyl, Penconazole, Pencycuron, Pendimethalin, Pentachlorobenzene, Pentachlorophenol, Permethrin, Phe-

nothrin, Phosalone, Phoxim, Picoxystrobin, Piperonylbutoxide, Pirimicarb, Pirimicarb-desmethyl, Pirimicarb-desmethyl-formamid,

Pirimiphos-methyl, Prallethrin, Prochloraz, Prochloraz-metabolite BTS 40348, Prochloraz-metabolite BTS 44596, Procymidon, Pro-

fenofos, Propachlor, Propamocarb, Propaquizafop, Propargite, Propiconazole, Propoxur, Propyzamid, Proquinazid, Prosulfocarb,

Prothioconazol-desthio, Pymetrozine, Pyrazophos, Pyrethrine, Pyridaben, Pyridalyl, Pyrimethanil, Pyriproxyfen, Quinoclamine, Qui-

noxyfen, Rotenone, Sulfur, Silthiofam, Spinetoram (Mixture of Spinetoram J & L), Spinosad (mixture of spinosy A & D), Spirodiclofen,

Spiromesifen, Spirotetramat, Spiroxamine, Sulfoxaflor, tau-Fluvalinate, Tebuconazole, Tebufenozide, Tebufenpyrad, Teflubenzuron,

Tefluthrin, Terbufos, Tetrachlorvinphos, Tetraconazole, Tetradifon, Tetrahydrophthalimide-cis-1,2,3,6, Tetramethrin, Thiabendazole,

Thiacloprid, Thiacloprid-amide, Thiamethoxam, Thymol, Tolclofos-methyl, Tolylfluanid, Transfluthrin, Triadimenol, Triazamate, Tria-

zophos, Triazoxid, Tribenuron-methyl, Trichlorfon, Trifloxystrobin, Triflumuron, Trifluralin, Triforine, Triticonazole, Vamidothion, Vin-

clozolin, Zeta-Cypermethrin, Zoxamide

Wax. The samples (pre-homogenized by a knife-mill) (approx. 5 g) were weighed into glass centrifuge tubes and the surrogate stan-

dard solution (see above, 50 mL) and 30mL of an acetone/water-mixture (3:1 v/v) added. The further course of the sample processing

up to the concentration and the final volume of the measuring solution (in this case: 2.5 mL) corresponds to the procedure described

for bee samples. Based on the procedure described, the measurement solution contains 50% of the sample weight.

Equipment and measurement conditions

LC-MS/MS. Two different measurement systems were used. First, Nexera X2 HPLC system (SHIMADZU Corp., Kyoto, Japan)

coupled to a triple quadrupole mass spectrometer Q TRAP 6500+ (SCIEX, Framingham, MA, USA) equipped with an electrospray

ionization (ESI) source. The measurements were performed only in the positive mode.

The mass spectrometric parameters were used in the positive mode only for boscalid and pyraclostrobin as well as were as for the

full screen analysis (see Data S1F).

The chromatographic separations were performed on a Raptor ARC-18 column (100 3 2.1 mm; 2.7 mm, 90 Å) with a pre-column

Raptor ARC-18 column (5 3 2.1 mm; 2.7 mm) (both Restek). The column oven temperature was set to 40�C (boscalid and pyraclos-

trobin) or 50�C (full residue analysis) and the autosampler tray temperature was set to 15�C. The injection volume was 2 ml (boscalid

and pyraclostrobin) or 5 ml (full residue analysis).

The samples were analysed with the mobile phases (A) methanol and (B) water; both solvents contained 2 mmol ammonium for-

miate and 0.2% formic acid. Flow rate and gradient are shown in Data S1G.
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The second LC-MS/MS-system used was Prominence UFLC XR HPLC system (SHIMADZU Corp., Kyoto, Japan) coupled to a tri-

ple quadrupole mass spectrometer 4000 QTRAP (SCIEX, Framingham, MA, USA) equipped with an electrospray ionization (ESI)

source. The measurements were performed only in the negative mode for full screen analysis of plant material samples. The

mass spectrometric parameters in the negative mode can be found in Data S1F.

The chromatographic separations were performed as described above for the full residue analysis. Flow rate and gradient are

shown in Data S1G.

GS-MS/MS and GC-MS for full residue analysis of plant samples. Plant samples were screened additionally via GC-MS/MS and

GC-MS, since not all 288 active substances of full screen can be detected with the LC-MS/MS.

The GC-MS/MS system used was a TSQ 8000 Evo (triple stage quadrupole mass spectrometer) with Trace GC 1310 and TriPlus

RSH autosampler (Thermo Fisher Scientific Inc, Waltham,MA, USA). Themeasurements were run in the negative chemical ionization

(NCI) and the electron ionization (EI) mode. The autosampler tray temperature was set to 10�C. A split/splitless-injector was used at a

temperature of 250�C. The injection conditions were splitless with 1.5 min SL-time. The injection volume was 1 mL. The chromato-

graphic separations were performed on a Zebron ZB-MultiResidue-1 column (30 m + 10 m Guardian 3 0.25 mm 3 0.25 mm; Phe-

nomenex) with helium (5.0) as carrier gas (1.2 mL/min, constant flow). The oven temperature program in the NCI mode was: 90�C
(2 min) > 10�C/min > 320�C (10 min). The oven temperature program in the EI mode was: 90�C (2 min) > 20�C/min > 320�C
(2 min). The mass spectrometric parameters in the NCI mode and mass spectrometric parameters in the electron ionization (EI)

mode can be found in Data S1F.

GC-MS. The GC-MS system used was an ISQ 7000 (single stage quadrupole mass spectrometer) with Trace GC 1310 and TriPlus

RSH autosampler (Thermo Fisher Scientific Inc, Waltham, USA). The autosampler tray temperature was set to 10�C. A split/splitless-

injector was used, the temperature was 250�C and the injection conditions were splitless with 1.5 min SL-time. The injection volume

was 1 mL. The chromatographic separations were performed on a Zebron ZB-MultiResidue-1 column (30 m + 10 m Guardian 3

0.25 mm 3 0.25 mm; Phenomenex) with helium (5.0) as carrier gas (1.2 mL/min, constant flow) and the following oven temperature

program: 90�C (2 min) > 5�C/min > 320�C (10 min). The mass spectrometric parameters in the negative chemical ionization (NCI) and

mass spectrometric parameters in the electron ionization (EI) mode can be found in Data S1F.

Method validation

Validation studies were performed to determine recovery rates (REC), limits of detection (LOD) and limits of quantification (LOQ). Pre-

dominantly residue-free control samples from different years of bees (2020), bee heads (2020), honey (2018), pollen (2013, 2018),

larvae (2020) and wax (2018) were spiked with different amounts of the fungicides (boscalid and pyraclostrobin) extracted in 5 rep-

licates as described for the samples. Bees, bee heads, pollen (2018), and honey were spiked with 20 mg/kg and pollen (2013), larvae

and wax with 50 mg/kg. However, this was not achievable for wax, as the available material contained residues of some of the target

substances.

For the determination of recovery rates, detection and quantification limits, matrix matched reference standards were prepared

with the following concentration levels: 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200 and 500 pg/ml.

For the data obtained by LC-MS/MS, the LODwas determined as the lowest concentration at which at least twoMRMor SRMwere

detectable whose signals were three times higher than the background noise of the chromatogram and whose ratio was within the

range of the required criteria.29

The next highest concentration of calibration standards above the detection limit was determined to be the LOQ.

It should be noted that the available material for the matrix-matched standards is usually different from the real samples. These

differences in matrix properties may lead to slight differences in the LOD and LOQ determined using the matrix-matched standards

measured along with the samples.

LOD and LOQ values were calculated in mg/kg for each individual sample based on the actual weights (Data S1A).

According to the SANTE document,29 mean recoveries from initial validation for all analytes within the application range of a

method should be in the range of 70-120%, with a corresponding repeatability RSD % 20% (RSD = relative standard deviation).

In exceptional cases, mean recoveries outside the range of 70-120% may be accepted if they are consistent (RSD % 20%), but

the mean recovery must not be less than 30% and not exceed 140%.

In the project, surrogate standards (surrogates) were added to each sample at the beginning of the preparation. Due to availability,

the isotopically labelled (deuterated) "twins" of the target substances were used in this project.

Assuming that these substances behave very similar throughout the analysis, it is possible to convert the results for the target sub-

stances to 100% using the recovery rate for the surrogate standards. In this way, the matrix effects are compensated for in the mea-

surement and the recovery rate flows directly into the results.

The additional experiment (method validation) was carried out once in fivefold repetitions, measured repeatedly in advance and in

each case with the samples of the five locations and should show to what extent the results for the target substances and the deuter-

ated surrogate standards actually agree and which variations can be assumed.

The graphical summaries of the results for the individual locations show how well this procedure worked (Figure S3). The recovery

rates for the target substances and the deuterated surrogate standards are almost identical in all matrices. It is important that the

surrogate standards follow the "swings" of the recovery rate up and down, which was consistently the case.

Themean recovery rates for pyraclostrobin varied only slightly acrossmatrices and locations and lie between just under 70%and a

good 80%. In this case, the relative standard deviations were also below 10% across matrixes and locations.
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The mean recovery rates for boscalid varied considerably more across matrices and location and lie overall - with one exception -

between 70% and 120%. The relative standard deviations also varied considerably more - with the exception of the matrix "honey".

This was especially true (and almost as expected) for the matrix "pollen", but also for the matrix "bee heads".

For thematrix "bee heads" and the active ingredient boscalid, comparatively lowmean recovery rates of about 50%were achieved

for the location "Hohenheim", for the target substance and the deuterated twin. The evaluation of the measurement data was

checked several times. There is no metrological explanation for these results. It cannot be due to the additive itself, as the results

for pyraclostrobin do not differ from the other locations.

With this procedure, there is no under- or overestimation of the results and a consideration of the data taking into account sepa-

rately achieved recoveries is not necessary.

QUANTIFICATION AND STATISTICAL ANALYSIS

LC-MS/MS-systems (Q trap 6500+ and Q trap 4000, SCIEX, Framingham, MA, USA) were used for the identification and quantifica-

tion of boscalid and pyraclostrobin in the samples. The LC-MS/MS and the GC-MS(/MS)-systems (TSQ 8000 Evo, Thermo Fisher

Scientific Inc, Waltham, MA, USA) were also used for the identification and quantification of the active substances in the full screen

analysis of plant samples. All substances were identified by their retention time and three MRM-transitions (multiple reaction moni-

toring). For quantification, the internal standard method (relative peak areas) with matrix-matched calibration standards (concentra-

tions: 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 5, 10, 20, 50, 100, 200, 500 pg/mL acetonitrile) was used. If extracts had to be diluted (1:100 (v/

v)) the substance contents in the samples were determined using reference standards in the solvent. At the beginning of the residue

analysis, isotope-labelled surrogate standards matching the target substances were added to each sample. This method takes the

matrix effect and the recovery rate of the target substances for each individual sample into account, as these unlabeled or deuterated

target substances behave very similarly in the analytical process. Therefore, this study presents the results for the target substances

corrected using the recovery of the surrogate standard. The results shown are means of duplicate injections of sample extracts.

All statistical analyses were performed in R (version 4.2.2) with the user interface RStudio (version 2022.12.0). A detailed overview

of the sample sizes can be found in Data S1A. For further analysis and data plotting all samples with no detection (ND) or detections

below the limit of quantification or detection (<LOQ, <LOD) were set to zero. Mean values or median values reported in this article

were calculated only from samples with positive detection. Regression analysis for residue data of plant inflorescence, pollen basket

and honey sac data was analyzed using the glmmTMB function of glmmTMB package (version 1.1.8)59 and model fit was visually

inspected using the DHARMa package.60 Best model fit was achieved with log 10 transformed data. Based on this model, the dissi-

pation time (DT50) was determined. Residue data of stored pollen, stored nectar, bee heads, jelly samples and larvae were compared

using the glmmTMB and DHARMa packages. Sampling date and sample type were defined as explanatory factors for residue con-

centrations with a Gaussian distribution. Estimated marginal mean comparison of model output was calculated using the emmean

function from emmeans packages61 with a Bonferroni-Holm adjustment for multiple testing.

Risk quotients were calculated based on the US Environmental Protection Agency (EPA) BeeREX49 assessment tool described in

Thompson, 202150 (Data S1C). In short, risk quotient was calculated by a division of the exposure in mg/bee by the ecotoxicological

endpoint values LD50 (lethal doses) for acute exposure or NOED (no observed effect dose) for chronic exposure in mg/bee if available.

Four different evaluations were performed: 1) with the default settings of the BeeREX model, 2) with the pollen and nectar data

measured in the bee collected material (pollen baskets and honey sacs), 3) with the pollen and nectar data detected in the stored

pollen and nectar, and 4) with the expected residue concentrations derived from residue unit doses (RUDs)32 (Data S1D). The RQ

for larvae in evaluations 2 and 3 was performed using the individual residue concentration measured in each jelly type. The exposure

was set to the concentration in the analyzed matrix in mg/kg multiplied by the consumption rate in mg/bee. Ecotoxicological LD50

endpoints for boscalid and pyraclostrobin derived from the Pesticide Database of the European Union,28 the database of the United

States Environmental Protection Agency,49 and Simon-Delso et al.38,62 Risk quotients were calculated only if ecotoxicological data

were complete and no extrapolation was carried out.
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