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ARTICLE INFO ABSTRACT
Keywords: Monitoring pesticide exposures in honey bees provides fundamental risk information that informs efforts to
AP'S_ mel.llf" a improve regulatory policy, pesticide use, and beekeeping management so pollinators are protected in realistic
POH‘_“?;OH field conditions. We investigated pesticide exposures to bee colonies while colonies moved along commercial
?Zi?;l N migratory routes in 2022 and 2023 to pollinate multiple pollinator-dependent, high-value U.S. specialty crops (e.
Exposge g., almonds in California and apples and cherries in Washington). We found evident pesticide exposure patterns,

including increasing exposures (both levels and number of pesticides) to fungicides during almond pollination,
higher exposures to insecticides and persistent exposures to fungicides during springtime fruit pollination, and
declining exposures in summer. Exposure risk assessment by risk quotient (RQ) model based on residues in bee
bread indicates no concern of acute toxicity to adult honey bees during pollination, however, during colony
inspections we found severe brood mortality in fields associated with high exposure to buprofezin, an insect
growth regulator (IGR) thought to be safe for adult bees, which is permitted for use any time across the season.
Our results suggest a need to improve compliance with insecticide label requirements during tree fruit polli-
nation and a need for further research into the negative impacts of IGR on colony health especially on immature
bees to inform potential policy changes.
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1. Introduction

Pesticide exposure is one of the major causes of high honey bee
colony loss in the U.S. and other countries which threatens the pro-
duction of pollinator-dependent crops worldwide [1,2]. This comes
despite long-term mandates that pesticidal products must be tested for
LDsy toxicity (the chemical dosage that will kill 50 % of a laboratory
population of adult honey bees in 96 h when applied to adult bee
thoraces) before registration [3-5]. Pesticide exposure studies on sta-
tionary apiary locations or for short periods of time provide a valuable
means to assess pesticide exposure risk placed on honey bees. However,
honey bees are frequently moved between different crops for pollination
across different regions and seasons [6-8] where pesticide exposures
continuously occur based on the pesticides applied to each crop. A single
colony can pollinate 4-6 different focal crops in a single season. In the U.
S., 80% of colonies migrate between crops for pollination with a value
over $15 billion every year [9]. A lack of pesticide exposure data
collected during migratory pollination makes bee colonies vulnerable to
potential pesticide risks and prevents beekeepers from adjusting their
management practices accordingly. Large scale pesticide exposure sur-
veys in honey bee colonies may cover different regions and reveal na-
tional or regional trends in pesticide exposures [10,11], however, the
data are often low resolution and do not reveal detailed sampling time
and locations. This prevents a greater understanding of pesticide expo-
sures within specific crops which could allow for significant enhance-
ments to pollinator protection.

In the U.S., the majority of migrating honey bee colonies (about two
million colonies) start the season in California (CA) from January
through March for almond pollination. Almonds are the single most
valuable pollinator dependent crop in CA, and California-grown al-
monds account for 100% of U.S. almond production and 80% of
worldwide almond production [4,12]. After almond bloom, these col-
onies are moved either throughout California or out to other states to
pollinate tree fruits which bloom in late spring or early summer [6]. One
destination includes Washington State (WA), a leading producer of tree
fruits and small fruits (apple, sweet cherry, peach, blueberry, etc.). After
spring fruit pollination, many of the tree fruit-pollinating colonies
continue their migratory movement to pollinate seed crops in summer
and fall within WA, the leading vegetable seed producer (e.g., carrot,
onions, canola) in the U.S.; otherwise, they are moved to natural areas to
produce honey. While research has examined pesticide exposures to
honey bees during the pollination of large-scale nut and fruit crops in
spring, there is limited information on pesticide exposures in
seed-producing cropping systems. Of the studies that examined pesticide
exposures in honey bees, one explicitly determined pesticide exposures
in California almond orchards in March and found between 11 and 21
different pesticides in bee bread [13]. This study had two key limita-
tions: a limited number of replication sites (i.e., one in each year of the
study) were sampled, and pesticide exposures directly during the
February almond bloom were not studied, but rather exposure data were
collected after many heavy pesticide applications were completed. A
pesticide survey from California, Maine, and Pennsylvania examined
pesticide residues from freshly collected pollen (from pollen traps) in
alfalfa, almonds, apples, blueberries, corn, and pumpkins and found 5,
15, 13, 4, 3, and 11 pesticides from each crop respectively [14]. This
study had a key limitation that samples for residue analysis were
collected when hives had spent only one day in each crop, potentially
limiting the insecticides captured to those applied early in the crop’s
growing cycle. Another pesticide survey conducted in WA found that
neonicotinoid exposures to honey bees would not cause lethal toxicity,
since reported residues usually fell below the NOAEC (no observable
adverse effect concentration) for agricultural landscapes and consis-
tently fell below NOAEC for urban and rural landscapes (Lawrence et al.,
2010), however, the risk from exposures to other pesticide classes were
not examined.

The work presented here fills gaps in our knowledge of pesticide
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exposures and the associated risks to migratory honey bees in CA and
WA, where several crop production systems of high economic impor-
tance rely on migratory beekeeping services. We tracked six groups of
commercial colonies across two years (2022 and 2023). Each group of
colonies moved between crop sites as a consistent unit. Bee bread (a
product of stored pollen in comb) was collected for pesticide residue
analysis using Gas Chromatography Tandem Mass Spectrometry (GC-
MS/MS) and Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) and for taxonomic identification using Internal Tran-
scribed Spacer (ITS) amplicon sequencing. We discuss potential pesti-
cide sources based on pollen taxonomy data as well as plant phenology
and satellite-based land cover information. Monitoring pesticide expo-
sures during hive migration provides fundamental information needed
to assess exposure risk, which can enhance beekeeper and grower
awareness of potential risk and preventative management activities,
guide regulatory policy changes, and improve communication about the
sustainability of the U.S. food system.

2. Methods and materials
2.1. Study sites, crops and pollination stages

A total of 32 study sites were identified by collaborating commercial
beekeepers and our lab in California (CA) and Washington state (WA)
based on the chronological pollination stages occurring in these two
states in 2022 and 2023 (Table 1; refer to Table A.1 for more site in-
formation). Four pollination stages were defined according to a typical
pollination schedule for commercial beekeepers, including almond
pollination in CA in February (Stage 1 “S17), tree and small fruit polli-
nation in April and May in WA (Stage 2 “S2”), summer vegetable seed

Table 1
Experimental design with year, pollination stage, colony grouping and study
sites.

Year Group Crops (site number) pollinated by bee colonies in different

(colony stages”
number)

Feb. Apr. & May  Jun. & Jul. Aug. & Sep.
(Stage 1) (Stage 2) (Stage 3) (Stage 4)

2022 A (24) Almond Blueberry Canola (9) Buckwheat
@ [©)] 13)

2022 B (24) Almond Apple (6) Onion (10) Buckwheat
2) 13)

2022 D (24) Almond Apple (7) Carrot (11) Alfalfa (14)
(€©))

2022 E(24) Almond Apple- N/A Alfalfa (15)
4 Cherry (8)

2022 F (24) Almond Apple- N/A Alfalfa (15)
()] Cherry (8)

2022 G(249) Almond Apple (7) Honey Honey
3) (pasture) (pasture) (12)

12)

2023 C(16) Almond N/A N/A Honey (forest)
(16) (30)

2023 H(16) Almond Cherry (21)  Canola (25) Honey (forest)
a7 (€29)]

2023 K (16) Almond Cherry (22)  Canola (26) Sunflower
3 (32)

2023 M (16) Almond Apple- Honey Honey
(18) Cherry (23) (pasture & (pasture &

forest) (27) forest) (27)

2023 N (16) Almond Apple (24) Onion (28) Honey
19) (pasture) (28)

2023 P (16) Almond Apple- Honey Honey
(20) Cherry (23) (pasture & (pasture &

forest) (29) forest) (29)

@ At some sites two crops were grown at the same site and both pollinated by
honey bees, such as apple and cherry at site 8. Sites used for honey production
were either pasture land, forest or a combination of the two types of land
together at a site. N/A indicates a failure in colony inspection and sample
collection.
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crop pollination in June and July in WA (Stage 3 “S3”), and fall seed crop
pollination in August and September in WA (Stage 4 “S4”). Between
January and March, beekeepers transported bee hives between CA and
WA. In CA, a total of 9 almond orchards were used in two years, and in
WA, the study used a total of eight tree- and small fruit locations in stage
2 (including apple, sweet cherry, and blueberry), six vegetable seed crop
fields in stage 3 (including onion, carrot and canola), and four seed crop
fields in stage 4 (including sunflower, buckwheat and alfalfa). With the
exception of one almond orchard (site 3) used in both years, all other
pollination locations were different between years (Table 1). In addition
to crop pollination locations where honey bees fulfilled pollination
contracts, six wild forage sites in pastures (grassland) and/or forests
were also incorporated into our experimental design. This is because
collaborating beekeepers chose these sites for honey production and
colony health maintenance in stage 3 and/or stage 4 instead of crop
pollination. In addition, two blueberry fields were also surveyed in the
preliminary study in 2021 in order to provide additional exposure data
for risk assessment during blueberry pollination.

2.2. Honey bee colony migratory management, health inspection, and
sample collection

Six groups of 24 colonies were tracked across four pollination stages
in 2022 (including A, B, D, E, F, and G), resulting in a total of 144 col-
onies studied (Table 1). While six groups of 16 colonies (a total of 96)
were tracked across four pollination stages in 2023 (including group C,
H, K, M, N, and P) (Table 1). Two groups (D and G) used in 2022 were
owned and managed by Washington State University (WSU) apiary, and
all others (10 groups) were from four collaborating commercial bee-
keepers. Each group was an experimental unit and continuously moved
together from one site to another between various pollination stages, but
at three wild forage sites for honey production (one in 2022 and two in
2023, i.e., Sites 12, 27, and 29) honey bees were kept at the same site for
two stages for honey production (Table 1). Six sites in 2022 and one site
in 2023 hosted two groups of colonies, while all other sites hosted only
one group of colonies (Table 1). All colonies within a group were
inspected once at each of four pollination stages (resulting in four in-
spections per group in a year). During inspection, colony health pa-
rameters were recorded, including colony mortality, pesticide poisoning
symptoms (either massive death of individual brood or adult bees while
the rest of whole colony remaining still alive), queen failure, and pop-
ulation size (e.g., frames of adult bees, a frame of bees being defined as
75% surface area of a frame covered with adult bees). During each in-
spection on a group of colonies (either 24 or 16), one wax comb (20.3
cm?) containing fresh bee bread was cut from each of the four colonies
with the largest adult bee populations and from each of the four colonies
with the smallest adult bee populations based on the number of frames
of bees. Since the population size range varied between each group,
comparisons between the four largest and four smallest populations
were relative (refer to Fig. Al for a range of population size). A bee bread
sample was also collected from each dead colony at each site. In 2022,
additional bee bread was collected from dead colonies in groups A and B
after they were transported from CA back to WA but before relocation to
a tree fruit orchard (recorded as 2_A-D+ and 2_B-D+). These samples
were collected to reflect the pesticide exposures in almond orchards that
occurred after stage 1 inspections. Each comb was kept individually in a
labelled bag and placed on ice during colony inspections. Comb was
stored at —20 °C before bee bread was manually extracted using lab
spatulas. Extracted bee bread was pooled across four colonies of either
large population or small population size at each site and sampling date,
leading to 24, 22, 18, and 24 pooled bee bread samples through stages
1-4, respectively, in two years. Bee bread from all the dead colonies
(number varying from one to three) at each site and sampling date was
also pooled, resulting in a total of 13 samples (Table 2). Due to a failure
to perform some hive inspections, one group in stage 2 and three groups
in stage 3 did not have bee bread collected in two years (Table 1).
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Table 2
Bee bread sample collection from dead colonies during each pollination stage
and potential factors contributing to colony death.

Year Stage  Group Sample  Number of
ID* dead

colonies”

Factors contributing to
colony death®

2022 2 A 2 A- 2 Weak starting colonies from
D+ almond orchard and queen
failure
2 B 2 B- 3 Weak starting colonies from
D+ almond orchard and queen
failure
Weak starting colonies from
almond orchard and queen
failure
High pesticide exposures
with especially massive
brood mortality
High pesticide exposures
with especially massive
brood mortality
High pesticide exposures
with especially massive
brood mortality in the
previous stage 2
Queen failure
Queen failure
Queen failure
Continuously declining
population after massive
brood mortality in the
previous stage (stage 2), and
continuing exposure to high
insecticides (buprofezin) in
stage 4
Continuously declining
population after massive
brood mortality in stage 2
with high pesticide
exposures
Queen failure
Queen failure

2 B 2.B-D 2

2 D 2.D-D 1

2 G 2.G-D 1

3 D 3.D-D 2

3B-D
4_A-D
4_B-D
4.D-D

A D bW
Uw > w
[ R

2023 2 N 2.N-D 1
4 K 4 K-D 1

? In stage 2 in 2022, samples from dead colonies within groups A and B were
collected before migratory colonies were relocated to research sites (labeled as
2_A-D+ and 2_B-D+) or after being moved to a new site (i.e., during pollination,
with samples labeled as 2_B-D).

b Bee bread from multiple colonies at a given site and a given sampling day
were pooled and recorded with a unique sample identification (ID).

¢ Multiple contributing factors are included as they are not mutually exclusive.

2.3. Measurement of pesticide residues in bee bread and risk quotient
(RQ) assessment

Pesticides in bee bread were extracted by QUEChERS method, and
pesticide concentrations were analyzed by LC-MS/MS and GC-MS/MS.
A total of 290 pesticides were measured, including 75 fungicides, 75
herbicides and 140 insecticides (Table A.2). A 2-gram pooled sample
from each site and sampling date was added into a 50 mL centrifuge
tube, followed by the addition of 10 mL deionized water and 5 mL
acetonitrile. A volume of 20 pl of spike solution containing internal and
external standards (issued with certificates of analysis) was added to
each sample tube. We used a QUEChERS packet, containing 4 g MgSO4,
1 g NaCl, 1 g thermally stable carboxen (TCD), and 0.5 g dispersive
hydrophobic sorbent (DHS) (EN 15662, Phenomenex, Torrance, Cali-
fornia), according to manufacturer instructions, and shook the subse-
quent solution for 1 min and centrifuged for 5 min at 3000 rpm. The
supernatant was transferred to a cleanup tube with graphitized carbon
black in the dispersive solid-phase (GCB dSPE) (Phenomenex, Torrance,
California), shook for 2 min, and then centrifuged for five minutes at
3500 rpm. The recovery rate was controlled between 70-130% and the
drift rate from initial analysis was controlled below 30%. Ejected vol-
umes of extracts for LC and GC were 4 pl and 1 pl, respectively.
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Oral acute toxicity of pesticide exposures in adult honey bees
through diets are determined by both residue levels and toxicity of
certain pesticides. Risk quotient (RQ, a ratio of exposure/toxicity) was
used to estimate acute toxicity according to the United States Environ-
ment Protection Agency (EPA) risk assessment methods [15], and the
actual calculation method in our study is RQ = (0.0095 g/bee x insec-
ticide residue level)/LDsy. In this equation, 0.0095 g indicates the esti-
mated daily pollen consumption per adult honey bee [16]. The LDs( for
insecticides included in this study is supported by the EPA (http://cfpub.
epa.gov/ecotox/) and is also accessible through the previous publication
[17]. Since multiple insecticides could be found in a sample, the RQ
values we report per sample was calculated by summing the calculated
RQ from each individual insecticide without incorporating potential
synergism [18]. Three insecticides in the class of insect growth regulator
(IGR), including buprofezin, methoxyfenozide, and pyriproxyfen, were
not calculated for RQ since they do not cause acute toxicity to adult bees.
Fungicides and herbicides usually do not cause acute toxicity and carry
undefined LDs, thus RQ was not given.

2.4. Identification of plant genera from bee bread

ITS amplicon sequencing was used to identify plant taxa from bee
bread samples. A 0.25 g pooled sample was used for DNA extraction
using the DNeasy 96 PowerSoil Pro Kit (Hilden, Germany). PCR was
performed with PCR Master Mix from Promega (Madison, Wisconsin),
with 1 pl of extracted bee bread DNA, and 0.4 uM of both the forward
primer CGAAATCGGTAGACGCTACG and reverse primer CCATT-
GAGTCTCTGCACCTATC [19]. The sequential PCR conditions included
3 min of denaturation at 94 °C, 40 cycles of 30 s at 94 °C, 30 s at 55 °C,
and 1 min at 72 °C, and 10 min of elongation at 72 °C. The amplicons
were uploaded to 2 % agarose gel for a quality check and cleaned by
shrimp alkaline phosphatase (SAP) and exonuclease I (EXO I) for 30 min
at 37 °C, then inactivated at 95 °C for 5 min. The cleaned amplicons
were further amplified by Master Mix from Promega with sequencing
adapters, and PCR conditions were modified to include 8 cycles at 95 °C
for 30 s instead of 40 cycles. Pooled, indexed PCR amplicons were
sequenced by an Illumina NovaSeq 6000 (San Diego, California) using
the NovaSeq Reagent Kit v1.5 (500 cycles). Sequence data was
compared with GenBank [20] for taxonomic assignment. We aimed to
identify plant sources to the level of genus that includes the common
crops grown in the study area. When a pollen source was identified to a
family that includes both the crops pollinated by our colonies and
plausible wild flower species, the corrected genus name was assigned
according to other information, including our field observations, known
plant phenology, crop species present in the surrounding landscape
based on crop cover data from the CropScape program established by the
United States Department of Agriculture National Agricultural Statistics
Service (USDA NASS), and plant distribution information from the
USDA Plants Database as well as former studies regarding honey bee
forage records on certain crops and wild flowers. If the family of a pollen
source included several plant species from different genera which
simultaneously bloomed in the study area, we rewrote the family name
and included all potential genera together. When an identified genus
included several geographically plausible crops with appropriate
phenology, we listed the names of all plausible crops.

2.5. Statistical analysis

Concentration and frequency of total fungicides, herbicides and in-
secticides in each sample as well as RQ were compared using Kruskal-
Wallis rank sum test in R, Version 2023.03.1 (Posit PBC, Boston). Dun
Kruskal-Wallis was used to perform multiple comparisons, and the re-
ported P value was adjusted by the Hom method.
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3. Results

A total of 49 pesticides comprised of 23 fungicides, 6 herbicides and
20 insecticides were found in 2022 and 2023 out of 75 fungicides, 75
herbicides and 140 insecticides tested for (Table A.3, Figs. 1-3). Though
each research site was different between the two years (except for site 3
used in both years), 23 out of 51 pesticides were found in both years. The
number of fungicides, herbicides and insecticides found in bee bread
samples were 18, 5 and 16 in 2022, and 19, 3 and 12 in 2023, respec-
tively (refer to Supplemental Data 1 for detailed pesticide residues in
each pollination stage). The highest detection frequency of fungicides,
herbicides and insecticides were trifloxystrobin (32 %), pendimethalin
(49 %), and buprofezin (39 %), respectively. The majority of detected
pesticides (48 out of 50) in our study are historically reported for use in
studied crops except spiromesifen and diphenylamine (Table A.4).

3.1. Fungicide residue patterns across the season

In 2022, the highest fungicide residue levels and number of pesti-
cides per sample were observed in stage 2 (data from stage 2 statistically
higher than stages 1 and 4); while in 2023, the most severe residue
scenario occurred in stage 1 (with residues in both stages 1 and 2 being
statistically higher than stage 4) (Tables 3 and 4, Fig. 1). Residues in
stage 2 in 2023 were consistent with those found in 2022 with the same
detection frequency (100 % detection rate) and comparable range (<
2 pg/g). Number of fungicides per sample, overall detection frequency
across samples (i.e., sample with detection of fungicides), and residue
levels declined in stages 3 and 4 in both years, but with elevated ex-
posures in 2022 compared to 2023 (Fig. 1). In stage 2 in 2022, five
pooled samples collected from dead colonies at each site had higher
levels of fungicide residues than other samples collected from live col-
onies due to multiple potential reasons such as bee bread desiccation
and residues from unconsumed bee bread collected at almond fields
where high fungicide contamination occurred. The only two samples
collected at blueberry fields in the 2021 preliminary study also con-
tained very high levels of fungicide residues, reaching 12.99 ug/g, even
higher than that found in 2022 and 2023 (Table A.5).

Although the overall fungicide residues had evident seasonal pat-
terns, there was no single residue pattern that explained the presence of
each specific type of fungicide. Fungicide types were very diverse across
the season, and many frequently detected types were consistently found
at multiple stages and/or years, such as boscalid, fluopyram, tebu-
conzole and trifloxystrobin. There was also yearly variation for
frequently found fungicide types. For example, tebuconzole was
consistently found across stages 1-3 in 2022, but was found only in stage
1 in 2023.

3.2. Herbicide residue patterns across the season

Herbicides were frequently found in bee bread in both stages 1 and 2
in both years with most samples having low residual levels at < 0.1 pg/
g, except for two samples with residues between 0.1-0.2 pg/g (Tables 3
and 4, Fig. 2). Detection frequency declined in stage 4 in 2022 and in
stages 3 and 4 in 2023, but two samples had elevated total residues
levels at 0.2-0.3 pg/g in stage 3 in 2023. In both years, residue levels of
total herbicides in stages 1-3 were statistically higher than these from
stage 4 (Tables 3 and 4, Fig. 2). Pendimethalin was the dominant her-
bicide among all detected herbicides that were consistently found across
stages 1-3. In 2022, other herbicides were mainly found at either stage 2
or 3, three or four times each, and atrazine was only found once in stage
4. In 2023, only three herbicides were detected one time each in either
stage 1 or 3. Herbicides were found in bee bread at low levels (< 0.3 pg/
g), however, since our pesticide analysis methods could not measure
glyphosate, the top pesticide used in the U.S. by quantity [21,22], we
cannot conclude that herbicide exposures are not a threat to honey bee
health.
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Fig. 1. Fungicide concentrations (ug/g) in bee bread across seasons in two years, 2022 (a) and 2023 (b). Sample identification (ID) include one digit and two letters
informing the pollination stage (including four stages S1-4), group of bee colonies, and adult bee population size of live colonies (L “large” and S “small”’) and dead
colonies “D” (refer to Table 1 and Table A.1 for more information). Different letters following stage name (S1 to S4) indicates statistical differences in concentrations

of all detected pesticides between stages (Tables A3 and A4).
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Fig. 2. Herbicide concentrations (ug/g) in bee bread collected in 2022 (a) and 2023 (b).
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Fig. 3. Insecticide concentrations (ug/g) in bee bread collected in 2022 (a) and 2023 (b).

Comparisons of pesticide concentrations in bee bread across sampling stages.

Insecticide

Acetamiprid
Bifenthrin
Buprofezin
Carbaryl
Chlorantraniliprole
Chlorpyrifos
Coumaphos
Diazinon
Diflubenzuron
Dimethoate
Flonicamid
Hexythiazox
Imidacloprid
Methoxyfenozide
Propargite
Pyriproxyfen
Spinetoram A

Spiromesifen
Sulfoxaflor
tau Fluvalinate

Year Stage Pesticide concentration in pg/g, mean (median, min-max)”

Fungicides Herbicides Insecticides All pesticides
2022 1 0.066 (0.033, 0 —0.187) a 0.02 (0.0235, 0 —0.034) b 0.025 (0, 0 —0.112) a 0.111 (0.1025, 0.02 —0.281) a
2022 2 0.258 (0.205, 0.032 —0.661) b 0.029 (0.023, 0 —0.076) b 3.087 (0.0465, 0 —11.5879) a 3.375 (0.2725, 0.052 —12.1999) b
2022 3 0.142 (0.1073, 0.12 —0.42) ab 0.029 (0.025, 0 —0.067) b 0.155 (0.0475, 0 —0.8287) a 0.326 (0.2155, 0.107 —1.0156) b
2022 4 0.114 (0.0925, 0 —0.426) a 0.001 (0, 0 —0.023) a 0.016 (0, 0 —0.097) a 0.132 (0.1125, 0 —0.497) a

x> = 2.26, P = 0.001534 x? = 15.48, P = 0.001449 ¥? = 6.3302, P = 0.0966 x? =19.595, P = 2.06 x 10™*
2023 1 2.26 (1.963, 0.233 —4.794) ¢ 0.059 (0.0375, 0 —0.159) b 0.009 (0, 0 —0.095) a 2.329 (1.652, 0.355 —4.794) ¢
2023 2 0.59 (0.501, 0.165 —1.522) be 0.034 (0.036, 0 —0.053) b 0.678 (0.5835, 0.165 —2.144) ¢ 1.305 (1.2135, 0.464 —2.665) be
2023 3 0.264 (0.072, 0 —1.112) ab 0.05 (0, 0 —0.254) ab 0.193 (0.0665, 0 —0.711) be 0.508 (0.2845, 0 —1.823) ab
2023 4 0.048 (0, 0 —0.277) a 0.003 (0, 0 —0.042) a 0.142 (0.0085, 0 —0.8) ab 0.194 (0.1185, 0 —0.845) a

¥*=31.974,P =5.29 x 10~/ > =17.232,P=6.331 x 10°* x? =23.021, P = 3.999 x 1077 %% =27.083, P =5.656 x 10°°

2 Different letter(s) after mean concentration valuesindicate(s) statistical differences between four pollination stages within eachyear (P < 0.05). Kruskal-Wallis rank
sum test was used to generatemodel summaries, while Kruskal-Wallis multiple comparison was used to comparemean values between stages.

Table 4

Comparisons of number of pesticides detected in bee bread across sampling stages.

Year Stage Number of pesticides, mean (median, min-max)

Fungicides Herbicides Insecticides All pesticides
2022 1 0.7(1,0-2)a 0.7(1,0-1)b 0.5(0,0-2)a 2(2,1-4)a
2022 2 4(3.51-9c¢c 1(1,0-2)b 25(@2,0-6)a 7.6 (6.5,1 -16) b
2022 3 3(2.5,3 -6) bc 1.3(1,0-4)b 1.5(1,0-5)a 5.8(4,2-15)b
2022 4 1.3 (1,0 —4) ab 0(0,0-1)a 04(0,0-1a 1.8(2,0-6)a

%% =19.55, x? = 15.794, ¥? = 7.3641, x? =19.595,

P=21x10"* P =10.00125 P =0.06116 P=206x10"*
2023 1 6.1(7,1-9)c 1(1,0-2)c 0.1(0,0-1)a 7.3 (8,3 —10) be
2023 2 56(6,3-7)c 09(1,0-Dc 3.3(3.5,2-5¢c 9.8 (10,8 -12) ¢
2023 3 1.6 (1.5,0-5)b 0.4 (0,0 —2) bc 1.6 (1,0 —4) be 3.6 (3.5,0-9) ab
2023 4 0.4 (0,0 —2) ab 0(0,0-1)a 0.5 (0.5, 0 —2) ab 1(1,0-4)a

¥% = 31.166, x? = 18.577, ¥ = 29.002, ¥ = 29.66,

P=17.845x 1077

P=3344x107*

P=12237 x1077

P=1.627 x 10°°
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3.3. Insecticide residue patterns across the season and exposure risk
assessment by RQ model and field colony inspection

In both years, for level and number of insecticides per sample and
detection frequency, insecticide residues were consistently low in stage
1 and highest in stage 2 compared with other stages (Fig. 3). However,
the differences were not statistically different between stages in 2022,
while residues from stage 2 were statistically higher than stages 1 and 4
in 2023 (Tables 3 and 4, Fig. 3). Residue levels decreased in stages 3 and
4, but stage 4 had more samples without insecticides and fewer types of
insecticides detected than in stage 3 (Fig. 3). Buprofezin was consis-
tently found across all stages, reaching its highest concentrations in
stage 2. Pyriproxylfen, spinetoram and sulfoxaflor were frequently
found in stage 2, and chlorpyrifos frequently in stage 3. Chloran-
traniliprole, carbaryl, and diazinon were frequently detected across
multiple stages, including stages 3 and 4, stages 2-4, and stages 2 and 3,
respectively. Coumaphos and tau-fluvalinate were miticides commonly
used to control the parasitic Varroa mite (Varroa destructor). It was
applied by beekeepers, and the presence of those two insecticides in our
samples is likely derived from past Varroa control treatment.

Stages 1 and 4 had extremely low RQ (too low to be visible in 2022
and only one observable low RQ value, <0.005 in 2023), with stages 1
and 4 being statistically lower than stage 2 in 2023 (df = 3, x? = 26.005,
P =9.517 x107, Fig. 4) and stage 1 being statistically lower than stage
2in 2022 (df = 3, X2 =9.529, P = 0.023, Fig. 4). Furthermore, RQ from
stage 1 was statistically lower than stage 3 in 2023. Higher RQ in stages
2 and 3 was mainly driven by bifenthrin, carbaryl, chlorpyrifos, imi-
dacloprid, diazinon and sulfoxaflor. Among the above five insecticides,
diazinon and carbaryl were consistent drivers of RQ across multiple
stages in both years; while the other three insecticides occurred in one
stage in one year. Despite higher insecticide exposure risk in tree fruit
and small fruit pollination in WA, RQ is far below the concern value of
0.4, the level at which acute toxicity occurs in honey bees as defined by

(a)
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the U.S. EPA [23,24]. RQ reflects the exposure risk on a day, however,
honey bees’ exposure to a pesticide in field can occur in continuously
days potentially causing increased risk [25]. The accumulative RQ
calculated in a week (duration for a nursing bee as the major bee bread
consumer) increased to a level at 0.2, approaching the concern level of
0.4 (Fig. A.2).

In contrast to the low exposure risk to adult bees suggested by RQ,
extreme levels of dead brood were observed inside and in front of bee
hives in groups G and D (a total of 48 colonies) right after pollination to
fruit trees in stages 2 and 3 in 2022. Bee bread collected from two groups
contained the highest concentrations of buprofezin across the season.
We did not observe massive brood or adult bees in other groups. Ex-
posures to high levels of buprofezin caused long-term effect on honey
bee health that bee colony populations could not be sustained without
ability to reproduce sufficient new generation of adult bees, leading to
colony mortality late in the season (Table 2). Not all colony death was
caused by exposures to pesticides, and weak starting colonies and queen
failure were other reasons for colony mortality (Table 2). By collecting
bee bread from colonies with the largest and smallest honey bee pop-
ulations at each site and pollination stage, we attempted to reveal the
variation in pesticide exposures in honey bees within the same site;
however, pesticide exposures were very similar between colonies with
varying population size (Table A.6, Fig. A.3).

3.4. Plant taxonomy of pollen from bee bread

Except for blueberry, pollen from all focal crops (almond Prunus,
apple Malus, cherry Prunus, canola Brassica, carrot Dacus, onion Allium,
sunflower Helianthus, alfalfa Medicago, European buckwheat Fagopyrum)
was intensively collected by forager honey bees (Fig. 5). For example,
apple and cherry pollen was consistently found in all samples of stage 2
in both years, and canola pollen was present in all samples collected in
stage 3 in 2023. Pollen from non-focal crops grown within foraging
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Fig. 4. Risk assessment of acute toxicity of insecticide exposures to adult bees consuming bee bread using risk quotients (RQ) in 2022 (a) and 2023 (b).
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Fig. 5. Percentage of bee bread from various crops and wild plants labelled by genus in 2022 (a) and 2023 (b). Wild dandelion blooming in crop fields (Wild-
Taraxacum) is illustrated, and pollen from all other wild plants is combined into one category (Wild-others).

range in surrounding landscapes was also identified. For example, we
identified asparagus Asparagus, chickpea Cicer, cannabis Cannabis,
watermelon Citrullus, cucumber, cantaloupe and honeydew Cucumis,
squash and pumpkin Cucubita, wild buckwheat Eriogonum, soybean
Glycine, pea Pisum, radish Raphanus, and potato Solanum, and corn Zea.
Honey bees also consistently collected wild forage outside crop fields
across the season, but in almond orchards the percentage of wild forage
was significantly reduced, especially in 2023. The predominance of
almond pollen was very consistent in stage 1 of 2023 and all bee bread
samples contained 85-100 % almond pollen that year. Four samples
containing almond pollen in quantities lower than 50 % were collected
from a site near a city (Vasilia, CA) in 2022, where urban ornamental
flowers could compete for honey bee visitations. Because the ITS
amplicon sequencing protocol used in this study could not separate
apple (Malus) and pear (Pyrus) pollen and because these two crops were
either in proximity to the studied colonies or present in the landscape
within honey bee foraging range, we integrated two crops into one
category (Malus-Pyrus). Focal fruit crops as well as wild flowers (i.e.,
dandelion Taraxacum) growing under tree fruit canopies were major
pollen sources in stage 2; however, honey bees collected considerable
amounts of pollen from other wild flowers as well (refer to Supplemental
Data 2 and 3 for a full list of wild flowers foraged by honey bees in 2022
and 2023, respectively).

4. Discussion

4.1. Peak fungicide and low insecticide exposures during almond
pollination

In 2023, fungicide exposures in almond orchards were highest
compared with other pollination stages, however, we detected major
differences in fungicide residues between almond pollination in 2022
and 2023 as a result of a mismatch between the window for major
fungicide applications in California (CA) almonds and our sampling
time. In 2022, we collected our samples on February 16-18 when

almonds were in early bloom, and fungicide spray frequency was still
low across CA [4]. Although our sampling time in 2023 was only one
week later (i.e., February 21-23), fungicide use in the state had rapidly
increased during peak bloom, and our sampling perfectly caught the
impact of the rapid change in fungicide use [4]. We took additional
samples (e.g., 2_.A-D+, 2 B-D+) from dead colonies immediately after
colonies returned from CA almonds but before they were relocated to
tree fruit locations in 2022. Those additional samples can demonstrate
fungicide exposure conditions later in February of 2022 and support our
assumption regarding an increase in fungicide applications. Fungicide
application is a routine practice for most almond growers as it is used
widely across the state each year for disease prevention and accounts for
a majority of pesticide use in almond orchards based on the application
data from the California Department of Pesticide Regulation (https
://www.cdpr.ca.gov/) (refer to Table A.4 for a summary of public
pesticide use data) [26]. Due to their wide use, we predicted fungicide
exposures in stage 1 in 2022 would be as severe as that in 2023, how-
ever, our results did not directly demonstrate this because we collected
samples earlier in 2022 relative to 2023, missing the potential peak in
application.

Our findings that insecticide exposures were low in both number of
pesticides per sample and overall detection frequency, and residual level
in stage 1 is in agreement with the previous statement of low pesticide
use frequeny during during almond bloom [4]. These low levels of
insecticide exposures are likely a testament to efforts of the almond
industry to invest in and promote research, outreach, and communica-
tion related to pollinator protection which reduced the inappropriate
use of insecticides of high and medium toxicity which are not permitted
to be used during almond bloom.

4.2. Persistent fungicide and peak insecticide exposures during spring fruit
pollination

The elevated number of insecticide detections and residue levels we
identified in bee bread from tree and small fruit locations in Washington


https://www.cdpr.ca.gov/
https://www.cdpr.ca.gov/
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(WA) indicates honey bees face greater risk during this pollination stage
compared to the risks associated with other pollination stages
throughout the season. The higher insecticide residues detected in our
samples overlap with historically reported, heavily used pesticide types
in fields, for example, carbaryl, chlorpyrifos, and diazinon contributing
to acute toxicity, and buprofezin contributing to brood mortality
(Table A.4). In contrast, some intensively used insecticides in CA such as
bifenthrin, chlorantraniliprole, methoxyfenozide, and spinetoram did
not increase insecticide exposures in our experimental colonies. It is not
reported whether pesticide applications in pollinated crop fields in WA
were well managed or not. However, pesticide exposures during the
pollination of tree fruits and small fruits in WA can be complicated by
the complex patchwork of crops with differing bloom periods, narrow
pollination timing, and spray application requirements. For example, it
is common to have colonies contracted for apple pollination within
flight range of pear/cherry blocks that have begun to receive post-bloom
applications. Alternatively, it is possible that pollination contracts in
cherries may place bees near apples that are receiving pre-bloom ap-
plications of these higher risk pesticides while herbaceous flowering
plants bloom in the understory.

In 2023, exposures to fungicides in stage 2 decreased relative to the
high exposures identified in stage 1 (without statistical difference), but
exposures remained higher than in stages 3 and 4. This numerical dif-
ference may have arisen because in stage 2, tree fruits constituted a
lower percentage of landscape coverage relative to the ubiquitous
coverage of almond in stage 1 as well as lower total use of most fungi-
cides that were detected in our samples (Fig. A.2). This is supported by
findings from our taxonomic analysis that in stage 2, a lower proportion
of pollen arose from the focal tree fruit crop and a higher proportion of
pollen arose from wild flowers, where the likelihood of contamination
by pesticides is lower.

Unexpectedly, we found evident differences in insecticide residues in
stage 2 in between 2022 and 2023. In 2022 we found low levels of
contamination in several samples (e.g., 2_A-S, 2_A-L), while in 2023,
detected residues remained fairly consistent. We hypothesize this may
also be caused by differences in the timing of both pesticide application
and sample collection between years, since samples with low or no
insecticide residues were collected in the middle of April when tem-
peratures were still low, carrying low insect pressure and low insecticide
usage. The insecticide, buprofezin, was widely found at all stages and
was a dominant residue in stage 2. The exact buprofezin volume used
annually is only reported in pear (7900 pound or 3583 Kg), but the
actual buprofezin used in all fruit crops is predicted to be much higher
since apple, peach, and blueberry cultivation occupied significantly
greater area than pear in WA (USDA-NASS, 2023).

It is challenging to make an ideal, complete comparison of spring
pesticide exposures between this study and previous studies since
analytical methods vary across studies. However, from our study and
across the literature, fungicides are consistently found to be dominant
constituents of pesticidal residues while insecticides are found to be
main contributors to acute toxicity in orchards in spring [27-30]. Only
one neonicotinoid (imidacloprid) was found in one sample in our study
although neonicotinoids are widely used insecticides across the U.S.
Concentrations of specific pesticides can be significantly different be-
tween studies due to differences in cropping systems or landscapes be-
tween regions. For example, neonicotinoids were frequently detected in
a previously conducted study where hives were surrounded by soybean
and corn monocultures in spring [28]. Since, soybean and corn pro-
duction require some of the highest neonicotinoid applications of all
crops grown in the U.S. [31], neonicotinoid detections trend higher near
plots of soybean and corn. In WA where there is very limited soybean
and corn cultivation, we suspect our single detection of imidacloprid is
less likely from a corn field, instead arose from its use in summer crop(s)
that cannot be confirmed due to limitations in our research methods.
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4.3. Decreasing pesticide exposures during seed crop pollination and
honey production

Public pesticide use data in seed crops is lacking in WA (Table A.4),
however, several factors may contribute to the low levels of fungicides
we identified from bee bread in stages 3 and 4. Climate and weather
variation as well as fungal disease phenology in certain crops may play a
role. Unlike the widespread use of fungicides to protect against fungal
infections in the flowers of almond, tree fruits and small fruits in early
spring, dry and/or hot weather in the summer, especially in central WA
decreases fungal disease occurrence rates [32-34]. Unlike in springtime
tree fruits, fungicides are less frequently used during bloom for seed
crops (e.g., onion, carrot, sunflower), because few devastating fungal
diseases affect the flowers of seed crops. The only exception is fungicide
use during canola bloom. There, fungicides are not applied to protect
canola flowers from diseases, but instead are applied to prevent in-
fections of the stem (sclerotinia stem rot) from fungal spores that can be
spread by drifting pollen or fallen flowers. Despite the potentially
reduced use of fungicides in stages 3 and 4, forager bees have the ca-
pacity to leave the target crop area and forage from other blooming
crops nearby (Fig. 5) which may be sprayed with fungicides. Wild-
flowers adjacent to other crops which receive drift from fungicide ap-
plications can also be a source of exposure regardless of if those
non-focal crops bloom or not. The source of insecticide exposures in
stage 3 could be similarly diverse and potentially more unpredictable
than those occurring during almond and fruit pollination in spring.

We uncovered overall variations in fungicide residues in stages 3 and
4 between sampling years with generally lower levels and number of
detections in 2023 relative to 2022. This is potentially because more
samples were collected from sites in pastures and/or forests in 2023
(Table 1, Fig. A.4), where pollen forage is less likely subject to pesticidal
contamination. This yearly variance was also observed for insecticides in
stages 3 and 4, however, this variation was not as severe as it was for
fungicides. In both years, samples collected from sites with more natural
habitat in the surrounding landscapes had no or significantly decreased
pesticide residues (e.g., no pesticides detected in a total of three samples
from groups E and F in stage 4 in 2022, and in one sample from group C
in stage 3 and one sample from each of groups H, M and P in stage 4 in
2023). In other large-scale survey studies, which included sites in
landscapes with very high percentages of natural habit coverage, an
overall trend of decreasing pesticide exposures was observed in honey
bees, indicating the value of natural habit to mitigate pesticide expo-
sures [28,35,36].

4.4. Complementary RQ assessment method with field monitoring

The low acute risk to adult bees resulting from our RQ assessment (<
0.03) falls below the EPA recommend concern value of 0.4. This aligns
with our field observations, since we found no acute poisoning symp-
toms in adult bees. RQ as well as other commonly used evaluation
methods such as hazardous quotient (HQ) [37] usually use toxicity in-
formation collected from adult bees in acute poisoning tests and do not
take into account the potential for chronic toxicity or acute toxicity to
brood. This can lead to underestimated impacts of pesticides on overall
colony health. Despite evidence that IGR do not pose a threat via acute
toxicity in adult bees [38,39], the traditional field monitoring used in
this study found severe brood mortality in two groups of colonies
(groups D and G including 48 colonies) right after colonies moved out
from free fruit focal fields, which was exposed to high levels of bupro-
fezin in stage 2. No field risk assessment data exists for buprofezin, but
analyses of other IGRs have demonstrated decreased egg eclosion,
decreased brood capping, and increased pupal death [40,41]. This
instance of brood poisoning by buprofezin presents an alarming scenario
that highlights a need to monitor pesticide exposures in honey bees
under natural conditions in the field as well as a need to implement
regulatory policy changes surrounding pesticide safety. The inability to
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evaluate chronic, and larval impacts from certain classes of insecticides
(e.g., the IGR, buprofezin) carried by the RQ method points to a need to
further investigate the impact of high exposures to insecticides and
fungicides that were previously determined to be safe for use around
honey bees.

RQ usually calculates the consequential toxicity of one pesticide
application or one day of pesticide exposure, however, honey bees can
be exposed to the same pesticide across multiple days by recurrently
visiting focal fields sprayed with pesticides bearing long-lasting residues
or visiting nearby fields treated with the same pesticides across multiple
days. Contaminated bee bread stored in bee hives can be consumed
across a longer term (ranging from several days to weeks depending on
overall food storage and colony needs), which extends potential nega-
tive impact across a longer period of time. Furthermore, severe impacts
of pesticide exposures during one pollination stage can have long lasting
consequences, for example, we noted continuously declining bee pop-
ulations in our experimental colonies that were exposed to high levels of
buprofezin early in the season, which scenario resulted in colony death
at the end of the season.

When comparing RQ results across studies, research conclusions or
statements have to be carefully examined because different equations
are used for RQ calculations (Fig. A5). Studies using pesticide concen-
tration in bee bread (pollen) or honey (nectar) as pesticide exposure
without considering food consumption rate will overestimate oral
exposure risk [42,43]. The toxicity of pesticides can be adjusted based
on honey bee body weight, however, this method of risk assessment can
also overestimate risk because the body weight of a honey bee (around
0.1 g) is higher than bee bread consumption (around 0.01 g) [29].

Since fungicides lack acute toxicity to adult bees, RQ used in our
study did not assess exposure risk from high levels of fungicides. How-
ever, fungicides can cause sublethal toxicity by affecting many aspects of
honey bee health, including but not limited to, interrupting gut physi-
ology, decreasing brood production, and increasing queen loss [5,
44-49]. The concentrations of fungicides that cause negative impact on
honey bee health in the field are much lower than concentrations that
cause negative impacts measured in lab scenarios. Further, under real-
istic, field-based scenarios, honey bees are exposed to widely variable
combinations of fungicides. Concurrent exposure to multiple pesticides
can worsen health impacts via synergisms between fungicides, in-
secticides or various environmental stressors [26].

4.5. Sources of pollen and pesticide exposures

By measuring pesticide residues in bee bread or pollen samples, the
quantity and diversity of pollen in the landscape that is contaminated
with pesticide residues usually cannot be identified, because honey bees
are generalists that forage pollen from many plant species [25]. How-
ever, the analysis of pesticide residues from collected pollen, backed by
supporting information of pollen sources can still indicate likely sources
of pesticide exposure in the field. Under some circumstances, we can be
fairly confident identifying the origin of the residuals. For example, in
our study, we found multiple samples collected from almond orchards
consisting of over 99 % (up to and including 100 %) almond pollen,
demonstrating with confidence that high fungicide exposures were
likely due to fungicidal applications in almond orchards. In addition,
almond is the first crop to bloom annually in CA and the first crop to
require pesticide applications, while, other major nuts and fruits in the
study area (e.g., grape) just break the dormancy and bloom later than
almond and are usually not treated with pesticides in February.

As in almond orchards, the source of pesticide exposures in honey
bees in WA tree fruits can also be predicted using knowledge of the
flowering phenology for crops and wild plants in the landscape. The
analysis of pesticides carried out in our study in combination with re-
ported pesticide use supplied by the USDA NASS can increase the pre-
dictability of pesticide poisonings in honey bees. Our study suggests
fungicide exposures arose from contaminated pollen produced by
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blooming fruit trees as well as dandelions growing in the understory.
Dandelions were consistently present in bloom at all study fields during
stage 2. Dandelion presence carries both pros and cons because they
serve as a major forage resource for honey bees but also trap fungicides
and compete with target crops for pollination [27]. Flowering dande-
lions can be mowed to reduce pollination competition with the target
crop [50]; however, this practice requires additional labor from
growers. Further, it is unknown if honey bees compensate for the loss of
dandelion pollen by foraging other wild flowers in surrounding natural
or urban habitats that are less likely to be contaminated with pesticides
in early spring.

In summer and fall when pesticide use is common in many crops
across the foraging landscape of honey bees, pollen taxonomic infor-
mation tends to be less powerful to predict the source of pesticide resi-
dues in bee bread. This is because a honey bee colony can
simultaneously collect pollen from several crop species, obfuscating the
ability to identify which plant is the source of pesticide exposure. For
example, spiromesifen is an insecticide used in both corn and melons
which were not focal crops, and pollen from both crops was found in our
bee bread samples. However, pollen taxonomy data can still provide
directions for further investigation to identify potential sources of
pesticide exposure.

In conclusion, pesticide exposures to pollinating honey bees have
various patterns crosslinked with season and geographical regions. For
example, high fungicide exposures tend to occur in almond orchards in
CA and high fungicide and insecticide exposures tend to occur in tree
fruit orchards in WA. Our identification of exposure patterns provides an
opportunity to mitigate exposure risk for pollinators by informing
pesticide use education and/or policy changes aimed at reducing
insecticide use during crop bloom. This could be especially impactful for
insecticide use in tree fruit orchards in WA. Although pesticides are
required to pass lab-based risk assessments or semi-field-based risk as-
sessments before approval for use in the field, the case of extreme
buprofezin exposure identified here and subsequent brood mortality
indicates a need to expand risk assessment for pesticide exposures under
realistic field conditions in different cropping systems. Although fungi-
cide use is a necessary practice to prevent fungal infections in the
flowers of nut and fruit trees, conflicts between fungicide use and
pollinator protection should be mitigated through the analysis of sub-
lethal fungicide effects and through appropriate management from
beekeepers. In contrast with high almond crop cover in CA which causes
repeated fungicide exposures in a large area, many tree fruit fields are
less densely distributed in WA, resulting in situations where pesticide
exposures are less frequent and potentially mitigable at the focal field
level. For example, beekeepers may close hive entrances for short pe-
riods of time during and right after application in the focal crop.
Alternatively, they may remove contaminated pollen from forager bees
using pollen traps. There are other potential techniques such as detox-
ification agents designed to cure pesticide poisonings in honey bees, but
such products are still in development [51]. In summer and fall when
many crops are simultaneously treated with pesticides, existing farming
practices like avoiding pesticide use during crop bloom and preventing
pesticide drift remain a key method to protect bees and other pollina-
tors, even when focal fields have no honey bee colonies installed.

Environmental implications

Our study collected biological samples (bee pollen) in 240 honey bee
hives at 32 fields across California and Washington State in the U.S. in
two years’ period. Pesticide contamination occurs to bee pollen as pes-
ticides are applied at crop fields. Pollen (namely bee bread) samples
were analyzed for pesticide residues for risk assessment on honey bees
using RQ assessment model. A total of 290 pesticides causing either
acute and chronic toxicity were tested. Simultaneously, bee health was
measured in fields in addition to analysis of pesticides in bee pollen,
which can be used to explore the negative impact of pesticide exposures.
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