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Understanding the distribution of pesticides in the floral landscape is critical for land managers and 
regulators, particularly since identifying where exposure occurs is critical to pesticide mitigation. In 
this study, we developed a bee-plant network for a commercial sweet cherry (Prunus avium L.) system 
and the surrounding unmanaged floral habitat. We estimated the pesticide contamination of flowering 
plants in this network by trapping pollen from honey bee colonies, identifying the plant species of 
origin of the pollen, and relating this to the non-Apis bee visitation and toxicity of pesticide detections. 
Over 90 plant-bee interactions from non-Apis species were matched with honey bee collected pollen. 
By combining bee visitation and pollen data, we attributed the pesticide hazard to 33 plant genera. 
Unlike previous studies, we observed the greatest hazard to non-Apis bees did not come from visits 
to the crop or from pesticide drift off the orchard, but from contamination of an orchard understory 
plant (genus Taraxacum). The importance of this plant in pesticide exposure was related to both the 
hazard of the pollen and the frequency of visitation by non-Apis bees. Our findings caution against 
generalizing how non-Apis bee species become exposed to pesticides.
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The yield of crops across the world are dependent on honey bee (Apis mellifera) visits1. Consequently, the well 
documented losses among honey bee colony stocks2–5 has made the reduction of pesticide exposure a priority 
for regulators and land managers6,7. The increased awareness of the threat of pesticides to honey bees has also 
raised the profile of non-Apis, non-managed bees for protection from pesticide pollution. Non-Apis bees play an 
important role in the pollination of wild8–10 and crop plants11–15. As the conservation of wild bees, in particular 
native bees, becomes more of a concern for regulators and researchers16,17, there have been calls to broaden 
pesticide risk assessment to consider non-Apis species18–22.

In the U.S., the Environmental Protection Agency (EPA) is responsible for estimating exposure of bees to 
a pesticide in its estimation of risk23,24. Variation in bee exposure under field conditions, however, is difficult 
to characterize owing to the patchiness of contamination across where bees nest, forage and collect nesting 
material25,26. Moreover, it is likely that patterns of exposure vary among bee taxa owing to differences in life 
history27,28. Life history traits that might influence exposure include differential contamination of nesting 
materials used by species20,21,29 and how pesticide contaminated provisions may be diluted among nestmates 
in social taxa, such as honey bees, prior being fed to larva25,30. Additionally, while honey bees and non-Apis 
bees have similar numbers of P450 enzymes to detoxify pesticides31, phylogenetic analysis has shown that some 
groups, including Megachilidae, lack CYP9Q-related genes which indicates that the detoxification of some 
insecticides may be lost in these groups32.

An additional variable explaining how different bee taxa become exposed to pesticides may arise from 
preferences for different floral resources. While bee taxa visiting a bee-attractive crop may experience similar 
exposure after a pesticide treatment, it has been shown that preference for crop flowers varies among bee 
taxa11,22,33–40. Some of the preference is explicable by morphological compatibility between flower and bee 
species, particularly regarding flower corolla width and depth and bee size and tongue length27,28. Additionally, 
while some species such as honey bees exhibit a wide breadth of pollen collection (polylecty)41–46, others exhibit 
pollen specialization and restrict their pollen foraging to plants within the same family (oligolecty) or within the 
same genus (narrow oligolecty)8,47–49.
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The link between foraging preference by different bee taxa and their pesticide exposure remains unclear. 
While it has been demonstrated across multiple systems that pesticide exposure by bees represents a mosaic 
of pesticides that extend beyond the pesticide applications most proximate to the nest43,50–56, in some cases the 
specific sources of contamination can been characterized. Pesticide contamination from one genus, Spirea, was 
identified as disproportionately contributing to the pesticide hazard within nursery plants57. In other studies, 
Brassicaceae and Vitis vinifera were identified as the primary contaminating pollen within daily collections of 
pollen samples58. Yet in other studies, the connection remains unclear. For example, recent work from blueberry 
showed that bumble bees appear to be more contaminated with pesticides applied to the crop than honey bees, 
but the source of the significant non-crop exposure could not be identified55. This echoes similar work in apple 
pollination which found high pesticide exposure to honey bees despite low apple pollen collection43.

We looked to characterize the patterns of pesticide hazards experienced by different bee taxa in a major 
commercial crop (sweet cherry (Prunus avium)) surrounded by a plant community with high bee biodiversity 
(white oak savannah). We estimated pesticide hazards for different bee taxa by: (1) determining pesticide 
contamination of different flowering plant taxa using pollen collected by honey bees and (2) relating these to 
estimates of exposure using a bee-plant association network. By identifying the plant origins of the trapped 
pollen and weighting the pesticide levels in that pollen to the visitation of different bee genera across the plants in 
cherry orchards and the oak savannah, we were able to estimate the relative hazard associated with the foraging 
patterns of different bees. We used this method to compare: (1) the average pesticide hazard to each bee genera 
over a foraging year, (2) the aggregate hazard of each plant genera within a pollination network and (3) the 
per-visit hazard by bee genera. Finally, we used a pesticide hazard weighted network to infer patterns of hazard 
across the landscape.

Results
In this study, we collected pollen from honey bee colonies, identified the pollen sources through microscopy, 
tested pollen samples for pesticide residues, and matched these pesticide residue profiles with non-Apis bees 
collected from floral resources on the same site. This allows us to connect bee visitation in the landscape with 
pesticide residues from the specific plants on the same site. Therefore, this dataset consists of: bee specimens 
net-collected from production areas and oak habitat, pollen samples and the associated pesticide profiles, and 
floral resource assessments.

We collected 1592 bees over two years (2020, n = 784 and 2021, n = 808) in sweet cherry production areas 
(n = 136), fallowed cherry production cover cropped with mustard (Brassica nigra) (n = 390) and the surrounding 
oak savannah (n = 1066). We photographed 1060 plants representing 19 plant families and 33 plant genera 
associated with pollinator visitation; observations within the dataset were given research grade designation in 
35% of observations (n = 369) and 94% (n = 996) of plants were identified to genus level.

We collected 136 species of non-Apis bees in 23 genera over the sampling period (supplementary material). 
In 2020, 52% (n = 404) non-Apis bees were collected after honey bee colonies had left cherry fields and 
therefore could not be associated with pesticide residues. Bees collected after pollen trapping ended in 2020 are 
incorporated into the species lists and plant-pollinator network, but are not included in the statistical analysis or 
visualizations of HQ-weighted analysis. During periods of monitoring overlap, where both bees and pollen were 
collected, plants foraged on by non-Apis bees were matched with the identified pollen tested for pesticides from 
honey bee colonies stationed nearby, 45% (n = 538) at the same site on the same date. Less than 10% of wild bees 
collected were from plants which were not collected in honey bee pollen traps (n = 155); of these interactions, the 
majority (n = 85) of bees were collected from plants in the genus Lomatium.

Pollen from each plant genera was associated with an average Hazard Quotient (HQ) value indicating the HQ 
value experienced per visit by any native bee (supplementary materials). Hazard Quotient is a commonly used 
estimation of pesticide hazard to individual colonies59–61 and across landscapes50,62–64; it relates the pesticide 
residue in pollen to the toxicity of the pesticide61,65,66. For the primary genera of bees within the dataset, bee 
visits were associated with plants that had associated hazard quotient (HQ) values in over 67% of visits (n = 965). 
Bees from the genus Andrena visitation events (i.e. Andrena visiting a single floral resource) were associated 
with plants collected in honey bee colonies pollen traps (i.e. pollen that was tested for pesticides) in 77% of 
all visits. Bombus was associated 100% of visits. Eucera was associated 91% of visits. Nomada was associated 
with 83% of visits. Osmia was associated with pollen 94% of visits. Plant genera with high HQ values include: 
Capsella, Lithophragma, Stellaria, and Taraxacum which all were associated with average HQ values of ~ 1000 
(supplementary materials). With the exception of Stellaria (bees collected, n = 21 and pollen collections n = 2), 
these were all exclusively understory plants within the cherry orchard or fallow orchard habitat. Pollen and bees 
were collected throughout the bee flight season (April to June).

The mean HQ values of the most frequently collected non-Apis bee genera (Andrena, Bombus, Ceratina, 
Eucera, Halictus, Lasioglossum, Nomada, and Osmia) were compared to the HQ values associated with honey 
bee colonies during the same year and bloom period (Fig. 1). These bee genera also had the largest overlap in 
visiting plant genera that were collected by honey bees in pollen, enabling assignment of pesticide exposure 
through plant visits. In 2021 during cherry bloom, Bombus and Halictus were excluded from analysis due to 
insufficient numbers of individuals. There were also insufficient numbers of Bombus to include after petal fall in 
2021. There were significant differences in HQ values between focal bee genera in all sampling periods and both 
years. Analysis of cherry bloom in 2020 (F(7, 390) = 6.761, p < 0.0001) cherry bloom in 2021 (F(6,115) = 3.719, 
p = 0.002) and after petal fall in 2021 (F(7,216) = 3.652, p = 0.001) (Supplementary materials, Table S2) all 
indicated that bee genera ecperienced significantly different HQ values per floral visit. A post hoc Tukey test 
showed that the mean Apis HQ value was significantly different from Andrena (p < 0.0001), Eucera (p < 0.0001), 
Nomada (p = 0.0001), and Osmia (p < 0.0001) during cherry bloom in 2020 (Supplementary materials, Table S3). 
Apis bees experienced higher average HQ values when compared to non-Apis genera. During cherry bloom in 
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2021, Apis was significantly different from Andrena (p = 0.03) but no other groups (Supplementary materials, 
Table S4). However, during 2021 cherry bloom Andrena had over three times the HQ value compared to Apis. 
Finally, after petal fall in 2021, Apis was significantly different from no other genera (Supplementary materials, 
Table S5).

To understand how plant-pollinator interactions changed in importance when HQ is considered, we created 
two networks for each year. The first is a basic network, which is constructed using standard plant-pollinator 
associations where the importance of the association between genera is demonstrated with the thickness of the 
bar connecting them (Figs. 2 and 3). During 2020, we collected 784 bees which represented 137 unique plant and 
pollinator interactions throughout the year. In 2021, we collected 807 bees which represented 95 unique plant 
and pollinator interactions throughout the year. Osmia was the most frequently detected bee genus in both years. 
In 2020, Osmia represented about 25% of the total interactions within the bee-plant interaction network (Fig. 2).

The second network we created is an HQ-weighted pollination network; in this network, the frequency of 
visitation and the HQ value of the plant both influence the thickness of the bar and relative importance of the 
interaction in the network. Each HQ weighted network simplifies the basic network interactions because any 
interactions where HQ = 0 are eliminated. Several plant genera change in the rankings of importance within 
the network when HQ weight is accounted for. The genus Taraxacum represents less than 15% of interactions 
within the basic network, yet increased to almost half of all interactions within the HQ weighted network. In 
contrast, the prominence of Balsamorhiza in the bee-plant association network was reduced when weighted by 
HQ is considered. In the basic network, Balsamorhiza represented just under 20% of all interactions, however 
in the hazard-based network it was reduced to 5% of interactions. Within the basic pollination network, Osmia 
is most frequently collected from Balsamorhiza and Taraxacum but it is clear that only Taraxacum represented 
a significant pesticide hazard to Osmia in 2020 (Fig. 2). As in 2020, Taraxacum visitation in 2021 represented 
more interactions in the HQ weighted network compared to the basic network, jumping from less than 5% of 
interactions to a quarter of all weighted interactions.

Fig. 1.  A box and whisker plot showing the average HQ value per visit for focal bee genera, including honey 
bee in 2020 and 2021, stratified by when sweet cherry is in bloom and after petal fall. No post-bloom data was 
collected in 2020. The horizontal line indicates the median value (HQ); the boundaries of the box are the 25th 
and 75th percentiles. The whiskers represent the most extreme datapoints that are no more than 1.5 times the 
length of the box. Genera of bees with no plot indicate that insufficient numbers of the genera were collected 
during the time period to determine boundaries of the box and whisker plot.
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Fig. 2.  A pollination network showing the relationship between wild bee visitation and plant genera in 2020. 
The thickness of the bars represents the number of visits from each bee genera to each plant genera. The 
basic network represents the interactions between plants and pollinator visits (A). The HQ network (Hazard 
Quotient Network) represents the network, considering the HQ values of each interaction, summed by plant 
and bee genera (B). Upper bars represent bee genera and lower bars represent plant genera in the pollination 
network. Plant genera found exclusively in oak savannah are shown in blue, those unique to cherry orchard 
and understory are in green, and plants shared between both areas are in gray.
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Fig. 3.  A pollination network showing the relationship between wild bee visitation and plant genera in 2021. 
The thickness of the bars represents the number of visits from each bee genera to each plant genera. The 
basic network represents the interactions between plants and pollinator visits (A). The HQ network (Hazard 
Quotient Network) represents the network, considering the HQ values of each interaction, summed by plant 
and bee genera (B). Upper bars represent bee genera and lower bars represent plant genera in the pollination 
network. Plant genera found exclusively in oak savannah are shown in blue, those unique to cherry orchard 
and orchard understory are in green, and plants shared between both areas are in gray.
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The importance of bee genera within the networks also changes when HQ values are considered. In 2021 
and 2020, the highest number of interactions within the basic plant and pollinator network were represented by 
Osmia. In both 2020 and 2021, Osmia became more important within the HQ-weighted networks. For example, 
in 2020, the importance of Osmia within the network nearly doubled. Andrena species were a small proportion 
of interactions in both the weighted and basic networks in 2020. However, in 2021 Andrena were more frequently 
collected and associated with HQ values (Fig. 3). Andrena collected in mid-April of 2021 were exposed to the 
highest HQ values based on their foraging behaviors (Fig. 3).

In 2021, pollen sampling occurred throughout May when petal-fall had already passed in sweet cherry 
orchards. Cover crops in production areas (Brassicaceae) came into bloom during this period and represent 
a large source of both forage and pesticide hazard within the network. Andrena, Eucera, and Nomada were 
frequent visitors to plants in the Family Brassicaceae and this represents the majority of each bee genera’s 
pesticide hazard. The most common species collected from Brassicaceae were Andrena pallidifovea (n = 19), 
Andrena aculeata (n = 15), and Nomada edwardsii (n = 15). These three species represent only 28% of the total 
visitors to Brassicaceae, which was visited by 52 individual species. On asters, Osmia dominated the collections. 
Balsamoriza and Taraxacum bloom during the same periods and attracted Osmia visitors. Balsamoriza was 
dominated by Osmia californica (n = 153), Osmia montana (n = 27), and Osmia nigrofrons (n = 14). These three 
species represent 69% of visitation to Balsamoriza. Similarly, Taraxacum was predominately visited by Osmia; 
specifically O. atrocyanea (n = 2), O. californica (n = 39), O. kincaidii (n = 2), and O. montana (n = 1). Together, 
Osmia represents 90% of visitors to Taraxacum.

Discussion
We provide evidence of the differential exposure of bee taxa based their patterns of visitation to plant genera 
in and around an agricultural system. In doing so, we demonstrate that in the sweet cherry system in Oregon 
bee taxa face dissimilar hazards. We identify the major source of exposure to non-Apis bees is restricted to one 
genus (Osmia) visiting plants found primarily on the orchard floor (Taraxacum). These findings not only provide 
cherry growers with very specific guidance for mitigating pesticide hazards to bees, but more significantly, 
emphasize the importance of gathering bee-plant association data for understanding these hazards in other 
agricultural systems.

Examining pesticide contamination over time, we found evidence that bee genera were exposed to different 
HQ values in both years and all bloom periods (Fig.  1) (supplementary materials, table S2). Non-Apis bee 
pesticide hazard metrics were built from pollen samples which must compose at least 10% of the total honey 
bee pollen sample. During cherry bloom in 2020, Apis bees were exposed to the highest HQ values (1935 ± 679, 
supplementary materials S3) and all other bee genera experienced lower hazard with Andrena, Eucera, Nomada, 
and Osmia experiencing significantly lower HQ values. However, this same pattern was not consistent during 
cherry bloom in 2021 where Andrena experienced the highest pesticide hazard (3470 ± 2208, supplementary 
materials S4) and all other genera were not significantly different than Apis. After petal fall in 2021, Andrena was 
again exposed to the highest HQ value per-visit, however this was not statistically significant (supplementary 
materials, S5). In some ways, this indicates that Apis is an adequate stand-in for other bee genera, as in most cases 
within this study Apis would be a conservative exposure estimate. However, HQ values fail to capture where 
pesticide exposure occurs in a landscape and what mitigation measures can be taken to reduce it.

When considering pesticide hazard to non-Apis bee genera as visualized within plant-pollinator networks, 
the relative importance of plants changes within each year. This means that potential mitigation measures could 
change as well. Due to the shorter sampling period of 2020, the network is highly simplified when considering 
only plants with non-zero HQ values, reducing the number of plants in the network from 33 genera to only 
9 genera. In both 2020 and 2021, Taraxacum pollen represented a more significant contribution of pesticide 
hazard to the network when compared to Prunus pollen. As Taraxacum was primarily present in understory 
habitat within orchards, this indicates that controlling blooming weeds in orchard aisles may be even more 
important to protecting non-Apis bees when compared to controlling pesticide contamination on cherry 
blossoms themselves. This comparison also indicates the importance of monitoring the same system over the 
foraging activity of bee genera. In 2020, Brassicaceae represented a low hazard pollen forage resource, yet when 
the monitoring scheme was expanded to include post-cherry-bloom monitoring periods, Brassicaceae became 
a significant source of pesticide contamination within the network. Some studies have analyzed pollen samples 
from the same sites over time56,58, yet in most cases pollen is analyzed from a single site on a single date per 
year43,57,67. The ephemerality of pesticide detections within a system can mean that sampling systems at one time 
may miss differences in contamination across a landscape25. As in other studies, high HQ values can be detected 
in pollen for short episodes, followed by relatively low levels at the same site57,58.

The results of this study can also be used to make recommendations on mitigation measures reducing 
pesticide exposure to bees. Controlling pesticide exposure on cherry bloom itself through: modifications to 
sprayers and chemistries (i.e. low drift adjuvants and less toxic chemistries)68–70 and timing applications to 
maximize environmental degradation before bee visitation71–73 (i.e. spraying at night) could reduce pesticide 
exposure to honey bees contracted to perform pollination services. However, while some studies suggest that 
additional forage available during pollination could reduce pesticide exposure74–78, our study suggests that forage 
provided within a production area may increase pesticide hazard and disproportionately effect non-Apis bees. 
Mowing these areas to eliminate floral resources before pesticide applications could greatly reduce pesticide 
hazard to foraging non-Apis bees.

We focused on generic level differences in pesticide hazards among bees in our study, but believe that more 
insights may come from species-level analysis in the future. A case in point comes from drawing conclusions 
from our findings from Osmia generically to all Osmia species, particularly there interest in using Osmia lignaria 
(blue orchard mason bee) in cherry pollination as it has been demonstrated to improve pollination success in 
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combination with honey bees13,15. Growers in our study, however, did not use managed O. lignaria and wild 
populations were difficult to detect; with only only one specimen collected from Balsamorhiza throughout the 
study. As O. lignaria may have a broader diet breadth than many of the Asteraceae focused Osmia species, it is 
unclear from our study whether the patterns we observed for Osmia generically would apply to O. lignaria.

The pesticide hazard represented by specific chemistries also changed over time. In 2020 during cherry 
bloom, Pyriproxyfen was detected 46 times but only 6 times during bloom in 2021 (supplementary materials, 
S6). Pyriproxyfen is a juvenile hormone analogue which is used in sweet cherry production to treat leafrollers but 
is only applied during dormancy79. Given that Pyriproxyfen requires 300 days minimum before cherry harvest, 
it is likely that this residue was not coming from sweet cherry orchards but rather drifting from another source. 
One potential source are nearby pear orchards (Pyrus spp.), where producers use Pyriproxyfen to control pear 
psylla (Cacopsylla pyricola)80,81. Imidacloprid was detected during cherry bloom in 2020 and after petal fall in 
2021; due to the acute toxicity of imidacloprid to bees, it was a large contributor to pesticide risk in Brassicaceae 
samples where it was detected. Imidacloprid can be applied to cherry after bloom to control multiple pests with 
spotted wing drosophila (Drosophila suzukii) representing a major pest growers seek to control in the region.

While honey bees and non-Apis bees are documented to forage on similar resources in many other studies82–86, 
this study highlights a surprisingly tight association between non-Apis bees and the remnant white oak savannah 
surrounding cherry orchards. The distinctiveness of the system may be explicable by the lack of wild Prunus 
species in historic oak savannah plant communities. Consequently, while Osmia have been associated with 
increased fruit set and pollination success15,87–90 in other systems, the most prominent species we observed were 
primarily Asteraceae specialists (e.g., Osmia montana). Alternatively, the strong preference of honey bees for 
cherry in our system may have resulted in the competitive exclusion of non-Apis bees from visiting cherry91,92.

Paradoxically, it is the strong preference for the native spring Asteraceae such as the genus Balsamorhiza that 
may explain the patterns of pesticide exposure for Osmia. While Balsamorhiza was largely free of toxic pesticide 
residues, their preference Asteraceae resulted in them foraging on the orchard floor on Taraxacum at rates higher 
than other bee genera. Such subtle patterns would be overlooked by current approaches of modeling exposure 
conducted by EPA in its risk assessment for bees, which assume a static association between bee and plant 
taxa23,93. By measuring the relative pesticide contamination within a bee-plant association network we are able 
to go beyond the studies that are only able to emphasize the importance of non-focal crop pollen as a significant 
source of pesticide contamination50–53. Furthermore, EPA pesticide risk assessments rely on honey bee toxicity 
and foraging behaviors to estimate environmental hazard to all bees23,94. This work adds to the significant body 
of literature which indicates non-Apis bees may be exposed in different pathways; not just through differences in 
life history20,21,26,29,95, but also through differences in foraging patterns33,56,96.

While the significance of Taraxacum contamination was observed across both years of our study, we noted 
that Capsella was only significant in 2020 and Brassicaceae in 2021. Our study also demonstrates that although 
the interactions occurring within the landscape are diverse and primarily occur in the white oak savannah, 
the interactions with high pesticide hazard occur in the production areas for non-Apis bees. In 2020, four of 
five primary contributors to pesticide hazard within the network were associated with cherry production and 
understory (Brassicaceae, Capsella, Caryphyllaceae, and Taraxacum). A similar pattern was observed in 2021, 
where three of the four primary contributors to the hazard network were associated with cherry production 
(Barbarea, Brassicaceae, Lithophragma, and Taraxacum). If non-Apis bees had been excluded from production 
areas, pesticide hazard associated with visits would have reduced to less than a quarter of the pesticide hazard 
in both years. That is, through both the frequency of visitation and strength of pesticide hazard, production 
areas and understory plants become the primary source of pesticide contamination for non-Apis bees in these 
areas. Importantly, over half of all the visitors to Brassicaceae, Taraxacum, and Balsamorhiza were Osmia, with 
O. californica being the most abundant.

Many efforts have been made to understand honey bee pesticide exposure within a landscape57–60 and similar 
work has been done to estimate non-Apis bee pesticide exposure22,55,97–99. A bee’s pesticide exposure in a field is 
the combination of the patchiness of contaminated floral resources and the foraging behavior of the bee25; our 
study combines the foraging behavior of non-Apis bees in the field with differential contamination of pollen 
to understand pesticide exposure and hazard in a novel way. Nearly half of non-Apis bees collected during 
pollen trapping periods were matched with site and date specific pesticide detections collected from honey 
bees. Yet, pollen samples collected from honey bee colonies were comprised of predominantly cherry pollen 
(Prunus)100. In previous work, non-focal crop pollen and crop pollen were similarly contaminated within the 
landscape; meaning that non-focal crop pollen did not represent a refuge from pesticide contamination for 
non-Apis bee species43,52,55,101,102. This highlights the significant overlap in honey bee and non-Apis bee foraging 
behavior39,84,85,103,104 and the variation in pesticide contamination which reaches honey bee colonies25,100,105. 
Moreover, our study also demonstrates that pesticide contamination after petal-fall in the pollinated crop 
increased pesticide hazard to non-Apis bees. This suggests that bees may be exposed to higher HQ pollen 
resources over the course of a season after petal fall106,107 (as in 2021) or it may reflect the high variation in 
detected HQ values at a colony as a result of the patchiness of contamination57,58.

This study does not address the toxicity of pesticides to non-Apis bees, which may distort some aspects of the 
findings. Because toxicological data is widely available only for honey bees108–111, it is therefore it is common to 
use honey bee toxicity data as a surrogate for all bees29,55,112,113; similarly, our study relies on this data to represent 
toxicity to all bees. Some comparisons between honey bee toxicological data and non-Apis bee toxicological 
data indicate that honey bees are more sensitive to pesticides114,115. However, other literature indicates the 
opposite: that non-Apis bees may be more sensitive to pesticide exposure, especially regarding sublethal impacts 
of pesticide exposure116–118. This disconnect could lead to a mis-estimation of pesticide hazard to non-Apis 
bees. Additionally, HQ has been criticized in the literature for its simple, aggregate hazard approach57,58,63,65,66, 
even by these authors. It is well documented that honey bees are exposed to a mixture of pesticides throughout 
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their foraging season in pollen and bee bread56,58–60,119–121, and that these mixtures lead to synergies in pesticide 
toxicity, increasing hazard122–124. However, HQ captures none of these subtleties65,66 and how changes in HQ 
over time relate to changes in bee health and overall risk is not well understood59,65,66. Instead of using HQ as a 
definitive stand-in for pesticide hazard, the goal of this work is to understand how weighting interactions by the 
HQ value of each visit change the importance of the plants in the network.

Pesticide residues found in nectar, on leaf surfaces, sediment, plant resins or water are also not accounted for 
in our pesticide hazard estimates, although bees may contact or ingest pesticide residues through these routes 
exposing adults and larvae20,21,125. Importantly, pollen typically has higher pesticide residues when compared 
to nectar collected from the same plants126. Perhaps most significantly for non-Apis species, visitation by males 
and kleptoparasitic species can comprise a large number of visits, yet both groups do not collect pollen127. 
Therefore, pesticide exposure may be distorted as an overestimation of pesticide exposure for these groups as 
nectar represents their primary floral foraging resource.

In conclusion, the pesticide contamination hazard to managed honey bees and non-Apis bees are similar 
through the lens of HQ. However, the source of this pesticide exposure is different and requires different 
mitigation strategies to address these concerns. Non-Apis bees are experiencing pesticide risk through drift onto 
understory plants and mass blooming cover crop plantings later in the pollination season, when most honey 
bee colonies have been moved to the next crop in their circuit. Honey bees are exposed through a diversity of 
pathways, but their strong presence in the orchard bloom indicates addressing applications to cherry bloom 
would benefit commercial colonies. This challenges the assumption that bees of different genera are exposed in 
the same way and indicates that different mitigation measures may be needed for the protection of each group.

The state of Oregon is particularly well positioned to resolve pesticide hazard to wild bees because it has 
one of the largest contemporary bee-plant interaction networks, spanning over 200,000 connections128–130. 
This research demonstrates that pesticide hazard to non-Apis bees can be approximated by honey bee collected 
pollen and yet al.so challenges that the mechanisms of exposure are the same. Future research could continue 
to investigate competition between honey bees and wild, non-Apis bees within these landscapes and illuminate 
how unequal pesticide contamination across a landscape can impact bee genera.

Methods
Location
This study was conducted over two years on sweet cherry production (Prunus avium L., (n = 12 sites in 2020, 
n = 14 sites in 2021) in the Columbia region. The Colombia plateau is characterized by arid sage-brush steppe 
and grasslands but was historically dominated by white oak savanna (Quercus garryana) with over 800 species 
of wildflower present57,58. The area is now farmed with tree fruit, including sweet cherry, pear, and apple 
production. Sites were located at least 2  km apart when possible, resulting in some potential overlap in the 
foraging radius of honey bee hives from different sites. Sites were located an average of 2.01 ± 0.8  km apart 
(Fig. 4). None of the growers used organic farming techniques, but instead relied on standard agrochemicals 
and agronomic practices. Consent was obtained from the land manager in the form of a letter of support for the 
project; although the land was owned by different individuals, it was managed by the same organization.

Land cover type surrounding each site was determined using the National Land Cover Database from the US 
Geological Survey (​h​t​t​p​s​:​​/​/​w​w​w​.​​u​s​g​s​.​g​​o​v​/​c​e​n​​t​e​r​s​/​​e​r​o​s​/​s​​c​i​e​n​c​e​​/​n​a​t​i​o​​n​a​l​-​l​a​n​d​-​c​o​v​e​r​-​d​a​t​a​b​a​s​e) in 2021. Land use 
was determined as cherry production, natural land cover (oak savannah fragments), other agricultural use (all 
crops excluding cherry) and other (urban or other usage) (Fig. 4) at a 30 m-scale.

In addition to cherry orchards, sites included considerable areas of remnant white oak savannah (shrubland, 
Fig. 4), including narrow strips of land that were too steep to farm that created a network of natural area in 
and through the orchards. The area included grass agricultural headlands and orchard rows that frequently 
included blooming forbs, other agricultural areas, particularly other tree fruits and Brassica napus subsp. napus 
cover crop, which was used by cherry growers prior to replanting cherry orchards. White oak savannah is an 
insect-rich habitat59 where an estimated 1–5% of the habitat remains intact60 and therefore the juxtaposition of 
agricultural land with this habitat could provide potential for wild bee species to be exposed to pesticides.

Pollen collection, identification, and testing
Pollen trapping was conducted as in Topitzhofer et al. (2021). When pollen traps were attached, bees were 
allowed to acclimate and then traps were engaged for 24–48 h during good foraging weather (i.e. periods of time 
without rain or temperatures below 12.8 ⁰C). Pollen was collected in coolers and stored in a − 20 ⁰C freezer until 
analysis. In 2020, commercial beekeepers were contacted and volunteered to participate in this study. Strongly 
foraging hives (> 50 returning foragers per minute when temperatures were above 20 °C) from twelve sites were 
selected in 2020 with two trapping events per site, both occurring during cherry bloom. Commercial pollination 
in sweet cherry is usually no more than two and a half weeks. Therefore, in 2021, this was expanded to include 
both twelve commercial hives and fourteen hives from Oregon State University on the same sites to extend the 
pollen trapping season. With these additional colonies on site, we were able to trap for five pollen collection 
periods over two months. These samples were divided into those which were taken during cherry bloom and 
after cherry bloom. Therefore, there are three pools of pollen samples: 2020 during cherry bloom, 2021 during 
cherry bloom, and 2021 after petal fall in cherry.

The pollen samples collected from the field were separated into color groups using the Pantone Color Guide 
from a 10 g subsample of the whole56,61. Each color group was then acetolyzed with a modified protocol for 
0.25 g samples61,62 which removes the lipid coat and allows identification of the pollen protein exine63,64. Pollen 
grains were then identified with light microscopy using DiscoverLife keys (http://www.discoverlife.org) and then 
confirmed with PalDat Palynological Database (https://www.paldat.org) and Cornell Pollen Grains Reference 
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Library (https://blogs.cornell.edu/pollengrains). Identification was performed to plant genus and identified as 
pollen from each of the floral resources in bloom during the collection period.

Each pollen sample collected was processed for pesticide residue analysis as in Carlson et al. (2024); in brief, 
pollen samples were analyzed as composite samples (representative samples from the whole) and segregated 
into color groups. Both groups (composite and color-sorted subsamples) were tested for pesticide residues at 
Synergistic Pesticide Laboratory in Portland, OR. QuEChERS protocol66,67 with both LC/MS-MS and GC/MS 
methods for pollen analysis68. In this way, each pollen sample had a unique pesticide profile associated with each 
plant genera found within the total sample and a composite sample pesticide residue profile. Composite samples 
were used as an estimate of Apis exposure. Sorted component samples were identified and matched with non-
Apis bee visitation to identify sources of pesticide contamination within the landscape.

Next, Hazard Quotient (HQ) was calculated for all samples65,69,70. HQ is a unitless value which relates the 
residue detections of a pesticide in bee matrices to the toxicity of that pesticide to individual honey bees, and 
is used to understand aggregate pesticide hazard entering the colony70,71. HQ was calculated for each sample 
by taking the pesticide residues detected (ppb) and then dividing this value by the LD50 of the pesticide. The 
LD50 values used for each pesticide were taken from either Traynor et al. (2016) supplementary table or the EPA 
EcoTOX database (https://cfpub.epa.gov/ecotox/) using the oral LD50 for the pesticide to approximate dietary 
pesticide toxicity (see Carlson et al. 2024 for a complete pesticide residue analysis).

Bee collection
Bee sampling was conducted in alignment with the Oregon Bee Atlas (OBA) methodology72. Sites were broken 
into two habitat types: cherry production, including cherry orchard and understory, and oak savannah fragment, 
including all floral resources within 500 m of the cherry habitat.

Bees were collected using a variable length transect aerial netting for either 15 sampling minutes (cherry 
production) or 30 sampling minutes (oak savannah)73. Habitats required different sampling durations due to the 

Fig. 4.  A map showing the location of sites where pollen was trapped from commercial honey bee colonies 
engaged in pollination contracts for cherry southwest of the town of The Dalles, Oregon. A buffer of 3 km 
radius appears around each apiary site showing different surrounding land cover types from Cropscape (2020).
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complexity of the habitats and the ability to access floral resources. Differences in sampling effort were controlled 
by analyzing pesticide contamination in a per-visit metric. Bees sampled at the same site and date, from the 
same floral resource were pooled together in the same sample identifier. All collections contained the same 
information: (a) Sample ID number, (b) date and time of sample collection, (c) latitude and longitude of the 
collection, (d) photo and sample description of the floral resource, d) number of bees collected. This was collected 
on the mobile phone app iNaturalist (/www.inaturalist.org/) associated with the community project Oregon Bee 
Plants in and Around Cherry Orchards (​h​t​t​p​s​:​​/​/​w​w​w​.​​i​n​a​t​u​r​​a​l​i​s​t​.​​o​r​g​/​p​​r​o​j​e​c​t​​s​/​o​r​e​g​​o​n​-​b​e​e​​-​p​l​a​n​​t​s​-​i​n​-​​a​n​d​-​a​r​​o​u​n​
d​-​c​​h​e​r​r​y​-​o​r​c​h​a​r​d​s). This associates each bee observation with an image of the floral resource including images 
of the flowers, leaves, and whole plant. The floral resource was then identified through iNaturalist volunteer base. 
This data was then exported into a spreadsheet for verification and processing. Specimen determinations of non-
Apis bees were made by Lincoln Best, the taxonomist with the Oregon Bee Atlas72,74–77. Bees were identified to 
genus level and then to species and exemplar specimens vouchered at the Oregon State Arthropod Collection. A 
list of bee species can be found in supplementary materials (Table S3).

There were two possible outcomes for associating a wild, non-Apis bee in the bee collection with the HQ 
of a pollen sample. First, if a bee was collected from a sample that honey bees also collected pollen from (on 
the same site and the same day), then the association considered a direct association. These direct associations 
are used in statistical testing and visualizations for HQ-weighted analysis. Second, if a bee was collected upon 
a floral resource which no honey bee collected pollen was associated with that plant, then the bee is noted in 
the collection, but not included in any analysis; these bees are included in traditional plant-pollinator network 
visualizations.

Floral assessment
During the bee sampling periods, floral resources were assessed for each habitat. Cherry orchard, understory, and 
oak required different sampling strategies to assess bloom state and the floral resources present in each habitat type. 
Cherry understory was assessed using a 0.5 by 0.5 m quadrat sampling method59,78,79 (Supplementary materials, 
Figures S1–S4). In summary, quadrats were thrown along the understory and photographed. Photographs were 
then identified using visual assessments of coverage for each plant species78–80. Floral resources in oak fragments 
were assessed using the nearest neighbor technique80–82 and images of each neighbor were photo-vouchered in 
iNaturalist (Oregon Bee Plants in and Around Cherry Orchards) along with bee collection data (Supplementary 
materials, Table S3 and S4).

Statistical assessment
All statistical calculations and visualizations were performed in the R statistical environment83. Bee sampling 
periods, floral resource data, and pollen identified to plant genera were aligned so that each bee was associated 
with the pollen identified from the plant that the bees were collected on.

Next, pollination networks were constructed in R (bipartite) by year for both standard pollination network 
analysis12,84,85 and weighted HQ network analysis. For the construction of the weighted HQ network, plant genera 
which were not detected in honey bee collected pollen or which had HQ values of 0 (no pesticide contamination 
detected) were dropped from the network. The number of bee visits to a plant genera were multiplied by the 
median HQ value for that plant genera, providing a weighted estimate of the HQ contribution of the plant to the 
pollination network by bee genera detected.

To determine a single estimated value of HQ for each bee genera present, estimated HQ values were calculated 
for each bee genera over the entire year by combining the percentage of visits to each floral resource and the HQ 
values of each floral resource. This creates a weighted pesticide hazard (HQ) value that represents the average 
HQ value for a non-Apis bee visiting a floral resource which can be compared to the HQ values of composite 
pollen samples collected from honey bee colonies. For example:

	

HQbee genera A =
(
HQplant 1 ∗ percentage of visitsplant 1

)

+
(
HQplant 2 ∗ percentage of visitsplant 2

)
+ . . .

(
HQplant n ∗ percentage of visitsplant n

)

We used one-way ANOVA to test the null hypothesis that HQ values among bee genera were the same. Next, 
when we found sufficient evidence to reject the null hypothesis, we separated bee genera HQ values using Tukey-
Kramer honest significant difference (HSD) tests. Pollen samples were pooled into during and after cherry bloom 
for these tests. The assumptions of normal error distribution and homoscedasticity for ANOVA and t-tests were 
confirmed by an examination of residuals for composite and color sorted subsamples at peak bloom.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable re-
quest. Additional information is included in the published article and its supplementary information files.
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