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The alfalfa leafcutting bee (LCB) (Megachile rotundata Fabricius) is a solitary, managed pollinator widely used in North American 
agriculture to produce alfalfa and hybrid canola seed. Despite its economic importance, and known sensitivity to certain pes-
ticides, little is known about the specific pesticide residues LCBs encounter during pollination, and toxicity data for this species 
remains limited. To determine what residues LCBs are commonly exposed to, we screened larval LCB provisions from nine 
alfalfa sites during pollination in southern Alberta for 69 pesticide residues. Eight residues amongst three classes of pesticides 
were detected including four fungicides (boscalid, cyprodinil, fludioxonil, and pyraclostrobin), three insecticides (chlorpyrifos, 
cyhalothrin lambda, and deltamethrin), and the herbicide Velpar (hexazinone). Using the residue data, we calculated site-specific 
hazard quotients (HQ) using Apis mellifera L. LD50s to provide context for exposure risk. Sites with residues from multiple 
pesticide classes tended to have higher—though not always significantly higher—HQs than sites with residues from only one 
class. These findings provide a regional profile for pesticide exposure for LCBs in southern Alberta and identifies compounds 
of potential concern for future toxicological testing and pollinator management.
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Introduction
The alfalfa leafcutting bee (LCB) Megachile rotundata Fabricius 
Hymenoptera: Megachilidae is the most intensively managed 
solitary bee (Pitts-Singer and Cane 2011). In North America 
LCBs are most often used to pollinate alfalfa (Medicago sativa 
L. Fabales: Fabaceae), leading to a 50% increase in seed pro-
duction as a result of LCB pollination (Pitts-Singer and Cane 
2011). In Canada, LCBs are used to pollinate lowbush blue-
berries and legume crops and provide about half of the polli-
nation services required to produce hybrid canola seed, 
contributing over $325 million annually to Canadian agricul-
ture (Canadian  Food  Inspection  Agency  2023). Although 
LCBs pollinate alfalfa in the United States, the country relies 
in part on importing Canadian-produced LCBs, which can be 
costly (Donahoo et al. 2021), to fulfil its alfalfa pollination 
requirements (Pitts-Singer and Cane 2011, Pitts-Singer 2013). 
This means LCBs must be healthy enough to ensure effective 
crop pollination, which is why it is important to understand 
what pesticides are present in fields where leafcutters are 
stocked, given that pesticide exposure can negatively affect bee 
health and survival (Pettis et al. 2013, Siviter et al. 2021, Straub 
et al. 2021, Walker et al. 2022).

Adult and larval LCBs, like social bees such as honey bees 
(Apis mellifera L. Hymenoptera: Apidae), can be exposed to 
pesticides through the ingestion of contaminated nectar or pol-
len (Kopit and Pitts-Singer 2018). However, unlike honey bee 
larvae, which are fed glandular secretions along with nectar 
and pollen by nurse bees (Crailsheim 1992), LCB larvae each 
receive a single mass provision of approximately 90 mg from 
their mother. This provision consists of 33% to 36% pollen 

and 64% to 67% nectar by weight (Klostermeyer et al. 1973, 
Cane et al. 2011). In honey bees, nurse bees can act as biolog-
ical filters, reducing the overall quantity of pesticides in the 
food delivered to the larvae (Böhme et al. 2018, Traynor et al. 
2021a, Wueppenhorst et al. 2024). In contrast, LCB larvae 
receive no care from intermediaries—if their provisions are 
contaminated, the larvae must consume the contaminated food 
as is to survive (Kopit and Pitts-Singer 2018). In recent years, 
multiple research groups have investigated the effects of pesti-
cides and chemicals on honey bees, as well as bumble bees, and 
solitary bees including Osmia spp. Their findings indicate that 
pesticide exposure increases susceptibility to pathogens (Pettis 
et al. 2013, Siviter et al. 2021), alters immune responses to 
pathogens (Alaux et al. 2010, Vidau et al. 2011, Aufauvre et al. 
2012, Aufauvre et al. 2014, Siviter et al. 2021), decreases lon-
gevity (Wu et al. 2011, Henry et al. 2012, Williams et al. 2015, 
Siviter et al. 2021, Straub et al. 2021, Walker et al. 2022), as 
well as reproduction (Stuligross and Williams 2020, Stuligross 
et al. 2023, Albacete et al. 2024, Nicholson et al. 2024), affects 
learning (Muth et al. 2019), and induces behavioral changes 
(Eiri and Nieh 2012, Kenna et al. 2019, Stuligross et al. 2023, 
Keodara et  al. 2024). Studies on LCBs have also reported 
pesticide-related effects, including disrupted nest cavity recog-
nition for female LCBs (Artz and Pitts-Singer 2015), changes 
to adult longevity and reproduction (Mayer et  al. 2001, 
Hodgson et  al. 2011, Gradish et  al. 2012, Pitts-Singer and 
Barbour 2017, Piccolomini et al. 2018, Hayward et al. 2019), 
and changes in respiration rate (Piccolomini et  al. 2018). 
Additionally, exposure to pesticides as larvae has been linked 
to reduced longevity (Hodgson et al. 2011, Gradish et al. 2012, 
Pitts-Singer and Barbour 2017). Notably, LCBs lack specific 
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cytochrome P450 enzymes that belong to or are related to the 
CYP9Q subfamily, which are known to aid in the detoxifica-
tion of neonicotinoid and butenolide pesticides in other bee 
species (Piccolomini et al. 2018, Hayward et al. 2019). As a 
result, LCBs are significantly more sensitive to certain pesticides 
that have minimal effects on other bee species, including A. 
mellifera (Hayward et al. 2019), the typical model species for 
screening non-target effects.

Despite evidence that LCBs are highly sensitive to certain 
pesticides, limited toxicity data exists for many commonly used 
pesticides and chemicals. Furthermore, a comprehensive list of 
pesticides to which LCBs are commonly exposed to is also 
lacking. This knowledge gap hinders the development of rele-
vant toxicity data that could inform regulatory decisions, 
including identifying pesticides that are safe to use when LCBs 
are present. To address this gap and support the Canadian LCB 
population and the industry, we performed screens for 69 dif-
ferent pesticide residues on LCB pollen provisions collected 
across nine sites in southern Alberta, an agricultural hub and 
the primary site for hybrid canola seed production in Canada, 
and where many of the LCBs exported to the United States are 
produced. By quantifying pesticide residues found in pollen 
provisions, we can improve management practices by identi-
fying pesticides that require further testing, or should not be 
used when LCBs are present.

Methods
Sample Collection
Leafcutter bee pollen provisions were collected from LCB shel-
ters (which are typically east-facing structures that hold a series 
of nest blocks) on irrigated quarter sections containing alfalfa at 
nine different locations (referred to as locations A through I) in 
the southern Alberta towns of Monarch, Rainier, and Rosemary 
on 22 July 2014 and 30 July 2014. All sites were at least 5 km 
apart, with the majority of sites being 30 to 100 km apart, lim-
iting drift between sampling sites. Leafcutter bees were stocked 
on fields based on bloom date, which generally ranges from 
mid-June to mid-July in this area. Pollen provisions were col-
lected by breaking apart Styrofoam nest blocks, taking apart 
wooden nest blocks, or using forceps to collect pollen provision 
material from LCB brood cells with eggs from within nest blocks. 
All pollen provisions used in this study were collected from the 
same shelter at each location. This sampling resulted in a total 
of 64 pollen provisions across nine shelters/locations Table 1.

Determination of Pesticide Residues
Single pollen provision samples were analyzed for 69 pesticide 
residues using liquid chromatography-tandem mass 

Table 1.  Number of pollen balls collected at each location

Location Number of pollen balls collected

A 6
B 4
C 12
D 4
E 2
F 8
G 5
H 17
I 6

spectrometry (LC-MS/MS). The sample preparation procedure 
was based on the European Standard EN 15662:2008 meth-
odology for the determination of pesticides in foods of plant 
origin which was modified to accommodate the reduced sample 
size. Briefly, individual pollen provisions were processed using 
a miniaturized QuEChERS method to permit handling of small 
samples, on average less than 0.1 g, as opposed to the nominal 
10 g food samples typically analyzed in other applications. 
After partitioning of the pesticide residues into acetonitrile, the 
sample extracts were cleaned using dispersive solid phase 
extraction. The final extracts were analyzed by LC-MS/MS, 
which permitted screening for 69 different pesticide residues 
with limits of quantitation ranging from 5 to 20 ng/g.

Details regarding the sample preparation procedure and the 
instrumental analysis are provided in the Supplementary 
Information on the Analytical Methodology for the 
Determination of Pesticide Residues in Pollen Provision 
Samples, and Supplementary Table S1.

Mean Pesticide Concentration
The concentrations of all pesticide residues present in each 
pollen provision sample at each location were summed and 
then averaged to calculate the mean pesticide residue concen-
tration for each of the nine locations (Traynor et al. 2021b).

Mean Pesticide Prevalence
Prevalence (ie presence or absence) for each of the eight pesti-
cide residues detected in this study was calculated for each 
pollen provision sample at each location. Prevalence was then 
averaged across all samples within a location to determine the 
mean pesticide residue prevalence for that location.

Proportion of Samples with Pesticides
Each pollen provision sample at each location was scored for 
the presence of the three different pesticide classes (fungicide, 
insecticide, and herbicide) detected in this study. The propor-
tion of samples at each location with each pesticide class pres-
ent was then calculated.

Mean Pollen Provision Hazard Quotient
A hazard quotient (HQ) is a risk assessment metric used to 
evaluate the potential harm of pesticide exposure to organisms, 
including bees. It is a unitless value that compares the detected 
pesticide residue levels in an environment (eg pollen, nectar, 
soil) to the known toxicity of that pesticide to a specific species. 
A pollen provision HQ was calculated for each pollen provision 
sample at each location by summing all pesticide residue con-
centrations (in ppb) divided by their respective LD50s (in µg/
bee) (Stoner and Eitzer 2013, Traynor et al. 2016, Traynor 
et al. 2021b). Pollen provision HQs were then averaged across 
all samples within a location to determine the mean pollen 
provision HQ for that location. Due to the absence of oral 
acute LD50 values for LCBs for all eight pesticides detected in 
this study, oral acute LD50s for Apis mellifera adults were used. 
The one exception was the herbicide Velpar (hexazinone) which 
had no known oral acute LD50 for A. mellifera, so an LD50 of 
unknown mode A. mellifera was used. All LD50 values used in 
the pollen provision HQ calculations were obtained from the 
University of Hertfordshire Pesticide Properties DataBase 
(PPDB, https://sitem.herts.ac.uk/aeru/ppdb/en/index.htm) and 
can be found in Supplementary Table S2. Assuming that the 
average weight of a LCB pollen provision is 90 mg (0.090 g)
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(Cane et al. 2011), and that it is entirely consumed, the pollen 
provision HQ that would result in a 50% kill dose is 11,111.11:
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Although pesticides are known to have both antagonistic 
and synergistic effects on bees (Traynor et al. 2016, Sgolastra 
et al. 2017, Tosi and Nieh 2019, Tosi et al. 2022), the limited 
data available for LCBs and the complexities of pesticide inter-
actions necessitates the use of this oversimplified model, which 
likely underestimates toxicity.

Mean Pesticides Contributing 55+ Points to Pollen 
Provision HQ
The number of pesticide residues contributing at least 55 points 
to a pollen provision HQ score (55 points represents 0.5% of 
a LCBs LD50 under the framework used here) was calculated 
for each sample at each location. The number of pesticide res-
idues was then averaged by location to determine the mean 
number of pesticide residues contributing at least 55 points to 
the pollen provision HQ score at each location.

Statistical Analyses
All statistical analyses were performed in ‘R’ v. 4.2.1 “Funny 
Looking Kid” within ‘R’studio v. 2022.07.2 + 576 “Spotted 
Wakerobin” for MAC OS X.

Quantification of Pesticide Concentrations
To determine if there was an effect of location on the concen-
trations of pesticides found in each pollen provision, 
Kruskal–Wallis rank sum tests followed by Dunn’s test of mul-
tiple comparisons were used (dunn.test, 1.3.5, dunn.test) for 
seven of the eight pesticides. For the fungicide pyraclostrobin 
a generalized linear mixed model with a negative binomial 
distribution was used (glmmTMB, 1.1.7, glmmTMB) as it best 
fit the data. Model fit was assessed by plotting the scaled resid-
uals, examining Levene’s test for homogeneity of variance, and 
examining the Kolmogorov–Smirnov’s test for overdispersion 
(simulateResiduals, 0.4.6, DHARMa). The significance of the 
predictor variable (location) was evaluated using Anova 
(Anova, 3.1-0, car). A post-hoc test was completed using 
emmeans (emmeans, 1.8.5, emmeans) with a Benjamini- 
Hochberg correction for multiple comparisons.

Mean Pesticide Concentration
To examine the effect of location on summed mean pesticide 
residue concentrations for each pollen provision sample, a gen-
eralized linear mixed model with a negative binomial 

distribution followed by a post-hoc test using emmeans with a 
Benjamini-Hochberg correction for multiple comparisons was 
used as above. The significance of the predictor variable (loca-
tion) and model fit were also assessed as above.

Mean Pesticide Prevalence
Pesticide residue prevalence, or the average number of pollen 
provision samples at each site positive for any pesticide residue, 
was assessed using a generalized linear model (glm, 1.1-31, 
lme4) with a binomial distribution. The significance of the pre-
dictor variable (location) was evaluated using Anova as above. 
Model fit and post hoc tests were assessed and completed 
as above.

Proportion of Samples with Pesticides
To determine the proportion of samples with each pesticide 
class (fungicide, insecticide, and herbicide) present at each loca-
tion, Kruskal–Wallis rank sum tests followed by Dunn’s test 
for multiple comparisons were completed for each of the pes-
ticide classes as above.

Mean Pollen Provision Hazard Quotient
To examine the effect location had on pollen provision HQs, 
a Kruskal–Wallis rank sum test followed by Dunn’s test for 
multiple comparisons was completed as above.

Mean Pesticides Contributing 55+ Points to Pollen Provision 
HQ
Differences in the number of pesticide residues at each location 
contributing more than 55 points to pollen provision HQs 
were evaluated using a Kruskal–Wallis rank sum test followed 
by Dunn’s test for multiple comparisons was completed 
as above.

Results
Quantification of Pesticide Concentrations
We detected eight out of the 69 pesticide residues that we 
screened for: boscalid, chlorpyrifos, cyhalothrin lambda, 
cyprodinil, deltamethrin, fludioxonil, pyraclostrobin, and 
Velpar. There was an effect of location on pesticide residue 
concentration in collected pollen provisions for five of the 
eight pesticides detected. There were significantly higher levels 
of the fungicide boscalid present in pollen provisions collected 
from locations D and F (χ2

8 = 39.279, P < 0.001, Fig. 1), while 
significantly higher levels of the insecticide chlorpyrifos were 
found in pollen provisions at locations F. The chlorpyrifos 
concentrations at location F were not significantly different to 
those found at locations E and I (χ2

8 = 32.34, P < 0.001, Fig. 1). 
Concentrations of cyhalothrin lambda were also present at 
significantly higher levels in pollen provisions at locations B-E, 
G, and I (χ2

8 = 18.176, P = 0.020, Fig. 1). Higher levels of the 
fungicides fludioxonil and pyraclostrobin were found in pollen 
provisions collected at locations E and F (χ2

8 = 21.674, 
P = 0.006, Fig. 1) and C and F (χ2

8 = 20.797, P = 0.008, Fig. 1), 
respectively. Finally, there was no effect of location on the 
concentration of the fungicide cyprodinil (χ2

8 = 14.222, 
P = 0.076, Fig.  1), insecticide deltamethrin (χ2

8 = 4.333, 
P = 0.826, Fig. 1), or herbicide Velpar (χ2

8 = 7, P = 0.537, Fig. 1) 
present in collected pollen provisions.
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Mean Pesticide Concentration
There was a significant effect of location on mean pesticide 
residue concentration for all pesticides detected in collected 
pollen provisions. Location F had an increased mean pesticide 
residue concentration compared to all locations except B and 
E (χ2

8 = 55.53, P < 0.001, Fig. 2).

Mean Pesticide Prevalence
Pesticide residue prevalence in pollen provisions also differed 
by location (χ2

8 = 37.083, P < 0.001, Fig. 3). The highest pesti-
cide residue prevalence was found at location F, which had 
significantly more pesticide residues present than locations A, 
C, and G-I but not B, D, and E (see Fig. 3).

Proportion of Samples with Pesticides
A difference in the proportion of pollen provision samples with 
fungicides detected by location was detected (χ2

8 = 23.434, 
P = 0.002). Locations with the highest proportion of fungicide- 
containing pollen provisions were D, F, and H (Fig. 4). As there 
was only one pollen provision sample with an herbicide 
detected (at location F), there were no differences in the pro-
portion of pollen provision samples with herbicides present 

among locations (χ2
8 = 7, P = 0.537, Fig. 4). Finally, location 

also had an effect on the proportion of pollen provision samples 
with insecticides present. Location I had a significantly higher 
proportion of samples with insecticides present compared to 
locations A, B, G, and H (χ2

8 = 24.231, P = 0.002, Fig. 4).

Mean Pollen Provision Hazard Quotient
Although location C had the highest mean pollen provision 
HQ, there were only significant differences in mean pollen pro-
vision HQs between locations B, E, and F with location F hav-
ing a significantly higher mean pollen provision HQ compared 
to locations B and E (χ2

8 = 22.036, P = 0.005, Fig. 5).

Mean Pesticides Contributing 55+ Points to Pollen 
Provision HQ
The number of pesticide residues contributing 55+ points to 
the pollen provision HQs varied by location (χ2

8 = 25.156, 
P = 0.001, Fig. 6). Location F had the highest number of resi-
dues contributing 55+ points to pollen provision HQs followed 
by locations C and I. Locations F and I had significantly more 
pesticides contributing 55+ points to their pollen provision 
HQs than locations A, G, and H (Fig. 6).

Fig. 1.  Log10-transformed pesticide concentration +1 in ppb for each location. Boxes represent the interquartile range, bars indicate the median, and 
whiskers span 1.5 × the interquartile range. Red dots represent outliers. Letters above boxes for a given pesticide indicate statistically significant 
differences (α = 0.05) in pesticide concentration among locations.
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Discussion
To our knowledge, this is the first study to screen for and quan-
tify pesticide residues to which LCBs are exposed to on alfalfa 
in southern Alberta. We screened LCB pollen provisions col-
lected across nine different locations for 69 residues, detecting 
and quantifying eight: four fungicides, three insecticides, and 
one herbicide. The two fungicides with two of the highest oral 

acute LD50s in this study (lower toxicity), boscalid and pyra-
clostrobin, were the most prevalent and were detected at 
increased concentrations compared to the six other residues 
detected in this study. Unsurprisingly, locations with higher 
mean pesticide residue concentrations also had elevated levels 
of boscalid and pyraclostrobin, along with a greater proportion 

Fig. 2.  Mean (± SE) summed concentrations of all pesticides at each 
location. Letters above bars indicate statistically significant differences 
(α = 0.05) in the average sum of pesticide concentrations among 
locations.

Fig. 3.  Mean (± SE) pesticide prevalence for each of the nine locations 
(1.00 = all eight pesticides detected in all samples). Letters above bars 
indicate statistically significant differences (α = 0.05) in pesticide 
prevalence among locations.

Fig. 4.  Proportion of samples at each location with a fungicide, herbicide, 
and/or insecticide detection. Letters above bars in teal indicate statisti-
cally significant differences (α = 0.05) in the proportion of samples with 
fungicides present by location while letters in yellow represent statisti-
cally significant differences (α = 0.05) in the proportion of samples with 
insecticides present by location.

Fig. 5.  Mean (± SE) HQ per pollen provision at each location. The mean 
pollen provision HQ is an estimate of a LCB larva’s consumption risk 
(pesticide residues in ppb/respective LD50s in µg/bee). Letters above bars 
indicate statistically significant differences (α = 0.05) in HQ among 
locations.
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of the eight pesticides detected in the samples. Fungicides were 
the most prevalent pesticide residues found at each of the study 
locations, followed by insecticides and herbicides. The herbi-
cide detected in this study, Velpar (hexazinone), was found only 
in one sample at one location.

Generally, the proportion of samples at each location with 
pesticide residues increased with the prevalence of residue types 
(fungicides, herbicides, and insecticides) detected. Three of the 
four locations (C, F, I) with the largest proportion of samples 
with pesticide residues had at least two types of pesticide resi-
dues present (fungicides and insecticides). The location (F) with 
the highest proportion of samples with pesticide residues had 
the greatest diversity of pesticides present (fungicides, herbi-
cides, and insecticides). Notably, the three sites (C, F, I) with 
the greatest diversity of pesticide residues present also had the 
highest mean pollen provision HQs, and were the only sites 
with pesticide residues contributing more than 55 points to 
their HQs. This was largely due to the presence of three insec-
ticides (chlorpyrifos, cyhalothrin lambda, deltamethrin) that 
all have low oral acute LD50s (high toxicity). Location C had 
a mean pollen provision HQ of 1,028.45, which means that 
LCBs consuming pollen provisions at this site were consuming 
nearly 10% of their LD50s—the dose at which 50% of individ-
uals die. Locations F and I had mean pollen provision HQs of 
814.18 and 410.03, respectively which means that LCBs at 
these two sites were consuming 7.31 and 3.69% of their LD50s. 
It is important to note that consuming even a portion of an 
LD50 could increase the potential for negative or sublethal con-
sequences. Some of the pesticide residues detected in this study 
have been associated with such sublethal effects in adult A. 
mellifera workers, including decreased wingbeat frequency 
(Liao et al. 2019), reduced pollen consumption and protein 
digestion (Degrandi-Hoffman et al. 2015), decreased respon-
siveness to sucrose (Li et al. 2017), impaired learning and mem-
ory (Vandame et al. 1995, Li et al. 2017, Liao et al. 2019, 

Zhang et al. 2020), reduced fecundity (Dai et al. 2010), and 
disrupted waggle dance communication (Zhang et al. 2020). 
Although location C had the highest mean pollen provision 
HQ out of all nine locations, it was location F that had the 
most pesticides contributing 55+ points to its hazard quotient 
due to the presence of the herbicide, Velpar. Although the 
method for quantifying pollen provision HQs in this study is 
imperfect and oversimplified (Stoner and Eitzer 2013, Traynor 
et al. 2016, Traynor et al. 2021b)—particularly due to limited 
data on LCBs, the complexity of pesticide interactions, and the 
absence of nectar residue data (Thompson 2021)—it still 
allows us to identify what residues are present and may pose 
risks to LCB health.

The main purpose of this study was to identify the pesticides 
present in pollen provisions in southern Alberta to inform man-
agement recommendations. Of the eight compounds that we 
were able to identify and quantify from pollen provisions col-
lected in the region, none had any LD50 values (acute or chronic, 
oral or contact) available for LCBs. As a result, oral acute LD50s 
and unknown mode LD50s for adult A. mellifera were used in 
all toxicity calculations. This approach presents several limita-
tions due to key differences between honey bees and LCBs, 
including variations in life history strategies, routes of expo-
sure, and detoxification mechanisms (Crailsheim 1992, 
Pitts-Singer and Cane 2011, Kopit and Pitts-Singer 2018, 
Piccolomini et al. 2018, Hayward et al. 2019, Sgolastra et al. 
2019). Of particular concern are the differences in larval feed-
ing strategies which may significantly influence pesticide expo-
sure and risk and remain largely uncharacterized for both 
honey bees and LCBs.

Honey bee larvae are fed brood food, a liquid composed of 
glandular secretions from nurse bees, honey, and bee bread 
(processed pollen of various sources, honey, enzymes) (Winston 
1991). The honey and bee bread used in brood food are often 
stored for extended periods of time and undergo complex aging 
and enzymatic transformations before being processed by nurse 
bees and fed to larvae (Sgolastra et al. 2019). Pesticide levels 
in brood food may be further reduced via dilution, as foragers 
collect nectar and pollen from a wide variety of floral sources 
(Berenbaum and Johnson 2015), sometimes traveling more 
than 8000 m from the colony (Visscher and Seeley 1982). In 
contrast, LCB larvae are provisioned with a pollen ball com-
prised of recently collected and unprocessed (often 
source-limited [Killewald et al. 2019]) pollen and nectar for 
consumption. Because LCBs are often placed in agricultural 
fields for pollination and have a more limited flight range than 
honey bees (Pankiw and Siemens 1974, Peterson et al. 2006), 
they have fewer options to dilute pesticide levels in larval food. 
The different collection and feeding strategies used by LCBs 
may influence how pesticides are diluted, degraded, or retained 
in larval food, ultimately affecting exposure levels and toxico-
logical outcomes.

Based on this study, the pesticides to which LCBs are most 
exposed in southern Alberta are the fungicides boscalid and 
pyraclostrobin, and the insecticides chlorpyrifos and cyhalo-
thrin lambda. Given that no toxicity data exists for LCBs for 
any of these pesticides, the insecticides chlorpyrifos and cyha-
lothrin lambda should be prioritized for further evaluation due 
to their low oral acute LD50 values in adult honey bees (0.15 
and 0.027 µg/bee, respectively). Although some sources of vari-
ability in our study likely reflect differences in grower manage-
ment practises (including chemicals used and the timing of their 

Fig. 6.  Mean (± SE) number of pesticides contributing more than 55 
points to the pollen provision HQ at each location. Letters above bars 
indicate statistically significant differences (α = 0.05) in the number of 
pesticides contributing more than 55 points to the pollen provision HQ 
among treatments.
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application to agricultural fields), all four pesticides detected 
have relatively short residual half-lives (RL50s) ranging from 
3.0 to 8.0 d in and on plant matrices (PPDB, https://sitem.herts.
ac.uk/aeru/ppdb/en/index.htm). Consequently, potential neg-
ative effects of these pesticides on LCBs could be minimized 
through improved communication between growers and LCB 
producers regarding the presence and activity of LCBs, the 
timing of pesticide applications, as well as what pesticides are 
being applied, and what, if any, adjuvants are being used. 
Synergistic interactions between pesticides have been observed 
in honey bees (Pilling et  al. 1995, Vandame and Belzunces 
1998, Johnson et al. 2013, Walker et al. 2022), and increased 
toxicity has also been reported when certain pesticides are com-
bined with specific adjuvants (Shannon et al. 2023). Improved 
management practices could include applying pesticides before 
LCBs are placed on agricultural fields, applying at night or 
before bloom, and using pesticides or pesticide-adjuvant com-
binations that have low toxicity to LCBs.
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