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Wild pollinator declines are increasingly linked to pesticide
exposure, yet it is unclear how intraspecific differences
contribute to observed variation in sensitivity, and the role
gut microbes play in the sensitivity of wild bees is largely
unexplored. Here, we investigate site-level differences in
survival and microbiome structure of a wild bumble bee
exposed to multiple pesticides, both individually and in
combination. We collected wild Bombus vosnesenskii foragers
(N = 175) from an alpine meadow, a valley lake shoreline and
a suburban park and maintained them on a diet containing
a herbicide (glyphosate), a fungicide (tebuconazole), an
insecticide (imidacloprid) or a combination of these chemicals.
Alpine bees had the highest overall survival, followed
by shoreline bees then suburban bees. This was in part
explained by body size differences across sites and the
presence of conopid parasitoids at two of the sites. Notably,
site of origin impacted bee survival on the herbicide,
fungicide and combination treatment. We did not find
evidence of gut microbiome differences across pesticide
treatment, nor a site-by-treatment interaction. Regardless, the
survival differences we observed emphasize the importance
of considering population of origin when studying pesticide
toxicity of wild bees.
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1. Introduction

Bumble bees and other wild bees are vital pollinators of crop plants and wildflowers in North America,
often outperforming managed species like honey bees [1,2]. Due to their agricultural and ecological
importance, bumble bee population declines have gained global attention [3-7] which have been linked
to a combination of human-induced stressors. Key among these is the widespread use of insecticides,
fungicides, and herbicides [8,9]. Agricultural chemicals can be found in the tissue of a broad array
of plant taxa and have become ubiquitous in agricultural settings as well as urban, suburban, and
even conservation areas [10-12]. These chemicals’ detrimental impact on bee survival, reproduction
and even behaviours can scale to have population-level impacts which persist for generations post-
exposure [13-19]. Moreover, pesticides are rarely observed in isolation and are often detected as
combinations of different chemical classes (i.e. insecticides, fungicides, and herbicides) in a complex
chemical cocktail [10,11,20,21]. Understanding synergistic effects of pesticides on bee health is therefore
an active area of study [19,22-26].

Beyond direct physiological harm, these chemicals may indirectly affect bee health by disrupting
the gut microbiome. The bumble bee gut harbours a simple community of microbial symbionts that
aid in digestion, growth, protection against parasites and pathogens, and detoxification [27,28]. Gut
microbes also aid in resilience to pesticides by facilitating expression of cytochrome p450 enzymes
involved in detoxification [29,30], so disruptions to the microbial community can have consequences
for bee survival. However, evidence for the impact of pesticides on the gut microbiome is mixed.
In some cases, chronic exposure to insecticides reduced the abundance of symbionts, perturbing the
gut microbiome in commercial colonies of Bombus terrestris [31] but not B. impatiens [32]. Similarly,
herbicides have been shown to disrupt the microbiome of managed bumble bees [33] but in other
cases, impacts have not been demonstrated [34]. To our knowledge, no impact of fungicides has been
demonstrated on the bumble bee bacterial microbiome [35,36], but impacts have been shown in other
non-honey bee species [37].

How these disparate findings translate to wild bee populations remains uncertain, because much
of our knowledge is derived from studies on commercial or managed bee colonies that have lower
richness, diversity, and abundance of gut microbes than their wild counterparts [38]. Although
there have been efforts to examine pesticide sensitivity in wild species [35], the degree to which
population-level differences influence sensitivity to pesticides is not often considered. This is crucial
because stressors that influence bee abundance vary across landscapes [39], and pesticide tolerance
interacts with these stressors like parasite load [40,41], nutritional status [40,42] and even temperature
[43,44]. In addition, wild bumble bees can exhibit variation in abundance of gut microbes across
landscapes [45,46], likely due to variation in these stressors [47] and floral resources. If we want to
identify generalizable patterns regarding which populations of wild bees (or their microbiomes) are
most vulnerable to disruption by agricultural chemicals, a deeper understanding of factors driving
sensitivity across landscapes is thus essential.

We aimed to understand spatial variation in sensitivity of a common, wild bumble bee species
(Bombus vosnesenskii) to common pesticides including an insecticide, a fungicide, a herbicide and the
combination of all three chemicals. We asked whether and how these chemicals affect survival and gut
microbes, with a particular emphasis on the potential for site-specific effects.

2. Methods

2.1. Sites and field collection

Bees were collected from three sites in northern Nevada (figure 1) between 21 June 2022 and 5 July
2022 hereafter referred to as: an alpine meadow, a scrubland shoreline and a suburban park. Sites
ranged from 14.58 to 30.46 km apart and differed in elevation and degree of urbanization (electronic
supplementary material, table S1) [48]. To reduce bias in timing of collections, we rotated between
collection sites over the 14-day collection period until we reached our target of 50 individuals per
site. We collected B. vosnesenskii workers (n = 175); for consistency, we collected bees while foraging
from either Penstemon strictus, Penstemon heterodoxus, or Melilotus alba and then transferred them to the
labratory on ice.
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Figure 1. Bees were collected from an alpine meadow (gold), a scrubland shoreline (light blue) and a suburban park (dark blue) in
northern Nevada.

2.2. Pesticide residue screening

We expected sites to vary in environmental pesticide exposure. To quantify site-level environmental
pesticide exposure, we collected 10 of the last, fully expanded and undamaged leaves from five
different individual P. strictus, P. heterodoxus and M. alba as available at each site (electronic supplemen-
tary material, table S2). Clippers were sterilized with bleach and ethanol between cuttings. Samples
were stored in sealed plastic bags at —80°C until they were shipped to the Agriculture and Food Lab at
the University of Guelph and screened for the presence of 510 agricultural chemicals (including those
used in treatments described below: imidacloprid, tebuconazole and glyphosate).

All sample analyses were performed at the ISO/IEC 17025 accredited Laboratory Service Division,
University of Guelph. The multi-residue pesticide determination was performed by liquid chroma-
tography/electrospray ionization—tandem mass spectrometry (LC/ESI-MS/MS) and gas chromatogra-
phy—tandem mass spectrometry (GC-MS/MS) on homogenized samples. Pesticides were extracted
using the quick, easy, cheap, effective, rugged and safe (QuEChERS) method with dispersive solid
phase extraction. A representative sample was extracted into acetic acid in acetonitrile in the presence
of anhydrous sodium acetate and magnesium sulfate. The supernatant was split, evaporated and
diluted with either methanol/ammonium acetate (for LC analysis) or acetonitrile (for GC analysis).
Sample extracts were analysed in positive mode using a SCIEX 5550 ESI-MS/MS with Agilent 1260
HPLC and an Agilent GC Quadrupole 7890A GC-MS/MS. Additionally, samples underwent a modified
version of the EU’s QuPPE method. Briefly, a representative subsample (with 5 ml of Nanopure water
to rehydrate) was extracted using acidified (with formic acid) methanol and then placed into a freezer
for 30 min. The supernatant was centrifuged, filtered and analysed in negative mode using a SCIEX
5500 LC-MS/MS with an Agilent HPLC. All methods used several quality control points that confirmed
the presence of a compound in the sample: retention time (RT), M + 1 target mass, 2 fragment
qualifier ions and the ratio of the two fragment ions. For the identification and quantification of
the compounds, each method utilized deuterium-labelled internal standards, matrix-matched blanks,
spikes and calibration curves.

187057 :E[I'/Jguado.;b.g'y sosi}iEiuno[/ﬁm'6&iﬁs!|qndﬂ1a!.5.t;s..|ékaj- H




2.3. Pesticide diets

In the laboratory, bees were transferred to individual experimental chambers (electronic supplemen-
tary material, figure S1): a sterile 50 ml Falcon tube with ventilation holes drilled along the sides. The
cap of the tube was affixed with a 1.5 ml microcentrifuge tube feeder with a small hole at the tip
fitted with a tapered cotton swab (Fran Wilson Nail Tees Cotton Tips) to prevent spillage and allow ad
libitum access to the feeders.

We assigned bees to one of four experimental sucrose solution diets (herbicide, insecticide,
fungicide, combination, or control). The herbicide treatment was 30 ppm of glyphosate (Sigma-Aldrich,
USA), the fungicide treatment was 30 ppb of tebuconazole (Sigma-Aldrich, USA), and the insecticide
treatment was 30 ppb of imidacloprid (Sigma-Aldrich, USA). These chemicals were selected because
they had the highest estimated use for each chemical class (insecticide, herbicide, fungicide) in
our region (Washoe county, Nevada) [49]. These concentrations of imidacloprid and tebuconazole
approximate the median of those detected in nectar [11]. The concentration we chose for glyphosate
is within the range of field-realistic exposure from treated plants [50-52] although is likely higher
than bees would experience foraging from non-target plants [53]. We created a 1:1 stock solution for
each focal chemical, which we then pipetted into working solutions of 30% (w/w) autoclave-sterilized
sucrose (fresh working solutions were made weekly).

2.4, Survival assay and dissection

We monitored survival daily for 20 days. Every 3 days, we replaced feeders with a clean feeder with
1000 pl of solution. We continued the experiment until bees died or at day 20 (whichever came first)
at which point we weighed the bees, measured their intertegular (IT) span to estimate body size [54]
and dissected out the midgut and hindgut (hereafter ‘gut’) for DNA extractions and 16S sequencing
(see below). We performed dissections under a fume hood and near an open flame, we also noted the
presence of any parasitoid larvae. Bee guts and bodies were stored in separate microcentrifuge tubes at
-80°C until DNA extraction.

2.5. DNA extractions, 165 sequencing, qPCR and bioinformatics

Microbial DNA was extracted from gut samples, using a ZymoBIOMICSTM DNA Miniprep Kit with
Lysis Tubes following the manufacturer’s protocol. The resulting DNA was subjected to V4 16S rRNA
sequencing using a previously described dual-indexed barcoding strategy [55] with recent modifica-
tions to the amplification sequences [56,57]. Amplicons were generated in a HEPA-filtered laminar
flow cabinet dedicated to PCR preparation and decontaminated before and after use. Kit and reaction
controls were also included in downstream sequencing. Reactions were carried out using 200 nM of
each primer, 0.5 mM added MgCly, and GoTaq Master Mix (Promega; Madison, WI, USA) in 25 ul
volumes with the following programme in an M] Research PTC-200 thermocycler: 94°C for 3 min, 25
cycles of 94°C for 45 s, 50°C for 60 s and 72°C for 90 s, followed by a final extension at 72°C for 10
min. PCR reactions were pooled and purified using a High Pure PCR purification kit (Roche) and
paired-end sequencing (300 bp) was performed on an Illumina MiSeq at the Idaho State University
Molecular Research Core Facility (RRID:SCR_012598).

From this extracted DNA, we evaluated total bacterial load (hereafter referred to as bacterial
abundance) with SYBR-based qPCR to quantify bacterial copy number using the same primers as
above. All samples were run in triplicate wells. Run conditions were 3 min at 95°C, followed by 40
cycles of 95°C for 15 s and 50°C for 60 s. Fluorescence at 520 nm was measured at the end of each cycle.
The log copy number per ng DNA and relative abundances were calculated using standard curves of
a plasmid (electronic supplementary material, figure S2). This plasmid standard was prepared from
Snodgrasella alvi 16S gene, which has a complete reference genome and was detected across 43% of
samples in our 165 sequencing.

We used QIIME2-2023.2 [58] to demultiplex FASTQ files and process the 165 rRNA gene sequence
libraries. First, we trimmed primers and low-quality ends off reads with the DADA2 plug-in [59]
and clustered sequences into amplicon sequence variants (ASVs). A phylogenetic tree was generated
by aligning the sequences using the alignment MAFFT plug-in in QIIME2, masking highly variable
positions and creating the tree via the FastTree plug-in [60]. The tree was rooted by implementing
the phylogeny midpoint root plug-in and assigned ASV taxonomy using the SILVA database [61]. We
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filtered out ASVs from the resulting table that were assigned as chloroplast, eukaryotes, mitochondria, n
or that were not identified to at least phylum. After filtering, samples were rareified to 600 read pairs
per sample to maximally balance sample inclusion and estimates of alpha diversity.

2.6. Statistical methods

All statistical analyses were carried out in R version 4.2.2 [62]. We modelled conopid presence (yes
or no) as a factor of site, bee body size, microbiome community structure (PCl, see below) and
microbial abundance using a generalized linear model with a binomial error structure. Because site
and collection date covaried, collection date was modelled in a separate binomial model. We used the
DHARMa 0.4.6 package [63] to test for uniformity and overdispersion of the residuals in all models, as
well as outliers in the data. We found no evidence of these assumptions being broken in our models.
To assess the impacts of treatment on survival, we created two separate linear models: a binomial
regression to compare if a bee survived (yes or no), and a negative binomial generalized linear model
using the glm.nb function from the MASS package [64] to compare the day a bee died (1-20) among
the bees that died over the course of the experiment. These survival models included site, treatment, a
site-by-treatment interaction, parasitoid presence (yes or no) and body size as predictor variables. We
assessed model fit with type III ANOVA using the ANOVA function from the car package [65] and
model assumptions with DHARMa as above.

sosy/jewnol/Bio Burysigndigaposiedos

To assess microbiome community structure, we generated a weighted UniFrac distance matrix in
QIIME2 and visualized differences with principal coordinates analysis (PCoA). The PC1 axis from this
was used as predictor variable in our survival model. We tested differences in community composition
across sites, treatments, parasitoid presence (yes or no), body size, day a bee died and the site-by-
treatment interaction using PERMANOVA from the vegan package [66]. We also used the package
vegan [66] to estimate alpha diversity with inverse Simpson’s index (1/D). These metrics were used as
response variables in separate generalized linear models with the same predictor variables as above.
Finally, we modelled abundance using qPCR-corrected amplicon data of the top bacterial taxa using
the same predictor variables as above. Again, we assessed model fit with the ANOVA function and
verified model assumptions with the DHARMa package (see above).
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3. Results

3.1. Site-level pesticide exposure

The chemical screening of focal plant vegetative tissue only detected three out of 510 chemical
contaminants, two of which (chlorate and perchlorate) are naturally occurring and can be detected
in high concentrations in arid environments [67]. The third chemical detected (ortho-phenylphenol
or 2-phenylphenol) was only detected in trace amounts at the suburban park and alpine meadow
(electronic supplementary material, table S2). Given this, we conclude that sites did not generally differ
in their risk of agricultural chemical exposure via these specific plant species.

3.2. Conopid parasitoids and body size

In total, 14.9% of bees were found to have conopid parasitoid larvae. The shoreline site had the highest
incidence of parasitoids (21 of 73 bees, 29%), with fewer at the alpine site (8 of 60 bees, 13%) and none
at the suburban site (0 of 65 bees, 0%). The presence of conopid parasitoids was best predicted by
site and collection date (X* = 14.06, p < 0.001 and X* = 6.22, p = 0.01, respectively) with the majority
of conopid parasitized bees being collected on later dates. Other factors (body size and microbiome
structure and abundance; electronic supplementary material, table S4) were not important predictors
of conopid presence. However, our bacterial abundance model suggested a reduction in gut bacterial
abundance with the presence of conopids (see below).

Bees from different sites varied in body size (X* = 46.33, p < 0.001). Bees from the alpine site were an
average of 8.2% larger than bees from the shoreline site, and an average of 11.2% larger than bees from
the suburban site. Shoreline bees were only an average of 3.0% larger than our suburban bees.



Table 1. Summary table of model outputs of the binomial response variable survived (y/n) or the day a bee died by site, conopid [ 6 |
presence (y/n) body size (IT space), treatment and the treatment-by-site interaction. *p < 0.05; **p < 0.01; ***p < 0.001.

survived (y/n) X df. p-value
conopid (y/n) 26.73 1 <0.001 xHx

sosy/fewnof/Bio BusyqndiGanosiefos

day died

conopid (y/n)
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3.3. Survival

Conopid presence and body size were the best predictors of whether a bee survived the course of
the experiment (table 1; conopid: X* = 26.73, p < 0.001, body size: X* = 11.29, p < 0.001). Of the bees
without parasitoids, 47.5% survived compared to 2.9% of parasitized bees. Interestingly, smaller bees
were more likely to survive the experiment, with those that survived having an average IT span that
was 2.0% shorter than those that did not. Whether a bee survived did not vary by treatment nor was
there a site-by-treatment interaction (figure 2).

Among bees that died over the course of the experiment (1 = 107), conopid presence was again an
important predictor of the day a bee died (X* = 7.14, p < 0.01) and bees without a conopid survived
an average of 1.9 days longer than those with a conopid. Site was again an important predictor of
the day a bee died (X* = 15.00, p < 0.001), with the average alpine bee surviving to day 12.1, the
average shoreline bee surviving to day 8.1 and the average suburban surviving to day 7.0. Here, we
also saw evidence of treatment effects. Bees assigned a diet containing the combination of all three
chemicals showed marginally shorter survival time than control bees (figure 2b; X* = 2.89, p = 0.09),
but this was the only treatment that had an overall impact on survival. However, we did observe a
site-by-treatment interaction with the fungicide, herbicide and all chemical treatments (figure 3a—c).
Briefly, alpine bees survived longer than bees from the other two sites in every treatment (electronic
supplementary material, tables S5; 2-12 days longer on average, varying with treatment) except the
herbicide treatment, where suburban bees survived 2 days longer than alpine bees.
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site (b) and suburban site (c) across the 20-day experiment. A dashed grey line is included at 50% survival.

3.4. Bacterial abundance and microbiome structure

We were able to successfully estimate bacterial abundance for all 175 individuals. Bacterial abundance
differed by conopid presence and body size (electronic supplementary material, table S6; X* = 3.85, p
=0.05 and X* = 4.72, p = 0.03, respectively). Bees that were parasitized by a conopid had an average of
13.8% fewer bacteria copies compared to those that were unparasitized and larger bees had more gut
bacteria. We did not find strong differences by treatment (figure 4a) or any of our other variables of
interest in predicting the abundance of gut bacteria in these bees.

After quality filtering and rarefaction, 114 samples remained for microbiome structure analysis
(43 alpine bees, 54 shoreline bees and 17 from the suburban site). Of these samples, we also did
not find evidence that gut microbiome community composition differed by treatment (figure 4b).
Although, insecticide-treated bees had marginally higher richness than control bees (X* = 4.99, p = 0.03).
Insecticide-treated bees did not differ in diversity metrics by site (electronic supplementary material,
table S7), but we did see taxon-specific responses to insecticide (see below). We observed site-level
differences in community composition (electronic supplementary material, figure S3; F = 2.36, p = 0.02)
and we also observed difference in gut community composition depending on if bees survived longer
over the course of the experiment (F = 3.29, p = 0.01). Again, we did not observe differences in diversity
metrics in bees that survived longer in the experiment (electronic supplementary material, table S7), so
this difference is likely driven by taxa-specific differences in abundance (see below).

We also found inverse Simpson’s diversity and richness were higher in larger-bodied bees (X* = 6.25,
p =0.01 and X* = 3.69, p = 0.05, respectively) and bees with a conopid had marginally lower evenness
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(X* = 3.69, p = 0.05). The top five most abundant bacterial taxa in the bee gut were Schmidhempelia,
followed by Bombiscardovia, Snodgrassella, Enterobacter and Gilliamella, but only Schmidhempelia had
enough representation across samples to be included in further analysis and, even then, we had the
most confidence in our binomial model. Schmidhempelia was more likely to be present in larger-bodied
bees (X = 7.21, p < 0.01), and we found marginal evidence for the presence of Schmidhempelia with the
site-by-insecticide interaction (X*=5.21, p = 0.07).

4. Discussion

In this study, we aimed to understand intraspecific variation in a wild bumble bee’s sensitivity to
multiple pesticides. We found that, regardless of the site, bees showed a marginal reduction in survival
when given our chemical combination treatment. Yet, site of origin played a strong role in determining
a bee’s survival. We found evidence for a site-by-treatment interaction influencing the day a bee died
across all pesticide treatments, except the insecticide group. The microbiome did not differ when bees
were exposed to the pesticide treatment, within or across sites. Instead, gut microbiome differences
were associated with the presence of conopid parasitoids and body size, both of which varied by
site. These findings suggest that site-specific factors influence pesticide sensitivity and should be
considered in ecotoxicological studies of wild bees.

4.1. Survival and parasitoids

The presence of conopid parasitoids significantly reduced bee survival regardless of treatment.
Conopid flies (Physocephala sp.) are obligate endoparasitoids of bumble bees whose larvae feed on
bee haemolymph and kill the host just before pupation, 10-12 days after infection [68-70]. Pupae are
morphologically distinct from larvae and develop within 24 h of host mortality [69,70], and although
we did not find pupae in our bees, it is possible the mortality we observed in our bees was the direct
result of conopid larvae. Conopids were not well represented across treatments, so we were unable
to ask questions about the impacts of pesticides on conopid-bee interactions. Yet a handful of studies
do demonstrate interactive effects of pesticides and parasites (namely, Crithidia bombi) in bumble bees
[40,71]. We hope future studies will explore the potential of agricultural chemicals, and insecticides
specifically, to either disrupt or enhance bee—parasitoid dynamics.

Body size also played a significant role in survival, regardless of treatment. Smaller bees were more
likely to survive than larger individuals, possible due to lower energy requirements and reduced food
intake [72], which might limit pesticide exposure. Yet the largest bees survived the longest, perhaps
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due to their greater ability to handle stressors like pesticide exposure [73,74] or parasitoid presence, or n
other laboratory-based stressors like isolation from a colony or our artificial nectar solution.

Site also predicted timing of mortality over the course of the experiment, and we found evidence
for treatment effects on survival that varied by site. Suburban bees had the poorest survival over-
all, possibly due to exposure to uniquely urban factors including light pollution, competition with
non-native honey bees (which were only observed at our suburban site), or heavy metals that have
been shown to impact bee physiology in urban environments [75]. Curiously, suburban bees had
the lowest survival on the control solution and the highest survival on the herbicide treatment. One
possible explanation for this is a priming effect of past exposure from adjacent neighbourhoods.
Although we did not detect any glyphosate in our pesticide residue screening of leaves, B. vosnesenskii
can forage up to 1867 m [76] and glyphosate can linger in plant tissues for years [11,77]. Given the
different degrees of urbanization across sites, it is somewhat surprising that pesticide residue analysis
showed no differences in the focal plant tissues we compared. Past studies have shown that leaves
from suburban areas can have the same diversity of pesticide contamination as other landscapes, and
certain compounds may be more highly concentrated [10]. However, we note that it is possible that
certain fat-soluble pesticides may have been detected in the pollen load of bees, and there are other
possible routes of exposure for ground-nesting bees such as Bombus, including the soil [78,79], that
may not have been represented in our screening. In contrast, shoreline bees had intermediate survival
and exhibited consistent survival rates regardless of treatment, likely due to added stressors like
conopid parasitism. Alpine bees exhibited the highest overall survival, but their reduced survival when
exposed to insecticides aligns with previous research suggesting that insecticides pose the greatest risk
to bees [22,80]. Here, we demonstrate that bee response to pesticides can be context-dependent with
landscape-level factors like parasitoid presence and nutritional status likely playing a strong role.

sosy/jewnol/Bio Burysigndigaposiedos
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4.2. Gut microbes

We did not find strong evidence that exposure to these chemicals changes the total abundance or
composition of the gut bacterial community in these bees, consistent with select previous studies of
bumble bees [32,34,35]. To our knowledge, the only other study examining the impacts of pesticides
on wild bumble bee microbiomes comes from Rutkowski et al. [35], who also found no impact of
a fungicide treatment on gut bacterial composition. Together, these results might imply a certain
robustness in the gut microbiome of wild bumble bees, but these results should be interpreted with
caution. Because bees can be exposed to a wide range of pesticide concentrations in the field [11,53],
future studies should explore possible impacts of higher concentrations on the microbiome of wild
bees. In our study, insecticide-, fungicide-, and combination-treated bees had lower bacterial abun-
dance than control bees (although this difference was not significant). Previous work in honey bees has
shown microbe response to pesticides can be more severe at higher concentrations, but this is not true
for all pesticides [81], so we caution that further study may be required to draw conclusions about the
impacts of pesticides on the wild bee gut microbiome.

We found a change in the gut community in bees that survived longer, which is consistent with
other studies demonstrating a change in gut bacterial communities over time [82]. We also observed
site-level differences in gut community structure wherein our suburban site differed from the other
two sites, and post hoc analysis showed this site had fewer gut bacteria (electronic supplementary
material, table S3). Bees from this site also had the poorest overall survival. Past laboratory-based
experiments of microbe-depleted commercial bumble bees have not shown similar reductions in
survival [83]. Either the microbiome of wild bees is more tightly linked to survival, or other site-level
factors like poorer nutritional status contributed to both the gut health and survival of these bees. We
hope future studies will examine this relationship more closely, perhaps using shotgun sequencing or
similar approaches.

Finally, we found that conopid presence reduced the total abundance of gut bacteria. This is
likely simply because conopids occupy the abdominal cavity and reduce the gut volume [84]. So,
in addition to the direct, negative health consequences of conopid parasitism, conopid presence may
have indirectly affected bee health by reducing the abundance of gut bacteria. However, the gut
microbiome did not influence the probability of conopid infection. Past work has shown the gut
microbiome plays a role in protecting against microbial parasites and pathogens through the produc-
tion of anti-microbial peptides (i.e. Crithidia sp., Nosema sp. and Escherichia coli [45,85,86]). Together this



suggests gut microbes may not protect against insect parasitoids, but conopids or other parasitoids
may still indirectly shift gut microbial function by reducing microbial abundance.

5. Conclusions

We tested field-realistic concentrations of common pesticides [11] that did cause site-specific mortality,
yet it is essential to note that these chemicals can have serious sub-lethal effects such as impacts
to immune response, metabolism, reproduction, cognition, and more [87,88]. Again, although the
concentrations we used in this study did not cause changes in gut bacterial abundance or composition,
we urge caution applying these findings broadly to other insect taxa. The species used in this study
is not currently thought to be threatened and in fact is increasing its range and abundance [89]. Other
species such as solitary bees—whose gut microbes are environmentally acquired and vary greatly
across landscapes—may respond differently [90-92]. Studying solitary species could provide valuable
insight into how landscape-level factors shape microbiome composition [93] and pollinator health.

Finally, our findings highlight the critical need to focus on wild bee populations. With growing
concern swarming around bee declines, it is essential to understand the factors driving these declines
in real-world contexts. Site-specific factors, such as conopid prevalence and body size, had a clear
influence on survival, emphasizing that pesticide sensitivity assessments must account for these
variables to fully capture population-level patterns. Expanding research to include wild bees will allow
for a deeper understanding of ecological complexities and help inform more effective conservation
strategies.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.

Data accessibility. Sequencing data are available on the NCBI Sequence Read Archive (SRA) BioProject ID number
PRJNA1221307. Additional datasets generated by this study have been deposited in the USDA Ag Data Commons
[94]. The R script and files used for statistical analysis generated by this study are available at Zenodo [95].
Supplementary material is available online [96].

Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors’ contributions. A.R.T.: conceptualization, data curation, formal analysis, funding acquisition, investigation,
project administration, validation, visualization, writing—original draft; R.L.V.: conceptualization, data curation,
methodology, resources, supervision, writing—review and editing; S.F.: data curation, methodology, resources,
supervision, validation, writing—review and editing; A.L.: conceptualization, funding acquisition, supervision,
writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed
therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. A.RT. was supported by a National Institute of Food and Agriculture fellowship (grant no.
2022-67011-36545).

Acknowledgements. We would like to thank Dr Christopher Halsch and Austin Hawes for help in data collection.

References

1. Garibaldi LA et al. 2013 Wild pollinators enhance fruit set of crops regardless of honey bee abundance. Science 339, 1608—1611. (doi:10.1126/
science.1230200)

2. Mallinger RE, Bradshaw J, Varenhorst AJ, Prasifka JR. 2019 Native solitary bees provide economically significant pollination services to
confection sunflowers (Helianthus annuus L.) (Asterales: Asteraceae) grown across the Northern Great Plains. J. Econ. Entomol. 112, 40-48. (doi:
10.1093/jee/toy322)

3. Goulson D, Lye GC, Darvill B. 2008 Decline and conservation of bumble bees. Annu. Rev. Entomol. 53, 191-208. (doi:10.1146/annurev.ento.53.
103106.093454)

4. Cameron SA, Lozier JD, Strange JP, Koch JB, Cordes N, Solter LF, Griswold TL. 2011 Patterns of widespread decline in North American bumble
bees. Proc. Natl Acad. Sci. USA 108, 662—667. (doi:10.1073/pnas.1014743108)

5. Cameron SA, Sadd BM. 2020 Global trends in bumble bee health. Annu. Rev. Entomol. 65, 209-232. (doi:10.1146/annurev-ento-011118-
111847)

6. Wagner DL. 2020 Insect declines in the anthropocene. Annu. Rev. Entomol. 65, 457—480. (doi:10.1146/annurev-ento-011019-025151)

7. Iattara EE, Aizen MA. 2021 Worldwide occurrence records suggest a global decline in bee species richness. One Earth 4, 114-123. (doi:10.1016/
j.oneear.2020.12.005)

o 1 wsindo sy wimmunolosasndtapiseir [B


http://dx.doi.org/10.1126/science.1230200
http://dx.doi.org/10.1126/science.1230200
http://dx.doi.org/10.1093/jee/toy322
http://dx.doi.org/10.1146/annurev.ento.53.103106.093454
http://dx.doi.org/10.1146/annurev.ento.53.103106.093454
http://dx.doi.org/10.1073/pnas.1014743108
http://dx.doi.org/10.1146/annurev-ento-011118-111847
http://dx.doi.org/10.1146/annurev-ento-011118-111847
http://dx.doi.org/10.1146/annurev-ento-011019-025151
http://dx.doi.org/10.1016/j.oneear.2020.12.005
http://dx.doi.org/10.1016/j.oneear.2020.12.005

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Soroye P, Newbold T, Kerr J. 2020 Climate change contributes to widespread declines among bumble bees across continents. Science 367, 685— m

688. (doi:10.1126/science.aax8591)

Williams NM, Hemberger J. 2023 Climate, pesticides, and landcover drive declines of the western bumble bee. Proc. Nat/ Acad. Sci. USA 120,
€2221692120. (doi:10.1073/pnas.2221692120)

Halsch CA, Code A, Hoyle SM, Fordyce JA, Baert N, Forister ML. 2020 Pesticide contamination of milkweeds across the agricultural, urban, and
open spaces of low-elevation northern California. Front. Ecol. Evol. 8, 162. (doi:10.3389/fev0.2020.00162)

Zioga E, Kelly R, White B, Stout JC. 2020 Plant protection product residues in plant pollen and nectar: a review of current knowledge. Environ.
Res. 189, 109873. (doi:10.1016/j.envres.2020.109873)

Siviter H, Pardee GL, Baert N, McArt S, Jha S, Muth F. 2023 Wild bees are exposed to low levels of pesticides in urban grasslands and community
gardens. Sci. Total Environ. 858, 159839. (doi:10.1016/j.scitotenv.2022.159839)

Johnson RM, Ellis MD, Mullin CA, Frazier M. 2010 Pesticides and honey bee toxicity—USA. Apidologie 41, 312-331. (doi:10.1051/apido/
2010018)

Muth F, Leonard AS. 2019 A neonicotinoid pesticide impairs foraging, but not learning, in free-flying bumblebees. Sci. Rep. 9, 4764. (doi:10.
1038/541598-019-39701-5)

Cullen MG, Thompson LJ, Carolan JC, Stout JC, Stanley DA. 2019 Fungicides, herbicides and bees: a systematic review of existing research and
methods. PLoS One 14, €0225743. (doi:10.1371/journal.pone.0225743)

Iwasaki JM, Hogendoorn K. 2021 Non-insecticide pesticide impacts on bees: a review of methods and reported outcomes. Agric. Ecosyst. Environ.
314, 107423. (doi:10.1016/j.agee.2021.107423)

Ara ZG, Haque AR. 2021 A comprehensive review on synthetic insecticides: toxicity to pollinators, associated risk to food security, and
management approaches. J. Biosyst. Eng. 46, 254—272. (doi:10.1007/542853-021-00104-y)

Stuligross C, Williams NM. 2021 Past insecticide exposure reduces bee reproduction and population growth rate. Proc. Nat/ Acad. Sci. USA 118,
€2109909118. (doi:10.1073/pnas.2109909118)

Strang (G, Rondeau S, Baert N, McArt SH, Raine NE, Muth F. 2024 Field agrochemical exposure impacts locomotor activity in wild bumblebees.
Ecology 105, e4310. (doi:10.1002/ecy.4310)

David A, Botas C, Abdul-Sada A, Nicholls E, Rotheray EL, Hill EM, Goulson D. 2016 Widespread contamination of wildflower and bee-collected
pollen with complex mixtures of neonicotinoids and fungicides commonly applied to crops. Environ. Int. 88, 169—-178. (doi:10.1016/j.envint.
2015.12.011)

Main AR, Hladik ML, Webb EB, Goyne KW, Mengel D. 2020 Beyond neonicotinoids: wild pollinators are exposed to a range of pesticides while
foraging in agroecosystems. Sci. Total Environ. 742, 140436. (doi:10.1016/j.scitotenv.2020.140436)

Goulson D, Nicholls E, Botias C, Rotheray EL. 2015 Bee declines driven by combined stress from parasites, pesticides, and lack of flowers. Science
347, 1255957. (doi:10.1126/science.1255957)

Tsvetkov N, Samson-Robert 0, Sood K, Patel HS, Malena DA, Gajiwala PH, Maciukiewicz P, Fournier V, Zayed A. 2017 Chronic exposure to
neonicotinoids reduces honey bee health near corn crops. Science 356, 1395—1397. (doi:10.1126/science.aam7470)

Raimets R, Karise R, Mand M, Kaart T, Ponting S, Song J, Cresswell JE. 2018 Synergistic interactions between a variety of insecticides and an
ergosterol biosynthesis inhibitor fungicide in dietary exposures of bumble bees (Bombus terrestris L.). Pest Manag. Sci. 74, 541-546. (doi:10.
1002/ps.4756)

Willow J, Silva A, Veromann E, Smagghe G. 2019 Acute effect of low-dose thiacloprid exposure synergised by tebuconazole in a parasitoid wasp.
PLoS One 14, €0212456. (doi:10.1371/journal.pone.0212456)

Cang T, Lou Y, Zhu YC, Li W, Weng H, Lv L, Wang Y. 2023 Mixture toxicities of tetrachlorantraniliprole and tebuconazole to honey bees (Apis
mellifera L.) and the potential mechanism. Environ. Int. 172, 107764. (doi:10.1016/j.envint.2023.107764)

Crotti E, Sansonno L, Prosdocimi EM, Vacchini V, Hamdi C, Cherif A, Gonella E, Marzorati M, Balloi A. 2013 Microbial symbionts of honeybees: a
promising tool to improve honeybee health. New Biotechnol. 30, 716-722. (doi:10.1016/j.nbt.2013.05.004)

Itoh H, Tago K, Hayatsu M, Kikuchi Y. 2018 Detoxifying symbiosis: microbe-mediated detoxification of phytotoxins and pesticides in insects. Nat.
Prod. Rep. 35, 434—454. (doi:10.1039/c7np00051k)

Wu Y, Zheng Y, Chen Y, Wang S, Chen Y, Hu F, Zheng H. 2020 Honey bee (Apis mellifera) gut microbiota promotes host endogenous
detoxification capability via regulation of P450 gene expression in the digestive tract. Microb. Biotechnol. 13, 1201-1212. (doi:10.1111/1751-
7915.13579)

Haas J, Nauen R. 2021 Pesticide risk assessment at the molecular level using honey bee cytochrome P450 enzymes: a complementary approach.
Environ. Int. 147, 106372. (doi:10.1016/j.envint.2020.106372)

Zhang Q, Wang Q, Zhai Y, Zheng H, Wang X. 2022 Impacts of imidacloprid and flupyradifurone insecticides on the gut microbiota of Bombus
terrestris. Agriculture 12, 389. (doi:10.3390/agriculture12030389)

Rothman J, Russell K, Leger L, McFrederick Q, Graystock P. 2020 The direct and indirect effects of environmental toxicants on the health of
bumble bees and their microbiomes. Proc. R. Soc. B 287, 20200980. (doi:10.1098/rsph.2020.0980)

Helander M, Jeevannavar A, Kaakinen K, Mathew SA, Saikkonen K, Fuchs B, Puigho P, Loukola 0J, Tamminen M. 2023 Glyphosate and a
glyphosate-based herbicide affect bumblebee gut microbiota. FEMS Microbiol. Ecol. 99, fiad065. (doi:10.1093/femsec/fiad065)

Straw EA, Mesnage R, Brown MJF, Antoniou MN. 2023 No impacts of glyphosate or Crithidia bombi, or their combination, on the bumblebee
microbiome. Sci. Rep. 13, 8949. (doi:10.1038/541598-023-35304-3)

sosy/jewnol/Bio Burysigndigaposiedos

18Z0ST sTL DS uadp 0S Y


http://dx.doi.org/10.1126/science.aax8591
http://dx.doi.org/10.1073/pnas.2221692120
http://dx.doi.org/10.3389/fevo.2020.00162
http://dx.doi.org/10.1016/j.envres.2020.109873
http://dx.doi.org/10.1016/j.scitotenv.2022.159839
http://dx.doi.org/10.1051/apido/2010018
http://dx.doi.org/10.1051/apido/2010018
http://dx.doi.org/10.1038/s41598-019-39701-5
http://dx.doi.org/10.1038/s41598-019-39701-5
http://dx.doi.org/10.1371/journal.pone.0225743
http://dx.doi.org/10.1016/j.agee.2021.107423
http://dx.doi.org/10.1007/s42853-021-00104-y
http://dx.doi.org/10.1073/pnas.2109909118
http://dx.doi.org/10.1002/ecy.4310
http://dx.doi.org/10.1016/j.envint.2015.12.011
http://dx.doi.org/10.1016/j.envint.2015.12.011
http://dx.doi.org/10.1016/j.scitotenv.2020.140436
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.1126/science.aam7470
http://dx.doi.org/10.1002/ps.4756
http://dx.doi.org/10.1002/ps.4756
http://dx.doi.org/10.1371/journal.pone.0212456
http://dx.doi.org/10.1016/j.envint.2023.107764
http://dx.doi.org/10.1016/j.nbt.2013.05.004
http://dx.doi.org/10.1039/c7np00051k
http://dx.doi.org/10.1111/1751-7915.13579
http://dx.doi.org/10.1111/1751-7915.13579
http://dx.doi.org/10.1016/j.envint.2020.106372
http://dx.doi.org/10.3390/agriculture12030389
http://dx.doi.org/10.1098/rspb.2020.0980
http://dx.doi.org/10.1093/femsec/fiad065
http://dx.doi.org/10.1038/s41598-023-35304-3

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54,
55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Rutkowski D, Litsey E, Maalouf |, Vannette RL. 2022 Bee-associated fungi mediate effects of fungicides on bumble bees. Ecol. Entomol. 47, 411
422. (doi:10.1111/een.13126)

Hotchkiss MZ, Forrest JRK, Poulain AJ. 2024 Exposure to a fungicide for a field-realistic duration does not alter bumble bee fecal microbiota
structure. Appl. Environ. Microbiol. 90, €0173923. (doi:10.1128/aem.01739-23)

Porras MF et al. 2024 Fungicide ingestion reduces net energy gain and microbiome diversity of the solitary mason bee. Sci. Rep. 14, 3229. (doi:
10.1038/541598-024-53935-y)

Meeus |, Parmentier L, Billiet A, Maebe K, Van Nieuwerburgh F, Deforce D, Wéckers F, Vandamme P, Smagghe G. 2015 16S rRNA amplicon
sequencing demonstrates that indoor-reared bumblebees (Bombus terrestris) harbor a core subset of bacteria normally associated with the wild
host. PLoS One 10, e0125152. (doi:10.1371/journal.pone.0125152)

Kammerer M, Goslee SC, Douglas MR, Tooker JF, Grozinger CM. 2021 Wild bees as winners and losers: relative impacts of landscape composition,
quality, and climate. Glob. Chang. Biol. 27, 1250-1265. (doi:10.1111/gch.15485)

Baron GL, Raine NE, Brown MJF. 2014 Impact of chronic exposure to a pyrethroid pesticide on bumblebees and interactions with a trypanosome
parasite. J. Appl. Ecol. 51, 460—469. (doi:10.1111/1365-2664.12205)

Fauser-Misslin A, Sadd BM, Neumann P, Sandrock C. 2014 Influence of combined pesticide and parasite exposure on bumblebee colony traits in
the laboratory. J. Appl. Ecol. 51, 450—459. (doi:10.1111/1365-2664.12188)

(astle D, Alkassab AT, Steffan-Dewenter |, Pistorius J. 2023 Nutritional resources modulate the responses of three bee species to pesticide
exposure. J. Hazard. Mater. 443, 130304. (doi:10.1016/j.jhazmat.2022.130304)

Henry M, Bertrand C, Le Féon V, Requier F, Odoux JF, Aupinel P, Bretagnolle V, Decourtye A. 2014 Pesticide risk assessment in free-ranging bees
is weather and landscape dependent. Nat. Commun. 5, 4359. (doi:10.1038/ncomms5359)

Kenna D, Graystock P, Gill RJ. 2023 Toxic temperatures: bee behaviours exhibit divergent pesticide toxicity relationships with warming. Glob.
Chang. Biol. 29, 2981-2998. (doi:10.1111/gch.16671)

Cariveau DP, Elijah Powell J, Koch H, Winfree R, Moran NA. 2014 Variation in gut microbial communities and its association with pathogen
infection in wild bumble bees (Bombus). ISME J. 8, 2639-2379. (doi:10.1038/ismej.2014.180)

Krams R et al. 2022 Dominance of fructose-associated Fructobacillus in the gut microbiome of bumblebees (Bombus terrestris) inhabiting natural
forest meadows. Insects 13, 98. (doi:10.3390/insects13010098)

Sampson HR, Allcock N, Mallon EB, Ketley JM, Morrissey JA. 2025 Air pollution modifies colonisation factors in beneficial symbiont Snodgrassella
and disrupts the bumblebee gut microbiome. NPJ Biofilms Microbiomes 11, 2. (doi:10.1038/541522-024-00632-3)

Seress G, Lipovits A, Békony V, Cziini L. 2014 Quantifying the urban gradient: a practical method for broad measurements. Landsc. Urban Plan.
131, 42-50. (doi:10.1016/j.landurbplan.2014.07.010)

Wieben CM. 2019 Estimated annual agricultural pesticide use for counties of the conterminous United States, 2013-17 (ver. 2.0, May 2020). US
Geological Survey data release.

Herbert LH, Vazquez DE, Arenas A, Farina WM. 2014 Effects of field-realistic doses of glyphosate on honeybee appetitive behaviour. J. Exp. Biol.
217, 3457-3464. (doi:10.1242/jeb.109520)

Thompson LJ, Smith S, Stout JC, White B, Zioga E, Stanley DA. 2022 Bumblebees can be exposed to the herbicide glyphosate when foraging.
Environ. Toxicol. Chem. 41, 2603—2612. (doi:10.1002/etc.5442)

Helander M, Lehtonen TK, Saikkonen K, Despains L, Nyckees D, Antinoja A, Solvi C, Loukola 0J. 2023 Field-realistic acute exposure to glyphosate-
based herbicide impairs fine-color discrimination in bumblebees. Sci. Total Environ. 857, 159298. (doi:10.1016/j.scitotenv.2022.159298)

Zioga E, White B, Stout JC. 2023 Pesticide mixtures detected in crop and non-target wild plant pollen and nectar. Sci. Total Environ. 879, 162971.
(doi:10.1016/j.scitotenv.2023.162971)

(ane JH. 1987 Estimation of bee size using intertegular span (Apoidea). J. Kans. Entomol. Soc. 60, 145-147.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013 Development of a dual-index sequencing strategy and curation pipeline for
analyzing amplicon sequence data on the MiSeq lllumina sequencing platform. Appl. Environ. Microbiol. 79, 5112-5120. (doi:10.1128/AEM.
01043-13)

Apprill A, McNally S, Parsons R, Weber L. 2015 Minor revision to V4 region SSU rRNA 806R gene primer greatly increases detection of SAR11
bacterioplankton. Aquat. Microb. Ecol. 75, 129-137. (doi:10.3354/ame01753)

Parada A, Needham D, Fuhrman J. 2016 Every base matters: assessing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ. Microbiol. 18, 1403—1414. (doi:10.1111/1462-2920.13023)

Bolyen E et al. 2019 Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852-857.
(doi:10.1038/541587-019-0209-9)

(allahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 2016 DADA2: high-resolution sample inference from Illumina amplicon
data. Nat. Methods 13, 581-583. (doi:10.1038/nmeth.3869)

Price MN, Dehal PS, Arkin AP. 2010 FastTree 2: approximately maximum-likelihood trees for large alignments. PLoS One 5, €9490. (doi:10.1371/
journal.pone.0009490)

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glckner FO. 2012 The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res. 41, D590-D596. (doi:10.1093/nar/gks1219)

R Core Team. 2022 R: a language and environment for statistical computing. \lienna, Austria: R Foundation for Statistical Computing.

Hartig F. 2022 DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models. (doi:10.32614/cran.package.dharma)
Venables WN, Ripley BD. 2002 Modern applied statistics with S, 4th edn. New York, NY: Springer.

o 1 wsindo sy wmmunolosasndtapisei [


http://dx.doi.org/10.1111/een.13126
http://dx.doi.org/10.1128/aem.01739-23
http://dx.doi.org/10.1038/s41598-024-53935-y
http://dx.doi.org/10.1371/journal.pone.0125152
http://dx.doi.org/10.1111/gcb.15485
http://dx.doi.org/10.1111/1365-2664.12205
http://dx.doi.org/10.1111/1365-2664.12188
http://dx.doi.org/10.1016/j.jhazmat.2022.130304
http://dx.doi.org/10.1038/ncomms5359
http://dx.doi.org/10.1111/gcb.16671
http://dx.doi.org/10.1038/ismej.2014.180
http://dx.doi.org/10.3390/insects13010098
http://dx.doi.org/10.1038/s41522-024-00632-3
http://dx.doi.org/10.1016/j.landurbplan.2014.07.010
http://dx.doi.org/10.1242/jeb.109520
http://dx.doi.org/10.1002/etc.5442
http://dx.doi.org/10.1016/j.scitotenv.2022.159298
http://dx.doi.org/10.1016/j.scitotenv.2023.162971
http://dx.doi.org/10.1128/AEM.01043-13
http://dx.doi.org/10.1128/AEM.01043-13
http://dx.doi.org/10.3354/ame01753
http://dx.doi.org/10.1111/1462-2920.13023
http://dx.doi.org/10.1038/s41587-019-0209-9
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1371/journal.pone.0009490
http://dx.doi.org/10.1371/journal.pone.0009490
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.32614/cran.package.dharma

65.
66.
67.
68.

69.

70.

1.

72.
73.

74.

75.

76.

71.

78.

79.

80.
81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9.

Fox J, Weisherg S. 2019 An {R} companion to applied regression, 3rd edn. Thousand Oaks, CA: Sage.

Oksanen J, Kindt R, Legendre P, 0’Hara B, Stevens M, Oksanen M, Suggests M. 2022 vegan: community ecology package.

Jackson WA et al. 2015 Global patterns and environmental controls of perchlorate and nitrate co-occurrence in arid and semi-arid environments.
Geochim. Cosmochim. Acta 164, 502—522. (doi:10.1016/j.9ca.2015.05.016)

Schmid-Hempel P. 2001 On the evolutionary ecology of host—parasite interactions: addressing the question with regard to bumblebees and
their parasites. Naturwissenschaften 88, 147—158. (doi:10.1007/5001140100222)

Skevington JH, Thompson CE, Camras S. 2010 Conopidae (thick-headed flies). In Page manual of Central American Diptera. Ottawa, Canada: NRC
Press.

Abdalla FC, Sampaio G, Pedrosa M, Sipriano TP, Domingues CEC, Silva-Zacarin ECM, Camargo DAD. 2014 Larval development of Physocephala
(Diptera, Conopidae) in the bumble bee Bombus morio (Hymenoptera, Apidae). Rev. Bras. Entomol. 58, 343—348. (doi:10.1590/50085-
56262014000400003)

Askri D, Straw EA, Arafah K, Voisin SN, Bocquet M, Brown MJF, Bulet P. 2023 Parasite and pesticide impacts on the bumblebee (Bombus
terrestris) haemolymph proteome. Int. J. Mol. Sci. 24, 5384. (doi:10.3390/ijms24065384)

Pyke GH. 1978 Optimal body size in bumblebees. Oecologia 34, 255-266. (doi:10.1007/BF00344905)

Schmolke A, Galic N, Feken M, Thompson H, Sgolastra F, Pitts-Singer T, Elston C, Pamminger T, Hinarejos S. 2021 Assessment of the vulnerability
to pesticide exposures across bee species. Environ. Toxicol. Chem. 40, 2640—2651. (doi:10.1002/etc.5150)

Linguadoca A et al. 2022 Intra-specific variation in sensitivity of Bombus terrestris and Osmia bicornis to three pesticides. Sci. Rep. 12, 17311.
(doi:10.1038/541598-022-22239-4)

Brant RA, Arduser M, Dunlap AS. 2022 There must bee a better way: a review of published urban bee literature and suggested topics for future
study. Landsc. Urban Plan. 226, 104513. (doi:10.1016/j.landurbplan.2022.104513)

Mola JM, Miller MR, 0'Rourke SM, Williams NM. 2020 Forests do not limit bumble bee foraging movements in a montane meadow complex.
Ecol. Entomol. 45, 955-965. (doi:10.1111/een.12868)

Botten N, Wood LJ, Werner JR. 2021 Glyphosate remains in forest plant tissues for a decade or more. For. Ecol. Manage. 493, 119259. (doi:10.
1016/j.foreco.2021.119259)

Krupke CH, Hunt GJ, Eitzer BD, Andino G, Given K. 2012 Multiple routes of pesticide exposure for honey bees living near agricultural fields. PLoS
One7,€29268. (doi:10.1371/journal.pone.0029268)

Rondeau S, Raine NE. 2024 Bumblebee (Bombus impatiens) queens prefer pesticide-contaminated soils when selecting underground
hibernation sites. Sci. Total Environ. 954, 176534. (doi:10.1016/j.scitotenv.2024.176534)

Sanchez-Bayo F, Goka K. 2014 Pesticide residues and bees: a risk assessment. PLoS One 9, €94482. (doi:10.1371/journal.pone.0094482)
Hotchkiss MZ, Poulain A, Forrest JRK. 2022 Pesticide-induced disturbances of bee gut microbiotas. FEMS Microbiol. Rev. 46, fuab056. (doi:10.
1093 /femsre/fuab056)

Hammer TJ, Easton-Calabria A, Moran NA. 2023 Microbiome assembly and maintenance across the lifespan of bumble bee workers. Mol. Ecol.
32,724-740. (doi:10.1111/mec.16769)

Leger L, McFrederick QS. 2020 The gut—brain—microbiome axis in bumble bees. Insects 11, 517. (doi:10.3390/insects11080517)

Malfi RL, Davis SE, Roulston TH. 2014 Parasitoid fly induces manipulative grave-digging behaviour differentially across its bumblebee hosts.
Anim. Behav. 92, 213-220. (doi:10.1016/j.anbehav.2014.04.005)

Kwong WK, Mancenido AL, Moran NA. 2017 Immune system stimulation by the native gut microbiota of honey bees. R. Soc. Open Sci. 4, 170003.
(doi:10.1098/rs0s.170003)

Mockler BK, Kwong WK, Moran NA, Koch H. 2018 Microbiome structure influences infection by the parasite Crithidia bombi in bumble bees. Appl.
Environ. Microbiol. 84, £02335-17. (doi:10.1128/aem.02335-17)

Schuhmann A, Schmid AP, Manzer S, Schulte J, Scheiner R. 2022 Interaction of insecticides and fungicides in bees. front. Insect Sci. 1, 808335.
(doi:10.3389/finsc.2021.808335)

Battisti L, Potrich M, Lozano ER, dos Reis Martinez (B, Sofia SH. 2023 Review on the sublethal effects of pure and formulated glyphosate on
bees: emphasis on social bees. J. Appl. Entomol. 147, 1-18. (doi:10.1111/jen.13089)

Hemberger J, Williams NM. 2024 Warming summer temperatures are rapidly restructuring North American bumble bee communities. Ecol. Lett.
27, €14492. (doi:10.1111/ele.14492)

Engel P et al. 2016 The bee microbiome: impact on bee health and model for evolution and ecology of host-microbe interactions. mBio 7,
€02164-15. (doi:10.1128/mbio.02164-15)

Nguyen PN, Rehan SM. 2022 The effects of urban land use gradients on wild bee microbiomes. Front. Microbiol. 13, 992660. (doi:10.3389/fmich.
2022.992660)

Thamm M, Rei F, Sohl L, Gabel M, Noll M, Scheiner R. 2023 Solitary bees host more bacteria and fungi on their cuticle than social bees.
Microorganisms 11, 2780. (doi:10.3390/microorganisms11112780)

Argueta-Guzman M, McFrederick QS, Spasojevic MJ. 2025 Multitrophic assembly influences B-diversity across a tripartite system of flowering
plants, bees, and bee-gut microbiomes. Ecography 2025, e07490. (doi:10.1111/ecog.07490)
Tatarko A. 2025 Pollinator visitation, floral microbes, and seed set of Penstemon strictus treated with a fungicide, an insecticide, and both
chemicals. Ag Data Commons. (doi:10.15482/USDA.ADC/28704857)
atatarko. 2025 atatarko/Vos. Zenodo. (doi:10.5281/zenodo.15426157)

o 1 wsindo sy wmmunolosasndtapisei [


http://dx.doi.org/10.1016/j.gca.2015.05.016
http://dx.doi.org/10.1007/s001140100222
http://dx.doi.org/10.1590/s0085-56262014000400003
http://dx.doi.org/10.1590/s0085-56262014000400003
http://dx.doi.org/10.3390/ijms24065384
http://dx.doi.org/10.1007/BF00344905
http://dx.doi.org/10.1002/etc.5150
http://dx.doi.org/10.1038/s41598-022-22239-4
http://dx.doi.org/10.1016/j.landurbplan.2022.104513
http://dx.doi.org/10.1111/een.12868
http://dx.doi.org/10.1016/j.foreco.2021.119259
http://dx.doi.org/10.1016/j.foreco.2021.119259
http://dx.doi.org/10.1371/journal.pone.0029268
http://dx.doi.org/10.1016/j.scitotenv.2024.176534
http://dx.doi.org/10.1371/journal.pone.0094482
http://dx.doi.org/10.1093/femsre/fuab056
http://dx.doi.org/10.1093/femsre/fuab056
http://dx.doi.org/10.1111/mec.16769
http://dx.doi.org/10.3390/insects11080517
http://dx.doi.org/10.1016/j.anbehav.2014.04.005
http://dx.doi.org/10.1098/rsos.170003
http://dx.doi.org/10.1128/aem.02335-17
http://dx.doi.org/10.3389/finsc.2021.808335
http://dx.doi.org/10.1111/jen.13089
http://dx.doi.org/10.1111/ele.14492
http://dx.doi.org/10.1128/mbio.02164-15
http://dx.doi.org/10.3389/fmicb.2022.992660
http://dx.doi.org/10.3389/fmicb.2022.992660
http://dx.doi.org/10.3390/microorganisms11112780
http://dx.doi.org/10.1111/ecog.07490
http://dx.doi.org/10.15482/USDA.ADC/28704857
http://dx.doi.org/10.5281/zenodo.15426157

96. Tatarko AR, Vannette RL, Frese S, Leonard A. 2025 Supplementary material from: A wild bumble bee shows intraspecific differences in sensitivity
to multiple pesticides. FigShare. (doi:10.6084/m9.figshare.c.7859521)

sosy/jewnol/Bio Burysigndigaposiedos

18Z0ST sTL DS uadp 0S Y


http://dx.doi.org/10.6084/m9.figshare.c.7859521

	A wild bumble bee shows intraspecific differences in sensitivity to multiple pesticides
	1. Introduction
	2. Methods
	2.1. Sites and field collection
	2.2. Pesticide residue screening
	2.3. Pesticide diets
	2.4. Survival assay and dissection
	2.5. DNA extractions, 16S sequencing, qPCR and bioinformatics
	2.6. Statistical methods

	3. Results
	3.1. Site-level pesticide exposure
	3.2. Conopid parasitoids and body size
	3.3. Survival
	3.4. Bacterial abundance and microbiome structure

	4. Discussion
	4.1. Survival and parasitoids
	4.2. Gut microbes

	5. Conclusions


