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Abstract – Understanding how different pesticides influence bee health is inhibited by a limited knowledge about
the interactions between different compounds to which bees are simultaneously exposed. Although research has
demonstrated synergistic effects of some sterol biosynthesis inhibiting (SBI) fungicides on the toxicity of certain
insecticides to bees, a high degree of variability exists in the relatively few SBI fungicide-insecticide interactions
tested. Furthermore, most research has been conducted on honey bees, Apis mellifera , limiting our understanding of
pesticide synergisms in native wild bees. We tested the effects of the SBI fungicides difenoconazole, myclobutanil,
and fenhexamid on acute contact toxicity of the insecticides thiamethoxam (neonicotinoid) and bifenthrin
(pyrethroid) to the common eastern bumble bee, Bombus impatiens . Based on range-finding trials, we selected a
single dosage of each pesticide, with insecticides approximating LD20 values and fungicides approximating their
maximum sublethal levels. We found that the triazole SBI fungicide difenoconazole interacted synergistically with
bifenthrin, with a maximum synergy ratio of 1.48, while the triazole myclobutanil interacted synergistically with
both bifenthrin and thiamethoxam, with maximum synergy ratios of 11.0 and 2.38, respectively. However, the
hydroxyanilide SBI fungicide fenhexamid did not exhibit a synergistic effect on either insecticide. Our results
suggest that certain SBI fungicides, and potentially those from particular SBI classes, may be particularly harmful to
bumble bee health when co-exposure to insecticides occurs, despite their low toxicity when experienced in isolation.
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1. INTRODUCTION

Unprecedented losses of managed western
honey bee (Apis mellifera ) colonies and parallel
declines in wild bee populations in recent years
have stimulated a wealth of research on potential
causes. While several factors are shown to have

negative impacts on bee populations, including
pathogens, climate change, and habitat loss, agro-
chemical exposure has surfaced as a major con-
cern, especially in agricultural landscapes (Mullin
et al. 2010; Goulson et al. 2015; Koh et al. 2016).
While the impacts of general pesticide use on bee
populations and the susceptibility of bees to indi-
vidual pesticides are well studied, less is known
about the interactive effects of pesticides on bee
health, especially in non-A. mellifera bees
(Sanchez-Bayo and Goka 2014; but see Thomp-
son 2012). This knowledge gap is a critical miss-
ing link to understanding bee decline, given that
bees are commonly exposed to multiple pesticides
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simultaneously when foraging or through contact
with hive products where pesticides have accumu-
lated (Schmuck et al. 2003; Johnson et al. 2010;
Mullin et al. 2010; David et al. 2016; Fisher et al.
2017).

Some pesticide combinations are particularly
dangerous to bees, where synergistic interactions
increase their toxicity. For instance, sterol biosyn-
thesis inhibiting (SBI) fungicides (mode of action:
sterol biosynthesis in membranes (Fungicide
Resistance Action Committee 2019)) have been
shown to interact with neonicotinoid and
butenolide (mode of action: nicotinic acetylcholine
receptor (nAChR) competitive modulators) and
pyrethroid (mode of action: sodium channel mod-
ulators) (Insecticide Resistance Action Committee
2018) insecticides by inhibiting cytochrome P450-
monooxygenase activity in bees (Colin and
Belzunces 1992; Pillings and Jepson 1993;
Schmuck et al. 2003; Iwasa et al. 2004; Biddinger
et al. 2013; Johnson et al. 2013; Sgolastra et al.
2016; Raimets et al. 2017; Tosi and Nieh 2019).
Cytochrome P450s are a large family of
monooxygenases found in many organisms that
are important in the detoxification of a wide array
of xenobiotics and for membrane synthesis in fungi
(Werck-Reichhart and Feyereisen 2000; Črešnar
and Petrič 2011). Thus, although SBI fungicides
can control fungal pathogens on crops, an unin-
tended consequence to bees is a decrease in their
ability to metabolize both naturally occurring plant
toxins (Mao et al. 2017) and certain pesticides,
such as butenolides, neonicotinoids, and pyre-
throids (Glavan and Božič 2013; Gong and Diao
2017; Tosi and Nieh 2019).

Two primary limitations constrain our under-
standing of the extent to which fungicides may
have synergistic effects on insecticides. First, most
research on pesticide interactions in bees has been
done on A. mellifera (but see Biddinger et al.
2013; Sgolastra et al. 2016; Raimets et al. 2017;
Robinson et al. 2017). As wild bees are the pri-
mary pollinators of most non-agricultural and
many agricultural plants (Garibaldi et al. 2013)
and many populations are in decline (Goulson
et al. 2015), it is critical to understand how wild
bee species respond to potentially synergistic
compounds. The limited research that exists on
wild bee species shows the potential for a high

variability in the response of different bee species
to fungicide-insecticide interactions, and that re-
sponses observed in A. mellifera cannot reliably
be extrapolated to wild bees (Biddinger et al.
2013; Sgolastra et al. 2016). Differential re-
sponses among bee species could be expected
based on traits such as size and sociality, as well
as differential abilities to detoxify xenobiotics. For
instance, in single-compound bioassays, the com-
mon eastern bumble bee, Bombus impatiens, was
found to be approximately seven times less sensi-
tive to contact doses of insecticides than
A. mellifera (Sanchez-Bayo and Goka 2014),
even though both species are closely related in
the family Apidae.

A second limitation to a clearer understanding of
fungicide-insecticide interactions is the high vari-
ability within a given bee species in the magnitude
of synergistic response to different pesticide com-
binations, even among pesticides from the same
pesticide class. For example, Iwasa et al. (2004)
found a 17-fold difference in synergism ratios be-
tween different SBI fungicides and the
neonicotinoid acetamiprid. Given the difficulty in
predicting the interactions between these agricultur-
al products, further research is necessary on addi-
tional potential synergists to determine which pes-
ticide combinations are most threatening to bees.

In this study, we investigated the interactive
effects of two insecticides, a neonicotinoid
(thiamethoxam) and a pyrethroid (bifenthrin),
and three SBI fungicides, difenoconazole,
fenhexamid, and myclobutanil, on the mortality
of B. impatiens. We selected these compounds
due to their widespread use (United States
Geological Survey 2017) and the potential risk
to pollinator health based on other studies using
chemicals of the same fungicide and insecticide
modes of action (Colin and Belzunces 1992;
Pillings and Jepson 1993; Schmuck et al. 2003;
Iwasa et al. 2004; Biddinger et al. 2013; Johnson
et al. 2013; Sgolastra et al. 2016; Raimets et al.
2017). Although the interactive effects of these
chosen chemicals are largely unknown, the fungi-
cides pose a relatively low acute risk (all honey
bee contact LD50s > 40 μg bee−1) when applied
alone, whereas the insecticides pose a high acute
risk (honey bee contact LD50 of 0.015 and
0.025 μg bee−1 for bifenthrin and thiamethoxam,
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respectively) (Sanchez-Bayo and Goka 2014).We
hypothesized that we would observe differential
synergistic effects on B. impatiens mortality de-
pending on the class of insecticide and fungicide
tested.

2. MATERIALS AND METHODS

2.1. Hive acquisition and maintenance

We acquired ten total Natupol Excel
B. impatiens hives from Koppert Biological Sys-
tems (Howell, MI, USA) in February, April, and
July 2018. Hives consisted of 75–100 workers, a
laying queen, and brood upon delivery. The hives
were stored at approx. 22 °C andwere kept in their
original cardboard boxes, which provided mini-
mal light exposure. We provided bees with con-
tinual access to 30% (w /v ) sucrose solution (Masi
Biller et al. 2015; Richardson et al. 2015) through
bottom-access bladders that came with the hives.
Twice weekly, we provided the bees with pollen
balls (~ 5 g) made from amixture of ground “High
Desert” pollen granules (CC Pollen Inc.; Phoenix,
AZ, USA) removed from honey bee corbicula and
30% (w /v ) sucrose solution. To confirm there
were little to no pesticides in the pollen, we
screened a sample of the pollen granules for 267
pesticides using liquid chromatography/mass
spectrometry (LC-MS/MS) using the methods
outlined by Urbanowicz et al. (2019).

We detected only one pesticide, the acaricide
coumaphos, at a level below the limit of quantifi-
cation (< 0.525 ng/g). We used bees from each
colony in the bioassays until the colony failed to
produce sufficient numbers of new workers
(approx. 6–9 weeks after acquisition). Colonies
that had any visual signs of pathogen infection
(e.g., deformed wing virus) were not used in the
bioassays. Some research indicates that bee sus-
ceptibility to pesticides is dependent on the season
of the year, which could have implications for
differential susceptibility of a bumble bee colony
throughout its lifecycle (Tosi and Nieh 2019). We
attempted to limit any potential colony age effects
by discarding colonies as soon as they showed
signs of decreasing vigor and by varying when we
tested the different trials of each pesticide
combination.

2.2. Worker selection

After initial acquisition of the hives, all workers
weremarked on the top of the thorax using a white
oil-based paint pen (Sharpie; Oak Brook, IL,
USA). This paint application was found to have
no impact on mortality in separate trials (using 15
control bees and 15 treatment bees) designed to
test any adverse impacts of the paint (S. McArt,
unpublished data). To mark the bees, we first
removed the queen from the hive and anesthetized
the remaining workers with CO2 for < 2 min
(Pillings and Jepson 1993; Thompson et al.
2014). We then removed workers from the hive
and marked them in a dark room under red light.
In order to avoid effects of individual bee age on
mortality, only unmarked workers that had
eclosed within 5 days were selected for bioassay
trials. We also excluded workers that had recently
eclosed (~ < 24 h), which we identified based on
the light color of the hairs. As B. impatiens
workers vary considerably in size, it was not
possible to ensure that all workers used in the
bioassays were the same size. However, we ex-
cluded the largest (approx. > 90 mg dry weight)
and smallest (approx. < 12 mg dry weight) bees
from trials and distributed the remaining sizes
evenly across treatments from a given colony on
a given date. Since all treatments for a given trial
were conducted on a given date, this protocol
ensured that similar-sized bees were represented
in each treatment and any variation in size simply
contributed to variation in the trials. From a subset
of bees used across all experimental groups
(chemical combinations) in the bioassays, the av-
erage bee dry mass was 41.76 mg (± 1.41 SE) and
did not differ significantly (p > 0.05) among the
combinations (Online Resource 1).

2.3. Pesticide selection and doses

We tested the effects of three fungicides and
two insecticides singly and in all fungicide by
insecticide combinations on B. impatiens mortal-
ity. For insecticides, we used thiamethoxam, a
neonicotinoid, and bifenthrin, a pyrethroid. We
selected three SBI fungicides: difenoconazole
and myclobutanil (SBI class I: triazoles) and
fenhexamid (SBI class III: hydroxyanilide)
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(Fungicide Resistance Action Committee 2019).
These pesticides were selected based on them
spanning a diversity of compounds that could be
potential synergists and being commonly applied
in agriculture across the USA (United States
Geological Survey 2017). Most studies on SBI
fungicides have investigated interactions moder-
ated by SBI fungicides of the triazole chemical
group (Colin and Belzunces 1992; Pillings and
Jepson 1993; Schmuck et al. 2003; Iwasa et al.
2004; Biddinger et al. 2013; Johnson et al. 2013;
Sgolastra et al. 2016; Raimets et al. 2017; Tosi and
Nieh 2019). Therefore, we selected fenhexamid
because of its growing use in agriculture and the
lack of studies that have researched interactions
with pesticides from the hydroxyanilide chemical
group within the SBI fungicide class (Fungicide
Resistance Action Committee 2019). Bifenthrin
was obtained from ChemService, Inc. (West
Chester, PA, USA), while all other pesticides were
obtained from Sigma-Aldrich (St. Louis, MO,
USA) as Pestanal analytical standards.

To select pesticide doses, we used published
contact LD50 values for honey bees (Tomlin
2009; Sanchez-Bayo and Goka 2014) and our
own range-finding trials to attain the approximate
LD20 (over 48 h) for the insecticides and the
maximum sublethal dose that was soluble in ace-
tone for the fungicides. During each range-finding
trial, selected workers were treated with a range of
five doses of a particular pesticide and acetone in
order to find the dose of the pesticide that
corresponded with the desired level of mortality.
If the tested range was not adequate, we followed
with another test of adjusted range. The maximum
soluble sublethal dose of each fungicide was de-
fined as the maximum dose that was soluble in
acetone and that did not cause increased mortality
compared with the control treatment. The three
selected fungicides all had low toxicities to
B. impatiens when applied individually and we
did not observe higher mortality than controls in
any of our range-finding trials, which reached the
limit of the fungicides’ solubility. Therefore, we
used concentrations of the fungicides that
approached the maximum solubility of the com-
pound in acetone. Based on these criteria, we used
the following contact doses per bee in the bioas-
says: thiamethoxam (0.024 μg), bifenthrin

(0.255 μg), difenoconazole (200 μg), fenhexamid
(250 μg), and myclobutanil (400 μg), each of
which were dissolved in acetone.

2.4. Treatments and dosing methods

Each bioassay consisted of four treatments to
assess acute contact toxicity to B. impatiens :
acetone control, fungicide alone, insecticide
alone, and both the fungicide and insecticide
applied together. To dose individual bees, we
first anesthetized them in a small container with
CO2 for 10 s. We then applied two separate
1 μL doses (total of 2 μL per bee) of acetone
or acetone-pesticide solution, applied 1 h apart,
to each bee in all trials. The first dose was
applied on the prothorax and the second dose
was applied on the dorsal side of the abdomen
to avoid direct interactions between the
chemicals that could confound results. Control
bees received 1 μL of acetone in both doses; the
insecticide treatment group received acetone in
the first dose, followed by the insecticide solu-
tion; the fungicide treatment group received the
fungicide solution in the first dose, followed by
acetone; the combination treatment received the
fungicide solution in the first dose followed by
the insecticide solution. We left the bees in
containers separated by treatment during the
1-h waiting period in between dose applica-
tions, and we anesthetized them again in the
same way as above prior to the second dosing.

Following the second dosing, we placed bees
in 16 cm × 16 cm × 10 cm plastic cages separated
by treatment. Each cage had an average of 8.30 (±
0.41 SE) bees, and this number was consistent
across treatments within a trial. The exact num-
bers of bees used in each cage were a function of
the number of bees of the appropriate age
(unmarked) that were available at each trial start
time. Each cage had a 20-mL syringe filled with
30% (w /v ) sucrose solution from which the bees
could feed ad libitum. No cage ever completely
depleted this supply of sucrose; therefore, it was
not replaced for the duration of the trial (maxi-
mum 3 days). We conducted the dosing experi-
ments between March and August 2018, and we
assessed mortality at 24, 48, and 72 h post-
treatment.
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2.5. Statistical analyses

We plotted survival curves for each
fungicide-insecticide combination and tested
for statistically significant synergistic interac-
tions between the pesticides using a modified
binomial proportion test for additivity (BPA)
(Hainzl and Casida 1996; Sgolastra et al.
2016; Raimets et al. 2017). This test com-
pares observed mortalities with expected
mortalities resulting from additive effects ac-
cording to the Bliss independence criterion,
which states that the expected additive mor-
tality of two compounds is the sum of the
mortality of each compound minus the prod-
uct of the mortality of the two compounds
(Greco et al. 1995). We calculated synergism
ratios at each time step by dividing the ob-
served mortality by the expected mortality
based on additivity (per the Bliss indepen-
dence criterion), where values > 1 indicate a
potential (though not necessarily statistically
significant) synergism. We performed the
BPA test at each time step where mortality
data were recorded (24 h, 48 h, 72 h) for
each fungicide-insecticide combination trial,
and we corrected for multiple comparisons
using the Bonferonni-Holm correction (Holm
1979).

Sample sizes differed between the different
combinations of pesticides tested; therefore, to
ensure that statistical significance was not affected
by sample size, we performed a power analysis for
two proportions (Cohen 1988). Here, we calculat-
ed the sample size necessary to detect a statistical-
ly significant difference (p < 0.05) between the
expected additive mortality and the observed mor-
tality of the fungicide-insecticide treatment using
the recommended power (0.8) and effect size cal-
culations for proportion data (Cohen 1988). Pow-
er analyses and graphical presentation (survival
curves) were conducted in R version 3.5.0 (R
Core Team 2018) using the package “pwr”
(Champely 2018) and “survminer” (Kassambara
and Kosinski 2018), respectively. The BPA test,
including the Bonferonni-Holm correction, was
conducted in R version 3.5.0 (R Core Team
2018) based on a script provided in Sgolastra
et al. (2016).

3. RESULTS

We detected statistically significant synergistic
interactions in bioassays with bifenthrin crossed
with difenoconazole and myclobutanil, as well as
with thiamethoxam crossed with myclobutanil
(Figures 1 and 2). The bifenthrin-myclobutanil
interaction was the most synergistic, where the
combination treatment exhibited statistically
higher mortality than the expected value at all time
steps (BPA test at 24 h, 48 h, and 72 h, p < 0.001),
with synergism ratios of 2.56, 3.28, and 11.0 at
each of the time steps, respectively (Figure 2).
The only synergistic interaction observed with
thiamethoxam was in the trials with myclobutanil
at 24 h (BPA test, p < 0.01), where a synergism
ratio of 2.38 was detected. In the bifenthrin-
difenoconazole trial, we also observed a synergis-
tic interaction at 48 h and 72 h (BPA test, p <
0.05), although synergism ratios were low, at 1.48
and 1.37, respectively. Neither bifenthrin nor
thiamethoxam interacted synergistically with the
fungicide fenhexamid. Mortality in the fungicide
treatments was consistently similar to the mortal-
ity in the control treatments for all pesticide com-
binations, indicating an overall low toxicity of
fungicides when applied alone. Power analyses
indicated that results would not change for trials
that did not show statistically significant synergis-
tic interactions had we used sample sizes that were
all equal to the largest sample size (N = 60; Online
Resource 2).

4. DISCUSSION/CONCLUSION

We show that some SBI fungicides interact
synergis t ica l ly with the neonicot inoid
thiamethoxam or the pyrethroid bifenthrin to
increase B. impatiens mortality, thus adding to
the growing literature on SBI-mediated pesti-
cide synergisms and providing new evidence
for impacts on B. impatiens a wild bee native
to North America. We found that both the oc-
currence and strength of a synergistic interac-
tion with a given insecticide differed depending
on the specific fungicide, despite all the fungi-
cides having the same mode of action. The
fungicides difenoconazole and myclobutanil
synergistically interacted with the pyrethroid

Synergistic interactions between pesticides 737



bifenthrin, while myclobutanil synergistically
interacted with the neonicotinoid thiamethoxam,
to increase contact toxicity to B. impatiens . Con-
trastingly, the fungicide fenhexamid did not dem-
onstrate a synergistic effect on either insecticide.
These results highlight the importance of consid-
ering interactive effects in pesticide risk assess-
ment for bees.

Our findings are consistent with other studies
that show variable synergistic effects of SBI fun-
gicides on the toxicity of neonicotinoids and pyre-
throids, where the strength of synergy depends on
the specific pesticide combination tested even
within the same pesticide class (Iwasa et al.
2004; Johnson et al. 2010; Thompson et al.
2014). We provide new evidence for these effects

Figure 1. Survival curves for B. impatiens in each fungicide-insecticide combination, including treatments of
solvent control, fungicide alone, insecticide alone, and fungicide-insecticide combined. a Bifenthrin-difenoconazole
(N: C (control), F (fungicide), I (insecticide), B (both) = 60). b Thiamethoxam-difenoconazole (N: C = 58, F = 53,
I = 58, B = 54). c Bifenthrin-fenhexamid (N: C = 22, F= 21, I = 22, B = 20). d Thiamethoxam-fenhexamid (N: C =
22, F = 22, I = 23, B = 23). e Bifenthrin-myclobutanil (N: C, F, I, B = 42). f Thiamethoxam-myclobutanil (N: C =
31, F = 31, I = 30, B = 30). Statistically synergistic effects are indicated according to a modified binomial proportion
test for additivity (BPA); *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Mortality of B. impatiens in each fungicide-insecticide combination experiment at a 24 h, b 48 h, and c
72 h. Open bars: expected additive mortality based on separate insecticide and fungicide treatments according to the
Bliss independence criterion; closed bars: observed mortality. Values above bars indicate the synergism ratio (observed
mortality/expected mortality. Statistically significant results are reported for synergies according to the modified
binomial proportion test for additivity; *p < 0.05, **p < 0.01, ***p < 0.001.
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as, with the exception of one study that evaluated
thiamethoxam and myclobutanil in honey bees
(Thompson et al. 2014), the specific pesticide
combinations we tested had not previously been
analyzed for their synergistic toxicity on any bee
species.

Although we observed relatively stronger syn-
ergistic effects with bifenthrin than with
thiamethoxam (e.g., maximum synergy of 11.0
with myclobutanil and bifenthrin compared with
2.38 with myclobutanil and thiamethoxam), there
is little evidence to suggest that pyrethroids in
general would be more synergistic than
neonicotinoids, as the strength of interaction is
highly dependent on the specific chemical tested
and a high amount of variability exists evenwithin
the same insecticide class. For example, the mor-
tality of A. mellifera treated with one of five SBI
fungicides in combination with the pyrethroid tau-
fluvalinate varied between 0.65 and 74.2-fold,
depending on the dosage, compared with control
mortality (Johnson et al. 2013). Similarly, in
A. mellifera , Iwasa et al. (2004) show the nitro-
substituted neonicotinoid imidacloprid to have
small synergism ratios of 1.52 and 1.85 when
crossed with two SBI fungicides, while the
cyano-substituted neonicotinoids acetamiprid
and thiacloprid had large synergy ratios as high
as 244 and 1141, respectively, when crossed with
the same fungicides. The relatively small interac-
tive effects we observed with all three fungicides
on thiamethoxam may be due to the latter being a
nitro-substituted neonicotinoid, where we may
have observed stronger effects if we had tested a
cyano-substituted neonicotinoid.

The differences in synergistic effects that we
observed among the three SBI fungicides may
reflect their distinct chemical classes within the
same SBI mode of action group. Fenhexamid,
which did not show synergisms with either
insecticide, belongs to a different class of SBI
fungicides (class III, hydroxyanilide) than
difenoconazole and myclobutanil (class I, tri-
azole) (Fungicide Resistance Action Committee
2019). These differences may reflect variability in
how the classes inhibit the P450 enzymes, thereby
having differential effects on P450 inhibition.
Fenhexamid, and potentially other fungicides
within the hydroxyanilide class, may therefore

offer an improvement over triazole fungicides in
terms of pesticide risk to bees.

There is some evidence that the synergies we
observed were strongest in the early stages of our
bioassays and decreased over time, as was the case
in the trial of myclobutanil + bifenthrin (synergy of
11.0 at 24 h and 2.56 at 72 h) and myclobutanil +
thiamethoxam (synergy of 2.38 at 24 h and no
synergies at 48 h or 72 h). These results concur
with other studies showing decreasing synergism
ratios through time (Sgolastra et al. 2016; Raimets
2017), and may reflect how the most susceptible
bees can only die once. In contrast, for the trial of
difenoconazole + bifenthrin, we observed a syner-
gy at 24 h, but not at the latter time points. How-
ever, the synergies observed in this trial were
relatively weak (1.48 and 1.37 at 48 h and 72 h,
respectively); therefore, the overall magnitude of
change in mortality across all time points was not
as pronounced as it was in the abovementioned
synergistic combinations.

The sole fungicide-insecticide interaction
common to our study and any other study, to
the best of our knowledge, was thiamethoxam
and myclobutanil (Thompson et al. 2014). Here,
the mild synergy we observed in B. impatiens
(mean synergism ratio of 1.67) concurs with
those found in A. mellifera (synergism ratio of
1.27). However, we did not use the same doses
as those in Thompson et al. (2014), since syner-
gism ratios can be strongly affected by the dose
of the pesticide (Johnson et al. 2013; Thompson
et al. 2014); our observed synergism ratios may
not have been as similar had we used the same
dose. We are unaware of other research testing
bifenthrin in combination with any SBI fungi-
cide, although some studies have observed var-
iable and sometimes large synergistic effects of
myclobutanil on the toxicity of other pyre-
throids on A. mellifera (Pillings and Jepson
1993; Johnson et al. 2013).

Although fungicides have generally been con-
sidered to be a low risk to bees, evidence is
mounting that fungicides may be riskier than pre-
viously thought. For instance, the amount of fun-
gicides applied on apple orchards in New York,
USA strongly influenced bee diversity and abun-
dance (Park et al. 2015), and the quantity of
certain fungicides sprayed in the surrounding
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landscape was the most important factor for
predicting bumble bee range contraction across
the USA (McArt et al. 2017b). Synergistic inter-
actions between fungicides and insecticides medi-
ated by cytochrome P450 inhibition could be one
mechanism that explains the surprisingly detri-
mental effects of fungicides, especially given the
high probability for bees to be exposed to poten-
tially interacting pesticides. For example, in one
study, 82% of A. mellifera colonies had
combinations of pesticides that are known
to interact synergistically (Mullen et al.
2017). There is also evidence that some fun-
gicides increase a bee’s susceptibility to par-
asites (Pettis et al. 2012, 2013), potentially
by altering the microbiome (Kakumanu et al.
2016) or midgut cell function (Huang et al.
2013). Therefore, it is possible that a combi-
nation of these threats posed by fungicides
may be interacting to negatively affect bee
health.

4.1. Limitations

The mortality we observed in the control treat-
ments and in the treatments of a given insecticide
varied across trials, likely due to differences in the
age or general health of the source colony. We did
not use colonies that had any visual signs of
pathogen infection; however, some colonies may
have been affected by pathogens that do not show
obvious phenotypes. We controlled for these po-
tential colony-specific impacts on mortality with-
in a given trial by using bees from the same
colonies across all treatments within each trial
and by varying the timing (in relation to when
we received the colonies) of each pesticide com-
bination tested, ensuring that bees came from
colonies of various ages in each trial. In terms of
pesticide doses used in the bioassays, our chosen
insecticide and especially fungicide levels were
higher than what bees likely experience in the
field. Therefore, our research identifies combina-
tions of pesticides that may pose more or less risk
to bees, yet further research is necessary to eluci-
date if the observed results are consistent when
using field-relevant doses. Furthermore, as some
pesticide effects may not be immediately apparent
in studies on acute toxicity, longer-term

monitoring of sublethal impacts on bee health
and behavior may be especially important in
follow-up studies.

4.2. Conclusions

We show that two sterol biosynthesis
inhibiting (SBI) fungicides belonging to the tri-
azole class have synergist ic effects on
B. impatiens mortality in the presence of the
neonicotinoid thiamethoxam and especially the
pyrethroid bifenthrin, providing new evidence
for synergistic interactions in B. impatiens . In
agreement with other studies, our work high-
lights that even among fungicides that have the
same mode of action, a high amount of variabil-
ity exists in the degree of synergism they dis-
play. Importantly, we found that fenhexamid, a
hydroxyanilide SBI fungicide, did not demon-
strate synergistic effects on the toxicity of
thiamethoxam or bifenthrin. Future work should
focus on whether these results are consistent
with other fungicides in this class. Our work
has important implications for bee conservation
and crop pollination services for two primary
reasons. First, fungicides, including many SBI
fungicides, are ubiquitous in agricultural land-
scapes and are often the most abundant pesticide
compounds found in bee products (Chauzat
et al. 2006; Mullin et al. 2010; McArt et al.
2017a). Second, bees are commonly exposed
to potentially synergistic mixtures of fungicides
and insecticides through direct exposure when
foraging or through contact with hive products
that retain multiple pesticides over extended
periods of time (Mullin et al. 2010). These re-
sults contribute to a growing body of literature
that highlights the importance of considering
interactive effects when assessing pesticide risk.
Although it is undoubtedly a challenge to thor-
oughly assess pesticide risk given the myriad
potential chemical combinations to which bees
are exposed in the wild, especially if considering
both lethal and sublethal effects, identifying the
most likely synergistic pesticide groups may
streamline this process. Ultimately, determining
how pesticides interact may be a crucial step in
disentangling the variability in the extent to
which pesticides impact bee health.
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