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The honeybee (Apis mellifera L.) is an important pollinator and a model for
pesticide effects on insect pollinators. The effects of agricultural pesticides
on honeybee health have therefore raised concern. Bees can be exposed to
multiple pesticides that may interact synergistically, amplifying their side
effects. Attention has focused on neonicotinoid pesticides, but flupyradifur-
one (FPF) is a novel butenolide insecticide that is also systemic and a
nicotinic acetylcholine receptor (nAChR) agonist. We therefore tested the
lethal and sublethal toxic effects of FPF over different seasons and worker
types, and the interaction of FPF with a common SBI fungicide, propicona-
zole. We provide the first demonstration of adverse synergistic effects on bee
survival and behaviour (poor coordination, hyperactivity, apathy) even at
FPF field-realistic doses (worst-case scenarios). Pesticide effects were signifi-
cantly influenced by worker type and season. Foragers were consistently
more susceptible to the pesticides (4-fold greater effect) than in-hive bees,
and both worker types were more strongly affected by FPF in summer as
compared with spring. Because risk assessment (RA) requires relatively lim-
ited tests that only marginally address bee behaviour and do not consider
the influence of bee age and season, our results raise concerns about the
safety of approved pesticides, including FPF. We suggest that pesticide RA
also test for common chemical mixture synergies on behaviour and survival.

1. Introduction

Pollinators provide ecosystem services that are crucial for crop production and
wild plant biodiversity [1]. The honeybee is a major pollinator [2] whose global
decline in health raises concerns about ecological impacts, including food secur-
ity and human welfare [3]. Multiple studies have focused on honeybees because
their general biochemistry and neurophysiology are better known than other
pollinators and since bees can be used to model pesticide harm to other
insect pollinators [4]. Pesticides are among the most important stressors affect-
ing bee health [5] and pose heightened risks when bees are exposed to multiple
pesticides for extended periods [6]. Attention has focused on the neonicotinoid
pesticides [7], but their use has been progressively restricted because of their
adverse effects on bees [8], and growing pesticide resistance [9]. New pesticides,
such as flupyradifurone (FPF, Sivanto®, Bayer CropScience AG [10]), have
therefore entered the market [9].

FPF is a newly developed systemic insecticide [11] that shares multiple
similarities with the neonicotinoids. Its chemical structure partially overlaps
with neonicotinoids, but FPF is a butenolide insecticide because of its different
pharmacophore [12]. Nonetheless, they share the same target site (agonists of
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insects nAChRs, Insecticide Resistance Action Committee
(IRAC) group 4), are both systemic [12] and control a wide
variety of pests [12] on diverse crops through multiple
[10,12]. FPF metabolites
6-chloronicotinic acid, which is also a metabolic by-product
of most neonicotinoids [9], and can cause adverse oxidative
stress in organisms such as freshwater amphipods and algae [13].

Because FPF is relatively new, fewer pest species are resist-
ant to it as compared with the neonicotinoids [11,12,14]. FPF is
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also thought to have a favourable ecotoxicological safety
profile [12] and is defined as relatively ‘bee safe’ [15]. Conse-
quently, while neonicotinoids can only be used to treat crops
in the absence of bee foraging, FPF can be used on flowering
crops when bees are actively foraging.

Relatively few studies have investigated the impacts of FPF
on bees. Hesselbach & Scheiner [16] showed that acute exposure
to a high, non-field-realistic FPF dose (1.2 g bee ') impaired
bee taste and cognition. Tan et al. [17] demonstrated that chronic
exposure to FPF impaired olfactory learning in larval
(0.033 pg larvae d™Y and adult (0.066 pg adult bee d™ Y Asian
honeybees (Apis cerana) at field-realistic doses. Campbell et al.
[18] tested the effects of FPF in a USA field study and observed
no significant side effects on bee colony strength. This latter
study, however, shows the difficulty of performing ecotoxicolo-
gical field trials [19]: bee-collected nectar and pollen sampled
from control fields were also contaminated with FPF.

Synergistic effects occur when combined exposure to two
factors results in an effect that is significantly greater than the
sum of individual effects. Such synergistic effects can occur
between pesticide and poor nutrition, reducing bee survival,
food consumption and energy levels [20]. Synergy can also
arise between a pesticide and disease [21] or from exposure
to multiple pesticides [22]. Chemical mixtures can have sub-
lethal effects that do not immediately reduce survival [23,24].
For example, pesticide mixtures can synergistically alter be-
haviour such as mobility in aquatic organisms [25,26]. The
combination of diseases (fungi) and pesticide (imidacloprid)
can synergistically alter beetle movement [27]. However,
there is, to date, no evidence that pesticides have significant
synergistic effects on pollinator behaviour.

Neonicotinoids and SBI (sterol biosynthesis inhibitor)
fungicides have synergistic effects on bees because SBI fungi-
cides can inhibit detoxification [28]. FPF and the fungicide,
tebuconazole, decreased FPF LDs, of in-hive bees by 6-fold
[15]. The SBI fungicide propiconazole (PRO; chemical group:
triazole; MoA code: G1, DeMethylation Inhibitors (DMI),
SBI class 1; Fungicide Resistance Action Committee (FRAC)
code: 3) is one of the most commonly used fungicides and is
found in the environment and in bee food [29-32]. Both FPF
and PRO are used on the same common crops [33]. As FPF
is a relatively new pesticide, no monitoring studies have yet
tested its co-occurrence as an environmental contaminant
with other pesticides. However, FPF is approved for many of
the same crops as the neonicotinoids [33], and neonicotinoids
co-occur with SBI fungicides in bee pollen [6]. We therefore
investigated the potential synergistic effects of two systemic
pesticides, FPF and PRO.

We also examined the effects of seasonality. Although
summer bees are typically more sensitive to pesticides than
winter bees [34-37], some studies have reported different
results [35,38]. Baines et al. [38] showed that early spring
bees (March) were more susceptible to pesticides than
summer bees. Decourtye ef al. [35] found that exposure to a

neonicotinoid pesticide (imidacloprid) reduces survival of
winter bees, but reduced learning performances of summer
bees. Seasons influence the floral and food resources avail-
able, thereby altering pesticide resistance [20], toxicokinetics
and bee immunity [39]. Pesticide effects are also temperature
dependent and alter thermoregulation [40], and season could
alter bee detoxification abilities [39].

The effects of pesticides can be influenced by the age and
body weight of an organism [39,41,42]. In-hive bees are typi-
cally heavier and more resistant to pesticides than foragers
[43]. Bee responses to toxins also change as they age
[44-48], and older bees may be more sensitive to pesticides
[34]. However, to date, no studies have examined how the
toxicity of FPF varies across worker type and season. We
thus tested the effects of FPF over seasons and between
worker types, assessing its interactive effects with a
common SBI fungicide, PRO, on bee behaviour and survival.

2. Material and methods

We used six healthy honeybee colonies (Apis mellifera ligustica Spi-
nola, 1806, located at the UCSD Biology Field Station apiary, La
Jolla, USA), studied forager and in-hive honeybees, and followed
standard collection and rearing methodologies [49]. To test the
effect of season, we collected bees at two different colony develop-
mental stages: early spring (February—March 2016) and summer
(July 2016). We tested the synergistic and individual effects of
FPF exposing bees to five acute oral doses of FPF or FPF + PRO.
Based on current guidelines [50,51], we tested FPF doses (375
and 750 ng bee ') considered field-realistic, since bees can ingest
higher FPF doses while foraging (see electronic supplementary
material for the worst-case scenario estimations).

Following previous studies [22,28,52], we used a relatively high
PRO dose that nonetheless, on its own, has no impact on bee sur-
vival (7000 ng bee ! [22,52]). PRO is one of the most commonly
used fungicides that contaminates bees and the environment
[31,32]. Bees can be simultaneously exposed to FPF and PRO (or
another SBI fungicide with similar mode of action) because they
are used on the same crops and ornamentals, including fruits
(e.g. citrus), oilseeds (e.g. soya bean, peanuts), cereals (e.g. corn,
sorghum) [10,12,15,53-55], although guidelines state that flupyra-
difurone should not be directly tank-mixed with azole fungicides
when applied to flowering crops [10]. These pesticides can be
used multiple times over a year in the same crop (and over differ-
ent seasons) and applied in multiple ways (i.e. aerial, chemigation
or ground application). In addition, bees can also be exposed to
pesticides that drift from different crops (i.e. buffer zones) or are
stored in the same hive [56,57]. FPF and PRO are easily taken
up by plants and thus contaminated soil and water may lead to
unintended absorption. This can result in prolonged, multi-year
contamination [56,58,59]. Bees can therefore be exposed to pesticide
combinations that are contraindicated in tank mixes [6].

We tested a control dose (0 ng bee ), a total of six doses of FPF
(375, 750, 1500, 3000, 6000, 12 000 ng bee ?, respectively correspond-
ing to 37.5, 75, 150, 300, 600, 1200 ppm), and five doses of the
positive control dimethoate (DIM; 50, 100, 200, 400, 800 ng bee !,
respectively corresponding to 5, 10, 20, 40, 80 ppm). In the combined
FPF + PRO treatment, each FPF dose was tested in combination
with a single sublethal dose of PRO (7000 ng bee ', corresponding
to 700 ppm). We used technical grades of all active ingredients. The
test solutions (sucrose 50% w/w, 100 wl cagefl, 10 pl bee 1)) were
provided inside each cage using an Eppendorf cap [60], contained
acetone as a solvent (0.7%) and were completely consumed
60 min after oral administration [60].

We measured the effects of treatment on bee survival
(1-48h) and the frequency of bees exhibiting abnormal
behaviours (1-4 h, see below).
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Detailed methods are the electronic

supplementary material.

reported in

(a) Abnormal behaviours: synergistic and individual
effects

We measured the percentage of bees exhibiting abnormal beha-
viours (i.e. the number of abnormally behaving bees per cage)
across time (1, 2 and 4 h after treatment) depending on pesticide
dose, season and worker type. We quantified the following beha-
viours: motion coordination deficits, hyperactivity, apathy,
curved-down abdomen or moribund (electronic supplementary
material, table S1) [4,15,51,60-62]. These abnormal behaviour
categories are based on official ecotoxicological guidelines
[60,63]. The unit of replication was the cage, and we observed
each bee for 6s (a maximum of 60 s for a cage with 10 bees).
To improve the standardization and repeatability of our behav-
ioural assessments, we refined the accuracy of the definitions of
the behaviours of the official ecotoxicological guidelines [60,63]
through videos (electronic supplementary material) and descrip-
tions (electronic supplementary material, tables S1 and S2). We
measured abnormal behaviours up to 4 h because high mortality
at later time points severely reduced sample sizes in certain treat-
ments and because behavioural abnormalities primarily occurred
less than 4 h after treatment. The experimenters were blind to the
treatments and were trained using standard descriptions (elec-
tronic supplementary material, tables S1 and S2) and videos
(electronic supplementary material) of the behaviours. Before
being allowed to score behaviours, experimenters needed to
score standard videos with greater than 95% consistency.

(b) Statistical analysis

To test for synergy, we determined if the difference between the
expected and the observed effects (either mortality or presence of
abnormal behaviour) of the combined treatment could arise
by chance alone or was larger than the simple additive effect
of both pesticides.

We used the concentration addition (CA) reference model to
define biologically significant synergy of chemical mixtures [64].
Based on each worker type LDs5,, we calculated the model devi-
ation ratio (MDR) to determine if the FPF 4+ PRO interaction
caused synergistic (MDR > 2), additive (0.5 <MDR <2), or
antagonistic (MDR < 0.5) effects [25]. To estimate the MDR, we
calculated the toxic unit (TU) of each individual pesticide (FPF,
PRO) and of the binary chemical mixture (FPF 4+ PRO) [51].

We calculated the risk ratio (RR) and the risk difference
(RD) to quantitatively express both relative (RR) and absolute
(RD) size of the interactive effect of the chemical mixture on
bee survival (frequency of dead bees; electronic supplementary
material, table S3) and behaviour (frequency of abnormally
behaving bees; electronic supplementary material, table S4)
[65,66]. The RR was determined by dividing the observed effects
by the expected effects and therefore cannot be calculated when
the expected effect is 0 [65,66]. The RD is the difference between
the ratio of observed and expected effects.

3. Results

(a) Pesticides synergistically increased mortality

The combination of FPF and PRO (FPF 4 PRO) synergisti-
cally increased mortality of both in-hive and forager bees
(binomial proportion test, Holm correction; electronic sup-
plementary material, table S3; figure 1a,b). The synergistic
effect of FPF + PRO significantly reduced in-hive bee survi-
val at 750 ng bee ! (1-48h after exposure, RRyx =9,

RDpjax = 44; electronic supplementary material, table S3),
1500 ng bee ! (1-48 h after exposure, RRyjax = 5, RDppax =
37) and 3000 ng bee ! of FPF (1 h after exposure, RRy, =5,
RDyp, = 23). The synergistic effect of FPF + PRO significantly
reduced forager survival at 750ngbee ' (1-48h after
exposure, RRyj.x = 5, RDpax = 64; electronic supplementary
material, table S3), 1500 ng bee ! (1h after exposure,
RRyax = 5, RDyjax = 27) and 3000 ng bee ' of FPF (1-2h
after exposure, RRy1,x = 11, RDpjax = 33).

These synergistic effects were weaker at higher doses
(electronic supplementary material, tables S3 and S4): FPF
alone caused higher mortality at increasing doses, approach-
ing the upper threshold of 100%, and thus reducing the
difference between combined and individual treatments.
Because synergy is better captured when the mortality of
individual treatments is low, the synergistic effect was
longer lasting for in-hive bees (i.e. 1-48 h at 1500 ng bee ),
than for foragers (i.e. 1 h at 1500 ng bee ).

The LDsy of FPF +PRO (TUgppsummer in-hive = 0.25;
TUppE summer foragers = 0.19; TUpro = 0.07, TUgpE | PRO summer
in-hive — 032/ TUFPF+PRO, summer foragers — 026) was also Sig'
nificantly lower than that of either compound alone for
both in-hive (4-fold toxicity increase, MDR = 3.1) and fora-
gers (5-fold toxicity increase, MDR = 3.9). Because the
MDRs are higher than 2, the FPF 4 PRO interaction was
synergistic for both worker types [64]. PRO alone did not
cause any significant effect on survival (y* = 0.6376, d.f. =1,
p > 042).

The lower field-realistic FPF dose (375 ng FPF bee 1 h™h
caused a 73% mortality in bees when combined with PRO.
Thus, the FPF + PRO LDs, was lower than 375 ng FPF bee L.

There was a significant effect of FPF dose on bee survival
(Fit proportional hazards, p < 0.0001; electronic supplemen-
tary material, table S5). survived
significantly longer than bees exposed to 1500 ngbee '
(Kaplan—Meier™®, p <0.049; electronic supplementary
material, table S6), 3000 ng bee ! ( p < 0.0001), 6000 ng bee ™ ?
(p < 0.0001), 12000 ng bee * (p < 0.0001) of FPF.

The FPF LDsj of our study (2995 ng bee 1) is 2.5 times
higher than the reported by the US EPA
(1200 ng bee 1) [15] when we compare toxicity on standard
individuals (in-hive summer bees [60], figure 2). However,
we had a slightly different protocol than the US EPA [15].
We used 1h exposure to 10 wl, not 6 h exposure ad libitum.
Our positive control (DIM, reference toxin) met validity cri-
teria because the 24h LDsy of DIM was within the
standard limits (0.10-0.35 pg bee 1) defined by official inter-
national guidelines [60]. There was no significant effect of the
colony on bee survival (p > 0.05; electronic supplementary
material, table S5).

Pesticide-free  bees

value

(b) Pesticides synergistically increased abnormal

behaviours
FPF + PRO synergistically increased abnormal behaviours of
both in-hive and forager bees (binomial proportion test,
Holm correction; electronic supplementary material, table
S4; figure 3). The synergistic effect of FPF 4+ PRO significantly
increased in-hive bee abnormal behaviours at the lower FPF
doses of 750 ng bee ! (1-4h after exposure, RRyp.x = 10,
RDpjax = 63; electronic supplementary material, table S4),
1500 ng bee ! (1-4 h after exposure, RRypax = 2, RDypax = 33)
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Figure 1. Lethal effects of FPF vary based on (a,b) combination with another pesticide (PRO), (c) bee worker type and (d) season. In (a,b), lethal synergistic effects
of FPF -+ PRO on bee survival across time and worker type ((a) in-hive bees; (b) foragers). We tested the individual effects of FPF (blue dashed lines) and PRO
(green dashed lines) and compared their expected (orange full lines) and observed (red full lines) combined effects, on bee mortality. In (c,d), we show the
influence of (c) worker type and (d) season on bee sensitivity to FPF doses, assessed as survival across time. Asterisks indicate significant (a,b) synergistic (significant
difference between mortality of expected and observed combined treatment; binomial proportion tests, Holm corrected; n = 390; electronic supplementary material,
table S3) or (¢,d) individual (KapIan—MeierDS; n = 1440; electronic supplementary material, table S6) effects of FPF at specific time assessments (*p = 0.05, **p = 0.01,

**¥p = 0.001, ****p = 0.0001).
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Figure 2. The LDs, (48 h) of bees exposed to FPF (a) and FPF + PRO (b)
across worker types (in-hive bees versus foragers) in summer. Above each bar,
we show the LDs values. Different letters indicate significant differences. We
show the 24 h LDs, of foragers (light grey bars), because high summer for-
ager mortality at 48 h prevented the accurate estimation of their 48 h LDs,
(standard LDs estimation time, dark grey bars). Error bars represent 95%
confidence intervals (ngea = 1080). The LD, of FPF across season and
worker type is reported in electronic supplementary material, figure S1.

in-hive foragers foragers

and 6000 ng bee ! of FPF (4h after exposure, RRy, =2,
RDyj, = 27). The synergistic effect of FPF + PRO significantly
increased forager abnormal behaviours at 750 ngbee '
(I-4h after exposure, RRyjax = 15, RDpax = 47; electronic
supplementary material, table S4), 1500 ngbee ' (2-4h

after exposure, RRyjox =2, RDyax = 30) and 6000 ng bee™!
of FPF (1 h after exposure, RRy, = 2, RDy}, = 23). PRO alone
did not cause any significant abnormal behaviour. As with
survival (see above), the synergistic effects on abnormal
behaviours were more evident at lower doses.

The lower field-realistic dose of FPF (375 ng FPF bee 1 h™h
significantly increased the number of bees exhibiting abnormal
behaviours (RRygax = 36, RDyax = 80, p < 0.0001) when com-
bined with PRO (electronic supplementary material, table S7;
figure 3). These adverse behavioural effects started rapidly
and remained consistent after treatment (RR Range; _4, = 34—
36, RD; _4n, = 74-80, p < 0.0001; table 1; electronic supplementary
material, table S7).

There was a significant effect of dose 1, 2 and 4 h after
treatment with FPF (Mixed Modelggnmr, p < 0.0001; electronic
supplementary material, table S8; figure 3), DIM (p < 0.0001)
and FPF + PRO (p < 0.0001). After treatment, bees showed
coordination problems fairly consistent across time. Specifi-
cally, they mostly showed hyperactivity and curved-down
abdomen in the shorter term after treatment (1h) and
apathy later on (4 h).

(c) Pesticides were more toxic to foragers than in-hive
bees

There was a significant effect of worker type on the survival
of bees exposed to FPF and DIM (fit proportional hazards,
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Figure 3. Sublethal (frequency of bees exhibiting abnormal behaviour) effects of FPF in combination with another pesticide (PRO). On the left (a,b), the
synergistic effects of FPF and PRO across time (1—4 h after treatment) and worker type (in-hive bees: (a); foragers: (b)). We tested the individual effects of
FPF and PRO and compared their expected (orange) and observed (red) combined effects (a,b, binomial proportion tests, Holm corrected; n = 390, elec-
tronic supplementary material, table S4). Because PRO alone did not alter bee behaviour alone, we only show the expected and observed results (a,b). On
the right (c,d), sublethal effects of (c) FPF (750—12 000 ng FPF bee ') and (d) FPF -+ PRO (375—6000 ng FPF bee ', 7000 ng PRO bee ') as compared
with each respective control (mixed modelggyy, contrast test®, Dunn —Sidak corrected; n = 342; electronic supplementary material, tables S7 and S8). We
show the effects observed in summer, pooled by worker type in (c,d). Asterisks indicate significant effects at specific time assessments (*p = 0.05, **p = 0.01,
**¥%p = 0.0001).

Table 1. The frequency of bees exhibiting abnormal behaviours after exposure to the lower field-realistic FPF dose tested (375 ng FPF bee ™), combined with
PRO. We report the effect size as the risk ratio (RR, observed/expected) and the risk difference (RD, observed —expected), which compared the effects of FPF +
PRO (375 ng FPF bee " and 7000 ng PRO bee ") versus either control (0 ng bee ") or the lower dose of FPF tested alone (750 ng FPF alone per bee).
Combined exposure to FPF 4 PRO (375 ng FPF bee ") resulted in a higher frequency of bees exhibiting abnormal behaviours, even when compared with higher
doses of FPF administered alone (750 ng bee RRrange = 7—34; RDpnge = 43—75). Because of the low effect of FPF alone at 375 ng FPF bee ™", we did not
test the effects of this dose alone. We report ‘n.a.” because the expected mortality was 0, and RR calculation is not possible when the denominator is 0.

synergistic increase

versus versus FPF
control alone
time after bees exhibiting
treatment worker type treatment (h) abnormal behaviour (%) [ ]
FPF + PRO (375 ng FPF bee ) in-hive 1 76 na. 76 34 66
. e o o
foragers1 e e e
2 74 33 72 7 Al

p < 0.0001; electronic supplementary material, table S5). For-
agers are older than in-hive bees, and thus it is not surprising

at 48 h, Kaplan—MeierDS, p = 0.0002; electronic supplemen-
tary material, table S6), 3000 ng bee ! (2-fold, p < 0.0001),

that in-hive control bees lived longer than control foragers
(Kaplan—-Meier™, p=0.0001; electronic supplementary
material, table S6; figure 1c). As the FPF dose increased, the
survival of both bee castes decreased and, at each dose, the
difference between the survival of each caste tended to
increase (interaction FPF dose x worker type, p = 0.001; elec-
tronic supplementary material, table S5; figure 1c,d). FPF was
significantly more toxic to foragers (compared with in-hive
bees) at almost all doses tested: 1500 ng bee ! (4-fold increase

6000 ng bee ! (1.2-fold, p = 0.006) of FPF. At 12 000 ng bee "
of FPF, there was no significant effect (p > 0.26) of worker
type on survival, because the mortality of in-hive and forager
bees was very high.

The LDs, assessments confirmed that FPF and DIM tox-
icity was influenced by worker type (figure 2; electronic
supplementary material, figure S2). Foragers were signifi-
cantly more susceptible to pesticides in both early spring
(FPF: 2-fold toxicity increase; DIM: 4-fold) and summer
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(FPF: 2-fold; DIM: NS), as compared with in-hive bees.
High forager mortality in summer prevented the estimation
of the 48 h LDsy of summer foragers. Foragers were more
affected by the synergistic effects caused by FPF + PRO
(5-fold increased mortality), as compared with in-hive
bees (4-fold).

There was a significant effect of worker type on bee
abnormal behaviours 1h after treatment with FPF (mixed
modelggmr, p = 0.046; electronic supplementary material,
table S3), and 1 and 2h after treatment with DIM (p <
0.005). There was no significant effect of worker type at any
other time point (p > 0.57). There was no significant effect
of worker type on abnormal behaviours after exposure to
FPF + PRO (p > 0.05).

There was a significant effect of the interaction dose x
worker type after treatment with FPF (1-2h: p < 0.049),
DIM (1-4 h: p < 0.025) and FPF 4 PRO (4 h: p = 0.003; elec-
tronic supplementary material, table S3; figure 3) on bee
abnormal behaviours. Foragers were more susceptible to
FPF (1500 ng bee ': p < 0.0001; electronic supplementary
material, table S9) and FPF + PRO (375 ng bee ": p < 0.006;
electronic supplementary material, table S9) as compared
with in-hive bees.

(d) FPF was more toxic in summer

There was a significant effect of season on the survival of
bees exposed to FPF (fit proportional hazards, p < 0.0001;
electronic supplementary material, table S5). There was
also a significant effect of the interaction FPF dose x
season (p=0.011). FPF was significantly more toxic in
summer, as compared with early spring, at 3000 ng bee '
(Kaplan—-Meier™, p=10.013; electronic supplementary
material, table S6; figure 1d) and 6000 ng bee ' (p = 0.0003).
At 12000 ng of FPF, there was no significant effect of season
on survival, because bee mortality was too high in both
seasons (p > 0.78).

The LDsy assessments confirmed that FPF toxicity was
influenced by season (electronic supplementary material,
figure S1). FPF was significantly more toxic in summer,
both for in-hive and forager bees (2-fold toxicity increase),
as compared with early spring.

There was a significant effect of season on bee abnormal
behaviours 1 and 2h after treatment with FPF (mixed
modelggmr, p < 0.008; electronic supplementary material,
table S8). There was no significant effect of season at 4 h
after treatment of FPF (p > 0.51). There was a significant
effect of the interaction dose x season on bee abnormal beha-
viours after treatment with FPF (1 h: p = 0.0004; electronic
supplementary material, table S8; figure S4). FPF significantly
increased bee abnormal behaviours in summer, as compared
with early spring, at 750 ng bee ! (contrast test™®, p < 0.0001;
electronic supplementary material, table S9; figure S4),
1500 ng bee ! (p = 0.012) and 3000 ng bee ' (p = 0.001).

The electronic supplementary material contains
additional results, including bee weight and DIM toxicity.

4. Discussion

We provide the first demonstration that the combination of
two pesticides can synergistically increase the frequency of
pollinators with abnormal behaviours (figure 3). We also pro-
vide the first evidence of adverse synergistic lethal

(MDRpax =4; RRpax =11; RDpax=64) and  sublethal n

(RRpax = 15; RDyax = 63) effects caused by FPF and an SBI
fungicide, PRO (electronic supplementary material, tables S3
and S4; figures 1 and 3). All FPF doses tested significantly
impaired bee behaviour as compared with the control treat-
ment (electronic supplementary material, tables S7 and S8;
figure 3). FPF can thus impair bee survival and behaviour at
field-realistic (worst-case) doses when combined with an SBI
fungicide. In addition, the toxic effect of FPF and FPF + PRO
on bee survival and behaviour was significantly influenced
by worker type and season. Foragers were consistently more
susceptible to these pesticides (up to 4-fold; figures 1 and 3;
electronic supplementary material, figures S2-S4). This
result is troubling because the official guidelines for pesticide
risk assessment (RA) only test in-hive bees, thereby underesti-
mating the risk that pesticides pose for foragers. This is also
concerning given that foragers are particularly at risk of pesti-
cide exposure since they forage in the field. The lower weight
of foragers (—11%), as compared with in-hive bees (electronic
supplementary material, table S10), is a possible reason for
their increased susceptibility to pesticides.

Our results confirm that abnormal behaviours usually
appear shortly (1h) after exposure to pesticides [40,67,68].
However, official RA guidelines do not require a thorough
assessment of abnormal behaviours, and then only 4 h after
treatment, when many effects may have declined. Short-
term (1-2 h) behavioural alterations can be detrimental for
bee health, especially for bees carrying out risky tasks (i.e.
foraging) within this time window. We demonstrated that
adverse sublethal effects are more frequent in foragers (as
compared with in-hive bees) and could impact their foraging
efficiency, as well as their survival, if these abnormal behaviours
occur while bees are foraging in the field. Future behavioural
assessments conducted using standard assays such as loco-
motion arenas could better establish potentially harmful
effects of pesticides on beneficial insects [67,69-71].

Our results show that FPF and the neonicotinoids, both of
which target insect nicotinic acetylcholine receptors [9], have
relatively similar effects on bee health, sharing side-effects on
bee survival and behaviour [67]. The SBI fungicide, PRO,
similarly amplifies both FPF (4-fold, MDRsummer in-hive =
3.1, this study) and neonicotinoid (3-fold [22]) toxicity in
bees. With respect to survival, FPF toxicity (based on LDs)
is over 559 times lower than the toxicity of the N-nitroguani-
dine neonicotinoids (clothianidin, imidacloprid,
thiamethoxam), but more than five times higher than the
N-cyanoamidine neonicotinoids (acetamiprid, thiacloprid)
[33]. To assess the risk for bees, these differences need to be
considered based on actual exposure, which depends on
application methods (e.g. frequency of treatments and appli-
cation rate) and active ingredient properties (e.g. toxicity).

The FPF + PRO synergistic effects on bee survival and
behaviour are more evident at lower doses, where the effect
of FPF is less detrimental. Our assessment suggests that
FPF, like the neonicotinoids [40], may lead to a favourable
biological response at low exposure levels (i.e. hormesis
[72]). In foragers, the low dose of FPF (750 ng bee 1) resulted
in reduced mortality than the control treatment (0 ng bee ’;
figure 1c,d). Similarly, our observed synergistic behavioural
alterations (figure 3) occurred at low (750-1500 ng bee ™}
and high (6000 ngbee ') doses, but not at intermediate
ones (3000 ng bee !). These non-monotonic effects of
pesticides (i.e. hormesis) should be further investigated.
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Restrictions on neonicotinoids have been increasing after
decades of research demonstrating their adverse effects on
beneficial pollinators and persistent environmental contami-
nation [20,58]. New systemic insecticides such as FPF and
sulfoxaflor, examples of the novel butenolide and sulfoxa-
mine chemical classes, are the likely successors of the
neonicotinoids [73]. While sulfoxaflor has adverse effects on
bumblebees [74], FPF is considered ‘bee safe’ and can be
used on flowering crops with actively foraging bees [12,15].
Our study raises concerns about the ecotoxicological profile
of FPF and the safety of FPF for bees.

Pesticide toxicity is amplified by multiple interacting
stressors [5,20] and thus a holistic approach that tests more
of the different conditions that bees naturally experience is
beneficial [39,75]. Although sensitivity to pesticides is influ-
enced by season, bee type and concomitant pesticide
exposure [44,76], current RA schemes implement only limited
tests, requiring only the evaluation of single pesticide effects
on in-hive summer bees [77]. Such restricted testing could
underestimate or overestimate pesticide effects [38,77]
because different worker types (i.e. in-hive bees versus fora-
gers) can be exposed to multiple pesticides over different
seasons [6]. FPF (Sivanto) labelling restricts using tank-
mixtures with azole fungicides [10]. However, bees can still
be exposed to FPF and PRO simultaneously, as discussed
above and in the electronic supplementary material.

Future RA should consider sublethal and behavioural
effects [78,79]. Studies are necessary to confirm and link lab-
oratory results to field tests, so that specific protection goals,
such as avoiding unacceptable decreases in colony popu-
lation or increases in forager mortality, can be assessed [78].
Monitoring the behaviour of multiple honeybees in a whole
colony, though feasible in observation colonies [80], intro-
duces complications [19] and costs that would be likely to
constrain general adoption in RA. Testing bees in the labora-
tory also has the benefit of greater control, ease of testing and
thus replication with more colony sources.

Because RA with honeybees is often used as an indicator
of potential harm to other bees [50], our results raise broader

References

concerns. However, there can be significant differences,
greater and lesser, between the individual sensitivities of
different bee species, highlighting the need for future
research.

Although risk assessors are beginning to address syner-
gistic effects on survival [79,81] and sublethal effects such
as homing behaviour and hypopharyngeal development
[51], many important synergistic and behavioural effects
that can affect colony fitness are not explored. We propose
that RA include more thorough assessments of behaviours
and synergies. Behavioural testing should be implemented
1 or 2 h after exposure, since short-term behavioural effects
can realistically impair bee survival when ingesting pesti-
cides while foraging [82]. RA could address potential
synergies on behaviour and survival by testing limited
chemical mixtures of pesticides that have a higher likelihood
of interactive effects based on the respective modes of action
(e.g. propiconazole with neonicotinoids or FPF) and co-occur
in the environment. We provide a simple way to measure
synergistic effects on bee behaviour and survival following
a standard ecotoxicological test. Our procedure could be
implemented fairly easily in pesticide RA procedures,
within the LDs, toxicity test scheme [60].

Data accessibility. Data available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.5{87k5v [83].

Authors” contributions. S.T. and J.C.N. designed and supervised the exper-
iments, analysed the data and wrote the manuscript.

Competing interests. The authors declare that they have no competing
financial interests.

Funding. This research was partially funded by the UCSD Academic
Senate and the Avaaz Foundation, which have no influence on the
research design, collection, data analysis, data interpretation and
manuscript writing or publication.

Acknowledgements. We would like to thank Roberto Molowny-Horas for
valuable statistical feedback, Edoardo Carnesecchi for comments on
the manuscript, and the students who contributed to this research
through data collection and processing: Zhouran Ding, Hoejeong
Kim, Michael Lee, Joseph Di Liberto, Paola Magdaleno, Maxwell
Menke, Noah Patawaran, Linda Tong and Jingxiao Zhang.

Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter
I, Cunningham SA, Kremen C, Tscharntke T. 2007
Importance of pollinators in changing landscapes
for world crops. Proc. Biol. Sci. 274, 303—313.
(doi:10.1098/rspb.2006.3721)

Hung K-LJ, Kingston JM, Albrecht M, Holway DA,
Kohn JR. 2018 The worldwide importance of honey
bees as pollinators in natural habitats. Proc. R. Soc.
B 285, 20172140. (doi:10.1098/rspb.2017.2140)
Potts SG, Biesmeijer JC, Kremen C, Neumann P,
Schweiger 0, Kunin WE. 2010 Global pollinator
declines: trends, impacts and drivers. Trends Ecol.
Evol. 25, 345—353. (doi:10.1016/j.tree.2010.01.007)
Desneux N, Decourtye A, Delpuech J-MM. 2007
The sublethal effects of pesticides on beneficial
arthropods. Annu. Rev. Entomol. 52, 81—106.
(doi:10.1146/annurev.ent0.52.110405.091440)
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)

Tosi S, Costa C, Vesco U, Quaglia G, Guido G. 2018 A
3-year survey of Italian honey bee-collected pollen
reveals widespread contamination by agricultural
pesticides. Sci. Total Environ. 615, 208—218.
(doi:10.1016/j.scitotenv.2017.09.226)

Stokstad E. 2017 European bee study fuels debate
over pesticide ban. Science 356, 1321. (doi:10.1126/
science.356.6345.1321)

Butler D. 2018 Scientists hail European ban on bee-
harming pesticides. Nature (27 April). (doi:10.1038/
d41586-018-04987-4)

Giorio C, Safer A, Sanchez-Bayo F, Tapparo A,
Lentola A, Girolami V, Bijleveld van Lexmond M,
Bonmatin J-M. 2017 An update of the Worldwide
Integrated Assessment (WIA) on systemic
insecticides. Part 1: new molecules, metabolism,

10.

.

12.

13.

fate, and transport. Environ. Sci. Pollut. Res. (doi:10.
1007/511356-017-0394-3)

Bayer Crop Science AG. 2013 Flupyradifurone
technical information. Monheim am Rhein,
Germany: Bayer Crop Science AG.

Jeschke P, Nauen R, Gutbrod O, Beck ME,
Matthiesen S, Haas M, Velten R. 2015
Flupyradifurone (Sivanto™) and its novel
butenolide pharmacophore: structural
considerations. Pestic. Biochem. Physiol. 121,
31-38. (doi:10.1016/j.pestbp.2014.10.011)

Nauen R et al. 2014 Flupyradifurone: a brief profile
of a new butenolide insecticide. Pest Manag. Si.
71, 850—862. (doi:10.1002/ps.3932)

Malev 0, Klobucar RS, Fabbretti E, Trebse P. 2012
Comparative toxicity of imidacloprid and its
transformation product 6-chloronicotinic acid to
non-target aquatic organisms: microalgae
Desmodesmus subspicatus and amphipod Gammarus

€EV06107 98T § 20 'Y 2044 qdsi/jeuinol/biobuiysiigndAiaposiefo H


https://doi.org/10.5061/dryad.5f87k5v
https://doi.org/10.5061/dryad.5f87k5v
http://dx.doi.org/10.1098/rspb.2006.3721
http://dx.doi.org/10.1098/rspb.2017.2140
http://dx.doi.org/10.1016/j.tree.2010.01.007
http://dx.doi.org/10.1146/annurev.ento.52.110405.091440
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.1016/j.scitotenv.2017.09.226
http://dx.doi.org/10.1126/science.356.6345.1321
http://dx.doi.org/10.1126/science.356.6345.1321
http://dx.doi.org/10.1038/d41586-018-04987-4
http://dx.doi.org/10.1038/d41586-018-04987-4
http://dx.doi.org/10.1007/s11356-017-0394-3
http://dx.doi.org/10.1007/s11356-017-0394-3
http://dx.doi.org/10.1016/j.pestbp.2014.10.011
http://dx.doi.org/10.1002/ps.3932

20.

21.

22.

23.

24,

25.

26.

fossarum. Pestic. Biochem. Physiol. 104, 178—186.
(doi:10.1016/j.pesthp.2012.07.008)

Prosser RS, de Solla SR, Holman EAM, Osborne R,
Robinson SA, Bartlett AJ, Maisonneuve FJ, Gillis PL.
2016 Sensitivity of the early-life stages of
freshwater mollusks to neonicotinoid and
butenolide insecticides. Fnviron. Pollut. 218,

428 -435. (doi:10.1016/j.envpol.2016.07.022)

US EPA. 2014 Environmental fate and ecological risk
assessment for foliar, soil drench, and seed
treatment uses of the new insecticide flupyradifurone
(BYI 02960). Washington, DC: US EPA.

Hesselbach H, Scheiner R. 2018 Supplementary
information of effects of the novel pesticide
flupyradifurone (Sivanto) on honeybee taste and
cognition. Sci. Rep. 8, 4954. (doi:10.1038/541598-
018-23200-0)

Tan K, Chen W, Dong S, Liu X, Wang Y, Nieh JC.
2015 A neonicotinoid impairs olfactory learning in
Asian honey bees (Apis cerana) exposed as larvae or
as adults. Sci. Rep. 5, 2—10. (doi:10.1038/
srep10989)

Campbell JW, Cabrera AR, Stanley-Stahr C, Ellis JD.
2016 An evaluation of the honey bee
(Hymenoptera: Apidae) safety profile of a new
systemic insecticide, flupyradifurone, under field
conditions in Florida. J. Econ. Entomol. 96,
875-878. (doi:10.1093/jee/tow186)

Simon-Delso N, San Martin G, Bruneau E, Delcourt
C, Hautier L. 2017 The challenges of predicting
pesticide exposure of honey bees at landscape level.
Sci. Rep. 7, 3801. (doi:10.1038/541598-017-
03467-5)

Tosi S, Nieh JC, Sgolastra F, Cabbri R, Medrzycki P.
2017 Neonicotinoid pesticides and nutritional stress
synergistically reduce survival in honey bees.

Proc. R. Soc. B 284, 20171711. (doi:10.1098/rspb.
2017.1711)

Alaux C et al. 2010 Interactions between Nosema
microspores and a neonicotinoid weaken honeybees
(Apis mellifera). Environ. Microbiol. 12, 774—782.
(doi:10.1111/}.1462-2920.2009.02123.x)

Sqolastra F et al. 2017 Synergistic mortality
between a neonicotinoid insecticide and an
ergosterol-biosynthesis-inhibiting fungicide in three
bee species. Pest Manag. Sci. 73, 1236—1243.
(doi:10.1002/ps.4449)

Yao J, Zhu YC, Adamazyk J. 2018 Responses of
honey bees to lethal and sublethal doses of
formulated clothianidin alone and mixtures. J. Econ.
Entomol. 20, 1-9. (doi:10.1093/jee/toy140)

Prado A, Pioz M, Vidau C, Requier F, Jury M, Crauser
D, Brunet J, Le Y, Alaux C. 2019 Exposure to pollen-
bound pesticide mixtures induces longer-lived but
less efficient honey bees. Sci. Total Environ. 650,
1250—1260. (doi:10.1016/j.scitotenv.2018.09.102)
Belden JB, Gilliom RJ, Lydy MJ. 2007 How well can
we predict the toxicity of pesticide mixtures to
aquatic life? Integr. Environ. Assess. Manag. 3,
364-372. (doi:10.1897/1551-
3793(2007)3[364:HWCWPT]2.0.€0;2)

Pérez J, Domingues |, Monteiro M, Soares AMVM,
Loureiro S. 2013 Synergistic effects caused by

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

atrazine and terbuthylazine on chlorpyrifos toxicity
to early-life stages of the zebrafish Danio rerio.
Environ. Sci. Pollut. Res. 20, 4671—4680. (doi:10.
1007/511356-012-1443-6)

Quintela ED, McCoy CW. 1998 Synergistic effect of
imidacloprid two entomopathogenic fungi on the
behavior and survival of larvae of Diaprepes
abbreviatus (Coleoptera: Curculionidae) in soil. Biol.
Microb. Control 91, 110-122. (doi:10.1093/jee/91.
1.110)

Iwasa T, Motoyama N, Ambrose JT, Roe RMM. 2004
Mechanism for the differential toxicity of
neonicotinoid insecticides in the honey bee, Apis
mellifera. Crop Prot. 23, 371-378. (doi:10.1016/j.
€ropro.2003.08.018)

Traynor KS, Pettis JS, Tarpy DR, Mullin CA, Frazier
JL, Frazier M, Vanengelsdorp D. 2016 In-hive
pesticide exposome: assessing risks to migratory
honey bees from in-hive pesticide contamination in
the Eastern United States. Sci. Rep. 6, 1-16.
(doi:10.1038/srep33207)

Mullin CA, Frazier M, Frazier JL, Ashcraft S,
Simonds R, VanEngelsdorp D, Pettis JS. 2010 High
levels of miticides and agrochemicals in North
American apiaries: implications for honey bee
health. PLoS ONE 5, e9754. (doi:10.1371/journal.
pone.0009754)

Battaglin WA, Sandstrom MW, Kuivila KM, Kolpin
DW, Meyer MT. 2011 Occurrence of azoxystrobin,
propiconazole, and selected other fungicides in US
streams, 2005—2006. Water. Air. Soil Pollut. 218,
307-322. (doi:10.1007/511270-010-0643-2)

Hladik ML, Vandever M, Smalling KL. 2016 Exposure
of native bees foraging in an agricultural landscape
to current-use pesticides. Sci. Total Environ. 542,
469—477. (doi:10.1016/j.scitotenv.2015.10.077)
Lewis KA, Tzilivakis J, Warner DJ, Green A. 2016 An
international database for pesticide risk assessments
and management. Hum. Ecol. Risk Assess. 22,
1050—1064. (doi:10.1080/10807039.2015.1133242)
Wahl 0, Ulm K. 1983 Influence of pollen feeding
and physiological condition on pesticide sensitivity
of the honey bee Apis mellifera carnica. Oecologia
59, 106—128. (doi:10.1007/BF00388082)
Decourtye A, Lacassie E, Pham-Delegue M-H. 2003
Learning performances of honeybees (Apis mellifera
L) are differentially affected by imidacloprid
according to the season. Pest Manag. Sci. 59,
269-278. (doi:10.1002/ps.631)

Meled M, Thrasyvoulou A, Belzunces LP. 1998
Seasonal variations in susceptibility of Apis mellifera
to the synergistic action of prochloraz and
deltamethrin. Environ. Toxicol. Chem. 17,
2517-2520. (doi:10.1002/etc.5620171220)

Smirle MJ, Winston ML. 1987 Intercolony variation
in pesticide detoxification by the honey bee
(Hymenoptera: Apidae). J. Econ. Entomol. 80, 5-8.
(doiz10.1093/jee/80.1.5)

Baines D, Wilton E, Pawluk A, De Gorter M,
Chomistek N. 2017 Neonicotinoids act like endocrine
disrupting chemicals in newly-emerged bees and
winter bees. Sci. Rep. 7, 10979. (doi:10.1038/
$41598-017-10489-6)

39.

40.

41.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Poquet Y, Vidau C, Alaux C. 2016 Modulation of
pesticide response in honeybees. Apidologie 47,
412-426. (doi:10.1007/513592-016-0429-7)

Tosi S, Démares FJ, Nicolson SW, Medrzycki P, Pirk
CWW, Human H. 2016 Effects of a neonicotinoid
pesticide on thermoregulation of African honey bees
(Apis mellifera scutellata). J. Insect Physiol. 93 —94,
56—63. (doi:10.1016/jjinsphys.2016.08.010)

Gerig L. 1975 The effects of juvenile hormone
analogues on summer bees (Apis mellifera L.) in the
field and laboratory. Schweiz. Landwirtsch. Forsch
14, 355-370.

Tahori AS, Sobel Z, Soller M. 1969 Variability in
insecticide tolerance of eighteen honey-bee
colonies. Entomol. Exp. Appl. 12, 85-98. (doi:10.
1111/}.1570-7458.1969.th02501.x)

Vance JT, Williams JB, Elekonich MM, Roberts SP.
2009 The effects of age and behavioral
development on honey bee (Apis mellifera) flight
performance. J. Exp. Biol. 212, 2604—2611. (doi:10.
1242/jeb.028100)

Harris JW, Woodring J. 1992 Effects of stress, age,
season, and source colony on levels of octapamine,
dopamine and serotonin in the honeybee (Apis
mellifera L.) brain. J. Insect Physiol. 38, 29-35.
(doi:10.1016/0022-1910(92)90019-A)

Ladas A. 1972 The influence of some internal and
external factors upon the insecticide resistance of
honeybees. Apidologie 3, 55—78. (doi:10.1051/
apido:19720103)

Guez D, Suchail S, Gauthier M, Maleszka R,
Belzunces LP. 2001 Contrasting effects of
imidacloprid on habituation in 7- and 8-day-old
honeybees (Apis mellifera). Neurobiol. Learn. Mem.
76, 183—191. (doi:10.1006/nIme.2000.3995)
Mayland PG, Burkhardt CC. 1970 Honey bee
mortality as related to insecticide-treated surfaces
and bee age. J. Econ. Entomol. 63, 1437—1439.
(doi:10.1093/jee/63.5.1437)

Rinkevich FD, Margotta JW, Pittman JM, Danka RG,
Tarver MR, Ottea JA, Healy KB. 2015 Genetics,
synergists, and age affect insecticide sensitivity of
the honey bee, Apis mellifera. PLoS ONE 10,
€0139841. (doi:10.1371/journal.pone.0139841)
Williams GR et al. 2013 Standard methods for
maintaining adult Apis mellifera in cages under in
vitro laboratory conditions. J. Apic. Res. 52, 1-36.
(doi:10.3896/IBRA.1.52.1.04)

US EPA. 2012 White paper in support of the
proposed risk assessment process for bees.
Washington, DC: US EPA.

EFSA. 2013 EFSA Guidance Document on the risk
assessment of plant protection products on bees
(Apis mellifera, Bombus spp. and solitary bees).
EFSA J. 11, 268. (doi:10.2903/j.efsa.2013.3295)
Thompson HM, Fryday SL, Harkin S, Milner S. 2014
Potential impacts of synergism in honeybees (Apis
mellifera) of exposure to neonicotinoids and sprayed
fungicides in crops. Apidologie 45, 545—553.
(doi:10.1007/513592-014-0273-6)

Syngenta. 2009 QuiltXcel—broad spectrum
fungicide for control of plant diseases. Basel,
Switzerland: Syngenta.

€EV06107 98T § 20 'Y 2044 qdsi/jeuinol/biobuiysiigndAiaposiefo H


http://dx.doi.org/10.1016/j.pestbp.2012.07.008
http://dx.doi.org/10.1016/j.envpol.2016.07.022
http://dx.doi.org/10.1038/s41598-018-23200-0
http://dx.doi.org/10.1038/s41598-018-23200-0
http://dx.doi.org/10.1038/srep10989
http://dx.doi.org/10.1038/srep10989
http://dx.doi.org/10.1093/jee/tow186
http://dx.doi.org/10.1038/s41598-017-03467-5
http://dx.doi.org/10.1038/s41598-017-03467-5
http://dx.doi.org/10.1098/rspb.2017.1711
http://dx.doi.org/10.1098/rspb.2017.1711
http://dx.doi.org/10.1111/j.1462-2920.2009.02123.x
http://dx.doi.org/10.1002/ps.4449
http://dx.doi.org/10.1093/jee/toy140
http://dx.doi.org/10.1016/j.scitotenv.2018.09.102
http://dx.doi.org/10.1897/1551-3793(2007)3[364:HWCWPT]2.0.CO;2
http://dx.doi.org/10.1897/1551-3793(2007)3[364:HWCWPT]2.0.CO;2
http://dx.doi.org/10.1007/s11356-012-1443-6
http://dx.doi.org/10.1007/s11356-012-1443-6
http://dx.doi.org/10.1093/jee/91.1.110
http://dx.doi.org/10.1093/jee/91.1.110
http://dx.doi.org/10.1016/j.cropro.2003.08.018
http://dx.doi.org/10.1016/j.cropro.2003.08.018
http://dx.doi.org/10.1038/srep33207
http://dx.doi.org/10.1371/journal.pone.0009754
http://dx.doi.org/10.1371/journal.pone.0009754
http://dx.doi.org/10.1007/s11270-010-0643-2
http://dx.doi.org/10.1016/j.scitotenv.2015.10.077
http://dx.doi.org/10.1080/10807039.2015.1133242
http://dx.doi.org/10.1007/BF00388082
http://dx.doi.org/10.1002/ps.631
http://dx.doi.org/10.1002/etc.5620171220
http://dx.doi.org/10.1093/jee/80.1.5
http://dx.doi.org/10.1038/s41598-017-10489-6
http://dx.doi.org/10.1038/s41598-017-10489-6
http://dx.doi.org/10.1007/s13592-016-0429-7
http://dx.doi.org/10.1016/j.jinsphys.2016.08.010
http://dx.doi.org/10.1111/j.1570-7458.1969.tb02501.x
http://dx.doi.org/10.1111/j.1570-7458.1969.tb02501.x
http://dx.doi.org/10.1242/jeb.028100
http://dx.doi.org/10.1242/jeb.028100
http://dx.doi.org/10.1016/0022-1910(92)90019-A
http://dx.doi.org/10.1051/apido:19720103
http://dx.doi.org/10.1051/apido:19720103
http://dx.doi.org/10.1006/nlme.2000.3995
http://dx.doi.org/10.1093/jee/63.5.1437
http://dx.doi.org/10.1371/journal.pone.0139841
http://dx.doi.org/10.3896/IBRA.1.52.1.04
http://dx.doi.org/10.2903/j.efsa.2013.3295
http://dx.doi.org/10.1007/s13592-014-0273-6

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

US EPA. 2017 Propiconazole EC. Washington, DC:
US EPA.

Knezevic S. 2017 2017 guide for weed, disease, and
insect management in Nebraska. Lincoln, NE: Board
of Regents of the University of Nebraska—Lincoln.
Botias C, David A, Hill EM, Goulson D. 2016
Contamination of wild plants near neonicotinoid
seed-treated crops, and implications for non-target
insects. Sci. Total Environ. 566—567, 269—278.
(doi:10.1016/j.scitotenv.2016.05.065)

David A, Botias 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)
Bonmatin J-M et al. 2014 Environmental fate and
exposure; neonicotinoids and fipronil. Environ. Si.
Pollut. Res. Int. 22, 35—67. (d0i:10.1007/511356-
014-3332-7)

Woodcock BA et al. 2018 Neonicotinoid residues in
UK honey despite European Union moratorium. PLoS
ONE 13, 1-15. (doi:10.1371/journal.pone.0189681)
OECD/OCDE. 1998 OECD Guideline 213 for the
testing of chemicals: honeybees, acute oral toxicity
test. (doi:10.1787/9789264070165-en)

Medrzycki P et al. 2013 Standard methods for
toxicology research in Apis mellifera. J. Apic. Res. 52,
1-60. (doi:10.3896/IBRA.1.52.4.14)

Cox RL, Wilson WT. 1984 Effects of permethrin on
the behavior of individually tagged honey bees,
Apis mellifera L. (Hymenoptera: Apidae). Env.
Entomol. 13, 375—-378. (doi:10.1093/ee/13.2.375)
OECD. 2017 OECD guideline 245 for the testing of
chemicals. Honey bee (Apis mellifera L.), chronic oral
toxicity test (10-day feeding). Paris, France: OECD.
(doi:10.1787/9789264284081-en)

Cedergreen N. 2014 Quantifying synergy: a
systematic review of mixture toxicity studies within
environmental toxicology. PLoS ONE 9, e96580.
(doi:10.1371/journal.pone.0096580)

Deeks JJ, Higgins JP, Altman DG. 2011 Effect
measures for dichotomous outcomes. In Cochrane
handbook for systematic reviews of interventions
(eds J Higgins, S Green). Chichester, UK: John Wiley.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

Noordhuizen J, Frankena K, Thrusfield M, Graat E.
2001 Application of quantitative methods in
veterinary epidemiology. \Wageningen, The
Netherlands: Wageningen Pers.

Tosi S, Nieh JC. 2017 A common neonicotinoid
pesticide, thiamethoxam, alters honey bee activity,
motor functions, and movement to light. Sci. Rep.
7, 15132. (doi:10.1038/s41598-017-15308-6)

Tosi S, Burgio G, Nieh JUC. 2017 A common
neonicotinoid pesticide, thiamethoxam, impairs
honey bee flight ability. Sci. Rep. 7, 1201. (doi:10.
1038/541598-017-01361-8)

Charreton M, Decourtye A, Henry M, Rodet G,
Sandoz J-C, Charnet P, Collet C. 2015 A locomotor
deficit induced by sublethal doses of pyrethroid and
neonicotinoid insecticides in the honeybee Apis
mellifera. PLoS ONE 10, e0144879. (doi:10.1371/
journal.pone.0144879)

El Hassani AK, Dacher M, Gary V, Lambin M,
Gauthier M, Armengaud C, El Hassani A, Dacher M,
Gary V. 2008 Effects of sublethal doses of
acetamiprid and thiamethoxam on the behavior of
the honeybee (Apis mellifera). Arch. Environ.
Contam. Toxicol. 54, 653—661. (doi:10.1007/
500244-007-9071-8)

Maze IS, Wright GA, Mustard JA. 2006 Acute
ethanol ingestion produces dose-dependent effects
on motor behavior in the honey bee (Apis
mellifera). J. Insect Physiol. 52, 1243 —1253. (doi:10.
1016/j.jinsphys.2006.09.006)

Tang Q, Ma K, Chi H, Hou Y, Id XG. 2019
Transgenerational hormetic effects of sublethal dose
of flupyradifurone on the green peach aphid, Myzus
persicae (Sulzer) (Hemiptera: Aphididae). PLoS ONE,
14, €0208058. (doi:10.1371/journal.pone.0208058)
Brown MJF et al. 2016 A horizon scan of future
threats and opportunities for pollinators and
pollination. Peer/ 4, €2249. (doi:10.7717/peer}.2249)
Siviter H, Brown MJF, Leadbeater E. 2018 Sulfoxaflor
exposure reduces bumblebee reproductive success.
Nature 561, 109. (doi:10.1038/s41586-018-0430-6)
EFSA. 2016 Assessing the health status of managed
honeybee colonies (HEALTHY-B): a toolbox to
facilitate harmonised data collection. £FSA J. 14,
4578. (doi:10.2903/j.efsa.2016.4578)

76.

71.

78.

79.

80.

81.

82.

83.

Castillo C, Maisonnasse A, Conte Y Le, Plettner E.
2012 Seasonal variation in the titers and
biosynthesis of the primer pheromone ethyl oleate
in honey bees. J. Insect Physiol. 58, 1112—1121.
(doi:10.1016/.jinsphys.2012.05.010)

Decourtye A, Henry M, Desneux N. 2013 Overhaul
pesticide testing on bees. Nature 497, 188. (doi:10.
1038/497188a)

Rortais A, Arnold G, Dorne J-L, More SJ, Sperandio
G, Streiss| F, Szentes C, Verdonck F. 2017 Risk
assessment of pesticides and other stressors in bees:
principles, data gaps and perspectives from the
European Food Safety Authority. Sci. Total Environ.
587588, 524—537. (doi:10.1016/j.scitotenv.2016.
09.127)

EFSA. 2012 Scientific opinion on the science behind
the development of a risk assessment of plant
protection products on bees (Apis mellifera, Bombus
spp. and solitary bees). £FSA J. 10, 1—275. (doi:10.
2903/j.efsa.2012.2668)

Gernat T, Rao VD, Middendorf M, Dankowicz H,
Goldenfeld N, Robinson GE, Holme P, Naug D,
Sokolowski MB. 2018 Automated monitoring of
behavior reveals bursty interaction patterns and
rapid spreading dynamics in honeybee social
networks. Proc. Natl Acad. Sci. USA 115, 1-6.
(doi:10.1073/pnas.1713568115)

Spurgeon D, Hesketh H, Lahive E, Svendsen C, Baas
J, Robinson A, Horton A, Heard M. 2016 Chronic oral
lethal and sub-lethal toxicities of different binary
mixtures of pesticides and contaminants in bees
(Apis mellifera, Osmia bicornis and Bombus
terrestris). EFSA Support. Publ. 13, EN-1076. (doi:10.
2903/SP.EFSA.2016.EN-1076)

Henry M, Cerrutti N, Aupinel P, Decourtye A,
Gayrard M, Odoux J-F, Pissard A, Riiger C,
Bretagnolle V. 2015 Reconciling laboratory and field
assessments of neonicotinoid toxicity to honeybees.
Proc. R. Soc. B 282, 20152110. (doi:10.1098/rspb.
2015.2110)

Tosi S, Nieh JC. 2019 Data from: Lethal and
sublethal synergistic effects of a new systemic
pesticide, flupyradifurone (Sivanto®) on honeybees.
Dryad Digital Repository. (doi:10.5061/dryad.
587k5v)

€EV06107 98T § 20 'Y 2044 qdsi/jeuinol/biobuiysiigndAiaposiefo


http://dx.doi.org/10.1016/j.scitotenv.2016.05.065
http://dx.doi.org/10.1016/j.envint.2015.12.011
http://dx.doi.org/10.1007/s11356-014-3332-7
http://dx.doi.org/10.1007/s11356-014-3332-7
http://dx.doi.org/10.1371/journal.pone.0189681
http://dx.doi.org/10.3896/IBRA.1.52.4.14
http://dx.doi.org/10.1093/ee/13.2.375
http://dx.doi.org/10.1787&sol;9789264284081-en
http://dx.doi.org/10.1371/journal.pone.0096580
http://dx.doi.org/10.1038/s41598-017-15308-6
http://dx.doi.org/10.1038/s41598-017-01361-8
http://dx.doi.org/10.1038/s41598-017-01361-8
http://dx.doi.org/10.1371/journal.pone.0144879
http://dx.doi.org/10.1371/journal.pone.0144879
http://dx.doi.org/10.1007/s00244-007-9071-8
http://dx.doi.org/10.1007/s00244-007-9071-8
http://dx.doi.org/10.1016/j.jinsphys.2006.09.006
http://dx.doi.org/10.1016/j.jinsphys.2006.09.006
http://dx.doi.org/10.1371/journal.pone.0208058
http://dx.doi.org/10.7717/peerj.2249
http://dx.doi.org/10.1038/s41586-018-0430-6
http://dx.doi.org/10.2903/j.efsa.2016.4578
http://dx.doi.org/10.1016/j.jinsphys.2012.05.010
http://dx.doi.org/10.1038/497188a
http://dx.doi.org/10.1038/497188a
http://dx.doi.org/10.1016/j.scitotenv.2016.09.127
http://dx.doi.org/10.1016/j.scitotenv.2016.09.127
http://dx.doi.org/10.2903/j.efsa.2012.2668
http://dx.doi.org/10.2903/j.efsa.2012.2668
http://dx.doi.org/10.1073/pnas.1713568115
http://dx.doi.org/10.2903/SP.EFSA.2016.EN-1076
http://dx.doi.org/10.2903/SP.EFSA.2016.EN-1076
http://dx.doi.org/10.1098/rspb.2015.2110
http://dx.doi.org/10.1098/rspb.2015.2110
http://dx.doi.org/10.5061/dryad.5f87k5v
http://dx.doi.org/10.5061/dryad.5f87k5v

	Lethal and sublethal synergistic effects of a new systemic pesticide, flupyradifurone (Sivanto&reg;), on honeybees
	Introduction
	Material and methods
	Abnormal behaviours: synergistic and individual effects
	Statistical analysis

	Results
	Pesticides synergistically increased mortality
	Pesticides synergistically increased abnormal behaviours
	Pesticides were more toxic to foragers than in-hive bees
	FPF was more toxic in summer

	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


