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Sulfoxaflor is a globally important novel insecticide that can have negative
impacts on the reproductive output of bumblebee (Bombus terrestris) colonies.
However, it remains unclear as to which life-history stage is critically affected
by exposure. One hypothesis is that sulfoxaflor exposure early in the colony’s
life cycle can impair larval development, reducing the number of workers
produced and ultimately lowering colony reproductive output. Here we
assess the influence of sulfoxaflor exposure on bumblebee larval mortality
and growth both when tested in insolation and when in combination with
the common fungal parasite Nosema bombi, following a pre-registered
design. We found no significant impact of sulfoxaflor (5 ppb) or N. bombi
exposure (50000 spores) on larval mortality when tested in isolation but
found an additive, negative effect when larvae received both stressors in com-
bination. Individually, sulfoxaflor and N. bombi exposure each impaired larval
growth, although the impact of combined exposure fell significantly short of
the predicted sum of the individual effects (i.e. they interacted antagonisti-
cally). Ultimately, our results suggest that colony-level consequences of
sulfoxaflor exposure for bumblebees may be mediated through direct effects
on larvae. As sulfoxaflor is licensed for use globally, our findings highlight
the need to understand how novel insecticides impact non-target insects at
various stages of their development.

1. Introduction

Agrochemical use is believed to contribute towards widely documented global
declines in wild bee populations [1,2]. While a plethora of research has demon-
strated negative impacts of insecticide use on bee behaviour [3-10], physiology
[11-14] and ultimately reproductive output [15-22], it remains unclear as to
which life-stages are critically affected by insecticide exposure and thus drive
colony failure. In particular, direct effects of insecticide exposure on pre-adult
stages have been relatively neglected in wild bees (but see [23,24]) due to a
focus on adult bees, which are known to exhibit impaired foraging behaviour
[3/4] and brood care [25] when exposed to certain agrochemicals. However,
impacts on larval development in particular have the potential to severely
reduce colony size, a critical correlate of reproductive potential [26]. As novel insec-
ticides become licensed for use globally [27], there is an urgent need to understand
the specific mechanisms by which insecticides bring about colony failure.
Sulfoxaflor, the first branded sulfoximine-based insecticide, acts as an ago-
nist of nicotinic acetylcholine receptors in invertebrate nervous systems [28]
and has been registered for use in 81 countries around the world. We have
recently shown that sulfoxaflor exposure can have a negative impact on bum-
blebee (Bombus terrestris) colony reproductive output and worker production
[16]. These effects were comparable with those elicited by neonicotinoid insec-
ticides [15,17-19], which also act as NAChR agonists and are known to
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compromise learning and memory abilities in worker bees
[7,10], but a follow-up experiment found no effect of sulfoxa-
flor exposure on these traits [29]. In contrast, we found that
sulfoxaflor exposure did impair egg-laying by worker bees
in queenless micro-colonies and was associated with reduced
numbers of larvae [14]. However, reduced egg-laying cannot
be the primary explanation for the reduced worker pro-
duction in sulfoxaflor-exposed colonies described by Siviter
et al. [16], because worker production was reduced at an
early stage in the colony cycle that corresponds with the
emergence of maximally exposed larvae. We thus hypoth-
esized that sulfoxaflor exposure may have important direct
negative impacts on bumblebee larval development [16].

After hatching from the egg stage, bumblebees (B. terrestris)
spend approximately two weeks developing as larvae, during
which time they are fed pollen and nectar by foraging workers
[30]. Little is known about the sulfoxaflor residue levels that are
retained in colony food stores, but residue levels found in the
pollen collected by foraging honeybees can be up to tenfold
those typical of nectar [31]. Given that pollen is collected
to feed developing larvae and that bumblebee exposure
levels are thought to be greater than those experienced by hon-
eybees as a consequence of differences in their life history [32],
it seems likely that bumblebee larvae will be fed pollen contain-
ing sulfoxaflor in agricultural environments. These larvae
develop into either the future workers or the colony’s sexual
offspring, so negative impacts of insecticide use on bumblebee
larval growth and/or mortality could have significant
downstream consequences for colony productivity and
reproductive success [16].

While agrochemicals may be an important stressor for
bees, they do not act in isolation, and one of the major chal-
lenges in understanding bee declines is the role of interactions
between different classes of stressors [1,33]. Poor nutrition
due to loss of habitat, climate change and simultaneous
exposure to multiple agrochemicals can all potentially inter-
act to harm bumblebees [1,33]. Furthermore, bumblebee
colonies host a wide variety of different pathogens [34] and
so it is likely that bumblebee larvae will be exposed to mul-
tiple stressors simultaneously [35]. Noserma bombi is a fungal
parasite that is found in bumblebee colonies globally, and is
thought to be a major driver of bumblebee declines in
North America [36]. Laboratory experiments have demon-
strated that colony-level exposure to N. bombi is associated
with increased worker and male mortality [37], and that
exposed bumblebee queens produce smaller colonies that
have a lower reproductive output and reduced individual
bee longevity [38,39]. However, our understanding of this
potentially important pathogen is still limited [40], and how
it interacts with other stressors (if at all) remains unknown.
When an organism is exposed to multiple stressors, the
resulting interaction many be additive, synergistic or antag-
onistic, whereby the effect of the stressors in combination,
respectively, equals, exceeds or falls short of the predicted
sum of the individual impacts [41,42]. Previous studies inves-
tigating the general relationship between pesticides and
pathogens have largely focused on Apis adults/larvae
[43-48] and have produced varied results, [41,49-51], with
additive [41], synergistic [44,49,50] and antagonistic [44,51]
interactions all documented (for review, see [52]). Despite
the critical role of bumblebees as a wild ecosystem service
provider, to date no research has focused on Bombus larvae,
partly due to an absence of protocols [53].

In this experiment we consider the potential impact of sim- [ 2 |

ultaneous sulfoxaflor exposure and N. bombi inoculation on
bumblebee (B. terrestris) larval development. In Experiment
1, we assessed the impact of chronic sulfoxaflor exposure at
various concentrations on bumblebee larval mortality and
growth, and in Experiment 2, we further investigated the
combined impacts of sulfoxaflor and N. bombi exposure. Our
study followed an Open Science protocol whereby each step
was pre-registered, including both methods and analysis,
and Experiments 1 and 2 were large-scale follow-ups to two
similar smaller initial studies (Experiments S2 and S3) that
are reported in full in the electronic supplementary material
(also pre-registered). This repetition reflects the contrasting
results that we obtained in Experiments S2 and S3. In Exper-
iments 1 and 2, which each involved a sample size of eight
colonies and were analysed separately to the smaller exper-
iments, we found consistent evidence for effects of
sulfoxaflor on larval growth and, in some cases, mortality.

2. Experiment 1: does sulfoxaflor exposure
influence bumblebee larval mortality
and development?

(@) Methods

(i) Sulfoxaflor exposure

Data from the United States Environmental Protection Agency
(EPA) have shown that the sulfoxaflor residue levels in the
nectar of a cotton crop sprayed twice with 0.45 pounds of
sulfoxaflor per acre over an 11-day period did not fall below
5 ppb, with pollen levels higher by a factor of approximately
10 [31]. It should be noted that spraying flowering crops is
prohibited in Europe [54,55], but this is not the case globally
[56-58], and recent legislative changes in the USA mean that
sulfoxaflor can now be sprayed on numerous bee attractive
crops during flowering (including, with restrictions, cucurbits,
strawberries and ornamental plants) [59]. Based on the EPA
data above, we chose to expose the larvae to sulfoxaflor at
a concentration of 5 ppb, which is the same concentration
used in previous work [14,16]. We also included a treatment
group that were exposed to 0.28 ppb, based on data from
the Pest Management Regulatory Agency Canada [60]
that demonstrated that sulfoxaflor residue levels in the nectar
of seed-treated crops may be significantly lower than in
sprayed crops. A higher concentration of 500 ppb was also
included. Fresh treatment solutions were made every 3-4
days and solutions were stored at 4°C in glass, tin-foil-covered
containers to reduce the potential degradation of the active
ingredient.

(ii) Experimental protocol

Eight commercially obtained bumblebee colonies (B. terrestris
audax; Biobest, Belgium), with approximately 150 workers
each, were housed in a room at 26°C (50-60% humidity) with
ad libitum access to sucrose solution. Five workers per
colony were arbitrarily removed from the comb of the colony
with forceps and were faecally screened for common bumble-
bee parasites (Apicystis bombi, Crithidia bombi, Nosema spp.)
[39,61]. None of the colonies were found to contain any of
these parasites.

§£600707 :L8T § 0§ Y 2044  qdsi/jeuinol/biobuiysigndAiaposiefo



We removed all living early larvae (1 = 692, instar stages 1
and 2; less than planned on pre-registration because fewer
were present in the colonies) and placed each one in an indi-
vidual well lined with filter paper (24 wells per plate; four
rows, one row per treatment). Plates were then incubated
(Sanyo MIR-554; 32°C; approx. 60% humidity [62]). Larvae
were starved for an hour, and then fed untreated sucrose sol-
ution (50% w/w) before examination under a dissection
microscope (Nikon SM2800) to confirm (through observation
of movement) that the larva was still alive. 28 larvae died in
transit. The larvae were then left overnight, during which
time 14 more died, resulting in a final sample size of n=
650 (control n=166, 028ppb n=162, 5ppb n=157,
500 ppb 1=165). Based on the results of a pilot experiment
that aimed to establish a feeding regime that minimized mor-
tality (electronic supplementary material, Experiment S1;
figure S1), early larvae were fed pollen (Biobest, Belgium)
suspended in sucrose solution (35.12 g pollen per litre of
50% w/w sucrose solution) and containing the relevant con-
centration of sulfoxaflor, for 10 days [63] with each larva
receiving 4 feeds of 2 pl a day. Given that our commercially
sourced pollen had been originally collected by free-flying
honeybees, its nutritional composition was unknown but
consistent across treatment groups; likewise, the likelihood
that this pollen contained other agrochemicals was unknown,
but consistent across treatment groups. After the last feed of
each day we observed each larva under a dissection micro-
scope (Nikon SM2800). If the larva did not respond with
movement to (a) the feeding solution alone or (b) subsequent
touch with forceps, it was categorized as dead. Otherwise,
pictures (iPhone 7) were taken for Image] analysis to record
growth (days 1, 5 and 10). After day 10, the larvae were
frozen at —20°C.

(iiii) Statistical analysis

We used an information theoretic approach based on AICc
values. For each response variable tested, we created a full
model containing all fixed and random measured factors,
for comparison with all subsets of that full model (retaining
all the random factors in each case) and a null model contain-
ing just the intercept and random factors (see electronic
supplementary material, table S3). We selected a 95% confi-
dence set of models based on Akaike weights derived from
AICc values, and parameter estimates, and confidence
intervals are based on model averaging of this set.

Larval mortality was analysed via survival analysis
(mixed-effects Cox model) with treatment, size at the start of
the experiment and the interaction between them included
within the model, and with colony of origin and plate included
as random factors. As larval size varied considerably between
individuals, we analysed larval growth during the experiment
(rather than absolute larval size, see pre-registration). Larval
growth (day 5 growth = surface area on day 5—surface area
on day 1; day 10 growth =surface area on day 10—surface
area on day 5) was analysed with a linear mixed effects
model (Imer) with treatment, day (day 5 or 10), size at the
start of the experiment and two interactions (day and treat-
ment; size and treatment) included within the model [64].
Colony, plate and Individual ID were also included as
random factors.

We made two deviations from the original pre-registered
analysis plan (see electronic supplementary material); (i)
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Figure 1. Experiment 1, larval mortality. Kaplan—Meier survival curves for
early larvae chronically exposed to varying dosages of sulfoxaflor (coxme,
all PE relative to negative control: 0.28 ppb PE=0.26, 95% (I = —0.13 to
0.65; 5 ppb PE=0.17, 95% (I =—0.34 to 0.68, 500 ppb PE=0.42, 95%
(1=10.06 to 0.78). (Online version in colour.)

here, and with Experiment 2 (below), we pre-registered that
we would consider larval growth at day 10 as (larval growth =
larval surface area on day 10—larval surface area on day 1).
However, we realized that this approach did not allow us to
understand larval growth at different ages, and thus chose to
analyse growth at day 10 as (larval growth =larval surface
area on day 10—larval surface area on day 5). (ii) We did not
specify in our pre-registered design that we would include
the interaction between day (the day the measurement was
taken) and treatment within the analysis. However, we realized
that including this interaction could provide information about
differences in growth trajectories across treatments, and there-
fore in all growth analyses we considered this interaction
with treatment within the analysis. Note that excluding this
interaction does not qualitatively change the main effects.

We used the R packages Hmisc, Ime4, coxme & MuMIn
[64-671.

(b) Results

We found no significant effect of sulfoxaflor exposure on larval
mortality at either 0.28 or 5 ppb, although larvae exposed
to 500 ppb died earlier than control larvae (figure 1; electronic
supplementary material, table S4A; coxme, 0.28 ppb PE =0.26,
95% CI=-0.13 to 0.65; 5 ppb PE = 0.17, 95% CI = —0.34 to 0.68,
500 ppb PE =0.42, 95% CI =0.06 to 0.78).

In contrast, there was a significant negative effect of sul-
foxaflor exposure on larval growth at both 5 and 500 ppb,
although there was no detectable effect at 0.28 ppb (figure 2;
electronic supplementary material, table S4B; Imer, 0.28 ppb
PE=-1.08, 95% CI=-2.18 to 0.02; 5 ppb PE=-1.03, 95%
CI=-2.05 to —0.01, 500 ppb PE=-1.45, 95% Cl=-2.62 to
—0.28). There was also no interaction effect between day
and treatment, suggesting that the growth trajectories did
not differ significantly from the negative control in any treat-
ment groups (figure 2, electronic supplementary material,
table S4B; Imer, day x 0.28 ppb PE=1.41, 95% CI=-0.86 to
3.69; day x 5 ppb PE=-0.68, 95% CI=-1.05 to 2.40, day x
500 ppb PE=1.07, 95% CI=-1.02 to 3.16; all comparisons
are relative to day x 0 ppb).
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Figure 2. Experiment 1, larval growth. Surface area change (mm”  SE) of
larvae at day 5 and 10. Day 5 surface area change = individual larval surface
area day 5—surface area at the start of the experiment. Day 10 surface area
change = larval surface area day 10—surface area at day 5 (Imer, 0.28 ppb
PE=—1.08, 95% (I = —2.18 to 0.02; 5 ppb PE=—1.03, 95% (I = —2.05
to —0.01, 500 ppb PE = —1.45, 95% (I = —2.62 to —0.28). (Online version
in colour.)

3. Experiment 2: do sulfoxaflor and N. bombi
influence bumblebee larval mortality and
growth when in combination?

(@) Methods

(i) Parasite preparation

A wild bumblebee queen (B. terrestris) infected with N. bombi
(determined through faecal examination, as described above)
was collected from Windsor Great Park in 2016. The infected
queen was dissected, and the fat body and gut were hom-
ogenized in 0.01 M NH4Cl. Then, as described in Rutrecht
& Brown [68], the spore solution was placed in a centrifuge
set to 4°C and 5000 rpm for 10 min to isolate and purify the
spore pellet. The spore solution was then resuspended in
0.01 M NH4Cl and the concentration of N. bombi spores
was calculated using a Neubauer improved haemocytometer.
This inoculum was used to infect three bumblebee colonies
(B. terrestris audax) from which we sampled bees to create
the inoculum used in the present experiment.

(ii) Experimental protocol

The same basic experimental protocol was used as in experiment
1. We used a fully crossed design that included four treatment
groups, (control (no sulfoxaflor or N. bombi), N. bombi alone,
sulfoxaflor alone, N. bombi and sulfoxaflor). Larvae that were
allocated to receive sulfoxaflor exposure were fed a 5 ppb sulfox-
aflor in sucrose/pollen solution (see Experiment 1) throughout,
and the control and N. bombi larvae were fed a sucrose/ pollen
solution containing just acetone.

Following Folly et al. [69], we combined our N. bombi
stock solution with 1000 ul of a sucrose/pollen mixture to
make a stock solution of 50 000 spores per pl for larval inocu-
lation. In the first feed of the experiment, each of the larvae in
the parasite treatment groups were fed 2 pl of the N. bombi
solution (paired with either control or sulfoxaflor laced
sucrose/pollen solution respectability), and from this the
bee received approximately 50 000 spores, a quantity that is

known to infect 45% of larvae [69]. 50000 spores is well
within the range of exposure that would be expected within
an infected colony, when exposure occurs through faecal con-
tamination [69]. After the experiment (10 days after
inoculation) all surviving larvae were frozen (-80°C) and
we later counted N. bombi spores in each surviving larva.
We found no extracellular spores, in line with previous
work which demonstrates it takes bumblebees between two
and three weeks to develop extracellular spores [70,71]—
due to the process required to count extracellular spores,
we were not able to assess the presence of intracellular
infections in our larval material.

The rest of the experiment used identical methodology to
Experiment 1.

We were able to graft 768 larvae from eight colonies.
Seven larvae died during the plating process and 15 died
over night and were thus not included in the experiment.
Eight larvae were removed due to experimental error, so
our final sample size was 738 (control n=186, N. bombi
n =187, sulfoxaflor n =182, N. bombi x sulfoxaflor 1 = 183).

(iii) Statistical analysis

Our statistical analysis followed the same approach as described
above (also pre-registered; see electronic supplementary
material), whereby each treatment group was compared to
the negative control (for both larval mortality and growth).
However, since this approach simply treats the combined stres-
sor group as an extra level in the factor ‘treatment’, it provides
no information as to whether any interaction is antagonistic,
additive or synergisticc. We therefore also conducted an
additional, post hoc analysis (not pre-registered), to confirm
whether our results provided support for antagonistic, additive
or synergistic effects of the two stressors (see electronic sup-
plementary material, table S3D and S3F). For the mortality
data we used a survival analysis (mixed-effects Cox model)
with sulfoxaflor, N. bombi, N. bombi:sulfoxaflor and larva initial
size included within the model, and colony and plate included
as random factors (see electronic supplementary material, table
S3D for full model). For the growth data we used a linear
model with sulfoxaflor, N. bombi, N. bombi x sulfoxaflor, day,
initial size, N. bombi x day, sulfoxaflor x day and N. bombi x
sulfoxaflor x day included within the model, and colony,
larva and plate included as random factors (see electronic
supplementary material, table S3F for full model).

(b) Results

We found no effect of sulfoxaflor or N. bombi exposure on bum-
blebee larval mortality when tested in isolation, but when used
in combination there was a significant negative impact on larval
mortality (figure 3; electronic supplementary material, table
S4C; coxme, N. bombi PE =0.00, 95% CI = —0.33 to 0.33; sulfox-
aflor 5ppb PE=0.14, 95% CI=-0.16 to 0.44, N. bombix
sulfoxaflor PE=0.40, 95% CI=0.09 to 0.70). Our follow-up
analysis confirmed that this was due to an additive (not syner-
gistic) impact of sulfoxaflor and N. bombi exposure on larval
mortality (figure 3; electronic supplementary material, table
S4D; coxme, N. bombi x sulfoxaflor PE=0.10, 95% CI=-0.21
to 0.41), suggesting that smaller individual impacts of each
stressor summed to produce a detectable negative impact of
multiple stressors on larval mortality (figure 3).

Both sulfoxaflor and N. bombi exposure, in isolation,
reduced bumblebee larval growth (figure 4; electronic

§£600707 :L8T § 0§ Y 2044  qdsi/jeuinol/biobuiysigndAiaposiefo H



—control = N. bombi - sulfoxaflor — N. bombi and sulfoxaflor

1.00 e ——

Q
g _
g
o 0.75
(=]
z
z
2
« 0.50
] [———
=]
2 —_—
=
£ 025 '
&

0

0 2 4 6 8 10

day

Figure 3. Experiment 2, larval mortality. Kaplan—Meier survival curves for
early larvae exposed to sulfoxaflor and N. bombi (coxme, all parameter esti-
mates relative to negative control, N. bombi PE = 0.00, 95% (I = —0.33 to
0.33; sulfoxaflor 5 ppb PE=10.14, 95% (I = —0.16 to 0.44, N. bombi and
sulfoxaflor PE = 0.40, 95% Cl = 0.09 to 0.70). (Online version in colour.)

supplementary material, table S4E; Imer, N. bombi PE = —2.45,
95% CI=-3.14 to —1.76; sulfoxaflor 5 ppb PE =-3.35, 95%
CI=-4.04 to —2.64), and further, the combined treatment
also had a significant negative impact (combined PE = -3.29,
95% CI=-4.02 to —2.56). A follow-up analysis, designed to
assess whether the combined effects were synergistic, addi-
tive or antagonistic, revealed that sulfoxaflor and N. bombi
in combination interacted antagonistically in terms of their
effect on bumblebee larval growth, such that their combined
impact fell short of the predicted sum of each effect when in
isolation (figure 4; electronic supplementary material, table
S4F Imer: N. bombi x sulfoxaflor PE=2.41, 95% CI: 1.38 to
3.44). Although visual inspection of the results (figure 4)
suggested potential differences in the temporal trajectory of
these effects across treatments, we found no statistical sup-
port for this (figure 4; electronic supplementary material,
table S4F, Imer: N. bombi x sulfoxaflor x day PE =—-1.20, 95%
CI: =3.11 to 1.34).

4. Discussion

In the previous work [16], we observed that sulfoxaflor
exposure early in the bumblebee colony cycle was associated
with a subsequent reduction in worker numbers, and a later
reduction in reproductive offspring. We hypothesized that
sulfoxaflor exposure might increase larval mortality, driving
the observed downstream consequences on reproductive
output. Here, we find no evidence that sulfoxaflor exposure
in isolation increased larval mortality in bumblebees, except
at extremely high doses. We did find, however, that sulfoxa-
flor exposure (5 ppb) interacted additively with the common
bumblebee parasite N. bombi, resulting in increased larval
mortality. We also found that both sulfoxaflor exposure and
N. bombi inoculation individually negatively influenced
larval growth, but additionally found evidence of a possible
antagonistic interaction between the two stressors on larval
growth, such that the observed impact of the combined treat-
ment was negative, but smaller than predicted (figure 4). To
our knowledge, this is the first assessment of how environ-
mental stressors impact a key developmental stage in this
important genus of wild pollinators.

treatment - control -0~ N. bombi - sulfoxaflor -o- N. bombi and sulfoxaflor

3 %\\

4

g
g LY
(9]
2?2 Y
=
(5}
N
- <
'vt: ot
2 1
01 1
-1
five ten
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Figure 4. Experiment 2, larval growth. Surface area change (mm? = SE) of
larvae at day 5 and 10 from the start of the experiment for larvae. Day 5
surface area change = individual larval surface area day 5—surface area at
the start of the experiment. Day 10 surface area change = larval surface
area day 10—surface area at day 5 (Imer, N. bombi PE=—2.45, 95%
(I=-3.14 to —1.76; sulfoxaflor 5 ppb PE=—3.35, 95% (= —4.04 to
—2.64; combined PE= —3.29, 95% (I = —4.02 to —2.56). (Online version
in colour.)

Colonies in our previous work [16] were parasite-free
during the exposure period of the experiment and so the effects
that we observed there cannot be explained by direct impacts of
sulfoxaflor exposure on larval mortality. However, in the pre-
sent experiment, we found that sulfoxaflor exposure had a
significant negative impact on bumblebee larval growth, at
similar dosages to those observed in previous research
(5 ppb) [14,16]. The time it takes for a bumblebee larva to
develop varies [63] and impaired growth could result in
(i) larvae taking longer to start pupating or (ii) larvae starting
to pupate at a smaller size so emerging bees are smaller. In
our previous work [16], it was not possible to measure whether
there were differences in the size of workers between control
and sulfoxaflor treatment groups, but the results from the pre-
sent experiment suggest that colonies exposed to sulfoxaflor
may produce smaller bees, a hypothesis that requires future
research. Similarly, if during sexual production larvae are
exposed to sulfoxaflor, then it is possible that emerging males
and gynes might be less healthy than unexposed bees [13].
Given that gyne larvae take longer to develop into adults
than workers [63] and males, it might be the case that gyne
larvae are particularly vulnerable to sulfoxaflor exposure.
Such potential knock-on consequences for emerging adult
bees require urgent attention.

We found that larval mortality was greater when larvae
had been exposed to both sulfoxaflor and N. bombi. Whether
increased larval mortality benefits or hinders the parasite is
unclear, as we do not know whether increases in larval mor-
tality result in increased or reduced intra-nest transmission
of N. bombi. Our results also showed that field-realistic inocu-
lation of N. bombi probably impairs larval growth, which could
in turn have downstream consequences on emerging adults
and contribute to bumblebee declines [36]. A prolonged devel-
opmental period, however, is arguably advantageous to the
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parasite, as it could potentially increase parasite intensity
within emerging bees, possibly leading to higher rates of
faecal transmission both in and outside the nest [72,73]. In
Experiment 2, we found no evidence for additive or synergistic
interactions between N. bombi and sulfoxaflor on larval growth,
but rather, that exposure to sulfoxaflor and N. bombi in combi-
nation has a less severe effect on bumblebee larvae growth than
when larvae are exposed to N. bormbi in isolation (figure 4; elec-
tronic supplementary material, table S4F). Whether sulfoxaflor
overwhelms the impact of this co-evolved parasite is unclear,
but previous studies have shown that certain pesticides can
reduce parasite intensity (for review, see [52]). If sulfoxaflor
has a similar effect on either N. bombi prevalence and/or inten-
sity, this could explain our results, but future experiments
would be required to confirm or refute this hypothesis,
across a range of different N. bombi and sulfoxaflor dosages.
Furthermore, although adult bumblebees do not remove
larvae infected with N. bombi [74], if sulfoxaflor exposure
reduces growth, workers could be more likely to remove
larvae, exacerbating effects on larval mortality. More broadly,
an understanding of why certain pesticides have a synergistic
interaction with parasites, and others do not [52] could be
invaluable in the future development of insecticides that are
less harmful to beneficial insects, such as bees.

Regulators and governing bodies are under increasing
pressure to consider the potential impact of agrochemicals
on non-Apis bees so there is a need to develop new method-
ologies and frameworks that can be used as a standardized
methodology [75-77]. While rearing honeybee larvae
in vitro has been established over decades [78], our results
here are some of the first to demonstrate how to rear and
monitor bumblebee larvae in vitro [62]. Despite this, there
are large gaps in our understanding of how to rear bumble-
bee larvae, and efforts need to be made to increase baseline
survival in larvae reared in vitro (see control group figures 1
and 3). A standardized methodology that can be used to
assess the impact of plant protection products on bumblebee
larvae has yet to be developed [53], but our research here pro-
vides the first step in this direction. Now, specific experiments
are required aimed at understanding how variation in
environmental factors (nutrition, humidity, etc.) impact bum-
blebee larvae development, akin to those that have been
performed for honeybees [78].

In its current form, the insecticide licensing process
focuses on how agrochemicals in isolation impact bees. How-
ever, bees encounter a plethora of different anthropogenic,
and co-evolved environmental stressors [1,33]. Previous
research has shown that the interactions between pesticides
and pathogens can impact honeybee mortality [41], pathogen
load [45], behaviour [79] and immune response [47]. Bees are
also likely to come into contact with multiple agrochemicals,
increasing the likelihood of both lethal [20,80] and sub-lethal
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