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a b s t r a c t 

Many environmental stressors are currently implicated in the decline of flying insects in general, and important 
pollinator species such as the honey bee. Recent studies have shown that extremely low frequency electromagnetic 
fields (ELF EMFs) affect many aspects of insect behaviour and cognition which raises the potential that ELF EMFs 
could interact with other environmental stressors such as neonicotinoid insecticides to have even greater impact 
on the decline of flying insects. Here we analysed the effects of individual and combined exposure of the honey 
bee to 50 Hz EMFs and sublethal exposure to clothianidin, in a tethered flight assay and an olfactory appetitive 
learning assay. 

Clothianidin was significantly toxic to bees and exposure to field-realistic levels (2.00 ng/bee) led to 25% mortal- 
ity. Exposure to ELF EMFs alone led to a significant increase in wingbeat frequency at levels above 100 μT. Prior 
exposure to clothianidin attenuated the effects of EMFs on wingbeat frequency. Exposure to EMFs alone reduced 
learning of a proboscis extension reflex (PER). Prior exposure to low doses of clothianidin attenuated the effects 
of EMFs on PER. 

These results indicate no evidence of synergy between clothianidin and ELF EMFs as environmental stressors 
but suggest the potential for EMFs to affect the same susceptible fraction of the bee population that have been 
affected by clothianidin. Results lay the foundation to further explore the interactions of ELF EMFs with other 
environmental stressors and consider the key factors that may make bees susceptible to ELF EMFs. 

I

 

a  

d  

h  

l  

t  

u  

t  

h  

c  

G  

a  

H  

t  

c  

(
 

B  

a  

v  

d  

t  

l  

i  

m  

m  

h
R
2

ntroduction 

There is an inextricable link between environmental change from
nthropogenic activities and adverse effects on ecosystems such as bio-
iversity loss ( Butchart et al., 2010 ). Many human-derived activities
ave had unintended effects on insect populations, such as artificial
ight pollution affecting insect distributions and predator prey interac-
ions ( Longcore and Rich, 2004 ). Some activities have been linked to
nintended effects on beneficial insect species such as bees, including
he use of systemic insecticides ( Goulson, 2013 ; Rundlöf et al., 2015 ),
abitat fragmentation ( Goverde et al., 2002 ), land-use/agricultural
hange ( Ollerton et al., 2014 ), climate change ( Kerr et al., 2015 ;
oulson et al., 2015a ), environmental pollutants ( Lusebrink et al., 2015 )
nd even the anthropogenic spread of pollinator parasites ( Goulson and
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ughes, 2015b ; Wilfert et al., 2016 ). The current consensus is that
his cocktail of human-derived environmental stressors/pollutants in
ombination is leading to declines in honey bees and other pollinators
 Potts et al., 2010 ; Ollerton et al., 2014 ; Goulson et al., 2015a ). 

Neonicotinoids are systemic insecticides ( Goulson, 2013 ;
onmatin et al., 2015 ) that have a broad range of targets, and
re used on a variety of crops ( EFSA, 2013 ; Goulson, 2013 ) to control
arious sucking/biting pests ( Elbert et al., 1998 ). Their use increased
ramatically in the early 2000’s, with imidacloprid, clothianidin and
hiamethoxam becoming the most commonly used neonicotinoids,
argely due to their high toxicity ( Goulson, 2013 ). The use of neon-
cotinoids is now known to be associated with increased honey bee
ortality and risk of colony loss ( Samson-Robert et al., 2017 ). Bees are
ost commonly exposed to neonicotinoids below lethal doses, and the
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ublethal effects of these insecticides are a major concern in assessing
heir environmental safety. Sublethal exposure to neonicotinoids has
een shown to cause significant cognitive effects in bees, including
educed olfactory learning ( Decourtye et al., 2004a , b ; Han et al., 2010 ;
illiamson and Wright, 2013 ) and learning performance associated
ith foraging activities ( Decourtye et al., 2004b ; Han et al., 2010 ).
he effects of neonicotinoids have also been linked to reduced motor
unction in bees, leading to various behavioural alterations, including
nockdown, poor coordination, increased locomotory activity and
remors ( Lambin et al., 2001 ; Suchail et al., 2001 ). 

Extremely low frequency electromagnetic fields (ELF EMFs) are per-
asive in the environment, and anthropogenic ELF EMF pollution has
ncreased greatly in recent years ( Belpomme et al., 2018 ). Pellacani and
osta (2018) describe biological effects that ELF EMF pollution causes,

ncluding neurological effects that underpin behavioural processes in
 variety of organisms. There is clear evidence that bees are affected
y ELF EMFs in the range emitted by high-voltage transmission lines
HVTLs) ( Shepherd et al., 2018, 2019 ), and hives kept under power-
ines show evidence of biological stress ( Greenberg et al, 1981 ). Pow-
rline strips (i.e. the areas of land under powerlines) are thought to
e important refuges for insect pollinators with beneficial host plants
or pollinators, leading to relatively good species richness, including
are species of bees ( Russell et al., 2005 ; Wojcik and Buchmann, 2012 ;
ill and Bartomeus, 2016 ) as well as other important pollinators such
s butterflies ( Berg et al., 2016 ). However, acute exposure to ELF EMFs
t levels that can be encountered regularly in the environment around
an-made sources such as high voltage transmission lines (HVTLs), has

een shown to reduce olfactory learning, feeding and flight performance
 Shepherd et al., 2018 ) in honey bees. The potential biological and en-
ironmental effects of ELF EMFs are poorly understood and we know
othing about how they interact with other stressors in the environ-
ent, such as neonicotinoid insecticides. HVTLs are built on flat land,

nd in general, away from residential areas, making farmland highly
uitable for their construction. Consequently, in the natural environ-
ent it is likely that insects that are exposed to ELF EMFs will have also

een exposed to agrochemicals, including potentially neonicotinoid in-
ecticides, and that this exposure will occur during foraging activities. 

Here, we demonstrate how individual and combined exposure to
LF EMFs and sublethal concentrations of clothianidin impact flight be-
aviour and learning in the honey bee, Apis mellifera . Our results can
e considered in future risk assessment of environmental stressors on
ollinators, which should include analysis beyond isolated risks of agro-
hemicals alone on non-target species. 

aterials and methods 

lectromagnetic coils 

EMFs were generated using custom-made 25 cm (inner diameter)
aired wire coils ( Fig. 1 A), fixed 14 cm apart (as described in detail
n Shepherd et al., 2018 ). Briefly, coils were powered with 240 V AC
hrough Variacs (RS Pro, RS Components, UK) to generate homogenous
0 Hz sinusoidal EMFs at the centre of the coils ranging from 10 μTto
0,000 μT. 

Overhead transmission lines operate at different voltages in differ-
nt countries up to a maximum of 1150 kV. In the UK, the largest power
ines operate at 400 kV using Larger L6 pylons with ratings up to 4 kA
er circuit and a minimum ground clearance of 7.6 m. In theory, this
roduces EMFs up to 100 μT at ground level directly beneath the conduc-
or ( WHO, 2007 ), depending on current loading and ground clearance.
hepherd et al. (2018) modelled the magnitude of the ELF EMFs around
arger L6 Pylon conductors using a current rating of 3.4 kA and found
he field at 1 cm from the conductor to be 3000 𝜇T, while at 10 cm
o be 2700 𝜇T, and at 1 m below the lowest conductor to be 1200 𝜇T.
or a 400 kV T-Pylon the EMFs are higher ( Shepherd et al. 2018 ). For
eference, the average magnetic field 1 m above ground under a Pylon
2 
s 5–10 𝜇T, and the maximum theoretical level is 100 μT (ENA 2015,
HO 2007 ). We therefore chose a range of EMFs that reflected those

ound in the environment of 0, 20, 100 and 1000 𝜇T. Fields were mea-
ured using a magnetometer (Model GM2, Alphalab Inc., USA) to ensure
hey matched the modelled equivalents ( Fig. 1 B). For control treatments
o current was passed through the coils. 

ee collection and harnessing 

Honey bees, Apis mellifera , were kept in the University of Southamp-
on campus apiary (50° 56 ′ 10 ′ ’N, 1° 23 ′ 39 ′ ’W) in summer 2016. Re-
urning forager bees from 3 hives were collected and transported into
he Insectary in the Institute for Life Sciences for analysis. 

lothianidin exposure and toxicity 

COLOSS standard methods for toxicology research ( Medrzycki et al.,
013 ) were used in designing toxicity assays. Analytical standard Cloth-
anidin (PESTANAL - 33589; Sigma-Aldrich, UK) was used for all ex-
eriments diluted in a syrup (sucrose solution 50% w:v). Clothianidin
as dissolved in acetone, and diluted to treatment concentrations with
istilled water. For control treatment, acetone diluted as clothianidin
reatments was added to the same sucrose solution. All solutions had a
nal concentration of 0.000125% (v:v) acetone and 50% (w:v) sucrose.

To establish the toxicity of clothianidin to bees a dose-response mor-
ality curve and LD 50 were determined. For clothianidin treatment, bees
ere held individually in Eppendorf tubes and fed with different doses
f clothianidin in 10 μl of sucrose solution. Subsequently bees were
rouped for further experiments. For toxicity experiments bees were
ed 1 of 6 different doses of clothianidin (0.025, 0.50, 1.00, 2.00, 4.00
nd 10.00 ng/bee). Immediately after exposure bees were transferred
o plastic containers with feeders filled with a 50% (w:v) sucrose solu-
ion, from which they could feed freely. 15 bees were added to the same
ontainer ( > 10 bee OECD minimum), which in LD 50 analyses formed a
ingle cohort. For each of the 6 doses of clothianidin there were 9 co-
orts (135 bees) for each treatment (3 × 15 bee cohorts per hive) (See
upplementary Table 1). Containers were kept at 29 ± 1 °C and assessed
4 hrs after exposure. Twenty-four hours after clothianidin treatment,
ee mortality in each container was assessed using COLOSS recommen-
ations for determination of dead bees ( Medrzycki, et al., 2013 ). The
umber of dead bees in each container was totalled, and then analysed
o determine the LD 50 . 

For clothianidin exposure in PER and flight experiments bees were
ed 0.00, 0.25, and 2.00 ng treatments of clothianidin after collec-
ion. EFSA (2013) calculated a worst-case scenario through clothianidin
esidues in oilseed rape foraging of 4.3–13.7 ng per day. We therefore
hose a high clothianidin treatment that is a conservative estimate for
aily clothianidin exposure (and relatable to the 2.00 ng treatment used
n LD 50 analysis), and a low clothianidin treatment to test for sublethal
ffects that could occur for highly common clothianidin residues in the
nvironment. Bees were placed in the same style free feeding contain-
rs as the toxicity assay. Flight experiments were carried out 24 h after
lothianidin exposure. In total 369 bees were included in flight analy-
es (Supplementary Table 2). For PER experiments a total of 1051 bees
ere included (Supplementary Table 3). After clothianidin treatment
ees were immobilized on ice and secured in custom-cut 1 ml pipette
ips with adhesive tape (Tesa® SE, Germany). Bees were fed with a 40%
w/v) sucrose solution to satiation and maintained overnight at 29 ± 1
C in a plastic perforated container with wet tissue paper. PER assays
ere conducted 17 h after clothianidin exposure. 

roboscis extension reflex 

For combined clothianidin and ELF EMF effects on PER the proto-
ol from Shepherd et al (2018) was followed. An experimental arena
W × D × H = 60 cm × 45 cm × 55 cm) and custom odour delivery
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Fig. 1. The electromagnetic field (EMF) coils 
and experimental paradigms. A . Photograph of 
the coils showing the mount (tether) to which 
bees were attached for flight studies. B. Model 
of the EMF between the coils with 100 μT at the 
centre. C. Protocol for the proboscis extension 
reflex (PER) assessment during 50Hz EMF ex- 
posure. Five seconds after CS onset a 40% w/v 
sucrose solution reward (US) was given. Bees 
fed on the sucrose solution for 10 s (pairing of 
CS and US, 5 s), given 30s clear airflow and 
then removed from the arena. D. Flight trial 
for tethered flight assay. Flight was initiated 
for 5 s. 1000 fps high-speed video recording 
(4 s) captured pre-treatment period (1 s) and a 
treatment (Control or EMF) period (3 s). Base- 
line wingbeat frequency was recorded 0.5 s be- 
fore initiation of the treatment and wingbeat 
frequency recorded 2.5 s after initiation of the 
treatment. 
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ystem were used. The conditioned stimulus (CS) used was 8 μl of 97%
inalool (Sigma-Aldrich, UK) pipetted onto filter paper and used in the
dour delivery system. 

Bees were tested for gustatory responsiveness with a 40% sucrose
olution. Those that failed were excluded along with overnight mor-
alities. For conditioning experiments bees were placed individually in
he arena and allowed to adapt to surroundings for 15 s before being
resented with the CS for 10 s ( Fig. 1 C). 5 s after the CS onset a 40%
ucrose solution reward (unconditioned stimulus, US) was applied to an
ntenna. The bee was allowed to feed on the sucrose solution for 10 s
pairing CS and US for 5 s), given 30s clear airflow and then removed
rom the arena ( Fig. 1 C). 5 conditioning trials were completed for each
ee in the assay with an inter-trial interval of 10 min. 

If a bee did not extend its proboscis during the assay ‘no response’
as recorded. If a bee only extended its proboscis after the sugar re-
ard (US) application began, then a ‘gustatory response’ was recorded.
ees that failed gustatory responsiveness were excluded from analysis.
ER was recorded if a bee extended its proboscis during the CS appli-
ation, but before US presentation. Bees that exhibited PER in response
o linalool in the first conditioning trial were excluded from analysis,
s learning cannot be recorded in bees that already respond to the CS.
n total, 1051 bees were collected and 890 (84.7%) survived overnight
reatments. Of these, 120 (11.4%) were excluded from trials for failing
ustatory responsiveness and 83 (7.8%) for a pre-learned response to the
S. A total of 687 bees was therefore included in assessment of learning
cquisition. 
w  

3 
To analyse the combined effects of ELF EMFs and clothianidin
n PER, bees that had been exposed to clothianidin treatments (0.00
g/bee, 0.25 ng/bee, 2.00 ng/bee) were then exposed to EMFs for 1
in immediately following conditioning in each of the 5 conditioning

rials in the PER assay. Bees were exposed to 3 different 50Hz EMF levels
20, 100, and 1000μT) or control exposures (bees were evenly grouped
ased on clothianidin survival). The number of bees (n) assigned to each
lothianidin ∗ EMF combination treatment ranged from 78 to 100 (Sup-
lementary Table 3). 

light 

Tethered flight assays were carried out as previously described in
hepherd et al. (2018) . Briefly, hair on the dorsal side of the thorax
as removed to provide an attachment point. Bees were attached to
 tether using UV activated glue (Bug-Bond TM , Veniard Ltd., Croydon,
K). The tether allowed bees to be placed on, and raised from, a plat-

orm in the centre of the coils. Raising bees vertically from the platform
nitiated flight. A high-speed video camera (MotionScope 1000S, Red-
ake Imaging, CA, USA) was used to record flight at 1000 fps. Follow-
ng 5 s of consistent flight an EMF was applied and the video camera
riggered to capture flight 1 s prior to EMF exposure and 3 s after expo-
ure ( Fig. 1 D). Bees (369 in total, min n = 30 for each treatment, max
 = 35, from 3 hives) were exposed to 4 different EMF strengths (0,
00, 1000, and 7000 μT). High-speed video was analysed to determine
ingbeat frequencies of bees 0.5 s before EMF exposure (pre-treatment)
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Fig. 2. Toxicity of clothianidin to honey bees. Dose-response 
curves for the effect of clothianidin on bee mortality for each of 
three individual hives and all hives combined. Log dose is plot- 
ted. Dotted lines show 95% confidence intervals. Data points 
and error bars show mean ± SEM. A. Mortality in three dif- 
ferent hives and B. All hives combined. Hive 2 was the most 
resilient to clothianidin exposure while Hive 3 was the most 
susceptible. 
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nd 2.5 s after the EMF onset (treatment). To determine the effect of
cute EMF exposure on flight, the change in wingbeat frequency from
re-treatment to treatment was calculated for each bee, for both control
nd exposed bees. 

Tethered flight assays were conducted 24 hrs after clothianidin treat-
ent (0.00 ng/bee, 0.25 ng/bee, 2.00 ng/bee), the same time point at
hich mortality was measured in the LD 50 analysis and under exactly

he same conditions (free feeding cage at 29°C). The number of bees (n)
ssigned to each Clothianidin ∗ EMF combination treatment ranged from
0 to 35 (Supplementary Table 2). 

tatistical analysis 

Data were analysed using SPSS (v.24, IBM SPSS Inc.) and Graphpad
rism (v.8, Graph Pad Software Inc.). Where appropriate, homogene-
ty of variance and normality assumptions were tested. For all models
ssessing the impacts of treatments on binomial PER data (as well as
ortality and gustatory responsiveness in the PER assay), binomial er-

or structure and logit link function were used. ‘Hive of origin’ was con-
idered as a random effect ( Piiroinen and Goulson, 2016 ) in all mixed
odels. 

LD 50 analyses, which determines the lethal dose that kills
0% of tested bees, were conducted following standard methods
 Medrzycki, et al., 2013 ). Regression analyses were used to plot mor-
ality proportions in a dose-response curve with 95% confidence limits,
here clothianidin doses were logarithmically transformed and mortal-

ty proportions were logit transformed. LD 50 values and other median
ethal doses were interpolated from the curve. 

In the PER assays, it is possible that differential clothianidin treat-
ents could affect the number of bees excluded from the PER assay by

ither changing mortality levels, or by affecting gustatory responsive-
ess. To determine the effect of clothianidin treatment (0.0, 0.25, or
.00 ng/bee) on the proportion of mortality, and the proportion of gus-
atory responsiveness in surviving bees, was assessed using generalized
ixed effect models (GLMMs). A GLMM was also used to analyse the

ffects of combined clothianidin and EMF treatments on learning ac-
uisition (PER) in trials 2–5. Trial 1 was not included as bees cannot
xhibit conditioned PER in trial 1, and to improve model fit, including
trial number’ as a repeated measure interactive factor. Where appropri-
te, pairwise contrasts with Fisher’s least significant difference protocol
Fisher’s LSD) were used in post-hoc analyses for GLMM’s. A one-way
nalysis of Variance (ANOVA) was used to determine the initial effect
f clothianidin treatment on honey bee wingbeat frequency with Bonfer-
oni protocol for post-hoc analyses. A linear GLMM with clothianidin and
MF treatments as interaction factors, was used to assess the combined
ffects of clothianidin and EMFs on the change in wingbeat frequency
bserved in the flight assay. 
4 
esults 

lothianidin toxicity 

To determine the toxicity of clothianidin in bees we calculated dose-
esponse curves for six clothianidin doses (0.25, 0.50, 1.00, 2.00, 4.00
nd 10.00 ng/bee) and 24 h mortality were plotted for each individ-
al hive ( Fig. 2 A), and all hives combined ( Fig. 2 B). Some hives ap-
eared more susceptible to clothianidin exposure than others although
here was considerable overlap of LD 50 curves. The 24 h LD 50 for Hive
 was 3.03 ng/bee which was mid-range compared to the other two
ives ( Fig. 2 A). Hive 2 was the most resilient to clothianidin exposure
 Fig. 2 A) with the highest 24 h LD 50 at 4.22 ng/bee. In contrast, Hive
 was the most susceptible to clothianidin exposure, with the lowest
4 h LD 50 at 2.59 ng/bee. For all hives combined the 24 h LD 50 for
lothianidin was 3.16 ng/bee (95% CI: 2.88–3.44 ng/bee) ( Fig. 2 B). On
verage a dose as low as 0.97 ng/bee (95% CI: 0.73–1.24 ng/bee) was
ufficient to cause 15% mortality, and doses greater than or equal to
.89 ng/bee (95% CI: 5.11–6.91 ng/bee) caused at least 85% mortality.
or doses relevant to the 24 h timescale used in the flight assay, 0.25
g/bee caused 6.5% mortality (95% CI: 2.2–10.9%) and 2.00 ng/bee
aused 30.4% mortality (95% CI: 25.6–35.3%). 

ffects of clothianidin alone on flight 

The effect of exposure to clothianidin alone on wingbeat frequency
as assessed in the tethered flight assay ( Fig. 3 A). Across all hives with
o clothianidin exposure, the mean wingbeat frequency was 116 ± 3 Hz,
hereas bees exposed to 0.25 ng clothianidin had a mean wingbeat fre-
uency of 111 ± 3 Hz, while bees exposed to 2.00 ng had a higher mean
ingbeat frequency of 126 ± 3 Hz. Clothianidin had a statistically sig-
ificant effect on wingbeat frequency (One-way ANOVA, F 2,366 = 7.68,
 = 0.0005), as bees that survived 2.00 ng exposure had significantly
igher increased wingbeat frequencies than both 0.25 ng (Bonferroni: P
 0.001) and 0.00 ng (Bonferroni: P = 0.039) exposures. There was no
ignificant difference between the wingbeat frequencies of bees follow-
ng 0.00 ng and 0.25 ng treatments (Bonferroni: P = 0.54). 

ombined effects of clothianidin and ELF EMFs on flight 

24 h after clothianidin treatment, tethered flight assays were con-
ucted in which bees were also exposed to 50 Hz EMF (0 μT control,
00 μT, 1000 μT and 7000 μT). With no clothianidin exposure (0.00
g/bee), and no EMF exposure, the wingbeat frequency increased by
.4 ± 0.9 Hz, during the time period of the assay ( Fig. 3 B). With in-
reasing EMF exposure, wingbeat frequency increased by 3.0 ± 0.8 Hz
t 100 μT, by 5.6 ± 0.9 Hz at 1000 μT, and by 6.3 ± 1.1 Hz at 7000 μT.
ollowing exposure to 0.25 ng clothianidin the increase in frequency
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Fig. 3. Prior exposure to clothianidin reduced the effects of ELF EMFs on wing- 
beat frequency. A. Effect of 0.00 ng, 0.25 ng, and 2.00 ng/bee clothianidin 
exposure on wingbeat frequency 24 h after clothianidin exposure. B. Change 
in wingbeat frequency for all 12 combination treatments of clothianidin (0.00, 
0.25 and 2.00 ng/bee) and EMFs (0 μT, 20 μT, 100 μT and 1000 μT). EMF ex- 
posure led to increased wingbeat frequency. Prior treatment with clothianidin 
reduced the effects of EMFs on wingbeat frequency. For all figures mean ± SEM 

are plotted. Different letters for both treatments and exposure correspond to 
significant differences ( 𝛼 = 0.05). 

c  

1  

t  

d  

0  

1
 

c  

q  

c  

F  

m  

a
 

a  

I  

q  

m  

P  

w  

t  

n  

f
 

a  

g  

r  

t

E

g

 

h  

m  

c  

F  

c  

a  

d  

P

 

n  

m  

a  

m  

i  

P  

f  

H  

n  

a  

d
 

f  

P  

e

C

 

l  

c  

t  

1  

t  

c  

i  

P  

0  

e  

o  

t  

6  

d  

%
 

t  

n  

b  

t  

h  

n  

n
 

f  

P  
aused by EMF was reduced to 1.7 ± 1.0 Hz at 100 μT, 2.8 ± 0.7 Hz at
000 μT and 4.4 ± 0.9 Hz at 7000 μT. Following 2.00 ng clothianidin
reatment the increases in wingbeat frequency found prior to clothiani-
in exposure were reduced even further to 0.6 ± 1.1 Hz in control bees,
.3 ± 1.3 Hz in bees exposed to 100 μT, 1.7 ± 0.9 in bees exposed to
000 μT and 5.5 ± 1.3 Hz in bees exposed to 7000 μT. 

There was no two-way interaction effect of EMF exposure and
lothianidin treatment on the change observed in mean wingbeat fre-
uency (GLMM, F 6,357 = 0.59, P = 0.74). EMF exposure significantly in-
reased wingbeat frequency across all clothianidin treatments (GLMM,
 3,357 = 9.837, P < 0.0001) with 7000 μT significantly increasing the
ean wingbeat frequency from both control (Fisher’s LSD: P < 0.0001)

nd 100 μT exposure (Fisher’s LSD: P < 0.0001). 
Clothianidin exposure reduced wingbeat frequency changes across

ll treatments, including controls (GLMM, F 3,357 = 6.127, P = 0.002).
n bees exposed to 2.00 ng clothianidin alone the mean wingbeat fre-
uency increased by 1.8 ± 0.5 Hz, which was significantly less than the
ean increase of 4.3 ± 0.5 Hz following 0.00 ng control (Fisher’s LSD:
 = 0.002). Bees treated with 0.25 ng clothianidin also exhibited a mean
ingbeat frequency of 2.6 ± 0.5 Hz that was significantly less than con-

rol (Fisher’s LSD: P = 0.031). There were no differences between 0.25
5 
g and 2.00 ng clothianidin treatment effects on a change in wingbeat
requency (Fisher’s LSD: P = 0.35). 

Thus, in control bees not exposed to clothianidin, 50Hz EMFs caused
n increase in wingbeat frequency, with greater field strengths causing
reater changes in wingbeat frequency. Prior exposure to clothianidin,
educed the effect of EMF on wingbeat frequency so that only exposure
o 7000 μT caused a significant change in frequency. 

ffects of clothianidin alone on bees excluded from PER (mortality and 

ustatory responses) 

In preparation for the PER assay, bees given sucrose treatment ex-
ibited 10.4% mortality, a 0.25 ng/bee clothianidin dose caused 14.7%
ortality, and a 2.00 ng/bee dose caused 30.7% mortality ( Fig. 4 A). In-

reased doses of clothianidin significantly increased mortality (GLMM:
 2,1048 = 22.33, P < 0.001). A dose of 2.00 ng/bee significantly in-
reased mortality compared to both control (Fisher’s LSD : P = 0.001),
nd 0.25ng/bee treatments (Fisher’s LSD: P < 0.001). The 0.25 ng/bee
ose did not significantly increase mortality from control (Fisher’s LSD:
 = 0.054). 

Hive 3 (the most susceptible hive for 24 h clothianidin LD 50 at 2.59
g/bee) exhibited higher mortality levels prior to PER assays with 14.2%
ortality for sucrose treatment, 19.8% mortality for a 0.25 ng/bee dose,

nd 53.8% mortality for a 2.00 ng/bee dose ( Fig. 4 B). Hive 1 (the 2nd
ost susceptible hive for 24 h clothianidin LD 50 at 3.03 ng/bee) was

ntermediate in terms of susceptibility to clothianidin exposure prior to
ER assays, with 6.2% mortality for sucrose treatment, 15.7% mortality
or a 0.25 ng/bee dose, and 24.4% mortality for a 2.00 ng/bee dose.
ive 2 (the least susceptible hive for 24 h clothianidin LD 50 at 4.22
g/bee) was the most resilient to clothianidin exposure prior to the PER
ssay with 7.0% mortality for sucrose, 7.8% mortality for a 0.25 ng/bee
ose, and 12.9% mortality for a 2.00 ng/bee dose. 

Of the bees that survived clothianidin treatment there was no ef-
ect of treatment on gustatory responsiveness (GLMM F 2,887 = 2.098,
 = 0.123) which was 88.7% for 0.00 ng exposure, 87.4% for 0.25 ng
xposure, and 83.0% for 2.00 ng exposure. 

ombined effects of clothianidin and ELF EMFs on PER 

To determine the combined effects of ELF EMFs and clothianidin on
earning, bees were exposed to twelve combination treatments: 1 of 3
lothianidin treatments (0.00 ng, 0.25 ng, 2.00 ng/bee) 17 h prior to
he PER assay, followed by 1 of 4 EMF treatments (0 μT control, 20 μT,
00 μT and 1000 μT) for 1 min after every conditioning trial during
he PER assay. A GLMM was used to determine the interactive effects of
lothianidin and EMF treatment on learning acquisition. As trial number
ncreased bees learned the CS in the PER assay (GLMM, F 3,2700 = 16.89,
 < 0.0001). Bees that were not exposed to clothianidin overnight (i.e.
.00 ng/bee) and not exposed to EMFs during conditioning had the high-
st learning levels in the PER assay with 60% in only trial 2, and a peak
f 87% learning ( Fig. 5 A). Bees that were exposed to increasing intensi-
ies of EMFs during conditioning trials had reduced learning levels, with
8–87 % control bees responding in trials 3–5, 55–77 % responding un-
er a 20 μT EMF, 43–72 % responding under a 100 μT EMF and 42–68
 responding under a 1000 μT EMF. 

Prior treatment with clothianidin, with no EMF exposure, reduced
he proportions of learning compared to control. For example, with
o EMF exposure during conditioning and no clothianidin treatment,
ees reached levels of 75–87 % learning (across trials 3–5), but 0.25 ng
reated bees exhibited PER at 71-78 %, while 2.00 ng treated bees ex-
ibited PER at 68–72 % ( Fig. 5 A–C). 2.00 ng clothianidin exposure sig-
ificantly reduced learning levels when compared to control bees (when
o EMF exposure occurred) (GLMM, Fisher’s LSD: P = 0.006). 

Clothianidin treatment and EMF exposure had an interactive ef-
ect on the proportions of PER in the assay (GLMM, F 6,2700 = 5.196,
 < 0.001). As the dose of clothianidin increased the effect of EMFs
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Fig. 4. Effects of clothianidin on mortality. The effects of 0.00 
ng, 0.25 ng, and 2.00 ng/bee clothianidin exposure on bees 
from all three hives. A. Increasing doses of clothianidin led 
to significant increases in mortality. B. Variability in the ef- 
fects of 0.00 ng, 0.25 ng, and 2.00 ng/bee clothianidin expo- 
sure on bees from three different hives. The exact percentage 
mortality is plotted. Binary mortality data were analysed in a 
generalized linear mixed model (GLMM) with binary logit link 
function. Mortality was greatest in Hive 3 and least in Hive 2. 
Different letters for both treatments and exposure correspond 
to significant differences ( 𝛼 = 0.05). 
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n learning acquisition was reduced. With no clothianidin exposure
0.00 ng/bee treatment), all ELF EMF levels reduced the proportion
f bees learning from 43 to 63% at 20 μT, 37–48% at 100 μT and
2–62% at 1000 μT, were significantly reduced from controls of 60–
7% (Fisher’s LSD: P < 0.0001) ( Fig. 5 A). With a clothianidin treat-
ent of 0.25 ng/bee, however, only 100 μT and 1000 μT ELF EMF ex-
osure reduced PER levels significantly ( Fig. 5 B) to 47-67% (Fisher’s
SD: P = 0.015) and 48-67% (Fisher’s LSD: P = 0.001) respectively
rom control levels (62–78% PER). In addition, after a 0.25 ng/bee
reatment, learning levels were higher after 20 μT exposure by 60–74%
ompared with 100μT exposure (Fisher’s LSD: P = 0.018) or 1000μT
Fisher’s LSD: P < 0.001) exposure ( Fig. 5 B). With the highest clothi-
nidin treatment (2.00 ng/bee) only EMFs of 1000 μT reduced learn-
ng acquisition significantly from controls ( Fig. 5 C), from 52–72% to
8–64% (Fisher’s LSD: P = 0.003). After 2.00 ng/bee clothianidin treat-
ent 1000 μT EMF exposure also significantly reduced learning lev-

ls by 55–77% learning levels after 20 μT EMF (Fisher’s LSD: P <

.001) and by 44–72% after 100 μT EMF (Fisher’s LSD: P = 0.011)
 Fig. 5 C). 

Other model effects that were tested regarding the ‘trial number’
nteractions with ‘EMF’ or ‘clothianidin’ effects, were non-significant.
here was no three-way interaction effect of ‘clothianidin’ x ‘EMF’ x ‘trial’

GLMM, F 18,2700 = 0.604, P = 0.90), no two-way ‘clothianidin’ x ‘trial’

GLMM, F 6,2700 = 0.51, P = 0.80) or ‘EMF’ x ‘trial’ effect on learning
GLMM, F 9,2700 = 1.41, P = 0.18). 

iscussion 

We have found that exposure to ELF EMFs alone reduced learning
n an exposure-dependent manner. Similarly, exposure to clothianidin
lone also led to a reduction in learning. When applied in combination,
owever, prior sublethal exposure to clothianidin reduced the effect of
LF EMFs on learning. Hives that were more susceptible to clothianidin
n toxicity analyses also had higher mortality in PER assays. Clothianidin
usceptibility may have led to some of the interactive effects of clothian-
din and ELF EMFs on cognitive behaviour. Clothianidin and ELF EMFs
lone each caused an increase in wingbeat frequency, however, clothian-
din exposure reduced ELF EMF-induced changes in wingbeat frequency
cross all treatments. 
6 
lothianidin and ELF EMF interactions with biological systems 

The effects of sublethal levels of neonicotinoids on locomotion have
een described in a variety of studies including locomotory deficits, but
lso increased locomotory activity ( Lambin et al., 2001 ; Suchail et al.,
001 ; Williamson et al., 2014 ; Alkassab and Kirchner, 2018 ). The bind-
ng of neonicotinoids (including clothianidin) to nicotinic acetylcholine
eceptors (nAChRs), which have an essential role in fast excitatory
ynaptic transmission in the central nervous system, result in excitation,
hich may underlie the increase in locomotory activity and the increase

n wingbeat frequency observed here ( Matsuda et al., 2001 ; Jeschke and
auen, 2008 ). 

At low concentrations, the effects of neonicotinoids are excitatory,
or example Tosi et al. (2017) found that a 1.37 ng/bee acute dose of thi-
methoxam (another neonicotinoid of which clothianidin is a metabo-
ite) had excitatory effects on honeybee flight. At higher levels neonicoti-
oids can lead to overstimulation, and death ( Cabirol and Haase, 2019 ).
s a result, it is possible that ELF EMFs, known to have excitatory ef-

ects, could have synergistic excitatory effects with neonicotinoids, as
ther stressors are known to have ( Sgolastra et al., 2017 ). Our results
howed, however, that there was no synergistic interactive effect of
lothianidin and acute ELF EMF exposure on flight. Instead, where wing-
eat frequency had increased from initial levels for all EMF exposures
uring the assay, the magnitude of this change was reduced following
ublethal exposure to clothianidin. A possible underlying explanation
or this effect is that for bees that survived clothianidin exposure dur-
ng the flight assay, the effects of clothianidin at the neural level may
ave brought about the observed increased wingbeat frequency. As a re-
ult, bees treated with clothianidin in the flight assay had higher wing-
eat frequencies before any exposure to EMFs and, consequentially, may
ave already been flying close to physiological limits under the exper-
mental conditions before EMF effects on wingbeat frequency could be
nduced. 

For cognitive behaviour the effects of neonicotinoids on neural
ystems may also provide a potential route for interactive effects of
MF and clothianidin. For example, clothianidin has been shown by
almer et al. (2013) to cause a depolarization-block of firing in Kenyon
ells, which have a critical function in honey bee learning and mem-
ry. This kind of neurobiological effect may underpin the reductions
n learning caused by clothianidin found in this study, as well as nu-
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Fig. 5. Effects of clothianidin EMFs on PER. Proportions of bees showing PER 
following exposure to clothianidin and 50Hz EMFs. A. 0.00 ng/bee clothianidin 
exposure, B. 0.25 ng/bee clothianidin exposure, and C. 2.00 ng/bee clothianidin 
exposure. For all figures exact proportions are plotted. EMFs reduce learning in 
the PER assay. Prior clothianidin exposure reduced the effect of EMFs on learn- 
ing. Different letters for both treatments and exposure correspond to significant 
differences ( 𝛼 = 0.05). 
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erous other effects of neonicotinoids on learning and memory in
ees ( Decourtye et al., 2003 , 2004a ; Williamson and Wright, 2013 ;
tanley et al., 2015 ; Piiroinen and Goulson, 2016 ). There is also the
ossibility that through neural interactions clothianidin causes effects
hat may otherwise have been caused by ELF EMFs. The mode of action
f clothianidin is through neuronal excitation in insects ( Matsuda et al.,
001 ; Jeschke and Nauen, 2008 ), and ELF EMFs are known to have ex-
itatory effects on cellular systems ( Dimbylow, 1998 ; Jacobson et al.,
005 ). If reductions in learning and memory caused by ELF EMFs are
elated to their effects in cognitive neural systems, then pre-treatment
f bees with clothianidin may reduce the ability of ELF EMFs to cause
hese same effects on cognitive behaviour. 

There are a variety of other mechanisms through which ELF EMFs
nd clothianidin may interact. Due to the range of neural effects of neon-
cotinoids caused by nAChR binding ( Matsuda et al., 2001 ; Jeschke and
auen, 2008 ; Jeschke et al., 2010 ), changes in sensory responses by
eonicotinoids are likely. Jin et al. (2015) found that clothianidin expo-
7 
ure of 0.76 ng/bee reduced sensory responses of solitary bees ( Osmia

ornuta ) to a visual environment. 
While there is much to learn regarding magnetosensation, bees

re well known to show magnetosensory abilities ( Bazalova et al.,
016; Gegear et al., 2010; Kirschvink et al., 1997, 2001; Liang et al.,
016 ), and if magnetosensory abilities have a critical role in the ef-
ects of acute ELF EMF exposure in honey bees, as found here, then
lothianidin-related effects on sensory perception could cause the re-
uction in EMF effects with increased clothianidin exposure found here.
his could be important as if neonicotinoids can affect magnetosen-
ation they would be likely to affect geomagnetic orientation by hon-
ybees, which alongside the effects on learning and flight observed
ere, could contribute to the well-documented impact of neonicoti-
oids on foraging/homing flights and orientation e.g. longer foraging
ights ( Schneider et al., 2012 ), reduced proportions of successful hom-

ng flights ( Matsumoto, 2013 ), and impacts on components of naviga-
ion, including causing longer homing flights ( Fischer et al., 2014 ). 

Other interaction mechanisms between ELF EMFs and clothianidin
ay also occur; for example, clothianidin has been shown to mod-

fy transcription of a range of critical genes related to stress, health
nd immunity ( Christen et al., 2016 ) including heat shock responses
 Esther et al., 2015 ) which ELF EMFs have been shown to activate
 Wyszkowska et al., 2016 ), however, ELF EMF induced heat shock re-
ponses occur after much longer chronic exposures than were tested
ere. It seems unlikely that with the acute ELF EMF exposures applied in
his study that a molecular interaction in stress pathways could occur. 

ortality 

The overall median lethal dose found here was 3.16 ng/bee which is
oncerning given the high levels of clothianidin encountered in the en-
ironment. EFSA (2013) calculated a worst case scenario through cloth-
anidin residues in oilseed rape foraging of 4.3–13.7 ng per day. While
ome studies have been critical ( Carreck and Ratnieks, 2014 ) that a dose
pplied all at once, as was done here, is dramatically different from one
pplied over a week or even over the course of day, under the ‘worst case
cenario’ described by the EFSA (2013) honeybees here would have to
etoxify 1.4–4.3 times the LD 50 a day, or 7.8–24.5 times the dose re-
uired to kill 10% of bees. In experiments where bees were allowed to
reely feed clothianidin treatments at 25 ppb, the same concentration
s the low clothianidin treatment used here (0.25 ng in 10 μl), they
onsumed the equivalent of 2.99 ng/bee/24 h ( Williamson et al., 2014 )
esulting in 45% mortality. There does not appear to be a major differ-
nce here in mortality of a 2.99 ng dose (45%) received over 24 h versus

o what was found here regarding mortality of a 3.16 ng dose (50%) re-
eived at once. Acetylcholinesterase, which would normally break down
gonists of nAChRs, cannot break down neonicotinoids, making their
inding irreversible ( Matsuda et al., 2001 ). As a result, detoxification
ould have to be very efficient for bees not to be affected by clothi-
nidin exposure, given the effects found here. Even under the circum-
tances where bees can detoxify neonicotinoids to survive, this process is
nown to modify gene expression, activate multiple stress pathways, and
equire intensive energetic investment ( Esther et al., 2015 ; Gong and
iao, 2017 ). The LD 50 ’s tested here were in 10 μl of sucrose, and there-

ore the overall LD 50 for the assay (3.16 ng/bee) was equivalent to 366
pb. With clothianidin consistently found above 10,000 ppb in guttation
uid of treated plants ( Girolami et al., 2009 ; Tapparo et al., 2011 ), bees

rom this assay would only need to consume 0.316 μl of guttation fluid
f clothianidin treated crops to receive the median lethal dose, and for
xtremes such as 717,000 ppb ( EFSA, 2013 ) would require only 0.0044
l to receive the median lethal dose. 

There were variations in clothianidin toxicity between hives. The
edian lethal dose for the strongest hive at 4.22 ng/bee was 63% higher

han that of the weakest hive, 2.59 ng/bee. This kind of variation in
he field is common. For example, different 24 h oral LD 50 ’s for cloth-
anidin have been reported at different doses including 2.18 ng/bee
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 Matsumoto, 2013 ), 3.79 ng/ bee ( EFSA, 2013 ) and 2.8–3.7 ng/bee
 Laurino et al., 2011 ). It is well understood that neonicotinoid toxic-
ty is dependent on a variety of factors including underlying health, for
xample from substandard protein feeding ( Wehling et al., 2009 ), in-
ection ( Alaux et al., 2010 ; Vidau et al., 2011 ), and from other factors
uch as age ( Suchail et al., 2001 ; Guez et al., 2003 ). It is likely that un-
erlying factors within each hive had a part to play in the variation in
lothianidin toxicity that was observed. 

The underlying health of hives may have had some part to play in the
nteractions found between clothianidin exposures and the responses of
ees to ELF EMFs, particularly if ELF EMFs are more likely to affect bees
hat are unhealthy, aged or stressed. For example, in olfactory condi-
ioning when higher clothianidin treatments were used (inducing higher
evels of mortality in the test population), the impacts of ELF EMFs on
earning performance were reduced. In this case unhealthy, aged, or
tressed bees that may have been more susceptible to ELF EMF exposure
ay have already been eliminated from the assay through clothianidin

nduced mortality. Underlying health causing varying clothianidin ef-
ects could also cause variations in sub-lethal interactions of stressors.
or example, unhealthy, aged, or stressed bees that may have been sus-
eptible to ELF EMF-induced effects of learning may have already been
imited in terms of performance by clothianidin exposure, thus reducing
he effects of EMFs on learning in comparison to bees not treated with
lothianidin. These findings could further be expanded to the flight as-
ay, where clothianidin increased the pre-treatment wingbeat frequency
f all bees. Increased mortality of bees in this assay from clothianidin
xposure may have left healthier faster flying bees in the assay. 

onclusions 

Ultimately ELF EMFs have been shown to impact honey bee learn-
ng, memory and flight, even when bees are treated with clothianidin,
lthough the magnitude of the EMF effect is reduced. Clothianidin on
he other hand had dramatic effects on honey bee behaviour and health,
hich are likely to cause large scale ecological damage. Clothianidin

usceptibility may have a part to play in terms of this compound’s inter-
ctions with ELF EMFs. If the impacts of ELF EMFs on important cogni-
ive and locomotory behaviours in pollinators translate to field scenar-
os, then where the effects of neonicotinoids are reduced, ELF EMFs may
ecome a greater factor as an environmental stressor of pollinators. 
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