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Abstract—Pollinating insects are an inherent part of most terrestrial ecosystems 
as they provide a crucial service for most angiosperms, including numerous 
important crops. A decrease in pollinator populations can therefore have severe 
consequences for both natural ecosystems and agricultural yields. Pesticide usage 
has been pointed out as one of the drivers behind pollinator declines. Globally, 
neonicotinoids are one of the most commonly used insecticides and studies have 
shown that exposure at sublethal levels can alter foraging behaviour, ultimately 
negatively affecting survival.  
Using a custom-made bumblebee colony monitoring system, we examined how the 
number and duration of foraging bouts of bumblebees (Bombus terrestris) on an 
individual level was affected by exposure to low (6.5 µg/L) and high (10.2 µg/L) 
sublethal concentrations of the neonicotinoid clothianidin via nectar. We also 
examined possible interaction between clothianidin exposure and abiotic factors 
(temperature and precipitation), and its impact on foraging bout number and 
duration. 
Exposure to sublethal concentrations of clothianidin increased foraging bout 
duration in bumblebees. Furthermore, the foraging bout duration decreased with 
increasing temperature at both exposure concentrations, whereas the unexposed 
control group was not affected by temperature. Neither number of foraging bouts 
nor the daily rhythm of foraging bout duration was affected by clothianidin 
exposure or temperature. The foraging bout duration decreased with increasing 
precipitation in both exposed and non-exposed groups. However, we did not find 
any interaction between precipitation and exposure, suggesting that precipitation 
does not affect toxicity. 
Our study shows the importance of semi-natural experiments and accounting for 
ambient factors when assessing the risk that pesticide exposure may present to 
pollinators. We conclude that the effect of clothianidin exposure on bumblebee 
foraging behaviour is temperature sensitive and that local climatic conditions and 
future climate change scenarios should be considered in risk assessments of 
clothianidin and other insecticides.   

Keywords—Foraging bout duration, neonicotinoids, temperature, climate change, 
individual data 

INTRODUCTION 

Bumblebees and other pollinating insects are an 

inherent part of most terrestrial ecosystems. 

Currently 46% of European bumblebee species 

have declining populations (Nieto et al. 2014). A 

decrease in insect pollinator populations can have 

severe consequences for plant communities as 

87.5% of all angiosperms depend on pollination 

services delivered by pollinators, most of these 

being insects (Ollerton et al. 2011). It might also 

negatively affect agricultural production as 
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pollinators increase the yields from 35% of plants 

used for human consumption (Klein et al. 2007). 

The main reasons for the declining bumblebee 

populations include habitat degradation and 

fragmentation, monocultures, extensive pesticide 

usage, climate change, diseases and parasites 

(Potts et al. 2010; Vanbergen & Initiative 2013; 

Potts et al. 2016; Sánchez-Bayo & Wyckhuys 2019). 

Insecticides used in agriculture to protect crops 

against parasites and herbivorous insects may 

negatively affect beneficial, non-target insects, 

including bees and other pollinators (Kiljanek et al. 

2016; Basu & Chakrabarti 2015; Kumar et al. 2018). 

Neonicotinoids are a class of neurotoxic 

insecticides, similar to nicotine in both chemical 

composition and mode of action. Neonicotinoids 

interact with Nicotinic Acetylcholine Receptors 

(nAChRs) (Ihara & Matsuda 2018), located in the 

central nervous system of insects, functioning as 

an antagonist of acetylcholine - a substance that 

enables the transfer of signals from nervous system 

to muscles (Brown et al. 2006). The acetylcholine 

specific enzyme (AChE) is not able to break down 

neonicotinoids and as such they accumulate in the 

synaptic cleft and cause continuous generation of 

muscle stimulating nerve impulses. Low to 

moderate levels of stimulation can cause 

convulsions and seizures while high levels result 

in overstimulation of the nervous system, causing 

paralysis and death (Nakagawa & Casida 2001; 

Brown et al. 2006; Simon-Delso et al. 2015). 

The most commonly used neonicotinoids are 

imidacloprid, thiamethoxam and clothianidin 

(Goulson 2013). These neonicotinoids can have 

negative effects on bees, ranging from sublethal to 

lethal depending on the dose received by the 

organism (Godfray et al. 2014; Lundin et al. 2015; 

Tsvetkov et al 2017). Neonicotinoids impair the 

function of synapses in mushroom bodies in the 

brain of the insect, leading to reduced learning and 

memory (Decourtye et al. 2004; Han et al. 2010; 

Williamson & Wright 2013; Stanley et al. 2015a; 

Samuelson et al. 2016), interference with food 

consumption and foraging (Decourtye et al. 2004; 

Gill & Raine 2014; Stanley et al. 2015b; Stanley et al. 

2016) and reduced homing ability (Yang et al. 2008; 

Fischer et al. 2014, Stanley et al. 2016). Further, 

neonicotinoids can negatively affect the basic 

motor skills of bees i.e., walking, flying and 

grooming (Williamson et al 2014); with 

documented effect such as uncoordinated 

movements, hyperactivity and convulsions 

(Blacquière et al. 2012).  

Bumblebees are social insects with a complex 

colony structure and division of labour (Free 1955). 

An important task for the workers is to provide 

continuous food supply to ensure proper 

development of the colony. Foraging involves 

several complex behaviours including searching 

for floral resources, flower handling (Stanley et al. 

2015b; Stanley & Raine 2016) and homing ability 

(Stanley et al. 2016). Any disturbance of these 

processes might negatively affect bumblebee 

colony survival and reproduction. Although 

bumblebees are found in different parts of the 

world, ranging from hot Mediterranean regions, 

though wet and humid South America to cold 

north Scandinavia, they are temperature sensitive 

(Zamba et al. 2020); Bumblebees cannot take off 

until their flight muscle temperature is above 30°C, 

and the temperature of the thorax during flight 

must be kept at 30°C to 40°C (Heinrich 1981; 

Sanborn 2005). Further, the temperature inside the 

nest must be maintained at approx. 30°C for larvae 

to develop correctly (Schultze-Motel 1991; 

Weidenmüller 2004). Recent rapid climate change 

and increasing temperature is causing overheating 

problems for bumblebees and is taking a toll on bee 

populations across the globe (Potts et al. 2010; Kerr 

et al. 2015; Soroye et al. 2020). In addition, recent 

studies suggest that the effects of neonicotinoids 

may also depend on local ambient weather 

conditions (Boina et al. 2009; Camp & Buchwalter 

2016).  

As there is still little knowledge about how 

interactions between anthropogenic stressors such 

as neonicotinoids and natural drivers such as 

ambient temperature affects bumblebees, the aim 

of this study was to assess how exposure to field-

realistic sublethal concentrations of the 

neonicotinoid clothianidin and abiotic factors 

(temperature and precipitation) affects bumblebee 

foraging. To address this aim, we developed a 

monitoring system capable of recording individual 

bumblebee foraging bouts in natural settings. Once 

the system was tested and well-functioning, we 

examined the effects of sublethal clothianidin 

concentrations on bumblebee (Bombus terrestris) 

foraging bout duration. We were interested in 

assessing if foraging bouts were affected by 

clothianidin, and if this effect was modulated by 



140 Kolano et al. J Poll Ecol 28(11) 

 

the ambient weather conditions (i.e., temperature 

and precipitation). 

MATERIALS AND METHODS 

DEVELOPMENT OF MONITORING SYSTEM 

To monitor individual bumblebees leaving and 

entering the colony, we constructed an automated 

detection system using motion-sensitive cameras. 

The system consisted of 3 main parts: the colony 

box, the entrance monitoring box, and a computer 

with necessary software.  

The colony box measured 30 cm x 20 cm x 15 

cm (length x width x height) and was made of 

untreated pinewood as wood preservatives might 

repel bumblebees and/or be toxic (Kalnins & 

Detroy 1984) (Fig. 1). Based on available 

bumblebee colony box designs (Sladen 1987; 

Intenthron 1999), the colony box was divided into 

2 chambers; An outer chamber that functioned as 

an entrance/exit as well as a dedicated place for 

forage (nectar and pollen) and an inner chamber as 

the main nesting area. Both chambers were lined 

with corrugated cardboard to prevent any 

moisture, waste, and rot from contaminating the 

floor of the chamber. In addition, the inner 

chamber was lined with water-repellent cotton 

wool to provide building materials and insulation 

for the colony. Ventilation holes were drilled in the 

sidewalls of the outer chamber and were secured 

with plastic insect netting to prevent any escape 

attempts. The lid for the colony box was made 

from two separate layers – one sheet of transparent 

Plexiglas and one sheet of fibreboard. The 

transparent lid enabled inspection of the colony 

without opening it, while the fibreboard was used 

as cover to block sunlight as Bombus terrestris 

normally nest underground. 

The monitoring box housed the camera and the 

entrance/exit tunnels and measured 16 cm x 10 cm 

x 16 cm (length x width x height) and was made of 

untreated pinewood, similar to the colony boxes 

(Fig. 2). The bottom of the box was divided into 2 

tunnels to separate the bumblebees leaving the 

hive from the ones entering the hive, essentially 

creating one entrance tunnel and one exit tunnel. 

A pair of one-way doors was installed in both ends 

of each tunnel to dictate the movement direction. 

The doors were made of a thin sheet of transparent 

plastic mounted on a simple hinge in a 45-degree 

angle. To avoid blurry and unfocused pictures, the 

movement speed of the bumblebees had to be 

reduced. This was achieved by installing a small 

chokepoint directly beneath the camera. The 

chokepoints were made of a small plastic cable 

duct measuring 40mm x 9mm x 5mm (length x 

width x height) attached to the Plexiglass lid. 

Placed directly above the entrance/exit tunnels was 

a camera - Logitech HD PRO WEBCAM C920; 

selected because of its mounting system, with 

build-in height and tilt adjustments and a tripod 

mounting bracket, performance (i.e. resolution, 

frame rate and shutter speed) and low price. To 

provide constant lighting we mounted a strip of 3 

white LEDs (Biltema LED Strips Warm white 3000  

 

FIGURE 1. Custom made colony 
box. The box was made of 
pinewood and measured 30 cm x 
20 cm x 15 cm. The box was divided 
into two chambers. The inner 
chamber (1) was used as the 
primary nest chamber, while the 
chamber (2) was used as an 
entrance (4) and a place for a 
feeding station. Ventilation holes 
(3) were drilled into the sides and 
covered with plastic insect 
netting. 
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K) in the top corner of the box. We used LEDs 

because they do not produce any heat that could 

affect the bumblebees, they are power efficient, 

cheap, and easy to mount. 

A standard desktop computer (OS: 64-bit 

Windows 7. Processor: Intel Core i5-2500. Memory: 

8GB RAM. Graphics Card: Intel® HD Graphics 

2000. Hard Drive: 500 GB) controlled the cameras 

through the software iSpy 7.2.0.0. We chose this 

particular software due to it being open source and 

its numerous functions, enabling the user almost 

full control of camera parameters. However, any 

camera surveillance software capable of motion 

detection should be able to control this system. The 

cameras were configured to “two-frame motion 

detection”, recording and comparing the current 

frame with the previous. If the difference between 

two frames was bigger than a given threshold, the 

software started taking pictures. The constant 

lighting inside of the camera box allowed for 98% 

sensitivity trigger range i.e., 2% difference between 

the frames was enough to trigger the camera. 

To identify individual bumblebees, we used a 

set of software tools called bTools (Gernat et al. 

2018) to generate a set of 2048 unique tags called 

bCodes. A bCode is a two-dimensional data-

matrix and works by the same principle as a QR 

code or a barcode (Gernat et al. 2018). Each bCode 

contains a different value which, when scanned by 

software provided with bTools, distinguish the 

codes from one another. This enabled us to register 

data on activity patterns, i.e. number and duration 

of foraging bouts, on an individual level. We 

printed the bCodes on weatherproof paper (Rite in 

the Rain All-weather Printing Paper) using a 

standard laser printer at 1200 DPI (dots per inch) 

print quality, and then cut out using a scalpel. To 

optimize readability and the process of applying 

the codes to the bumblebee backs, we used codes 

of 2.2 mm x 2.2 mm (length x width) (Fig. 3). The 

bCodes were attached to the bumblebee’s thorax 

between the wings (Fig. 3), using a small drop of 

Loctite Super Glue.  

EXPERIMENTAL SETUP 

To measure the effects of clothianidin on 

foraging behaviour of individual bumblebees, we 

designed a semi-natural experiment involving 36 

Bombus terrestris colonies. The colonies were 

purchased from the company Bombus Natur AS, 

Bryne, South-Western Norway. The colonies were 

divided into 6 replicates. Each replicate contained  

FIGURE 2. A close-up picture 
of the inside of the monitoring 
box, showing the main 
components. A camera (1) 
placed directly above a 
chokepoint (2), which was 
designed to slow down 
passing bumblebees. A pair of 
one-way doors (3) was 
installed in both tunnels to 
separate bumblebees entering 
and leaving the colony. 
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Figure 3. Bumblebee worker marked with bCode 
foraging on Anthriscus sylvestris flowers in Urtehagen at 
University of Oslo (approx. 50 metres from the monitoring 
stations and colony boxes). Note that the bCode 
recognition software was able to correctly recognize and 
identify the tag. Photo: Malin R. Aarønes. Date 29 May 2019 

6 colonies of which 2 acted as control (0 µg/L), 2 

received low concentration (6.5 µg/L) and 2 

received the high concentration (10.2 µg/L) of 

clothianidin. The selected concentrations were 

within field-realistic concentrations, based on 

quantified residuals of clothianidin in leaves, 

nectar and pollen (Xu et al. 2015; Mogren et al.2016; 

Botías et al. 2016).  

The concentrations of 6.5 µg/L and 10.2 µg/L 

clothianidin were made using a simple dilution 

method. The accuracy of the dilution method was 

confirmed by High-performance liquid 

chromatography-mass spectrometry (HPLC-MS) 

(Aarønes 2019). The dilution steps were designed 

in such a way that the volume of the solution (15 

ml) added to the nectar tank in the last step of 

dilution was the same for all treatment levels. 

Concentrations were assigned to the colonies 

randomly by a third party, not related to the 

project, allowing the experiment to be double 

blinded from the start of the exposure period. The 

experiment was unblinded at the data-analysis 

step.  

Each replicate followed the exact same 

procedure from the start to the end of the 

experiment, starting with the exposure period (9 

days), followed by 1 day of marking and the 

release and observation period of 7 days. 

Bumblebees were exposed ad libitum through 

artificial nectar for 9 days in a climate-controlled 

room at 18°C. For the first 4 days of the exposure 

period, we used the original plastic containers in 

which the colonies were delivered in. On the 5th 

day of the exposure, the colonies (all individuals 

and the nest structure) were transferred from the 

original plastic containers to custom-made colony 

boxes. For the rest of the exposure period, the 

colonies were left undisturbed to acclimatize to the 

new boxes. During the whole exposure period, the 

colonies were fed pollen substitute (Bifor 

Kvikkpoll) in form of a patty, containing soy flour, 

brewer's yeast, grape and fruit sugar, cane sugar, 

minerals, vitamins, and water. Pollen is the main 

source for proteins and lipids (Vaudo et al. 2016) 

and is necessary for the development of the colony. 

Bombus Natur provided pollen for the duration of 

the transit and the first 4 days of the experiment 

and another 15 g of pollen was provided when the 

colonies were transferred to the custom-made 

boxes.  

At the end of the 9th day of exposure, the nectar 

feeder was removed and 30 individuals from each 

hive were marked. After marking the individuals, 

fresh pollen patty was provided (6 g), and colonies 

left inside for an additional 24 hours to calm down 

and repair any damages done to the nest under the 

marking process. After the cooldown period, 

colonies were connected to the monitoring stations 

placed outside the Animal Facility (IBV-ANIMAL) 

at University of Oslo for 7 days, and bumblebees 

were allowed to forage freely. All 5 replicates were 

run in quick succession, with 1 day pause between 

replicates.  

The temperature and precipitation were 

measured by Norwegian Meteorological Institute 

(MET Norway), located approximately 530 metres 

from the study site, and downloaded from 

https://seklima.met.no/. The ambient temperature 

was measured in °C, at hourly intervals. We used 

approx function provided with the base R 4.0.5 for 

Windows to interpolate the hourly temperature 

data into minutes. The temperature was assigned 

to foraging bouts based on the time when the 

bumblebee first left the colony (start of the 

foraging bout). Precipitation was measured as 

daily average in millimetres (mm), which 

corresponds to litres per square metre (l/m²). 
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DATA TREATMENT 

We conducted the foraging behaviour 

observation on queenright colonies only, i.e., 

colonies with a single queen. Bumblebees are 

social insects with a social order based on 

dominance. Having multiple queens or no queen 

might promote aggressiveness between workers 

and unwanted behaviour changes which could 

influence the results of this study (Free 1955; 

Sibbald & Plowright 2013). To reduce the variation 

in colony condition, we excluded all colonies 

without (5 colonies) or with multiple queens (2 

colonies), colonies with fewer than 30 workers (2 

colonies) and colonies with more than 200 workers 

(2 colonies) from the experiment at the end of the 

exposure period. The foraging behaviour 

observation was conducted on 25 colonies - control 

group (not exposed - 9 colonies), low concentration 

group (6.5 µg/L - 9 colonies) and high 

concentration group (10.2 µg/L - 7 colonies). 

To account for the inability of the system to 

differentiate between real foraging bouts and 

training bouts, we excluded bumblebees that have 

taken less than 3 foraging bouts, and only included 

foraging bout no. 3 and later (the first 2 bouts were 

defined as training flights and were not included 

in the analyses). We also excluded foraging bouts 

shorter than 5 minutes as they were most likely not 

real foraging bouts.  

To determine if the test groups were 

statistically different from each other, a One-Way 

ANOVA test was used together with a Tukey HSD 

Post-Hoc test in IBM SPSS Statistics for Windows, 

Version 27. We used a generalized linear mixed 

model (GLMM) approach to describe the changes 

to foraging bout duration in response to exposure 

and several environmental variables (Tab. I). For 

model selection, we made a list of models with all 

possible permutations of variables and 

interactions between the variables. To account for 

the variation between the replicates, colonies, and 

individual bumblebees, all models were run with 

the same nested random factor defined as 

(1|+Replicate/Hive/Bee). The GLMM with the 

lowest AIC score (51323.65) was chosen as the best 

and included an interaction between the exposure 

and interpolated temperature, time of day, mean 

daily precipitation, and number days into the 

release period. The next-best model had a ∆AIC of 

17.56 compared with the best model suggesting the 

best model to be substantially better.  

RESULTS 

DETECTION SYSTEM AND NUMBER OF FORAGING BOUTS 

During the experiment, the 6 monitoring 

stations worked continuously for 35 days (5 

replicates x 7 days per replicate). In total 5,613,031 

pictures were taken. The size of a single picture 

averaged on 65.5 kb (after automatic resolution 

adjustment and file compression) and all pictures 

together occupied 368 GB of hard drive space.

Table I. Overview of the explanatory variables used in the GLMM explaining the changes to foraging bout duration. 

Explanatory variable Definition 

Treatment Categorical variable with 3 different levels of clothianidin exposure: Control 
(0 µg/L), Low (6.5 µg/L )  and High (10.2 µg/L) 

Interp_Temperature Continuous variable of the temperature measured at Norwegian 
Meteorological Institute (MET), 530 metres from the study site measured 
every hour and interpolated into temperature every minute. Measured in °C. 

Time_of_Day sin1 + cos1 Cyclic time of day variable, sin1+cos1 used as time-of-day covariate. Based on 
a formula sin(2*pi*Minutes after midnight) and cos(2*pi*Minutes after 
midnight). 

sin2 + cos2 sin2 + cos2 is higher order of the time-of-day variable. Based on a formula 
sin(2*2*pi*Minutes after midnight) and  cos(2*2*pi*Minutes after midnight). 

DailyPrecipitation Continuous variable of the mean daily precipitation measured at Norwegian 
Meteorological Institute (MET), 530 metres from the study site. Measured in 
millimetres.  

DateID Continuous variable with the number of days into release period ranging 
from 1 to 7, 1 being the first day and 7 being the last day of observations. 

(1 |Replicate/HiveID/BeeID) Nested random variable. Used to describe variance between replicates 
(categorical variable Replicate), hives (categorical variable HiveID) and 
individual workers within the hives (categorical variable BeeID) 
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Table II. Overview of the One-way ANOVA analysis for differences in foraging bout duration between test groups. 

 Sum of Squares df Mean Square F Sig. 

Between Groups 217295.619 2 108647.809 5.346 .005 

Within Groups 82819174.828 4075 20323.724   

Total 83036470.447 4077    

 

Table III. Descriptive statistics for the One-way ANOVA analysis for differences in foraging bout duration between test groups. 

     95% Confidence Interval for Mean   

 N Mean Std. 
Deviation 

Std. Error Lower Bound Upper 
Bound 

Minimum Maximum 

Control 1461 59.64 99.907 2.614 54.51 64.77 6 1293 

High 1351 96.29 171.682 4.671 67.12 85.45 6 1395 

Low 1266 92.75 149.982 4.215 64.48 81.02 6 1293 

Total 4078 69.23 142.713 2.235 64.84 73.61 6 1395 

 

Table IV. Post hoc analysis of the One-Way ANOVA analysis, showing the siginificant differences between different treatment 
groups. 

Tukey HSD   

(I) Exposure (J) Exposure Mean 
Difference (I-J) 

Std. Error Sig. 95% Confidence Interval 

Lower Bound Upper Bound 

Control High -36.645* 5.381 .006 -29.26 -4.03 

Low -33.110* 5.474 .044 -25.94 -.28 

High Control 36.645* 5.381 .006 4.03 29.26 

Low 3.535 5.576 .801 -9.54 16.61 

Low Control 33.110* 5.474 .044 .28 25.94 

High -3.535 5.576 .801 -16.61 9.54 

 

 

The average detection rate (defined as number 

of successful detections divided by the total 

number of detections (also including those where 

the identity of the bCode could not be defined) was 

86.4%. The detection rates varied between the 

monitoring stations, with the highest detection rate 

at 89.3% (Station 4) and the lowest at 79.1% (Station 

1).  

During the release and observation, the system 

registered 4078 unique foraging bouts – control 

group (N = 1461 (162 per hive)), low concentration 

group (N = 1266 (140 per hive)) and high 

concentration group (N = 1351 (193 per hive)).  

FORAGING BOUT DURATION 

There was a statistically significant difference 

in foraging bout duration between the groups 

[ANOVA; F2,4075 = 5.35, P = 0.005] (Tab. II). 

Bumblebees exposed to low concentration of 

clothianidin (Tukey HSD; M = 72.75, SD = 149.71) 

made significantly longer foraging bouts 

compared to the non-exposed bumblebees (Tukey 

HSD; M = 59.24, SD = 99.91) (P = 0.044). Similarly, 

bumblebees exposed to high concentration of 

clothianidin (Tukey HSD; M = 76.29, SD = 171.68) 

also made significantly longer foraging bout 

compared to the non-exposed bumblebees (P = 
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0.006) (Tab. III). However, the foraging bout 

duration did not differ between the exposure 

concentrations (Tukey HSD; P = 0.801; Tab. IV). 

Ambient temperature by itself did not have a 

significant effect on foraging bout duration for 

either group of exposed bumblebees (GLMM; P = 

0.786, CI [-1.99, 2.63]). However, there was a 

significant interaction between the temperature 

and the level of exposure to clothianidin. Both low 

(6.5 µg/L) and high exposure (10.2 µg/L) groups 

were significantly different from the control group 

in their relationship between temperature and 

foraging bout duration. On average, an increase of 

ambient temperature by 1°C resulted in a decrease 

of foraging bout duration by 1.91 minutes for the 

low exposure group (GLMM; P = 0.049, CI [-5.10, 

1.29]) and a decrease of foraging bout duration by 

3.02 minutes for the high exposure group (GLMM; 

P = 0.032, CI [-6.40, -0.27]) when compared to the 

control group (Fig. 4). Low and high groups did 

not significantly differ from each other. The 

foraging bout duration of the bumblebees exposed 

to clothianidin was longer than the foraging bout 

duration of the non-exposed control group 

throughout the whole temperature range (Fig. 4). 

The foraging bout duration for the control group 

was rather stable; 106 minutes at 10°C with a slight 

increase to 112 minutes at 28°C. The effects of 

clothianidin exposure were more apparent at low 

temperatures; at 10°C the bout duration for the low 

exposure group was 150 minutes and 173 minutes 

for the high exposure group (Fig. 4). The foraging 

bout duration for the exposed bumblebees 

decreased with increasing ambient temperature, 

resulting in foraging bout duration of 124 minutes 

for the low exposure group and 127 minutes for the 

high exposure group at 28°C (Fig. 4).  

An increase in mean daily precipitation 

decreased foraging bout duration - on average, a 1 

mm increase in daily precipitation, decreased 

foraging bout duration by 0.96 minutes (GLMM; P 

=0.005, CI [-1.64, -0.28]). There was no significant 

difference in the decrease of foraging bout 

duration between the exposure groups, nor were 

there any significant interactions between the daily 

precipitation and other factors. 

The time of day had a significant effect on the 

duration of the foraging bouts of the bumblebees 

(Tab. V). Most of the foraging bouts occurred 

between 07:00 and 23:00 (N = 4046), with very few 

bouts during the night (23:00 – 07:00) (N = 32) (Fig. 

5). The highest activity window for all groups was 

between 18:00 and 19:00 (Fig. 5). The foraging bout 

duration did vary significantly throughout the 

day. The shortest bouts were taken between 01:00 

and 04:00 and the longest between 09:00 and 18:00 

(Fig. 6). There was no difference in the distribution 

of the foraging bouts during the day between the 

test groups. The exposure to clothianidin did not 

affect the daily rhythm of foraging bout duration 

and no significant interaction between the time of 

day and other factors was found. 

 

 

 

FIGURE 4. Temperature 
dependency for the different 
treatment levels (black – 
control (not exposed), blue – 
low exposure (6.5 µg/L), red – 
high exposure (10.2 µg/L)) 
based on the GLMM estimates, 
given that all other fixed 
effects are kept on their 
average values. Y-axis 
represents the foraging bout 
duration in minutes, and x-axis 
the ambient temperature in 
Celsius. 
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Table V. Generalized linear mixed-effects model (GLMM) for the effects of clothianidin exposure and abiotic factors on 
foraging bout duration in bumblebees with replicate, colony and individual bees as random variable. 

lmer(formula = TimeOUT~factor(Exposure) * interp_temperature + sin1 + cos1 + sin2 + cos2+ DailyPrecipitation + DateID + 
(1|Replicate/HiveID/BeeID) 

 

 

 

DISCUSSION 

THE MONITORING SYSTEM  

Most of the monitoring systems are based on 

RFID technology (Radio Frequency Identification), 

but there are also optical based systems, for 

example a system called BEEtag (Crall et al. 2015). 

Our system was developed to enable collection of 

data on foraging bout durations from individual 

bumblebees from multiple colonies at the same 

time at an affordable price.  

Our monitoring system has some advantages 

over the existing monitoring solutions, with cost 

being the primary advantage. The most expensive 

part were the cameras (purchased for ~ €70 each in 

2019). Computers used to control the cameras were 

old computers from 2013, rescued from the recycle 

bin. In comparison, the camera used in BEEtag 

system was an entry level Nikon DSLR camera, 

then available for ~500 USD (Crall et al. 2015). The 

bCodes used in our study, were printed on 

waterproof paper at €0.26 per 768 bCodes. The 

initial cost of building our system (estimated at 

around €80 per colony), together with low cost of 

marking per individual, allows for collection of 

foraging bout data from large colonies at an 

extremely low cost compared to other monitoring 

systems.  

Another advantage of our system is the efficient 

storage of data. During the course of the 

experiment, more than 5 million pictures were 

taken, occupying 368 GB of hard drive space. This 

amount of data can be easily stored on an external 

hard drive or a Secure Digital (SD) card, greatly 

simplifying the process of transferring the data 

between computers. The software used to control 

the cameras, also enables direct cloud storage of 

pictures as well as remote access to both cloud 

storage and camera control (an internet connection 

is required for this function).  

Compared to other solutions, our system is 

capable of monitoring 3 colonies per 1 computer at 

the same time. However, this number was limited 

by the hardware of old computers. Theoretical 

number of active cameras at the same time with 

resolution of 960 x 720 pixels at 30 frames by 

second, using modern computers would be 9 – 12 

cameras per 1 computer.  

One main drawbacks of our system are the 

bCodes themselves. Small printing errors or visual 

Fixed effects: Estimate [95% CI] SE df t-value p-value 

(Intercept) 139.58 [42.89, 236.27] 49.33 6 2.83 0.029 

Treatment High 64.51 [35.56, 152.46] 29.57 1316 3.19 0.001 

Treatment Low 50.33 [0.26, 120.41] 30.65 1640 2.24 0.049 

Interp_Temperature 0.32 [-1.99, 2.63] 1.18 4039 0.19 0.786 

Time_of_day sin1 25.50 [7.92, 43.10] 8.98 3905 2.80 0.005 

cos2 35.50 [23.69, 47.32] 6.02 3860 5.90 <.001 

sin2 15.50 [5.27, 25.72] 5.22 3838 2.97 0.003 

cos2 2.79 [-5.91, 11.50] 4.43 3858 2.63 0.009 

DailyPrecipitation -0.96 [-1.64, -0.28] 0.35 3940 -2.78 0.005 

DateID -0.73 [-3.47, 2.00] 1.40 4033 -0.52 0.601 

Interaction Treatment high:  
Interp_Temperature 

-3.02 [-6.40, -0.27] 1.56 3989 -2.14 0.032 

Interaction Treatment Low:  
Interp_Temperature 

-1.91 [-5.10, 1.29] 1.63 4049 -1.97 0.049 
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Figure 5. Histogram of the average number of foraging bouts per hour for the different test groups (black – control (not 
exposed), blue – low exposure (6.5 µg/L), red – high exposure (10.2 µg/L)). There was no significant difference between the test 
groups. Main activity window for the bumblebees in this study was between 07:00 and 23:00, with little to no activity during the 
night (00:00 to 07:00).

contamination of the tag is a huge challenge in 

every optical based system. However, bCodes are 

quite small (2 mm x 2 mm) and fairly complex, 

meaning even a small obstruction/imperfection 

can result in a non-recognizable tag. Still, our 

system achieved an average detection rate of 

86.4%; i.e., 13.6% foraging bout were not recorded, 

with visual obstruction accounting for most of the 

failed detections. Contrarily, BEEtag system uses 

tags that are far less complicated and thus, more 

resistant to visual impairment, with and overall 

correct identification rate of 99.97% (Crall et al. 

2015). BEEtag system also offers enhanced 

functionality, like for example spatial position 

tracking of individual bumblebees inside the nest 

area, user-friendly interface, and video file 

processing abilities (Crall et al. 2015). Our method 

of using low-cost cameras and motion detection 

can be easily combined with BEEtag tags for 

additional functionality and better user interface in 

future studies.  

Another drawback of our system was the 

inability to measure pollen and nectar loads 

brough back from the foraging trips. A load cell or 

a precision scale incorporated into the system, 

would add the ability to combine the foraging bout 

duration data with the pollen/nectar loads, giving 

us the insight on how pesticides affect foraging 

efficiency. Other improvements could include 3D 
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printing of the camera-boxes, which would hugely 

speed up the manufacturing process, while also 

allowing for higher precision and more intricate 

designs of both nesting- and camera boxes. Our 

system can be adapted to utilize a single-board 

computer, like Raspberry Pi, instead of a camera 

and a separate computer. This would make this 

system fieldable, without compromising its 

performance.  

FORAGING BOUT DURATION 

In this study the forging bout duration was 

significantly affected by the exposure to 

clothianidin. Both low and high exposure groups 

made foraging bouts that were significantly longer 

than the foraging bouts of the control group. That 

said, the low and high control groups were not 

significantly different from each other, which 

means that 6.5 µg/L concentration and 10.2 µg/L 

concentration have similar effects on bumblebees. 

Studies with similar experimental setup have 

shown results alike ours (e.g., Gill et al. 2012; Gill 

& Raine 2014; Feltham et al. 2014; Stanley et al. 

2015a; Stanley et al. 2016; Samuelson et al. 2016). 

Decrease in foraging effectiveness has been 

attributed to several different mechanisms, 

ranging from learning and memory impairment 

(Stanley et al. 2015a; Samuelson et al. 2016), chronic 

behaviour impairment (Gill & Raine 2014) and 

reduction in flower handling efficiency (Phelps et 

al. 2020). However, as we did only measure the 

foraging bout duration, we are unable to 

determine the exact cause for the extended 

foraging bouts. Nonetheless, we did find a 

connection between abiotic factors and the 

exposure to clothianidin which could help in 

understanding the changes in foraging bout 

duration.  

Ambient temperature by itself did not have a 

significant effect on the foraging bout duration. 

The ambient temperature during the release and 

observation period was between 9.5-28°C, which is 

within the optimal temperature range for the 

bumblebees (Oyen & Dillon 2018). However, there 

was a significant interaction between the 

temperature and the level of exposure to 

clothianidin. Bumblebees cannot take off until the 

temperature of their flight muscles is above 30°C 

and thoracic temperature during flight must be 

maintained between 30°C and 40°C (Sanborn 

2005). Neonicotinoids have been shown to alter the 

non-flight thermoregulation and metabolism in 

both honeybees (Tosi et al. 2016) and bumblebees 

(Potts et al. 2018). An exposure to 5 ppb resulted in 

a thoracic temperature drop by 1.5 - 2°C, which 

equated to 15 - 20% decrease in metabolic rate in B. 

terrestris (Potts et al. 2018). Such reduction in 

metabolic rate can have detrimental effects on 

flight performance at lower temperatures. An 

increase in ambient temperature would counteract 

the reduced thermogenesis and metabolism, 

aiding bumblebees in achieving the required 

thoracic temperature. Bumblebees have previously 

been shown to express biphasic responses to 

neonicotinoid exposure, in which a low dose 

exposure stimulated warming rates but inhibited 

FIGURE 6. Variation in foraging 
bout duration during the day for 
the different treatment levels 
(black – control (not exposed), 
blue – low exposure (6.5 µg/L), 
red – high exposure (10.2 µg/L)) 
The variation in foraging bout 
duration during the day is based 
on the Time of Day variable 
(sin(2*2*pi*Minutes after 
midnight) + cos(2*2*pi*Minutes 
after midnight ) and the GLMM 
estimates. Y-axis represents the 
foraging bout duration in 
minutes, and x-axis the time of 
day in hours (24-hour clock). 
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them at higher exposure (Potts et al. 2018). The 

counteractive effect of ambient temperature on the 

neonicotinoid-induced reduction in thoracic 

temperature, as well as a possible hormetic 

response could explain why the foraging bout 

duration of the exposed bumblebees in our study 

decreased to approach the control, with increasing 

temperature. However, it is worth noting that we 

did not manipulate the ambient temperature in 

any way. This means that we cannot conclude any 

causal connection between temperature and 

foraging behaviour.  

Although bumblebees are quite robust and able 

to withstand rain and wind to some degree 

(Lundberg 1980; Lawson & Rands 2019), the 

foraging bout duration decreased with increasing 

precipitation. Flying in the rain requires more 

energy and decreased visibility might disrupt or 

weaken sensory signals. This can increase the 

possibility of a bumblebee forager using more 

resources than it is able to gather (Lawson & Rands 

2019). Precipitation might also affect the 

availability of food sources as many flowers close 

their coronas during rain to protect pollen and 

nectar from being diluted and/or removed by rain 

droplets (Bynum & Smith 2001; Lawson & Rands 

2019). Thus, wet conditions might discourage 

foragers from continuing the foraging bout and 

prompt them to return to the colony. There was no 

interaction between precipitation and clothianidin 

exposure, thus the effect of precipitation on 

clothianidin toxicity was the same at both 

exposure level.We found no interaction between 

exposure level and diurnal rhythm suggesting that 

clothianidin exposure does not affect this 

behaviour within the exposure range. Bumblebees 

have a diurnal rhythm, which mean that they are 

most active during the daylight. Tasman et al. 

(2020) showed that exposure to imidacloprid at a 

concentration of 10 µg/L can affect the circadian 

rhythm in bumblebees, increasing night-time 

activity and decreasing daytime activity. 

Tackenberg et al. (2020) have found similar results 

for honeybees. However, in our study there was 

little to no activity during the night hours. Most of 

the foraging activity began from 07:00, steadily 

increasing though the day. However, there was no 

significant difference between the exposed groups 

and the control; all followed the same diurnal 

rhythm. The extent of the active period can be 

explained by the lighting condition in Norway at 

the time of the experiment; the sunset was between 

23:00 to 00:00 and the sunrise around 04:00, 

resulting in close to 19-20 hours of daylight.  

CONCLUSION 

Our cost effecting test system worked very well 

to obtain individual bumble bee observations on 

the behaviour regarding foraging bouts. The 

exposure to sublethal concentrations of 

clothianidin extended the foraging bout duration, 

with longest extension at low temperature and 

decreasing difference (hence longer duration) to 

control with increasing temperature. Although we 

have not monitored the behavioural change during 

the foraging bouts and therefore cannot identify 

the exact mechanism for the observed changes in 

foraging bout duration, we have shown that the 

effects of clothianidin exposure are context 

dependent. We conclude that the effect of 

clothianidin exposure on bumblebee foraging 

behaviour is temperature sensitive and that local 

climatic conditions and future climate change 

scenarios might alter the effects of clothianidin. We 

therefore suggest that local climate conditions 

should be considered in risk assessments of 

clothianidin and other insecticides. 
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