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Abstract 

With ongoing agricultural land-use intensification and climate change, important functional groups of 

organisms, including insect pollinators, are being simultaneously and ubiquitously exposed to both 

pesticides and changing temperatures. Given the notable ongoing declines in insect pollinators, 

understanding how these stressors affect aspects of key functional behaviours underpinning fitness 

and pollination service provision is of global ecological and economic importance. Importantly, a 

critical but understudied step in evaluating pesticide risk is to understand how environmental 

temperature modulates pesticide effects on these behaviours. Through empirical lab experiments on 

a key wild pollinator, the bumblebee Bombus terrestris, I quantified the temperature dependent 

effects of insecticide exposure on individual flight and general mobility. Neonicotinoid exposure 

dramatically impaired flight motivation and endurance, and these same performance traits were also 

found to be highly sensitive to environmental temperature. However, the effect of neonicotinoid 

exposure varied depending on post-exposure temperature, with impacts on flight being enhanced 

under warmer conditions and impacts on food consumption, walking, and general responsiveness 

being enhanced under cooler conditions. The hazard posed by insecticides to insect pollinators may 

therefore vary both temporally and spatially, with impairment to flight and mobility traits likely 

constraining colony foraging potential and diminishing pollination service capabilities. Interestingly, 

the same effects were not seen across a different class of insecticide, with the new to market 

sulfoximine insecticide, sulfoxaflor, showing no detectable effect on any measure of mobility 

regardless of temperature when applied at comparable concentrations. The findings of this thesis 

suggest both the choice of insecticide and timing of exposure need to be considered in farming 

practices. Additionally, my findings provide crucial information for advising insecticide risk assessment 

protocols, developing mitigative and conservation action, and above all understanding which possible 

climate regions in the world insect pollinators are most at risk from insecticide exposure. 

 

 

 

 



Contents 

6 
 

Contents 

 

Copyright Declaration ............................................................................................................ 2 

Statement of Originality ......................................................................................................... 3 

Acknowledgements ................................................................................................................ 4 

Abstract .................................................................................................................................. 5 

List of Figures ....................................................................................................................... 10 

List of Tables ........................................................................................................................ 18  

 

Chapter 1 – General introduction......................................................................................... 20 

1.1 | Importance of insect pollinators and concerns over declines ............................................ 20  

1.2 | Two key drivers implicated in insect pollinator declines.................................................... 21  

1.2.1 | Pesticide exposure .......................................................................................... 22 

1.2.2 | Climate change ............................................................................................... 25 

1.3 | Evidence for how temperature modulates insecticide toxicity on pollinator behaviours                  

is lacking ................................................................................................................................ 27  

1.3.1 | Mechanisms and evidence from other insects .................................................. 28  

1.3.2 | Implications of temperature-toxicity relationships for insect pollinators.............. 30  

1.4 | Bumblebees as an insect pollinator study system ............................................................ 31  

1.4.1 | Bumblebee alloethism ..................................................................................... 34  

1.5 | How might insecticide exposure and temperature variation, both individually and in combination, 

affect bumblebee behaviour? .................................................................................................. 36 

1.5.1 | How might insecticides and ambient temperature affect flight and other locomotory 

activity?...................................................................................................................... 36 

1.5.2 | How might bumblebee workers be exposed to insecticides under variable thermal 

conditions? ................................................................................................................ 39 

1.5.3 | How might temperature modulate insecticide effects on flight and other locomotory 

activity?...................................................................................................................... 39 

1.6 | Thesis aims .................................................................................................................... 41 

1.6.1 | Key objectives ................................................................................................. 41  

1.6.2 | Thesis structure ............................................................................................... 41 

 



Contents 

7 
 

Chapter 2 – Pesticide exposure affects flight dynamics and reduces flight endurance in 

bumblebees .......................................................................................................................... 43 

2.1 | Introduction ..................................................................................................................... 43 

2.2 | Methods.......................................................................................................................... 46 

2.2.1 | Bee husbandry ................................................................................................ 46 

2.2.2 | Flight mill setup and bee tethering ................................................................... 46 

2.2.3 | Pesticide preparation ....................................................................................... 47 

2.2.4 | Experimental procedure ................................................................................... 48 

2.2.5 | Data filtering and statistical analysis ................................................................ 50 

2.3 | Results ........................................................................................................................... 53 

2.3.1 | Feeding behaviour ........................................................................................... 53 

2.3.2 | Flight behaviour ............................................................................................... 54 

2.3.2.1 | Effect of tag fitting ............................................................................ 54  

2.3.2.2 | Initial flight behaviour ....................................................................... 54 

2.3.2.3 | Flight endurance & velocity .............................................................. 56 

2.4 | Discussion ...................................................................................................................... 60 

 

Chapter 3 – Thermal flight performance reveals impact of warming on bumblebee foraging 

potential ................................................................................................................................ 65 

3.1 | Introduction ..................................................................................................................... 65  

3.2 | Methods.......................................................................................................................... 67 

3.2.1 | Bumblebee husbandry and tagging .................................................................. 67  

3.2.2 | Experimental design ........................................................................................ 68  

3.2.3 | Flight mill setup ............................................................................................... 68 

3.2.4 | Flight trials ....................................................................................................... 69  

3.2.5 | Data and statistical analyses ........................................................................... 73 

3.3 | Results ........................................................................................................................... 78 

3.3.1 | Likelihood of flight ............................................................................................ 78 

3.3.2 | Flight endurance .............................................................................................. 80 

3.3.3 | Flight velocity & dynamics................................................................................ 83 

3.3.4 | Thermal performance curve ............................................................................. 87 

3.3.5 | Temperature-mediated foraging potential......................................................... 88 

3.4 | Discussion ...................................................................................................................... 89  

3.4.1 | Individual-level flight performance .................................................................... 89  

3.4.2 | Relationship between worker body mass and flight .......................................... 90  

3.4.3 | Temperature-mediated foraging potential......................................................... 92 



Contents 

8 
 

3.4.4 | Impacts of climate change ............................................................................... 94 

3.4.5 | Conclusion ...................................................................................................... 94 

 

Chapter 4 – Temperature modulates pesticide effects on bee function and survival ....... 96 

4.1 | Introduction ..................................................................................................................... 96  

4.2 | Methods.......................................................................................................................... 99  

4.2.1 | Colony husbandry............................................................................................ 99 

4.2.2 | Choice of pesticides & concentrations tested ................................................... 99 

4.2.3 | Rationale for temperatures tested .................................................................. 101 

4.2.4 | Experiment 1: Survival & responsiveness ...................................................... 101  

4.2.5 | Experiment 2: Walking & consumption ........................................................... 102 

4.2.6 | Experiment 3: Flight distance & speed ........................................................... 108 

4.2.7 | Data analysis ................................................................................................. 110 

4.2.7.1 | Experiment 1 .................................................................................. 110 

4.2.7.2 | Experiment 2 .................................................................................. 110 

4.2.7.3 | Experiment 3 .................................................................................. 112 

4.3 | Results ......................................................................................................................... 114  

4.3.1 | Experiment 1: Survival & responsiveness ...................................................... 114  

4.3.1.1 | Survival .......................................................................................... 114 

4.3.1.2 | Responsiveness ............................................................................. 114 

4.3.1.3 | Sucrose consumption ..................................................................... 114 

4.3.2 | Experiment 2: Walking & consumption ........................................................... 118 

4.3.2.1 | Likelihood of movement ................................................................. 118 

4.3.2.2 | Walking rate ................................................................................... 119 

4.3.2.3 | Sucrose consumption ..................................................................... 122 

4.3.3 | Experiment 3: Flight distance & speed ........................................................... 122 

4.3.3.1 | Flight distance ................................................................................ 122 

4.3.3.2 | Flight speed ................................................................................... 124 

4.3.3.3 | Likelihood of reaching milestones ................................................... 126 

4.4 | Discussion .................................................................................................................... 128  

4.4.1 | Responsiveness & mobility ............................................................................ 128 

4.4.2 | Flight performance......................................................................................... 130 

4.4.3 | Imidacloprid vs sulfoxaflor.............................................................................. 133 

4.4.4 | Conclusion .................................................................................................... 133 

 



Contents 

9 
 

Chapter 5 – General Discussion ........................................................................................ 135 

5.1 | Summary of findings ..................................................................................................... 135 

5.2 | Implications................................................................................................................... 136 

5.2.1 | Informing agricultural practices and pesticide risk assessments ..................... 138 

5.2.2 | Impacts of pesticide exposure around the globe............................................. 140 

5.2.3 | Sulfoxaflor as an alternative to neonicotinoids ................................................ 141  

5.2.4 | Is body size an important trait in determining sensitivity to temperature and pesticide 

stress? ..................................................................................................................... 142  

5.3 | Limitations .................................................................................................................... 143 

5.3.1 | Automation of walking tracking ...................................................................... 143 

5.3.2 | Extrapolating flight mill results to foraging behaviour ...................................... 144 

5.3.3 | Comparing impacts of imidacloprid between chapters .................................... 145 

5.3.4 | Thermal adaptation and acclimation may affect responses............................. 145 

5.4 | Future work................................................................................................................... 146 

5.4.1 | Determining the mechanisms underpinning behavioural responses................ 146 

5.4.2 | Testing pesticide impacts in realistic thermally fluctuating environments ........ 148 

5.4.3 | Scaling-up results to explain real world scenarios .......................................... 149 

5.4.4 | Accounting for thermal histories of individuals ................................................ 150 

5.4.5 | Explore how declining species respond to stressors....................................... 151 

5.4.6 | Translating effects on flight performance to dispersal capabilities ................... 152 

5.4.7 | Extrapolating findings to other insect taxa ...................................................... 152 

 

Bibliography ....................................................................................................................... 154 

 

Appendices   

Appendix A | Chapter 2 Supporting Information ..................................................................... 205 

Appendix B | Chapter 3 Supporting Information ..................................................................... 209 

Appendix C | Chapter 4 Supporting Information .................................................................... 218 

Appendix D | The effect of combined insecticide and fungicide exposure on bumblebee flight 

motivation and performance.................................................................................................. 259 

Appendix E | The effect of neonicotinoid exposure on bumblebee endothermic ability across a 

temperature gradient and body mass variation ...................................................................... 262 



List of Figures 

10 
 

List of Figures 

 

Figure 1.1. Map of average temperature at 12:00 hours GMT in May [°C] between 1995 to 2003. Figure 

reproduced from Hudl et al., 2006 with permission from Elsevier. The red points indicate the position of the 

meteorological stations from which data were gathered.  

 31 

 

Figure 1.2. Variation in Bombus terrestris worker body size within a colony can vary dramatically. All workers 

shown above (first 6 individuals from the left) are from the same colony, with the wet mass of the smallest 

worker being just 0.043g compared to 0.269g for the largest worker. The queen (far right) had a wet mass of 

0.752g, weighing over 17 times that of the smallest worker. Photo taken by Daniel Kenna. 

 36 

 

Figure 2.1. Flight mill setup and associated experimental procedures. Panels show A) flight mill used in the study 

(the ‘height adjustable screws’ ensured the mill could be horizontal with an attachable bubble level used to 

ensure this); B) tethering of an individual worker bumblebee to the flight mill magnet; C) feeding procedure in 

which workers were placed in bunged tubes with one end consisting of cotton wool lightly soaked in 50% sucrose 

solution (with or without 10 ppb imidacloprid); D) support stands used to hold workers prior to flight tests and 

following a stop in flight.  

 45 

 

Figure 2.2. Example of the ideal positioning of a metal tag (tag score 1) on the thorax of a Bombus terrestris 

audax bumblebee worker. If the tag positioning was unideal (tag score 2) the metal tag would overlap the yellow 

circle but remain inside the blue circle. If positioning was unacceptable (tag score 3) it would overlap the blue 

circle. 

 47 

 

Figure 2.3. Frequency distributions of distance (A) and duration (B) flown by workers during the flight trials, 

considering both control (red) and pesticide exposed (blue) workers. Distributions highlight a spike in the number 

of workers that terminated flight within the first 100m (A) and demonstrate a bimodal distribution when 

considering total duration flown (B). For distance flown, all workers that initiated flight were considered (n=103, 

Table 2.1 – filter step 5), consisting of 47 control and 56 pesticide treated workers. For duration flown, data 



List of Figures 

11 
 

shown is for the subset of bees used (n=53, Table 2.1 – filter step 7), consisting of 26 control and 27 pesticide 

treated bees, but the same distribution was observed when considering the full dataset (n=67, Table 2.1 – filter 

step 6). 

 51 

 

Figure 2.4. Logistic regression plot showing the effect of body size (ITS) on the propensity to fly. All workers from 

both treatments were pooled (n=140) and could either have initiated flight (= 1) or refused to fly (= 0; Table 2.1 

– filter step 4). Jitter has been added in the y-plane so that individual data points are clearly identifiable. 

 55 

 

Figure 2.5. Scatterplot showing key flight performance indicators of endurance (distance flown in metres (A); 

duration flown in seconds (B)) and average and maximum velocity in meters per second (C-D) against worker 

body size (ITS) for both the control (red circle) and pesticide treated (blue triangle) groups. Data plotted are for 

the subset of bees with normalised ITS between treatments (number of workers = 26 control; 27 pesticide), and 

linear fitted lines (control = solid red, pesticide = dashed blue) with associated standard error (shaded bands) are 

estimates of linear models.  

 57 

 

Figure 2.6. Mean velocity (m/s) flown by each treatment group (control = solid red, pesticide = dashed blue) 

plotted for each consecutive circuit for just the first 2500 circuits. Numbers at the bottom of the graph refer to 

the number of bees still flying on the corresponding circuit, and the data plotted is for the subset of bees with 

normalised ITS between treatments (starting number of workers = 26 control; 27 pesticide). Vertical line 

represents the first 900 circuits used in the analysis for initial individual velocity, and the associated error per 

mean circuit velocity is not shown.   

 58 

 

Figure 3.1. Changes to the flight mill apparatus from Chapter 2. (a) height adjustable support stands (red arrow) 

were used to hold workers prior to flight tests and following a stop in flight. The flight mill used for tethered 

flight is in the background, with counterweights (green arrow) added to the non-attachment end of the flight 

mill arm; (b) flight mill used in the study, surrounded by border with vertical black and white stripes. The green 

floor that was used during the trials of this study are not shown in this photo. 

 69 

 



List of Figures 

12 
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Figure 3.4. Measures of worker flight performance over the course of the flight trials per temperature cohort. 

a) mean velocity (m/s), with mean values calculated for every 200 second binned period, capped at 60 minutes 
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Effect of dry mass on the likelihood of successful flight (≥ 100 m) shown in a logistic regression plot (unsuccessful 

flight = 0, successful flight = 1) and b) comparison of worker mean (± S.E.M.) dry mass per temperature cohort 
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confidence intervals have not been plotted around model lines to aid visualization. In panel b) the asterisk (*) 
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Figure 3.6. Effect of temperature on a selection of flight metrics. a) Proportion of successful fliers (flight ≥ 100m) 

relative to the number of workers that physically initiated flight (bottom of each bar); b) mean (triangle) and 
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intervals calculated using the ‘Wald’ method. Panels b), c) and d) only consider successful fliers, where points 
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letter are not significantly different (α = 0.05). 
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Figure 3.8. Mean velocity (m/s) flown by each temperature cohort over the first 600 seconds of flight. The mean 

velocity for each temperature cohort was calculated for each 30 second period from 0 until 600 seconds, with 

values then plotted on the mid-point of the period (e.g., mean velocity for period of 0-30 seconds plotted on x 

= 15 seconds), and standard error bars have been omitted for visualization purposes. Arrows indicate three time 

periods representing different velocity signatures: i) Immediate Flight, encompassing the first 30 seconds, 
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*Examining all three time periods, the 15oC cohort significantly differed from the 18, 21, and 24oC cohorts (p < 

0.05) in steady flight mean velocity, but there were no other detected differences.  
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Figure 3.9. Mean velocity (m/s) flown by workers in each temperature cohort over the first 10 minutes (600 

seconds) of flight examined over three time periods. a) Immediate Flight, encompassing the first 30 seconds of 

flight following flight initiation, characterized by comparatively high velocities; b) Initial Flight, encompassing 

flight > 30 and ≤ 300 seconds, characterized by decreasing velocities; and c) Steady Flight, encompassing flight > 
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Figure 3.10. Thermal performance curves (TPCs) for workers spanning a range of body size. Three TPCs 

corresponding to mean (73.3 mg; middle line, short-dashes), minimum (46.7 mg; bottom line, long-dashes), and 
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are formed from predictions of my final linear mixed model (Table 3.5), each plotted with 95% confidence 

intervals. 
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Figure 4.1. Experiment 2: a) diagram of camera setup and b) two pots could fit in frame whilst allowing clear 

view of each worker within each pot. 
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Figure 4.2. Experiment 2: Example walking paths for a set of three workers from a feeding cage in each of: a) 

Control, b) I40, and c) S40 treatments at the low temperature at the 24-hour time point.   
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the three reported experiments. Thermometers represent the three temperatures tested  (blue = low[21]oC), 
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whether there was evidence of a negative (-ve) or positive (+ve) temperature coefficient (e.g., evidence of a 

significantly greater effect at the lower compared to higher temperatures). The      symbol indicates no effect 
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scenario, and experiment 3 (c) had flight responses measured under white light. Note that the likelihood of 

movement results refer to the no-stimulation scenario rather than the light-stimulation scenario to allow 

comparison with walking rate results that were under a no-stimulation scenario. 
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treatment lines. There were 15 feeding cages (n = 45 workers) examined in total per treatment. 
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Figure 4.5. Experiment 1: Forest plot showing the hazard ratios (HR) of each pesticide at each of the three tested 

temperatures, when considering time to death and time to unresponsiveness. Dashed lines either side of points 

represent 95% confidence intervals.  
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Figure 4.6. Experiment 1: Sucrose consumption per 48-hour period for each pesticide-temperature treatment: 

a) plotted cumulatively over the 144-hour period; and b) averaged over the 144-hour trial with associated 

standard error. 
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Figure 4.7.  Experiment 2: Movement results showing a) the proportion of bees that moved at each 24-hour 

monitoring period over the 96-hour trial period in the no-stimulation scenario; b) walking rate (cm/s) of bees 
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that initiated walking at each tracking period over the 72-hour trial period in the no-stimulation scenario; and c) 

the proportion of bees that moved at each 24-hour monitoring period over the 96-hour trial period in the light 

stimulation scenario. In panels a) & c), error bars represent 95% confidence limits, and in panel b) error bars 

represent standard error. For all panels, the grey dashed line represents the response value for the pre-expsoure 

(time = 0 hours) recordings, for easy comparison across the time periods.  
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Figure 4.8. Experiment 2: Per capita consumption rate of sucrose solution per 24-hour period for each pesticide 

treatment at each of a) Low; b) Mid; and c) High temperature. For each feeding cage, the total mass of sucrose 

consumed was divided by the number of bees alive in the cage at the end of the respective 24-hour period (to 

account for dead bees), and then the mean was taken across all feeding cages. Error bars represent standard 

error around the mean. 
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Figure 4.9. Experiment 3: Relationship between dry body mass (mg) and total distance flown (m) for all ‘positive’ 

fliers (i.e., had filtered flight distance > 0 m), split by a) temperature and b) pesticide, with associated standard 

error. 

 123 

 

Figure 4.10. Experiment 3: Mean flight distance (m) for each temperature-pesticide treatment, considering all 
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CHAPTER 1 

 

General Introduction 

 

1.1 | Importance of insect pollinators and concerns over declines 

Human activities have drastically altered the global environment over the past millennia, 

leading many to suggest we are in a new geological epoch - the Anthropocene (Lewis & Maslin, 2015; 

Steffen et al., 2007). In particular, the past century has seen high rates of biodiversity loss globally 

(Dirzo et al., 2014; Pimm et al., 2014; Tittensor et al., 2014), with land use change, pollution and 

climate change  considered as the greatest human-related drivers (Bellard et al., 2012; Ceballos et al., 

2017; Newbold et al., 2015; C. Thomas et al., 2004). Though a paucity of long-term data precludes a 

reliable worldwide assessment, insects appear to be no exception to these losses (Saunders et al., 

2020; J. Thomas et al., 2004; Wagner et al., 2021). This is of particular concern given the variety of 

ecosystem services they support, such as decomposition, biological control, and pollination (Losey & 

Vaughan, 2006; Schowalter et al., 2017).  

One group of insects for which there is considerable apprehension surrounding current and 

future conservation status are insect pollinators, and evidence of widespread reductions in pollinator 

abundance and diversity is mounting (Biesmeijer, 2006; Burkle et al., 2013; Grixti et al., 2009; Kosior 

et al., 2007; Ollerton et al., 2014; Powney et al., 2019). For example, over the past half-century there 

have been reports of sharp declines in global bee species richness (Potts et al., 2016; Zattara & Aizen, 

2021), with >20% of bumblebee species threatened in each of North America , Mesoamerica and 

Europe (Forister et al., 2019). Furthermore, multidecadal studies have revealed sweeping declines in 

formerly abundant butterfly species across Europe (Maes & Van Dyck, 2001; Warren et al., 2021), with 

reductions also observed in North America (Forister et al., 2018, 2010). Similarly in the UK, substantial 

declines in abundance of butterflies and moths have repeatedly been shown over the last few decades 

(Fox, 2013; Thomas, 2005; J. Thomas et al., 2004), accompanied by declines in bee, wasp, and hoverfly 

diversity (Biesmeijer, 2006; Powney et al., 2019; Senapathi et al., 2015). 

Such reports are worrying because insect pollinators are essential for maintaining ecosystem 

health and global food security (Goulson et al., 2008; Potts et al., 2010). Mutualistic plant-pollinator 

interactions confer fitness advantages to rarer plant species, and insect pollinators contribute to the 

reproduction of approximately 85% of wild plants worldwide, highlighting the vital importance of this 

functional group in conserving plant diversity (Ollerton et al., 2011; Wei et al., 2021). This critical 
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pollination service also underpins the productivity of agricultural systems, with >75% of global crop 

species showing enhanced yield or quality from insect visitations (Kleijn et al., 2015), equating to 

around 35% of food production worldwide (Klein et al., 2007). These pollinator dependent flowering 

crops are important sources of micronutrients that are vital for healthy and balanced human diets 

(Eilers et al., 2011; Smith et al., 2015). Consequently, this ecosystem service has been estimated to 

have a global annual market value >€150 billion (Gallai et al., 2009; Potts et al., 2016), and economic 

benefits of over £500 million per year in the UK alone (Garratt et al., 2014; Steele et al., 2019; 

Vanbergen et al., 2014).  

With the global human population set to exceed 9.5 billion by 2050 (UN DESA, 2015), 

increased food consumption and dietary changes are placing unprecedented demands on agricultural 

practices to become more efficient (Cirera & Masset, 2010; Crist et al., 2017; Foley et al., 2011; 

Pelletier & Tyedmers, 2010). Indeed, the cultivation of insect pollinator dependent crops has rapidly 

increased across the world in the last 50 years (Aizen et al., 2008), and pollination demand has quickly 

outstripped supply leading to an increasing pollination deficit (Aizen & Harder, 2009; Breeze et al., 

2014; Garibaldi et al., 2011). To keep pace it has been suggested that current crop yields will need to 

considerably increase, perhaps even double (Clay, 2011; FAO, 2009; Foley et al., 2011). As such, there 

is an urgent need to protect any biotic processes that can enhance crop quantity and quality 

(Bommarco et al., 2013). Safeguarding insect pollinators is therefore of global importance (Gill et al., 

2016; Potts et al., 2016). To inform and improve our current safeguarding strategies, it is essential we 

understand the factors that threaten insect pollinators and the mechanisms by which these stressors 

impact behaviour, health, and ultimately fitness. By understanding the mechanistic basis of harmful 

effects through controlled studies, we can formulate targeted action to mitigate these effects under 

future scenarios (Gill et al., 2016; Goulson et al., 2015). 

 

1.2 | Two key drivers implicated in insect pollinator declines 

Multiple anthropogenic stressors are considered to be driving insect pollinator declines (Dicks 

et al., 2021; Forister et al., 2019; Vanbergen et al., 2021). Two of the most heavily cited, which are 

multifaceted and can act individually or in combination (Oliver & Morecroft, 2014; Vanbergen & 

Garratt, 2013), are pesticide use and climate change (reviewed in Forister et al., 2019; Goulson et al., 

2015; Wagner et al., 2021). These have recently been ranked as number 3 and 4 respectively in a list 

of the most important threats to pollinators globally, as decided by a panel of experts (Dicks et al., 

2021).  
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1.2.1 | Pesticide exposure 

Within the last century, there has been a dramatic shift in agricultural practices from low-

input, small-scale farming styles to intensive, industrial-scale production (Bambaradeniya & 

Amerasinghe, 2003; Ollerton et al., 2014). Crop monocultures and removal of hedgerows to aid 

mechanisation have created more suitable conditions for crop pests to increase in population density 

(Meehan et al., 2011; Sánchez-Bayo & Wyckhuys, 2019). This has contributed to the systematic and 

widespread use of chemical insecticides, herbicides, and fungicides (Fernandez-Cornejo & Vialou, 

2014; Jeschke et al., 2010; Lamichhane et al., 2016; Oerke & Dehne, 2004), changing the chemical 

landscape that pollinators operate in (Goulson, 2020; Goulson et al., 2008). For example, in the UK 

there is approximately 4.5 million hectares of cropped land, and whilst this has remained relatively 

consistent since 1990, the total area treated with pesticides has approximately doubled, with a report 

suggesting fields are now treated an average of 17 times per year (Goulson, 2020). As agriculture 

covers as much as 70% of the UK (Ollerton et al., 2014), and >10% of the total land surface of the 

planet (FAO, 2009), intensive pesticide application to crops has the potential to affect a large diversity 

of the world’s insect pollinator species (Dudley & Alexander, 2017; Ramankutty et al., 2018). In 

addition, whilst the most intensive application of pesticides is on arable land, pesticides are also used 

in a variety of other agricultural settings such as grasslands and orchards, as well as amenity settings 

such as parks and golf courses (PUSSTATS., 2022). Organic farming practices involve a much reduced 

and restricted application of pesticides, but there are still around 30 approved for use (both naturally 

derived and synthetic products) in the EU and UK (EU Commission Regulation No 889/2008), and even 

with shifts towards integrated pest management approaches more generally, pesticides remain 

important for targeted application (Creissen et al., 2021). Consequently, pesticides do, and will 

continue to, pose a potential risk to pollinators across the globe. 

Given the scale of pesticide application globally (Friedle et al., 2021; Mitchell et al., 2017; Tang 

et al., 2021; Traynor et al., 2021), the potential for these compounds to negatively affect non-target 

insect pollinators must be considered, as the costs of losing these beneficial species has the potential 

to outweigh the gains in pest reduction (Budge et al., 2015). Whilst pesticides are assessed in terms 

of their toxicity to non-target insects before being approved for use (Sanchez-Bayo & Goka, 2014), 

there is a growing understanding that they can have a range of unintended direct and indirect effects 

on insect pollinators (Brittain et al., 2010; Steele et al., 2019). For example, there is evidence 

supporting an association between pesticide use and bee population declines (Ellis et al., 2010; 

Hallmann et al., 2017; Ollerton et al., 2014; Woodcock et al., 2016), and recent field studies 

investigating the effects of insecticide exposure on insect pollinator communities located near to 
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pesticide treated fields have supported an association with reduced wild bee density and species 

richness (Kennedy et al., 2013; Park et al., 2015; Rundlöf et al., 2015). 

 

Neonicotinoids 

Over recent years, considerable attention has been focused on the impacts of the 

neonicotinoid class of insecticides. They have been explicitly implicated as a key driver of insect 

pollinator declines across the globe (Godfray et al., 2014; Van Der Sluijs et al., 2015), and range 

contractions in wild bees and hoverflies throughout the UK appear to coincide with their introduction 

to agricultural pesticide regimes (Powney et al., 2019; Woodcock et al., 2016). Neonicotinoids are a 

class of neurotoxic insecticide, consisting of three chemical groups; nitroguanidines (imidacloprid, 

thiamethoxam, clothianidin and dinotefuran), cyanoamidines (acetamiprid and thiacloprid), and 

nitromethylenes (nitenpyram) (Matsuda et al., 2001; Simon-Delso et al., 2015; Tomizawa & Casida, 

2005; Zhang et al., 2021). Since their initial discovery in the 1980’s, they have become the most widely 

used class of insecticide on the global market due to their: i) selective toxicity to arthropods and 

perceived safety compared to other insecticides such as pyrethroids and organophosphates; ii) 

systemic nature; and iii) high persistence in the environment (Godfray et al., 2014; Jeschke & Nauen, 

2008; Riedo et al., 2021; Simon-Delso et al., 2015; Woodcock et al., 2021).  

Neonicotinoids are agonists of nicotinic acetylcholine receptors (nAChR) found in the central 

nervous system of animals, mimicking the natural neurotransmitter acetylcholine and mediating fast 

excitatory synaptic transmission (Déglise et al., 2002; Tomizawa & Casida, 2005). They are selectively 

more toxic to insects than vertebrates due to a higher affinity for insect nAChRs (Tomizawa & Casida, 

2005). At sufficiently high concentrations, exposure can lead to neural over-excitation leading to 

paralysis and death, but even low concentrations can cause nervous stimulation, and thus sublethal 

exposure to concentrations of these chemicals commonly used in agriculture has the capacity to 

impact insect pollinator behaviour (Matsuda et al., 2001; Moffat et al., 2016; Suchail et al., 2001). As 

neonicotinoids are highly water-soluble, they can be applied to plants via a range of forms including 

soil drench, foliar spray, and seed treatment, allowing application methods to be both flexible and 

targeted (Bonmatin et al., 2015; Jeschke et al., 2010). Seed treatments have increased in popularity 

with farmers around the world, whereby the systemic nature of neonicotinoids means the active 

ingredient is absorbed by the plant and translocated across all plant tissues. This not only provides 

long-term whole-organism protection for the plant, thus maximising exposure to target pests, but also 

reduces the need for repeated applications (Elbert et al., 2008; Jeschke et al., 2010).  



Chapter 1 | General Introduction 

24 
 

The benefits of neonicotinoids for crop protection do, however, have inadvertent costs to 

beneficial organisms, such as insect pollinators. Residues can be present in the pollen, nectar and 

guttation fluid of treated plants, providing multiple routes of exposure to non-target insect pollinators 

(Blacquière et al., 2012; Chauzat et al., 2006; David et al., 2016). In addition, these compounds can 

degrade slowly, persisting in the environment for long periods and leaching into water sources and 

nearby fields (Goulson, 2013; Krupke et al., 2012; Lundin et al., 2015), with studies reporting detection 

of neonicotinoids in wild flowers (Botías et al., 2016) and garden plants (Lentola et al., 2017). 

Consequently, insect pollinators are known to frequently encounter these chemicals when foraging in 

treated landscapes, as supported by residue analysis from the bodies of pollinators and their collected 

food (Botías et al., 2017; Hladik et al., 2016; Mitchell et al., 2017; Woodcock et al., 2018). Furthermore, 

studies have suggested that bees will not actively avoid neonicotinoid contaminated food (Kessler et 

al., 2015; Muth et al., 2020) and may even acquire a preference for it over time (Arce et al., 2018). 

Whilst foraging insect pollinators are rarely exposed to neonicotinoid concentrations high enough to 

cause direct mortality in the field (Tapparo et al., 2012), there is strong evidence that exposure to 

field-realistic concentrations can have a range of detrimental sublethal impacts on behaviour, fitness 

and the pollination service being provided (Arce et al., 2017; Baron, Raine, et al., 2017; Crall et al., 

2018; Goulson, 2015; Pisa et al., 2014; Siviter, Richman, et al., 2021; Whitehorn et al., 2012). Following 

the growing evidence for widespread environmental contamination and damaging impacts of 

neonicotinoids on non-target organisms (Wood & Goulson, 2017), in 2018 the European Commission 

extended a 2013 moratorium and prohibited the use of the three most commercialised and toxic 

neonicotinoids (imidacloprid, thiamethoxam, and clothianidin) outside of closed greenhouses (EFSA, 

2018; Goulson, 2020; Sgolastra et al., 2020). 

 

Sulfoximines 

Rising pest resistance to neonicotinoids (Bass et al., 2015), combined with these new 

restrictions in the EU, has led to the development and registration of new chemicals to control sap-

feeding insect pests (Siviter & Muth, 2020). One of the most promising of these replacements is the 

systemic sulfoximine class, and in particular the pesticide sulfoxaflor, which is the first marketed 

insecticide of the sulfoximines (Sparks et al., 2013). Sulfoxaflor exhibits a high potency to insect pests 

and resembles the neonicotinoids in that it is an agonist of insect nicotinic receptors. Indeed, when it 

first came to attention, similarities in pharmacological profile and insecticidal activity prompted some 

to ask that sulfoxaflor be considered a neonicotinoid (Cutler et al., 2012). However, it differs 

sufficiently in structure to prevent insecticidal cross-resistance, which appears to be the result of 

differences in susceptibility to oxidative metabolism (Longhurst et al., 2013; Shao et al., 2013; Sparks 
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et al., 2013; Zhu et al., 2011). Nevertheless, the similarities in mode of action with the neonicotinoids 

has raised concerns surrounding the toxicity of sulfoxaflor towards non-target insects (Gauthier & 

Mabury, 2021; Linguadoca et al., 2021; Siviter et al., 2020; Zhu et al., 2017). Whilst studies have 

suggested sulfoxaflor to be less toxic to insect pollinators, and thus useful as a replacement to mitigate 

declines of non-target insects (Parkinson et al., 2020; Tamburini, Wintermantel, et al., 2021), a study 

by Siviter et al (2018) demonstrated that exposure to sulfoxaflor, at concentrations below the 

maximum residue limits set by the Environmental Protection Agency (EPA) in the US, negatively 

impacted bumblebee colony fitness by reducing the numbers of workers produced and the 

subsequent reproductive output. Additionally, two recent studies exposing bees to field realistic / 

recommended application rates of sulfoxaflor found that oral exposure had negative impacts on 

bumblebee fecundity (Linguadoca et al., 2021) and contact exposure had dramatic impacts on honey 

bee mortality (Chakrabarti et al., 2020).  

Since being registered in 2016, the EPA has approved the use of sulfoxaflor on hundreds of 

crops, and this has been accompanied by rapid registration for widespread crop use across the globe 

(Centner et al., 2018; Siviter & Muth, 2020). Whilst it was initially formulated for use as a foliar spray, 

a method that allows a greater control on application timing, it is now being developed for use as a 

seed treatment for a number of bee attractive crops, which may facilitate their replacement of 

neonicotinoids over vast areas (Brown et al., 2016; Centner et al., 2018; Simon-Delso et al., 2015). This 

raises further concern about potential impacts to non-target organisms that feed off nectar and pollen 

of treated plants, making urgent the need to understand the comparative toxicity of this new 

neuroactive insecticide (Brown et al., 2016; Linguadoca et al., 2021). Moreover, evidence is needed to 

better inform future application guidance, so that we can avoid a situation whereby widespread 

rollout is undertaken prior to being fully aware of the sublethal impacts posed to beneficial insects, 

which was arguably the case for the heavily debated neonicotinoids (Sgolastra et al., 2020). 

 

1.2.2 | Climate change 

The global span of insect pollinators mean they inhabit a wide range of climate regions and 

often experience thermally dynamic environments. Indeed, particularly in temperate environments, 

populations have to cope with changing thermal regimes both during the day and through the foraging 

season (Germ et al., 1997; Stabentheiner, 2001). For insects, ambient temperature acts as both a 

phenological cue and a physiological limitation by directly affecting chemical and physical processes 

such as gene function, energy metabolism, and activity rates (Brown et al., 2004; Henry et al., 2014; 

King & Macrae, 2015; Schulte, 2015; Stemkovski et al., 2020). Climate therefore plays a key role in the 
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geographic distribution of insect species and their functioning within ecosystems (Easterling et al., 

2000; Kerr et al., 2015; Parmesan et al., 1999; Sunday et al., 2011; Thomas, 2010).  

Alongside agricultural intensification, the past century has seen increased rates of climate 

change, with the annual global mean air temperature now around 1oC higher than pre-industrial levels 

(WMO, 2020). Whilst the Paris Agreement took an important step in trying to limit rising temperatures 

to below 1.5oC above pre-industrial levels, global greenhouse gas emissions are projected to be about 

the same in 2030 as they are today, which would mean global temperatures could pass the 1.5oC 

warming target by the mid-2030’s, would pass 2oC warming by 2050-2070, and could result in a rise 

of 3-4oC by the end of the 21st century (IPCC, 2018; WWF, 2020). These average temperature increases 

are expected to be coupled with an increase in the frequency and duration of heatwaves in most 

terrestrial regions (IPCC, 2018). Such a dramatic shift in the climate is anticipated to have major 

impacts on insect species distribution, abundance, and diversity, as well as the ecological roles and 

interactions that support the functioning of healthy ecosystems (Forister et al., 2019; IPBES, 2019; 

Vanbergen et al., 2021; Wagner et al., 2021; Warren et al., 2018). We have already witnessed well 

documented responses to climate change over the past few decades, such as shifts in the seasonal 

timing of biological events (Cohen et al., 2018; Thackeray et al., 2016), which can disrupt life cycles 

and interactions between species and cause potential mismatches in the phenology of insect 

pollinators and their host plants (Burkle et al., 2013; Herbertsson et al., 2021; Petanidou et al., 2018; 

Stemkovski et al., 2020). Furthermore, there is growing evidence that the warming climate is driving 

changes in insect pollinator abundances (Lister & Garcia, 2018) and distributions (Breed et al., 2013; 

Forister et al., 2010; Jacobson et al., 2018; Kerr et al., 2015; Parmesan et al., 1999; Parmesan & Yohe, 

2003), bringing new threats to species and potentially exacerbating the impact of other stressors 

(Goulson et al., 2015; Holmstrup et al., 2010; Warren et al., 2021). Indeed, global warming has been 

attributed to insect species range shifts towards poles and higher elevations as they seek to stay within 

suitable thermal limits (Chen et al., 2011; Herrera et al., 2014; Marshall et al., 2020; Sunday et al., 

2012). Additionally, a variety of insect pollinator species are suffering range contractions at their 

southern tips without compensating with expansion at their northern edges (Breed et al., 2013; Kerr 

et al., 2015). Together, these findings raise serious concerns about further decline and localised 

extinction risk under future climate change projections (Halsch et al., 2021; Janzen & Hallwachs, 2021; 

Minter et al., 2020; Powney et al., 2019; Soroye et al., 2020) and emphasize the need to better 

understand how insect pollinator species respond to changing thermal conditions across their range 

(Hamblin et al., 2017; Pimsler et al., 2020).  

The sensitivity of insect pollinator species to climate change appears to be linked to their 

thermal tolerances, with declining species demonstrating narrower thermal limits (Deutsch et al., 
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2008; Herrera et al., 2018; Martinet et al., 2015; Williams et al., 2007). Whilst critical thermal limits 

have been characterised for many insect pollinator species, these limits will rarely be surpassed in 

natural settings, even under temperature extremes (Klockmann et al., 2017; Martinet et al., 2015; 

Oyen & Dillon, 2018; Zambra et al., 2020). Instead, detrimental sublethal effects within such limits 

warrant further investigation (Cameron & Sadd, 2020). The shapes of the relationships between 

temperature and an organism's performance traits are crucial for understanding the functional 

responses of populations and communities to climatic fluctuations (Angilletta, 2006; Dell et al., 2011; 

Huey & Stevenson, 1979). Quantifying these relationships will allow us to understand where insect 

pollinator species are operating in respect to their thermal limits, helping predict responses to 

projected temperature increases and/or erratic weather events. It is therefore important to gain 

better data not only on the thermal tolerance of insect pollinators, but also on thermal performance, 

as behavioural thermal responses will have direct consequences for organism fitness and how global 

pollination networks will be affected under future scenarios of climate change (Rader et al., 2013; 

Steele et al., 2019). 

 

1.3 | Evidence for how temperature modulates insecticide toxicity on pollinator behaviours is 

lacking 

Experiments exposing non-target beneficial organisms to field-level insecticide 

concentrations, despite being sublethal, have shown impairment of key behaviours important for 

organism fitness and ecosystem service provision (Gill et al., 2012; Rundlöf et al., 2015; Stanley et al., 

2015). Such studies have proven important for raising awareness concerning the hazards posed by 

such pesticides. Assessment of whether a pesticide poses an unacceptable risk, however, can be 

particularly difficult. This is because the degree of toxic effect appears to show significant variation 

across studies, even when considering the same species and pesticide (Arena & Sgolastra, 2014; 

Decourtye et al., 2013; Godfray et al., 2014; Heard et al., 2017). A possible explanation for these 

discrepancies is that the environmental context in which lab and field studies are conducted is often 

not appropriately considered (Cameron & Sadd, 2020; Crall et al., 2018; Holmstrup et al., 2010). For 

example, exposure to field-realistic levels of common neonicotinoids and nutritional stress (reduced 

nectar provision) can synergistically interact to reduce bee survival by as much as 50% (Tosi, Nieh, et 

al., 2017), suggesting the nutritional quality of the landscape may influence the toxicity of insecticides 

to insect pollinators (Dance et al., 2017; Tong et al., 2019). Furthermore, co-exposure with azole 

fungicides has been shown to exacerbate the toxicity of a range of pyrethroid, organophosphate, and 

neonicotinoid insecticides (Biddinger et al., 2013; Pilling & Jepson, 1993; Tsvetkov et al., 2017), and 

the impacts of neonicotinoids on individual bee activity and colony health can be enhanced in the 
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presence of parasites (Blanken et al., 2015; Botías et al., 2021; Goulson et al., 2015). Similarly, it has 

been suggested that the effects of habitat loss, invasive species, and nutritional stress can all be 

temperature dependent (Vanbergen et al., 2021; Vanderplanck et al., 2019). Yet, despite the co-

occurrence of increasing pesticide usage and rising climatic temperatures over the past century, and 

despite the remarkable media attention surrounding pesticide and climate change impacts on insect 

pollinators, there is limited work investigating how environmental temperature modulates the 

impacts of pesticide exposure on these organisms (but see Henry et al., 2014; Kolano et al., 2021; 

Monchanin et al., 2019; Zaragoza-Trello et al., 2020). In particular, the quantification of impacts on 

sublethal behavioural endpoints is largely undescribed, yet these behaviours determine individual and 

colony level fitness as well as ecosystem service provision (Greenop et al., 2020; Noyes & Lema, 2015) 

Understanding how temperature can module the impacts of pesticide is important, because 

the seasonal pattern of pesticide application to agricultural landscapes makes exposure to insects 

under wide thermal ranges a very realistic scenario (Holmstrup et al., 2010). Additionally, future 

landscapes are predicted to experience increased rates of pesticide application along with warmer 

and more extreme climates, increasing the likelihood that insect pollinators will experience these 

stressors simultaneously (Deutsch et al., 2018; IPCC, 2018; Tang et al., 2021; Zhang, 2018). This co-

exposure may be further amplified as warming environmental temperatures are expected to increase 

the reproductive rate and migratory capacity of pests, which could thus place an even greater reliance 

on control by chemical pesticides (Deutsch et al., 2018). Understanding the interactions between 

temperature and pesticide stress is thus crucial for improving our ability to safeguard insect pollinator 

populations and ensure pollination services into the future (Botías et al., 2021; Goulson et al., 2015; 

Potts et al., 2016; Schweiger et al., 2010). 

 

1.3.1 | Mechanisms and evidence from other insects 

When considering lethal endpoints, temperature-modulated pesticide toxicity has been 

observed across insect crop pests and aquatic organisms (Boina et al., 2009; Camp & Buchwalter, 

2016; Noyes et al., 2009; Op de Beeck, Verheyen, Olsen, et al., 2017; Tsaganou et al., 2021). In light of 

climate change projections, a potentially alarming finding for insect pollinators is that pesticides often 

appear to increase in toxicity with environmental warming and extreme heat events (Holmstrup et al., 

2010; Lydy et al., 1999; Macaulay et al., 2021). These interactions, however, appear complex and can 

be pesticide specific, with some pesticides increasing in toxicity under cooler conditions (Khan & 

Akram, 2014; Noyes et al., 2009; Op de Beeck, Verheyen, & Stoks, 2017).  
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The physiological basis of this phenomenon is becoming better understood (Hooper et al., 

2013), with ambient temperature likely playing an important role in several processes that determine 

toxicity such as pesticide consumption, distribution, receptor binding efficiency, metabolism and 

excretion (Boina et al., 2009; Camp & Buchwalter, 2016; Harwood et al., 2009; Holmstrup et al., 2010; 

Khan & Akram, 2014; Lydy et al., 1999; Noyes et al., 2009; Weston et al., 2009). For example, ambient 

temperature directly affects metabolic and other physiological rates in insects (Gillooly et al., 2001; 

Huey & Stevenson, 1979). As such, warmer environments can place increased energetic demands on 

individuals, thus driving increased consumption of potentially contaminated food, enhancing the level 

of pesticide exposure and providing a mechanistic basis to observed synergistic interactions between 

environmental warming and pesticide exposure on insect mortality (Camp & Buchwalter, 2016; 

Holmstrup et al., 2010; Lydy et al., 1999; Tsaganou et al., 2021). However, as the surrounding 

environmental temperature can determine metabolic and enzymatic activity rates, it can thus 

influence the rate of metabolism and detoxification of a pesticide once ingested by an exposed 

individual (Gerba, 2019; Khan & Akram, 2014; Noyes et al., 2009). Indeed, the toxicity of pyrethroid 

insecticides have been observed to increase under colder post-exposure temperatures, due to a 

reduced elimination rate and thus increased accumulation of the pesticide within individuals 

(Harwood et al., 2009; Weston et al., 2009). Whilst pesticides can be metabolised at a faster rate at 

higher temperatures, previous studies have shown this does not always increase the rate of 

detoxification, because the metabolites of some pesticides, either by chance or by design, are more 

toxic than the parent compound (Gerba, 2019; Holmstrup et al., 2010; Lydy et al., 1999). For example, 

organophosphates have been observed to become more toxic to insects under warmer environmental 

temperatures due to an increase in the rate at which they are broken down into their more toxic 

metabolites (Glunt et al., 2013; Harwood et al., 2009; Khan & Akram, 2014). These mechanisms can 

provide useful insights, allowing us to hypothesize how insect pollinator behavioural traits may be 

affected. 

The temperature-toxicity relationship for a given insecticide can be designated by a 

temperature coefficient (TC) (Khan & Akram, 2014; Muturi et al., 2011). Insecticides with a positive TC 

become more toxic with increasing temperature, whereas those with a negative TC become more 

toxic with decreasing temperature (Glunt et al., 2013; Mansoor et al., 2015). In the farming industry, 

assigning TC’s is important to ensure maximum efficacy and return for investment when deciding 

when to apply pesticides to agricultural fields to protect against insect pests (Musser & Shelton, 2005; 

Tsaganou et al., 2021). Understanding these relationships in pollinators could help achieve the 

optimum trade-off between effective pest-control and limiting exposure effects to beneficial insect 

pollinators. 
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1.3.2 | Implications of temperature-toxicity relationships for insect pollinators 

Whilst temperature-toxicity relationships have been examined for insect pests and some 

aquatic insects, they almost exclusively focus on lethal effects of pesticides (Op de Beeck, Verheyen, 

Olsen, et al., 2017; Tran et al., 2019). Moreover, there is a scarcity of literature relating to these 

relationships in insect pollinators (but see Belzunces et al., 2012; Gooley & Gooley, 2020; Kolano et 

al., 2021; Manzi et al., 2020; Saleem et al., 2020). This is an evidence gap that may have fundamental 

implications for current pesticide regulatory guidelines and risk assessments. Before being approved 

for commercial agricultural use, pesticides are assessed in terms of their toxicity to non-target 

organisms, and these risk assessments inform recommended pesticide application rates (Sanchez-

Bayo & Goka, 2014; Sgolastra et al., 2020). Guidance on these risk assessments in the European Union 

(EU) is provided by the European Food Safety Authority (EFSA). When assessing the risk to insect 

pollinators, they evaluate whether the pesticide is likely to have any harmful effects on bees, 

specifically the honey bee Apis mellifera, the bumblebee Bombus terrestris, and two solitary mason 

bees Osmia cornuta and Osmia bicornis (EFSA, 2013). The EFSA recommends protocols for laboratory, 

semi-field, and field studies to assess pesticide effects on these bee species, and in order to ensure 

that risk assessments are robust, the recommended protocols follow internationally agreed OECD 

(Organisation for Economic Co-operation and Development) guidelines that aim to provide reliable 

and repeatable results (EFSA, 2013). Whilst it is not possible to control temperature in field studies, 

OECD guidelines recommend laboratory studies be conducted at standardised temperatures. For 

honey bees this temperature is 33±2oC, but for bumblebees this temperature drops to 25±2oC when 

using standard queenright colonies and 28-30oC when using queenless microcolonies, and for solitary 

bees the temperature drops again to 22oC (EFSA, 2013). Whilst the need for standardisation is 

important, this does not account for the fact that environmental temperature varies spatially over 

latitudes and elevations and also temporally within season and even daily cycles for single species 

(Oyen et al., 2016; Stabentheiner, 2001). In Europe, for example, mean midday temperatures 

throughout May - a month in which pesticide application is high and bees are actively foraging 

(Garthwaite et al., 2018) - vary widely across the continent and often fall considerably below the 33oC 

and 25oC recommended testing temperatures for honey bees and bumblebees respectively (Figure 

1.1; Huld et al., 2006).  
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Figure 1.1. Map of average temperature at 12:00 hours GMT in May [°C] between 1995 to 2003. Figure 

reproduced from Hudl et al., 2006 with permission from Elsevier. The red points indicate the position of the 

meteorological stations from which data were gathered.  

 

If the toxicity of a specific pesticide is altered by temperature, then the current pesticide 

application rate guidance may be placing insect pollinators at higher risk in one geographic region over 

another and/or at one time of the year more than another. Additionally, as it is recommended to test 

different bee species under different standardised temperatures, this may render comparisons 

between species inappropriate and could contribute to previously observed findings of differential 

sensitivity of species to the same insecticide (Decourtye et al., 2013). Gaining an understanding of how 

pesticide and temperature interact to determine sublethal effects, the importance of which are 

becoming increasingly recognised by decision-makers in addition to the lethal effects that are 

traditionally focussed on in risk assessments, will help inform how future pesticide application 

guidance can be tailored for the UK’s and the world’s different climatic regions. 

 

1.4 | Bumblebees as an insect pollinator study system 

Bees represent the most important group of insect pollinators for agricultural pollination 

worldwide (Breeze et al., 2011; Kearns et al., 1998; Klein et al., 2007; Ollerton et al., 2011; Potts et al., 

2016), and are the representative group used to assess the risks that pesticides pose to pollinators by 
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policymakers (EFSA, 2013; EPA, 2014). The western honeybee, Apis mellifera, is the archetypal insect 

pollinator, that whilst native to Eurasia and Africa, has been introduced almost worldwide for crop 

pollination and honey production (Crane, 1999). It has traditionally been assumed to provide the 

majority of pollination services to agriculture (Breeze et al., 2011), yet increased awareness of the 

importance of non-Apis bees for crop pollination has brought this assumption under question 

(Garibaldi et al., 2013; MacInnis & Forrest, 2019; Mallinger & Gratton, 2015). Non-Apis bees have been 

estimated to contribute >20% of pollination services in agricultural production (Losey & Vaughan, 

2006; Powney et al., 2019), demonstrating superior efficiency in the pollination of key crops such as 

strawberries compared to honey bees (Horth & Campbell, 2018; MacInnis & Forrest, 2019). 

Honeybees often cannot replace many of the specialist mutualistic relationships of non-Apis bees and 

plants, and they are rarely the most effective pollinators of a plant, thus appearing ‘imperfect’ 

substitutes for wild pollinators (Page et al., 2021; Woodcock et al., 2013). Wild bee diversity in 

agricultural landscapes is important for stabilizing pollinator persistence across years, protecting both 

biodiversity and crop pollination services, and conferring ecological stability (Senapathi et al., 2021). 

Moreover, greater bee species diversity has been shown to increase the temporal and spatial range 

of pollination activity (Brittain et al., 2013; Fründ et al., 2013), increase fruit set and crop yields 

(Greenleaf & Kremen, 2006; Hoehn et al., 2008; Kremen et al., 2002), and for many agricultural crops 

successful pollination is consistently increased with non-Apis bee but not honeybee abundance 

(Garibaldi et al., 2013). Non-Apis bees may therefore be able to compensate for honeybee colony 

losses, but this may not be the case vice versa (Tylianakis, 2013).  

Attempts to combat global pollination deficits have resulted in a ~45% increase in beekeeping 

over the past half century (Aizen & Harder, 2009; Jaffé et al., 2010), resulting in steep global increases 

in managed honey bee colony numbers over the past decade (IPBES, 2016; Steele et al., 2019; 

Vanbergen et al., 2014). In contrast, non-Apis bee species have been reported to have suffered some 

of the greatest declines relative to other insects in the last few decades, with a number of species 

having gone extinct (Bennett & Isaacs, 2014; Bommarco et al., 2012; Nieto et al., 2014; Ollerton et al., 

2014; Sánchez-Bayo & Wyckhuys, 2019). Indeed, a recent national-scale study in the UK found that 

wild bees had been lost from a quarter of the places they were found in 1980, and that a third of 

species now occupy smaller ranges (Powney et al., 2019). These findings support previous reports of 

declining population trends and range reductions of non-Apis pollinators in the UK (Carvalheiro et al., 

2013; Shortall et al., 2009; Steele et al., 2019; Vanbergen et al., 2014; Williams, 1982). Worryingly, 

increases in honey bee densities can lead to the gradual replacement of wild bees and disruption to 

the structure and functionality of plant-pollinator networks (Garibaldi et al., 2013; Herrera, 2020; 

Valido et al., 2019). All this highlights that the current reliance on honeybee pollination services for 



Chapter 1 | General Introduction 

33 
 

food production is both risky and inefficient (MacInnis & Forrest, 2019; Park et al., 2015; Winfree et 

al., 2008). Yet in spite of this, Apis mellifera has been considered the model bee pollinator species for 

many years, with the vast majority of research and ecotoxicological testing taking place on this species 

(Decourtye et al., 2013; Heard et al., 2017).  

The response of all bee species to changing environmental conditions cannot be assumed to 

be equal (Wood et al., 2020). Indeed, Hamblin et al (2017) found differential sensitivity to urban heat-

island effects between species, with bumblebees having a higher sensitivity compared to honeybees, 

suggesting they may be at greater risk from future climate warming. Furthermore, Decourtye (2013) 

drew attention to 42 studies reporting deleterious side effects of registered pesticides on other bee 

species despite these pesticides passing risk assessments based on the perceived lack of effect on 

honeybees. This review has been compounded by numerous more studies from both the lab and field 

highlighting differential pesticide sensitivity between species (Almeida et al., 2021; Arena & Sgolastra, 

2014; Cresswell et al., 2012; Heard et al., 2017; Rundlöf et al., 2015; Tomé et al., 2017). In light of this, 

it is critically important we improve our understanding of the thermal and pesticide sensitivity of non-

Apis species, if we are to truly appreciate the impact these environmental stressors are having on our 

pollinators and the services they provide (Dicks, 2013; Schmolke et al., 2021; Siviter et al., 2021; Wood 

et al., 2020). 

 

Bumblebees 

Bumblebees (Bombus sp.) are a globally important non-Apis pollinator for wild flowers and 

crops, and primary pollinators of legume and orchard crops that are predicted to increase in 

cultivation under projected future climatic and socioeconomic scenarios (Aizen et al., 2008; Potts et 

al., 2016; Smith et al., 2015). They are a particularly suitable study system to address questions in this 

thesis for two primary reasons: 

1) Bumblebees have been shown to be sensitive to climate change and are demonstrating population 

range contractions (Kerr et al., 2015; Oyen & Dillon, 2018; Soroye et al., 2020). Shifts in elevational 

and latitudinal ranges have recently been documented for bumblebees across Europe and North 

America, which appear to be correlated with changes in climate (Kerr et al., 2015). These shifts are 

predicted to continue into the future, with a recent study by Soroye (2020) suggesting bumblebees 

are likely to experience range contractions and declines over time due to species more frequently 

experiencing temperatures that exceed their thermal tolerance. Whilst species can colonise areas that 

become climatically suitable, it has been suggested that bumblebee dispersal rates may be insufficient 

to track rates of environmental warming as projected under any one of the IPCC scenarios (IPBES, 
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2016; Sirois-Delisle & Kerr, 2018). Moreover, evidence suggests they may be evolutionarily 

constrained in their thermal adaptation, which may increase their sensitivity to warming (Pimsler et 

al., 2020; Radchuk et al., 2019). Thus, colonisation of new thermally suitable habitat may be 

outweighed by declines (Soroye et al., 2020), and consequently there is an urgent need to understand 

the thermal sensitivity of key bumblebee traits.  

2) Bumblebees show large intra-specific variation in worker body size (Couvillon, Jandt, et al., 2010; 

Jandt & Dornhaus, 2009), which has the added benefit of allowing the testing of hypotheses regarding 

size variation whilst controlling for taxonomic differences in life-history (see section 1.4.1). This can 

help to shed light on how body size can mediate responses to stressors, with implications for 

understanding how small versus large species may be environmentally filtered from communities or 

selected against across different landscapes.  

For this thesis, the bumblebee species Bombus terrestris will be used. This species is 

commercially available and easy to rear in the lab, and as such lend themselves as an excellent study 

species if wanting to acutely or chronically expose either individual bees or whole colonies (Gill et al., 

2012; Heard et al., 2017). Additionally, they are a species that are ubiquitous across Eurasia so 

naturally experience a range of climates (Rasmont et al., 2015), and are abundant agricultural 

pollinators so are commonly exposed to a diverse collection of pesticides (Herbertsson et al., 2021), 

making questions surrounding temperature-pesticide interactions particularly pertinent.  

 

1.4.1 | Bumblebee alloethism 

Like many eusocial insects, bumblebees exhibit large intra-colony size variation in the worker 

caste (Figure 1.2: Alford, 1975; Goulson et al., 2002). The division of labour among workers is a key 

feature underpinning the ecological success of eusocial insects (Wilson, 1990), and bumblebees 

appear to demonstrate alloethism, whereby worker body size correlates with division of colony tasks 

(Goulson et al., 2002; Herrmann et al., 2018; Peat, Tucker, et al., 2005). Smaller workers tend to stay 

in-hive and rear brood, whereas larger workers are more likely to forage (Jandt & Dornhaus, 2009; 

Spaethe & Weidenmuller, 2002). Body size appears to be related to how quickly workers can learn 

tasks associated with foraging (Worden et al., 2005), with larger workers being more discriminatory 

and preferentially memorising the features of richly rewarding flowers (Frasnelli et al., 2021). 

Additionally, evidence suggests that both foraging rate and distance increase with body size 

(Greenleaf et al., 2007; Kapustjanskij et al., 2007; Spaethe & Weidenmuller, 2002). Together, these 

traits appear to underpin the observation that foraging efficiency (nectar collected per unit time) is 

positively related with bumblebee worker body size (Goulson et al., 2002). Whilst the benefits to the 
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colony of larger workers are commonly explained through foraging ability, less is understood about 

the benefits of smaller workers. However, when body size variation within colonies is experimentally 

reduced whilst keeping the same mean body size, colonies appear to perform less well, suggesting 

that size variation in the worker caste is advantageous in at least some scenarios (Holland et al., 2021). 

Indeed, intraspecific variation in worker body size appears to make bumblebee species less susceptible 

to decline (Austin & Dunlap, 2019). Recent evidence suggests size variation may allow colonies to cope 

with changing or unpredictable landscapes (Austin & Dunlap, 2019; Kelemen et al., 2020; Theodorou 

et al., 2021). For example, Couvillon & Dornhaus (2010) demonstrated that small workers are hardier 

against starvation than their larger sisters, and speculated that their presence may provide robustness 

to bumblebee colonies, allowing them to survive periods of nectar shortage and high colony stress. 

There is tentative evidence suggesting that larger workers are more susceptible to the effects 

of neonicotinoids than smaller nestmates (Samuelson et al., 2016), raising the possibility that having 

a range of worker sizes could buffer a colony against pesticide exposure. In addition, smaller workers 

may be better able to maintain body temperature at the required level for flight during warmer 

ambient temperatures, as they have a lower surface area to volume ratio and can consequently lose 

heat to the environment at a faster rate (Bishop & Armbruster, 1999; Peat & Goulson, 2005). 

Considering the wide thermal range that bees are subject to in temperate environments, this may 

allow colonies to more efficiently exploit resources throughout the season and may also be important 

when predicting responses to a warming global climate. For bumblebees, climate change and pesticide 

application across landscapes may therefore act as environmental filters and provide selection 

pressures towards certain sized individuals. Understanding size-dependent effects on key behavioural 

traits will help elucidate this, and findings could also be applied across taxa to predict species at risk 

and inform questions regarding the fitness and service provision of contemporary insect pollinator 

assemblages under current and future scenarios (Kelemen et al., 2020). Investigation into size-specific 

responses is timely, as: i) increasing environmental temperature can lead to increased worker size 

variation (Kelemen & Dornhaus, 2018), smaller mean size (Ohlberger, 2013; Zaragoza-Trello et al., 

2021), and changes to morphology (Gerard et al., 2018); and ii) resource limitation and declines in 

habitat quality arising from agricultural land use change and urbanisation appear to be driving 

reductions in bee body size across multiple bee taxa (Oliveira et al., 2016; Renauld et al., 2016; 

Theodorou et al., 2021; Zaragoza-Trello et al., 2021).  
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Figure 1.2. Variation in Bombus terrestris worker body size within a colony can vary dramatically. All workers 

shown above (first 6 individuals from the left) are from the same colony, with the wet mass of the smallest 

worker being just 0.043g compared to 0.269g for the largest worker. The queen (far right) had a wet mass of 

0.752g, weighing over 17 times that of the smallest worker. Photo taken by Daniel Kenna. 

 

 

1.5 | How might insecticide exposure and temperature variation, both individually and in 

combination, affect bumblebee behaviour? 

Growth and ultimately fitness of eusocial bee colonies relies on the behavioural performance 

of many workers contributing towards colony-level functions such as nest maintenance, brood care 

and foraging tasks (Oster & Wilson, 1978). An accumulation of behaviourally impaired workers could 

lead to degraded overall colony function, leading to reduced fitness and eventually colony collapse 

(Bryden et al., 2013). This thesis will explore how temperature variation and pesticide exposure, both 

individually and in combination, affect distinct behaviours known to be important for colony function 

and ecosystem provision, namely aspects of locomotion.  

 

1.5.1 | How might insecticides and ambient temperature affect flight and other locomotory activity? 

Flight capability represents a behaviour integral for survival of the majority of insect pollinator 

species, especially bees. The ability of bees to move around the landscape determines the dispersal 

capacity of sexuals and the efficiency with which workers can exploit resources required for growth 

and reproduction (Greenleaf et al., 2007; Kremen, 2005; Kremen et al., 2007; Waser et al., 1996). Bees 

forage for both nectar and pollen, which promotes a high floral resource use. Adults rely on nectar as 

their carbohydrate energy source with bee offspring heavily reliant on pollen provisions as a protein 

source (Couvillon et al., 2015; Pelletier & McNeil, 2003). The emergence of intensive agricultural 

practices has led to widespread habitat loss and fragmentation, increasing the foraging and dispersal 

demands placed on bees (Senapathi et al., 2017; Viana et al., 2012; Winfree et al., 2009). Farmland 
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has been found to have a significantly lower nectar diversity than urban areas (Tew et al., 2021), and 

the decrease in crop and floral resource diversity over the last half-century due to ever more intense 

farming has been associated with declines in bee species (Hemberger et al., 2021). In agricultural 

landscapes where resource availability is low and sporadic, the ability of bees to forage effectively and 

efficiently over great distances may therefore be vital (Jha & Kremen, 2013; Redhead et al., 2016; 

Steffan-Dewenter & Tscharntke, 1999). This poses a particular challenge for bees such as bumblebees, 

which are central place foragers having a fixed nest site, so are unable to track changing resources 

across landscapes (Williams et al., 2012). Workers must undertake return foraging trips from this set 

nest location, and consequently any habitat discontinuity may require workers to fly longer distances 

to find the volume, quality and complementarity of resources they require for growth and survival 

(Gervais et al., 2020; Goulson et al., 2008; Jha & Kremen, 2013; Redhead et al., 2016; Schmid-Hempel 

& Schmid-Hempel, 1998). Hence any stressor lowering individual worker flight ability could translate 

to negative colony level impacts (Gill et al., 2012), with implications for the crucial ecosystem services 

they provide (Delaplane & Mayer, 2000; Garibaldi et al., 2013; Greenleaf & Kremen, 2006; Potts et al., 

2010; Winfree et al., 2008). 

Pesticide exposure likely represents one such stressor. For instance, controlled neonicotinoid 

exposure experiments have demonstrated negative effects on bee homing ability (Bortolotti et al., 

2003; Fischer et al., 2014; Henry et al., 2012, 2014) and foraging efficiency, including less frequent but 

longer foraging trips and a reduction in pollen collected per trip (Feltham et al., 2014; Gill & Raine, 

2014; Gill et al., 2012; Kolano et al., 2021; Schneider et al., 2012; Siviter, Johnson, et al., 2021; Stanley 

& Raine, 2016). Furthermore, a handful of recent studies have highlighted potential negative effects 

of neonicotinoid exposure on bumblebee foraging motivation using foraging arena setups, with 

exposed individuals being slower to initiate foraging trips and visiting less flowers when they do 

(Lämsä et al., 2018; Muth & Leonard, 2019), and with exposed colonies committing less workers to 

becoming foragers (Crall et al., 2018). Similar findings arose from the only available study examining 

the effects of sulfoxaflor on bee foraging behaviour, with exposed solitary bees found to have a 

reduced flower visitation rate and being more likely to walk to flowers than fly in foraging arenas (Boff 

et al., 2021).  

The mechanistic basis for the aforementioned observations from pesticide exposure is not 

fully known but could involve impairments to motor function (Fischer et al., 2014; Stanley et al., 2016; 

Williamson et al., 2014), such as flight (and other locomotory) endurance and motivation. However, 

difficulties in tracking and quantifying movement for highly mobile organisms means this has been 

little investigated. To my knowledge, only three studies have directly investigated the effect of 

pesticide exposure on flight endurance to date, all using honey bees and with mixed results. A study 
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by Tosi et al. (2017) found detrimental effects on flight endurance and velocity following chronic 

neonicotinoid exposure, but beneficial effects on endurance following acute exposure of the same 

chemical. In contrast, a study by Blanken et al. (2015) found no effect of chronic neonicotinoid 

exposure on flight unless bees were also infected with the parasitic Varroa mite. More recently, Tong 

and colleagues (2019) found that chronic exposure of a new systemic butenolide insecticide caused 

reduced flight success but increased flight velocity, highlighting that novel insecticides can impact 

flight but in potentially different ways to the established neonicotinoids. Clearly, more research is 

needed to elucidate the impact of neurotoxic insecticides under realistic exposure scenarios on bee 

flight performance. 

When considering the effects of pesticides on bumblebee flight and foraging performance, it 

is essential that we consider how temperature places energetic limitations. Bees are heterothermic, 

meaning that they are able to transition between ectothermic states, where body temperature is 

reliant on environmental heat sources and follows ambient temperature closely, and endothermic 

states, where body temperature is regulated and reliant on heat from internal metabolic processes 

(Esch et al., 1991; Heinrich, 1975; Stabentheiner et al., 2012). As heterotherms, they do not solely rely 

on thermal energy from the environment to warm themselves and can generate heat endogenously 

when required through tetanic shivering of flight muscles in a process known as non-flight 

thermogenesis (Esch et al., 1991; Heinrich, 1993; Potts et al., 2018). This endothermic ability to raise 

body temperature above the ambient temperature is vital for colony thermoregulation, but also for 

tasks such as flight and foraging (Heinrich, 1975; Kovac & Stabentheiner, 2011; Stabentheiner & Kovac, 

2014). In order to generate sufficient force to support continuous flight, bees must attain and maintain 

a minimum thoracic temperature typically above that of their surroundings (Heinrich, 1972, 1993; 

Nieh et al., 2006). In cold conditions this can place a large energetic strain on individuals whilst 

foraging, as they need to generate the required heat endogenously, and must maintain the required 

thorax temperature throughout the whole foraging cycle, in order to promote the fast exploitation of 

resources whilst always staying prepared for immediate flight (Heinrich, 1979; Kovac & Stabentheiner, 

2011; Stabentheiner & Kovac, 2016). Due to their small size, this endothermic behaviour requires 

enormous energetic input, in order to compensate for rapid heat loss because of their large surface 

area to volume ratio (Bishop & Armbruster, 1999). For example, in honeybees this effort can require 

around a 120-fold increase from their resting metabolic rate (Stabentheiner et al., 2012). In flying 

insects, activity rates are a direct function of thoracic temperature (Heinrich, 1974b), with muscle 

performance, wing-beat frequency, flight force production, and oxygen consumption all appearing to 

be positively correlated with increasing body temperature up to tipping points (Coelho, 1991; Kammer 

& Heinrich, 1974; Woods, 2005). Ambient temperature should therefore influence bumblebee flight 
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performance and foraging efficiency, but to date there is surprisingly little direct empirical evidence 

to quantify this (Coelho, 1991; Heinrich, 1972; Kwon & Saeed, 2003; Peat & Goulson, 2005). 

 

1.5.2 | How might bumblebee workers be exposed to insecticides under variable thermal 

conditions? 

Workers in bumblebee colonies can naturally be exposed to insecticides under a wide range 

of thermal conditions. Workers experience a wide thermal gradient, both spatially and temporally, 

when foraging outside the nest, and climate change is warming the landscapes with more frequent 

and intense extreme temperature events (Deutsch et al., 2018; Germ et al., 1997; Tang et al., 2021). 

Thermoregulatory behaviour in bumblebees allow colonies to maintain consistent nest temperatures 

around 30oC (Crall et al., 2018; Heinrich, 1979; Potts et al., 2018), hence insecticide exposure whilst in 

the nest will likely come at widely different ambient temperatures to exposure whilst on the wing 

foraging (Stabentheiner et al., 2010; Vogt, 1986). Additionally, neonicotinoids can impair 

thermoregulatory behaviour, both at the individual and colony level (Potts et al., 2018; Tosi et al., 

2016), creating individuals and nests with greater internal thermal fluctuation and thus shaping the 

thermal environments in which workers are exposed (Manzi et al., 2020). This can be accentuated in 

agricultural landscapes, as low resource availability and nutrition can cause a greater proportion of 

workers to be allocated to foraging rather than nest thermoregulation duties, compromising the 

stability of the nest temperature (Stewart et al., 2021). Neonicotinoid exposure has also been found 

to disrupt circadian rhythms, with consequences such as foragers leaving the colony at suboptimal 

times exposing them to more extreme temperatures (Tackenberg et al., 2020; Tasman et al., 2020).  

 

1.5.3 | How might temperature modulate pesticide toxicity effects on flight and other locomotory 

activity? 

Due to their heterothermic nature and ability to closely regulate internal body temperature 

independent of ambient temperature, the response on bumblebees to insecticides under thermally 

variable environments may differ from that of the predominantly ectothermic insect pests for which 

pesticide temperature coefficients are commonly assessed (Tsaganou et al., 2021). For example, 

studies in insect pests commonly suggest that neonicotinoids are positive temperature coefficient 

insecticides, meaning that they show enhanced toxicity as ambient temperature increases (Mansoor 

et al., 2015; Tsaganou et al., 2021). However, when investigating effects in bumblebees, Crall et al. 

(2018) found that the detrimental impacts of imidacloprid on both colony-level thermoregulation and 

individual worker behaviour were more severe at night as opposed to day, suggesting that 
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neonicotinoids show enhanced toxicity to bees as ambient temperature decreases. Similarly, Saleem 

et al. (2020) found that the effect of both imidacloprid and thiamethoxam on honey bee mortality 

rates were significantly greater at lower (24oC) compared to higher (35oC) temperatures.  

Recent work has shown that the neonicotinoid class of insecticides can disrupt non-flight 

thermogenesis in both honey bees (Tosi et al., 2016) and bumblebees (Potts et al., 2018), which may 

compromise the ability of exposed bees to attain or maintain the required temperature for flight or 

other locomotory behaviours (Azpiazu et al., 2019). In addition, neonicotinoids can also disrupt the 

ability of bumblebee colonies to effectively thermoregulate their nests, with implications for nest 

behaviour and brood development (Crall et al., 2018). These disruptions have the potential to be more 

restricting to individual and colony level function under colder conditions, due to the increased 

energetic requirements involved in thermoregulation, which may explain the results found by Crall et 

al. (2018). Indeed, the impact of pyrethroid insecticides on thermogenesis has been discussed as the 

mechanism underpinning the enhanced toxicity of these chemicals to honeybees under lower 

temperatures (Belzunces et al., 2012). Additionally, studies addressing the negative impacts of both 

thiamethoxam on honey bee homing ability and clothianidin on bumblebee foraging duration, have 

found that impairments become increasingly aggravated as environmental air temperature decreases 

(Henry et al., 2014; Kolano et al., 2021; Monchanin et al., 2019).  

A study by Gooley & Gooley (2020) interestingly found that imidacloprid exposed honey bees 

had elevated metabolic rates when exposed at low (25oC) temperatures but not at higher 

temperatures (30 & 35oC). These disrupted energy costs at lower temperatures may be because 

workers needed extra energy to detoxify the pesticide, achieved by raising body temperature to speed 

up the rate of enzyme synthesis or activity (Rand et al., 2015). Furthermore, Manzi et al. (2020) found 

that the expression of genes involved in motor rhythms, metabolic state, and flight were increased 

following imidacloprid exposure, and this overexpression was further intensified at 20oC but not at 

warmer temperatures of 28oC or 36oC. They also found that heat shock proteins were under expressed 

in exposed bees but only at the highest temperature of 36oC. Together, these studies provide potential 

mechanistic pathways for temperature-modulated toxicity in bumblebees. However, these findings 

stand in slight contrast to two recent studies exploring combined stressors in bumblebees, which 

found no detectable interaction between temperature and neonicotinoid exposure on measures of 

either colony success (Zaragoza-Trello et al., 2020) or pollination service (Greenop et al., 2020). 

Interestingly, these studies attempted to alter the temperature of the nest rather than exploring 

variation in the air temperature of the foraging landscape, and measured colony-level rather than 

individual responses, which may provide useful insights into why pesticide-temperature interactions 

were not detected.  
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Whilst there is no known information available evidencing how temperature may modulate 

the effects of sulfoxaflor, this insecticide has been shown to effect foraging behaviour in solitary bees 

(Boff et al., 2021), and another new emerging insecticide, flupyradifurone, has been shown to impair 

key locomotory behaviours such as flight success and velocity as well as thermoregulation in honey 

bees. This highlights that new insecticides to market can have detrimental sublethal impacts on 

bumblebee behaviour with potential to be temperature dependent (Tong et al., 2019).  

 

1.6 | Thesis aims 

1.6.1 | Key objectives 

The overarching aim of this thesis is to assess how insecticide exposure and surrounding 

environmental temperature, both individually and in combination, affect locomotory behaviours in 

individual bumblebee workers; behaviours that underpin organismal function, fitness and 

pollination provision. 

From controlled and complementary flight performance experiments, I address this aim by 

exploring how neonicotinoid exposure (Chapter 2) and environmental temperature (Chapter 3) 

individually influence flight behaviour. I utilised a novel flight mill setup, allowing questions 

surrounding flight performance and behaviour to be investigated efficiently and repeatably under 

controlled conditions (Minter et al., 2018). Importantly, these experiments examined responses across 

a full spectrum of worker body sizes found within colonies providing: i) insights into the basis of task 

division in bumblebees; ii) indication of how variation in individual level responses scale-up to colony 

level effects; and iii) predictions to be made about how smaller versus larger insect pollinator species 

may respond to stressors. Findings were then used to inform the pesticide choices / concentrations 

and temperatures used in Chapter 4, in which I examined the combined effects of insecticide exposure 

(a neonicotinoid and a sulfoximine) and variable temperature on both lethal and sublethal behavioural 

endpoints.  

 

1.6.2 | Thesis structure 

In chapter 2, the aforementioned tethered flight mill setup was employed to investigate how oral 

exposure to a field realistic acute dose of the neonicotinoid imidacloprid affects aspects of flight 

performance, namely distance, duration, and velocity, of bumblebee workers.  

In chapter 3, I used insights gained from Chapter 2 to develop and refine the flight mill protocol and 

used this setup to quantify how the flight performance of bumblebee workers varied over a 12-30oC 
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temperature range. By incorporating results from individual workers on flight endurance and 

likelihood of flight, I calculated a simple metric termed ‘temperature-mediated foraging potential’ to 

gain a clearer understanding of how temperature may constrain colony foraging. 

In chapter 4 I conducted a multi-experimental study to explore temperature-modulated toxicity of 

insecticides to a key insect pollinator. Examining flight behaviour, walking behaviour, consumption 

and survival, here I tested how individual bumblebees exposed to either imidacloprid or sulfoxaflor 

were differentially affected across three different ambient temperatures.  

In chapter 5 I discuss the findings from this thesis and how it can help to: i) provide a mechanistic 

explanation for recent reports of insect pollinator distributional changes associated with temperature 

range limits (Kerr et al., 2015; Soroye et al., 2020); ii) highlight  additional burdens associated with 

pesticide usage, and provide insights as to which crop growing regions may suffer from future 

[bumblebee] pollination deficits; iii) understand which possible climate regions in the world are insect 

pollinators most at risk from pesticide exposure; and iv) inform how policy and the farming industry 

should assess risk and guide the assessment of when best to apply pesticides in the environment in 

order to prevent pollinator population tipping points and maintain stable wild and agri-ecosystems. 

In Appendix D & E, I provide further preliminary studies that I designed, supervised, and helped 

conduct, which build on the data chapters presented in this thesis, but which require additional work.  
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CHAPTER 2 

 

Neonicotinoid exposure affects flight dynamics and reduces 

flight endurance in bumblebees 

 

2.1 | Introduction 

The extent to which insects move across landscapes has significant implications for human 

welfare. Highly mobile species can potentially cause detrimental insect pest outbreaks (Mazzi & Dorn, 

2012; Sharov & Liebhold, 1998), invasions (Myers et al., 2000; Renault et al., 2018) or the spread of 

vector borne diseases (Dujardin et al., 2008; Estrada-Peña et al., 2014; Githeko et al., 2000; Rogers & 

Packer, 1993). Yet insect movement can also underpin beneficial ecosystem service provision. For 

example, the majority of angiosperms, including around ¾ of our crop species, are to some degree 

reliant upon the extensive movement of foraging insect pollinators (Gill et al., 2016; Kleijn et al., 2015; 

Klein et al., 2007; Ollerton et al., 2011). It is therefore important we understand which, and to what 

extent, stressors affect insect pollinator flight performance if we are to mitigate threats to a global 

pollination service valued at >€150 bn annually (Benaets et al., 2017; Fischer et al., 2014; Gallai et al., 

2009; Gill & Raine, 2014; Stanley et al., 2015; Wolf et al., 2014).  

The emergence of intensive agriculture can cause loss and fragmentation of suitable foraging 

habitats, leading to resources becoming increasingly sparse and isolated within an insect’s foraging 

range (Didham et al., 1996; Hadley & Betts, 2012; Steffan-Dewenter & Tscharntke, 1999; Tscharntke 

& Brandl, 2004; Zurbuchen et al., 2010). This may pose a considerable challenge for eusocial bees, 

which are central place foragers having a fixed nest site. Workers must undertake return foraging trips 

from this set nest location, and consequently any habitat discontinuity may require workers to fly 

longer distances to find and bring back resources, such as pollen and nectar (Goulson et al., 2008; Jha 

& Kremen, 2013; Pelletier & McNeil, 2003; Schmid-Hempel & Schmid-Hempel, 1998). Hence any 

stressor lowering individual worker flight ability could translate to negative colony level impacts (Gill 

et al., 2012), with implications for the crucial ecosystem services they provide (Delaplane & Mayer, 

2000; Garibaldi et al., 2013; Greenleaf & Kremen, 2006; Potts et al., 2010; Winfree et al., 2008).   

Insecticides are commonly applied in agricultural landscapes as a pest management strategy 

(Fernandez-Cornejo & Vialou, 2014; Ramankutty et al., 2018), with neonicotinoids being one of the 

most widely used classes worldwide (Simon-Delso et al., 2015). However, neonicotinoids have been 

implicated as a threat to eusocial bees (Gill et al., 2012; Goulson, 2013; Lundin et al., 2015; Tsvetkov 
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et al., 2017; Whitehorn et al., 2012; Woodcock et al., 2017). Foraging eusocial bees are frequently 

exposed to neonicotinoids in treated landscapes (Botías et al., 2017, 2015; David et al., 2016; Mitchell 

et al., 2017; Rolke et al., 2016), and controlled exposure experiments have demonstrated both 

impaired homing ability (Fischer et al., 2014; Stanley et al., 2016) and foraging efficiency of workers, 

including longer foraging trips and reduced rate of pollen collection (Feltham et al., 2014; Gill & Raine, 

2014; Stanley & Raine, 2016). A possible explanation for these reported impairments is that certain 

aspects of foraging flight dynamics, such as endurance and speed, are affected by neonicotinoid 

exposure. However, to date only two studies have specifically tested this and have reported mixed 

findings. One study found acute neonicotinoid (118 ppb thiamethoxam) exposure increased flight 

endurance, with the opposite effect shown following chronic (32.5 – 45 ppb thiamethoxam) exposure 

(Tosi, Burgio, et al., 2017). The other study detected a negative effect of chronic (6 ppb imidacloprid) 

exposure on flight distance, but only when provided to individuals in combination with the parasitic 

varroa mite (Blanken et al., 2015). Hence, further investigation is needed to understand the generality 

of the effects of exposure on bee flight, whilst also: i) ensuring that a concentration within the field 

realistic range is used; ii) gaining a more in-depth analysis of the dynamics of flight during testing; iii) 

investigating a representative species of wild bee, given there can be differential responses to 

pesticide exposure among insect pollinator species (Cresswell et al., 2012; Heard et al., 2017; Rundlöf 

et al., 2015); and iv) considering variation in worker body size, given this can modulate flight capability, 

can be associated with variation in foraging behaviours within bumblebee colonies (Goulson et al., 

2002; Spaethe & Weidenmuller, 2002), and size-specific energetic demands show a non-linear positive 

relationship (Greenleaf et al., 2007; Kaufmann et al., 2013).  

To date, studying the physical flight of small mobile insects has proved challenging. When 

examining flight behaviour under field or semi-field setups it is difficult to isolate the effects of 

pesticides from other confounding / covarying factors (Henry et al., 2014). Additionally, current 

tracking technologies typically cannot record a full foraging bout, with RFID tagging limited to 

recording bees moving past a fixed location, providing little information on what occurs during the 

flight trip (e.g. Gill & Raine, 2014). Harmonic Radar can track a bee over a foraging bout, but only in 

uncluttered landscapes and heavy tags likely confine potential foraging ranges, which would have a 

disproportionate effect on smaller bees (O’Neal et al., 2004; Osborne et al., 1999). To help address 

this challenge, a tethered flight mill setup (Minter et al., 2018; Tosi, Burgio, et al., 2017) was used 

under controlled environment conditions to investigate the effects of acute oral neonicotinoid 

exposure on different aspects of bumblebee (Bombus terrestris audax) flight performance (Figure 2.1). 

For this study, individual workers were exposed to the neonicotinoid imidacloprid at a concentration 

of 10 ppb as it is: i) a neonicotinoid registered for use in over 100 countries (Jeschke et al., 2010) and 
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one of the most popular pesticides for the control of sucking insect pests worldwide (Casida, 2018; 

Raymann et al., 2018; Zhang, 2018; Zhu et al., 2017); ii) a concentration that can be found inside social 

bee colonies, on return foraging workers, and in the pollen and nectar of individual flowers (Blacquière 

et al., 2012; Botías et al., 2016; Cresswell, 2011; Dively & Kamel, 2012; Goulson, 2013; Hladik et al., 

2016); iii) known to impair foraging performance after exposure (Godfray et al., 2014; Pisa et al., 

2017); and iv) a neonicotinoid under current scrutiny by policy makers and regulators (Cressey, 2017), 

resulting in a recent EU ban from agricultural use outside of closed greenhouses. As the neonicotinoid 

with the longest history of use across the largest geographic area (Casida, 2018; Mitchell et al., 2017; 

Simon-Delso et al., 2015), testing the effects of imidacloprid can help reveal why both past and future 

insect pollinator populations were / are under threat. The propensity of individual bees to fly was 

tested, followed by measures of flight distance, duration, and the dynamics of velocity over the course 

of the flight test, and the interaction between neonicotinoid exposure with worker body size on these 

performance measures was investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Flight mill setup and associated experimental procedures. Panels show A) flight mill used in the study 

(the ‘height adjustable screws’ ensured the mill could be horizontal with an attachable bubble level used to 

ensure this); B) tethering of an individual worker bumblebee to the flight mill magnet; C) feeding procedure in 

which workers were placed in bunged tubes with one end consisting of cotton wool lightly soaked in 50% sucrose 

solution (with or without 10 ppb imidacloprid); D) support stands used to hold workers prior to flight tests and 

following a stop in flight.  
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2.2 | Methods 

2.2.1 | Bee husbandry 

Three bumblebee Bombus terrestris audax colonies, containing a queen and between 130-

150 workers, were supplied by a commercial company (Agralan Ltd). Each colony was delivered in a 

separately housed plastic nest box (29 x 22.5 x 13 cm) and kept in a controlled environment room 

(25°C) under red light. From the point of arrival, colonies were provisioned with 4g of pollen daily and 

supplied with ad libitum 10/90% sucrose/water solution via a connected reservoir. A 10% sucrose 

concentration falls within the range of many flower species (Pierre et al., 1999; Pyke & Waser, 1981), 

and was sufficient to ensure that provisioned colonies did not suffer from dehydration or starvation. 

However, the primary justification for using this relatively low concentration in the nest was to 

increase motivation of individual workers to feed when provided with a higher concentration of 

sucrose solution during the acute exposure setup. This was necessary to facilitate sufficient uptake of 

pesticide active ingredient in exposed workers and increased the likelihood that all workers (control 

or treatment) would feed to satiation prior to flight.  

 

2.2.2 | Flight mill setup and bee tethering 

Six flight mills were set up in a separate adjoining room under the same environmental 

conditions as the housing room (constant 25oC temperature), but with the option to switch between 

red (Philips TLD 58W Red 1SL/25; mean 660 λ nm) and white light (Philips TLD 58W 840). Flight mills 

were adapted from a previous design (Smith & Jones, 2012), consisting of a revolving brass wire, with 

a magnet hanging from one end designed to attach to a metal tag glued to the bee’s thorax through 

magnetic attraction (Figure 2.1). The revolving brass wire was suspended over a central Delrin rod by 

the repulsive forces of two magnets, preventing friction during arm rotation to allow fluid motion. The 

Delrin rod was positioned vertically (90° perpendicular) on a horizontally flat triangular Perspex base. 

A digital Hall-effect sensor placed on one side of the mill detected each complete revolution by the 

passage of a neodymium magnet (Figure 2.1a) and sent an impulse to a Raspberry Pi computer (model 

B) via a copper wire connector. From here a Python script recorded the time (in seconds) between 

each impulse, with each revolution defined as a ‘circuit’ from hereon. 

When the colonies arrived, 110 workers per colony (total=330) were randomly selected and 

under red light a circular galvanised iron tag (diameter = 2 mm, thickness = 0.4 mm) was attached to 

the thorax of each worker using super glue (Figure 2.2), allowing each individual to be tethered to the 

hanging flight mill magnet (Figure 2.1b,d). I am confident that tag mass did not cause any significant 

impairment to bee flight performance, because: i) magnetic attraction of tag to mill allows suspended 
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bees to fly without carrying the load of the tag; and ii) mean (± s.e.m) tag mass was only 18 ± 0.3 mg 

(calculated from weighing 30 tags), equating to just 7.5% of the mean worker wet mass of all 

individuals tested in this study (240 ± 5 mg). Indeed, bumblebees are capable of carrying > 50% of 

their own body mass in nectar alone when foraging (Brian, 1954). Each tag was placed at the centre 

of the thorax, with the tag leading edge touching the back of the first thoracic stripe (Figure 2.2). Care 

was taken to ensure tag attachment would not interfere with wing movement, with the small tag size 

easily fitting between the wing joints of even the smallest tested worker with no obstruction. The 

meticulous nature of tagging each bumblebee meant that a tag rating system was designed, whereby 

tag positions were scored as 1 = ideal, 2 = unideal or 3 = unacceptable (Figure 2.2). Bees with scores 1 

and 2 were considered acceptable to experimentally test, but bees with score 3 were excluded from 

further use as these placements had potential to impede wings or affect flight posture. In total, 74 

workers per colony were experimentally tested (total = 222).   

 

 

 

 

 

 

 

 

 

Figure 2.2. Example of the ideal positioning of a metal tag (tag score 1) on the thorax of a Bombus terrestris 

audax bumblebee worker. If the tag positioning was unideal (tag score 2) the metal tag would overlap the yellow 

circle but remain inside the blue circle. If positioning was unacceptable (tag score 3) it would overlap the blue 

circle. 

 

2.2.3 | Pesticide preparation 

A 10 ppb imidacloprid working solution was produced to supply the acute pesticide exposure 

to worker individuals. A previously made stock solution of imidacloprid dissolved in acetone at a 1 

ppt concentration was used, which was stored in a freezer wrapped in aluminium foil to prevent 

light degradation (Soliman, 2012). Aliquots of the stock solution were diluted by addition of a 50% 

2mm 
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sucrose solution to create the working 10 ppb pesticide treatment solution. The control solution was 

made by adding the respective volume of acetone to 50% sucrose solution to produce a 10 ppm 

acetone control working solution. 

 

2.2.4 | Experimental procedure 

Pilot studies were first conducted in September 2015 and March 2017 to trial and verify the 

experimental setup and procedures, with the main experimental study conducted in April 2017. The 

main experimental testing started 12 hours after tagging was completed, and testing took place over 

an 8-day period. Workers were tested in bouts, with 5-6 bouts undertaken per day. Six workers were 

sampled per bout (one per flight mill), consisting of two workers sampled per colony, with one worker 

randomly assigned to the treatment and the other to the control. This ensured that all three colonies 

and both treatment groups were represented equally in each bout and over the totality of the 

experiment (total: n = 37 bees per treatment per colony; n = 111 control & 111 pesticide). Once 

removed from the colony, each worker was directly transferred to a separate transparent horizontally 

laid Perspex tube (length = 150 mm, internal diameter = 19 mm). The tube had a rubber bung at each 

end creating a holding compartment for the bee, with individuals left to acclimatise for a resting period 

of 3 minutes. After this resting period, one of the bungs was replaced with cotton wool lightly soaked 

in the control or pesticide treatment sucrose solution (Figure 2.1c). This already piloted method 

ensured that 94.1% of workers fed. The assumption was made that spiking the sucrose solution with 

the neonicotinoid would not deter feeding if given no other option, as supported by pilot observations 

and previous studies (Arce et al., 2017; Gill et al., 2012; Kessler et al., 2015). Pilot studies also indicated 

that workers took a mean (± s.e.m) duration of 50 ± 13 seconds to commence feeding, defined as 

prolonged (>2 seconds) proboscis extension on to the cotton wool, and fed for a mean (± s.e.m) 

duration of 213 ± 24 seconds before stopping, with subsequent feeds being rare, sporadic, and short 

(<10 seconds). Workers could access the provisioned sucrose-soaked cotton wool for 10 minutes, after 

which the cotton wool was removed and original bung replaced, followed by a 5-minute resting period 

inside the tube. Whilst this protocol meant the precise dosage of imidacloprid consumed by each 

worker could not be determined, which might have improved the predictive power of statistical 

models, it did allow workers to feed to satiation, which is a state likely to occur in the field during 

foraging bouts and allowed consumption volume to vary proportionately to individual worker size 

(Free & Butler, 1959; Goulson et al., 2002). 

The workers that fed were then removed carefully using tweezers and tethered to the flight 

mill. The 5.9% of workers that did not feed were immediately frozen (-20oC) and weighed along with 
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all other bees after all flight tests had been completed. All of this was carried out under red light 

conditions, but once workers were tethered to the mills the room was switched to white light. Each 

mill had a separate height-adjustable stand which was erected once the bee was tethered and used 

to hold the worker in place (Figure 2.1d). Prior to initiating the flight test, workers were held in place 

for a period of 10 minutes for two primary reasons. Firstly, pilot observations demonstrated that some 

bees were initially irritated by attachment to the mill and would attempt to dislodge themselves from 

the magnet using middle and hind legs, which discouraged flight. A 10-minute acclimatisation period 

allowed irritation to subside, and all bees in the pilot study had withdrawn legs from the magnet at 

this point. Secondly, a balance was sought between giving workers time to metabolise the 

neonicotinoid and preventing de-motivation to fly through having them separated from their natal 

colony for too long. Honey bees metabolise imidacloprid and other neonicotinoids quickly, with a 100 

µg kg-1 dose of imidacloprid showing the greatest levels of presence in the thorax and abdomen after 

just 20 minutes from ingestion (Suchail et al., 2004), and >50% of a 100 µg kg-1 dose of acetamiprid 

being metabolised in less than 30 minutes (Brunet et al., 2005). In this study, a total of 25 minutes 

passed from starting the feeding trial to starting the flight test, which I am therefore confident 

represents enough time for absorption and metabolism of some of the imidacloprid consumed.  

Immediately after the 10-minute acclimatisation period, the support stand was removed 

quickly from beneath the bee to stimulate flight. Prior to removal, the stand was rotated to ensure 

the worker had a forward-facing orientation. Stand removal caused loss of tarsal contact with the 

stand surface, which can trigger flight as evidenced in pilot studies and other previous studies (Blanken 

et al., 2015; Brodschneider et al., 2009; Tosi, Burgio, et al., 2017). However, if the worker did not 

initially start flying the flat side of the stand was used to gently tap the legs in order to generate a 

sharp loss of tarsal contact. Up to three taps were allowed in this first flight attempt, with individuals 

being removed from the flight test if no flight was initiated. 

Workers that successfully flew in the first attempt were monitored for any subsequent flight 

stoppages. Each flight stoppage was noted, and each worker was permitted five stoppages before 

their flight test was terminated. Immediately following a flight stoppage, the individual would be held 

in the stand to ensure tarsal contact for a 20-second rest period before removal of the stand again. 

Therefore, in the subsequent data analysis, flight stoppages were identified as circuits with a duration 

>20 seconds. After a stoppage, workers were only permitted one tap of the legs in an attempt to 

trigger flight; otherwise their flight test was terminated. Any stoppages that occurred on the first 

circuit were discounted as genuine stoppages, as this was deemed an acclimatisation circuit for bees 

to familiarise themselves with the experimental setup. All workers were given the opportunity to fly 

for up to 60 minutes, including all stops, after which the flight test was terminated. Each individual 
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worker was allowed a maximum of five flight stoppages, essentially allowing each bee five chances to 

continue its flight until the 60-minute end point. This provided a better representation of field 

conditions and a more realistic prediction of foraging distances, as foraging bees do not fly 

continuously during foraging bouts but will stop at flowers periodically to feed and rest (Woodgate et 

al., 2016). Additionally, it allows individuals to acclimatise to the conditions of the flight mill and 

decreases the possibility of excluding individuals from testing that are initially demotivated to fly due 

to the experimental setup.  

Following each flight test, workers were placed in separate labelled tubes and frozen (-20°C). 

After completion of the whole experiment, for each individual worker the following measurements 

were taken: i) wet body mass (including the attached metal tag; accuracy 0.1 mg); and ii) intertegula 

span (ITS; accuracy 0.01 mm) taken using a digital calliper (Workzone 150 mm), with the mean of three 

repeated measurements being used. For data analysis, ITS was taken as a proxy for worker body size 

(Cane, 1987; Greenleaf et al., 2007). This is more appropriate than considering worker wet mass, as 

wet mass will vary according to both the volume of sucrose solution consumed and the duration of 

flight, as individuals gain mass through feeding and lose it through energy metabolism during flight. 

 

2.2.5 | Data filtering and statistical analysis 

Frequency distribution plots revealed a spike in the number of workers that terminated the 

flight test before completing 100 m (118 circuits; Figure 2.3). Workers that did not fly over this 

threshold distance were excluded from the endurance and velocity analysis as a precautionary 

measure to discount individuals whose flight mill performance is not representative of actual flight 

capacity. For each worker flying beyond the 100 m threshold, I calculated the following: i) total 

distance flown during the flight test, by taking the total number of circuits flown multiplied by the 

circuit circumference (0.848 m); ii) total duration of the flight test, by summing all circuit interval 

times; and iii) velocity of each circuit, by taking the circuit circumference and dividing it by the 

respective circuit interval time. I took a simple calculation for mean velocity, calculated as the total 

distance flown divided by the total duration flown, and maximum velocity was taken from the circuit 

showing the highest velocity attained across the flight test.  

The velocity calculations for each individual flight test were carried out on filtered data in 

which the following circuits were excluded from the analysis: i) first five circuits of the first flight 

attempt; ii) first five circuits directly following a flight stoppage; iii) the circuit directly preceding a 

flight stoppage. It was noted from pilot observations and the main study that removal of the support 

stand or tapping of the legs would often stimulate strikingly high velocities. It is likely this behaviour 



Chapter 2 | Pesticide exposure affects flight dynamics and reduces flight endurance in bumblebees 

51 
 

is a reaction to stimulatory stress, so I felt actions i) and ii) were justified as a precautionary measure 

to ensure I only considered circuits representative of normal continuous flight. Similarly, in 

justification of action iii), the minimal rotational resistance of the mill means that when a worker stops 

flying it does not equate to an abrupt stop, but the brass arm continues to rotate and slows gradually.  

When considering total duration flown it was noted that the data were bimodally distributed 

(Figure 2.3b); therefore, I converted the results to a binary response variable categorised as having or 

having not flown >2000 seconds, with this duration value decided on as it fell at the bottom of the 

bimodal concave. 

 

 

Figure 2.3. Frequency distributions of distance (A) and duration (B) flown by workers during the flight trials, 

considering both control (red) and pesticide exposed (blue) workers. Distributions highlight a spike in the number 

of workers that terminated flight within the first 100m (A) and demonstrate a bimodal distribution when 

considering total duration flown (B). For distance flown, all workers that initiated flight were considered (n=103, 

Table 2.1 – filter step 5), consisting of 47 control and 56 pesticide treated workers. For duration flown, data 

shown is for the subset of bees used (n=53, Table 2.1 – filter step 7), consisting of 26 control and 27 pesticide 

treated bees, but the same distribution was observed when considering the full dataset (n=67, Table 2.1 – filter 

step 6). 
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Statistical analyses were conducted using the ‘lme4’ (Bates et al., 2015) package in R v3.2.0 (R 

Core Team, 2015), with summary statistics generated using the package ‘psych’ (Revelle, 2015) and 

results reported using the package ‘lmerTest’ (Kuznetsova et al., 2017). A linear model was used to 

compare variation in ITS (body size) between treatments, with treatment (control or pesticide) as the 

only fixed effect. For all other analyses, mixed effects models (fitted by maximum likelihood) were 

initially used with colony included as a random factor. Unless otherwise stated, fixed effects in each 

analysis included treatment (control or pesticide), ITS and the associated interaction term. Where 

response variables were binary (propensity to feed, propensity to fly, flight over 100 m, flight longer 

than 2000 seconds) the data were analysed using a generalised linear mixed model (GLMM) function 

under a binomial family distribution, with a linear mixed model (LMM) function used for all other 

responses (feeding time, total distance flown, mean velocity, maximum velocity). However, where the 

random effect of colony explained none of the variance in the data, it was removed from the model, 

and the model reverted to either a generalised linear model (GLM) or linear model (LM), with the type 

of model used indicated with each result. To examine whether an unideal (score 2) tag fitting inhibited 

flight or impeded movement, I compared the propensity to fly (GLM) and distance flown (LM) between 

tag ratings for both treatment groups separately. Here, the fixed effects were tag rating (score of 

1=ideal or 2=unideal), ITS and the interaction between the two.  Flight velocity over time (considering 

flight over the first 900 circuits) was analysed using an LMM function with the random effect structure 

nesting individual bee ID within circuit to account for individual repeated measures over time, and 

fixed effects including treatment, ITS, circuit, and the interaction term between treatment and circuit. 

The model suffered from high eigenvalues and had trouble converging when considering all 900 

repeated measures, therefore, to enhance model fit and convergence I scaled the circuit variable and 

considered the average velocity of every 50th circuit (i.e., each bee had a mean per circuit velocity for 

circuits 1 to 50, 51 to 100, 101 to 150 and so on) resulting in 18 repeated measures. In all cases, model 

residuals were plotted to confirm the data met the parametric assumptions of the tests used. Where 

appropriate, normality tests were used to reveal distributions of the data, and those which appeared 

non-normal were suitably transformed, with details of these found in the Appendix A. For all results, 

sample sizes are stated where appropriate, and as part of the statistical outputs I provide in subscript 

the residual degrees of freedom from the respective model. 
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Table 2.1. An overview of the filter steps used when cleaning the data for analysis of flight performance, 

outlining the number of workers removed from each treatment at each stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 | Results 

2.3.1 | Feeding behaviour 

I found no significant effect of treatment on the propensity to feed (n = 9 control & 4 pesticide 

workers did not feed; GLM: z219=1.3, p=0.20). In concordance with pilot observations, I found that any 

feeds following the first were sporadic and short, suggesting workers fed to relative satiety on their 

first feed. Therefore, I used the length of first feeding time as a reliable proxy for total feeding time. 

Of the 209 workers that fed, the mean (±s.e.m) time spent feeding was 138 ± 9.0 seconds (n=102) and 

127.2 ± 7.8 seconds (n=107) for control and pesticide workers respectively, with no significant 

difference between treatments (LMM: t204=-0.8, p=0.44; Figure A1). I found that whilst body size was 

 Control Pesticide Total 

Total bees at start 111 111 222 

Filter Step 1    

Did not feed 9 4 13 

Fed 102 107 209 

Filter Step 2    

Fed <60 seconds 16 13 29 

Fed >60 seconds 86 94 180 

Filter Step 3    

Technical difficulties 2 2 4 

Used in flight mill study 84 92 176 

Filter Step 4    

Tag Rating 2 18 18 36 

Tag Rating 1 66 74 140 

Filter Step 5    

Did not fly 19 18 37 

Flew 47 56 103 

Filter Step 6    

Flew <100m 12 24 36 

Flew >100m 35 32 67 

Filter Step 7    

Removed top and bottom 
10% sized individuals 

9 5 14 

Remaining bees for final 
analysis 26 27 53 
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not a significant predictor of feeding time (LMM: t204=1.4, p=0.17), the propensity to feed increased 

with increasing body size (GLM: z219=2.6, p=0.008). For the main flight analysis, I decided to include 

only those workers that fed for >60 seconds (control = 86, pesticide = 94, total = 180; Table 2.1), 

because I wanted to increase the likelihood that each worker had fed to satiation. Additional analyses 

were run including all bees that fed (regardless of feeding time), which showed the same pattern of 

results to the main flight analyses detailed below, and these are reported in the Appendix A (Table 

A1).     

 

2.3.2 | Flight behaviour 

The flight data from 140 of the 180 bees tested on the flight mill were analysed (Table 2.1), as 

four workers were not considered due to flight mill technical difficulties, and 36 not considered 

because unideal (score 2) tag application appeared to affect aspects of flight performance (please see 

below for justification). 

 

2.3.2.1 | Effect of tag fitting  

The propensity of workers to fly was not significantly affected by tag rating (GLM: control; 

z81=-1.0, p=0.33: pesticide; z89=-0.04, p=0.97), although it is interesting that a higher percentage of tag 

rating 1 (ideal fitting) workers flew compared to tag rating 2 (unideal fitting) workers in both the 

control (71% vs 61%) and pesticide (76% vs 72%) groups. When considering total distance flown, 

however, tag rating 2 workers flew a significantly shorter mean distance compared to tag rating 1 bees 

in the control group (640 vs 1436 m respectively; LM: t55=-2.2, p=0.03), with a similar, although non-

significant, trend observed in the pesticide group (191 vs 415 m; LM: t66=-1.6, p=0.11). Furthermore, I 

saw similar patterns in other flight metrics with tag rating 2 bees showing lower total duration flown 

(control = 1114 vs 2132 seconds; pesticide = 272 vs 553 seconds) and slower mean velocity (control = 

0.562 vs 0.657 m/s; pesticide = 0.618 vs 0.744 m/s). It was therefore decided to exclude all 36 tag-

rated 2 workers (control = 18, pesticide = 18; Table 2.1) from analyses, to avoid potential artefactual 

results. 

 

2.3.2.2 | Initial flight behaviour 

Flight was initiated by 103 workers, comprising 71% of control (n=47 of 66) and 76% of 

pesticide workers (n=56 of 74), revealing a similar propensity to fly between treatments (GLM: 

z137=0.5, p=0.62, Table 2.2). Body size was a significant predictor of propensity to fly, with the 
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likelihood of flying increasing with ITS (GLM: z137=2.2, p=0.03; Table 2.2). This translated to an 

estimated probability of control workers initiating flight of 0.49, 0.77 and 0.92 for workers with a 4 

mm, 5 mm, and 6 mm ITS respectively, with a similar pattern observed for pesticide workers (Figure 

2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Logistic regression plot showing the effect of body size (ITS) on the propensity to fly. All workers from 

both treatments were pooled (n=140) and could either have initiated flight (= 1) or refused to fly (= 0; Table 2.1 

– filter step 4). Jitter has been added in the y-plane so that individual data points are clearly identifiable. 

 

I found that 43% (n=24 of 56) of pesticide workers terminated the flight test within the 100 m 

threshold compared to just 26% (n=12 of 47) of control workers, representing a significantly higher 

flight termination by pesticide compared to control workers within the first 100 m distance of the test 

(GLM: z100=-2.1, p=0.04; Table 2.2). For instance, a control worker with 5 mm ITS had an estimated 

probability of 0.81 of flying >100 m, compared to just 0.62 for a pesticide worker of the same ITS. I 

further found that larger ITS significantly increased the probability of flying >100 m (GLM: z100=2.3, 

p=0.02), with no clear significant difference in this relationship between treatments (GLM: 

treatment*ITS: z99=1.9, p=0.06). 
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Table 2.2. Generalised linear model summary output for the effect of neonicotinoid (pesticide) exposure, worker 

body size (ITS) and the interaction between these two variables on the propensity of individuals to initiate flight 

and to fly > 100m threshold distance. 

 

 

 

 

 

 

 

2.3.2.3 | Flight endurance & velocity 

Inspection of the 67 bees that flew >100 m showed an uneven ITS distribution between 

treatments, with a significant bias of larger pesticide workers (mean ITS of 4.83 ± 0.05 mm vs 4.99 ± 

0.04 mm for control vs pesticide workers respectively; LM: t65=2.4, p=0.02). I therefore took a 

conservative approach and ran two separate analyses on: i) the full dataset including all 67 bees 

(control = 35, pesticide = 32); and ii) a subset of the data (control = 26, pesticide = 27) in which I 

attempted to normalise the worker ITS distribution by removing the smallest 10% (n = 6 control & 1 

pesticide) and largest 10% (n = 3 control & 4 pesticide) of workers; resulting in no significant difference 

in worker ITS between treatments (4.86 ± 0.03 mm vs 4.94 ± 0.03 mm for control vs pesticide workers 

respectively; LM: t51=1.8, p=0.08). Normalising the dataset allowed me to better meet the assumptions 

of linear models; therefore, here I present the analysis using the data subset, and provide the results 

using the full dataset in the Appendix A (Figure A2 & Table A1), which showed the same directional 

pattern in flight performance between treatments. 

Pesticide workers flew a significantly lower mean (±s.e.m) total distance at just 659.1 ± 78.7 

m compared to 1,833.9 ± 207.6 m for control (LMM: t48=-5.6, p<0.001; Figure 2.5a, Table A1). The 

effect of pesticide exposure on distance flown was mirrored in the effect on duration flown, with a 

mean (±s.e.m) flight duration of just 822.0 ± 90.8 seconds for pesticide exposed workers being 

considerably shorter than 2,852.2 ± 234.4 seconds for control workers (Figure 2.5b, Table A1). 

Durations flown across all workers (Figure 2.5b) showed a striking difference between treatments, 

with a proportion of just 0.04 of pesticide workers flying >2000 seconds, whilst 0.81 of control workers 

  Estimate Std.Error z value P value 

Propensity to Fly 
(n=140) 

Intercept 
Treatment - Pesticide 

ITS 
Treatment * ITS 

-4.981 
0.194 
1.233 
0.930 

2.723 
0.391 
0.570 
1.151 

-1.829 
0.496 
2.163 
0.808 

0.067 
0.620 
0.031 
0.419 

Flight > 100m 
(n=103)  

Intercept 
Treatment - Pesticide 

ITS 
Treatment * ITS 

-7.620 
-0.959 
1.816 
3.169 

3.738 
0.454 
0.784 
1.703 

-2.038 
-2.115 
2.318 
1.862 

0.042 
0.035 
0.020 
0.063 
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surpassed this duration (GLMM: z49=-4.0, p<0.001, Table A1). Furthermore, a proportion of 0.65 of 

control workers flew for the full 60 minutes permitted, whereas critically not one pesticide exposed 

worker achieved this.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Scatterplot showing key flight performance indicators of endurance (distance flown in metres (A); 

duration flown in seconds (B)) and average and maximum velocity in meters per second (C-D) against worker 

body size (ITS) for both the control (red circle) and pesticide treated (blue triangle) groups. Data plotted are for 

the subset of bees with normalised ITS between treatments (number of workers = 26 control; 27 pesticide), and 

linear fitted lines (control = solid red, pesticide = dashed blue) with associated standard error (shaded bands) are 

estimates of linear models.  

 

Interestingly, the effect of worker body size on distance flown appeared to differ between 

pesticide and control groups, as indicated by a significant treatment*ITS interaction (LMM: t47=-2.2, 

p=0.03; Figure 2.5a, Table A1). Separate analysis of each treatment group showed that whilst 
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increasing ITS resulted in significantly higher total distances for control workers (LMM: t22=2.2, 

p=0.04), this relationship was not found for pesticide exposed workers (LMM: t23=-1.0, p=0.31; Figure 

2.5a). The effect of ITS on total duration flown showed the same general trend as that found for 

distance (Figure 2.5b, Table A1); however, the difference in effect between treatments was less strong 

(GLMM: z48=-1.7, p=0.09). Separate analyses for each treatment group found no significant 

relationship between ITS and the proportion of bees flying >2000 seconds for both treatments 

(GLMM: control: t23=1.5, p=0.13; pesticide: t24=-1.1, p=0.26). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Mean velocity (m/s) flown by each treatment group (control = solid red, pesticide = dashed blue) 

plotted for each consecutive circuit for just the first 2500 circuits. Numbers at the bottom of the graph refer to 

the number of bees still flying on the corresponding circuit, and the data plotted is for the subset of bees with 

normalised ITS between treatments (starting number of workers = 26 control; 27 pesticide). Vertical line 

represents the first 900 circuits used in the analysis for initial individual velocity, and the associated error per 

mean circuit velocity is not shown.   

 

 

When considering the velocity of individuals across the total flight period, I found pesticide 

exposed workers attained a significantly higher mean (± s.e.m) velocity of 0.84 ± 0.05 m/s per worker 

compared to 0.63 ± 0.04 m/s for controls (LMM: t48=3.0, p=0.005; Figure 2.5c, Table A1). For maximum 
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velocity I found no significant difference between treatments (LMM: t47=1.6, p=0.12; Figure 2.5d, 

Table A1). However, it was intriguing that the average maximum velocity for pesticide exposed 

workers was higher than controls (mean ± s.e.m = 1.52 ± 0.06 m/s vs. 1.34 ± 0.09 m/s). This observation 

is consistent with the previous analysis looking at mean velocity over the total flight period and 

motivated me to examine at what stages in flight these differences in velocity may occur. Pesticide 

workers appeared to maintain a higher velocity compared to controls during the initial phase (the 

earlier circuits) of the flight test (see Figure 2.6). Pesticide workers also showed a sharp decline in 

velocity around 900 circuits (760 m) as a large proportion terminated flight. Therefore, focusing on 

the first 900 circuits, I reveal that pesticide workers did fly significantly faster compared to control 

workers (LMM: t753=3.5, p=0.001; Table 2.3), with this difference between treatments maintained over 

these circuits (treatment*circuit interaction: t752=1.9, p=0.07). Neither mean or maximum velocity was 

significantly predicted by worker ITS (LMM: t48=1.6, p=0.12 & t47=1.0, p=0.32 respectively; Figure 

2.5c,d, Table A1), and there appeared to be no effect of ITS on velocity over the first 900 circuits (LMM: 

t753=0.5, p=0.62, Table 2.3). 

 

 

Table 2.3. Linear mixed model summary output for flight velocity over time: initial velocity over the first 900 

circuits was significantly affected by treatment, with pesticide treated bees flying faster over this period than 

control bees. 

 

 

 

 

 

 

Note: The model suffered from high eigenvalues and had trouble converging when considering all 900 repeated 

measures (Full model). Therefore, to enhance model fit and convergence I scaled the circuit variable and 

considered the average velocity of every 50th circuit (i.e., each bee had a mean per circuit velocity for circuits 1 

to 50, 51 to 100, 101 to 150 and so on) resulting in 18 repeated measures (Final model). This analysis considered 

the subset of workers (control = 26, pesticide = 27; see Table 2.1 – filter step 7). 

 

 

 

Full model (value for all 900 
circuits) 

Final model (average velocity 
taken for bands of 50 circuits) 

T-value p-value T-value p-value 

Treatment - pesticide 2.803 0.007 3.459 0.001 

Circuit -0.581 0.564 -0.328 0.745 

ITS 0.085 0.933 0.502 0.618 

Treatment * Circuit 1.735 0.089 1.862 0.072 
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2.4 | Discussion 

Despite the importance of bumblebee foraging ability in providing a key pollination service 

(Garibaldi et al., 2013; Kleczkowski et al., 2017; Stanley et al., 2015), this study, to the best of my 

knowledge (at the point of publication), is the first to test how a specific stressor directly affects the 

different properties of flight in bumblebees. My findings demonstrate that acute exposure to the 

neonicotinoid pesticide, imidacloprid, was sufficient to significantly impact overall flight endurance, 

reducing flight distance and duration to around a third of what control workers were able to achieve. 

Whilst both control and pesticide exposed workers were equally motivated to fly initially, pesticide 

exposed workers had a higher probability of terminating flight before the end of the 60-minute flight 

test, which was even evident within the first 100 m. Intriguingly, pesticide workers exhibited a higher 

mean velocity compared to control workers, which was underpinned by faster flight speeds over the 

course of the first ¾ km, both during and after which I observed a considerable proportion of pesticide 

workers terminating their flight. Furthermore, my results suggest that pesticide exposure may negate 

the capability of larger workers to fly longer distances than their smaller sister workers. 

The degree of impact that an acute neonicotinoid exposure had on reducing bumblebee 

worker flight endurance observed in this study did come as a surprise, as a previous honey bee study 

showed acute exposure to thiamethoxam increased flight endurance. One possible explanation for 

these contrasting results is the structural differences between thiamethoxam and imidacloprid 

compounds, which bind to different sites on nicotinic acetylcholine receptors (nAChRs) with variable 

affinity (Iwasa et al., 2004; Kayser et al., 2004; Marletto et al., 2003; Wiesner & Kayser, 2000). Indeed, 

studies have previously shown bumblebees to be less sensitive to thiamethoxam compared to 

imidacloprid when considering effects on brood production and food consumption (Heard et al., 2017; 

Laycock et al., 2014), and have found contrasting dose-dependent responses when considering effects 

on bumblebee non-flight thermogenesis (Potts et al., 2018). That said, the only other flight mill study 

to test neonicotinoid effects on honey bee flight capacity also used imidacloprid (as in my study), yet 

found no effect on workers free from infection with Varroa destructor (Blanken et al., 2015). 

Therefore, this reinforces the view that responses to pesticide exposure can vary even between closely 

related genera. Indeed, both lab (Cresswell et al., 2012) and field (Rundlöf et al., 2015) studies have 

highlighted differences in neonicotinoid effects between honey bees and bumblebees, with large 

interspecific differences in the toxicity of pesticides over time (Heard et al., 2017). Together this 

emphasises the growing appreciation that reported effects on honey bees cannot always be 

extrapolated to other wild bees, and highlights the danger of using honey bees as lone indicator 
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species for insect pollinator responses to pesticides (Gill et al., 2016; Heard et al., 2017; Raine & Gill, 

2015). 

Flight tests suggest that imidacloprid exposed bumblebee workers experienced a rapid de-

motivation to fly as the test progressed and/or tired quickly leading to premature physical exhaustion. 

This study was not designed specifically to test these two non-mutually exclusive explanations; 

however, given that only 4% of pesticide exposed workers flew >2000 seconds (control = 81%) and 

that not one individual completed the 60-minute test (control = 65%), these findings suggest that 

physical ability may have been affected, which could then have subsequently led to demotivation. I 

found no difference in initial motivation to fly and in fact pesticide exposed workers flew faster than 

control workers, implying that immediate motor function was not impaired per se, but instead that 

imidacloprid reduced flight stamina. Neonicotinoids have been implicated in affecting honey bee 

energy metabolism (Derecka et al., 2013), and imidacloprid has been shown to reduce mitochondrial 

activity, impairing respiratory processes and causing rapid mitochondrial depolarization in neurons of 

bumblebees and honey bees (Moffat et al., 2015; Nicodemo et al., 2014). Given the high energy 

expenditure required during flight, a reduction in mitochondrial functioning and the consequent 

inhibition of ATP production in flight muscles could lead to rapid muscle exhaustion, which might 

explain my findings of significantly reduced endurance. Additionally, neonicotinoids can impair non-

flight thermogenesis in bees (Tosi et al., 2016), with bumblebee exposure to imidacloprid at a 

concentration of just 5 ppb resulting in a drop in thoracic temperature by around 1.5 – 2oC, equating 

to a subsequent 15-20% reduction in metabolic rate (Potts et al., 2018). This impact on bumblebee 

thermogenesis and metabolism may consequently compromise the performance of thoracic flight 

muscles, which must be raised to and maintained at approximately 35oC for successful flight (Heinrich, 

1975; Potts et al., 2018). Imidacloprid can also induce the down-regulation of genes involved in sugar 

metabolising pathways in honey bee larvae (Derecka et al., 2013), which if true for bee adults could 

seriously impact flight performance that requires muscles to function at high glycolytic rates (Staples 

& Suarez, 1997). It is interesting to note that buzz pollination by bumblebees, whereby the creation 

of resonant vibrations from the flight muscles dislodges pollen from anthers (Morgan et al., 2016), has 

also been reported to be impaired by neonicotinoid exposure (Whitehorn et al., 2017).  

Neonicotinoids are agonists of insect nicotinic acetylcholine receptors (Déglise et al., 2002) 

and can acutely increase neuronal activity (Matsuda et al., 2001; Moffat et al., 2016). A resultant effect 

of this may be individual hyperactivity of specific tasks, which could explain observations of higher 

velocity in exposed workers during the initial phase of the flight test, and has been previously 

suggested to underpin neonicotinoid effects on honey bee flight and locomotor activity (Lambin et al., 

2001; Suchail et al., 2001; Tosi, Burgio, et al., 2017). Bumblebee colony level exposure to imidacloprid 
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also leads to a higher number of workers going out to forage (Gill et al., 2012), a pattern that could be 

an adaptive response to filling a foraging deficit, but could also be maladaptive hyperactive behaviour. 

Interestingly, Crall et al. (2018) found that whilst chronic exposure to imidacloprid increased 

movement speed in nest bumblebee workers, it actually decreased the amount of time workers were 

active, showing similar patterns of effects to my own findings. Similarly, when investigating 

neonicotinoid effects on non-flight thermogenesis in bumblebees, Potts et al. (2018) reported that the 

dose-response relationship for dietary imidacloprid exposure exhibited a biphasic hormesis, whereby 

a low-dose stimulated warming rates and a high-dose led to inhibition. Heat generation in bumblebees 

is attained through contraction of thoracic flight muscles. Hence, the dose-response relationship 

demonstrated by Potts et al. (2018) may corroborate my findings of stimulatory behaviour at the start 

of the experiment followed by inhibition of flight as the trials progressed, with neonicotinoid active 

ingredient accumulating at the target site during the course of the trial. Alternatively, this study may 

suggest a potential cost to hyperactivity, as exposed workers terminated flight prematurely, which 

may have been due to increased energy expenditure during the initial phase leading to faster muscle 

fatigue and energy depletion, but further testing would be needed to understand this. In sum, my 

results highlight the importance of looking at the pattern of flight dynamics, rather than experimental 

end-points, to better understand the mechanisms behind how neonicotinoids act and their temporal 

effects (Suchail et al., 2001; Wen & Scott, 1997). 

Bumblebees reportedly exhibit a certain degree of alloethism, whereby worker body size can 

determine divisions in colony tasks (Goulson et al., 2002; Herrmann et al., 2018; Peat, Tucker, et al., 

2005). Larger workers of a colony are considered more likely to become committed foragers (Jandt & 

Dornhaus, 2009; Spaethe & Weidenmuller, 2002), and there have been reports of foraging rate, 

distance and efficiency (nectar collected per unit time) increasing with body size (Goulson et al., 2002; 

Greenleaf et al., 2007; Jandt & Dornhaus, 2009; Kapustjanskij et al., 2007; Spaethe & Weidenmuller, 

2002; Worden et al., 2005). Whilst this study found no clear relationship with flight velocity and body 

size, I did find that both the propensity to fly and total flight distance were positively related in control 

workers, which might provide a mechanistic explanation as to why foragers tend to be the larger 

colony workers. Critically, however, I found no such significant relationships in pesticide exposed 

workers, suggesting that the negative effect of neonicotinoid exposure on flight actually increased in 

magnitude as workers increased in body size. Intriguingly, a previous study showed that neonicotinoid 

induced impairment to spatial learning behaviour in bumblebees appeared to be exhibited more 

highly in the largest colony workers (Samuelson et al., 2016). Together these findings raise the 

question as to whether larger bumblebee workers are more susceptible to sub-lethal behavioural 

pesticide effects. Further investigation is required to look at this, however, as whilst the interactive 
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effect of pesticide and body size was detected in the subset of workers analysed in the current study, 

this effect seemed to be lost when considering the full dataset, a discrepancy that may stem from 

biases in worker size between treatments as a consequence of the flight trial filtering process.  

Bumblebee foraging ranges are difficult to accurately measure, and further knowledge of this 

important behaviour is critical for predicting colony success and pollination services in changing 

landscapes. The flight mill setup used in this study showed control workers to fly a mean total distance 

of 1.8 km, which sensibly conforms to other estimates of bumblebee foraging ranges. Estimated 

foraging ranges using different techniques including harmonic radar (Osborne et al., 1999), mark-

recapture (Kreyer et al., 2004; Osborne et al., 2008), and use of microsatellite genetic markers (Darvill 

et al., 2004) for Bombus terrestris vary from 0.34 km to 2.2 km. As bumblebees are central place 

foragers, foraging trips require not only reaching a resource, but also returning to the nest site after 

collection of food or other resources. The minimum round-trip flight distances associated with the 

above foraging ranges could therefore span from around 0.68 km to 4.4 km. Measures for control 

workers in this study fall in the middle of these foraging range estimates, giving confidence that the 

flight mill test setup can provide meaningful insights into the effects of stress on flight capabilities that 

can occur in the field. Pesticide exposed workers flew less distance than the lower limit of this 

estimated foraging range, with imidacloprid exposure reducing total flight distance by nearly 1.2 km 

on average. This corresponds to a 64% reduction in comparison to the control, which would lead to a 

notable 87% decline in the total foraging area accessible to a colony (using the colony as the 

epicentre). Pesticide exposure will therefore place increased stress on bumblebee colonies, with 

foragers potentially being unable to reach resources they previously could, or unable to return to the 

nest following exposure feeding on contaminated flowers. Not only would this reduce the abundance, 

diversity, and nutritional quality of food available to a colony, but could also reduce the pollination 

service the colony is able to provide (Blanken et al., 2015; Tosi, Burgio, et al., 2017; Van der Sluijs et 

al., 2013).  

While this study examined the impacts of acute neonicotinoid exposure on flight, looking at 

the effects of chronic exposure would provide further insights, as forging bees in the wild would likely 

be exposed to treated or contaminated flowering plants throughout the season (Simon-Delso et al., 

2015; Stanley et al., 2013; Tison et al., 2016), and if this food is brought back and deposited in the 

nest, this also provides a potential route of continual exposure to larvae and other individuals within 

the nest (Blacquière et al., 2012; David et al., 2016; Rortais et al., 2005). Furthermore, workers can be 

exposed to multiple pesticides concurrently when foraging (Botías et al., 2017; David et al., 2016; 

Hladik et al., 2016), and a diversity of pesticides can build up inside nests, with studies showing over 

10 different active ingredients can be found (Calatayud-Vernich et al., 2018; Friedle et al., 2021; 
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Mitchell et al., 2017; Traynor et al., 2021). However, an often-overlooked issue is that of possible 

interactive effects between chemicals (Iwasa et al., 2004; Sgolastra et al., 2017; Siviter, Bailes, et al., 

2021), particularly when considering sublethal endpoints (Gill & Raine, 2014; Gill et al., 2012). An 

important next step, therefore, is to investigate interactive effects of commonly used pesticides 

(‘cocktail effects’) on the dynamics of bee flight, to gain a more holistic understanding of the impacts 

of whole pesticide regimes. An example of this can be found in Appendix D, where I designed an 

experiment to explore how a neonicotinoid insecticide (thiacloprid) affected bumblebee flight when 

applied in isolation or in conjunction with a fungicide (tebuconazole). In addition to being 

simultaneously exposed to other pesticides in the environment, foraging bees can be susceptible to a 

range of other environmental factors. For example, given questions surrounding climate change, we 

can use the setup described in this study to understand how factors such as temperature can affect 

flight performance, and this is explored in Chapter 3.  

 

 

  



Chapter 3 | Thermal flight performance reveals impact of warming on bumblebee foraging potential 

 

65 
 

CHAPTER 3 

 

Thermal flight performance reveals impact of warming on 

bumblebee foraging potential 

 

3.1 | Introduction  

For the majority of insect species, flight is critical in facilitating important life-history traits 

including dispersal and resource exploitation (Zera & Denno, 1997). The influence that the dynamic 

surrounding environment has on flight behaviour and performance can therefore be a primary 

determinant of organism fitness and ecosystem functional roles (Greenop et al., 2020; Kremen et al., 

2007; Niitepõld et al., 2009; see Chapter 2). Understanding how temperature mediates insect flight 

performance, for example, can reveal species success across different geographic regions. Indeed, 

with regional temperature increases associated with insect population range shifts (e.g., Herrera et 

al., 2014; Jacobson et al., 2018; Kerr et al., 2015; Powney et al., 2019) and localised extinction risk 

(e.g., Soroye et al., 2020), there is a need to understand the thermal limits of insect flight. 

Furthermore, such studies will help us predict spatial movement of key insect functional groups under 

different scenarios of climate change and the subsequent impacts on ecosystem service provision 

(Rader et al., 2013). For insect pollinators, sensitivity of flight to temperature fluctuations could affect 

foraging and subsequent reproductive success, whilst simultaneously affecting pollination of flowering 

wild plants and crops with major ecological and economic implications (Duchenne et al., 2020; Gill et 

al., 2016; Potts et al., 2016). To date, however, we lack quantification of the degree to which flight 

performance changes over a thermal gradient for insect pollinators, or even insects in general (but 

see Niitepõld et al., 2009; Spiewok & Schmolz, 2006).  

The shapes of the relationships between temperature and an organism’s performance traits - 

thermal performance curves (TPC) - are crucial for understanding the functional responses of 

populations and communities to climatic fluctuations (Angilletta, 2006; Dell et al., 2011; Huey & 

Stevenson, 1979). By quantifying the TPC of flight performance, we can determine where insect 

pollinators are operating in respect to their thermal limits, and better understand flight responses to 

projected temperature change (IPCC, 2014). Understanding how individual mobility traits such as 

flight motivation, endurance, and velocity respond to temperature can highlight the capabilities of 

foraging individuals to reach increasingly patchy floral resources under projected climate change (Jha 

& Kremen, 2013; Senapathi et al., 2017). This is particularly relevant to eusocial bees such as 
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bumblebees, which as central place foragers (have a fixed nest site), are unable to adaptively move to 

track within-season floral resource turnover and variation in micro-climatic conditions (Bladon et al., 

2020; Raine & Gill, 2015). 

Bumblebees are keystone species in many terrestrial ecosystems (Goulson et al., 2011) and 

represent a group of insects that are critical for the pollination of many wild and cultivated plants 

(Breeze et al., 2011; Goulson, 2003; Velthuis & Van Doorn, 2006). It is thus concerning that recent 

research indicates them to be under threat from rising temperatures and frequent extreme heat 

events associated with climate change, pushing species more regularly towards their critical thermal 

(CT) limits (Sirois-Delisle & Kerr, 2018; Soroye et al., 2020; Vanderplanck et al., 2019). At present, these 

thermal limits are often determined by measures of tolerance or mortality (e.g. CTmax / CTmin), where 

studies identify temperatures at which individuals enter unresponsive states or die (Hamblin et al., 

2017; Oyen & Dillon, 2018; Pimsler et al., 2020; Zambra et al., 2020). However, the extent to which 

temperature constrains behavioural functions such as foraging, that likely operate within narrower 

thermal limits, are not well documented (Rader et al., 2013). This is despite us knowing that changes 

to flight performance alters the amount of food brought back for colony growth and hence fitness 

(e.g., Gill et al., 2012). To predict colony success under warming, we must therefore understand how 

individual flight across the collective foraging workforce is impacted by temperature. 

As for most flying insects, bee flight muscle activity rates are a direct function of muscle 

temperature (Coelho, 1991; Heinrich, 1975; Woods, 2005). Bumblebees are heterothermic, meaning 

they can transition between ectothermic and endothermic states. Through endogenous heat 

production, individuals can raise their thoracic temperature to facilitate the required muscle 

temperatures for flight (Heinrich, 1975). The temperature of the surrounding environment will 

determine the energy expenditure of this thermogenic process, and thus ambient temperature should 

place constraints on bumblebee flight performance (Bishop & Armbruster, 1999; Dudley, 2000; 

Harrison & Roberts, 2000; Woods, 2005). This is supported by observations of bumblebee foraging 

activity changing in response to daily and/or seasonal variation in ambient temperature (Arce et al., 

2017; Kwon & Saeed, 2003; Rader et al., 2013). What remains unclear, however, is which components 

of physical flight are being affected by temperature to produce such effects. Moreover, when 

investigating these questions in social bumblebees, we need to consider that workers exhibit large 

intra-colony variation in body size, thought to be important for task partitioning (Couvillon, Fitzpatrick, 

et al., 2010; Goulson et al., 2002). Flight performance across the colony workforce is therefore unlikely 

to be uniform because key flight determinants, such as morphology and wing loading, are dependent 

on body mass (Billardon & Darveau, 2019; Bishop & Armbruster, 1999; Skandalis & Darveau, 2012). 

Indeed, worker body size has been reported to positively correlate with both foraging rates and range 
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(Goulson et al., 2002; Greenleaf et al., 2007; Kapustjanskij et al., 2007; Spaethe & Weidenmuller, 2002; 

Worden et al., 2005). Size-dependent traits, such as thermogenic capacity, may also influence the 

thermal sensitivity of foraging workers. For example, the large body mass of alpine bumblebees is 

believed to allow individuals to forage in temperatures down to 5oC (Bishop & Armbruster, 1999; 

Corbet et al., 1993; Lundberg, 1980). To reveal colony-level foraging potential, therefore, we must 

elucidate the size-dependence of flight performance. 

Here I use the benefits of a tethered flight mill setup (developed from Chapter 2) under 

controlled environmental conditions to quantify how different components of flight for individual 

bumblebees (Bombus terrestris) respond over a thermal gradient, and determine how these relate 

with worker body mass. I report how motivation to fly, flight ‘endurance’ (distance and duration), and 

flight velocity dynamics vary over a 12-30°C range. Finally, I use these individual level flight 

performance results to develop a simple yet novel measure of ‘temperature-mediated foraging 

potential’ to gain a clearer understanding of how temperature may constrain foraging at the colony 

level. I discuss how my findings reveal the ways that future change in ambient temperature could 

affect the foraging potential and pollination service of bumblebee colonies, and the implications of 

body mass specific performance for understanding responses of small versus large bodied insects.  

 

3.2 | Methods 

3.2.1 | Bumblebee husbandry and tagging  

Eight Bombus terrestris audax colonies, each containing 80-100 workers, were supplied by 

Biobest (distributed by Agralan Ltd). On arrival, colonies were kept under red light in a controlled 

environment (CE) ‘holding’ room at 60% relative humidity (RH) and 21oC (mid-point temp. of tested 

thermal gradient). Colonies were fed 40% w/w sucrose/water solution ad libitum, which is a marked 

change from Chapter 2 in which colonies were fed 10% sucrose solution to promote pesticide uptake 

immediately prior to the flight. In this chapter, however, I deemed it appropriate to match sucrose 

concentrations between colonies and feeding trials to limit any differences in endogenous energy 

stores between workers. I also provided colonies with 3g of honey bee collected pollen daily (Agralan 

Ltd) as was also done in chapter 2. During the five days after arrival, I applied the tagging protocol 

described in Chapter 2 to 60 workers per colony. However, for any unsuitable tag placements (i.e., a 

score = 2 or 3 from Chapter 2), the respective bee was removed from the experiment (< 5% of bees 

per colony) in order to alleviate issues arising from substandard tag placement. Tagged workers were 

then placed in separate plastic pots for 60 minutes to rest, after which they were returned to the natal 

colony. 
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3.2.2 | Experimental design  

Individual worker flight performance was assessed at seven evenly distributed temperatures 

(12, 15, 18, 21, 24, 27, 30°C; all at 60% RH) representing a realistic temperature gradient experienced 

by workers of temperate bumblebee spp. during the typical flight period months of April to September 

(Figure B1 for UK data; also see Fick & Hijmans, 2017; Hooker et al., 2018). The experiment was split 

into two blocks (n=4 colonies per block), which allowed an adequate number of workers to be tested 

whilst limiting potential differences in age and development. Per block, each temperature was tested 

on a single day. To try and account for any impacts of age or disturbance on normal behaviour caused 

by the tagging process, the order of testing was swapped between blocks. For block-1, temperatures 

were tested sequentially in ascending order over a 7-day period (i.e., 12°C on day-1, 15°C on day-2, 

and so forth), whereas block-2 was tested in a descending temperature order starting at 30°C. Per 

temperature, a cohort of 48 workers were tested (n=24 workers per block), consisting of six workers 

per colony.  

Workers were selected for testing such that the distribution of worker body mass within each 

temperature cohort was symmetric about a similar mean, as bumblebee colonies tend to produce 

workers with normally distributed body sizes throughout the colony life cycle under standard 

conditions (Couvillon, Jandt, et al., 2010). This was achieved by assigning workers to cohorts based on 

their wet mass weight directly following removal from the natal colony.  

 

3.2.3 | Flight mill setup 

The flight mill apparatus was adopted from Chapter 2, with each full rotation of the mill arm 

(from here-on termed ‘circuit’) recorded by an attached Raspberry Pi 3 computer (Model B). A magnet 

hanging from one end of the mill arm allowed a metal tagged worker to be attached through magnetic 

attraction, allowing the suspended bee to fly without carrying the load of the tag and subsequent 

flight circuits recorded. Wet mass of each tested bee was measured again directly preceding the flight 

trial, and subsequently a respective small (150 mg), medium (225 mg) or large (300 mg) counterweight 

(made of modelling clay) was attached to the end of the opposing arm of the mill based on which size 

was closest to the worker’s mass, in order to more accurately balance the mill arm during rotations 

(Figure 3.1). The mills were setup in a separate CE ‘testing’ room set at the experimental ambient 

temperature (Table 3.1) and with the option of being under red (Philips TLD 58W Red 1SL/25; mean 

660 λ nm) or white (Philips TLD 58W 840) light. Each mill was placed on non-glare green card, and 

providing a gap of 60 mm from the end of the mill arm (mill radius = 135 mm), each mill was encircled 

with a vertical border (border radius = 195 mm) of alternating black and white vertical stripes (Tosi, 
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Burgio, et al., 2017; diameter of each stripe = 35mm; Figure 3.1). The border: i) prevented potential 

interfering air currents, as wind speed has been shown to affect the hesitancy for worker flight take-

off (Hennessy et al., 2020); ii) allowed relative isolation from neighbouring mills; and iii) presented an 

identical visual stimulus to each tested worker, which can be a contributing factor in determining flight 

velocity (Baird et al., 2005). 

 

 

 

 

 

 

 

 

 

Figure 3.1. Changes to the flight mill apparatus from Chapter 2. (a) height adjustable support stands (red arrow) 

were used to hold workers prior to flight tests and following a stop in flight. The flight mill used for tethered 

flight is in the background, with counterweights (green arrow) added to the non-attachment end of the flight 

mill arm; (b) flight mill used in the study, surrounded by border with vertical black and white stripes. The green 

floor that was used during the trials of this study are not shown in this photo. 

 

3.2.4 | Flight trials  

On each day of testing, four flight performance ‘bouts’ were run, with each bout consisting of 

six flight mills running simultaneously. The six workers per bout were removed from colonies (one 

worker from two colonies, and two workers from the remaining two colonies; Table 3.2) and placed 

in feeding tubes setup in the same 21oC holding room (Figure 3.2). In the tubes, each bee was 

presented with a droplet (minimum 90 mg) of 40% w/w sucrose solution placed on a microscope 

coverslip and allowed to feed for a 5-minute period whilst being observed under red light. Each worker 

was allowed to feed multiple times within this period to increase the likelihood that workers had fed 

to satiation (please see Appendix B for support), with the aim of limiting any proportional differences 

in endogenous energy stores between workers prior to flight trials (N.B. no worker consumed the 

entire droplet). Feeding tubes consisted of a Perspex tube (length = 100 mm, internal diameter = 19 

mm) with a rubber bung at one end, which was then placed inside a queen marking cage such that the 

(b) (a) 
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open-end of the Perspex tube was placed against the mesh-end of the marking cage, allowing the 

worker to feed through the mesh (Figure 3.2). Direct feeding was identified as the proboscis extending 

into the sucrose droplet, with the length of time that each worker fed recorded through direct 

observation. The coverslip was weighed with the droplet before and after feeding to calculate the 

mass of sucrose solution consumed. With workers varying in the volume of sucrose consumed over 

the 5-minute period, I produced a ‘mass-specific consumption’ value per worker, calculated as the 

total mass of sucrose consumed (mg) per unit of body mass (mg of dry mass). Any bees observed not 

to feed within the 5-minute feeding period were removed from further testing. 

 

 

 

Table 3.1. All flight mills were housed in the same ‘testing’ controlled environment (CE) room, which was able 

to consistently hold the desired test temperatures (oC) and 60% relative humidity (RH). Temperature and RH 

recordings were taken every minute throughout the course of the trials, with the number of readings depicting 

the number of minutes it took to run all trials at each experimental temperature (i.e., the higher number of 

readings is indicative of the workers flying longer at higher versus lower temperatures).  

 

 

 

 

Tested Temp 

(oC) 

Mean Temp 

(oC) 
SD Temp 

Mean Humidity 

(RH) 
SD Humidity 

Number of 

Readings 

12 12.011 0.134 60.309 1.152 642 

15 15.004 0.108 60.542 0.969 896 

18 18.002 0.078 61.219 0.869 1151 

21 21.005 0.073 60.206 0.687 1303 

24 24.036 0.151 60.641 1.191 1304 

27 27.005 0.060 60.016 0.320 1297 

30 29.983 0.140 59.982 0.444 1164 
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Table 3.2. Each parent colony had their workers tested equally across all six mills. Four bouts were run per day 

at one temperature, with six workers used in each bout (one per mill). The table below shows how colony 

workers were assigned to the mills over the four bouts on each day. The blue italic numbers in the table refer to 

the four parent colonies that the workers came from.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Feeding setup prior to flight mill testing, whereby a microscope cover slip with droplet of sucrose 

solution (of known mass) was placed on a foam stand in front of the feeding tube. The contained bee was free 

to feed on the droplet during a 5-minute period by protruding its proboscis (yellow arrow) through the mesh. 

Panel a) shows animated representation of side view of feeding apparatus, and panel b) is an image taken during 

a feeding event. The image in panel b) is taken under white light to provide detail, but the feeding assays were 

conducted under red light. 

Bout Mill 1 Mill 2 Mill 3 Mill 4 Mill 5 Mill 6 

One 1 2 3 4 1 2 

Two 3 4 1 2 3 4 

Three 2 3 4 1 2 3 

Four 4 1 2 3 4 1 

(b) 

(a) 
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Of the 336 workers tested, 24 were removed from testing as five were visibly unhealthy or 

possessed damaged wings and 19 did not initiate feeding (Table 3.3). Considering all 312 workers that 

successfully fed, there was no difference in dry mass mean (ANOVA, p > 0.1 for all pairwise 

comparisons) or variance (Bartlett’s K2 = 5.95, df = 6, p = 0.43) between temperature cohorts. Once 

the feeding trial had ended, successfully fed workers were removed from their respective feeding 

tubes, placed into separate plastic holding pots (120 mL) and transported to the neighbouring testing 

room. Still under red light, workers were left to rest inside the pots for 5 minutes and immediately 

after were removed and magnetically attached to each respective flight mill. Once all were attached 

and following the same procedures in Chapter 2, the room was switched to white light and a support 

stand was used to hold workers to rest for a 10-minute acclimatisation period deemed necessary to 

allow workers to settle whilst being held on the mill. The support stands differed from those in Chapter 

2, being height-adjustable to allow workers to sit comfortably in the stand regardless of body size 

(Figure 3.1). Immediately after, the bee was manoeuvred (if required) to a forward-facing orientation 

and the support stand was quickly removed to stimulate loss of tarsal contact and initiate flight. If 

removal of the stand did not stimulate flight, then either: i) the tarsi would be gently tapped with the 

stand if all legs were hanging down; or ii) plastic tweezers would be used to gently flick the legs off the 

tether if workers had their front or middle legs touching the tag attachment. This would be attempted 

twice per method, and if no flight response was exhibited this was considered a ‘strike’ and the stand 

would be placed back under to support the bee. Workers that successfully flew on this first flight 

attempt were monitored for any subsequent stoppages in flight. Following a stoppage, the stand was 

placed under the worker and this was again considered a ‘strike’. For both these ‘strike’ scenarios, 

after 30 seconds of the worker resting the stand would again be removed and the process repeated. 

If a bee was deemed to be poorly orientated on the mill during its flight (i.e., if it was not facing directly 

forward), then the mill was manually stopped, and the bee was re-orientated. This was marked down 

as an ‘orientation’ circuit and the circuit number was recorded, but it was not classified as a strike. 

Workers were not capped in terms of how long they could fly for, but were only allowed three 

‘strikes’ in total, with their flight trial terminated on the third strike. The decision to have no cap for 

flight duration was informed by Chapter 2, in which a high proportion of non-exposed workers flew 

for the full 60-minute limit that was used in that study. Removing the flight cap allowed workers to fly 

to their maximum capacity, increasing the capacity to discern any subtle effects of temperature on 

flight performance. The decision to allow three ‘strikes’ was again supported by Chapter 2, which 

showed that the majority of flight periods after a third stoppage were short-lived, indicating flight 

motivation or capacity had reached a limit by this point. After the third strike, workers were removed 

from the mill and frozen at -20oC, followed by a measure of dry mass by weighing the worker after 
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oven warming at 80oC for 48 hours. Workers were weighed with their metal tag attached, which did 

not bias any body mass measurements as tags were of standardised mass (18±0.1 mg). 

 

Table 3.3. An overview of the filter steps used when cleaning the data for analysis of flight performance, 

outlining the number of workers removed from each temperature cohort at each stage.  

 

 

3.2.5 | Data and statistical analyses 

Flight data for each trial was initially screened to check for consecutive strike circuits, with 

strike circuits identified as any circuit > 15 seconds in duration. Unless these were noted during the 

trials as being two genuine strikes, these consecutive strike circuits were merged and treated as a 

single strike. These events were relatively common and usually arose from the time taken handling 

the mills and reorientating bees. After ensuing that the data for each trial was terminated at three 

strikes, the data was filtered by excluding the following circuits: (i) the first five circuits of the first 

flight attempt; (ii) any flight stoppage circuit or orientation circuit; (iii) the three circuits directly 

preceding a flight stoppage or orientation circuit; (iv) the five circuits directly following a flight 

stoppage or orientation circuit. As noted in both this study and Chapter 2, removal of the support 

stand or leg tapping would often stimulate high velocities. Additionally, unintentional circuits could 

be triggered from handling of the mill when placing bees in support stands or reorientating following 

a stoppage. Therefore, I felt actions (i) and (iv) were justified as a precautionary measure to ensure 

that observed flight velocities were not an artefact of my experimental setup. Similarly, in justification 

Temp 

(oC) 

Started the 

experiment 

Looked 

unhealthy 

/ issues 

with wings 

Tested 

in 

feeding 

trials 

Did 

not 

feed 

Tested 

on flight 

mills 

Did 

not 

fly 

Initiated 

flight 

Flew 

<100m 

Successful 

fliers (flew 

≥ 100m) 

12 48 0 48 4 44 8 36 27 9 

15 48 2 46 1 45 0 45 28 17 

18 48 0 48 5 43 0 43 21 22 

21 48 2 46 2 44 0 44 20 24 

24 48 1 47 2 45 0 45 19 26 

27 48 0 48 2 46 0 46 11 35 

30 48 0 48 3 45 0 45 14 31 

Total 336 5 331 19 312 8 304 140 164 



Chapter 3 | Thermal flight performance reveals impact of warming on bumblebee foraging potential 

 

74 
 

of action (iii), the minimal rotational resistance of the mill means that when a worker stops flying it 

does not equate to an abrupt stop, but the brass arm continues to rotate and slows gradually. All data 

filtering was conducted in R v3.6.2 (R Core Team, 2019) using the “dplyr” (Wickham et al., 2019) and 

“magicfor” (Makiyama, 2016) packages. 

When examining worker flight endurance for all tested workers, frequency distribution plots 

revealed a right skew to the data, with many workers terminating flight before completing 100 m 

(Figure 3.3). As highlighted in Chapter 2, bees that fly under approximately 100 m appear to exhibit a 

distinctly different behaviour from those flying over this distance, with flight bouts < 100 m consisting 

of short and intermittent flight periods with no periods of sustained flight, indicating low motivation 

to fly or lack of physical ability to initiate and sustain flight. As such, I only considered ‘successful fliers’ 

as those flying ≥ 100 m. This threshold served the dual purpose of allowing: (1) investigation into 

drivers of flight motivation / success; and (2) analysis of workers that are seemingly motivated to fly 

and to use normalised data to measure flight endurance allowing parametric linear models to be run. 

For successful fliers, I calculated: (a) total distance flown during the flight test, calculated as 

the total number of circuits flown multiplied by the circuit circumference (0.848 m); (b) total duration 

of the flight test, calculated by summing all circuit interval times; (c) velocity of each circuit flown, 

calculated by taking circuit circumference and dividing by the respective circuit interval time; (d) mean 

velocity, calculated as the total distance flown divided by the total duration flown; and (e) maximum 

velocity, by taking the highest velocity circuit that was recorded.  

Statistical analyses were conducted using the “lme4” (Bates et al., 2015) package in R v3.6.2 

(R Core Team, 2019), with results reported using the package “lmerTest” (Kuznetsova et al., 2017). For 

all analyses, the effect of body mass was examined using log-transformed dry mass (mg). 

Bartlett’s test was used to compare the distribution of body mass between temperature 

cohorts, whilst ANOVA with post-hoc Tukey tests (implemented using the ‘TukeyHSD’ function in base 

R “stats” package) were used for pairwise comparisons of mean mass between temperature cohorts. 

Linear regression was used to examine the relationships between body mass and both the total 

sucrose consumption (mg consumed by end of the 5-minute feeding trial) and rate of sucrose 

consumption (mg.sec-1 during observed feeding), with the latter response variable being log-

transformed to meet model assumptions (see Appendix B for results; Figure B2). 
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Figure 3.3. Frequency distribution of the flight distance and duration data for all workers that initiated flight 

(n=304). Each bar represents binning at a 50m distance (top pair) or 75 second duration (bottom pair). There is 

a spike in bees that flew under 100m (~150 seconds), as previously observed in Chapter 2, and this held true 

across all temperature cohorts. 
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For all analyses of the likelihood of successful flight (flight > 100 m), flight distance (m), flight 

duration (secs), mean velocity (m/s) and maximum velocity (m/s), linear mixed-effects models were 

used, including colony as a random intercept to account for inherent colony level differences. 

However, when examining the likelihood of successful flight, the random effect variance estimate was 

close to zero, and so colony was removed to avoid model overfitting and non-convergence. In all cases, 

the Gaussian distribution was used, except for when examining likelihood of successful flight, which 

was modelled as a binomial family distribution (flight < 100 m = 0, flight > 100 m = 1). Analyses 

examining both flight distance and duration were carried out on log-transformed data so that 

distributions met model assumptions.  All models were initially constructed considering the main 

effects of temperature, body mass, mass-specific consumption and the interactions temperature x 

body mass and temperature x mass-specific consumption, with all main effects modelled as 

continuous variables. Models were then simplified through stepwise removal of non-significant terms, 

checking after each removal that the simplified model had not significantly decreased explanatory 

power.  

Visualisation of the relationship between both flight distance and flight duration with 

temperature revealed a unimodal curve (see results), which was best explained by fitting a 2nd order 

polynomial relationship between temperature and flight distance and duration, whilst assuming both 

body mass and mass-specific consumption to be linear predictors of the response variables. Thermal 

performance curves were constructed using these model predictions. 

Assigning a mean velocity value calculated across the whole flight period may not fully 

encapsulate what occurred during the flight trial and could overlook the dynamics of flight. From 

visualising velocity flown by workers per temperature cohort over time (see results), workers 

appeared to fly at comparitively high velocities immediately following the start of the flight mill test 

(‘Immediate’), which is likely a stimulatory response to the withdrawal of the support stand. Following 

this, workers rapidly declined in speed (‘Initial’); a response that appeared standard across all 

temperarture cohorts after which flight velocity levelled-off and remained relatively steady over the 

remainder of the trial (‘Steady’). Focussing on these characteristic periods of flight, and using linear 

mixed-effects models as previously described, I additionally examined mean velocity flown by workers 

per cohort for: (a) immediate flight, encompassing the first 30 seconds of flight; (b) initial flight, 

encompassing flight > 30 to ≤ 300 seconds post flight initiation; (c) steady flight, encompassing flight 

> 300 to ≤ 600 seconds post flight initiation. I capped steady flight at 600 seconds to ensure I could 

analyse a sufficient number of workers within each cohort to allow statisitcally suitable comparisons 

(Figure 3.4). 
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Figure 3.4. Measures of worker flight performance over the course of the flight trials per temperature cohort. 

a) mean velocity (m/s), with mean values calculated for every 200 second binned period, capped at 60 minutes 

and omitting standard error bars for aiding visualization; b) proportion of bees still flying after each 200 second 

period relative to the number of bees tested on the flight mill to visualize the temporal pattern of cumulative 

worker drop-out during the trial. 

 

For all analyses examining flight metrics, additional linear mixed models were fitted in which 

temperature was modelled as a fixed factor, allowing pairwise comparison in flight metric means 

between temperature cohorts through Tukey contrasts. For this analysis I report adjusted p-values 

which corrected for multiple testing through the single-step implementation in the “multcomp” R 

package (Hothorn et al., 2008). 

As a final analysis, I took individual flight performance across workers to produce a 

comparative metric of how ambient temperature determined ‘temperature-mediated foraging 

potential’. To better understand a colony’s potential foraging range and capability to exploit resources 

across a given landscape, we must incorporate not only flight endurance per worker but also the 
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number of successful fliers constituting the colony workforce. With no significant difference in worker 

mass distributions between temperature cohorts, for each cohort the mean distance flown (m) was 

multiplied by the proportion of successful fliers (relative to those that initiated flight) to provide a 

relative value for temperature comparisons. I used mean flight distance as my measure of flight 

endurance in the calculation as it directly incorporates both flight velocity and flight duration. 

 

3.3 | Results 

3.3.1 | Likelihood of flight 

Ninety-seven per cent of workers (n=304) initiated flight, with all eight workers that did not 

fly coming from the 12oC cohort (Table 3.3; Fisher’s Exact Test: p<0.01).  

Across all temperature cohorts, 54% of workers (n=164) were classified as successful fliers 

(flew >100m; Table 3.3), with the likelihood of successful flight showing an overall positive correlation 

with ambient temperature (GLM: z299 = 2.18, p = 0.029; Figure 3.6a, Table 3.4). The probability of a 

worker being a successful flier significantly increased with body mass (GLM: z299 = 3.40, p < 0.001; 

Figure 3.5a), but this relationship was influenced by ambient temperature (GLM: ‘Temp x Body Mass’: 

z299 = -2.01, p = 0.044). Specifically, the negative estimate from the interaction term (est = -0.34) 

indicated that as temperatures increased there was a reduction in the slope gradient. The reduced 

flight success at lower temperatures was therefore more severe for smaller workers (Figure 3.5a). 

Considering the 164 workers classed as successful fliers, there was an even variance in dry mass values 

between temperature cohorts (Bartlett’s K2 = 4.51, df = 6, p = 0.61). However, successful fliers in the 

12oC cohort had a significantly higher mean dry mass compared to successful fliers in the 24, 27 and 

30oC cohorts (t157 ≥ -2.40, p ≤ 0.02 in all cases; Figure 3.5b). 

Mass-specific consumption showed a positive association with the probability of being classed 

as a successful flier, but this parameter was not detected as significant (GLM: z298 = 1.84, p = 0.07; 

Figure B3).  

Pairwise comparisons between temperature cohorts revealed that at 12oC, workers showed 

a significantly lower likelihood of being a successful flier relative to 24, 27 and 30oC (p ≤ 0.029 in all 

cases; Figure 3.6a Table B1). Additionally, the 15oC cohort were less likely to be a successful flier 

relative to 27oC (p = 0.004; Figure 3.6a). 
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Figure 3.5. Relationships between worker dry body mass and successful flight for each temperature cohort. a) 

Effect of dry mass on the likelihood of successful flight (≥ 100 m) shown in a logistic regression plot (unsuccessful 

flight = 0, successful flight = 1) and b) comparison of worker mean (± S.E.M.) dry mass per temperature cohort 

when considering all workers tested on the flight mills (n=312, triangles) or just successful fliers (n=164, circles); 

In both panels, dry mass has been plotted on a log10 scale. In panel a) jitter has been added in the y-plane and 

confidence intervals have not been plotted around model lines to aid visualization. In panel b) the asterisk (*) 

indicates that worker dry mass of successful workers in the 12oC cohort significantly differed from the 24, 27, 

and 30oC cohorts (p < 0.05). 
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Table 3.4. GLM model output (binomial family) testing the likelihood of successful flight (flight > 100 m) as a 

function of Temperature (oC), Dry Body Mass (mg)*, Mass-Specific Consumption (mg /mg; MSC), Temperature x 

Dry Body Mass interaction, and Temperature x MSC interaction. Non-significant variables were removed by step-

wise removal leaving a final simplified model (output furthest left in table) containing just significant variables 

showing no decrease in explanatory power. *variable log10  transformed. 

 

 

3.3.2 | Flight endurance 

Flight endurance showed a unimodal trend over the temperature gradient (Figure 3.6c,d). 

Mean (± s.e.m.) flight distance at first increased from a minimum of 176.8 ± 27.3 m at 12oC to a 

maximum of 2046.4 ± 374.1 m at 24oC, with a significant positive relationship between temperature 

and flight distance across the entire temperature gradient (LMM: ‘Temp’, t158 = 5.16, p < 0.001; Figure 

3.6c, Table 3.5). As ambient temperature increased above 24oC, mean distance started to decrease 

falling to a mean of 1816.0 ± 249.5 m at 27oC and then 1540.1 ± 261.9 m at 30oC; a pattern best 

described by fitting a quadratic relationship (LMM: ‘Temp2’, t158 = -4.92, p < 0.001; Figure 3.6c). This 

unimodal trend was mirrored in the relationship between temperature and flight duration. Mean 

flight duration ranged from a minimum of 227.0 ± 31.1 seconds at 12oC up to a maximum of 3243.9 ± 

567.9 seconds at 24oC, showing a significant positive relationship between temperature and flight 

duration across the entire temperature gradient (LMM: ‘Temp’, t158 = 5.22, p < 0.001). The quadratic 

temperature term provided additional significance (LMM: ‘Temp2’, t158 = -5.06, p < 0.001), indicating 

that as temperature increased above 24oC, flight duration started to decrease, with mean duration 

falling to 2831.7 ± 335.5 seconds at 27oC and 2289.8 ± 305.5 seconds at 30oC (Figure 3.6d). 

 

 Estimate 
std. 

Error 
p Estimate 

std. 
Error 

p Estimate 
std. 

Error 
p 

Intercept -58.86 16.68 <0.001 -58.45 16.85 <0.001 -61.01 17.06 <0.001 

Temperature 1.56 0.71 0.029 1.54 0.72 0.032 1.65 0.73 0.023 

Dry Body Mass 13.30 3.91 <0.001 12.99 3.95 0.001 14.01 4.06 <0.001 

Temperature x 

Dry Body Mass 

-0.34 0.17 0.044 -0.33 0.17 0.050 -0.38 0.17 0.030 

Mass-Specific 

Consumption 

   
0.83 0.45 0.066 -1.33 1.75 0.448 

Temperature x 

MSC 

      
0.11 0.08 0.203 
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Figure 3.6. Effect of temperature on a selection of flight metrics. a) Proportion of successful fliers (flight ≥ 100m) 

relative to the number of workers that physically initiated flight (bottom of each bar); b) mean (triangle) and 

maximum (circle) velocity (m/s) flown per worker over the whole flight trial; c) total distance (m) flown per 

worker; and d) total duration (s) flown per worker. In panel a) each bar is plotted with associated 95% confidence 

intervals calculated using the ‘Wald’ method. Panels b), c) and d) only consider successful fliers, where points 

represent mean values plotted with associated standard error bars and treatment pairs displaying the same 

letter are not significantly different (α = 0.05). 

 

Body mass had a significant positive relationship with flight distance and duration (LMM: t158 

≥ 2.73, p ≤ 0.006). I found no significant change in the relationship between either flight distance or 

duration and body mass across the temperature gradient, although slope estimates were lowest for 

the 30oC cohort and greatest for 12 and 15oC cohorts (Figure 3.7a,b). In fact, 30oC was the only 

temperature that flight duration showed a negative relationship with body mass (Figure 3.7b). Mass-

specific consumption was found to have no significant effect on either flight distance or duration 

(LMM: t157 ≤1.38, p ≥ 0.17; Figure B4). 

Pairwise comparisons highlighted that the 12oC cohort flew a significantly shorter distance 

and duration relative to all other temperatures (p ≤ 0.045 in all cases; Table B2). The 15oC cohort flew 

significantly less distance relative to 21, 24, 27 and 30oC (p ≤ 0.038 in all cases), and a significantly 

shorter duration relative to 21, 24 and 27oC cohorts (p ≤ 0.034 in all cases). 
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Table 3.5. LMER model output testing a) Flight Distance (meters)* and b) Flight Duration (seconds)* as a function 

of Temperature (oC), Temperature2, Dry Body Mass (mg)*, Mass-Specific Consumption (mg /mg; MSC), 

Temperature / Temperature2 x Dry Body Mass interactions, and Temperature / Temperature2 x MSC 

interactions. Non-significant variables were removed by step-wise removal, leaving a final simplified model 

(output furthest left in tables) containing just significant variables showing no decrease in explanatory power. 

*variable log10  transformed. 

a) Estimate 
std. 

Error 
p Estimate 

std. 

Error 
p Estimate 

std. 

Error 
p 

Intercept -1.83 2.46 0.457 -2.05 2.48 0.407 -2.39 2.50 0.340 

Temperature 5.34 1.04 <0.001 5.50 1.06 <0.001 31.14 33.74 0.356 

Temperature2 -4.98 1.01 <0.001 -5.06 1.02 <0.001 23.98 31.86 0.452 

Dry Body Mass 2.01 0.57 <0.001 2.03 0.57 <0.001 2.12 0.58 <0.001 

Mass-Specific 
Consumption 

   0.18 0.28 0.514 0.16 0.30 0.592 

Temperature x 
Dry Body Mass 

      -6.34 7.74 0.413 

Temperature2 x 
Dry Body Mass 

      -5.69 7.39 0.441 

Temperature x 
MSC 

      1.30 3.92 0.740 

Temperature2 x 
MSC 

      -5.28 3.76 0.160 

 

b) Estimates 
std. 

Error 
p Estimates 

std. 

Error 
p Estimates 

std. 

Error 
p 

Intercept 0.51 2.47 0.837 0.03 2.49 0.992 -0.44 2.48 0.858 

Temperature 5.45 1.04 <0.001 5.79 1.07 <0.001 41.62 33.38 0.212 

Temperature2 -5.16 1.02 <0.001 -5.33 1.02 <0.001 46.27 31.52 0.142 

Dry Body Mass 1.58 0.58 0.006 1.61 0.57 0.005 1.73 0.57 0.002 

Mass-Specific 
Consumption 

   
0.39 0.28 0.167 0.36 0.30 0.218 

Temperature x 
Dry Body Mass 

      
-8.89 7.66 0.246 

Temperature2 x 
Dry Body Mass 

      
-10.55 7.31 0.149 

Temperature x 
MSC 

      
1.86 3.87 0.630 

Temperature2 x 
MSC 

      
-7.16 3.72 0.054 
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Figure 3.7. Relationships between worker dry body mass and a selection of tested flight metrics for each 

temperature cohort. Scatter plots with linear best fit lines for each temperature cohort show the relationship 

between dry mass and a) flight distance (m); b) flight duration (s); c) mean velocity (m/s) flown over the whole 

flight trial; and d) maximum velocity (m/s) flown over the whole flight trial. In all panels, dry mass has been 

plotted on a log10 scale and confidence intervals have not been plotted around model lines to aid visualization. 

In panels a) and b) respectively, distance and duration flown have been plotted on a log10 scale, as these 

variables were log-transformed in the data analysis. 

 

 

3.3.3 | Flight velocity & dynamics 

I found no clear relationship between ambient temperature and velocity when measured over 

the whole flight trial (LMM: mean: t158 = -0.61, p = 0.54 & maximum: t158 = 0.43, p = 0.67; Figure 3.6b, 

Table 3.6), with pairwise comparisons between temperature cohorts showing no significant 

differences (Table B3). Body mass had a significant positive effect on both mean and maximum 

velocity when considering flight across the whole trial (LMM: t158 ≥ 2.63, p ≤ 0.009 in both cases; Figure 

3.7c,d, Table 3.6), with no clear change in the slopes of these relationships across the temperature 

gradient (LMM: ‘Temp x Body Mass’: t155 ≤ 1.23, p ≥ 0.22 in both cases). I found mass-specific 

consumption showed no relationship with maximum velocity (LMM: t158 = -0.42, p = 0.67), however, 
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it was negatively related with mean velocity (LMM: t158 = -2.48, p = 0.013), indicating workers that fed 

more relative to their body mass flew slower on average (Figure B4). 

I found no difference in mean velocity between temperature cohorts when considering both 

‘Immediate’ (0 to 30 seconds) and ‘Initial’ (> 30 to ≤ 300 seconds) flight (p > 0.05 in all cases). However, 

when considering ‘Steady’ (> 300 to ≤ 600 seconds) flight, I found that the 15oC cohort had a 

significantly lower mean velocity compared to 18oC (LMM: t117 = 2.05, p = 0.043), 21oC (LMM: t117 = 

2.70, p = 0.008) and 24oC (LMM: t117 = 2.22, p = 0.028; Figure 3.8 & 3.9).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Mean velocity (m/s) flown by each temperature cohort over the first 600 seconds of flight. The mean 

velocity for each temperature cohort was calculated for each 30 second period from 0 until 600 seconds, with 

values then plotted on the mid-point of the period (e.g., mean velocity for period of 0-30 seconds plotted on x 

= 15 seconds), and standard error bars have been omitted for visualization purposes. Arrows indicate three time 

periods representing different velocity signatures: i) Immediate Flight, encompassing the first 30 seconds, 

characterized by comparatively high velocities; ii) Initial Flight, > 30 to ≤ 300 seconds, characterized by 

decreasing velocities; iii) Steady Flight, > 300 to ≤ 600 seconds, characterized by more steady velocities. 

*Examining all three time periods, the 15oC cohort significantly differed from the 18, 21, and 24oC cohorts (p < 

0.05) in steady flight mean velocity, but there were no other detected differences.  

 

 



Chapter 3 | Thermal flight performance reveals impact of warming on bumblebee foraging potential 

 

85 
 

Table 3.6. LMER model output testing a) Mean Velocity (m/s) and b) Maximum Velocity (m/s) as a function of 

Temperature (oC), Dry Body Mass (mg)*, Mass-Specific Consumption (mg /mg; MSC), Temperature x Dry Body 

Mass interaction, and Temperature x MSC interaction. Non-significant interaction terms were removed, leaving 

a final simplified model (output furthest left in table) just containing the main effects showing no decrease in 

explanatory power. *variable log10  transformed. 

 

 

 

 

 

 

 

 

 

 

 

 

a) Estimates 
std. 

Error 
p Estimates 

std. 

Error 
p 

Intercept -0.45 0.51 0.376 1.87 2.18 0.391 

Temperature 0.00 0.00 0.544 -0.10 0.09 0.266 

Dry Body Mass 0.29 0.11 0.009 -0.30 0.50 0.547 

Mass-Specific 

Consumption 

-0.14 0.05 0.013 0.16 0.23 0.499 

Temperature x 

Dry Body Mass 

   
0.03 0.02 0.220 

Temperature x 

MSC 

   
-0.01 0.01 0.186 

b) Estimates 
std. 

Error 
p Estimates 

std. 

Error 
p 

Intercept -1.74 0.80 0.029 -0.93 3.46 0.789 

Temperature 0.00 0.00 0.665 -0.03 0.14 0.822 

Dry Body Mass 0.72 0.18 <0.001 0.63 0.80 0.428 

Mass-Specific 

Consumption 

-0.04 0.09 0.673 -0.51 0.36 0.158 

Temperature x 

Dry Body Mass 

   
0.00 0.03 0.919 

Temperature x 

MSC 

   
0.02 0.02 0.178 
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Figure 3.9. Mean velocity (m/s) flown by workers in each temperature cohort over the first 10 minutes (600 

seconds) of flight examined over three time periods. a) Immediate Flight, encompassing the first 30 seconds of 

flight following flight initiation, characterized by comparatively high velocities; b) Initial Flight, encompassing 

flight > 30 and ≤ 300 seconds, characterized by decreasing velocities; and c) Steady Flight, encompassing flight > 

300 and ≤ 600 seconds, characterized by more steady velocities, which continued on past the 600-second mark. 

Error bars represent standard error around the mean. In panel c), treatment pairs displaying the same letter are 

not significantly different (α = 0.05) in terms of mean velocity. In panels a) and b) no treatments significantly 

differed from another.  
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3.3.4 | Thermal performance curve 

From the final fitted regression model used for analyzing distance flown (Table 3.5; flight 

duration results mirror these outputs), I plotted model predictions of flight distance over the 

temperature gradient 10 to 35oC (Figure 3.10). This regression model was used to find the temperature 

at which distance was at its maximum, with the thermal optimum determined to be 24.7oC (Figure 

3.10). As dry body mass was significantly positively related with flight distance (Figure 3.7a), the peak 

distance flown predicted by the thermal performance curve increased with body mass (Figure 3.10). 

However, since I detected no change in the slope of this relationship across the temperature gradient 

(Figure 3.7a), the predicted thermal optimum presented here was the same across the workforce 

(Figure 3.10). 

 

 

Figure 3.10. Thermal performance curves (TPCs) for workers spanning a range of body size. Three TPCs 

corresponding to mean (73.3 mg; middle line, short-dashes), minimum (46.7 mg; bottom line, long-dashes), and 

maximum (106.9 mg; top line, no dashes) dry body mass of all successful fliers. Black circles indicate the thermal 

optimum for each individual and dashed black line indicates the corresponding temperature (24.7oC). The curves 

are formed from predictions of my final linear mixed model (Table 3.5), each plotted with 95% confidence 

intervals. 
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3.3.5 | Temperature-mediated foraging potential 

Incorporating both the mean distance flown and the proportion of successful fliers (Table B4), 

my calculated metric of temperature-mediated foraging potential for each temperature cohort 

highlighted 27oC to show the highest potential (see Figure 3.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Temperature-mediated foraging potential for each tested temperature. The black central spot 

indicates a hypothetical colony and dashed lines represent potential flight ranges from this fixed nest site. For 

each temperature cohort, there is a bordered darker coloured segment in which the length is determined by the 

mean distance flown (m) by successful fliers from that respective cohort, the angle and subsequent area is 

determined by the proportion of successful fliers relative to those that initiated flight in that cohort, and the 

number in bold depicts the relative temperature-mediated foraging potential value (calculated as the mean 

flight distance multiplied by the proportion of successful fliers; see Table B4 for full results). For each 

temperature cohort, the angle of the lighter shaded segment represents the maximum area available to the 

cohort if all tested workers were successful fliers. 

 

 

 



Chapter 3 | Thermal flight performance reveals impact of warming on bumblebee foraging potential 

 

89 
 

3.4 | Discussion  

Using a bespoke tethered flight mill, I investigated how the flight performance of bumblebees 

varied over a thermal gradient. My study showed that bumblebee workers were capable of initiating 

and sustaining flight over a wide thermal range, illustrating the capability of this key insect pollinator 

group to exploit thermally dynamic foraging landscapes experienced within a daily cycle and across 

the season (Arce et al., 2017; Corbet et al., 1993; Couvillon, Fitzpatrick, et al., 2010; Peat & Goulson, 

2005). Both flight distance and duration showed a concave unimodal trend over the 12-30oC range 

(Figure 3.6c,d), with my model estimating 24.7oC as optimal for distance flown (Figure 3.10). Mean 

flight velocity over the entire flight trial, however, was not affected by temperature (Figure 3.6b). The 

longer distances flown at more optimal temperatures were therefore a result of increased flight 

duration rather than increased flight speed. My findings further revealed variation in flight capacity 

across the colony workforce. Larger workers not only flew further, longer, and faster than their smaller 

nestmates, but were also more likely to fly, with this latter finding particularly striking at low ambient 

temperatures.  

 

3.4.1 | Individual-level flight performance 

There was little difference in mean flight velocity (for whole flight trial) across the tested 

temperature gradient – a finding that contrasts with Hrassnig & Crailsheim (1999) when testing 

tethered honey bees in a similar flight mill setup. It seems unlikely this finding is due to flight mill 

limitations on velocity potential, as mean flight velocity was around half the recorded maximum 

velocities, demonstrating scope for mean velocity to increase. A more plausible explanation centres 

around thermoregulation. For bees, flight muscle performance is positively associated with muscle 

temperature up to certain tipping points (Coelho, 1991; Heinrich, 1975; Woods, 2005). As a result, 

wingbeat frequency, and thus flight velocity, should be driven by the temperature of the thorax 

(Hrassnigg & Crailsheim, 1999; Tong et al., 2019). During flight, bumblebee workers are able to 

effectively regulate thorax temperature to optimise muscle performance and prevent overheating 

(Dudley, 2000), which may explain the similar mean flight velocities between temperature cohorts 

(Spiewok & Schmolz, 2006; Figure 3.6b). This constancy of muscle temperature during flight is 

achieved by a dynamic balance of heat gain and loss, with workers gaining heat from the environment 

or through endogenous heat production (Heinrich, 1975; Rubalcaba & Olalla-Tarraga, 2020), and 

losing heat through processes such as convective cooling and forced transfer of heat from thorax to 

abdomen (Harrison & Roberts, 2000; Heinrich & Esch, 1994). These processes provide an explanation 

for the observed concave curves with respect to flight endurance. For example, lower ambient 
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temperatures may demand a greater energy expenditure as workers will need to generate more heat 

to maintain a sufficient thorax temperature for flight (Heinrich, 1975). Conversely, at higher ambient 

temperatures, workers may not be able to lose heat to the environment at a fast-enough rate to 

prevent thorax overheating (Heinrich, 1975), which could explain the observed decrease in flight 

endurance past 24oC. This latter point could support why field studies have observed higher 

bumblebee activity on hot days occurring primarily in the early morning and late afternoon (Arce et 

al., 2017; Kwon & Saeed, 2003).  

Whilst bumblebees demonstrate heterothermy, the majority of non-bee insect pollinators, 

such as most butterflies and Dipterans, are ectotherms. As such, they rely on solar radiation and other 

environmental heat sources to warm up flight muscles rather than endogenous heat production 

(Wickham, 2009), and consequently low ambient temperatures  could be more limiting for these non-

bee pollinating insects compared to bumblebees. Interestingly however, the thermal optimum 

estimate for flight distance in this study aligns closely with the thermal optimum estimated for 

dispersal of a genotype of the Glanville fritillary butterfly (~24oC) using harmonic radar in the UK 

(Niitepõld et al., 2009), which to my knowledge is the only other study to look at insect flight TPCs.  

Dependent on resource availability in the landscape, bumblebee foraging ranges are 

estimated to reach around 2 km from the nest (Osborne et al., 2008; Walther-Hellwig & Frankl, 2000), 

equating to a foraging round trip of 4 km. Whilst the tethered nature of the flight mill setup meant 

that workers had a limited requirement to generate lift (Riley et al., 1997), the vast majority of 

individual flight distances fell within the 4 km mark with only 6% of workers surpassing this distance. 

This demonstrates that 4 km was attainable, but that the mill setup was not allowing bees to fly longer 

than they would naturally. Whilst my results are primarily intended as comparative estimates of flight 

performance across a temperature gradient, this highlights that my results are providing ecologically 

relevant insights into bumblebee flight endurance.  

 

3.4.2 | Relationship between worker body mass and flight  

Worker body mass was positively related with all measured flight metrics (Figure 3.7; body 

mass explained between 3.4 - 9.2% of the variation in the responses). For instance, for every 2-fold 

increase in bumblebee body mass there was a predicted 3-fold increase in flight duration and a 0.2 

m/s increase in mean flight velocity (across whole flight trial), supporting the theory that energy 

efficiency of insect flight increases with body mass (Billardon & Darveau, 2019; Darveau et al., 2005; 

Skandalis & Darveau, 2012). These positive relationships, which would be expected under metabolic 

scaling theory (Brown et al., 2004), may also be partially explained by differences in morphological 
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traits and flight kinematics, as wingbeat frequency in insects directly relates to energy consumption 

and is inversely related to body mass and wing surface area (Billardon & Darveau, 2019; Darveau et 

al., 2005; Santoyo et al., 2016). Another important consideration here is the capacity of individuals to 

store food. Across insects, whilst the absolute energy demand of flight is generally greater in larger 

bodied individuals, this can be more than compensated for by greater baseline endogenous energy 

stores, which results in flight endurance capacity increasing with body size (Kaufmann et al., 2013).  

Foraging bumblebee workers are known to collect up to 60-80% of their own body mass in 

nectar and pollen on a single foraging trip (Combes et al., 2020). Interestingly, I found that workers 

with higher mass-specific sucrose consumption flew slower on average, which could indicate that 

carrying a heavier load places constraint on flight velocity or could indicate a determined kinematic 

response to cope with the heavier load (Combes et al., 2020; Heinrich, 1975). Whilst I tried to ensure 

that each bee had fed to satiation prior to flight, there was no way to definitively control this, and 

therefore the variation in flight performance between workers of similar body mass (Figure 3.5 & 3.7) 

could stem from variable endogenous energy stores prior to flight (Kaufmann et al., 2013). This would 

seem plausible as flying insects are believed to have metabolic enzymes working close to maximum 

flux rates, and thus the only way for an individual to improve flight capacity is via increased energy 

consumption (Niitepõld et al., 2009; Suarez, 2000).  

Ultimately, my controlled lab findings imply that larger individuals are able to reach flowering 

resources more quickly and over a greater distance than their smaller counterparts, supporting field 

observations of foraging scope and efficiency increasing with body size (Goulson et al., 2002; 

Greenleaf et al., 2007; Spaethe & Weidenmuller, 2002; Willmer & Finlayson, 2014) and providing a 

further mechanistic explanation for observed alloethism in bumblebees (Herrmann et al., 2018; 

Holland et al., 2021). Interestingly, agricultural intensification and associated declines in habitat 

quality and quantity appear to be leading to shrinkages in bee body size, not just in Bombus terrestris 

but also across other social and solitary species (Oliveira et al., 2016; Renauld et al., 2016). Applying 

my findings on size-mediated flight performance across taxa therefore suggests this trend of declining 

bee body size could have negative consequences for pollination service delivery by contemporary bee 

communities. 

Furthermore, I found that the effect of body mass on flight success (flight ≥ 100 m) became 

stronger as temperature decreased (Figure 3.5a). This can potentially be explained by considering how 

thermoregulatory capacity varies with body mass, with the lower surface area to volume ratio of larger 

individuals resulting in a slower rate of heat transfer to the environment, allowing them to more 

effectively retain heat (Bishop & Armbruster, 1999; Heinrich, 1975; Peat et al., 2005).  
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3.4.3 | Temperature-mediated foraging potential 

When applying my individual flight performance results to the context of temperature-

mediated foraging potential, I considered not only flight distance but also the proportion of tested 

workers motivated or physically able to fly at the respective temperatures. Subsequently, whilst mean 

distance was highest in the 24oC cohort, there were more successful fliers in the 27 and 30oC cohorts, 

meaning that foraging potential at the colony-level may actually be maximized at temperatures closer 

to 27oC (Figure 3.11).  

At the other end of the temperature scale, successful fliers in the 12 and 15oC cohorts 

exhibited a mean flight distance of just 177 and 605 m respectively, with nearly two thirds of the 

workers classed as unsuccessful fliers (not flying past 100 m; Figure 3.6a,c). On cold days, foraging 

bees can use direct solar radiation to assist in warming (Rubalcaba & Olalla-Tarraga, 2020; 

Stabentheiner & Kovac, 2014), which was not available to workers under my controlled flight mill 

setup. This should be noted when extrapolating my findings directly to real-world scenarios, as 

bumblebees are known to forage in temperatures of ≤ 12oC (Bishop & Armbruster, 1999; Corbet et al., 

1993; EFSA, 2013). Additionally, the workers tested in this study were from commercial colonies with 

no prior flight experience. This allowed us to standardise flight comparisons between temperature 

cohorts, but should be considered when comparing flight distances on the mill with foraging distances 

in the field, as flight experience has been reported to influence aspects of foraging performance (Peat 

& Goulson, 2005). However, foraging Bombus terrestris workers often fly around 600 m from the nest 

to exploit floral resources (Darvill et al., 2004; Osborne et al., 1999), and have been noted to fly up to 

2 km in agricultural landscapes (Osborne et al., 2008; Walther-Hellwig & Frankl, 2000), so my work 

suggests that temperatures down to 12 and 15oC may prevent colonies from reaching resources they 

would otherwise forage on under warmer conditions. In addition, when examining the dynamics of 

flight velocity over the flight trials, I did find that workers flew slower at 15oC compared to warmer 

temperatures once they had settled into a steady rhythm of flight (Figure 3.8 & 3.9). If such conditions 

translate to workers taking longer to reach and move between flower patches, this may subsequently 

increase the energetic cost of foraging trips, exacerbating the challenge faced at the colony-level. 

Consistent temperatures of ≤ 15 oC are only likely to affect colonies of temperate bumblebee 

species in their first stages of development (early spring months), when the predominant foragers will 

be larger bodied queens that are capable of foraging in cooler conditions relative to workers (Bishop 

& Armbruster, 1999; Lundberg, 1980). Recent and projected extreme weather events, however, do 

suggest that erratic and longer-term cold spells may become more common within bumblebee ranges 

early in the year. As colonies tend to produce smaller workers earlier in the season (Hefetz & 



Chapter 3 | Thermal flight performance reveals impact of warming on bumblebee foraging potential 

 

93 
 

Grozinger, 2017), this could potentially lead to an unmotivated and ineffective workforce (Cohen et 

al., 2018; Francis et al., 2018; Kretschmer et al., 2018). These results highlight the need for ample 

flowering resources close to nests early in the year to allow shorter and less demanding foraging trips 

(Gervais et al., 2020; Westphal et al., 2006), which may be an issue with co-occurring increases in 

human induced fragmentation of natural floral resources (Jha & Kremen, 2013; Osborne et al., 2008; 

Redhead et al., 2016). With bumblebees being central place foragers, this is of particular concern, as 

a fixed nest site prevents within-season relocation of the ‘central place’ to track floral resource 

turnover or more favourable thermal microclimates (Bladon et al., 2020; Raine & Gill, 2015).  

Our temperature-mediated foraging potential values were calculated based on a colony with 

a normal distribution of worker body mass, but it would be useful to understand how colonies with 

different worker mass distributions determine variation in colony foraging potential. My results 

suggest that a workforce consisting of a higher proportion of larger bodied workers would benefit a 

colony under cold conditions. However, producing larger workers can come at a cost to a colony as 

they are more energetically expensive to rear and maintain, and larger workers have been reported 

to exhibit lower longevity and be less resistant to starvation than their smaller sisters (Couvillon & 

Dornhaus, 2010; Kerr et al., 2019). Furthermore, in hot conditions, large workers may be more at risk 

of overheating during flight (Dudley, 2000; Harrison & Roberts, 2000; Rubalcaba & Olalla-Tarraga, 

2020). Therefore, large body mass may not confer such an advantage to a colony under hotter 

conditions, and it is interesting that a global decline in the body size of many ectothermic taxa has 

been associated with climate warming (Gardner et al., 2011). On this note, my observations showed 

that the correlation between flight distance and body mass was least positive at the highest tested 

temperature of 30oC, with flight duration correlating negatively with body mass at the same 

temperature (Figure 3.7a,b). In other words, smaller workers appeared to perform on average 

comparatively better than larger workers at the highest temperature studied. If workers of different 

mass are more suited to forage in different thermal conditions and thus at different times of the day, 

it may better allow bumblebee colonies to temporally exploit their foraging landscape (Couvillon, 

Fitzpatrick, et al., 2010; Peat & Goulson, 2005). Given that ambient temperatures throughout 

temperate bee species’ ranges are predicted to more commonly rise above 30oC in the coming years 

(IPCC, 2014), it would be useful to expand body mass vs flight performance relationships to higher 

temperatures to better predict how intraspecific worker size variation may mediate colony-level 

responses to climate warming. Additionally, by applying these findings across insect taxa with similar 

thermal mechanisms, we may be able to gain deeper insights into how the foraging capacity and 

pollination service delivery of whole insect pollinator assemblages will vary under future 

environmental temperature scenarios. 
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3.4.4 | Impacts of climate change 

When considering the geographic range of the study species B. terrestris, it is interesting that 

temperatures experienced throughout the foraging season mostly fall on the ascending slope of the 

predicted thermal performance curve (Figure 3.10; Figure B1). Species of terrestrial insects in higher 

latitudes have been shown to occupy areas with mean temperatures below their thermal optimum 

(Buckley et al., 2013; Kingsolver et al., 2013), and well below their thermal limits (Deutsch et al., 2008), 

which is seen as a mechanism to buffer against seasonal temperature variation and the fitness 

consequences associated with overheating (Buckley et al., 2013; Martin & Huey, 2008). Indeed, in 

Europe, the probability of bumblebee occurrence is greater when seasonal thermal variation is low 

(Ghisbain et al., 2020).  

Given that mean daily temperatures are projected to increase across much of the temperate 

range of bumblebees (i.e. ca. 2-4oC rise by 2100; IPCC, 2014), my findings suggest global warming may 

actually push bumblebee colonies closer to their flight thermal optimum, potentially improving 

foraging returns and pollination delivery (Deutsch et al., 2008; Herbertsson et al., 2021; Sánchez-Bayo 

& Wyckhuys, 2019). However, my results also suggest that if ambient temperatures more frequently 

pass 30oC from extreme climatic events such as extended heatwaves, this could start to have 

detrimental effects on key behaviours underpinning colony fitness (Meehl & Tebaldi, 2004). Further 

study on this could offer a potential explanation for reported bumblebee losses at southern range 

limits (Kerr et al., 2015; Sirois-Delisle & Kerr, 2018; Soroye et al., 2020). Conversely, although 

bumblebees are commonly considered an insect pollinator group that can cope well with cold 

conditions (Hines, 2008), my data further suggests that prolonged cold snaps, as more commonly 

predicted in the early months of the year under climate change, will be detrimental to the foraging 

capacity of developing bumblebee colonies which commonly do not store sufficient food to last for 

extended periods (Couvillon & Dornhaus, 2010).  

 

3.4.5 | Conclusion 

Our results suggest that climate warming may favour aspects of bumblebee flight 

performance, such as motivation and endurance, across large parts of their geographic range. 

However, sensitivity to climate change can vary widely both between bumblebee species and across 

insect groups more generally (Arribas et al., 2012; Hamblin et al., 2017; Sunday et al., 2014; Zambra 

et al., 2020), and my results suggest that even within the same species, responses to temperature vary  

with body mass and thus likely affect smaller and larger bodied taxa differently. It is therefore 

important we quantify and compare flight and other key behavioural thermal response curves for 
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species across the insect phylogeny in order to understand spatio-temporal risks and identify 

conservation priorities of similar and different functional groups.  
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CHAPTER 4 

 

Environmental temperature modulates pesticide effects on 

bee activity and survival 

 

 

4.1 | Introduction 

Insect pollinator declines are a worldwide issue (Potts et al., 2016; Zattara & Aizen, 2021), 

making identifying the drivers a research priority and crucial for developing mitigative strategies (Gill 

et al., 2016; Goulson et al., 2015; Wagner et al., 2021). The widespread use of pesticides in the 

environment is one proposed driver. For example, studies have shown impeded development and 

impaired behaviour in insects exposed to field realistic concentrations (Chapter 2; Crall et al., 2018; 

Siefert et al., 2020; Smith et al., 2020; Wood & Goulson, 2017), which can translate to reduced fitness 

(Arce et al., 2017; Baron, Jansen, et al., 2017; Whitehorn et al., 2012; Woodcock et al., 2017). Another 

increasingly scrutinised driver is climate change. For instance, environmental warming and 

increasingly common extreme heat events over the past century have been associated with insect 

population range shifts (e.g., Halsch et al., 2021; Kerr et al., 2015; Powney et al., 2019) and species’ 

extinction risk (e.g., Janzen & Hallwachs, 2021; Soroye et al., 2020), as temperatures have more 

frequently exceeded historical thermal tolerances. To date, however, the interplay between these two 

drivers has been little investigated, despite them co-occurring in nature and despite risks to beneficial 

insects considered to increase through multi-stressor interactions (Cameron & Sadd, 2020; Vanbergen 

& Garratt, 2013: but see Henry et al., 2014; Kolano et al., 2021; Monchanin et al., 2019). Hence, 

determining how temperature can modulate pesticide exposure impacts is a pressing issue, as future 

landscapes are likely to experience increased rates of pesticide application that will coincide with 

warmer and more extreme temperature regimes under climate change (Deutsch et al., 2018; IPCC, 

2018; Tang et al., 2021; Zhang, 2018). Moreover, gaining such insights will provide a greater 

understanding of the spatio-temporal risks to wild insect populations, such as where and when across 

the world’s climate regions insects are, and will be, most at risk from pesticide exposure.  

When studying the impacts of pesticide exposure, it is important we quantify sublethal effects, 

as exposure to field-level concentrations is often not acutely lethal (Bryden et al., 2013; Desneux et 

al., 2007; Gill et al., 2012). Studies assessing sublethal impacts from insecticide exposure on insect 

behaviour, however, have often reported mixed responses or varying effect sizes; even when 
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considering the same species and pesticide (Arena & Sgolastra, 2014; Decourtye et al., 2013; Godfray 

et al., 2014; Heard et al., 2017). A possible explanation for such discrepancies is that the environmental 

context has not been appropriately considered, such as temperature variation between and within 

different lab and field studies (Holmstrup et al., 2010). Variation in ambient temperature can affect 

insect metabolic and physiological rates (Gillooly et al., 2001; Huey & Stevenson, 1979), such as 

consumption (Camp & Buchwalter, 2016; Holmstrup et al., 2010; Noyes et al., 2009) and chemical 

detoxification and excretion (Harwood et al., 2009; Khan & Akram, 2014; Lydy et al., 1999; Weston et 

al., 2009), as well as altering pesticide binding efficiency at target-receptors (Boina et al., 2009). Hence, 

studies quantifying how temperature modulates pesticide effects on both lethal and sublethal 

endpoint behaviours are urgently needed. Furthermore, studying a range of functional behaviours 

under a single study framework is important, as this provides a holistic understanding of organismal 

responses, helping to predict how ecosystem service provision may be affected and population tipping 

points reached (Bryden et al., 2013; Moore, 2018). 

To describe the temperature dependency of pesticide effects on behaviour, we can elucidate 

the direction of the interactive relationship by designating a temperature coefficient (TC) (Boina et al., 

2009; Khan & Akram, 2014; Muturi et al., 2011). Insecticides with a positive TC become more toxic 

with increasing temperature, whereas a negative TC becomes more toxic at decreasing temperatures 

(Glunt et al., 2013; Mansoor et al., 2015). Conducting experiments to reveal these relationships has 

fundamental implications for current pesticide regulatory guidelines and risk assessments, which 

often recommend carrying out single response studies at standardised temperatures and primarily 

focus on lethal (not sublethal) endpoints (EFSA, 2013). Here I studied the TCs for multiple behavioural 

measures in a model insect pollinator – the bumblebee Bombus terrestris – exposed to either 

imidacloprid (neonicotinoid) or sulfoxaflor (sulfoximine) insecticides across three different ambient 

temperatures. A neonicotinoid was considered in this study for a number of reasons: i) neonicotinoids 

represent the most widely used insecticide class on the global market (Godfray et al., 2014; Jeschke & 

Nauen, 2008; Simon-Delso et al., 2015); ii) they are systemic and are thus frequently encountered by 

insect pollinators, including oral exposure by consuming / collecting contaminated pollen and nectar 

(Blacquière et al., 2012; David et al., 2016; Elbert et al., 2008; Jeschke et al., 2010); iii) exposure can 

impair thermogenesis (Azpiazu et al., 2019; Potts et al., 2018; Tosi et al., 2016), which given is a 

temperature dependent process, indicates toxicity effects will alter under temperature change; iv) 

nest activity and thermoregulation of bumblebees has been reported to be differentially affected by 

exposure under warmer days versus cooler nights (Crall et al., 2018); and iv) recent evidence suggests 

effects of exposure on honey bee metabolic rate and gene expression are temperature dependent 

(Gooley & Gooley, 2020; Manzi et al., 2020). Rising pest resistance to neonicotinoids (Bass et al., 2015), 
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combined with new restrictions on the use of nitroguanidine neonicotinoids in the EU (EFSA, 2018; 

Sgolastra et al., 2020), has led to the development and registration of new chemicals to control sap-

feeding insect pests (Siviter & Muth, 2020). Hence I also considered sulfoxaflor as it represents one of 

the most promising replacements of neonicotinoids across the globe (Sparks et al., 2013). Moreover, 

recent work reported exposure to sulfoxaflor, at concentrations below the maximum residue limits 

set by the Environmental Protection Agency (EPA) in the US, negatively impacted bumblebee colony 

development (Siviter et al., 2018). 

I undertook three complementary experiments and investigated a total of seven different 

responses representing important bee life-history and ecological functions (see Figure 4.3).  

Specifically, I investigated how ambient temperature modulated the effect of: 1) chronic exposure to 

a high (150 µg/L) concentration of each insecticide on the likelihood of survival and immobility 

(together termed responsiveness – important for within nest activity); 2) chronic exposure to a mid 

(40 µg/L) or low (10 µg/L) concentration of each insecticide on the likelihood of movement, walking 

rate, and consumption rate (behaviours important for nesting duties, colony thermoregulation, 

meeting energy demands, and food collection); 3) acute exposure to a low (10 µg/L) concentration of 

each insecticide on flight endurance and velocity (behaviours crucial for foraging performance). Using 

a fully factorial design with appropriate control groups, each experiment for each insecticide was 

conducted at a relative low (21oC), mid (27oC), and high (30oC) temperature, with these values 

informed by the temperature-mediated foraging potential values reported in Chapter 3 (see Methods 

4.2.3). Here I tested whether insecticide exposure shows a negative or positive TC, investigating how 

this relationship varied between each insecticide and if this differed dependent on the behavioural 

endpoints. For measures of flight, I additionally investigated how body size affected these 

relationships. Given that neonicotinoids are generally considered as positive TC insecticides (Mansoor 

et al., 2015; Tsaganou et al., 2021), and that neonicotinoids and sulfoximines have a similar chemical 

structure and mode of action (Sparks et al., 2013), an expectation would be that both insecticides 

would lead to greater impairment at the higher temperatures. However, recent studies have 

suggested that the impacts of neonicotinoids on bee survival and thermoregulatory behaviour 

increase in severity as temperatures get cooler (Crall et al., 2018; Saleem et al., 2020), with similar 

findings from pyrethroids on honey bees (Belzunces et al., 2012). Therefore, I would predict that both 

imidacloprid and sulfoxaflor would have greater impacts on bumblebee responses at the lower 

temperature. 
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4.2 | Methods  

4.2.1 | Colony husbandry 

All colonies from which workers were tested were commercially supplied by Biobest 

(distributed by Agralan Ltd). On arrival each colony was checked for good health and censused, 

ensuring healthy queen presence and removal of any dead individuals. Any sugar feeders and pollen 

patties that arrived with the colonies were removed. Colonies were provisioned with freshly made ad-

libitum 40/60% (w/w) sucrose/water solution weekly, and with irradiated honey bee collected pollen 

(supplied by Agralan Ltd) on Mondays (6g), Wednesdays (6g) and Fridays (9g). Colonies were kept in a 

controlled environment (CE) chamber at 21°C and 60% relative humidity (RH) under constant red light. 

Testing of workers was conducted in separate CE chambers at the respective testing temperatures 

also under 60% RH (Table C1). No one colony was used across the multiple experiments. 

 

4.2.2 | Choice of insecticides & concentrations tested 

In addition to the points raised in Chapter 2, imidacloprid was decided on for this study for 

two primary reasons: i) it has previously been shown to affect survival, mobility, flight (please see 

Chapter 2), and foraging performance in bees at similar concentrations to the ones used in this study 

(e.g., Gill & Raine, 2014; Iwasa et al., 2004; Williamson et al., 2014), and therefore it effectively acts 

as a positive control to understand whether temperature influences the toxicity of a given insecticide; 

and ii) it is regarded as the most toxic of the neonicotinoid insecticides (Iwasa et al., 2004), providing 

a worst-case scenario benchmark with which to compare sulfoxaflor against. As outlined in Chapter 1, 

sulfoxaflor is the first commercially marketed sulfoximine insecticide (Sparks et al., 2013) and is likely 

to replace neonicotinoids across large areas globally (Simon-Delso et al., 2015). Although purported 

to be chemically distinct from the neonicotinoids, it has a similar mode of action and is an agonist of 

nicotinic acetylcholine receptors (Ulens et al., 2019), which has raised concerns around the potential 

impacts of expsoure to insect pollinator health (Brown et al., 2016; Linguadoca et al., 2021; Siviter & 

Muth, 2020), and consequently there is a pressing need to understand the comparative toxicity of this 

neuroactive insecticide. 

I mirrored the concentrations between imidacloprid (I) and sulfoxaflor (S) in order to facilitate 

direct comparisons of the two insecticides, and exposed individual workers via a spiked nectar 

substitute (40% w/w sucrose/water solution). For experiment 1, I examined the probability of survival 

and immobility (collectively termed ‘responsiveness’) when exposed to pesticide concentrations of 

150 µg/L (termed I150 & S150). This concentration falls within the wide range of previously calculated 

imidacloprid LC50 values for bees over similar exposure periods (Mommaerts et al., 2010; Suchail et 
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al., 2000, 2001), and neonicotinoid concentrations over this level can be experienced in agricultural 

fields (Zioga et al., 2020), especially immediately following pesticide application (Tapparo et al., 2012), 

and can accumulate to such levels inside colonies (Ellis et al., 2017; Mullin et al., 2010). For experiment 

2, I examined movement and walking behaviour in response to concentrations of either 40 µg/L 

(termed I40 & S40) or 10 µg/L (termed I10 & S10), which represent sublethal concentrations of 

imidacloprid that have been found in pollen and nectar of treated plants and within bee material 

(Blacquière et al., 2012; Bonmatin et al., 2015; Botías et al., 2015; Mitchell et al., 2017; Zioga et al., 

2020). For experiment 3, I examined flight behaviour in response to 10 µg/L. Due to its comparatively 

shorter time as a commercial option, considerably less is known about concentrations of sulfoxaflor 

present in the environment. However, recent studies examining the nectar and pollen of a variety of 

treated crops after application at label recommended rates have found sulfoxaflor residues regularly 

above the 10 µg/L concentration used in this study, and above 150 µg/L when applied close to 

blooming period, highlighting that the chosen concentrations represent both realistic and 

conservative exposures (EFSA et al., 2019; EPA, 2019; Jiang et al., 2020; Linguadoca et al., 2021). In 

each experiment I focused on oral pesticide exposure since evidence suggests this is often the most 

relevant and the most conservative approach for bees (Heard et al., 2017). 

Separate stock solutions (100 mg/L) were prepared by taking dry powder forms of 

imidacloprid (Sigma-Aldrich, Pestanal; 100% purity) and sulfoxaflor (Dr Ehrenstorfer GmbH; 99.4% 

purity) and dissolving in acetone, with these stock solutions then stored at -80oC between 

experiments. Pesticide working solutions were made by diluting the respective pesticide stock solution 

in 40% w/w sucrose/water solution. For each experiment, the control working solution consisted of 

40% w/w sucrose/water solution with an identical concentration of acetone added to that which was 

used in the pesticide working solutions. All dilutions were carried out in light restricted rooms with 

containers wrapped in foil to prevent light degradation (Soliman, 2012). Working solutions were made 

directly prior to each experiment. For experiment 1 & 2, a sufficient number of feeding tubes to cover 

the duration of the experiments were aliquoted. For experiment 3, a sufficient number of falcon tubes 

to cover the duration of the experiment were each individually filled with enough working solution for 

one days’ worth of trials. These working solutions were stored in a cardboard box to prevent light 

degradation and were frozen at -20oC, with the required number for use being removed and defrosted 

on the morning of each trial. 
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4.2.3 | Rationale for temperatures tested 

Biological rates respond to temperature change in a non-linear fashion (Huey & Stevenson, 

1979), hence I avoided selecting evenly spaced temperatures. Instead, each experiment was 

conducted across a low (21oC), mid (27°C) and high (30oC) temperature based on the reported thermal 

performance of B. terrestris workers in Chapter 3, which used the same flight mill setup described in 

experiment 3 of the current study. The mid temperature represents peak performance (when 

considering motivation to fly and flight endurance), with low and high temperatures representing an 

approximate 25% performance reduction either side (Chapter 3 – Figure 3.11). This temperature range 

is also realistic of air temperatures experienced by temperate bee species during the summer months 

(Fick & Hijmans, 2017; Hooker et al., 2018). 

 

4.2.4 | Experiment 1: Survival & responsiveness  

Experimental Protocol 

On arrival and for each of five colonies, 81 workers were removed under red light and cooled 

at 4oC to decrease activity for easy handling. The age or previous activity of workers within the nest 

was unknown. Workers were then distributed into 340 ml circular plastic feeding cages (base 

dimensions = 110 mm diameter, 60 mm depth), with each cage containing three workers from the 

same natal colony (27 cages per colony; total = 405 bees across all colonies). Based off visual 

inspection, I ensured each feeding cage contained workers spanning a range of body sizes and 

consequently there was no difference in intertegula span (ITS; proxy for body size) mean (ANOVA: p > 

0.1 for all pairwise comparisons) or variance (Bartlett’s K2 = 5.49, df = 8, p = 0.70) between treatments. 

Using groups of three workers is consistent with previous chronic exposure tests using feeding cage 

designs (e.g., Heard et al., 2017) and reflects the social nature of Bombus terrestris, allowing social 

contact even if one worker died. Feeding cages had a ventilated lid, circular piece of filter paper 

(diameter = 100 mm) on the floor to soak up any sucrose solution spillage and bee excrement, and 

two holes on opposing sides in which perforated Eppendorf ‘feeding’ tubes were inserted to provision 

set volumes of the sucrose solution.       

Using a factorial experimental design, I evenly assigned feeding cages to a chronic pesticide 

exposure (untreated, I150 or S150) and temperature (low, mid or high) combination, resulting in nine 

treatments and 15 feeding cages (n = 45 workers) examined in total per treatment. For each colony, a 

further nine workers were then removed and distributed evenly across three reserve cages (same 

design as feeding cages), with one cage assigned to each temperature. All cages (feeding and reserve) 

were initially provisioned with two feeding tubes each containing 1.5 ml of untreated sucrose solution 
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and were moved to their respective controlled temperature chamber before the end of the first day 

to allow acclimation. The following morning (06:00-07:00), feeding cages were inspected and if any 

workers had died these were replaced by workers taken from reserve cages of the corresponding natal 

colony and temperature. Directly following this (07:00-08:00), each cage had its feeding tubes 

replaced with tubes each containing 1.5 ml of assigned sucrose solution treatment. These tubes were 

subsequently replaced every 48 hours and collectively weighed before and after use to calculate 

average consumption rates per treatment, with the filter paper in each cage replaced at the same 

time.  

Workers were exposed to their respective treatments for 144 hours whilst held under red light 

throughout. Feeding cages were monitored every 12 hours (07:00-08:00 and 19:00-20:00) using the 

following protocol: 1) the cage was tapped gently three times, and individuals observed walking (clear 

movement of both thorax and legs) within the following 10 seconds were recorded as ‘mobile’; 2) 

individuals that did not walk were turned onto their back using a pair of metal forceps via the hind leg 

and monitored for 30-seconds. If the individual successfully self-righted within this time then it was 

recorded as ‘mobile’, but if unable it was classed as ‘immobile’; 3) any ‘dead’ individuals were 

recorded, transferred to an Eppendorf tube, and frozen (-20oC); 4) any individual classed as immobile 

was righted using forceps and left in the feeding cage so they could be further monitored. A bee was 

never observed to revert from being immobile to mobile during the course of the trials. Two distinct 

datasets were subsequently produced that outlined the time to event for every individual bee when 

classifying the event as either: i) death, or ii) unresponsiveness. ‘Unresponsive’ is here defined as a 

worker being either immobile or dead, whichever occurred first. 

On days where sucrose solution was replenished, monitoring was conducted beforehand. 

After the last monitoring event all workers were placed in separate Eppendorf tubes and frozen (-

20oC). As in Chapter 2, ITS was here used as a proxy for body size instead of body mass, because 

workers were frozen the day after being removed from food due to logistical reasons, and therefore 

taking mass measurements may not be reliable indicators of body size due to starvation. ITS (accuracy 

0.01 mm) was taken using a digital calliper (Workzone 150 mm), with the mean of three repeated 

measurements being used in data analysis (Cane, 1987; Greenleaf et al., 2007). 

 

4.2.5 | Experiment 2: Walking & consumption 

On arrival and for each of nine colonies, 90 workers were removed using long forceps, placed 

on ice to cool and immobilise (Okubo et al., 2020), and subsequently had a small (diameter = 2mm) 

circular uniquely numbered plastic tag (Abelo Ltd) attached to the thorax using superglue. Tagged 
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workers were then placed in separate plastic pots for 60 minutes to rest before being returned to their 

natal colony. The age or previous activity of workers within the nest was unknown. 

Following a factorial experimental design, workers were placed in feeding cages assigned to a 

chronic pesticide exposure (untreated, I40, I10, S40, or S10) and temperature (low, mid or high) 

combination, resulting in 15 treatments. Feeding cage setups were the same as in experiment 1, each 

having three workers from the same natal colony with pilot studies supporting this decision (see 

Appendix C for support). However, this time only a single hole was present for the provision of a 2 ml 

perforated Eppendorf feeding tube, which was deemed sufficient based off pilot experiments as 

feeders were replaced every 24 hours instead of 48 hours (see Appendix C for support). With tagging 

being time consuming and pilot data suggesting no effect of tags on behaviour, workers were 

distributed such that each feeding cage consisted of two tagged and one non-tagged worker allowing 

every worker to be uniquely identifiable. As in experiment 1, I ensured each feeding cage contained 

workers spanning a range of body sizes resulting in no significant difference in dry mass mean (ANOVA: 

p > 0.1 for all pairwise comparisons) or variance (Bartlett’s K2 = 23.4, df = 14, p = 0.054) between 

treatments. 

The experiment was run in two blocks in a staggered manner, with 810 workers tested in total 

across the 15 treatments. In the first block, one feeding cage (n = 3 workers) per colony was used for 

each treatment from eight of the nine colonies, resulting in eight cages per treatment (n = 24 workers). 

For the second block, which started 2 days after the completion of the first block, for each of the 

original eight colonies one feeding cage was again used for each treatment, but two feeding cages 

were used for each treatment from the ninth colony. This resulted in 10 feeding cages per treatment 

for the second block (n = 30 workers). This staggered design was implemented to ensure there was 

always an even number of feeding cages within each treatment in each block, which facilitated a more 

efficient use of time as feeding cages were filmed in pairs. 

Feeding cages were provisioned with a feeding tube containing 2 ml of untreated sucrose 

solution and moved to their respective controlled temperature chamber before the end of the first 

day. The following morning, feeding cages were inspected for any dead workers and these were 

replaced by healthy workers from reserve cages of the corresponding natal colony and temperature 

following the same protocol as was outlined for experiment 1. After letting workers settle for 4 hours, 

‘pre-exposure’ recordings were taken by filming feeding cages to establish baseline worker behaviour. 

Cages were filmed in pairs using a Panasonic HC-V160 video camera held in a support stand (Figure 

4.1), with a ruler included in each video to allow calibration of distances in later analysis (see Appendix 

C for support). Videos were taken under two sequential stimulation scenarios: i) First a ‘no-

stimulation’ trial where cages were filmed under red light; ii) followed by a ‘light-stimulation’ trial, 
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where cages were filmed after they were transitioned into a full spectrum white light environment 

provided by a height adjustable LED lamp (SCHOTT AG). The cages being filmed were surrounded by a 

circular border (height = 40 cm), and the lamp was directed down at the pots so that all surrounding 

cages not being filmed at that time were not exposed to the white light. Video recordings started 10 

seconds after switching on the lamp, thus allowing a period of time for workers to respond to the 

stimulus. For both stimulation scenarios, behaviour was recorded for 30 seconds. The no-stimulation 

scenario videos were taken first, starting with the low temperature treatments, followed by the mid 

temperature treatments and finally the high temperature treatments. The entire process of filming all 

cages for the no-stimulation trials took ca. 90 minutes, with the light-stimulation filming starting 

immediately after and repeating the same treatment order. At the start of every video recording, the 

position of each worker ID was mapped, which was then cross-referenced with the video file when 

analysing behaviour.  

On finishing the ‘pre-exposure’ video recordings, the feeding tube for each cage was replaced 

with a tube containing 2 ml of assigned treatment sucrose solution treatment, which was weighed 

prior to being provisioned. After 20 hours post onset of exposure, cages were monitored, and workers 

were classified as either alive or dead. Dead workers were removed from their respective cages, 

placed in separate Eppendorf tubes, and frozen (-20oC). Feeders were then replaced, with the mass of 

both the new and used feeders being recorded. After four hours (24 hours since onset of exposure), 

filming of cages began under the two stimulation scenarios as described for the pre-exposure 

recordings. This protocol of removing any dead workers, replenishing feeders, and video recording 

cages, was repeated every 24 hours, with the last recording made 120 hours post onset of pesticide 

exposure. On day 6, workers were checked to classify as dead or alive, feeders were removed and 

weighed, and cages were frozen (-20oC). Dry mass was obtained for each frozen worker by placing in 

an oven at 80oC for 48 hours, with tag mass (standard weight of 0.003g after oven heat) subtracted 

when applicable. 
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Figure 4.1. Experiment 2: a) diagram of camera setup and b) two pots could fit in frame whilst allowing clear 

view of each worker within each pot. 
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For both the ‘no-stimulation’ and ‘light-stimulation’ scenarios, an initial round of monitoring 

was carried out on the video recordings covering the first 96 hours of the trials. Videos were examined 

within the video tracking software Kinovea (version 0.8.15) and a set of key behaviours were recorded 

for each individual over a specific time window. For the no-stimulation scenario this time window was 

20 seconds running from 4 - 24 seconds into each video, whereas for the light-stimulation it was 15 

seconds running from 4 - 19 seconds into each video due to some videos being cut below 24 seconds 

duration through technical issues. Using these particular timeframes gave buffer zones of a few 

seconds duration at the start and end to account for any shaking of the video that could potentially 

occur from touching the camera to start and end the recording. During this time window, each 

individual was visually observed and assessed using the following ethogram:  

1) Walking: movement of a leg to a new position accompanied by movement of the thorax. This 

movement has to be by the bee’s own accord, for example if a bee only moves because 

another bee has knocked in to it, then no walking is recorded at that point. 

2) Flight: rapid beating of wings followed by movement up the side of the pot (where legs are 

allowed to be touching the surface of the pot wall) or across the pot (where legs must be off 

the floor of the pot). 

3) Feeding: proboscis extension towards the feeding hole in the Eppendorf feeder (proboscis 

extension easily identifiable as feeding hole was on upper side of Eppendorf feeder). 

4) Movement: displaying any of walking, flight, or feeding behaviours. 

Following this initial round of monitoring, a more in-depth round of ‘walking tracking’ was 

carried out for the ‘no-stimulation’ scenario on the video recordings covering the first 72 hours of the 

trials (N.B. walking tracking was not conducted for the ‘light-stimulation’ scenario due to the highly 

elevated flying rates; N.B. walking tracking not done at 96 hours due to time constraints). The initial 

monitoring round was carried out on original MP4 videos produced directly from video recordings, 

which had a rate of 25 frames per second (fps), whereas the walking tracking round was carried out 

on condensed 6.25 frames per second AVI videos that were produced using a bespoke MATLAB script 

(version R2020a). The higher quality 25 fps videos allowed easier detection of movement in the initial 

monitoring round, whereas the condensed 6.25 fps videos facilitated a dramatic reduction in time 

taken to track individual workers without suffering a significant loss in tracking accuracy (see Appendix 

C for support). Using the tracking functionality within the Kinovea software, each individual had its 

total distance walked (cm) through the arena assessed over the same 20-second time window used 

during the monitoring round outlined above (Figure 4.2; see Appendix C for full protocol). Tracking 

was paused when an individual was either not fully visible (i.e., when it had crawled under the filter 

paper), when it was flying, or when it was feeding, and the duration of these events was recorded for 



Chapter 4 | Environmental temperature modulates pesticide effects on bee activity and survival 

 

107 
 

each individual. A coordinate output text file was generated for each worker, from which a measure 

of walking distance (cm) was calculated by creating a SpatialLines object in R v3.6.2 (R Core Team, 

2019) and using the SDraw package (McDonald & McDonald, 2020) to determine the objects length. 

Walking rate (cm/s) was calculated as the total walking distance (cm) divided by the duration the bee 

was visible (i.e., above the filter paper) and not flying or feeding (s). Walking speed (cm/s) was 

calculated as the total walking distance (cm) divided by the total duration the bee actually walked 

during the 20-second recording period (s). To calculate the duration an individual bee walked, its 

coordinate text file had all frames extracted in which the individual moved, classed as all the frames 

where there was a change in the tracking coordinates (in either the x or y plane) relative to the 

previous frame. As the duration of each frame was known to be 0.16 seconds, the duration each bee 

walked could thus be calculated by multiplying the number of frames by 0.16 seconds.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Experiment 2: Example walking paths for a set of three workers from a feeding cage in each of: a) 

Control, b) I40, and c) S40 treatments at the low temperature at the 24-hour time point.   

a) 

b) c) 
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4.2.6 | Experiment 3: Flight distance & speed 

This experiment was run in two consecutive blocks, with each block following the same 

protocol and using three colonies each containing ~150 workers (total = 6 colonies). During the three 

days following colony arrival, 120-125 workers per colony were randomly removed, placed on ice to 

lower activity (Okubo et al., 2020), and a small circular galvanized iron tag (diameter = 2 mm) was 

attached using super glue to the centre of each worker’s thorax (allowing later attachment to the flight 

mill magnet) following the protocol described in Chapters 2 & 3. Each tagged worker was then allowed 

to rest in a separate plastic pot for 60 minutes before being returned to their natal colony. The leading 

edge of the tag was placed so that it touched the back of the thoracic stripe, in order to ensure wing 

movement was unimpeded. For any substandard tag placement, the respective bee was removed 

from the experiment (< 2% of bees).  

Workers remained in their natal colonies until being removed for flight tests. All workers were 

naïve fliers as they had not previously left the colony box. Flight testing was run in bouts, with 3 or 4 

bouts run daily. Each bout consisted of six workers (two workers per colony) tested in parallel on 

individual flight mills using the apparatus described and justified in Chapter 3.  Flight mills were setup 

in a separate CE ‘testing’ room to where colonies were housed, set at the respective experimental 

ambient temperature, and had the option of being under red or white light.  

When removing workers from their natal colony for testing, each was assigned to an acute 

pesticide exposure (untreated, I10 or S10) and temperature (low, mid or high) combination, resulting 

in nine treatments with 60 workers tested per treatment pooled across both blocks (10 workers per 

colony). To ensure there was an equal distribution of worker body sizes across treatments, workers 

were assigned based on their wet mass directly following removal from the natal colony, resulting in 

no significant difference in dry mass mean (ANOVA: p > 0.1 for all pairwise comparisons) or variance 

(Bartlett’s K2 = 6.31, df = 8, p = 0.61) between treatments. No two workers from the same natal colony 

were assigned the same treatment when in the same bout, and each colony and each treatment were 

tested an equal number of times on each of the six different flight mills. Temperature treatments were 

tested on a daily rotational basis (i.e., Day 1 = low, Day 2 = mid, Day 3 = high, then repeat; see Table 

C2 for schedule of tested workers).  

Prior to flight testing, each worker was placed inside a self-contained Perspex feeding tube 

with one end sealed using a mesh, as described in Chapter 3. Each worker was left to acclimatise for 

2 minutes, immediately after which a droplet (minimum 100 mg) of the untreated or treated (I10 or 

S10) sucrose solution was presented on a cover slip on the outer side of the mesh allowing the bee to 

reach the droplet with its antennae and proboscis. Following the same protocol as Chapter 3, the 
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cover slip and droplet were presented for 5-minutes and were weighed immediately before and after 

this presentation period to calculate the mass of sucrose solution consumed. With workers varying in 

the mass consumed over the 5-minute period, I produced a ‘mass-specific consumption’ value per 

worker, calculated as the total mass of sucrose consumed (mg) per unit of body mass (mg of dry mass). 

Feeding trials were run in the same 21°C room that natal colonies were housed in, and any possibility 

of cross-contamination was eliminated by using feeding tubes exclusive to a treatment. Any bees 

observed not to feed within the 5-minute feeding period (n=22) or were visibly unhealthy or possessed 

damaged wings (n=3) were removed from further testing. Additionally, there were mill technical issues 

for six workers resulting in these also being excluded from the analyses (Table C3). 

Once the feeding trial had ended, workers were removed from their respective feeding tubes, 

placed into separate plastic holding pots (120 mL), and transferred to the testing CE room set to the 

treatment temperature (total of 509 workers tested). Still under red light, each bee was left to rest 

inside the pot for 5 minutes and immediately after was removed and magnetically tethered to its 

respective flight mill. As previously described in Chapter 3, counterweights were used to balance the 

mill against the weight of the bee. Once tethered, the room was switched to white light and a support 

stand was used to hold the bee in place for a 10-minute period to allow metabolism of the ingested 

pesticide (Chapter 2; Suchail et al., 2004), after which the support stand was removed to stimulate 

flight. The flight trial protocol was identical to that described in Chapter 3, with the exception that 

trials were capped at a 90-minute time limit, at which point the trial was terminated. However, if a 

worker reached its third strike before this 90-minute point, then its flight trial was immediately 

terminated. The 90-minute cap was implemented because the results from Chapter 3, which included 

the three tested temperatures used in the current study, showed that > 90% of bees did not fly past 

this duration. The cap therefore improved experimental logistics by providing a known endpoint, 

without compromising the ability to address hypotheses. Once the flight trial was terminated, each 

bee was untethered from the mill, placed in a labelled Eppendorf tube, and frozen at -20°C. This was 

followed by a measure of dry mass by weighing the worker after oven warming at 80oC for 48 hours. 

Workers were weighed with their metal tag attached, which did not bias any of the body mass 

measurements as tags were of standardised mass (18±0.1 mg).  

Flight data was initially screened to check if any trial ran past 90 minutes, and if so the data 

was cut at the 90-minute point. Following the same process as was carried out for Chapter 3, flight 

data for all trials was then filtered to remove strike and orientation circuits along with buffer circuits 

either side of these (three preceding and five following circuits). All 509 bees tested on the flight mills 

initiated flight (classified as beating wings and rotating mill at least once). However, following the data 

filtering process there were 13 bees that had a ‘filtered’ flight distance of zero metres, which equated 
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to just 2.5% of all bees tested on the flight mills. The 496 bees that had a filtered flight distance > 0 m 

(termed ‘positive fliers’) were used in data analysis.  

 

4.2.7 | Data analysis 

All statistical analyses were conducted in R v3.6.2 (R Core Team, 2019).  

 

4.2.7.1 | Experiment 1 

The Cox proportional hazards model (Therneau, 2020) was used to conduct two separate 

event analyses, investigating the effect of pesticide, temperature, and associated interaction on the 

probability of i) death, and ii) responsiveness over time. For both event analyses, Firth’s penalised 

maximum likelihood bias reduction method was implemented using the ‘coxphf’ package (Heinze et 

al., 2020), due to some treatment combinations having zero events throughout the 6-day trial. Natal 

colony was included as an additional covariate to account for inherent differences between colonies. 

Examination of Schoenfeld residuals showed that the assumption of proportional hazards was 

supported for all independent variables across both event analyses. Hazard ratios (ratio of the 

probability of the event occurring in the exposed versus control group), are reported for each 

pesticide-temperature combination. A hazard ratio of 1 indicates no detected association, whereas >1 

indicates a pesticide is positively associated with the event probability. Kaplan-Meier curves were 

produced using the ‘survminer’ package (Kassambara et al., 2020) to show event probability over the 

6-days. 

To account for workers dying during the trial, for each pesticide-temperature treatment the 

mass of sucrose consumed (g) over each 48-hour period was divided by the number of bees that were 

alive at the end of the 48-hour period to get a proxy for mean sucrose consumption per bee (g / 48 

hrs). Pooling data across temperatures, a linear mixed effects model was then used to examine 

consumption with respect to pesticide, whilst including pesticide-temperature combination as a 

random effect to account for repeated measures over time.  

 

4.2.7.2 | Experiment 2 

Statistical analyses were conducted using the “lme4” (Bates et al., 2015) package, with results 

reported using the package “lmerTest” (Kuznetsova et al., 2017) and pairwise contrasts using the 

Tukey method to account for multiple testing performed with the package “lsmeans” (Lenth, 2016). 

Diagnostic residual plots were examined using the “DHARMa” package (Hartig, 2021) to ensure 

models met all assumptions. Please see Appendix C for model selection process. 



Chapter 4 | Environmental temperature modulates pesticide effects on bee activity and survival 

 

111 
 

Likelihood of movement  

The likelihood of movement for the no-stimulation and light-stimulation data were examined 

separately, fitting generalised linear mixed models under a binomial family distribution (moved = 1, 

didn’t move = 0). Data was analysed for all live bees, with any bees not visible during the recording 

period (due to crawling under the filter paper) being excluded.  

Models were fit with separate random intercepts, including bee ID to account for repeated 

measures of each individual over time, and feeding cage ID to account for inherent colony level 

differences as well as for non-independence of the response variable between workers in a given 

feeding cage (as one worker’s behaviour can potentially influence the others). Colony ID was not 

retained as a random effect in the model to prevent overfitting and because the variance was close to 

zero. Models were fit for each pesticide examining the main effects of temperature, time, and the 

interaction between these two categorical variables, with dry body mass removed as it was a non-

significant term and inclusion did not significantly improve model explanatory power. Modelling time 

as a categorical predictor allowed comparison of the likelihood of movement after each of 24, 48, 72, 

and 96 hrs against the pre-exposure likelihood, with the interaction with temperature allowing 

examination into whether the effect of pesticide differed between the three temperature treatments 

at each time point.  

Walking Rate  

For walking rate (cm/s), I fitted linear mixed effects models under a Gaussian distribution, with 

bee ID and feeding cage ID again included as random intercepts. Models were fit for each pesticide 

examining the main effects of temperature, time, and the interaction between these two categorical 

variables, with dry mass included as a continuous covariate. For each model the response variable of 

walking rate was transformed according to Box-Cox estimates calculated through the ‘EnvStats’ 

package (Millard, 2013), which resulted in a square root transform in all instances except when 

examining I40 for which the response variable was raised to the power 0.8. Visualisation of walking 

speed (cm/s) across treatments showed almost identical patterns to walking rate and so was not 

statistically analysed (Figure C4).  

Sucrose Consumption  

I calculated per capita consumption rate of sucrose solution per 24-hour period by taking the 

total mass of sucrose consumed divided by the number of bees alive in the respective feeding cage at 

the end of the respective 24-hour period. To examine the effects of treatments, I fitted a generalised 

linear mixed effects model under a Gaussian distribution, with the response variable square-root 
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transformed so that residual distributions met model assumptions. Consumption was examined with 

respect to the main categorical predictors of pesticide, temperature, and time, as well as pesticide x 

temperature and pesticide x time interactions. I included feeding cage ID as a random intercept, with 

the slope of the relationship between time and sucrose consumption allowed to vary between feeding 

cages to account for repeated measures over time. Colony ID was included as a random intercept to 

explicitly account for inherent colony level differences.  

 

4.2.7.3 | Experiment 3 

Flight Metrics 

For each positive flier (n = 496), I calculated total distance (m) and duration (s) flown over the 

whole flight test. Visualising the rate of flight termination along with the velocity flown by workers 

over time (Figure 4.11), I found distinct patterns of flight over the course of the trials. Subsequently, 

mean and maximum flight velocity (m/s) were determined for each bee over four periods of flight: i) 

0-100m; ii) 100-500m; iii) 500-1000m; and iv) 1000-2000m (see Appendix C for details).  

Models 

All statistical packages in R used in experiment 2 were also used here. For all analyses of flight 

distance (m), mean velocity (m/s), and maximum velocity (m/s), generalised linear mixed effects 

models were fit under a gamma family with log link function due to skewed error distributions. 

Analyses were performed on all ‘positive’ fliers (flew > 0 m after filtering) rather than just ‘successful’ 

fliers (flew > 100 m) as was done in Chapters 2 & 3. This decision was made because the temperatures 

tested in this study were decided upon based on the temperature-mediated foraging potential metric 

in Chapter 3, which is a metric that incorporated both the proportion of bees that ‘successfully’ flew 

and the mean flight distance of the bees that ‘successfully’ flew. To explore essentially the same metric 

here without splitting the data and running multiple analyses, the analysis in the current chapter was 

performed on all ‘positive’ fliers. However, to further explore the dynamics of flight, I ran analyses 

examining the likelihood of flying past two ‘milestone’ distances, 100m and 1000m, by fitting 

generalised linear mixed effects models under a binomial family distribution (flight surpassing 

milestone distance = 1, flight not reaching milestone distance = 0). All models were initially 

constructed considering the main effects of pesticide, temperature, dry body mass, mass-specific 

consumption and the interactions pesticide x temperature, pesticide x dry mass, temperature x dry 

mass, and pesticide x mass-specific consumption, with pesticide and temperature modelled as 

categorical variables and dry mass and mass-specific consumption modelled as continuous variables. 
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Additionally, colony ID was included as a random intercept to account for inherent colony level 

differences. Models were then simplified through stepwise removal of non-significant terms, checking 

after each removal that the simplified model had not significantly decreased in explanatory power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Overview of the setups, treatments, sample sizes, response variables measured and key results for 

the three reported experiments. Thermometers represent the three temperatures tested  (blue = low[21]oC), 

orange = mid[27]oC, red = high[30]oC). If the insecticide (IMD = imidacloprid, SFX = Sulfoxaflor) did have an 

observed impact on the response variable, then we provide the temperatures at which there was an effect in 

the final two columns (e.g., blue thermometer = observed effect at low temperature), and we also indicate 

whether there was evidence of a negative (-ve) or positive (+ve) temperature coefficient (e.g., evidence of a 

significantly greater effect at the lower compared to higher temperatures). The      symbol indicates no effect 

of the insecticide on the response variable at any temperature. Experiment 1 (panel a) was conducted solely 

under red light, experiment 2 (panel b) had both a no-stimulation (red light) and light-stimulation (white light) 

scenario, and experiment 3 (c) had flight responses measured under white light. Note that the likelihood of 

movement results refer to the no-stimulation scenario rather than the light-stimulation scenario to allow 

comparison with walking rate results that were under a no-stimulation scenario.   

Methods Respons Results 
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4.3 | Results  

4.3.1 | Experiment 1: Survival & responsiveness  

4.3.1.1 | Survival 

For non-exposed bees, temperature had a significant impact on survival, with the risk of death 

being identical at the mid compared to the low temperature (Hazard Ratio (HR) = 1, p = 1), but being 

around nine times higher at the high compared to the low and mid temperatures at any point in time 

(HR = 9.52, p = 0.048). However, when considering bees exposed to imidacloprid, the greatest risk of 

death was found in bees kept under the low temperature, where exposed bees were 14 times more 

likely to die compared to non-exposed bees (Figure 4.4 & 4.5). Whilst imidacloprid expsoure led to a 

significantly increased risk of death at the low temperature (HR = 14.10, p = 0.010), the same effect 

was not seen at either the mid (HR = 5.18, p = 0.22) or the high (HR = 0.76, p = 0.70) temperature, with 

the risk of death from imidacloprid significantly greater (~19 times higher risk) at the low temperature 

compared to the high temperature (HR = 0.054, p = 0.027). Contrastingly, there was no detected effect 

of sulfoxaflor on the risk of death at any temperature (Figure 4.5). 

 

4.3.1.2 | Responsiveness 

Imidacloprid exposed bees were found to be 113 and 16 times more likely to become 

unresponsive (defined as dead or immobile) compared to controls at the low (HR = 112.54, p < 0.001) 

and mid (HR = 15.85, p = 0.005) temperatures respectively (Figure 4.4 & 4.5). However, I detected no 

significant effect of imidacloprid compared to controls at the high temperature (HR = 1.01, p = 0.99). 

Consequently, the risk of unresponsiveness from imidacloprid was significantly greater at the low (HR 

= 0.009, p < 0.001) and mid (HR = 0.064, p = 0.033) temperatures compared to the high temperature. 

As there was only one instance of a sulfoxaflor treated bee being classed as immobile, the 

responsiveness results mirrored those when examining survival, with no detected effect of sulfoxaflor 

on the risk of becoming unresponsive at any temperature (Figure 4.5). 

 

4.3.1.3 | Sucrose consumption 

Imidacloprid exposed workers appeared to continually feed less than control and sulfoxaflor 

treated workers across the duration of the trial at all temperatures (Figure 4.6a). When pooled across 

all temperatures and time points (to provide adequate sample size for statistical analysis), 

imidacloprid exposed workers were found to have fed significantly less relative to control workers (t 



Chapter 4 | Environmental temperature modulates pesticide effects on bee activity and survival 

 

115 
 

= -3.78, p = 0.009; Figure 4.6b). In contrast, sulfoxaflor exposed workers showed no detectable 

difference relative to control workers (t = -0.08, p = 0.94; Figure 4.6b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Experiment 1: Kaplan-Meier survival curves showing the probability of a) survival and b) 

responsiveness every 12 hours over the 144-hour trial period for each temperature-pesticide treatment. Note 

that in both panels the control and sulfoxaflor lines overlap for the majority of the plot at the low and mid 

temperature whilst there were no events. Confidence intervals are omitted to allow clear distinction between 

treatment lines. There were 15 feeding cages (n = 45 workers) examined in total per treatment.   

a) 

b) 
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Figure 4.5. Experiment 1: Forest plot showing the hazard ratios (HR) of each pesticide at each of the three 

tested temperatures, when considering time to death and time to unresponsiveness. Dashed lines either side 

of points represent 95% confidence intervals.  
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Figure 4.6. Experiment 1: Sucrose consumption per 48-hour period for each pesticide-temperature treatment: 

a) plotted cumulatively over the 144-hour period; and b) averaged over the 144-hour trial with associated 

standard error.   

a) 

b) 
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4.3.2 | Experiment 2: Walking & consumption 

As expected, due to sublethal pesticide concentrations being tested, mortality was low in all 

pesticide treatments across all temperatures over the 6-day trial, with never more than three deaths 

out of 54 total workers per treatment (Table C4).  

 

4.3.2.1 | Likelihood of movement 

When pooled across all treatments and time points, the likelihood of movement in the no-

stimulation and light-stimulation scenario was 69.1% and 68% respectively, and the likelihood of 

workers to initiate flight was 16.1% and 25.3% respectively. 

Under the no-stimulation scenario (see Tables C5 to C9 for all results tables), workers exposed 

to I10 at the low temperature had a significantly reduced likelihood of movement after 72hrs (GLMER: 

z = -3.38, p = 0.006) and 96hrs (z = -3.47, p = 0.005) relative to pre-exposure responses (Figure 4.7a). 

However, there was no detectable effect of I10 on the likelihood of movement at the mid or high 

temperature at any time point (p > 0.08 in all cases). Workers exposed to I40 demonstrated a 

significantly reduced likelihood of movement at all time points at low and mid temperatures, except 

after 48hrs at the mid temperature (z = -1.44, p = 0.60), with the effect of I40 after 48hrs of exposure 

being significantly greater at the low relative to the mid temperature (z = 2.07, p = 0.038). At the high 

temperature, a reduced likelihood of movement was not observed until 96hrs after exposure (z = -

2.98, p = 0.024), with the effect of I40 at the low temperature significantly more severe after both 

24hrs (z = 2.16, p = 0.031) and 48hrs (z = 2.31, p = 0.021) of exposure relative to the high temperature.   

Under the light-stimulation scenario (see Tables C10 to C14 for all results tables), workers 

exposed to I10 at the low and mid temperatures had a significantly reduced likelihood of movement 

after 72hrs (low: z = -4.04, p < 0.001; mid: z = -3.15, p = 0.016) and 96hrs (low: z = -4.14, p < 0.001; 

mid: z = -3.72, p =0.002) relative to pre-exposure responses (Figure 4.7c). Workers exposed to I10 at 

the high temperature had a significantly reduced likelihood of movement only after 96hrs of exposure 

(z = -2.95, p = 0.027), with the effect of I10 after 72hrs of exposure being significantly greater at the 

low relative to the high temperature (z = 2.37, p = 0.018). Workers exposed to I40 demonstrated a 

significantly reduced likelihood of movement at all time points at all temperatures, except after 24hrs 

at the mid temperature (z = -2.49, p = 0.09), with no detectable significant difference in the effect of 

I40 across the temperature range (p > 0.06 in all cases). 
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Considering both the no-stimulation and light-stimulation scenarios, there were no detectable 

effects of either S10 or S40 on the likelihood of movement at any temperature (p > 0.17 in all cases; 

Figure 4.7a,c).  

 

4.3.2.2 | Walking rate 

After 24 hrs, workers from the I10 treatment at the low temperature significantly increased 

their walking rate compared to pre-exposure levels (LMER: z = 2.83, p = 0.026), with this effect 

lessening in magnitude as the experiment progressed (Figure 4.7b). However, workers exposed to I10 

at mid and high temperatures showed no detectable change in walking rate over the course of the 

trials (p > 0.58 in all cases). After 24 hrs, workers from the I40 treatment significantly increased their 

walking rate compared to pre-exposure levels at low (LMER: z = 3.73, p = 0.001) and mid (z = 3.03, p = 

0.014) temperatures, with this effect again lessening in magnitude as the experiment progressed 

(Figure 4.7b). In contrast, I40 workers at the high temperature showed no detectable change in 

walking rate over the course of the trials (p > 0.57 in all cases). Accordingly, the effect of I40 on walking 

rate after 24hrs was significantly greater at the low relative to the high temperature (t = -2.06, p = 

0.040). There was no detectable effect of S10 on walking rate at any temperature (p > 0.36 in all cases), 

but S40 workers showed a significantly increased walking rate after 24 hours of exposure (LMER: z = 

3.38, p = 0.005), with this effect then being lost after further exposure (Figure 4.7b; see Tables C15 to 

C19 for all results tables). 
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Figure 4.7.  Experiment 2: Movement results showing a) the proportion of bees that moved at each 24-hour 

monitoring period over the 96-hour trial period in the no-stimulation scenario; b) walking rate (cm/s) of bees 

that initiated walking at each tracking period over the 72-hour trial period in the no-stimulation scenario; and 

c) the proportion of bees that moved at each 24-hour monitoring period over the 96-hour trial period in the 

light stimulation scenario. In panels a) & c), error bars represent 95% confidence limits, and in panel b) error 

bars represent standard error. For all panels, the grey dashed line represents the response value for the pre-

expsoure (time = 0 hours) recordings, for easy comparison across the time periods.  
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No Stimulation 

Light Stimulation 
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Figure 4.8. Experiment 2: Per capita consumption rate of sucrose solution per 24-hour period for each pesticide 

treatment at each of a) Low; b) Mid; and c) High temperature. For each feeding cage, the total mass of sucrose 

consumed was divided by the number of bees alive in the cage at the end of the respective 24-hour period (to 

account for dead bees), and then the mean was taken across all feeding cages. Error bars represent standard 

error around the mean. 

a) 

b) 

c) 

Low 

Mid 

High 
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4.3.2.3 | Sucrose consumption 

When pooled over all pesticide treatments, sucrose consumption decreased as temperatures 

got warmer (p < 0.001 for all contrasts; Table C20). Bees exposed to I10 or I40 fed significantly less 

relative to control bees at all temperatures (p < 0.001 in all cases; Figure 4.8). However, the difference 

in consumption between control workers and imidacloprid exposed workers was significantly greater 

at the low temperature relative to mid (LMER: I10: t = 2.26, p = 0.025 & I40: t = 2.78, p = 0.006) and 

high (I10: t = 2.41, p = 0.017 & I40: t = 5.77, p < 0.001) temperatures. 

There was no detectable effect of time on mean consumption for control bees when pooled 

across all temperatures (LMER: t = -0.05, p = 0.96). However, whilst control workers seemed to feed 

consistently over the course of the trials, the consumption rate of imidacloprid exposed bees 

decreased (Figure 4.8), and the slope of the time vs consumption relationship significantly differed 

between control and imidacloprid exposed bees  (I10: t = -3.88, p < 0.001; I40: t = -5.00, p < 0.001). 

Conversely, whilst there was no detectable difference in sucrose consumption between control and 

sulfoxaflor exposed bees at any temperature (p > 0.13 in all cases), the slope of the time vs 

consumption relationship did significantly differ between control and S40 workers (LMER: t = 2.20, p 

= 0.029), with exposed bees feeding more over time relative to controls (Figure 4.8).  

 

4.3.3 | Experiment 3: Flight distance & speed 

4.3.3.1 | Flight distance 

Flight distance at the low temperature for control bees was a mean (± s.e.m.) of 1368.2 ± 

189.6 m (Figure 4.10), with imidacloprid and sulfoxaflor treated bees exhibiting a non-significant 

reduction of 14.9% (GLMER: z = -0.54, p = 0.852) and 8.6% (z = -0.58, p = 0.832), respectively (Table 

C21). Similarly, mid temperature control bees flew a mean (± s.e.m.) distance of 1322.7 ± 202.9 m, 

with imidacloprid treated bees exhibiting a non-significant 5.6% reduction in flight distance (z = -0.53, 

p = 0.859) and sulfoxaflor a non-significant 0.7% increase (z = 0.12, p = 0.992). At the high temperature, 

however, imidacloprid treated bees showed a dramatic and significant 53.2% reduction in flight 

distance (GLMER: z = -3.07, p = 0.006), and sulfoxaflor showed a larger (than previous), although non-

significant, 24.2% reduction (z = -1.42, p = 0.326) relative to control bees that flew 1503.8 ± 192.2 m. 

Accordingly, the negative effect of imidacloprid was greater at the high relative to the mid 

temperature (t = -2.52, p = 0.012). When data was pooled across all treatments, dry mass was a 

significant positive predictor of flight distance (t = 3.23, p = 0.001), and this effect was consistent across 

all temperatures and pesticides (Figure 4.9; Table C21), whereas mass-specific consumption had no 
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detectable significant effect (t = 1.68, p = 0.094). Flight duration was not statistically analysed as 

visualisation of the data showed almost identical patterns to flight distance (Figure C5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Experiment 3: Relationship between dry body mass (mg) and total distance flown (m) for all ‘positive’ 

fliers (i.e., had filtered flight distance > 0 m), split by a) temperature and b) pesticide, with associated standard 

error. 

a) 

b) 
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Figure 4.10. Experiment 3: Mean flight distance (m) for each temperature-pesticide treatment, considering all 

workers that were classed as positive fliers (i.e., had filtered flight distance > 0 m), with associated standard 

error. 

 

 

 

4.3.3.2 | Flight speed 

There was no detectable effect of imidacloprid or sulfoxaflor on either mean or maximum 

velocity (Figure 4.12), and this remained consistent over all three temperatures and all four periods of 

flight (see Tables C22 to C29). When data was pooled across all treatments, dry mass was a significant 

positive predictor of both mean velocity (GLMER: 0-100m: t = 3.68, p < 0.001; 100-500m: t = 2.42, p 

=0.016) and maximum velocity (0-100m: t = 2.89, p = 0.004; 100-500m: t = 2.22, p =0.028) over the 

first 500m of flight, whereas there was no detectable significant effect of mass-specific consumption 

over any period of flight (see Tables C22 to C29).  
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Figure 4.11. Experiment 3: Flight dynamics over time, with horizontal dashed black lines delineating four distinct 

periods of flight (0-100 m, 100-500 m, 500-1000 m, 1000-2000 m). Panels show: a) percentage of bees still flying 

after each period of flight; and mean flight velocity (m/s) averaged over b) all positive fliers pooled across 

treatments and c) all positive fliers split by pesticide treatment. 

b) 

c) 

a) 
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Figure 4.12. Experiment 3: Mean and max velocity (m/s) flown by workers for each temperature-pesticide 

treatment over four distinct periods of flight: a) 0 – 100 m; b) 100 – 500 m; c) 500 – 1000 m; and d) 1000 – 2000 

m. Points are means with standard error bars added.  

 

4.3.3.3 | Likelihood of reaching milestones 

The likelihood of reaching the 100 m milestone did not differ between control and 

imidacloprid treated bees across any of the temperatures (Figure 4.13), which was also found when 

looking at the ability to reach 1,000 m at low and mid temperatures (Table C30 & C31). However, when 

at the high temperature, imidacloprid did significantly reduce the likelihood of reaching 1,000m 

relative to controls (GLMER: z = -2.93, p = 0.009). Accordingly, the negative effect of imidacloprid at 

the high temperature was significantly greater than at the mid temperature (z = -2.02, p = 0.043). 

There was no detectable effect of sulfoxaflor on the likelihood of reaching either milestone distance 

across any temperature (Table C30 & C31). 

c) 

b) 

d) 

a) 
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Dry mass was a significant positive predictor of likelihood to reach the 100 m milestone when 

all data was pooled (GLMER: z = 3.25, p = 0.001), with this effect being consistent across the pesticide 

treatments (Figure 4.13). However, whilst dry mass was still a significant positive predictor of 

likelihood to reach the 1,000 m milestone when all data was pooled (z = 3.77, p < 0.001), the slope of 

the dry mass vs likelihood of flight relationship was significantly less positive for both the imidacloprid 

(z = -2.22, p = 0.027) and sulfoxaflor (z = -2.12, p = 0.034) treatments relative to controls (Figure 4.13). 

There was a positive, but non-significant, effect of mass-specific consumption on the likelihood of 

reaching 100 m (GLMER: z = 1.48, p = 0.138) and 1,000 m (GLMER: z = 1.86, p = 0.063) milestones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Experiment 3: Likelihood of flight over 100 m and 1000 m milestones. For each of the temperature-

pesticide treatments, panels a) and c) show the proportion of bees (with associated 95% CI) that flew over the 

100 m and 1000 m milestone respectively. Panels b) and d) show logistic regression plots (flew under the 

milestone = 0, flew over the milestone = 1) examining the effect of dry body mass (mg) on the likelihood of flight 

over the 100 m and 1000 m milestone respectively, with data split by pesticide treatment. In panels b) and d) 

jitter has been added in the y-plane and confidence intervals have not been plotted around model lines to aid 

visualization. 

a) b) 

c) d) 
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4.4 | Discussion 

Here I quantified the degree to which lethal and sublethal responses from oral exposure to 

either a neonicotinoid or sulfoximine insecticide are temperature dependent. My results reveal that 

temperature can modulate the impact of insecticide exposure on multiple functional behaviours of a 

key insect pollinator (Figure 4.3). Specifically, it was the toxicity of the neonicotinoid imidacloprid that 

was strongly influenced by temperature, but whilst a negative temperature coefficient (TC) was 

detected for responsiveness and walking and consumption rates, contrastingly a positive TC was found 

for flight performance. This highlights the importance of considering a set of distinct sublethal 

behaviours when assessing insecticide risk. Comparatively, I found little effect of sulfoxaflor on 

sublethal behaviour, indicating that over the tested temperature range a sulfoximine could be a 

preferable option if similar concentrations used in the study could provide effective pest control. 

Perhaps most importantly, my findings support that just a small temperature change (as little as 3°C) 

towards the higher end of a bees tolerance range can induce relatively dramatic changes to insect 

pollinator behaviour from pesticide exposure, which is especially pertinent given current climate 

predictions suggest average temperatures are likely to rise above 2.5°C over the next century (IPCC, 

2018).  

 

4.4.1 | Responsiveness & mobility 

In experiments 1 & 2, the response to imidacloprid exposure at every concentration was 

strongly temperature dependent – showing a negative TC. Exposure to I150 presented a greater risk 

to survival and responsiveness at the low compared to the high temperature, and just a 3°C drop from 

the high to mid temperature also led to a significant reduction in responsiveness for imidacloprid 

exposed bees. Additionally, exposure to I10 led to a reduced likelihood of movement only at the low 

temperature, and the effects of I40 on likelihood of movement were more severe and quicker to 

manifest at the low and mid temperature relative to the high temperature. Interestingly, chronic 

neonicotinoid ingestion has been shown to affect honey bee locomotor responses to light 

(phototaxis), and I observed that the impacts of I40 and I10 were similar when bees were provided 

with a light stimulus compared to when they were provided with no stimulus, indicating that even 

when presented with a natural light cue, exposed workers in colonies may still demonstrate abnormal 

responses and lower task motivation in certain thermal environments (Tosi & Nieh, 2017). These 

findings highlight the importance of considering ambient temperature when aiming to quantify the 

risks posed to pollinators by a given pesticide. For example, if I had followed standard toxicology 

guidelines and only tested between 25-30oC, I would have wrongly concluded that I150 has no effect 

on bumblebee survival and that I10 has no effect on mobility (EFSA, 2013; Nauen et al., 2001). 
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Furthermore, studies predominantly centred around lethality tests on insect pests have generally 

designated neonicotinoids as positive TC insecticides (Mansoor et al., 2015; Tsaganou et al., 2021). My 

findings suggest that conclusions drawn from such studies cannot be directly applied to insect 

pollinators and demonstrate the need to assess sublethal behavioural endpoints in addition to lethal 

ones as temperature modulation may vary across responses. Studying behaviours that represent a 

larger spectrum in response, rather than a binary dead or alive, and which underpin colony fitness and 

ecosystem service provision, is important if we are to understand and quantify impairment tipping 

points particularly when considering interacting multi-stressor impacts.  

Intriguingly, whilst chronic exposure to I10 and I40 led to less bees initiating movement in 

experiment 2, those bees that did move walked at a faster rate following exposure, and again this 

effect was temperature dependent. Increased walking speeds were observed in I40 exposed workers 

at both the low and mid temperature, but not the high temperature, and it was only the low 

temperature at which I10 elicited faster walking rates. Neonicotinoids are agonists of insect nicotinic 

acetylcholine receptors and can therefore stimulate neuronal activity (Moffat et al., 2016; Tomizawa 

& Casida, 2005), potentially leading to hyperactive behavioural responses (e.g., Alkassab & Kirchner, 

2018; Tosi, Burgio, et al., 2017). However, continued exposure can lead to neuronal dysfunction and 

trigger oxidative stress (Martelli et al., 2020; Palmer et al., 2013), cause mitochondrial damage that 

perturbs energy metabolism (Lu et al., 2020; Moffat et al., 2015; Sargent et al., 2021), and alter the 

regulation of genes involved in muscle function (Manzi et al., 2020; Wu et al., 2017). This could have 

direct consequences for muscular activity and ultimately lead to the decreased responsiveness that I 

observed (Almeida et al., 2021; Williamson et al., 2014). My results of both hyper- and hypo-active 

behaviour occurring within the same trial may therefore reflect dose-dependent effects (Alkassab & 

Kirchner, 2018; Muth & Leonard, 2019), and previous studies have shown similar biphasic responses 

to neonicotinoid exposure, with an initial short-term stimulation followed by inhibition of the same 

response after prolonged exposure (Potts et al., 2018; Tosi et al., 2016).  

Interestingly, Crall et al. (2018) found that whilst chronic exposure to imidacloprid increased 

movement speed in nest bumblebee workers, it actually decreased the amount of time workers were 

active, which suggests my findings would translate to colony level impacts. With regards to the 

temperature-dependency of these effects, insights can be gained from Boina et al. (2009) who 

demonstrated that imidacloprid was more toxic to a hemipteran pest at 17oC compared to 27oC, and 

attributed this to the greater binding efficiency of imidacloprid to neuronal membranes at lower 

temperatures (Wellmann et al., 2004). Further to this, a recent study by Manzi et al. (2020) 

demonstrated that imidacloprid can lead to changes in the expression of genes in honeybees relating 

to both stress response and ionic channels in the brain that are key in neuronal excitability. Expression 
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of these genes was increased following imidacloprid exposure, and this overexpression was further 

intensified at 20oC but not at warmer temperatures of 28oC or 36oC, which may help provide a 

mechanistic basis for the hyperactive behaviour and subsequent depressive states seen at the low 

temperature in my study.  

Furthermore, bumblebees are heterothermic, and as such they don’t solely rely on thermal 

energy from the environment to warm themselves up, generating heat endogenously when required 

through tetanic shivering of flight muscles in a process known as non-flight thermogenesis (Esch et al., 

1991; Potts et al., 2018). When provided with an unlimited food supply, as was done in experiments 

1 & 2 in the current study, it has been shown that bees will maintain elevated thoracic temperatures 

that promote the fast exploitation of resources and allows workers to remain active (Azpiazu et al., 

2019; Holder et al., 2018; Nieh et al., 2006; Stabentheiner & Kovac, 2014, 2016). Neonicotinoids have 

been shown to impair thermoregulation (Crall et al., 2018), and in particular the ability for non-flight 

thermogenesis in both honey bees (Tosi et al., 2016) and bumblebees (Potts et al., 2018; also see 

Appendix E). In fact the same effect from pyrethroids has been discussed as the mechanism 

underpinning their enhanced toxicity to honeybees under lower temperatures (Belzunces et al., 2012). 

Effects on thermoregulation may be especially pertinent, as it will create both individuals and nests 

with greater internal thermal fluctuation, thus shaping the thermal environments in which workers 

are exposed (Manzi et al., 2020).  

Imidacloprid exposure, but not sulfoxaflor exposure, elicited an anti-feeding response in 

experiment 2 at both tested concentrations, and the magnitude of this effect was greatest at the low 

temperature. Feeding suppression following exposure to imidacloprid has been observed across a 

range of bee species (Cresswell et al., 2012; Laycock et al., 2012; Muth et al., 2020; Zhu et al., 2017), 

which can compromise energy balance and consequently has been shown to be associated with 

decreased thoracic temperatures and apathy (Azpiazu et al., 2019). Additionally, at the low 

temperature, as bees became immobile this may have rendered them unable to feed, further 

intensifying the impacts on mobility (Nauen et al., 2001). Prolonged exposure to imidacloprid, and the 

consequent anti-feeding effects and potential impairment to thermogenesis, may have led to the 

observations of reduced responsiveness and likelihood of movement at the low temperature (Azpiazu 

et al., 2019), and may in part explain why I observed a negative TC for imidacloprid when previous 

studies on ectothermic insect pests have found a positive TC (Arthur et al., 2004; Mansoor et al., 2015; 

Tsaganou et al., 2021).  

 

4.4.2 | Flight performance 
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In chapter 2, it was found that neonicotinoids can impair aspects of flight performance, such 

as endurance and speed, in bumblebee workers. Whilst the underlying drivers of these effects are not 

fully known, one possibility is impairment to thermogenesis. Bees must attain and maintain a 

minimum thoracic temperature typically around 35oC to support take-off and continuous flight 

(Heinrich, 1972, 1975; Nieh et al., 2006), which is typically above the temperature of the surrounding 

environment when foraging (Potts et al., 2018). Additionally, Manzi et al. (2020) found that 

octopamine expression was increased following imidacloprid exposure at relative low (20oC) but not 

high (28oC or 36oC) temperatures. Octopamine is a neurotransmitter with an important role in 

modulating a variety of physiological and behavioural processes in insects, such as metabolic state and 

motor rhythms, which are both integral for flight (Brembs et al., 2007; Pflüger & Duch, 2011). 

However, despite these points raising the expectation of reduced flight initiation and quicker energy 

exhaustion in imidacloprid exposed bees at cooler temperatures (Ahmed et al., 2015; Manzi et al., 

2020), instead I observed no effect of acute I10 exposure on any aspect of flight performance at the 

low or mid temperatures. In fact, flight distance was significantly impaired by I10 exposure at the high 

temperature, and whilst I10 exposed workers at this temperature did not show any detectable 

difference from non-exposed workers in initiating flight and flying past the 100m milestone, they did 

show a significantly lower likelihood in flying past the 1000m milestone. This result shows that for 

flight performance, neonicotinoids have a positive TC effect, which is perhaps surprising given 

previous insect pollinator studies found that the effects of different neonicotinoids (thiamethoxam 

and clothianidin) on honeybee homing success and bumblebee foraging behaviour (respectively) 

became more pronounced under colder conditions (Henry et al., 2014; Kolano et al., 2021).  

The above differences raise some interesting points. Firstly, controlled lab studies such as this 

may be important in gaining insights into effects under future scenarios. Whilst Kolano et al. (2021) 

found that impairment to bumblebee foraging duration from clothianidin diminished as temperatures 

got warmer, the study never recorded any ambient temperatures over 28oC. In the current study, I 

observed no effect of imidacloprid at 27oC, and it was only at 30oC where impacts on flight distance 

became apparent, highlighting the importance of considering more extreme temperatures that may 

become more common under current climate change predictions, and indeed extreme heat events 

have already been shown to have synergisms with imidacloprid exposure in freshwater insects leading 

to impairment of mobility (Macaulay et al., 2021).  

Secondly, not all species of bee may respond to stressors equally, and this is a key point 

underpinning the need to expand risk assessments to include a wider range of pollinator species 

(Arena & Sgolastra, 2014; Decourtye et al., 2013). Bumblebees utilise complex thermoregulatory 

processes to prevent overheating during flight (Dudley, 2000; Heinrich, 1975), but recent research 
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suggests that bumblebees are moving towards their thermal limits for flight at 30oC (see Chapter 3). 

As neonicotinoids are known to have detrimental impacts on other thermoregulatory processes in 

individuals (Potts et al., 2018; Tosi et al., 2016), it is possible I10 exposed workers edged too close to 

their thermal limits leading to earlier termination of flight. This impairment seemed to stem from 

larger workers prematurely terminating flight, which would make sense, as larger workers are less 

able to dissipate heat to the environment due to their larger surface area to volume ratio, and thus 

would be more at risk from overheating compared to smaller nestmates (Harrison & Roberts, 2000; 

Rubalcaba & Olalla-Tarraga, 2020). Responses of bumblebees to insecticides under variable 

temperature scenarios cannot therefore be assumed to be the same as for honeybee workers, which 

are uniform in size, but may help elucidate how bee species of different sizes will respond to pesticide-

temperature interactions in the future.  

Lastly, all pesticides may not show the same temperature coefficients when measuring 

behavioural impairment, even if they have a similar mode of action (Boina et al., 2009; Khan & Akram, 

2014; Muturi et al., 2011; Reid et al., 2020). Once ingested, xenobiotic chemicals such as pesticides 

are enzymatically modified to facilitate excretion from the body in a process known as 

biotransformation (Gerba, 2019). Given metabolic rate in insects is highly temperature dependent, 

and since insect body temperature is influenced by the ambient temperature, this would intuitively 

suggest that imidacloprid should be detoxified at a faster rate, and thus be less toxic under warmer 

environmental conditions (Khan & Akram, 2014; Noyes et al., 2009). For instance, the toxicity of 

pyrethroid insecticides have been observed to increase under colder post-exposure temperatures, 

due to a reduced elimination rate and thus increased accumulation of the pesticide within individuals 

(Harwood et al., 2009; Weston et al., 2009), which could help explain my results for experiment 1 & 

2. However, biotransformation can sometimes yield toxic metabolites in a process known as 

bioactivation (Gerba, 2019). One of the first metabolites of imidacloprid in bees is an olefin compound, 

which is more toxic to insects than the parent compound (Nauen et al., 2001; Seifrtova et al., 2017; 

Simon-Delso et al., 2015; Suchail et al., 2004). Under a one-shot acute dose of imidacloprid in 

experiment 3 (flight), where there was no time for imidacloprid to accumulate within individuals like 

there was in experiments 1 & 2 (responsiveness & walking), conversion of imidacloprid to olefin at a 

faster rate provides a rationale for impairment to flight performance at the high temperature but not 

at the low or mid temperature. Indeed, a similar process has been proposed to explain the increased 

mortality of insect pests from organophosphates at warmer post-exposure temperatures (Khan & 

Akram, 2014; Lydy et al., 1999).  
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4.4.3 | Imidacloprid vs sulfoxaflor 

The slow detoxification of neonicotinoids within exposed bees has been proposed as a reason 

for their high toxicity compared to other insecticides, providing a plausible mechanism for the 

observed difference in toxicity between imidacloprid and sulfoxaflor in this study (Zhang et al., 2021). 

Furthermore, one of the primary reasons sulfoxaflor is deemed to be a safer alternative to the 

neonicotinoids is its more rapid degradation rate in nectar and pollen (EPA, 2019; Linguadoca et al., 

2021). In addition to generally having a lower LD50, this may explain why I observed a comparatively 

smaller effect of sulfoxaflor on flight distance at the high temperature (non-significant 24% reduction 

in distance vs controls) relative to imidacloprid (significant > 50% reduction in distance vs controls), 

and why I didn’t observe any negative effects of sulfoxaflor on survival or mobility in experiments 1 & 

2 (Siviter et al., 2019). Tamburini (Tamburini, Wintermantel, et al., 2021) found that sulfoxaflor 

application at label recommended rates as part of a commercial formulation had no adverse effects 

on honeybees when applied six days before bloom as recommended. On the other hand, recent 

studies have found significant effects of sulfoxaflor exposure on bumblebee reproduction, fecundity, 

and fitness (Linguadoca et al., 2021; Siviter et al., 2018), although concentrations used were above the 

150 ug/L tested in the current study. Thus, close attention needs to be paid to the recommended 

application rates and how this translates to the level of actual exposure across landscapes (Siviter & 

Muth, 2020; Zioga et al., 2020), as my study suggests that sulfoxaflor concentrations below 150 ug/L 

are a lower risk to bumblebees and likely other beneficial insects relative to nitrimine-based 

neonicotinoids.  

 

4.4.4 | Conclusion  

With the growing and widespread use of systemic cholinergic pesticides, alongside increasing 

temperatures and extreme weather events associated with climate change, my results highlight 

concern for future insect pollinator function and survival (Deutsch et al., 2018; Goulson, 2020; IPCC, 

2018; Tang et al., 2021). Phenomena such as cold snaps during crop growing months where pesticide 

applications are heavy, may impair rudimentary but central behaviours underpinning pollinator life-

histories and survival. Climate warming could thus be seen as beneficial to some pollinators under 

pesticide contaminated landscapes, however, my findings show that more complex behaviours, such 

as flight, may adversely be affected by pesticides when at higher temperatures. Understanding how 

my mobility and flight results translate to effects on foraging activity (Kolano et al., 2021; Muth & 

Leonard, 2019) and pollination service (Abdel-Raziq et al., 2021; Greenop et al., 2020) are important 

next steps, as this has obvious implications for colony fitness and food security. With behaviours like 
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foraging subject to environmental conditions that vary through the year, the timing of pesticide 

applications will be important in terms of determining the impact of ingested pesticides on foraging 

individuals. This has significant implications when thinking about the optimal timing of pesticide 

exposure from both a conservation and a pest management strategy perspective (Mansoor et al., 

2015). It also highlights that these risks will vary dependent on the different climate regions of the 

world, particularly those regions where insects are already functioning close to their thermal limits 

(Chapter 3; Soroye et al., 2020). My work thus supports the urgent need to: i) conduct further study 

to understand how wider temperature ranges modulate sublethal pesticide toxicity to non-target 

beneficial organisms on flight and other behaviours and physiological functions such as 

thermoregulatory capacity; ii) modify risk assessments to consider this across a range of organisms; 

iii) account for differences in temperature coefficients between pesticides when recommending 

application rates and which pesticides pose the lowest risk to non-target organisms for a given climatic 

region; and iv) take into consideration multi-stressor interactions when predicting future insect 

pollinator population trends, and when projecting spatio-temporal pollination service provision. 
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CHAPTER 5 

 

General Discussion 

 

5.1 | Summary of findings 

The work in this thesis has shown that insecticide exposure and environmental temperature 

are both key factors in determining performance of key functional behaviours in a flagship wild insect 

pollinator. In chapter 2, I investigated how exposure to a field realistic (10 ppb) acute dose of the 

neonicotinoid imidacloprid affected worker flight performance of the widespread bumblebee, B. 

terrestris. Intriguingly, observations showed exposed workers flew at a significantly higher velocity 

over the first ¾ km of flight. This apparent hyperactivity, however, may incur a cost because exposed 

workers showed dramatically reduced flight distance and duration to around a third of what control 

workers were capable of achieving. In chapter 3, I quantified how flight performance of B. terrestris 

workers varied over a temperature range (12–30℃). Workers struggled to fly over a few hundred 

metres at the lowest tested temperature of 12℃; however, flight endurance increased as 

temperatures rose, peaking around 25℃ after which it declined. By incorporating both flight 

endurance and likelihood of flight, I calculated a simple metric termed ‘temperature-mediated 

foraging potential’ to gain a clearer understanding of how temperature may constrain colony foraging. 

Of the tested temperatures, 27℃ supported the highest potential, indicating that for much of the 

range of this species, higher mean daily temperatures as forecasted under climate warming will push 

colonies closer to their thermal optimum for flight. Together the findings of these two chapters would 

suggest that any increases in pesticide exposure alongside more extreme temperatures being 

experienced under climate change would have negative implications for bumblebee flight 

performance. Given that bumblebees are social and central place foragers, impairment to flight 

motivation and endurance could translate to a decline in potential workforce size and forage area, 

decreasing the abundance, diversity, and nutritional quality of available food, while potentially 

diminishing pollination service capabilities. 

Interestingly, across chapters 2 & 3, I found body size to have a mediating effect on flight 

responses. My findings revealed variation in flight capacity across the workforce, with larger workers 

flying further, longer, and faster than their smaller nestmates. However, my results suggest that 

pesticide exposure may negate the capability of larger workers to fly longer distances than their 

smaller sister workers. Furthermore, whilst body mass was positively related with the likelihood of 
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flight, importantly this relationship became stronger as temperatures cooled, such that at 12℃ only 

the largest workers were successful fliers. My results thus highlight that colony foraging success under 

variable pesticide and thermal environments may be dependent on the body mass distribution of 

constituent workers, and more broadly suggests that smaller-bodied insects may benefit 

disproportionately more from warming than larger-bodied ones in terms of flight performance.  

The seasonal pattern of pesticide application to agricultural landscapes makes exposure to 

insects under wide thermal ranges a very realistic scenario (Holmstrup et al., 2010). Additionally, 

future landscapes are predicted to experience increased rates of pesticide application along with 

warmer and more extreme climates, increasing the likelihood that insect pollinators will experience 

these stressors simultaneously (Deutsch et al., 2018; IPCC, 2018; Tang et al., 2021; Zhang, 2018). In 

chapter 4 I conducted a multi-experimental study, exploring how exposure to varying concentrations 

of either a neonicotinoid or sulfoximine insecticide affected different aspects of bumblebee behaviour 

across a temperature range. The effect of neonicotinoid exposure varied depending on post-exposure 

environmental temperature, with impacts on flight being enhanced under warmer conditions and 

impacts on food consumption, walking, and general responsiveness being enhanced under cooler 

conditions. The hazard posed by insecticides across landscapes may therefore vary both temporally 

and spatially. Interestingly, the same effects were not seen for a different class of insecticide, with the 

new to market sulfoximine insecticide, sulfoxaflor, showing no detectable effect on any measure of 

mobility regardless of temperature when applied at comparable concentrations. The findings of this 

study suggest both the choice of insecticide and timing of exposure need to be considered in farming 

practices, and provide crucial information for advising pesticide risk assessment protocols, 

understanding how to develop mitigative and conservation action, and understanding which possible 

climate regions in the world insect pollinators are most at risk from pesticide exposure. 

 

5.2 | Implications 

The findings from this thesis have implications for how past, current, and future pesticide and 

climate landscapes may affect important behavioural functions both within and outside the nest in 

social bee pollinators.  

A) Within nest function 

The effects of neonicotinoid exposure at field-realistic concentrations on bumblebee 

responsiveness and mobility in chapter 4 have potential implications for within-nest behaviours such 

as nursing and nest construction. Neonicotinoids have been shown to disrupt nest activity and social 
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networks in bumblebee colonies (Crall et al., 2018), with impacts on nurse worker behaviour that can 

ultimately lead to retarded larval development (Siefert et al., 2020), which may partly stem from 

impacts on bee motor function and locomotory activities related to these nest behaviours (Alkassab 

& Kirchner, 2018; Almeida et al., 2021; Azpiazu et al., 2019; Tosi & Nieh, 2017; Williamson et al., 2014). 

Importantly, the results presented in this thesis demonstrate that these impacts may be enhanced 

under colder conditions. Within bumblebee colonies, workers exhibit collective thermoregulatory 

behaviours, maintaining relatively stable internal nest temperatures to support larval development 

(Gardner et al., 2007; Yoon et al., 2002). Workers found inside colonies are thus less likely to 

experience large thermal fluctuations compared to nestmates on the wing (i.e., when leaving the 

colony to forage). That said, the changing temperatures associated with climate change are inevitably 

going to place changing demands on bumblebee colony thermoregulation (Ryding et al., 2021), and 

importantly, neonicotinoids can impair both individual and colony level thermoregulation in bees 

(Azpiazu et al., 2019; Potts et al., 2018; Tosi et al., 2016). Indeed, a project conducted during my PhD, 

in which bumblebee individuals were thermally imaged (please see Appendix E), did indicate that 

neonicotinoid exposed individuals may be poorer at maintaining non-active body temperature (non-

flight thermogenesis) and that this impairment can be exaggerated under a low versus high ambient 

temperature (Appendix E – Figure 7). In cooler ambient conditions, such as early spring months in the 

UK, impairment to individual thermoregulation from insecticide exposure may thus compromise the 

thermoregulatory capacity of the colony. These months are also when most bumblebee colonies are 

founding and developing, and as such may be more susceptible to temperature stress due to less 

workers available to maintain social homeostasis (Vanderplanck et al., 2019). Ultimately, this could 

create thermally variable nest environments across which susceptibility to insecticide exposure may 

then vary.  

B)  Outside nest function  

In chapter 2, I showed that exposure to neonicotinoids at field-realistic concentrations can 

dramatically impair flight motivation and endurance. This has implications for foraging capacity across 

past, current, and future landscapes, especially given that over the last 50 years natural and semi-

natural habitat has been replaced by pasture and cropland across vast areas, resulting in the clearance, 

homogenisation, and fragmentation of floral resources (Fahrig, 2003; Kremen et al., 2002; Ramankutty 

et al., 2018; Senapathi et al., 2017). Increasingly intensive agriculture with more arable land leads to 

increased foraging distance requirements for bumblebee workers (Gervais et al., 2020; Redhead et al., 

2016). Exacerbating this effect may also be that agricultural landscapes have been shown to provide 

a lower diversity and quality of food for pollinators to exploit (Tew et al., 2021). Lower quality of floral 

resources can lead to colonies recruiting more workers to foraging to avoid starvation (Stewart et al., 
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2021). My results that neonicotinoid exposure can drastically reduce flight motivation are thus highly 

worrying.  

The risks that pesticides such as neonicotinoids pose to pollinators, however, are likely to vary 

across the season given the seasonal timing of crop growing and pesticide application. For example, 

high pesticide input during the spring months when crops are grown (Garthwaite et al., 2018) 

coincides with colder weather (relative to summer), under which my work in chapter 3 shows foragers 

may have reduced flight performance. Warmer temperatures, on the other hand, may be beneficial 

for pollinators in terms of flight performance, as my work showed that both flight motivation and 

endurance increased with temperature up until tipping points around 24-27oC. Interestingly, 

urbanisation has been proposed to provide benefits to some bee species as they act as so-called ‘heat 

islands’, providing warmer and more thermally stable local environments (Hamblin et al., 2017). 

However, my findings in chapter 3 suggest that if environmental temperatures get too high (~30oC) 

this may actually cause flight performance to be reduced as workers tip onto the declining slope of 

their thermal performance curve, and results from chapter 4 suggest that the effects of insecticide 

exposure on flight are most prominent at similar high temperatures. In the summer months, 

therefore, both temperature stress and insecticide exposure may have greater impacts on the ability 

of colonies to collect the volume and diversity of food required to meet energetic and dietary needs.  

 

5.2.1 | Informing agricultural practices and pesticide risk assessments 

Ultimately, the findings in this thesis suggest attention should be given to temperature 

variation as a key factor in decisions surrounding the choice of insecticide and the timing of insecticide 

application in agricultural management practices. Findings could inform advice given to pesticide users 

on recommended application timing based on predicted thermal conditions alongside known 

pollinator susceptibility windows (e.g., when colonies are being founded; when nutritional landscapes 

are limiting). Importantly, temperature coefficients may differ between pests and pollinators, as insect 

pests seem to show positive temperature coefficients for neonicotinoids, whereas the majority of 

responses I examined suggest neonicotinoids have a negative temperature coefficient for 

bumblebees, which may in part be due to differences in thermal control mechanisms (Mansoor et al., 

2015; Tsaganou et al., 2021). This needs to be explored further, as it may highlight exposure windows 

that can be exploited by applying chemical pesticides at times that have high efficacy against pests 

but low toxicity to pollinators. Farmers could thus mitigate risks to beneficial insect pollinators whilst 

ensuring effective control of damaging insect pests.  
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The most effective insecticide against a pest may vary with environmental conditions. In 

situations where comparable products from multiple insecticide classes are available, temperature 

should be included as a factor in the decision-making process (Boina et al., 2009; Musser & Shelton, 

2005). It is possible that insecticides could be used on a rotational basis, using knowledge of 

temperature coefficients to limit harm to beneficial insect pollinators, and this targeted approach to 

pesticide use could be incorporated into integrated pest management (IPM) strategies currently being 

developed and promoted (Creissen et al., 2021). Farming appears to be moving towards integrated 

pest management approaches, with agri-environment schemes promoting creation of florally rich 

habitats, which will reduce both foraging distance requirements and the application of chemical 

pesticides to fields (Gagic et al., 2021; Marja et al., 2021; Ricciardi et al., 2021; Siviter & Muth, 2020). 

Insect pollinator conservation and agricultural production can be compatible, with increasing on-farm 

and landscape-level crop diversity predicted to have positive effects on bumblebees (Hemberger et 

al., 2021). Schemes like the Sustainable Farming Incentive (SFI), which is a new land management 

scheme in England that will pay farmers to produce public goods, such as biodiversity and climate 

change mitigation, alongside food production, will be an important tool for driving landscape level 

change to benefit pollinator populations over the coming years (DEFRA, 2021).   

Translating the potential issue of increased pesticide risk under different temperature 

scenarios into decision-making will be challenging. One recommendation for policy is that risk 

assessments should be updated, as they form a key component of the regulatory process when 

authorising the usage of pesticides. Risk assessments could be expanded to test pesticide impacts over 

a temperature gradient, with climate data used to inform this gradient, allowing approvals and 

recommended application rates to be tailored towards specific regions. Furthermore, assessments 

should more routinely evaluate and quantify sublethal impacts, as the development of acceptable 

threshold values for sublethal endpoints could help prevent the unwanted approval of pesticides with 

detrimental impacts on insect pollinators (Azpiazu et al., 2019; Sgolastra et al., 2020; Siviter, Bailes, et 

al., 2021). For pesticides already approved for use, such as sulfoxaflor in the UK, one of the single most 

effective changes that could be made to the regulatory process is to include large-scale and long-term 

post-licensing monitoring of the impacts of application on pollinator populations (Siviter, Bailes, et al., 

2021). This is a key feature in public health assessments following pharmaceutical chemical release 

but is still not systematically carried out for agrochemicals (Milner & Boyd, 2017). 

It is important to note that this thesis focused on the direct ways environmental temperature 

could influence the impacts of pesticides on insect pollinators. However, climate change could have a 

range of indirect impacts on pesticide use and exposure dynamics. For example, the area of crops 

treated with pesticides, as well as the volume of pesticides applied, are consistently growing both in 
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the UK (Goulson, 2020) and globally (Tang et al., 2021; Zhang, 2018), and this trend is anticipated to 

continue as pesticides are used to tackle predicted rises in pest invasions under a warming climate 

(Deutsch et al., 2018). Additionally, it is interesting to consider that rising temperatures across the UK, 

coupled with other changes to climatic conditions such as rainfall patterns, are predicted to lengthen 

growing seasons for certain crops, accelerate plant growth, but increase drought and heat risks (Arnell 

& Freeman, 2021). Climate change may therefore alter the potential spatial and temporal forage 

availability for insect pollinators and may thus counteract or compound impairments on pollinator 

foraging from pesticide exposure, which should be factored in to future decision making. 

 

5.2.2 | Impacts of insecticide exposure around the globe 

In this thesis I examined the effects of the neonicotinoid insecticide imidacloprid, which is 

restricted for use in the EU and UK outside of closed greenhouses (EFSA, 2018; Sgolastra et al., 2020). 

Whilst it can persist in the environment for years after application, once application has ceased the 

concentrations found in subsequent years are generally below the levels tested here or considered 

damaging to bees (Riedo et al., 2021; Woodcock et al., 2018, 2021). However, that does not mean that 

the neonicotinoid specific findings from this thesis are not of benefit to current decision making or 

pollinator conservation in these regions. The laws on neonicotinoid use in the EU (and UK) have an 

article written in that allows EU member states to grant emergency derogation; that is, they can 

approve the temporary use of neonicotinoids for a period of 120 days if there are dangers to crops 

that cannot be contained by any other reasonable means (Article 53 of Regulation No 1107/2009). 

Whilst this allows for flexibility for farmers when faced with otherwise challenging situations and risks 

to crop yields, it means that some countries have been using imidacloprid on certain crops every year 

since the ban came into force (European Commission, 2022). In the UK in 2021, the government 

approved the use of thiamethoxam on sugar beet to control aphids that transmitted virus yellows, but 

the emergency authorization was ultimately not put into action as a harsh cold winter controlled most 

of the aphid population without the need for chemical intervention. The risks posed by neonicotinoids 

are therefore still relevant across Europe, and results from this thesis can feed into future decision-

making regarding derogations.  

Despite rapid increases in pesticide use across middle-income countries of South America, 

Asia Pacific, and Africa, pesticide regulations are generally weaker in the global south, and 

imidacloprid is still used heavily across many of these regions (Dicks et al., 2021; IPBES, 2016; NASAC, 

2019; Schreinemachers & Tipraqsa, 2012). In Brazil, it is one of the major insecticides still in use 

(Almeida et al., 2021), it is one of the biggest insecticide exports from China (Zhang, 2018) and is one 
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of the most popular insecticides across African nations (Bertrand, 2019). My findings on imidacloprid 

effects therefore have significant implications for the global plight of insect pollinators. Importantly, 

these regions in the global south are where there is a greater reliance on pollinator dependent crops 

for food production, trade, and livelihoods (Chaplin-Kramer et al., 2014; Dicks et al., 2021; Hipólito et 

al., 2018; Lautenbach et al., 2012). However, published evidence for trends in pollinator numbers and 

links to insecticide use is largely from high-income countries across North America and Europe (Dicks 

et al., 2021; IPBES, 2016; Potts et al., 2016). There is an urgent need to investigate these trends and 

relationships in regions in the global south, which are thought to be most vulnerable to decreases in 

pollinator diversity and pollination services (Breeze et al., 2016; Teichroew et al., 2017). Of concern is 

that these are regions where neonicotinoids are still routinely applied and are some of the most 

vulnerable to climate impacts, which is especially pertinent given that my findings indicate insecticide 

toxicity may be dependent on environmental temperature (Dicks et al., 2021; IPBES, 2016). In these 

regions, there may be a greater need to consider non-insecticide approaches to pest management.  

 

5.2.3 | Sulfoxaflor as an alternative to nitroguanidine neonicotinoids  

Neonicotinoids are coming under tighter regulation globally, and combined with emerging 

resistance to current insecticides from certain pest species, there are gaps in the market for new and 

novel insecticides with less collateral damage to beneficial insects (Bass et al., 2015; Sgolastra et al., 

2020; Siviter & Muth, 2020). One such potential insecticide is sulfoxaflor, the first marketed pesticide 

in the sulfoximine class (Sparks et al., 2013). In chapter 4, regardless of the surrounding environmental 

temperature, sulfoxaflor exposure was found to have no detectable effect on any of the lethal or 

sublethal responses measured, which stood in contrast to the observed detrimental effects of 

imidacloprid exposure on flight, mobility, responsiveness and survival. Whilst sulfoximine insecticides 

share a similar mode of action with neonicotinoids, my findings highlight that toxicity cannot be 

assumed based on this, and the impacts of sulfoxaflor on non-target insects need to be investigated 

independently and thoroughly (Reid et al., 2020; Sparks et al., 2013). These findings support previous 

studies that have demonstrated sulfoxaflor to be comparatively less toxic to insects than imidacloprid 

and the other nitroguanidine based neonicotinoids (Azpiazu et al., 2021; Parkinson et al., 2020), and 

suggest that sulfoxaflor could be a preferable insecticide choice to these neonicotinoids if similar 

concentrations to those used in my study provide effective pest control. However, the comparably 

lower toxicity will likely mean recommended application rates will be higher. Indeed, datasets 

compiled by the EFSA (Europe) and EPA (USA) show that residues in the environment under realistic 

application scenarios are above the 150 ug/L concentration used in my study, with worse case 
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scenarios suggesting bees will come into contact with concentrations around 1000 ppb and above 

(EFSA et al., 2019; EPA, 2019; Linguadoca et al., 2021; Siviter & Muth, 2020), which is greater than 

known concentrations of neonicotinoids found in nectar and pollen of treated plants and bee material 

(Blacquière et al., 2012; Bonmatin et al., 2015; Botías et al., 2015; Mitchell et al., 2017; Zioga et al., 

2020). If wanting to establish environmental risk, a direct comparison between sulfoxaflor and 

imidacloprid at the same concentrations, as was done in this thesis, may not be fully appropriate if 

sulfoxaflor is applied to crops at a greater rate due to the assertion it is less toxic. Whilst data on field-

realistic sulfoxaflor concentrations were lacking when this thesis was first undertaken, the data is 

improving as sulfoxaflor is adopted by more pesticide users, and an improvement to this thesis could 

come from using field data to inform tested concentrations. 

Worryingly, studies have found significant effects of sulfoxaflor on bumblebee reproduction, 

fecundity, and fitness from exposure to concentrations above the 150 ug/L tested in this study 

(Linguadoca et al., 2021; Siviter et al., 2018, 2020). Furthermore, Boff (2021) found that sulfoxaflor 

exposure at 50 ppb led to impaired flight and foraging in a solitary bee, with exposed individuals more 

likely to walk than fly to flowers compared to non-exposed bees and visiting less flowers on average 

as well. Interestingly, however, individuals exposed to just 10 ppb, similar to the concentration used 

in this thesis, demonstrated no impairment to behaviour. An additional concern is that whilst 

sulfoxaflor treated seeds are becoming more widely available (Centner et al., 2018; Gauthier & 

Mabury, 2021), it is still often applied as a foliar spray, and thus contact exposure is a more common 

route of exposure compared to neonicotinoids (Brown et al., 2016), which has been shown to lead to 

dramatic effects on honey bee mortality from field recommended application rates (Chakrabarti et al., 

2020). Close attention therefore needs to be paid to both the application method and rates 

recommended for sulfoxaflor going forward, how this translates to the level of actual exposure across 

landscapes, and the impacts of this level of exposure for individual and colony fitness (Siviter & Muth, 

2020; Zioga et al., 2020).  

 

5.2.4 | Is body size an important trait in determining sensitivity to temperature and pesticide stress?  

Bee species exhibit appreciable interspecific variation in life-history traits, and even within 

bumblebee genera colony and behavioural characteristics vary widely (Gradish et al., 2019). Worker 

body size has previously been implicated as an important trait in determining bumblebee foraging 

efficiency (Goulson et al., 2002), and studies show that higher mean body size and greater intra-colony 

size variation lead to increased colony performance (Cnaani & Hefetz, 1994; Herrmann et al., 2018; 

Holland et al., 2021). Austin & Dunlap (2019) suggest that higher intraspecific variation in worker body 



Chapter 5 | General Discussion 

 

143 
 

size is associated with bumblebee species being less susceptible to decline in rapidly altered 

environments in North America. My results provide tentative evidence for why size variation may 

buffer species against pesticide contaminated and thermally dynamic landscapes. Whilst flight 

performance increased with body size for non-pesticide exposed workers over a wide temperature 

range (Chapters 2, 3 & 4), larger workers seemed disproportionately affected by neonicotinoid 

exposure (Chapter 2) and there were hints that smaller workers became more efficient fliers than their 

larger sisters at high temperatures of 30oC (Chapter 3). Current environmental changes, such as 

intensive pesticide application and increasing and more unpredictable air temperatures may therefore 

provide selection pressures for bumblebees. Studies linking historical shifts in body size with 

landscape level changes (e.g., climate, pesticide usage, land-use) over time will be valuable for 

predicting this. Indeed, Theodorou et al. (2020) found that increasing air temperatures were 

associated with smaller mean body size of Bombus terrestris workers and an increase in variation in 

body size in multiple other bumblebee species. Environmental change could thus have cascading 

effects on pollination and ecosystem services by driving shifts in body size distributions. 

 

5.3 | Limitations 

5.3.1 | Automation of walking tracking 

In chapter 4, I used the software Kinovea to examine walking behaviour in feeding cage trials, 

as has been done previously by Alkassab et al. (2018) when investigating the effects of insecticides on 

honey bee mobility. This software provides flexibility in tracking by allowing manual supervision and 

readjustment of the tracking marker at each frame. This meant that a bee could be reliably tracked 

through every single frame of a recording, allowing highly accurate tracking to be achieved with 

minimal error overall. However, as the tracking was not automated, this meant that tracking had to 

be done for each bee individually, resulting in a time intensive process even after videos had been 

condensed down to a lower frame rate. Overall, across all time periods and stimulation scenarios, 

there were 8100 bees to monitor behaviour for (e.g., to assess if moved / walked / fed / fly), and 3240 

bees to track walking paths for. As a result, walking behaviour was only examined over 20-second 

windows due to time limitations, which still equated to around 300 hours of work. Ultimately, 

examining behaviour over a short snapshot like this has its limitations in terms of how representative 

it is of each individual’s actual behaviour. Fully automating the tracking process to facilitate tracking 

over minutes or even hours would have improved comparative measures of activity. Prior to the study 

I tested out the feasibility of using existing automatic tracking software, such as Ctrax (Kimura et al., 

2014) and BeeTag (Crall, Gravish, et al., 2015). However, due to Covid-19 restrictions and the urgency 
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of fitting in experiments before future lockdowns, these methods couldn’t be optimised in time to be 

used. In future work, tracking through BeeTag should be explored further. As bees are automatically 

detected by a unique barcode placed on the thorax, this not only supports automated tracking but 

also provides information on orientation and thus can be used to identify social interactions between 

individuals, which could allow investigation into the effect of temperature and insecticide exposure 

on social networks and nest behaviours (Crall et al., 2018). 

 

5.3.2 | Extrapolating flight mill results to foraging behaviour 

When attempting to extrapolate the flight results from this thesis to foraging behaviour and 

performance, it needs to be considered that some aerodynamic and physical requirements of flight, 

such as the requirement to generate lift when in free flight, will not be fully accounted for when using 

a flight mill setup (Riley et al., 1997). Workers were also naïve fliers, in order to control for any effects 

of experience, which can influence foraging rate (Peat & Goulson, 2005). Foraging is also dependent 

on a range of complementary behaviours such as navigation, memory, motor skills, and olfactory and 

visual acuity (Almeida et al., 2021; Fischer et al., 2014; Spaethe et al., 2007, 2001; Stanley et al., 2016). 

In addition, a range of environmental conditions, such as humidity, wind, rain, and physical clutter, 

which have been controlled for in the lab experiments described in thesis in order to assess the effects 

of specific stressors, will affect foraging in real-world environments (Crall et al., 2020, 2017; Crall, Ravi, 

et al., 2015; Hennessy et al., 2020; Peat & Goulson, 2005; Ravi et al., 2013). I found that bumblebee 

workers struggled to initiate flight at 12oC, and whilst frequency of foraging trips in wild colonies is 

known to be reduced at these temperatures, workers are seen to fly in these temperatures suggesting 

other factors may be at play (Bishop & Armbruster, 1999; Corbet et al., 1993). For example, in the 

field, solar radiation is known to play an important role in heat gain for insects (Rubalcaba & Olalla-

Tarraga, 2020; Stabentheiner & Kovac, 2014), and in social bee’s, individual and collective 

thermoregulation facilitates nest temperatures being maintained at elevated temperatures above 

that of the surrounding air, which should aid in initial heat gain for flight initiation (Esch et al., 1991; 

Heinrich, 1974a). Whilst the tested workers in this thesis did fly distances on the flight mills that do 

seem to match with known foraging distances of bumblebees in the wild, the flight mill setup cannot 

fully replicate real-world settings (Greenleaf et al., 2007; Osborne et al., 2008). Whilst my results 

provide comparative estimates and allow us to assess the relative effects of temperature and pesticide 

exposure on flight performance, they may not precisely reflect how far bumblebees can or do fly in 

the wild. Hence, my results should be used as a proxy for potential foraging distances rather than any 

absolute measure of foraging performance or capacity.  
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5.3.3 | Comparing impacts of imidacloprid between chapters 

Differences in the exposure method between chapters 2 and 4 may explain some 

discrepancies between results, hindering direct comparisons between these studies. In chapter 2, 

flight trials were run at 25oC, and therefore an expectation would be that the observed effect of 

imidacloprid on flight performance would fall in between the observed effect found in chapter 4 when 

exposed bees were flown in 21oC and 27oC. However, whilst there was no detectable effect of 

imidacloprid on flight at these temperatures in chapter 4, there was a dramatic impairment to flight 

resulting from imidacloprid exposure in chapter 2. As most other elements of the experimental setup 

were consistent across the two studies, a possible reason for this discrepancy is the feeding method. 

Workers in chapter 2 were fed from soaked cotton wool, and therefore exposure could be both oral 

and topical as bees would rest on the cotton wool whilst feeding. Workers in chapter 4, however, were 

fed through a feeding tube, which I designed to be able to directly quantify consumption (and thus 

active ingredient dosage intake), confining exposure to be purely oral. These differences may highlight 

that topical exposure to neonicotinoids provides a considerable risk to bumblebees. Considering 

sulfoxaflor is often applied as a foliar spray (Brown et al., 2016), the topical exposure effects of this 

chemical on behavioural responses should be examined. 

 

5.3.4 | Thermal adaptation and acclimation may affect responses 

When using the results in this thesis to make predictions about bumblebee responses to 

climate change, it is important to consider that thermal tolerance can vary geographically both 

between species and within species (Rubalcaba & Olalla-Tarraga, 2020; Sunday et al., 2014). There is 

evidence for geographical differences in tolerance of temperature extremes in bumblebees, with high 

altitude species found to be more cold tolerant and less heat tolerant than low altitude species (Oyen 

et al., 2016). In addition, Pimsler et al. (2020) revealed that local adaptation in thermal limits may 

facilitate cold tolerance across a species range, with Bombus vosnesenskii workers originating from 

populations in colder higher latitudes found to have reduced CTmin compared workers originating from 

populations in warmer lower latitudes. My findings in Chapter 3 suggest that whilst rising air 

temperatures may push bumblebee workers closer towards their thermal optimum for flight in 

temperate regions, at low latitudes climate warming and extreme heat events may tip species towards 

the declining slope of their thermal performance curves, thus constraining resource acquisition with 

implications for colony fitness and pollination service delivery (Deutsch et al., 2008; Herbertsson et 

al., 2021). However, a limitation of my results is that they may not be directly translatable to species 

/ populations in these climate regions, which may be adapted to cope with higher temperatures. 
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In addition to considering longer-term adaptation of species or populations, an individual’s 

thermal experience over the short-term can lead to acclimatisation to certain temperatures or 

influence development. For example, many insects are phenotypically plastic and have the capacity to 

adjust their physiology and behaviour to modify or tolerate their thermal environment (Abram et al., 

2017). Thermal experiences during development can also influence adult phenotype, with Soule et al. 

(2020) finding that rearing butterflies at a higher temperature caused a change to wing-aspect ratio. 

This consequently appeared to reduce flight performance when tested on a mill similar to the one 

used in this thesis. Interestingly, pesticide exposure at the larval stage can also lead to impaired 

development (Smith et al., 2020) and asymmetry in wing shape and structure in the adult stage (Friedli 

et al., 2020). Thermal experience may subsequently influence the response to pesticide exposure, with 

both Tong et al. (2019) and Tosi & Nieh (2019) finding that bees sampled at different times of year, 

with different experienced thermal histories, show different responses to pesticide exposure on flight 

mills. Consequently, a limitation of the work presented in this thesis is that I reared every worker 

under the same thermal conditions. Rearing workers at a temperature other than 21oC in chapter 3 

may have shifted the predicted thermal response curve left or right, and in chapter 4 may have 

influenced the direction or magnitude of the temperature coefficient. Future work should address this 

and is discussed below. 

 

5.4 | Future work 

5.4.1 | Determining the mechanisms underpinning behavioural responses 

The findings from this thesis suggest that effects of insecticide exposure on bumblebee 

behavioural responses vary with temperature. An important next step is to investigate what 

mechanisms underpin such effects by examining responses at smaller biological scales. Two potential 

mechanisms relate to the rate at which pesticides breakdown, either in the environment (pre-

exposure) or within an individual bee (post-exposure).  Environmental temperature can play a crucial 

role in dictating the rate of degradation in the environment prior to exposure (Liu et al., 2006; Moza 

et al., 1998). Previous work has attributed observed decreases in efficacy of both organophosphate 

and pyrethroid insecticides under warmer conditions to the reduced residual life of the respective 

insecticides (Arthur et al., 1992; Musser & Shelton, 2005). In experiments 1 & 2 of chapter 4, feeders 

were changed every 48 and 24hrs, respectively, to limit pesticide degradation throughout the 6-day 

trials, and feeding cages were all held under red light to limit photodegradation (Liu et al., 2006). 

However, different rates of pesticide degradation across the three temperature treatments still 

remains a possibility and could help explain why there were no observed effects of imidacloprid on 
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behaviour or survival at the high temperature. The quantification of exposure concentrations across 

the trial period through liquid chromatography and mass spectrometry (Linguadoca et al., 2021) could 

be incorporated into future studies to assess this. Interestingly, one of the primary reasons sulfoxaflor 

is deemed to be a safer alternative to the neonicotinoids is its more rapid degradation rate in nectar 

and pollen (EPA, 2019; Linguadoca et al., 2021). This may be why I didn’t observe any negative effects 

of sulfoxaflor on survival or mobility in chapter 4. If applying sulfoxaflor to crops an adequate amount 

of time before the blooming period, as is recommended in Europe, then this may prevent the worst 

effects of sulfoxaflor in non-target insects. For example, Tamburini, Wintermantel, et al. (2021) found 

that sulfoxaflor application at label recommended rates as part of a commercial formulation had no 

adverse effects on honey bees when applied six days before bloom as recommended. Allowing a safety 

period between sulfoxaflor application and crop bloom may be crucial to limit effects on bees, 

however, doing this is difficult for crops with indeterminate blooming periods (Linguadoca et al., 

2021).  

Once ingested, xenobiotic chemicals such as pesticides are enzymatically modified to facilitate 

excretion from the body in a process known as biotransformation (Gerba, 2019). As the surrounding 

environmental temperature can determine metabolic and enzymatic activity rates in insects, it can 

thus influence the rate of metabolism and detoxification of a pesticide once ingested by an exposed 

individual (Gerba, 2019; Khan & Akram, 2014; Noyes et al., 2009). To establish whether rates of 

biotransformation underpinned my results in chapter 4, a useful next step would be to run similar 

trials but with marked [14C] imidacloprid to assess accumulation rates in the tissues of exposed 

individuals across a thermal range (Camp & Buchwalter, 2016). This may also shed light on the 

apparent difference in toxicity between imidacloprid and sulfoxaflor, as the nitroguanidine 

neonicotinoids are believed to demonstrate high toxicity compared to the cyanoamidine 

neonicotinoids due to their relatively long degradation rate within exposed individuals (Zhang et al., 

2021). Understanding pesticide degradation rates, in both the environment and individual organisms, 

is critical in understanding the exposure risks to pollinators, and this should be coupled with assays 

elucidating the physiological and behavioural sublethal effects of these chemicals. 

With insect energy metabolism modulated by ambient temperature (Abram et al., 2017; 

Gillooly et al., 2001; Woods, 2005), and evidence showing that pesticide exposure can cause bee 

mitochondrial dysfunction (Moffat et al., 2015; Nicodemo et al., 2014; Sargent et al., 2021), there is a 

strong rationale to expect an interactive effect between temperature and pesticides on metabolic 

rate, which may provide a physiological mechanism contributing to the findings in chapter 4. However, 

to my knowledge this has not been explicitly tested or quantified in any animal. Furthermore, 

impairment to metabolic rate is likely to influence individual endothermic performance (internal 
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thermoregulation) - a process underpinning behaviours such as heating-up for flight (Heinrich, 1975; 

Potts et al., 2018; Tosi et al., 2016) and, in social bees, colony thermoregulation (Crall et al., 2018; Esch 

et al., 1991). An impairment to thermoregulation could be more or less restricting dependent on the 

ambient temperature, as this determines the internal energetic input required for reaching a specific 

body temperature. This may have been a predominant factor in my finding in chapter 4 that bees 

chronically exposed to imidacloprid became less responsive and moved less frequently at 21oC but not 

at higher temperatures of 27oC and 30oC. In order to generate sufficient force to support continuous 

flight, bees must attain and maintain a minimum thoracic temperature typically around 35oC (Heinrich, 

1972, 1975; Nieh et al., 2006), which is very often above the temperature of the surrounding 

environment when foraging (Potts et al., 2018). Whilst I did not see a statistically significant effect, 

there was a noticeable drop in the proportion of bees that flew over the 100m milestone when 

exposed to imidacloprid at the low temperature in chapter 4 (Figure 4.13). This may potentially stem 

from the neonicotinoid impairing non-flight thermogenesis and the ability to adequately heat flight 

muscles (Potts et al., 2018; Tosi et al., 2016), and a next step could be to implement thermal imaging 

to quantify thorax temperature prior to flight. I started to explore these ideas in a Masters student 

project that I designed and supervised (please see Appendix E). However, a complete set of assays are 

now needed to quantify how pesticide exposure may be affecting metabolic rate at different 

temperatures and further measure the subsequent effects this has on thermoregulatory performance. 

 

5.4.2 | Testing pesticide impacts in realistic thermally fluctuating environments 

All the experiments presented in this thesis were conducted in controlled, thermally static 

environments, which does not necessarily represent the typically fluctuating environmental 

conditions bees face in the wild (dependent on the timeframe being tested). By taking data on ambient 

temperatures from the field, the impacts of pesticide exposure on colony fitness traits, such as 

reproductive capacity, could be assessed in controlled thermally fluctuating environments in lab 

settings. For example, controlled temperature rooms could be set to assess if the impacts of pesticide 

exposure differ between high or low temperature amplitudes, and how day or night conditions place 

demands (expanding on work by Crall et al. 2018). One interesting application could be to assess if 

impacts differ between thermal regimes experienced in spring months vs summer months, and this 

could be assessed over colonies differing in the number of workers and size distribution of the 

workforce. 
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5.4.3 | Scaling-up results to explain real world scenarios 

Laboratory studies provide the benefit of being able to tightly control conditions and have 

thus allowed me to directly test the effect of both insecticide exposure and changes in ambient 

temperature on bee flight performance. This would not have been possible in semi-field setups due 

to the spatial scale needed to assess flight behaviour, and similarly would not have been possible in 

field settings where temperature can constantly fluctuate, pesticide contamination in the wider 

environment is unknown, and a whole range of additional environmental conditions known to affect 

flight are not able to be controlled (e.g., wind, humidity, predators). However, understanding how my 

mobility and flight results translate to effects on foraging activity (Kolano et al., 2021; Muth & Leonard, 

2019) and pollination service (Abdel-Raziq et al., 2021; Greenop et al., 2020) are important next steps, 

as this has obvious implications for colony fitness and food security. Understanding the link between 

how impaired individual performance translates to impacts at the colony and population level is 

critical to understanding how tipping-points can be avoided (Bryden et al., 2013; Moore, 2018). 

However, monitoring impacts on wild populations in complex environments over a feasible timeframe 

and budget has proved extremely challenging, and consequently there has been limited research 

investigating the impacts of insecticide exposure on insect pollinator behaviour and colony fitness 

under different thermal conditions in the field.  

A handful of studies have examined how neonicotinoid effects on bee homing capacity and 

foraging behaviour (two responses underpinned by flight) vary according to air temperature, with 

results appearing to contrast to the flight results outlined in Chapter 4 of this thesis. Both Henry et al. 

(2014) and Monchanin et al. (2019) found homing failure of honey bees when exposed to 

thiamethoxam to be more pronounced at lower temperatures, and Kolano et al. (2021) found that 

impairment to bumblebee foraging duration from clothianidin exposure increased as temperatures 

got cooler. The negative temperature coefficient observed in these studies, compared to the positive 

temperature coefficient found for flight in chapter 4, may suggest that traits other than flight were 

being affected by neonicotinoid exposure (e.g., navigation). Alternatively, these studies all used 

different neonicotinoids to the one used in this thesis, which could suggest that the direction of the 

temperature effect can be chemical dependent as outlined in Chapter 4. It will thus be important to 

expand the work presented in this thesis to explore the temperature coefficients of a wider range of 

commonly used pesticides and examine different behavioural endpoints to provide a more holistic 

understanding of individual and colony responses. It is of note that the study by Kolano et al. (2021) 

never experienced any air temperatures over 28oC, and whilst the full air temperature data is not 

available for the other two studies, Monchanin et al. (2019) classed high temperature as 24-26oC and 

Henry et al. (2014) classed high temperature as 28oC. The flight results in Chapter 4 suggest that 
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imidacloprid exposure, at doses similar to the doses used in the aforementioned studies, has no 

detectable effect on bumblebee flight performance at 27oC. Additionally, the thermal performance 

results in Chapter 3 suggest that bumblebees may be tending towards the declining side of their 

thermal performance curve at temperatures of 30oC and above. With the most recent IPCC report 

(IPCC, 2021) highlighting with even more certainty that intense and prolonged heatwaves will become 

more common, an important next step will be for field and semi-field studies to explore pesticide 

effects at temperatures above the norm.  

New technologies are being developed which may aid in answering questions surrounding 

flight and foraging behaviour in field settings. For example, Williams et al. (2021) are developing 

machine learning approaches that can predict if bees leaving the nest are undertaking a foraging or 

an exploration trip based off measurements such as the angle and speed it leaves the nest, Shearwood 

et al. (2021) have presented proof-of-concept miniature transmitter and drone technology to 

autonomously track foraging bees across landscapes, and Abdel-Raziq et al. (2021) have used 

miniature bee-mounted sensors to infer honey bee colony-level pollination activity in orchards. 

However, complexities arise in field studies owing to the uncontrollable and unpredictable nature of 

weather, and disentangling individual and interacting effects of multiple stressors in field settings is 

often not feasible. One approach to bridge this gap could be to employ agent-based modelling of the 

effects of temperature and pesticide exposure on the likelihood of foraging success across landscapes 

of varying floral abundance and configuration. Indeed, models such as Bumble-BEEHAVE already exist, 

which aim to simulate bumblebee colony development in realistic landscapes in order to study how 

multiple stressors affect population dynamics, and the findings from this thesis could be used to 

parameterize and improve model predictions (Becher et al., 2018).   

 

5.4.4 | Accounting for thermal histories of individuals 

When assessing the effect of stressors on flight and foraging in lab experiments, thermal 

history should be taken into consideration, and it would be interesting to see if responses to pesticide 

exposure under different thermal regimes vary based on thermal tolerances. In chapter 3, the colonies 

used in this study were factory-reared, likely in optimal growth conditions where ambient 

temperatures were artificially kept around or above 25oC. But on arrival at the lab, colonies were 

housed in controlled environment rooms at 21oC, as this was the midway value between the lowest 

(12oC) and highest (30oC) temperature tested. This thermal history may have influenced the flight 

performance results of tested workers, and it would thus be interesting to construct thermal 

performance curves from workers reared in colonies at different ambient temperatures to gain 
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insights into how colonies will perform in different climate regions or at different times of the year. 

An important next step if wanting to more reliably use the findings of this thesis to directly inform 

management practices in the UK will be to replicate the trials on wild-caught B.terrestris audax 

workers, to see if results match up. 

 

5.4.5 | Explore how declining species respond to stressors 

Despite evidence for species specific declines in bumblebees (Guzman et al., 2021; Pilotto et 

al., 2020; Wagner et al., 2021), most research is carried out on two species, Bombus terrestris and 

Bombus impatiens, yet these are both widespread and abundant (Huml et al., 2021; Rasmont et al., 

2015; Vanderplanck et al., 2019). Bombus terrestris have been found to be less sensitive to 

hyperthermic stress compared to declining bumblebee species (Zambra et al., 2020), and this 

relatively high thermal tolerance and high resilience to extreme events may be a factor in the 

geographic range they inhabit (Rasmont et al., 2015; Vanderplanck et al., 2019). Indeed, recent 

observations suggest Bombus terrestris are expanding in range and increasing dominance across 

landscapes under climate warming (Herbertsson et al., 2021). Hamblin et al. (2017) showed that 

thermal limits vary widely between bumblebee species, and these differences may in part explain how 

species respond to temperature change and where they can and could exist (Oyen & Dillon, 2018). 

Declining species have been shown to have narrower climate niches, and climate niche breadth 

appears to be informative for predicting species responses to climate change more broadly (Cameron 

& Sadd, 2020; Herrera et al., 2018). In addition to differences in thermal sensitivity, numerous studies 

from both the lab and field have highlighted differential pesticide sensitivity between bee species 

(Arena & Sgolastra, 2014; Cresswell et al., 2012; Heard et al., 2017; Rundlöf et al., 2015). Wild bees, 

such as solitary bees and bumblebees, are critically important for pollination of certain plants and 

crops, such as fruits, and for ecosystem stability (Page et al., 2021; Senapathi et al., 2021), but often 

show increased sensitivity to insecticides compared to honey bees (Gradish et al., 2019) and can be 

overlooked in risk assessments. As with the neonicotinoids, studies suggest that effects of sulfoxaflor 

exposure may also be species specific, with Azpiazu (2021) suggesting bumblebees to be less sensitive 

to sulfoxaflor compared to honey bees or mason bees when considering lethal endpoints, but 

Tamburini et al. (Tamburini, Pereira-Peixoto, et al., 2021; Tamburini, Wintermantel, et al., 2021) 

suggesting bumblebees to be more susceptible compared to honey bees when considering sublethal 

endpoints such as foraging performance and colony growth. It is thus clear that some bee species may 

be more susceptible to climate change or pesticide exposure than others (Deutsch et al., 2008; Huml 

et al., 2021; Zambra et al., 2020). In light of this, it is critically important we improve our understanding 



Chapter 5 | General Discussion 

 

152 
 

of the thermal and pesticide sensitivity of declining bee species in addition to widespread and easy to 

study species, and identify the traits underpinning the sensitivity to stressors (e.g., body size as 

discussed previously), if we are to: i) truly appreciate the impact these environmental stressors are 

having on our pollinator communities and the services they provide; ii) highlight species most 

vulnerable to environmental change; and iii) produce more targeted mitigation and conservation 

strategies. 

 

5.4.6 | Translating effects on flight performance to dispersal capabilities 

In contrast to observed and predicted responses to climate change for other terrestrial animal 

taxa, there appears to be no change in the northern range limits for many bumblebee species across 

Europe and North America. Latitudinal range shifts towards the poles appears to be accelerating for 

most species’ groups, however, bumblebees seem to be failing to track the substantial warming in 

these regions (Chen et al., 2011; Kerr et al., 2015; Sunday et al., 2012), and consequently colonisation 

of new thermally suitable habitat in high latitudes may be outweighed by declines at low latitudes 

(Soroye et al., 2020). It has been suggested that bumblebee dispersal rates may be insufficient to track 

rates of environmental warming as projected under any one of the IPCC scenarios (IPBES, 2016; Sirois-

Delisle & Kerr, 2018). Owing to their reproductive social structure, population expansion is dependent 

on queen dispersal both before and after over-wintering. Using the flight mill setup outlined in this 

thesis to quantify queen (and drone) flight capacity under thermal gradients could provide useful 

indications of dispersal limits to help predict population trends under climate change. Interestingly, 

the allometric scaling relationships of body size with morphological and physical traits associated with 

flight in workers have been shown to predict trait values of larger queens (Billardon & Darveau, 2019). 

My findings on how worker body mass affected flight performance in Chapter 3 could therefore be 

useful in predicting queen dispersal capabilities under different thermal regimes. 

 

5.4.7 | Extrapolating findings to other insect taxa 

In addition to predictions within and across bee species, the relationships between body mass 

and flight performance across thermal gradients reported in Chapter 3 may have the potential to 

predict responses across insect taxa with similar thermal control mechanisms, providing useful 

insights into how the pollination service delivery of insect assemblages may respond to climate 

change. In addition to beneficial ecosystem services, the extent to which insects move across 

landscapes can also have dramatic implications for human health. For example, flight capacity 
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underpins the spread of insect-borne diseases, as well as insect pest outbreaks that threaten 

agricultural systems (Dujardin et al., 2008; Khan & Akram, 2014; Mazzi & Dorn, 2012; Muturi et al., 

2011). Methods to predict flight capacity across insect taxa therefore represent valuable multi-

disciplinary tools. However, care must be taken when extrapolating findings to wider insect taxa, 

because bumblebees are generally cold adapted species owing to their thermogenic capacity and 

insulated hairy bodies, whereas other insect pollinators such as butterflies have body temperatures 

that more closely acclimate to the surrounding air temperature and rely on basking and solar radiation 

absorbed to generate the required heat to fly (Heinrich, 1975; Wickham, 2009). It is therefore 

important that future work aims to quantify thermal responses of functional traits, such as flight 

performance, across other insect genera, in order to build a clearer picture of how pollinator 

communities as a whole will respond to environmental change. 

 

 

 

 

 

 

  



Bibliography 

154 
 

Bibliography 
 

 

Abdel-Raziq, H. M., Palmer, D. M., Koenig, P. A., Molnar, A. C., & Petersen, K. H. (2021). System 

design for inferring colony-level pollination activity through miniature bee-mounted sensors. 

Scientific Reports, 11, 4239. https://doi.org/10.1038/s41598-021-82537-1 

Abram, P. K., Boivin, G., Moiroux, J., & Brodeur, J. (2017). Behavioural effects of temperature on 

ectothermic animals: unifying thermal physiology and behavioural plasticity. Biological Reviews, 

92(4), 1859–1876. https://doi.org/10.1111/brv.12312 

Ahmed, M. A. I., Vogel, C. F. A., & Matsumura, F. (2015). Unique biochemical and molecular 

biological mechanism of synergistic actions of formamidine compounds on selected pyrethroid 

and neonicotinoid insecticides on the fourth instar larvae of Aedes aegypti (Diptera: Culicidae). 

Pesticide Biochemistry and Physiology, 120, 57–63. 

https://doi.org/10.1016/j.pestbp.2015.01.008 

Aizen, M. A., Garibaldi, L. A., Cunningham, S. A., & Klein, A. M. (2008). Long-term global trends in 

crop yield and production reveal no current pollination shortage but increasing pollinator 

dependency. Current Biology, 18(20), 1572–1575. https://doi.org/10.1016/j.cub.2008.08.066 

Aizen, M. A., & Harder, L. D. (2009). The global stock of domesticated honey bees is growing slower 

than agricultural demand for pollination. Current Biology, 19(11), 915–918. 

https://doi.org/10.1016/j.cub.2009.03.071 

Alford, D. V. (1975). Bumblebees. London: Davis-Poynter. 

Alkassab, A. T., & Kirchner, W. H. (2018). Assessment of acute sublethal effects of clothianidin on 

motor function of honeybee workers using video-tracking analysis. Ecotoxicology and 

Environmental Safety, 147, 200–205. https://doi.org/10.1016/j.ecoenv.2017.08.047 

Almeida, C. H. S., Haddi, K., Toledo, P. F. S., Rezende, S. M., Santana, W. C., Guedes, R. N. C., 

Newland, P. L., & Oliveira, E. E. (2021). Sublethal agrochemical exposures can alter honey 

bees’ and Neotropical stingless bees’ color preferences, respiration rates, and locomotory 

responses. Science of the Total Environment, 779, 146432. 

https://doi.org/10.1016/j.scitotenv.2021.146432 

Angilletta, M. J. (2006). Estimating and comparing thermal performance curves. Journal of Thermal 

Biology, 31(7), 541–545. https://doi.org/10.1016/j.jtherbio.2006.06.002 

Arce, A. N., David, T. I., Randall, E. L., Ramos Rodrigues, A., Colgan, T. J., Wurm, Y., & Gill, R. J. 

(2017). Impact of controlled neonicotinoid exposure on bumblebees in a realistic field setting. 

Journal of Applied Ecology, 54(4), 1199–1208. https://doi.org/10.1111/1365-2664.12792 

Arce, A. N., Rodrigues, A. R., Yu, J., Colgan, T. J., Wurm, Y., & Gill, R. J. (2018). Foraging 

bumblebees acquire a preference for neonicotinoid-treated food with prolonged exposure. 



Bibliography 

155 
 

Proceedings of the Royal Society B: Biological Sciences, 285(1885), 20180655. 

Arena, M., & Sgolastra, F. (2014). A meta-analysis comparing the sensitivity of bees to pesticides. 

Ecotoxicology, 23(3), 324–334. https://doi.org/10.1007/s10646-014-1190-1 

Arnell, N. W., & Freeman, A. (2021). The effect of climate change on agro-climatic indicators in the 

UK. Climatic Change, 165(40), 1–26. https://doi.org/10.1007/s10584-021-03054-8 

Arribas, P., Abellán, P., Velasco, J., Bilton, D. T., Millán, A., & Sánchez-Fernández, D. (2012). 

Evaluating drivers of vulnerability to climate change: A guide for insect conservation strategies. 

Global Change Biology, 18(7), 2135–2146. https://doi.org/10.1111/j.1365-2486.2012.02691.x 

Arthur, F. H., Throne, J. E., & Simonaitis, R. A. (1992). Degradation and Biological Efficacy of 

Chlorpyrifos-Methyl on Wheat Stored at Five Temperatures and Three Moisture Contents. 

Journal of Economic Entomology, 85(5), 1994–2002. https://doi.org/10.1093/jee/85.5.1994 

Arthur, F. H., Yue, B., & Wilde, G. E. (2004). Susceptibility of stored-product beetles on wheat and 

maize treated with thiamethoxam: effects of concentration, exposure interval, and temperature. 

Journal of Stored Products Research, 40(5), 527–546. https://doi.org/10.1016/j.jspr.2003.08.001 

Austin, M. W., & Dunlap, A. S. (2019). Intraspecific variation in worker body size makes North 

American bumble bees (Bombus spp.) less susceptible to decline. American Naturalist, 194(3), 

381–394. https://doi.org/10.1086/704280 

Azpiazu, C., Bosch, J., Bortolotti, L., Medrzycki, P., Teper, D., Molowny-Horas, R., & Sgolastra, F. 

(2021). Toxicity of the insecticide sulfoxaflor alone and in combination with the fungicide 

fluxapyroxad in three bee species. Scientific Reports, 11, 6821. https://doi.org/10.1038/s41598-

021-86036-1 

Azpiazu, C., Bosch, J., Viñuela, E., Medrzycki, P., Teper, D., & Sgolastra, F. (2019). Chronic oral 

exposure to field-realistic pesticide combinations via pollen and nectar: effects on feeding and 

thermal performance in a solitary bee. Scientific Reports, 9, 13770. 

https://doi.org/10.1038/s41598-019-50255-4 

Baird, E., Srinivasan, M. V., Zhang, S., & Cowling, A. (2005). Visual control of flight speed in 

honeybees. Journal of Experimental Biology, 208(20), 3895–3905. 

https://doi.org/10.1242/jeb.01818 

Bambaradeniya, C. N., & Amerasinghe, F. (2003). Biodiversity Associated with the Rice Field 

Agroecosystem in Asian Countries: A Brief Review. Sri Lanka, International Water Management 

Institute, Colombo. 

Barbara, G. S., Grünewald, B., Paute, S., Gauthier, M., & Raymond-Delpech, V. (2008). Study of 

nicotinic acetylcholine receptors on cultured antennal lobe neurones from adult honeybee 

brains. Invertebrate Neuroscience, 8(1), 19–29. https://doi.org/10.1007/s10158-007-0062-2 

Baron, G. L., Jansen, V. A. A., Brown, M. J. F., & Raine, N. E. (2017). Pesticide reduces bumblebee 

colony initiation and increases probability of population extinction. Nature Ecology and Evolution, 



Bibliography 

156 
 

1(9), 1308–1316. https://doi.org/10.1038/s41559-017-0260-1 

Baron, G. L., Raine, N. E., & Brown, M. J. F. (2017). General and species-specific impacts of a 

neonicotinoid insecticide on the ovary development and feeding of wild bumblebee queens. 

Proceedings of the Royal Society B: Biological Sciences, 284(1854), 20170123. 

https://doi.org/10.1098/rspb.2017.0123 

Bass, C., Denholm, I., Williamson, M. S., & Nauen, R. (2015). The global status of insect resistance to 

neonicotinoid insecticides. Pesticide Biochemistry and Physiology, 121, 78–87. 

https://doi.org/10.1016/j.pestbp.2015.04.004 

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using 

lme4. Journal of Statistical Software, 67(1), 1–48. https://doi.org/10.18637/jss.v067.i01 

Becher, M. A., Twiston-Davies, G., Penny, T. D., Goulson, D., Rotheray, E. L., & Osborne, J. L. 

(2018). Bumble-BEEHAVE: A systems model for exploring multifactorial causes of bumblebee 

decline at individual, colony, population and community level. Journal of Applied Ecology, 55(6), 

2790–2801. https://doi.org/10.1111/1365-2664.13165 

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., & Courchamp, F. (2012). Impacts of climate 

change on the future of biodiversity. Ecology Letters, 15(4), 365–377. 

https://doi.org/10.1111/j.1461-0248.2011.01736.x 

Belzunces, L. P., Tchamitchian, S., & Brunet, J. L. (2012). Neural effects of insecticides in the honey 

bee. Apidologie, 43(3), 348–370. https://doi.org/10.1007/s13592-012-0134-0 

Belzunces, L. P., Vandame, R., & Gu, X. (1996). Modulation of honey bee thermoregulation by 

adrenergic compounds. NeuroReport, 7(10), 1601–1604. https://doi.org/10.1097/00001756-

199607080-00014 

Ben-Shahar, Y., & Robinson, G. E. (2001). Satiation differentially affects performance in a learning 

assay by nurse and forager honey bees. Journal of Comparative Physiology - A Sensory, 

Neural, and Behavioral Physiology, 187(11), 891–899. https://doi.org/10.1007/s00359-001-0260-

z 

Benaets, K., Van Geystelen, A., Cardoen, D., De Smet, L., de Graaf, D. C., Schoofs, L., Larmuseau, 

M. H. D., Brettell, L. E., Martin, S. J., & Wenseleers, T. (2017). Covert deformed wing virus 

infections have long-term deleterious effects on honeybee foraging and survival. Proceedings of 

the Royal Society B: Biological Sciences, 284(1848), 20162149. 

https://doi.org/10.1098/rspb.2016.2149 

Bennett, A. B., & Isaacs, R. (2014). Landscape composition influences pollinators and pollination 

services in perennial biofuel plantings. Agriculture, Ecosystems and Environment, 193, 1–8. 

https://doi.org/10.1016/j.agee.2014.04.016 

Bertrand, G. B. (2019). Uses and Misuses of Agricultural Pesticides in Africa: Neglected Public Health 

Threats for Workers and Population. In M. Larramendy & S. Soloneski (Eds.), Pesticides - Use 



Bibliography 

157 
 

and Misuse and Their Impact in the Environment. IntechOpen. 

https://www.intechopen.com/chapters/65752 

Biddinger, D. J., Robertson, J. L., Mullin, C., Frazier, J., Ashcraft, S. A., Rajotte, E. G., Joshi, N. K., & 

Vaughn, M. (2013). Comparative Toxicities and Synergism of Apple Orchard Pesticides to Apis 

mellifera (L.) and Osmia cornifrons (Radoszkowski). PLoS ONE, 8(9), e72587. 

https://doi.org/10.1371/journal.pone.0072587 

Biesmeijer, J. C. (2006). Parallel Declines in Pollinators and Insect-Pollinated Plants in Britain and the 

Netherlands. Science, 313(5785), 351–354. https://doi.org/10.1126/science.1127863 

Billardon, F., & Darveau, C. A. (2019). Flight energetics, caste dimorphism and scaling properties in 

the bumblebee, Bombus impatiens. Journal of Experimental Biology, 222(1), jeb187807. 

https://doi.org/10.1242/jeb.187807 

Bishop, J. A., & Armbruster, W. S. (1999). Thermoregulatory abilities of Alaskan bees: Effects of size, 

phylogeny and ecology. Functional Ecology, 13(5), 711–724. https://doi.org/10.1046/j.1365-

2435.1999.00351.x 

Blacquière, T., Smagghe, G., Van Gestel, C. A. M., & Mommaerts, V. (2012). Neonicotinoids in bees: 

A review on concentrations, side-effects and risk assessment. Ecotoxicology, 21(4), 973–992. 

https://doi.org/10.1007/s10646-012-0863-x 

Bladon, A. J., Lewis, M., Bladon, E. K., Buckton, S. J., Corbett, S., Ewing, S. R., Hayes, M. P., 

Hitchcock, G. E., Knock, R., Lucas, C., McVeigh, A., Menéndez, R., Walker, J. M., Fayle, T. M., 

& Turner, E. C. (2020). How butterflies keep their cool: Physical and ecological traits influence 

thermoregulatory ability and population trends. Journal of Animal Ecology, 89(11), 2440–2450. 

https://doi.org/10.1111/1365-2656.13319 

Blanken, L. J., van Langevelde, F., & van Dooremalen, C. (2015). Interaction between Varroa 

destructor and imidacloprid reduces flight capacity of honeybees. Proceedings of the Royal 

Society B: Biological Sciences, 282(1820), 20151738. https://doi.org/10.1098/rspb.2015.1738 

Boff, S., Scheiner, R., Raizer, J., & Lupi, D. (2021). Survival rate and changes in foraging 

performances of solitary bees exposed to a novel insecticide. Ecotoxicology and Environmental 

Safety, 211, 111869. https://doi.org/10.1016/j.ecoenv.2020.111869 

Boina, D. R., Onagbola, E. O., Salyani, M., & Stelinski, L. L. (2009). Influence of posttreatment 

temperature on the toxicity of insecticides against Diaphorina citri (Hemiptera: Psyllidae). 

Journal of Economic Entomology, 102(2), 685–691. https://doi.org/10.1603/029.102.0229 

Bommarco, R., Kleijn, D., & Potts, S. G. (2013). Ecological intensification: Harnessing ecosystem 

services for food security. Trends in Ecology and Evolution, 28(4), 230–238. 

https://doi.org/10.1016/j.tree.2012.10.012 

Bommarco, R., Lundin, O., Smith, H. G., & Rundlöf, M. (2012). Drastic historic shifts in bumble-bee 

community composition in Sweden. Proceedings of the Royal Society B: Biological Sciences, 



Bibliography 

158 
 

279(1727), 309–315. https://doi.org/10.1098/rspb.2011.0647 

Bonmatin, J. M., Giorio, C., Girolami, V., Goulson, D., Kreutzweiser, D. P., Krupke, C., Liess, M., 

Long, E., Marzaro, M., Mitchell, E. A., Noome, D. A., Simon-Delso, N., & Tapparo, A. (2015). 

Environmental fate and exposure; neonicotinoids and fipronil. Environmental Science and 

Pollution Research, 22(1), 35–67. https://doi.org/10.1007/s11356-014-3332-7 

Bortolotti, L., Montanari, R., Marcelino, J., Medrzycki, P., Maini, S., & Porrini, C. (2003). Effects of 

sub-lethal imidacloprid doses on the homing rate and foraging activity of honey bees. Bulletin of 

Insectology, 56(1), 63–67. 

Botías, C., David, A., Hill, E. M., & Goulson, D. (2016). Contamination of wild plants near 

neonicotinoid seed-treated crops, and implications for non-target insects. Science of the Total 

Environment, 566–567, 269–278. https://doi.org/10.1016/j.scitotenv.2016.05.065 

Botías, C., David, A., Hill, E. M., & Goulson, D. (2017). Quantifying exposure of wild bumblebees to 

mixtures of agrochemicals in agricultural and urban landscapes. Environmental Pollution, 222, 

73–82. https://doi.org/10.1016/j.envpol.2017.01.001 

Botías, C., David, A., Horwood, J., Abdul-Sada, A., Nicholls, E., Hill, E., & Goulson, D. (2015). 

Neonicotinoid residues in wildflowers, a potential route of chronic exposure for bees. 

Environmental Science and Technology, 49(21), 12731–12740. 

https://doi.org/10.1021/acs.est.5b03459 

Botías, C., Jones, J. C., Pamminger, T., Bartomeus, I., Hughes, W. O. H., & Goulson, D. (2021). 

Multiple stressors interact to impair the performance of bumblebee Bombus terrestris colonies. 

Journal of Animal Ecology, 90(2), 415–431. https://doi.org/10.1111/1365-2656.13375 

Breed, G. A., Stichter, S., & Crone, E. E. (2013). Climate-driven changes in northeastern US butterfly 

communities. Nature Climate Change, 3(2), 142–145. https://doi.org/10.1038/nclimate1663 

Breeze, T. D., Bailey, A. P., Balcombe, K. G., & Potts, S. G. (2011). Pollination services in the UK: 

How important are honeybees? Agriculture, Ecosystems and Environment, 142(3–4), 137–143. 

https://doi.org/10.1016/j.agee.2011.03.020 

Breeze, T. D., Vaissière, B. E., Bommarco, R., Petanidou, T., Seraphides, N., Kozák, L., Scheper, J., 

Biesmeijer, J. C., Kleijn, D., Gyldenkærne, S., Moretti, M., Holzschuh, A., Steffan-Dewenter, I., 

Stout, J. C., Pärtel, M., Zobel, M., & Potts, S. G. (2014). Agricultural policies exacerbate 

honeybee pollination service supply-demand mismatches across Europe. PLoS ONE, 9(1), 

e82996. https://doi.org/10.1371/journal.pone.0082996 

Breeze, T. D., Gallai, N., Garibaldi, L. A., & Li, X. S. (2016). Economic measures of pollination 

services: Shortcomings and future directions. Trends in Ecology and Evolution, 31(12), 927–

939. https://doi.org/10.1016/j.tree.2016.09.002 

Brembs, B., Christiansen, F., Pflüger, H. J., & Duch, C. (2007). Flight initiation and maintenance 

deficits in flies with genetically altered biogenic amine levels. Journal of Neuroscience, 27(41), 



Bibliography 

159 
 

11122–11131. https://doi.org/10.1523/JNEUROSCI.2704-07.2007 

Brian, A. D. (1954). The foraging of bumble bees Part I. Foraging behaviour. Bee World, 35(4), 61–

67. https://doi.org/10.1080/0005772X.1954.11094840 

Brittain, C., Kremen, C., & Klein, A. M. (2013). Biodiversity buffers pollination from changes in 

environmental conditions. Global Change Biology, 19(2), 540–547. 

https://doi.org/10.1111/gcb.12043 

Brittain, C., Vighi, M., Bommarco, R., Settele, J., & Potts, S. G. (2010). Impacts of a pesticide on 

pollinator species richness at different spatial scales. Basic and Applied Ecology, 11(2), 106–

115. https://doi.org/10.1016/j.baae.2009.11.007 

Brodschneider, R., Riessberger-Gallé, U., & Crailsheim, K. (2009). Flight performance of artificially 

reared honeybees (Apis mellifera). Apidologie, 40(4), 441–449. 

https://doi.org/10.1051/apido/2009006 

Brown, J., Gillooly, J., Allen, A., Savage, V., & West, G. (2004). Toward a metabolic theory of ecology. 

Ecology, 85(7), 1771–1789. 

Brown, M., Dicks, L. V., Paxton, R. J., Baldock, K. C. R., Barron, A. B., Chauzat, M.-P., Freitas, B. M., 

Goulson, D., Jepsen, S., Kremen, C., Li, J., Neumann, P., Pattemore, D. E., Potts, S. G., 

Schweiger, O., Seymour, C. L., & Stout, J. C. (2016). A horizon scan of future threats and 

opportunities for pollinators and pollination. PeerJ, 4, e2249. https://doi.org/10.7717/peerj.2249 

Brunet, J. L., Badiou, A., & Belzunces, L. P. (2005). In vivo metabolic fate of [14C]-acetamiprid in six 

biological compartments of the honeybee, Apis mellifera L. Pest Management Science, 61(8), 

742–748. https://doi.org/10.1002/ps.1046 

Bryden, J., Gill, R. J., Mitton, R. A. A., Raine, N. E., & Jansen, V. A. A. (2013). Chronic sublethal 

stress causes bee colony failure. Ecology Letters, 16(12), 1463–1469. 

https://doi.org/10.1111/ele.12188 

Buckley, L. B., Tewksbury, J. J., & Deutsch, C. A. (2013). Can terrestrial ectotherms escape the heat 

of climate change by moving? Proceedings of the Royal Society B: Biological Sciences, 

280(1765), 20131149. https://doi.org/10.1098/rspb.2013.1149 

Budge, G. E., Garthwaite, D., Crowe, A., Boatman, N. D., Delaplane, K. S., Brown, M. A., Thygesen, 

H. H., & Pietravalle, S. (2015). Evidence for pollinator cost and farming benefits of neonicotinoid 

seed coatings on oilseed rape. Scientific Reports, 5, 12574. https://doi.org/10.1038/srep12574 

Burkle, L. A., Marlin, J. C., & Knight, T. M. (2013). Plant-pollinator interactions over 120 years: Loss of 

species, co-occurrence, and function. Science, 339(6127), 1611–1615. 

https://doi.org/10.1126/science.1232728 

Calatayud-Vernich, P., Calatayud, F., Simó, E., & Picó, Y. (2018). Pesticide residues in honey bees, 

pollen and beeswax: Assessing beehive exposure. Environmental Pollution, 241, 106–114. 

https://doi.org/10.1016/j.envpol.2018.05.062 



Bibliography 

160 
 

Cameron, S. A., & Sadd, B. M. (2020). Global trends in bumble bee health. Annual Review of 

Entomology, 65, 209–232. https://doi.org/10.1146/annurev-ento-011118-111847 

Camp, A. A., & Buchwalter, D. B. (2016). Can’t take the heat: Temperature-enhanced toxicity in the 

mayfly Isonychia bicolor exposed to the neonicotinoid insecticide imidacloprid. Aquatic 

Toxicology, 178, 49–57. https://doi.org/10.1016/j.aquatox.2016.07.011 

Cane, J. H. (1987). Estimation of bee size using intertegular span (Apoidea). Journal of the Kansas 

Entomological Society, 60(1), 145–147. https://doi.org/10.1098/rstb.2011.0050 

Carvalheiro, L. G., Kunin, W. E., Keil, P., Aguirre-Gutiérrez, J., Ellis, W. N., Fox, R., Groom, Q., 

Hennekens, S., Van Landuyt, W., Maes, D., Van de Meutter, F., Michez, D., Rasmont, P., Ode, 

B., Potts, S. G., Reemer, M., Roberts, S. P. M., Schaminée, J., Wallisdevries, M. F., & 

Biesmeijer, J. C. (2013). Species richness declines and biotic homogenisation have slowed 

down for NW-European pollinators and plants. Ecology Letters, 16(7), 870–878. 

https://doi.org/10.1111/ele.12121 

Casida, J. E. (2018). Neonicotinoids and other insect nicotinic receptor competitive modulators: 

Progress and prospects. Annual Review of Entomology, 63(1), 125–144. 

https://doi.org/10.1146/annurev-ento-020117-043042 

Ceballos, G., Ehrlich, P. R., & Dirzo, R. (2017). Biological annihilation via the ongoing sixth mass 

extinction signaled by vertebrate population losses and declines. Proceedings of the National 

Academy of Sciences, 114(30), 6089–6096. https://doi.org/10.1073/pnas.1704949114 

Centner, T. J., Brewer, B., & Leal, I. (2018). Reducing damages from sulfoxaflor use through 

mitigation measures to increase the protection of pollinator species. Land Use Policy, 75, 70–76. 

https://doi.org/10.1016/j.landusepol.2018.03.016 

Chakrabarti, P., Carlson, E. A., Lucas, H. M., Melathopoulos, A. P., & Sagili, R. R. (2020). Field rates 

of SivantoTM (flupyradifurone) and Transform® (sulfoxaflor) increase oxidative stress and induce 

apoptosis in honey bees (Apis mellifera L.). PLoS ONE, 15(5), e0233033. 

https://doi.org/10.1371/journal.pone.0233033 

Chaplin-Kramer, R., Dombeck, E., Gerber, J., Knuth, K. A., Mueller, N. D., Mueller, M., Ziv, G., & 

Klein, A. M. (2014). Global malnutrition overlaps with pollinator-dependent micronutrient 

production. Proceedings of the Royal Society B: Biological Sciences, 281(1794), 20141799. 

https://doi.org/10.1098/rspb.2014.1799 

Chauzat, M.-P., Faucon, J.-P., Martel, A.-C., Lachaize, J., Cougoule, N., & Aubert, M. (2006). A 

survey of pesticide residues in pollen loads collected by honey bees in France. Journal of 

Economic Entomology, 99(2), 253–262. https://doi.org/10.1603/0022-0493-99.2.253 

Chen, I., Hill, J. K., Ohlemüller, R., Roy, D. B., & Thomas, C. D. (2011). Rapid range shifts of species 

of climate warming. Science, 333(6045), 1024–1026. https://doi.org/10.1126/science.1206432 

Cirera, X., & Masset, E. (2010). Income distribution trends and future food demand. Philosophical 



Bibliography 

161 
 

Transactions of the Royal Society B: Biological Sciences, 365(1554), 2821–2834. 

https://doi.org/10.1098/rstb.2010.0164 

Clay, J. (2011). Freeze the footprint of food. Nature, 475(7356), 287–289. 

https://doi.org/10.1038/475287a 

Cnaani, J., & Hefetz, A. (1994). The effect of workers size frequency distribution on colony 

development in Bombus terrestris. Insectes Sociaux, 41(3), 301–307. 

https://doi.org/10.1007/BF01242301 

Coelho, J. R. (1991). The effect of thorax temperature on force production during tethered flight in 

honeybee (Apis mellifera) drones, workers, and queens. Physiological Zoology, 64(3), 823–835. 

https://doi.org/10.1086/physzool.64.3.30158209 

Cohen, J. M., Lajeunesse, M. J., & Rohr, J. R. (2018). A global synthesis of animal phenological 

responses to climate change. Nature Climate Change, 8(3), 224–228. 

https://doi.org/10.1038/s41558-018-0067-3 

Cohen, J., Pfeiffer, K., & Francis, J. A. (2018). Warm Arctic episodes linked with increased frequency 

of extreme winter weather in the United States. Nature Communications, 9(1), 1–12. 

https://doi.org/10.1038/s41467-018-02992-9 

Combes, S. A., Gagliardi, S. F., Switzer, C. M., & Dillon, M. E. (2020). Kinematic flexibility allows 

bumblebees to increase energetic efficiency when carrying heavy loads. Science Advances, 

6(6), eaay3115. 

Corbet, S., Fussell, M., Ake, R., Fraser, A., Gunson, C., Savage, A., & Smith, K. (1993). Temperature 

and the pollinating activity of social bees. Ecological Entomology, 18(1), 17–30. 

Couvillon, M. J., & Dornhaus, A. (2010). Small worker bumble bees (Bombus impatiens) are hardier 

against starvation than their larger sisters. Insectes Sociaux, 57(2), 193–197. 

https://doi.org/10.1007/s00040-010-0064-7 

Couvillon, M. J., Fitzpatrick, G., & Dornhaus, A. (2010). Ambient air temperature does not predict 

whether small or large workers forage in bumble bees (Bombus impatiens). Psyche: A Journal of 

Entomology, 2010, 536430. https://doi.org/10.1155/2010/536430 

Couvillon, M. J., Jandt, J. M., Duong, N., & Dornhaus, A. (2010). Ontogeny of worker body size 

distribution in bumble bee (Bombus impatiens) colonies. Ecological Entomology, 35(4), 424–

435. https://doi.org/10.1111/j.1365-2311.2010.01198.x 

Couvillon, M. J., Walter, C. M., Blows, E. M., Czaczkes, T. J., Alton, K. L., Ratnieks, F. L. W., & 

Biologie, I. (2015). Busy bees: Variation in insect flower-visiting rates across multiple plant 

species. Psyche: A Journal of Entomology, 2015, 134630. 

Crall, J. D., Brokaw, J., Gagliardi, S. F., Mendenhall, C. D., Pierce, N. E., & Combes, S. A. (2020). 

Wind drives temporal variation in pollinator visitation in a fragmented tropical forest. Biology 

Letters, 16(4), 20200103. https://doi.org/10.1098/rsbl.2020.0103 



Bibliography 

162 
 

Crall, J. D., Chang, J. J., Oppenheimer, R. L., & Combes, S. A. (2017). Foraging in an unsteady 

world: Bumblebee flight performance in field realistic turbulence. Interface Focus, 7(1), 

20160086. https://doi.org/10.1098/rsfs.2016.0086 

Crall, J. D., Gravish, N., Mountcastle, A. M., & Combes, S. A. (2015). BEEtag: A low-cost, image-

based tracking system for the study of animal behavior and locomotion. PLoS ONE, 10(9), 

e0136487. https://doi.org/10.1371/journal.pone.0136487 

Crall, J. D., Ravi, S., Mountcastle, A. M., & Combes, S. A. (2015). Bumblebee flight performance in 

cluttered environments: Effects of obstacle orientation, body size and acceleration. Journal of 

Experimental Biology, 218(17), 2728–2737. https://doi.org/10.1242/jeb.121293 

Crall, J. D., Switzer, C. M., Oppenheimer, R. L., Versypt, A. N. F., Dey, B., Brown, A., Eyster, M., 

Pierce, N. E., Combes, S. A., & Bivort, B. L. De. (2018). Neonicotinoid exposure disrupts 

bumblebee nest behavior, social networks, and thermoregulation. Science, 362(6415), 683–686. 

Crane, E. (1999). Recent research on the world history of beekeeping. Bee World, 80(4), 174–186. 

https://doi.org/10.1080/0005772X.1999.11099453 

Crawley, M. J. (2013). The R Book. In John Wiley & Sons, Ltd (Issue 1). 

https://doi.org/10.1086/431086 

Creissen, H. E., Jones, P. J., Tranter, R. B., Girling, R. D., Jess, S., Burnett, F. J., Gaffney, M., 

Thorne, F. S., & Kildea, S. (2021). Identifying the drivers and constraints to adoption of IPM 

among arable farmers in the UK and Ireland. Pest Management Science, 77(9), 4148–4158. 

https://doi.org/10.1002/ps.6452 

Cressey, D. (2017). The bitter battle over the world’s most popular insecticides. Nature, 551(7679), 

156–158. https://doi.org/10.1038/551156a 

Cresswell, J. E. (2011). A meta-analysis of experiments testing the effects of a neonicotinoid 

insecticide (imidacloprid) on honey bees. Ecotoxicology, 20(1), 149–157. 

https://doi.org/10.1007/s10646-010-0566-0 

Cresswell, J. E., Page, C. J., Uygun, M. B., Holmbergh, M., Li, Y., Wheeler, J. G., Laycock, I., Pook, 

C. J., de Ibarra, N. H., Smirnoff, N., & Tyler, C. R. (2012). Differential sensitivity of honey bees 

and bumble bees to a dietary insecticide (imidacloprid). Zoology, 115(6), 365–371. 

https://doi.org/10.1016/j.zool.2012.05.003 

Crist, E., Mora, C., & Engelman, R. (2017). The interaction of human population, food production, and 

biodiversity protection. Science, 356(6335), 260–264. https://doi.org/10.1126/science.aal2011 

Cutler, P., Slater, R., Edmunds, A.J., Maienfisch, P., Hall, R.G., Earley, F.G., Pitterna, T., Pal, S., 

Paul, V.L., Goodchild, J. and Blacker, M. (2013). Investigating the mode of action of sulfoxaflor: 

a fourth‐generation neonicotinoid. Pest Management Science, 69(5), 607-619. 

Dance, C., Botías, C., & Goulson, D. (2017). The combined effects of a monotonous diet and 

exposure to thiamethoxam on the performance of bumblebee micro-colonies. Ecotoxicology and 



Bibliography 

163 
 

Environmental Safety, 139, 194–201. https://doi.org/10.1016/j.ecoenv.2017.01.041 

Darveau, C. A., Hochachka, P. W., Roubik, D. W., & Suarez, R. K. (2005). Allometric scaling of flight 

energetics in orchid bees: Evolution of flux capacities and flux rates. Journal of Experimental 

Biology, 208(18), 3593–3602. https://doi.org/10.1242/jeb.01777 

Darvill, B., Knight, M. E., & Goulson, D. (2004). Use of genetic markers to quantify bumblebee 

foraging range and nest density. Oikos, 107(3), 471–478. https://doi.org/10.1111/j.0030-

1299.2004.13510.x 

David, A., Botías, C., Abdul-Sada, A., Nicholls, E., Rotheray, E. L., Hill, E. M., & Goulson, D. (2016). 

Widespread contamination of wildflower and bee-collected pollen with complex mixtures of 

neonicotinoids and fungicides commonly applied to crops. Environment International, 88, 169–

178. https://doi.org/10.1016/j.envint.2015.12.011 

Decourtye, A., Henry, M., & Desneux, N. (2013). Overhaul pesticide testing on bees. Nature, 497, 

188. 

DEFRA. (2021). Sustainable Farming Incentive: how the scheme will work in 2022. 

https://www.gov.uk/government/publications/sustainable-farming-incentive-how-the-scheme-will-

work-in-2022 (last access in January/2022) 

Déglise, P., Grünewald, B., & Gauthier, M. (2002). The insecticide imidacloprid is a partial agonist of 

the nicotinic receptor of honeybee Kenyon cells. Neuroscience Letters, 321(1–2), 13–16. 

https://doi.org/10.1016/S0304-3940(01)02400-4 

Delaplane, K. S., & Mayer, D. F. (2000). Crop pollination by bees. Wallingford: Cabi. 

https://doi.org/10.1079/9780851994482.0000 

Dell, A. I., Pawar, S., & Savage, V. M. (2011). Systematic variation in the temperature dependence of 

physiological and ecological traits. Proceedings of the National Academy of Sciences, 108(26), 

10591–10596. https://doi.org/10.1073/pnas.1015178108 

Derecka, K., Blythe, M. J., Malla, S., Genereux, D. P., Guffanti, A., Pavan, P., Moles, A., Snart, C., 

Ryder, T., Ortori, C. A., Barrett, D. A., Schuster, E., & Stöger, R. (2013). Transient exposure to 

low levels of insecticide affects metabolic networks of honeybee larvae. PLoS ONE, 8(7), 

e68191. https://doi.org/10.1371/journal.pone.0068191 

Desneux, N., Decourtye, A., & Delpuech, J.-M. (2007). The Sublethal Effects of Pesticides on 

Beneficial Arthropods. Annual Review of Entomology, 52(1), 81–106. 

https://doi.org/10.1146/annurev.ento.52.110405.091440 

Deutsch, C. A., Naylor, R. L., Battisti, D. S., Tewksbury, J. J., Tigchelaar, M., Merrill, S. C., & Huey, R. 

B. (2018). Increase in crop losses to insect pests in a warming climate. Science, 361(6405), 

916–919. https://doi.org/10.1126/science.aat3466 

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. K., Haak, D. C., & 

Martin, P. R. (2008). Impacts of climate warming on terrestrial ectotherms across latitude. 



Bibliography 

164 
 

Proceedings of the National Academy of Sciences, 105(18), 6668–6672. 

https://doi.org/10.1073/pnas.0709472105 

Dicks, L. V., Breeze, T. D., Ngo, H. T., Senapathi, D., An, J., Aizen, M. A., Basu, P., Buchori, D., 

Galetto, L., Garibaldi, L. A., Gemmill-Herren, B., Howlett, B. G., Imperatriz-Fonseca, V. L., 

Johnson, S. D., Kovács-Hostyánszki, A., Kwon, Y. J., Lattorff, H. M. G., Lungharwo, T., 

Seymour, C. L., … Potts, S. G. (2021). A global-scale expert assessment of drivers and risks 

associated with pollinator decline. Nature Ecology and Evolution, 5(10), 1453–1461. 

https://doi.org/10.1038/s41559-021-01534-9 

Dicks, L. V. (2013). Bees, lies and evidence-based policy. Nature, 494(7437), 283. 

http://ci.nii.ac.jp/naid/40017347937/ 

Didham, R. K., Ghazoul, J., Stork, N. E., & Davis, A. J. (1996). Insects in fragmented forest: a 

functional approach. Trends in Ecology & Evolution, 11(6), 255–260. 

Dirzo, R., Aletti, M., Young, H. S., Isaac, N. J. B., Collen, B., & Ceballos, G. (2014). Defaunation in the 

Anthropocene. Science, 345(6195), 401–406. https://doi.org/10.1126/science.1251817 

Dively, G. P., & Kamel, A. (2012). Insecticide residues in pollen and nectar of a cucurbit crop and their 

potential exposure to pollinators. Journal of Agricultural and Food Chemistry, 60(18), 4449–

4456. https://doi.org/10.1021/jf205393x 

Duchenne, F., Thébault, E., Michez, D., Elias, M., Drake, M., Persson, M., Piot, J. S., Pollet, M., 

Vanormelingen, P., & Fontaine, C. (2020). Phenological shifts alter the seasonal structure of 

pollinator assemblages in Europe. Nature Ecology and Evolution, 4(1), 115–121. 

https://doi.org/10.1038/s41559-019-1062-4 

Dudley, N., & Alexander, S. (2017). Agriculture and biodiversity: a review. Biodiversity, 18(2–3), 45–

49. https://doi.org/10.1080/14888386.2017.1351892 

Dudley, R. (2000). The Biomechanics of Insect Flight: Form, Function, Evolution. Princeton University 

Press. https://doi.org/10.2307/j.ctv301g2x 

Dujardin, J. C., Campino, L., Cañavate, C., Dedet, J. P., Gradoni, L., Soteriadou, K., Mazeris, A., 

Ozbel, Y., & Boelaert, M. (2008). Spread of vector-borne diseases and neglect of leishmaniasis, 

Europe. Emerging Infectious Diseases, 14(7), 1013–1018. 

https://doi.org/10.3201/eid1407.071589 

Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. R., & Mearns, L. O. (2000). 

Climate extremes: Observations, modeling, and impacts. Science, 289(5487), 2068–2074. 

EFSA. (2013). Guidance on the risk assessment of plant protection products on bees ( Apis mellifera , 

Bombus spp. and solitary bees). EFSA Journal, 11(7), 3295. 

https://doi.org/10.2903/j.efsa.2013.3295 

EFSA. (2018). Evaluation of the data on clothianidin, imidacloprid and thiamethoxam for the updated 

risk assessment to bees for seed treatments and granules in the EU. EFSA Supporting 



Bibliography 

165 
 

Publications, EN-1378, 1–31. https://doi.org/10.2903/sp.efsa.2018.en-1378 

EFSA, Abdourahime, H., Arena, M., Auteri, D., Barmaz, S., Ctverackova, L., De Lentdecker, C., 

Ippolito, A., Kardassi, D., Messinetti, S., Molnar, T., Saari, K. E., Sharp, R., Streissl, F., Sturma, 

J., Szentes, C., Tiramani, M., Vagenende, B., Van Dijk, J., & Villamar-Bouza, L. (2019). Peer 

review of the pesticide risk assessment for the active substance sulfoxaflor in light of 

confirmatory data submitted. EFSA Journal, 17(3), 1–21. 

https://doi.org/10.2903/j.efsa.2019.5633 

Eilers, E. J., Kremen, C., Greenleaf, S. S., Garber, A. K., & Klein, A. M. (2011). Contribution of 

pollinator-mediated crops to nutrients in the human food supply. PLoS ONE, 6(6), e21363. 

https://doi.org/10.1371/journal.pone.0021363 

Elbert, A., Haas, M., Springer, B., Thielert, W., & Nauen, R. (2008). Applied aspects of neonicotinoid 

uses in crop protection. Pest Management Science, 64(11), 1099–1105. 

https://doi.org/10.1002/ps 

Ellis, C., Park, K. J., Whitehorn, P., David, A., & Goulson, D. (2017). The neonicotinoid insecticide 

thiacloprid impacts upon bumblebee colony development under field conditions. Environmental 

Science and Technology, 51(3), 1727–1732. https://doi.org/10.1021/acs.est.6b04791 

Ellis, J., Evans, J. D., & Pettis, J. (2010). Colony losses, managed colony population decline, and 

Colony Collapse Disorder in the United States. Journal of Apicultural Research, 49(1), 134–136. 

https://doi.org/10.3896/ibra.1.49.1.30 

EPA. (2014). Guidance for assessing pesticide risks to bees. Washington, DC: Office of Chemical 

Safety and Pollution Prevention, Office of Pesticide Programs. United States Environmental 

Protection Agency. 

EPA. (2019). Decision memorandum supporting the registration decision for new uses of the active 

ingredient sulfoxaflor on alfalfa, cacao, citrus, corn, cotton, cucurbits, grains, pineapple, 

sorghum, soybeans, strawberries and tree plantations and amendments to labels. Epa, 1–30. 

https://www.regulations.gov/document?D=EPA-HQ-OPP-2010-0889-0570 (last access in 

May/2020) 

Esch, H. (1976). Body temperature and flight performance of honey bees in a servo-mechanically 

controlled wind tunnel. Journal of Comparative Physiology, 109(3), 265–277. 

https://doi.org/10.1007/BF00663608 

Esch, H., Goller, F., & Heinrich, B. (1991). How do bees shiver? Naturwissenschaften, 78(7), 325–

328. https://doi.org/10.1007/BF01221422 

Estrada-Peña, A., Ostfeld, R. S., Peterson, A. T., Poulin, R., & de la Fuente, J. (2014). Effects of 

environmental change on zoonotic disease risk: An ecological primer. Trends in Parasitology, 

30(4), 205–214. https://doi.org/10.1016/j.pt.2014.02.003 

European Commission. (2022). Authorisation of Plant Protection Products. 



Bibliography 

166 
 

https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/ppp/pppeas/screen/home (last 

access in January/2022) 

Fahrig, L. (2003). Effects of Habitat Fragmentation on Biodiversity. Annual Review of Ecology, 

Evolution, and Systematics, 34(1), 487–515. 

https://doi.org/10.1146/annurev.ecolsys.34.011802.132419 

FAO. (2009). Global agriculture towards 2050. High Level Expert Forum-How to Feed the World 

2050, 1–4.  

Feltham, H., Park, K., & Goulson, D. (2014). Field realistic doses of pesticide imidacloprid reduce 

bumblebee pollen foraging efficiency. Ecotoxicology, 23(3), 317–323. 

https://doi.org/10.1007/s10646-014-1189-7 

Fernandez-Cornejo, J., & Vialou, A. (2014). Pesticide use in U. S. agriculture: 21 selected crops, 

1960-2008. USDA Economic Information Bulletin, 124. https://doi.org/10.2139/ssrn.2502986 

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: new 1‐km spatial resolution climate surfaces for 

global land areas. International Journal of Climatology, 37(12), 4302–4315. 

Fischer, J., Müller, T., Spatz, A. K., Greggers, U., Grünewald, B., & Menzel, R. (2014). Neonicotinoids 

interfere with specific components of navigation in honeybees. PLoS ONE, 9(3), e91364. 

https://doi.org/10.1371/journal.pone.0091364 

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., Mueller, N. 

D., O’Connell, C., Ray, D. K., West, P. C., Balzer, C., Bennett, E. M., Carpenter, S. R., Hill, J., 

Monfreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., … Zaks, D. P. M. (2011). 

Solutions for a cultivated planet. Nature, 478(7369), 337–342. 

https://doi.org/10.1038/nature10452 

Forister, M. L., Fordyce, J. A., Nice, C. C., Thorne, J. H., Waetjen, D. P., & Shapiro, A. M. (2018). 

Impacts of a millennium drought on butterfly faunal dynamics. Climate Change Responses, 5, 3. 

https://doi.org/10.1186/s40665-018-0039-x 

Forister, M. L., McCall, A. C., Sanders, N. J., Fordyce, J. A., Thorne, J. H., O’Brien, J., Waetjen, D. P., 

& Shapiro, A. M. (2010). Compounded effects of climate change and habitat alteration shift 

patterns of butterfly diversity. Proceedings of the National Academy of Sciences, 107(5), 2088–

2092. https://doi.org/10.1073/pnas.0909686107 

Forister, M. L., Pelton, E. M., & Black, S. H. (2019). Declines in insect abundance and diversity: We 

know enough to act now. Conservation Science and Practice, 1(8), e80. 

https://doi.org/10.1111/csp2.80 

Fox, R. (2013). The decline of moths in Great Britain: A review of possible causes. Insect 

Conservation and Diversity, 6(1), 5–19. https://doi.org/10.1111/j.1752-4598.2012.00186.x 

Francis, J. A., Skific, N., & Vavrus, S. J. (2018). North American weather regimes are becoming more 

persistent: Is Arctic amplification a factor? Geophysical Research Letters, 45(20), 414–422. 



Bibliography 

167 
 

https://doi.org/10.1029/2018GL080252 

Francis, J. A., & Vavrus, S. J. (2012). Evidence linking Arctic amplification to extreme weather in mid-

latitudes. Geophysical Research Letters, 39(6), 1–6. https://doi.org/10.1029/2012GL051000 

Frasnelli, E., Robert, T., Chow, P. K. Y., Scales, B., Gibson, S., Manning, N., Philippides, A. O., 

Collett, T. S., & Hempel de Ibarra, N. (2021). Small and large bumblebees invest differently 

when learning about flowers. Current Biology, 31(5), 1058-1064. 

https://doi.org/10.1016/j.cub.2020.11.062 

Free, J. B., & Butler, C. G. (1959). Bumblebees. London: Collins. 

Friedle, C., Wallner, K., Rosenkranz, P., Martens, D., & Vetter, W. (2021). Pesticide residues in daily 

bee pollen samples (April–July) from an intensive agricultural region in Southern Germany. 

Environmental Science and Pollution Research, 28, 22789-22803. 

https://doi.org/10.1007/s11356-020-12318-2 

Friedli, A., Williams, G. R., Bruckner, S., Neumann, P., & Straub, L. (2020). The weakest link: Haploid 

honey bees are more susceptible to neonicotinoid insecticides. Chemosphere, 242, 125145. 

https://doi.org/10.1016/j.chemosphere.2019.125145 

Fründ, J., Dormann, C. F., Holzschuh, A., & Tscharntke, T. (2013). Bee diversity effects on pollination 

depend on functional complementarity and niche shifts. Ecology, 94(9), 2042–2054. 

Gagic, V., Holding, M., Venables, W. N., Hulthen, A. D., & Schellhorn, N. A. (2021). Better outcomes 

for pest pressure, insecticide use, and yield in less intensive agricultural landscapes. 

Proceedings of the National Academy of Sciences, 118(12), e2018100118. 

https://doi.org/10.1073/pnas.2018100118 

Gallai, N., Salles, J. M., Settele, J., & Vaissière, B. E. (2009). Economic valuation of the vulnerability 

of world agriculture confronted with pollinator decline. Ecological Economics, 68(3), 810–821. 

https://doi.org/10.1016/j.ecolecon.2008.06.014 

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L., & Heinsohn, R. (2011). Declining body size: A 

third universal response to warming? Trends in Ecology and Evolution, 26(6), 285–291. 

https://doi.org/10.1016/j.tree.2011.03.005 

Gardner, K. E., Foster, R. L., & O’Donnell, S. (2007). Experimental analysis of worker division of labor 

in bumblebee nest thermoregulation (Bombus huntii, Hymenoptera: Apidae). Behavioral Ecology 

and Sociobiology, 61(5), 783–792. https://doi.org/10.1007/s00265-006-0309-7 

Garibaldi, L. A., Aizen, M. A., Klein, A. M., Cunningham, S. A., & Harder, L. D. (2011). Global growth 

and stability of agricultural yield decrease with pollinator dependence. Proceedings of the 

National Academy of Sciences, 108(14), 5909–5914. https://doi.org/10.1073/pnas.1012431108 

Garibaldi, L. A., Steffan-Dewenter, I., Winfree, R., Aizen, M. A., Bommarco, R., Cunningham, S. A., 

Kremen, C., Carvalheiro, L. G., Harder, L. D., Afik, O., Bartomeus, I., Benjamin, F., Boreux, V., 

Cariveau, D., Chacoff, N. P., Dudenhoffer, J. H., Freitas, B. M., Ghazoul, J., Greenleaf, S., … 



Bibliography 

168 
 

Klein, A. M. (2013). Wild pollinators enhance fruit set of crops regardless of honey bee 

abundance. Science, 339(6127), 1608–1611. https://doi.org/10.1126/science.1230200 

Garratt, M. P. D., Breeze, T. D., Jenner, N., Polce, C., Biesmeijer, J. C., & Potts, S. G. (2014). 

Avoiding a bad apple: Insect pollination enhances fruit quality and economic value. Agriculture, 

Ecosystems and Environment, 184, 34–40. https://doi.org/10.1016/j.agee.2013.10.032 

Garthwaite, D., Ridley, L., Mace, A., Parrish, G., Barker, I., Rainford, J., & MacArthur, R. (2018). 

Pesticide Usage Survey Report 284: Arable Crops in the United Kingdom. 

Gauthier, J. R., & Mabury, S. A. (2021).  Sulfoximine insecticide sulfoxaflor and its photodegradate 

demonstrates acute toxicity to non‐targeted invertebrate species Daphnia magna . In 

Environmental Toxicology and Chemistry. John Wiley & Sons, Ltd. 

https://doi.org/10.1002/etc.5117 

Gavini, S. S., Quintero, C., & Tadey, M. (2020). Intraspecific variation in body size of bumblebee 

workers influences anti-predator behaviour. Journal of Animal Ecology, 89(2), 658–669. 

https://doi.org/10.1111/1365-2656.13135 

Gerard, M., Michez, D., Debat, V., Fullgrabe, L., Meeus, I., Piot, N., Sculfort, O., Vastrade, M., 

Smagghe, G., & Vanderplanck, M. (2018). Stressful conditions reveal decrease in size, 

modification of shape but relatively stable asymmetry in bumblebee wings. Scientific Reports, 8, 

15169. https://doi.org/10.1038/s41598-018-33429-4 

Gerba, C. (2019). Chapter 28 - Environmental Toxicology. In Environmental and Pollution Science 

(Third Edit, pp. 511–540). Academic Press. 

Germ, M., Stabentheiner, A., & Kastberger, G. (1997). Seasonal and daily variation of honeybee 

dancing temperature under constant feeding conditions. Apidologie, 28, 385–398. 

Gervais, A., Courtois, È., Fournier, V., & Bélisle, M. (2020). Landscape composition and local floral 

resources influence foraging behavior but not the size of Bombus impatiens Cresson 

(Hymenoptera: Apidae) workers. PLoS ONE, 15(6), e0234498. 

https://doi.org/10.1371/journal.pone.0234498 

Ghisbain, G., Michez, D., Marshall, L., Rasmont, P., & Dellicour, S. (2020). Wildlife conservation 

strategies should incorporate both taxon identity and geographical context - further evidence 

with bumblebees. Diversity and Distributions, 26(12), 1741–1751. 

https://doi.org/10.1111/ddi.13155 

Gill, R. J., Baldock, K. C. R., Brown, M. J. F., Cresswell, J. E., Dicks, L. V., Fountain, M. T., Garratt, 

M. P. D., Gough, L. A., Heard, M. S., Holland, J. M., Ollerton, J., Stone, G. N., Tang, C. Q., 

Vanbergen, A. J., Vogler, A. P., Woodward, G., Arce, A. N., Boatman, N. D., Brand-Hardy, R., … 

Potts, S. G. (2016). Protecting an ecosystem service: Approaches to understanding and 

mitigating threats to wild insect pollinators. In Advances in Ecological Research (1st ed., Vol. 54, 

pp. 135–206). Elsevier Ltd. https://doi.org/10.1016/bs.aecr.2015.10.007 



Bibliography 

169 
 

Gill, R. J., & Raine, N. E. (2014). Chronic impairment of bumblebee natural foraging behaviour 

induced by sublethal pesticide exposure. Functional Ecology, 28(6), 1459–1471. 

https://doi.org/10.1111/1365-2435.12292 

Gill, R. J., Ramos-Rodriguez, O., & Raine, N. E. (2012). Combined pesticide exposure severely 

affects individual- and colony-level traits in bees. Nature, 491(7422), 105–108. 

https://doi.org/10.1038/nature11585 

Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M., & Charnov, E. L. (2001). Effects of size and 

temperature on metabolic rate. Science, 293(5538), 2248–2251. 

https://doi.org/10.1126/science.1061967 

Githeko, A. K., Lindsay, S. W., Confalonieri, U. E., & Patz, J. A. (2000). Climate change and vector-

borne diseases: A regional analysis. Bulletin of the World Health Organization, 78(9), 1136–

1147. https://doi.org/10.1590/S0042-96862000000900009 

Glunt, K. D., Blanford, J. I., & Paaijmans, K. P. (2013). Chemicals, climate, and control: Increasing the 

effectiveness of malaria vector control tools by considering relevant temperatures. PLoS 

Pathogens, 9(10), 1–5. https://doi.org/10.1371/journal.ppat.1003602 

Godfray, H. C. J., Blacquiere, T., Field, L. M., Hails, R. S., Petrokofsky, G., Potts, S. G., Raine, N. E., 

Vanbergen, A. J., & McLean, A. R. (2014). A restatement of the natural science evidence base 

concerning neonicotinoid insecticides and insect pollinators. Proceedings of the Royal Society B: 

Biological Sciences, 281(1786), 20151821. https://doi.org/10.1098/rspb.2014.0558 

Gooley, Z. C., & Gooley, A. C. (2020). Exposure to field-realistic concentrations of imidacloprid at 

different ambient temperatures disrupts non-flight metabolic rate in honey bee (Apis mellifera) 

foragers. Bulletin of Insectology, 73(2), 161–170. 

Goulson, D. (2003). Bumblebees: Behaviour and Ecology. Oxford University Press.  

Goulson, D. (2013). An overview of the environmental risks posed by neonicotinoid insecticides. 

Journal of Applied Ecology, 50(4), 977–987. https://doi.org/10.1111/1365-2664.12111 

Goulson, D. (2015). Neonicotinoids impact bumblebee colony fitness in the field; a reanalysis of the 

UK’s Food & Environment Research Agency 2012 experiment. PeerJ, 3, e854. 

https://doi.org/10.7717/peerj.854 

Goulson, D. (2020). Pesticides, corporate irresponsibility, and the fate of our planet. One Earth, 2(4), 

302–305. https://doi.org/10.1016/j.oneear.2020.03.004 

Goulson, D., Lye, G. C., & Darvill, B. (2008). Decline and conservation of bumble bees. Annual 

Review of Entomology, 53(1), 191–208. https://doi.org/10.1146/annurev.ento.53.103106.093454 

Goulson, D., Nicholls, E., Botias, C., & Rotheray, E. L. (2015). Bee declines driven by combined 

stress from parasites, pesticides, and lack of flowers. Science, 347(6229), 1255957–1255957. 

https://doi.org/10.1126/science.1255957 

Goulson, D., Peat, J., Stout, J. C., Tucker, J., Darvill, B., Derwent, L. C., & Hughes, W. O. H. (2002). 



Bibliography 

170 
 

Can alloethism in workers of the bumblebee, Bombus terrestris, be explained in terms of 

foraging efficiency? Animal Behaviour, 64(1), 123–130. https://doi.org/10.1006/anbe.2002.3041 

Goulson, D., Rayner, P., Dawson, B., & Darvill, B. (2011). Translating research into action; 

bumblebee conservation as a case study. Journal of Applied Ecology, 48(1), 3–8. 

https://doi.org/10.1111/j.1365-2664.2010.01929.x 

Gradish, A. E., Van Der Steen, J., Scott-Dupree, C. D., Cabrera, A. R., Cutler, G. C., Goulson, D., 

Klein, O., Lehmann, D. M., Lückmann, J., O’Neill, B., Raine, N. E., Sharma, B., & Thompson, H. 

(2019). Comparison of pesticide exposure in honey bees (Hymenoptera: Apidae) and bumble 

bees (Hymenoptera: Apidae): Implications for risk assessments. Environmental Entomology, 

48(1), 12–21. https://doi.org/10.1093/ee/nvy168 

Greenleaf, S. S., & Kremen, C. (2006). Wild bee species increase tomato production and respond 

differently to surrounding land use in Northern California. Biological Conservation, 133(1), 81–

87. https://doi.org/10.1016/j.biocon.2006.05.025 

Greenleaf, S. S., Williams, N. M., Winfree, R., & Kremen, C. (2007). Bee foraging ranges and their 

relationship to body size. Oecologia, 153(3), 589–596. https://doi.org/10.1007/s00442-007-0752-

9 

Greenop, A., Mica-Hawkyard, N., Walkington, S., Wilby, A., Cook, S. M., Pywell, R. F., & Woodcock, 

B. A. (2020). Equivocal evidence for colony level stress effects on bumble bee pollination 

services. Insects, 11(3), 191. https://doi.org/10.3390/insects11030191 

Grixti, J. C., Wong, L. T., Cameron, S. A., & Favret, C. (2009). Decline of bumble bees (Bombus) in 

the North American Midwest. Biological Conservation, 142(1), 75–84. 

https://doi.org/10.1016/j.biocon.2008.09.027 

Guzman, L. M., Johnson, S. A., Mooers, A. O., & Gonigle, L. K. M. (2021). Using historical data to 

estimate bumble bee occurrence : Variable trends across species provide little support for 

community-level declines. Biological Conservation, 257, 109141. 

https://doi.org/10.1016/j.biocon.2021.109141 

Hadley, A. S., & Betts, M. G. (2012). The effects of landscape fragmentation on pollination dynamics: 

Absence of evidence not evidence of absence. Biological Reviews, 87(3), 526–544. 

https://doi.org/10.1111/j.1469-185X.2011.00205.x 

Hallmann, C. A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., Stenmans, W., Müller, 

A., Sumser, H., Hörren, T., Goulson, D., & de Kroon, H. (2017). More than 75 percent decline 

over 27 years in total flying insect biomass in protected areas. PLoS ONE, 12(10), e0185809. 

https://doi.org/10.1371/journal.pone.0185809 

Halsch, C. A., Shapiro, A. M., Fordyce, J. A., Nice, C. C., Thorne, J. H., Waetjen, D. P., & Forister, M. 

L. (2021). Insects and recent climate change. Proceedings of the National Academy of 

Sciences, 118(2), e2002543117. https://doi.org/10.1073/PNAS.2002543117 



Bibliography 

171 
 

Hamblin, A. L., Youngsteadt, E., López-Uribe, M. M., & Frank, S. D. (2017). Physiological thermal 

limits predict differential responses of bees to urban heat-island effects. Biology Letters, 13(6), 

20170125. https://doi.org/10.1098/rsbl.2017.0125 

Harrison, J. F., & Roberts, S. P. (2000). Flight respiration and energetics. Annual Review of 

Physiology, 62(1), 179–205. 

Hartig, F. (2021). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression 

Models (R package version 0.4.1.). https://cran.r-project.org/package=DHARMa 

Harwood, A. D., You, J., & Lydy, M. J. (2009). Temperature as a toxicity identification evaluation tool 

for pyrethroid insecticides: Toxicokinetic confirmation. Environmental Toxicology and Chemistry, 

28(5), 1051–1058. https://doi.org/10.1897/08-291.1 

Heard, M. S., Baas, J., Dorne, J. Lou, Lahive, E., Robinson, A. G., Rortais, A., Spurgeon, D. J., 

Svendsen, C., & Hesketh, H. (2017). Comparative toxicity of pesticides and environmental 

contaminants in bees: Are honey bees a useful proxy for wild bee species? Science of the Total 

Environment, 578, 357–365. https://doi.org/10.1016/j.scitotenv.2016.10.180 

Hefetz, A., & Grozinger, C. M. (2017). Hormonal Regulation of Behavioral and Phenotypic Plasticity in 

Bumblebees. In Non-Mammalian Hormone-Behavior Systems (pp. 453–464). 

Heinrich, B. (1972). Energetics of temperature regulation and foraging in a bumblebee, Bombus 

terricola kirby. Journal of Comparative Physiology, 77(1), 49–64. 

https://doi.org/10.1007/BF00696519 

Heinrich, B. (1974a). Thermoregulation in bumblebees - I. Brood incubation by Bombus vosnesenskii 

queens. Journal of Comparative Physiology, 88(2), 129–140. 

https://doi.org/10.1007/BF00695404 

Heinrich, B. (1974b). Thermoregulation in endothermic insects. Science, 185(153), 747–756. 

https://doi.org/10.1126/science.185.4153.747 

Heinrich, B. (1975). Thermoregulation in bumblebees - II. Energetics of warm-up and free flight. 

Journal of Comparative Physiology, 96(2), 155–166. https://doi.org/10.1007/BF00706595 

Heinrich, B. (1979). Thermoregulation of african and european honeybees during foraging, attack, 

and hive exits and returns. Journal of Experimental Biology, 80, 217–229. 

Heinrich, B. (1993). The Hot-Blooded Insects: Strategies and Mechanisms of Thermoregulation. 

Springer Science & Business Media. 

Heinrich, B., & Esch, H. (1994). Thermoregulation in bees. American Scientist, 82(2), 164–170. 

Heinze, G., Ploner, M., & Jiricka, L. (2020). coxphf: Cox Regression with Firth’s Penalized Likelihood 

(R package version 1.13.1). https://cran.r-project.org/package=coxphf 

Hemberger, J., Crossley, M. S., & Gratton, C. (2021). Historical decrease in agricultural landscape 

diversity is associated with shifts in bumble bee species occurrence. Ecology Letters, 24(9), 



Bibliography 

172 
 

1800–1813. https://doi.org/10.1111/ele.13786 

Hennessy, G., Harris, C., Eaton, C., Wright, P., Jackson, E., Goulson, D., & Ratnieks, F. F. L. W. 

(2020). Gone with the wind: effects of wind on honey bee visit rate and foraging behaviour. 

Animal Behaviour, 161, 23–31. https://doi.org/10.1016/j.anbehav.2019.12.018 

Henry, M., Béguin, M., Requier, F., Rollin, O., Odoux, J., Aupinel, P., Aptel, J., Tchamitchian, S., & 

Decourtye, A. (2012). A common pesticide decreases foraging success and survival in honey 

bees. Science, 336(6079), 348–350. https://doi.org/10.1126/science.1215039 

Henry, M., Bertrand, C., Le Féon, V., Requier, F., Odoux, J. F., Aupinel, P., Bretagnolle, V., & 

Decourtye, A. (2014). Pesticide risk assessment in free-ranging bees is weather and landscape 

dependent. Nature Communications, 5, 4359. https://doi.org/10.1038/ncomms5359 

Herbertsson, L., Khalaf, R., Johnson, K., Bygebjerg, R., Blomqvist, S., & Persson, A. S. (2021). Long-

term data shows increasing dominance of Bombus terrestris with climate warming. Basic and 

Applied Ecology, 53, 116–123. https://doi.org/10.1016/j.baae.2021.03.008 

Herrera, C. M. (2020). Gradual replacement of wild bees by honeybees in flowers of the 

Mediterranean Basin over the last 50 years. Proceedings of the Royal Society B: Biological 

Sciences, 287(1921), 20192657. https://doi.org/10.1098/rspb.2019.2657 

Herrera, J. M., Ploquin, E. F., Rasmont, P., & Obeso, J. R. (2018). Climatic niche breadth determines 

the response of bumblebees (Bombus spp.) to climate warming in mountain areas of the 

Northern Iberian Peninsula. Journal of Insect Conservation, 22(5–6), 771–779. 

https://doi.org/10.1007/s10841-018-0100-x 

Herrera, J. M., Ploquin, E. F., Rodríguez-Pérez, J., & Obeso, J. R. (2014). Determining habitat 

suitability for bumblebees in a mountain system: A baseline approach for testing the impact of 

climate change on the occurrence and abundance of species. Journal of Biogeography, 41(4), 

700–712. https://doi.org/10.1111/jbi.12236 

Herrmann, J. D., Haddad, N. M., & Levey, D. J. (2018). Mean body size predicts colony performance 

in the common eastern bumble bee (Bombus impatiens). Ecological Entomology, 43(4), 458–

462. https://doi.org/10.1111/een.12517 

Hines, H. M. (2008). Historical biogeography, divergence times, and diversification patterns of bumble 

bees (Hymenoptera: Apidae: Bombus). Systematic Biology, 57(1), 58–75. 

https://doi.org/10.1080/10635150801898912 

Hipólito, J., Boscolo, D., & Viana, B. F. (2018). Landscape and crop management strategies to 

conserve pollination services and increase yields in tropical coffee farms. Agriculture, 

Ecosystems and Environment, 256, 218–225. https://doi.org/10.1016/j.agee.2017.09.038 

Hladik, M. L., Vandever, M., & Smalling, K. L. (2016). Exposure of native bees foraging in an 

agricultural landscape to current-use pesticides. Science of the Total Environment, 542, 469–

477. https://doi.org/10.1016/j.scitotenv.2015.10.077 



Bibliography 

173 
 

Hoehn, P., Tscharntke, T., Tylianakis, J. M., & Steffan-Dewenter, I. (2008). Functional group diversity 

of bee pollinators increases crop yield. Proceedings of the Royal Society B: Biological Sciences, 

275(1648), 2283–2291. https://doi.org/10.1098/rspb.2008.0405 

Holder, P. J., Jones, A., Tyler, C. R., & Cresswell, J. E. (2018). Fipronil pesticide as a suspect in 

historical mass mortalities of honey bees. Proceedings of the National Academy of Sciences, 

115(51), 13033–13038. https://doi.org/10.1073/pnas.1804934115 

Holland, J. G., Nakayama, S., Porfiri, M., Nov, O., & Bloch, G. (2021). Body Size and Behavioural 

Plasticity Interact to Influence the Performance of Free-Foraging Bumble Bee Colonies. Insects, 

12(3), 236. https://doi.org/10.3390/insects12030236 

Holmstrup, M., Bindesbøl, A. M., Oostingh, G. J., Duschl, A., Scheil, V., Köhler, H. R., Loureiro, S., 

Soares, A. M. V. M., Ferreira, A. L. G., Kienle, C., Gerhardt, A., Laskowski, R., Kramarz, P. E., 

Bayley, M., Svendsen, C., & Spurgeon, D. J. (2010). Interactions between effects of 

environmental chemicals and natural stressors: A review. Science of the Total Environment, 

408(18), 3746–3762. https://doi.org/10.1016/j.scitotenv.2009.10.067 

Hooker, J., Duveiller, G., & Cescatti, A. (2018). Data descriptor: A global dataset of air temperature 

derived from satellite remote sensing and weather stations. Scientific Data, 5, 180246. 

https://doi.org/10.1038/sdata.2018.246 

Hooper, M. J., Ankley, G. T., Cristol, D. A., Maryoung, L. A., Noyes, P. D., & Pinkerton, K. E. (2013). 

Interactions between chemical and climate stressors: A role for mechanistic toxicology in 

assessing climate change risks. Environmental Toxicology and Chemistry, 32(1), 32–48. 

https://doi.org/10.1002/etc.2043 

Horth, L., & Campbell, L. A. (2018). Supplementing small farms with native mason bees increases 

strawberry size and growth rate. Journal of Applied Ecology, 55(2), 591–599. 

https://doi.org/10.1111/1365-2664.12988 

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference in general parametric models. 

Biometrical Journal, 50(3), 346–363. https://doi.org/10.1002/bimj.200810425 

Houghton, J., Ding, Y., Griggs, D., Noguer, M., van der Linden, P., Dai, X., Maskell, K., & Johnson, C. 

(2001). Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third 

Assessment Report of the Intergovernmental Panel on Climate Change. In Cambridge 

University Press. 

Hrassnigg, N., & Crailsheim, K. (1999). Metabolic rates and metabolic power of honeybees in tethered 

flight related to temperature and drag (Hymenoptera: Apidae). Entomologia Generalis, 24(1), 

23–30. 

Huey, R. B., & Stevenson, R. D. (1979). Integrating thermal physiology and ecology of ectotherms: A 

discussion of approaches. Integrative and Comparative Biology, 19(1), 357–366. 

https://doi.org/10.1093/icb/19.1.357 



Bibliography 

174 
 

Huld, T. A., Šúri, M., Dunlop, E. D., & Micale, F. (2006). Estimating average daytime and daily 

temperature profiles within Europe. Environmental Modelling and Software, 21(12), 1650–1661. 

https://doi.org/10.1016/j.envsoft.2005.07.010 

Huml, J. V., Ellis, J. S., Lloyd, K., Benefer, C. M., Kiernan, M., Brown, M. J. F., & Knight, M. E. (2021). 

Bucking the trend of pollinator decline: the population genetics of a range expanding bumblebee. 

Evolutionary Ecology, 35, 413-442. https://doi.org/10.1007/s10682-021-10111-2 

IPBES. (2016). Summary for policymakers of the assessment report of the Intergovernmental 

Science-Policy Platform on Biodiversity and Ecosystem Services on pollinators, pollination and 

food production. S.G. Potts, V. L. Imperatriz-Fonseca, H. T. Ngo, J. C. Biesmeijer, T. Secretariat 

of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services. 

https://doi.org/10.1007/s00442-010-1809-8 

IPBES. (2019). Summary for policymakers of the global assessment report on biodiversity and 

ecosystem services of the Intergovernmental Science-Policy Platform on Biodiversity and 

Ecosystem Services. S. Díaz, J. Settele, E. S. Brondízio, H. T. Ngo, M. Guèze, J. Agard, A. 

IPCC. (2018). Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 

1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the 

context of strengthening the global response to the threat of climate change,. 

IPCC. (2021). Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to 

the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (Masson-Del). 

Cambridge University Press. 

IPCC, C. W. T., Pachauri, R., & Meyer, L. (2014). Climate Change 2014: Synthesis Report. 

Contribution of Working Groups I, II and III to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. In IPCC, Geneva, Switzerland. 

https://doi.org/10.1016/S0022-0248(00)00575-3 

Iwasa, T., Motoyama, N., Ambrose, J. T., & Roe, R. M. (2004). Mechanism for the differential toxicity 

of neonicotinoid insecticides in the honey bee, Apis mellifera. Crop Protection, 23(5), 371–378. 

https://doi.org/10.1016/j.cropro.2003.08.018 

Jacobson, M. M., Tucker, E. M., Mathiasson, M. E., & Rehan, S. M. (2018). Decline of bumble bees in 

northeastern North America, with special focus on Bombus terricola. Biological Conservation, 

217, 437–445. https://doi.org/10.1016/j.biocon.2017.11.026 

Jaffé, R., Dietemann, V., Allsopp, M. H., Costa, C., Crewe, R. M., Dall’olio, R., de la Rúa, P., El-

niweiri, M. A. A., Fries, I., Kezic, N., Meusel, M. S., Paxton, R. J., Shaibi, T., Stolle, E., & Moritz, 

R. F. A. (2010). Estimating the density of honeybee colonies across their natural range to fill the 

gap in pollinator decline censuses. Conservation Biology, 24(2), 583–593. 

https://doi.org/10.1111/j.1523-1739.2009.01331.x 

Jandt, J. M., & Dornhaus, A. (2009). Spatial organization and division of labour in the bumblebee 

Bombus impatiens. Animal Behaviour, 77(3), 641–651. 



Bibliography 

175 
 

https://doi.org/10.1016/j.anbehav.2008.11.019 

Janzen, D. H., & Hallwachs, W. (2021). To us insectometers, it is clear that insect decline in our Costa 

Rican tropics is real, so let’s be kind to the survivors. Proceedings of the National Academy of 

Sciences, 118(2), e2002546117. https://doi.org/10.1073/PNAS.2002546117 

Jeschke, P., & Nauen, R. (2008). Neonicotinoids - from zero to hero in insecticide chemistry. Pest 

Management Science, 64, 1084–1098. https://doi.org/10.1002/ps 

Jeschke, P., Nauen, R., Schindler, M., & Elbert, A. (2010). Overview of the status and global strategy 

for neonicotinoids. Journal of Agricultural and Food Chemistry, 59(7), 2897–2908. 

https://doi.org/10.1021/jf101303g 

Jha, S., & Kremen, C. (2013). Resource diversity and landscape-level homogeneity drive native bee 

foraging. Proceedings of the National Academy of Sciences, 110(2), 555–558. 

https://doi.org/10.1073/pnas.1208682110 

Jiang, H., Chen, J., Zhao, C., Tian, Y., Zhang, Z., & Xu, H. (2020). Sulfoxaflor residues in pollen and 

nectar of cotton applied through drip irrigation and their potential exposure to Apis mellifera L. 

Insects, 11(114). https://doi.org/10.3390/insects11020114 

Johnson, R. M., Dahlgren, L., Siegfried, B. D., & Ellis, M. D. (2013). Acaricide, fungicide and drug 

interactions in honey bees (Apis mellifera). PLoS ONE, 8(1), e54092. 

https://doi.org/10.1371/journal.pone.0054092 

Kammer, A., & Heinrich, B. (1974). Metabolic rates related to muscle activity in bumblebees. Journal 

of Experimental Biology, 61(1), 219–227. 

Kapustjanskij, A., Streinzer, M., Paulus, H. F., & Spaethe, J. (2007). Bigger is better: Implications of 

body size for flight ability under different light conditions and the evolution of alloethism in 

bumblebees. Functional Ecology, 21(6), 1130–1136. https://doi.org/10.1111/j.1365-

2435.2007.01329.x 

Kassambara, A., Kosinski, M., & Biecek, P. (2020). survminer: Drawing Survival Curves using 

“ggplot2” (R package version 0.4.8). https://cran.r-project.org/package=survminer 

Kaufmann, C., Reim, C., & Blanckenhorn, W. U. (2013). Size-dependent insect flight energetics at 

different sugar supplies. Biological Journal of the Linnean Society, 108(3), 565–578. 

https://doi.org/10.1111/j.1095-8312.2012.02042.x 

Kayser, H., Lee, C., Decock, A., Baur, M., Haettenschwiler, J., & Maienfisch, P. (2004). Comparative 

analysis of neonicotinoid binding to insect membranes: I. A structure-activity study of the mode 

of [3H]imidacloprid displacement in Myzus persicae and Aphis craccivora. Pest Management 

Science, 60(10), 945–958. https://doi.org/10.1002/ps.919 

Kearns, C. A., Inouye, D. W., & Waser, N. M. (1998). Endangered mutualisms : The conservation of 

plant-pollinator interactions. Annual Review of Ecology and Systematics, 29, 83–112. 

Kelemen, E. P., Davidowitz, G., & Dornhaus, A. (2020). Size variation does not act as insurance in 



Bibliography 

176 
 

bumble bees; instead, workers add weight in an unpredictable environment. Animal Behaviour, 

170, 99–109. https://doi.org/10.1016/j.anbehav.2020.10.018 

Kelemen, E. P., & Dornhaus, A. (2018). Lower temperatures decrease worker size variation but do 

not affect fine-grained thermoregulation in bumble bees. Behavioral Ecology and Sociobiology, 

72(10), 170. https://doi.org/10.1007/s00265-018-2577-4 

Kenna, D., Cooley, H., Pretelli, I., Ramos Rodrigues, A., Gill, S. D., & Gill, R. J. (2019). Pesticide 

exposure affects flight dynamics and reduces flight endurance in bumblebees. Ecology and 

Evolution, 9(10), 5637–5650. https://doi.org/10.1002/ece3.5143 

Kennedy, C. M., Lonsdorf, E., Neel, M. C., Williams, N. M., Ricketts, T. H., Winfree, R., Bommarco, 

R., Brittain, C., Burley, A. L., Cariveau, D., Carvalheiro, L. G., Chacoff, N. P., Cunningham, S. 

A., Danforth, B. N., Dudenhöffer, J. H., Elle, E., Gaines, H. R., Garibaldi, L. A., Gratton, C., … 

Kremen, C. (2013). A global quantitative synthesis of local and landscape effects on wild bee 

pollinators in agroecosystems. Ecology Letters, 16(5), 584–599. 

https://doi.org/10.1111/ele.12082 

Kerr, J. T., Pindar, A., Galpern, P., Packer, L., Potts, S. G., Roberts, S. M., Rasmont, P., Schweiger, 

O., Colla, S. R., Richardson, L. L., Wagner, D. L., Gall, L. F., Sikes, D., & Pantoja, A. (2015). 

Climate change impacts on bumblebees converge across continents. Science, 349(6244), 177–

180. https://doi.org/10.1126/science.aaa7031 

Kerr, N. Z., Crone, E. E., & Williams, N. M. (2019). Integrating vital rates explains optimal worker size 

for resource return by bumblebee workers. Functional Ecology, 33(3), 467–478. 

https://doi.org/10.1111/1365-2435.13251 

Kessler, S. C., Tiedeken, E. J., Simcock, K. L., Derveau, S., Mitchell, J., Softley, S., Stout, J. C., & 

Wright, G. A. (2015). Bees prefer foods containing neonicotinoid pesticides. Nature, 521(7550), 

74–76. https://doi.org/10.1038/nature14414 

Khan, H. A. A., & Akram, W. (2014). The effect of temperature on the toxicity of insecticides against 

Musca domestical.: Implications for the effective management of Diarrhea. PLoS ONE, 9(4), 

e95636. https://doi.org/10.1371/journal.pone.0095636 

Kimura, T., Ohashi, M., Crailsheim, K., Schmickl, T., Okada, R., Radspieler, G., & Ikeno, H. (2014). 

Development of a new method to track multiple honey bees with complex behaviors on a flat 

laboratory arena. PLoS ONE, 9(1), e84656. https://doi.org/10.1371/journal.pone.0084656 

King, A. M., & Macrae, T. H. (2015). Insect heat shock proteins during stress and diapause. Annual 

Review of Entomology, 60, 59–75. https://doi.org/10.1146/annurev-ento-011613-162107 

Kingsolver, J. G., Diamond, S. E., & Buckley, L. B. (2013). Heat stress and the fitness consequences 

of climate change for terrestrial ectotherms. Functional Ecology, 27(6), 1415–1423. 

https://doi.org/10.1111/1365-2435.12145 

Kleczkowski, A., Ellis, C., Hanley, N., & Goulson, D. (2017). Pesticides and bees: Ecological-



Bibliography 

177 
 

economic modelling of bee populations on farmland. Ecological Modelling, 360, 53–62. 

https://doi.org/10.1016/j.ecolmodel.2017.06.008 

Kleijn, D., Winfree, R., Bartomeus, I., Carvalheiro, L. G., Henry, M., Isaacs, R., Klein, A. M., Kremen, 

C., M’Gonigle, L. K., Rader, R., Ricketts, T. H., Williams, N. M., Lee Adamson, N., Ascher, J. S., 

Báldi, A., Batáry, P., Benjamin, F., Biesmeijer, J. C., Blitzer, E. J., … Potts, S. G. (2015). 

Delivery of crop pollination services is an insufficient argument for wild pollinator conservation. 

Nature Communications, 6, 7414. https://doi.org/10.1038/ncomms8414 

Klein, A.-M., Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, I., Cunningham, S. A., Kremen, C., & 

Tscharntke, T. (2007). Importance of pollinators in changing landscapes for world crops. 

Proceedings of the Royal Society B: Biological Sciences, 274(1608), 303–313. 

https://doi.org/10.1098/rspb.2006.3721 

Klockmann, M., Günter, F., & Fischer, K. (2017). Heat resistance throughout ontogeny: body size 

constrains thermal tolerance. Global Change Biology, 23(2), 686–696. 

https://doi.org/10.1111/gcb.13407 

Knopper, L. D., Dan, T., Reisig, D. D., Johnson, J. D., & Bowers, L. M. (2016). Sugar concentration in 

nectar: a quantitative metric of crop attractiveness for refined pollinator risk assessments. Pest 

Management Science, 72(10), 1807–1812. https://doi.org/10.1002/ps.4321 

Kolano, P. J., Borgå, K., & Nielsen, A. (2021). Temperature sensitive effects of the neonicotinoid 

clothianidin on bumblebee (Bombus Terrestris) foraging behaviour. Journal of Pollination 

Ecology, 28(11), 138–152. https://doi.org/10.26786/1920-7603(2021)633 

Kosior, A., Celary, W., Olejniczak, P., Fijał, J., Król, W., Solarz, W., & Płonka, P. (2007). The decline 

of the bumble bees and cuckoo bees (Hymenoptera: Apidae: Bombini) of Western and Central 

Europe. Oryx, 41(1), 79–88. https://doi.org/10.1017/S0030605307001597 

Kovac, H., & Stabentheiner, A. (2011). Thermoregulation of foraging honeybees on flowering plants: 

seasonal variability and influence of radiative heat gain. Ecological Entomology, 36, 686–699. 

https://doi.org/10.1111/j.1365-2311.2011.01313.x 

Kremen, C. (2005). Managing ecosystem services: What do we need to know about their ecology? 

Ecology Letters, 8(5), 468–479. https://doi.org/10.1111/j.1461-0248.2005.00751.x 

Kremen, C., Williams, N. M., Aizen, M. A., Gemmill-Herren, B., LeBuhn, G., Minckley, R., Packer, L., 

Potts, S. G., Roulston, T., Steffan-Dewenter, I., Vázquez, D. P., Winfree, R., Adams, L., Crone, 

E. E., Greenleaf, S. S., Keitt, T. H., Klein, A. M., Regetz, J., & Ricketts, T. H. (2007). Pollination 

and other ecosystem services produced by mobile organisms: A conceptual framework for the 

effects of land-use change. Ecology Letters, 10(4), 299–314. https://doi.org/10.1111/j.1461-

0248.2007.01018.x 

Kremen, C., Williams, N. M., & Thorp, R. W. (2002). Crop pollination from native bees at risk from 

agricultural intensification. Proceedings of the National Academy of Sciences, 99(26), 16812–

16816. https://doi.org/10.1073/pnas.262413599 



Bibliography 

178 
 

Kretschmer, M., Coumou, D., Agel, L., BArlow, M., Tziperman, E., & Cohen, J. Da. (2018). More-

persistent weak stratospheric polar vortex States linked to cold extremes. Bulletin of the 

American Meteorological Society, 99(1), 49–60. https://doi.org/10.1175/BAMS-D-16-0259.1 

Kreyer, D., Oed, A., Walther-Hellwig, K., & Frankl, R. (2004). Are forests potential landscape barriers 

for foraging bumblebees? Landscape scale experiments with Bombus terrestris agg. and 

Bombus pascuorum (Hymenoptera, Apidae). Biological Conservation, 116(1), 111–118. 

https://doi.org/10.1016/S0006-3207(03)00182-4 

Krupke, C., Hunt, G., Eitzer, B., Andino, G., & Given, K. (2012). Multiple routes of pesticide exposure 

for honey bees living near agricultural fields. PLoS ONE, 7(1), e29268. 

https://doi.org/10.1371/journal.pone.0029268 

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest Package: Tests in Linear 

Mixed Effects Models (R package version 2.0-29). http://cran.r-project.org/package=lmerTest 

Kwon, Y. J., & Saeed, S. (2003). Effect of temperature on the foraging activity of Bombus terrestris L. 

(Hymenoptera: Apidae) on greenhouse hot pepper (Capsicum annuum L.). Applied Entomology 

and Zoology, 38(3), 275–280. https://doi.org/10.1303/aez.2003.275 

Lambin, M., Armengaud, C., Raymond, S., & Gauthier, M. (2001). Imidacloprid-induced facilitation of 

the proboscis extension reflex habituation in the honeybee. Archives of Insect Biochemistry and 

Physiology, 48(3), 129–134. https://doi.org/10.1002/arch.1065 

Lamichhane, J. R., Dachbrodt-Saaydeh, S., Kudsk, P., & Messéan, A. (2016). Toward a reduced 

reliance on conventional pesticides in European agriculture. Plant Disease, 100(1), 10–24. 

https://apsjournals.apsnet.org/doi/pdf/10.1094/PDIS-05-15-0574-FE 

Lämsä, J., Kuusela, E., Tuomi, J., Juntunen, S., & Watts, P. C. (2018). Low dose of neonicotinoid 

insecticide reduces foraging motivation of bumblebees. Proceedings of the Royal Society B: 

Biological Sciences, 285(1883), 20180506. https://doi.org/10.1098/rspb.2018.0506 

Lautenbach, S., Seppelt, R., Liebscher, J., & Dormann, C. F. (2012). Spatial and temporal trends of 

global pollination benefit. PLoS ONE, 7(4), e35954. 

https://doi.org/10.1371/journal.pone.0035954 

Laycock, I., Cotterell, K. C., O’Shea-Wheller, T. A., & Cresswell, J. E. (2014). Effects of the 

neonicotinoid pesticide thiamethoxam at field-realistic levels on microcolonies of Bombus 

terrestris worker bumble bees. Ecotoxicology and Environmental Safety, 100(1), 153–158. 

https://doi.org/10.1016/j.ecoenv.2013.10.027 

Laycock, I., Lenthall, K. M., Barratt, A. T., & Cresswell, J. E. (2012). Effects of imidacloprid, a 

neonicotinoid pesticide, on reproduction in worker bumble bees (Bombus terrestris). 

Ecotoxicology, 21(7), 1937–1945. https://doi.org/10.1007/s10646-012-0927-y 

Lenth, R. V. (2016). Least-Squares Means: The R Package lsmeans. Journal of Statistical Software, 

69(1), 1–33. 



Bibliography 

179 
 

Lentola, A., David, A., Abdul-Sada, A., Tapparo, A., Goulson, D., & Hill, E. M. (2017). Ornamental 

plants on sale to the public are a significant source of pesticide residues with implications for the 

health of pollinating insects. Environmental Pollution, 228, 297–304. 

https://doi.org/10.1016/j.envpol.2017.03.084 

Lewis, S. L., & Maslin, M. A. (2015). Defining the Anthropocene. Nature, 519(7542), 171–180. 

https://doi.org/10.1038/nature14258 

Li, X., & Wang, J. (1999). The definition of effective emissivity of land surface at the scale of remote 

sensing pixels. Chinese Science Bulletin, 44(23), 2154–2158. 

https://doi.org/10.1007/BF03182699 

Linguadoca, A., Rizzi, C., Villa, S., & Brown, M. J. F. (2021). Sulfoxaflor and nutritional deficiency 

synergistically reduce survival and fecundity in bumblebees. Science of the Total Environment, 

795, 148680. https://doi.org/10.1016/j.scitotenv.2021.148680 

Lister, B. C., & Garcia, A. (2018). Climate-driven declines in arthropod abundance restructure a 

rainforest food web. Proceedings of the National Academy of Sciences, 115(44), 10397–10406. 

https://doi.org/10.1073/pnas.1722477115 

Liu, W., Zheng, W., Ma, Y., & Liu, K. (2006). Sorption and degradation of imidacloprid in soil and 

water. Journal of Environmental Science and Health - Part B Pesticides, Food Contaminants, 

and Agricultural Wastes, 41(5), 623–634. https://doi.org/10.1080/03601230600701775 

Longhurst, C., Babcock, J. M., Denholm, I., Gorman, K., Thomas, J. D., & Sparks, T. C. (2013). 

Cross-resistance relationships of the sulfoximine insecticide sulfoxaflor with neonicotinoids and 

other insecticides in the whiteflies Bemisia tabaci and Trialeurodes vaporariorum. Pest 

Management Science, 69(7), 809–813. https://doi.org/10.1002/ps.3439 

Losey, J. E., & Vaughan, M. (2006). The economic value of ecological services provided by insects. 

BioScience, 56(4), 311. https://doi.org/10.1641/0006-3568(2006)56[311:tevoes]2.0.co;2 

Lu, C., Chang, C. H., Lemos, B., Zhang, Q., & MacIntosh, D. (2020). Mitochondrial dysfunction: A 

plausible pathway for honeybee Colony Collapse Disorder (CCD). Environmental Science and 

Technology Letters, 7(4), 254–258. https://doi.org/10.1021/acs.estlett.0c00070 

Luke, S. G. (2017). Evaluating significance in linear mixed-effects models in R. Behavior Research 

Methods, 49(4), 1494–1502. https://doi.org/10.3758/s13428-016-0809-y 

Lundberg, H. (1980). Effects of weather on foraging‐flights of bumblebees (Hymenoptera, Apidae) in a 

subalpine/alpine area. Ecography, 3(2), 104–110. https://doi.org/10.1111/j.1600-

0587.1980.tb00715.x 

Lundin, O., Rundlöf, M., Smith, H. G., Fries, I., & Bommarco, R. (2015). Neonicotinoid insecticides 

and their impacts on bees: A systematic review of research approaches and identification of 

knowledge gaps. PLoS ONE, 10(8), e0136928. https://doi.org/10.1371/journal.pone.0136928 

Lydy, M. J., Belden, J. B., & Ternes, M. A. (1999). Effects of temperature on the toxicity of m-



Bibliography 

180 
 

parathion, chlorpyrifos, and pentachlorobenzene to Chironomus tentans. Archives of 

Environmental Contamination and Toxicology, 37, 542–547. 

Macaulay, S. J., Hageman, K. J., Piggott, J. J., & Matthaei, C. D. (2021). Time-cumulative effects of 

neonicotinoid exposure, heatwaves and food limitation on stream mayfly nymphs: A multiple-

stressor experiment. Science of the Total Environment, 754, 141941. 

https://doi.org/10.1016/j.scitotenv.2020.141941 

MacInnis, G., & Forrest, J. R. K. (2019). Pollination by wild bees yields larger strawberries than 

pollination by honey bees. Journal of Applied Ecology, 56(4), 824-832. 

https://doi.org/10.1111/1365-2664.13344 

Maes, D., & Van Dyck, H. (2001). Butterfly diversity loss in Flanders (north Belgium): Europe’s worst 

case scenario? Biological Conservation, 99(3), 263–276. https://doi.org/10.1016/S0006-

3207(00)00182-8 

Makiyama, K. (2016). magicfor: Magic Functions to Obtain Results from for Loops. R package version 

0.1.0. https://cran.r-project.org/package=magicfor 

Mallinger, R. E., & Gratton, C. (2015). Species richness of wild bees, but not the use of managed 

honeybees, increases fruit set of a pollinator-dependent crop. Journal of Applied Ecology, 52(2), 

323–330. https://doi.org/10.1111/1365-2664.12377 

Malmivirta, T., Hamberg, J., Lagerspetz, E., Li, X., Peltonen, E., Flores, H., & Nurmi, P. (2019). Hot or 

not? Robust and accurate continuous thermal imaging on FLIR cameras. 2019 IEEE 

International Conference on Pervasive Computing and Communications, PerCom 2019. 

https://doi.org/10.1109/PERCOM.2019.8767423 

Mansoor, M. M., Afzal, M., Raza, A. B. M., Akram, Z., Waqar, A., & Afzal, M. B. S. (2015). Post-

exposure temperature influence on the toxicity of conventional and new chemistry insecticides to 

green lacewing Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae). Saudi Journal of 

Biological Sciences, 22(3), 317–321. https://doi.org/10.1016/j.sjbs.2014.10.008 

Manzi, C., Vergara-Amado, J., Franco, L. M., & Silva, A. X. (2020). The effect of temperature on 

candidate gene expression in the brain of honey bee Apis mellifera (Hymenoptera: Apidae) 

workers exposed to neonicotinoid imidacloprid. Journal of Thermal Biology, 93, 102696. 

https://doi.org/10.1016/j.jtherbio.2020.102696 

Marja, R., Klein, A., Viik, E., & Batáry, P. (2021). Environmentally-friendly and organic management 

practices enable complementary diversification of plant–bumblebee food webs. Basic and 

Applied Ecology, 53, 164-174. https://doi.org/10.1016/j.baae.2021.03.013 

Marletto, F., Patetta, A., & Manino, A. (2003). Laboratory assessment of pesticide toxicity to 

bumblebees. Bulletin of Insectology, 56(1), 155–158. 

Marshall, L., Perdijk, F., Dendoncker, N., Kunin, W., Roberts, S., & Biesmeijer, J. C. (2020). 

Bumblebees moving up: shifts in elevation ranges in the Pyrenees over 115 years. Proceedings 



Bibliography 

181 
 

of the Royal Society B: Biological Sciences, 287(1938), 20202201. 

https://doi.org/10.1098/rspb.2020.2201 

Martelli, F., Zhongyuan, Z., Wang, J., Wong, C. O., Karagas, N. E., Roessner, U., Rupasinghe, T., 

Venkatachalam, K., Perry, T., Bellen, H. J., & Batterham, P. (2020). Low doses of the 

neonicotinoid insecticide imidacloprid induce ROS triggering neurological and metabolic 

impairments in Drosophila. Proceedings of the National Academy of Sciences, 117(41), 25840–

25850. https://doi.org/10.1073/pnas.2011828117 

Martin, T. L., & Huey, R. B. (2008). Why “suboptimal” is optimal: Jensen’s inequality and ectotherm 

thermal preferences. The American Naturalist, 171(3), 102–118. https://doi.org/10.1086/527502 

Martinet, B., Lecocq, T., Smet, J., & Rasmont, P. (2015). A protocol to assess insect resistance to 

heat waves, applied to bumblebees (Bombus latreille, 1802). PLoS ONE, 10(3), e0118591. 

https://doi.org/10.1371/journal.pone.0118591 

Matsuda, K., Buckingham, S. D., Kleier, D., Rauh, J. J., Grauso, M., & Sattelle, D. B. (2001). 

Neonicotinoids: Insecticides acting on insect nicotinic acetylcholine receptors. Trends in 

Pharmacological Sciences, 22(11), 573–580. https://doi.org/10.1016/S0165-6147(00)01820-4 

Mazzi, D., & Dorn, S. (2012). Movement of insect pests in agricultural landscapes. Annals of Applied 

Biology, 160(2), 97–113. https://doi.org/10.1111/j.1744-7348.2012.00533.x 

McDonald, T., & McDonald, A. (2020). SDraw: Spatially Balanced Samples of Spatial Objects (R 

package version 2.1.13). https://cran.r-project.org/package=SDraw 

Meehan, T. D., Werling, B. P., Landis, D. A., & Gratton, C. (2011). Agricultural landscape 

simplification and insecticide use in the Midwestern United States. Proceedings of the National 

Academy of Sciences, 108(28), 11500–11505. https://doi.org/10.1073/pnas.1100751108 

Meehl, G. A., & Tebaldi, C. (2004). More intense, more frequent, and longer lasting heat waves in the 

21st century. Science, 305(5686), 994–997. https://doi.org/10.1126/science.1098704 

Memmott, J., Craze, P. G., Waser, N. M., & Price, M. V. (2007). Global warming and the disruption of 

plant-pollinator interactions. Ecology Letters, 10(8), 710–717. https://doi.org/10.1111/j.1461-

0248.2007.01061.x 

Millard, S. P. (2013). EnvStats: An R Package for Environmental Statistics. Springer, New York. 

Milner, A. M., & Boyd, I. L. (2017). Towards pesticidovigilance. Science, 357(6357), 1232–1234. 

Minter, M., Dasmahapatra, K. K., Thomas, C. D., Morecroft, M. D., Tonhasca, A., Schmitt, T., Siozios, 

S., & Hill, J. K. (2020). Past, current, and potential future distributions of unique genetic diversity 

in a cold-adapted mountain butterfly. Ecology and Evolution, 10(20), 11155–11168. 

https://doi.org/10.1002/ece3.6755 

Minter, M., Pearson, A., Lim, K., Wilson, K., Chapman, J., & Jones, C. (2018). The tethered flight 

technique as a tool for studying life‐history strategies associated with migration in insects. 

Ecological Entomology, 43(4), 397–411. 



Bibliography 

182 
 

https://onlinelibrary.wiley.com/doi/full/10.1111/een.12521 

Mitchell, E. A. D., Mulhauser, B., Mulot, M., & Aebi, A. (2017). A worldwide survey of neonicotinoids in 

honey. Science, 358(6359), 109–111. https://doi.org/10.1126/science.aan3684 

Moffat, C., Buckland, S. T., Samson, A. J., McArthur, R., Chamosa Pino, V., Bollan, K. A., Huang, J. 

T.-J., & Connolly, C. N. (2016). Neonicotinoids target distinct nicotinic acetylcholine receptors 

and neurons, leading to differential risks to bumblebees. Scientific Reports, 6, 24764. 

https://doi.org/10.1038/srep24764 

Moffat, C., Pacheco, J. G., Sharp, S., Samson, A. J., Bollan, K. A., Huang, J., Buckland, S. T., & 

Connolly, C. N. (2015). Chronic exposure to neonicotinoids increases neuronal vulnerability to 

mitochondrial dysfunction in the bumblebee (Bombus terrestris). FASEB Journal, 29(5), 2112–

2119. https://doi.org/10.1096/fj.14-267179 

Mommaerts, V., Reynders, S., Boulet, J., Besard, L., Sterk, G., & Smagghe, G. (2010). Risk 

assessment for side-effects of neonicotinoids against bumblebees with and without impairing 

foraging behavior. Ecotoxicology, 19(1), 207–215. https://doi.org/10.1007/s10646-009-0406-2 

Monchanin, C., Henry, M., Decourtye, A., Dalmon, A., Fortini, D., Bœuf, E., Dubuisson, L., Aupinel, 

P., Chevallereau, C., Petit, J., & Fourrier, J. (2019). Hazard of a neonicotinoid insecticide on the 

homing flight of the honeybee depends on climatic conditions and Varroa infestation. 

Chemosphere, 224, 360–368. https://doi.org/10.1016/j.chemosphere.2019.02.129 

Moore, J. C. (2018). Predicting tipping points in complex environmental systems. Proceedings of the 

National Academy of Sciences of the United States of America, 115(4), 635–636. 

https://doi.org/10.1073/pnas.1721206115 

Morgan, T., Whitehorn, P., Lye, G. C., & Vallejo-Marín, M. (2016). Floral sonication is an innate 

behaviour in bumblebees that can be fine-tuned with experience in manipulating flowers. Journal 

of Insect Behavior, 29(2), 233–241. https://doi.org/10.1007/s10905-016-9553-5 

Moza, P. N., Hustert, K., Feicht, E., & Kettrup, A. (1998). Photolysis of imidacloprid in aqueous 

solution. Chemosphere, 36(3), 497–502. https://doi.org/10.1016/S0045-6535(97)00359-7 

Mullin, C. A., Frazier, M., Frazier, J. L., Ashcraft, S., Simonds, R., VanEngelsdorp, D., & Pettis, J. S. 

(2010). High levels of miticides and agrochemicals in north american apiaries: Implications for 

honey bee health. PLoS ONE, 5(3), e9754. https://doi.org/10.1371/journal.pone.0009754 

Musser, F. R., & Shelton, A. M. (2005). The influence of post-exposure temperature on the toxicity of 

insecticides to Ostrinia nubilalis (Lepidoptera: Crambidae). Pest Management Science, 61(5), 

508–510. https://doi.org/10.1002/ps.998 

Muth, F., Gaxiola, R. L., & Leonard, A. S. (2020). No evidence for neonicotinoid preferences in the 

bumblebee Bombus impatiens. Royal Society Open Science, 7(5), 191883. 

https://doi.org/10.1098/rsos.191883 

Muth, F., & Leonard, A. S. (2019). A neonicotinoid pesticide impairs foraging, but not learning, in free-



Bibliography 

183 
 

flying bumblebees. Scientific Reports, 9, 4764. https://doi.org/10.1038/s41598-019-39701-5 

Muturi, E. J., Lampman, R., Costanzo, K., & Alto, B. W. (2011). Effect of temperature and insecticide 

stress on life-history traits of Culex restuans and Aedes albopictus (Diptera: Culicidae). Journal 

of Medical Entomology, 48(2), 243–250. https://doi.org/10.1603/ME10017 

Myers, J. H., Simberloff, D., Kuris, A. M., & Carey, J. R. (2000). Eradication revisited: Dealing with 

exotic species. Trends in Ecology and Evolution, 15(8), 316–320. https://doi.org/10.1016/S0169-

5347(00)01914-5 

NASAC. (2019). Neonicotinoid Insecticides: Use and Effects in African Agriculture. A Review and 

Recommendations to Policymakers. 

Nauen, R., Ebbinghaus-Kintscher, U., & Schmuck, R. (2001). Toxicity and nicotinic acetylcholine 

receptor interaction of imidacloprid and its metabolites in Apis mellifera (Hymenoptera: Apidae). 

Pest Management Science, 57(7), 577–586. https://doi.org/10.1002/ps.331 

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R. A., Börger, L., Bennett, D. 

J., Choimes, A., Collen, B., Day, J., De Palma, A., Díaz, S., Echeverria-Londoño, S., Edgar, M. 

J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T., … Purvis, A. (2015). Global effects 

of land use on local terrestrial biodiversity. Nature, 520(7545), 45–50. 

https://doi.org/10.1038/nature14324 

Nicodemo, D., Maioli, M. A., Medeiros, H. C. D., Guelfi, M., Balieira, K. V. B., De Jong, D., & Mingatto, 

F. E. (2014). Fipronil and imidacloprid reduce honeybee mitochondrial activity. Environmental 

Toxicology and Chemistry, 33(9), 2070–2075. https://doi.org/10.1002/etc.2655 

Nieh, J. C., Leon, A., Cameron, S., & Vandame, R. (2006). Hot bumble bees at good food: thoracic 

temperature of feeding Bombus wilmattae foragers is tuned to sugar concentration. Journal of 

Experimental Biology, 209(21), 4185–4192. https://doi.org/10.1242/jeb.02528 

Nieto, A., Roberts, S. P. M., Kemp, J., Rasmont, P., Kuhlmann, M., Criado, M. G., Biesmeijer, J. C., 

Bogusch, P., Dathe, H. H., Rúa, P. D. La, Meulemeester, T. De, Dehon, M., Dewulf, A., Ortiz-

Sánchez, F. J., Lhomme, P., Pauly, A., Potts, S. G., Praz, C., Quaranta, M., … Michez, D. 

(2014). European Red List of Bees. In Luxembourg: Publication Office of the European Union. 

https://doi.org/10.2779/77003 

Niitepõld, K., Smith, A. D., Osborne, J. L., Reynolds, D. R., Carreck, N. L., Martin, A. P., Marden, J. 

H., Ovaskainen, O., & Hanski, I. (2009). Flight metabolic rate and Pgi genotype influence 

butterfly dispersal rate in the field. Ecology, 90(8), 2223–2232. https://doi.org/10.1890/08-1498.1 

Noyes, P. D., & Lema, S. C. (2015). Forecasting the impacts of chemical pollution and climate change 

interactions on the health of wildlife. Current Zoology, 61(4), 669–689. 

Noyes, P. D., McElwee, M. K., Miller, H. D., Clark, B. W., Van Tiem, L. A., Walcott, K. C., Erwin, K. N., 

& Levin, E. D. (2009). The toxicology of climate change: environmental contaminants in a 

warming world. Environment International, 35(6), 971–986. 



Bibliography 

184 
 

https://doi.org/10.1016/j.envint.2009.02.006 

O’Neal, M. E., Landis, D. A., Rothwell, E., Kempel, L., & Reinhard, D. (2004). Tracking insects with 

harmonic radar: A case study. American Entomologist, 50(4), 212–218. 

https://doi.org/10.1093/ae/50.4.212 

Oerke, E. C., & Dehne, H. W. (2004). Safeguarding production - Losses in major crops and the role of 

crop protection. Crop Protection, 23(4), 275–285. https://doi.org/10.1016/j.cropro.2003.10.001 

Ohlberger, J. (2013). Climate warming and ectotherm body size - from individual physiology to 

community ecology. Functional Ecology, 27(4), 991–1001. https://doi.org/10.1111/1365-

2435.12098 

Okubo, S., Yoshiyama, M., Nikkeshi, A., Morimoto, N., & Kimura, K. (2020). Effect of cold narcosis on 

foraging behavior of European honey bees (Apis mellifera ligustica) tracked using a radio-

frequency identification (RFID) system. Journal of Apicultural Research, 59(5), 1027–1032. 

https://doi.org/10.1080/00218839.2020.1771879 

Oliveira, M. O., Freitas, B. M., Scheper, J., & Kleijn, D. (2016). Size and sex-dependent shrinkage of 

Dutch bees during one-and-a-half centuries of land-use change. PLoS ONE, 11(2), e0148983. 

https://doi.org/10.1371/journal.pone.0148983 

Oliver, T. H., & Morecroft, M. D. (2014). Interactions between climate change and land use change 

on biodiversity: Attribution problems, risks, and opportunities. Wiley Interdisciplinary Reviews: 

Climate Change, 5(3), 317–335. https://doi.org/10.1002/wcc.271 

Ollerton, J., Erenler, H., Edwards, M., & Crockett, R. (2014). Extinctions of aculeate pollinators in 

Britain and the role of large-scale agricultural changes. Science, 346(6215), 1360–1363. 

https://doi.org/10.1126/science.1257259 

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants are pollinated by animals? 

Oikos, 120(3), 321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x 

Op de Beeck, L., Verheyen, J., Olsen, K., & Stoks, R. (2017). Negative effects of pesticides under 

global warming can be counteracted by a higher degradation rate and thermal adaptation. 

Journal of Applied Ecology, 54(6), 1847–1855. https://doi.org/10.1111/1365-2664.12919 

Op de Beeck, L., Verheyen, J., & Stoks, R. (2017). Integrating both interaction pathways between 

warming and pesticide exposure on upper thermal tolerance in high- and low-latitude 

populations of an aquatic insect. Environmental Pollution, 224, 714–721. 

https://doi.org/10.1016/j.envpol.2016.11.014 

Osborne, J. L., Clark, S. J., Morris, R. J., Williams, I. H., Riley, J. R., Smith, A. D., Reynolds, D. R., & 

Edwards, A. S. (1999). A landscape-scale study of bumble bee foraging range and constancy, 

using harmonic radar. Journal of Applied Ecology, 36(4), 519–533. 

https://doi.org/10.1046/j.1365-2664.1999.00428.x 

Osborne, J. L., Martin, A. P., Carreck, N. L., Swain, J. L., Knight, M. E., Goulson, D., Hale, R. J., & 



Bibliography 

185 
 

Sanderson, R. A. (2008). Bumblebee flight distances in relation to the forage landscape. Journal 

of Animal Ecology, 77(2), 406–415. https://doi.org/10.1111/j.1365-2656.2007.01333.x 

Oster, G., & Wilson, E. O. (1978). Caste and ecology in the social insects (Volume 12). Princeton 

University Press. 

Oyen, K. J., & Dillon, M. E. (2018). Critical thermal limits of bumble bees (Bombus impatiens) are 

marked by stereotypical behaviors and are unchanged by acclimation, age, or feeding status. 

Journal of Experimental Biology, 221(8), 1–11. 

Oyen, K. J., Giri, S., & Dillon, M. E. (2016). Altitudinal variation in bumble bee (Bombus) critical 

thermal limits. Journal of Thermal Biology, 59, 52–57. 

https://doi.org/10.1016/j.jtherbio.2016.04.015 

Page, M. L., Nicholson, C. C., Brennan, R. M., Britzman, A. T., Greer, J., Hemberger, J., Kahl, H., 

Müller, U., Peng, Y., Rosenberger, N. M., Stuligross, C., Wang, L., Yang, L. H., Williams, N. M. 

(2021). A meta-analysis of single visit pollination effectiveness comparing honeybees and other 

floral visitors. American Journal of Botany, 108(11), 2196-2207 

Palmer, M. J., Moffat, C., Saranzewa, N., Harvey, J., Wright, G. A., & Connolly, C. N. (2013). 

Cholinergic pesticides cause mushroom body neuronal inactivation in honeybees. Nature 

Communications, 4, 1634. https://doi.org/10.1038/ncomms2648 

Park, M. G., Blitzer, E. J., Gibbs, J., Losey, J. E., & Danforth, B. N. (2015). Negative effects of 

pesticides on wild bee communities can be buffered by landscape context. Proceedings of the 

Royal Society B: Biological Sciences, 282(1809), 20150299. 

https://doi.org/10.1098/rspb.2015.0299 

Parkinson, R. H., Zhang, S., & Gray, J. R. (2020). Neonicotinoid and sulfoximine pesticides 

differentially impair insect escape behavior and motion detection. Proceedings of the National 

Academy of Sciences, 117(10), 5510–5515. https://doi.org/10.1073/pnas.1916432117 

Parmesan, C., Ryrholm, N., Stefanescus, C., Hill, J. K., Thomas, C. D., Descimon, H., Huntley, B., 

Kaila, L., Kullberg, J., Tammaru, T., Tennent, W. J., Thomas, J. A., & Warren, M. (1999). 

Poleward shifts in geographical ranges of butterfly species. Nature, 399, 579–583.  

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of climate change. Nature, 421, 37–

42. 

Peat, J., Darvill, B., Ellis, J., & Goulson, D. (2005). Effects of climate on intra-and interspecific size 

variation in bumble-bees. Functional Ecology, 19(19), 145–151. https://doi.org/10.1111/j.0269-

8463.2005.00946.x 

Peat, J., & Goulson, D. (2005). Effects of experience and weather on foraging rate and pollen versus 

nectar collection in the bumblebee, Bombus terrestris. Behavioral Ecology and Sociobiology, 

58(2), 152–156. https://doi.org/10.1007/s00265-005-0916-8 

Peat, J., Tucker, J., & Goulson, D. (2005). Does intraspecific size variation in bumblebees allow 

https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Nicholson%2C+Charlie+C
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Brennan%2C+Ross+M
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Britzman%2C+Anna+T
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Greer%2C+Jessica
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Hemberger%2C+Jeremy
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Kahl%2C+Hanna
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=M%C3%BCller%2C+Uta
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Peng%2C+Youhong
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Rosenberger%2C+Nick+M
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Stuligross%2C+Clara
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Wang%2C+Li
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Yang%2C+Louie+H
https://bsapubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Williams%2C+Neal+M


Bibliography 

186 
 

colonies to efficiently exploit different flowers? Ecological Entomology, 30(2), 176–181. 

https://doi.org/10.1111/j.0307-6946.2005.00676.x 

Pelletier, L., & McNeil, J. N. (2003). The effect of food supplementation on reproductive success in 

bumblebee field colonies. Oikos, 103(3), 688–694. https://doi.org/10.1034/j.1600-

0706.2003.12592.x 

Pelletier, N., & Tyedmers, P. (2010). Forecasting potential global environmental costs of livestock 

production 2000-2050. Proceedings of the National Academy of Sciences, 107(43), 18371–

18374. https://doi.org/10.1073/pnas.1004659107 

Petanidou, T., Kallimanis, A. S., Lazarina, M., Tscheulin, T., Devalez, J., Stefanaki, A., Hanlidou, E., 

Vujić, A., Kaloveloni, A., & Sgardelis, S. P. (2018). Climate drives plant–pollinator interactions 

even along small-scale climate gradients: the case of the Aegean. Plant Biology, 20, 176–183. 

https://doi.org/10.1111/plb.12593 

Pflüger, H. J., & Duch, C. (2011). Dynamic neural control of insect muscle metabolism related to 

motor behavior. Physiology, 26(4), 293–303. https://doi.org/10.1152/physiol.00002.2011 

Pierre, J., Mesquida, J., Marilleau, R., Pham-Delègue, M. H., & Renard, M. (1999). Nectar secretion in 

winter oilseed rape, Brassica napus - Quantitative and qualitative variability among 71 

genotypes. Plant Breeding, 118(6), 471–476. https://doi.org/10.1046/j.1439-0523.1999.00421.x 

Pilling, E. D., Bromleychallenor, K. A. C., Walker, C. H., & Jepson, P. C. (1995). Mechanism of 

synergism between the pyrethroid insecticide λ-cyhalothrin and the imidazole fungicide 

prochloraz, in the honeybee (Apis mellifera l.). Pesticide Biochemistry and Physiology, 51(1), 1-

11. https://doi.org/10.1006/pest.1995.1001 

Pilling, E. D., & Jepson, P. C. (1993). Synergism between EBI fungicides and a pyrethroid insecticide 

in the honeybee (Apis mellifera). Pesticide Science, 39(4), 293–297. 

https://doi.org/10.1002/ps.2780390407 

Pilotto, F., Kühn, I., Adrian, R., Alber, R., Alignier, A., Andrews, C., Bäck, J., Barbaro, L., Beaumont, 

D., Beenaerts, N., Benham, S., Boukal, D. S., Bretagnolle, V., Camatti, E., Canullo, R., Cardoso, 

P. G., Ens, B. J., Everaert, G., Evtimova, V., … Haase, P. (2020). Meta-analysis of multidecadal 

biodiversity trends in Europe. Nature Communications, 11, 3486. 

https://doi.org/10.1038/s41467-020-17171-y 

Pimm, S. L., Jenkins, C. N., Abell, R., Brooks, T. M., Gittleman, J. L., Joppa, L. N., Raven, P. H., 

Roberts, C. M., & Sexton, J. O. (2014). The biodiversity of species and their rates of extinction, 

distribution, and protection. Science, 344(6187), 987. https://doi.org/10.1126/science.1246752 

Pimsler, M. L., Oyen, K. J., Herndon, J. D., Jackson, J. M., Strange, J. P., Dillon, M. E., & Lozier, J. D. 

(2020). Biogeographic parallels in thermal tolerance and gene expression variation under 

temperature stress in a widespread bumble bee. Scientific Reports, 10, 17063. 

https://doi.org/10.1038/s41598-020-73391-8 



Bibliography 

187 
 

Pisa, L., Amaral-Rogers, V., Belzunces, L. P., Bonmatin, J. M., Downs, C. A., Goulson, D., 

Kreutzweiser, D. P., Krupke, C., Liess, M., Mcfield, M., Morrissey, C. A., Noome, D. A., Settele, 

J., Simon-Delso, N., Stark, J. D., Van Der Sluijs, J. P., Van Dyck, H., & Wiemers, M. (2014). 

Effects of neonicotinoids and fipronil on non-target invertebrates. Environmental Science and 

Pollution Research, 22(1), 68–102. https://doi.org/10.1007/s11356-014-3471-x 

Pisa, L., Goulson, D., Yang, E. C., Gibbons, D., Sánchez-Bayo, F., Mitchell, E., Aebi, A., van der 

Sluijs, J., MacQuarrie, C. J. K., Giorio, C., Long, E. Y., McField, M., Bijleveld van Lexmond, M., 

& Bonmatin, J. M. (2017). An update of the Worldwide Integrated Assessment (WIA) on 

systemic insecticides. Part 2: impacts on organisms and ecosystems. Environmental Science 

and Pollution Research. https://doi.org/10.1007/s11356-017-0341-3 

Potts, R., Clarke, R. M., Oldfield, S. E., Wood, L. K., Hempel de Ibarra, N., & Cresswell, J. E. (2018). 

The effect of dietary neonicotinoid pesticides on non-flight thermogenesis in worker bumble bees 

(Bombus terrestris). Journal of Insect Physiology, 104, 33–39. 

https://doi.org/10.1016/j.jinsphys.2017.11.006 

Potts, S. G., Imperatriz-Fonseca, V., Ngo, H. T., Aizen, M. A., Biesmeijer, J. C., Breeze, T. D., Dicks, 

L. V., Garibaldi, L. A., Hill, R., Settele, J., & Vanbergen, A. J. (2016). Safeguarding pollinators 

and their values to human well-being. Nature, 540(7632), 220–229. 

https://doi.org/10.1038/nature20588 

Potts, S. G., Roberts, S. P. M., Dean, R., Marris, G., Brown, M. A., Jones, R., Neumann, P., & Settele, 

J. (2010). Declines of managed honey bees and beekeepers in Europe. Journal of Apicultural 

Research, 49(1), 15–22. https://doi.org/10.3896/IBRA.1.49.1.02 

Powney, G. D., Carvell, C., Edwards, M., Morris, R. K. A., Roy, H. E., Woodcock, B. A., & Isaac, N. J. 

B. (2019). Widespread losses of pollinating insects in Britain. Nature Communications, 10, 1018. 

https://doi.org/10.1038/s41467-019-08974-9 

PUSSTATS. (2022). https://pusstats.fera.co.uk/published-reports. Last accessed 24/07/2022 

Pyke, G. H., & Waser, N. M. (1981). The production of dilute nectars by hummingbird and honeyeater 

flowers. Biotropica, 13(4), 260–270. 

R Core Team. (2015). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 

R Core Team. (2019). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. R Foundation for Statistical Computing, Vienna, Austria. 

https://www.r-project.org/ 

Radchuk, V., Reed, T., Teplitsky, C., van de Pol, M., Charmantier, A., Hassall, C., Adamík, P., 

Adriaensen, F., Ahola, M. P., Arcese, P., Miguel Avilés, J., Balbontin, J., Berg, K. S., Borras, A., 

Burthe, S., Clobert, J., Dehnhard, N., de Lope, F., Dhondt, A. A., … Kramer-Schadt, S. (2019). 

Adaptive responses of animals to climate change are most likely insufficient. Nature 

Communications, 10, 3109. https://doi.org/10.1038/s41467-019-10924-4 

https://doi.org/10.1038/s41467-019-08974-9
https://pusstats.fera.co.uk/published-reports


Bibliography 

188 
 

Rader, R., Reilly, J., Bartomeus, I., & Winfree, R. (2013). Native bees buffer the negative impact of 

climate warming on honey bee pollination of watermelon crops. Global Change Biology, 19(10), 

3103–3110. https://doi.org/10.1111/gcb.12264 

Raine, N. E., & Gill, R. J. (2015). Ecology: Tasteless pesticides affect bees in the field. Nature, 

521(7550), 38–40. https://doi.org/10.1038/nature14391 

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, M., & Rieseberg, L. H. (2018). 

Trends in global agricultural land use: Implications for environmental health and food security. 

Annual Review of Plant Biology, 69(1), 789–815. https://doi.org/10.1146/ANNUREV-ARPLANT-

042817-040256 

Rand, E. E. du, Smit, S., Beukes, M., Apostolides, Z., Pirk, C. W. W., & Nicolson, S. W. (2015). 

Detoxification mechanisms of honey bees (Apis mellifera) resulting in tolerance of dietary 

nicotine. Scientific Reports, 5, 11779. https://doi.org/10.1038/srep11779 

Rasmont, P., Franzén, M., Lecocq, T., Harpke, A., Roberts, S. P. M., Biesmeijer, J. C., & Castro, L. 

(2015). Climatic risk and distribution atlas of european bumblebees. BioRisk, 10, 1–236. 

Ravi, S., Crall, J. D., Fisher, A., & Combes, S. A. (2013). Rolling with the flow: Bumblebees flying in 

unsteady wakes. Journal of Experimental Biology, 216(22), 4299–4309. 

https://doi.org/10.1242/jeb.090845 

Raymann, K., Motta, E. V. S., Girard, C., Riddington, I. M., Dinser, J. A., & Moran, N. A. (2018). 

Imidacloprid decreases honey bee survival rates but does not affect the gut microbiome. Applied 

and Environmental Microbiology, 84(13), e00545-18. https://doi.org/10.1128/AEM.00545-18 

Redhead, J. W., Dreier, S., Bourke, A. F. G. G., Heard, M. S., Jordan, W. C., Sumner, S., Wang, J., & 

Carvell, C. (2016). Effects of habitat composition and landscape structure on worker foraging 

distances of five bumble bee species. Ecological Applications, 26(3), 726–739. 

https://doi.org/10.1890/15-0546/suppinfo 

Reid, R. J., Troczka, B. J., Kor, L., Randall, E., Williamson, M. S., Field, L. M., Nauen, R., Bass, C., & 

Davies, T. G. E. (2020). Assessing the acute toxicity of insecticides to the buff-tailed bumblebee 

(Bombus terrestris audax). Pesticide Biochemistry and Physiology, 166, 104562. 

https://doi.org/10.1016/j.pestbp.2020.104562 

Renauld, M., Hutchinson, A., Loeb, G., Poveda, K., & Connelly, H. (2016). Landscape simplification 

constrains adult size in a native ground-nesting bee. Plos One, 11(3), e0150946. 

https://doi.org/10.5061/dryad.kr577.Funding 

Renault, D., Laparie, M., McCauley, S. J., & Bonte, D. (2018). Environmental adaptations, ecological 

filtering, and dispersal central to insect invasions. Annual Review of Entomology, 63(1), 345–

368. https://doi.org/10.1146/annurev-ento-020117-043315 

Revelle, W. (2015). psych: Procedures for personality and psychological research, Northwestern 

University, Evanston, Illinois, USA, http://CRAN.R-project.org/package=psych Version = 1.5.6. 



Bibliography 

189 
 

Ricciardi, V., Mehrabi, Z., Wittman, H., James, D., & Ramankutty, N. (2021). Higher yields and more 

biodiversity on smaller farms. Nature Sustainability, 4, 651-657 https://doi.org/10.1038/s41893-

021-00699-2 

Riedo, J., Wettstein, F. E., Rösch, A., Herzog, C., Banerjee, S., Büchi, L., Charles, R., Wächter, D., 

Martin-Laurent, F., Bucheli, T. D., Walder, F., & Van Der Heijden, M. G. A. (2021). Widespread 

occurrence of pesticides in organically managed agricultural soils - the ghost of a conventional 

agricultural past? Environmental Science and Technology, 55(5), 2919-2928. 

https://doi.org/10.1021/acs.est.0c06405 

Riley, J. R., Downham, M. C. A., & Cooter, R. J. (1997). Comparison of the performance of Cicadulina 

leafhoppers on flight mills with that to be expected in free flight. Entomologia Experimentalis et 

Applicata, 83(3), 317–322. https://doi.org/10.1046/j.1570-7458.1997.00186.x 

Rogers, D. J., & Packer, M. J. (1993). Vector-borne diseases, models, and global change. The 

Lancet, 342(8882), 1282–1284. https://doi.org/10.1016/0140-6736(93)92367-3 

Rolke, D., Fuchs, S., Grunewald, B., Gao, Z., & Blenau, W. (2016). Large-scale monitoring of effects 

of clothianidin-dressed oilseed rape seeds on pollinating insects in Northern Germany: effects 

on red mason bees (Osmia bicornis). Ecotoxicology, 25(9), 1679–1690. 

https://doi.org/10.1007/s10646-016-1729-4 

Rortais, A., Arnold, G., Halm, M.-P., & Touffet-Briens, F. (2005). Modes of honeybees exposure to 

systemic insecticides: estimated amounts of contaminated pollen and nectar consumed by 

different categories of bees. Apidologie, 36, 71–83. https://doi.org/10.1051/apido 

Roszko, M. Ł., Kamińska, M., Szymczyk, K., & Jȩdrzejczak, R. (2016). Levels of selected persistent 

organic pollutants (PCB, PBDE) and pesticides in honey bee pollen sampled in Poland. PLoS 

ONE, 11(12), e0167487. https://doi.org/10.1371/journal.pone.0167487 

Rubalcaba, J., & Olalla-Tarraga, M. (2020). The biogeography of thermal risk for terrestrial 

ectotherms: scaling of thermal tolerance with body size and latitude. Journal of Animal Ecology, 

89(5), 1277–1285. https://doi.org/10.2307/2256344 

Rundlöf, M., Andersson, G. K. S., Bommarco, R., Fries, I., Hederström, V., Herbertsson, L., Jonsson, 

O., Klatt, B. K., Pedersen, T. R., Yourstone, J., & Smith, H. G. (2015). Seed coating with a 

neonicotinoid insecticide negatively affects wild bees. Nature, 521(7550), 77–80. 

https://doi.org/10.1038/nature14420 

Ryding, S., Klaassen, M., Tattersall, G. J., Gardner, J. L., & Symonds, M. R. E. (2021). Shape-

shifting: changing animal morphologies as a response to climatic warming. Trends in Ecology 

and Evolution, 36(11), 1036–1048. https://doi.org/10.1016/j.tree.2021.07.006 

Saleem, M.S., Huang, Z.Y. and Milbrath, M.O. (2020). Neonicotinoid pesticides are more toxic to 

honey bees at lower temperatures: Implications for overwintering bees. Frontiers in Ecology and 

Evolution, 8, 556856. https://doi:10.3389/fevo.2020.556856 



Bibliography 

190 
 

Samuelson, E. E. W., Chen-Wishart, Z. P., Gill, R. J., & Leadbeater, E. (2016). Effect of acute 

pesticide exposure on bee spatial working memory using an analogue of the radial-arm maze. 

Scientific Reports, 6, 38957. https://doi.org/10.1038/srep38957 

Sanchez-Bayo, F., & Goka, K. (2014). Pesticide residues and bees - A risk assessment. PLoS ONE, 

9(4), e94482. https://doi.org/10.1371/journal.pone.0094482 

Sánchez-Bayo, F., & Wyckhuys, K. A. G. (2019). Worldwide decline of the entomofauna: A review of 

its drivers. Biological Conservation, 232, 8–27. https://doi.org/10.1016/j.biocon.2019.01.020 

Santoyo, J., Azarcoya, W., Valencia, M., Torres, A., & Salas, J. (2016). Frequency analysis of a 

bumblebee (Bombus impatiens) wingbeat. Pattern Analysis and Applications, 19(2), 487–493. 

https://doi.org/10.1007/s10044-015-0501-3 

Sargent, C., Ebanks, B., Hardy, I. C. W., Davies, T. G. E., Chakrabarti, L., & Stöger, R. (2021). Acute 

imidacloprid exposure alters mitochondrial function in bumblebee flight muscle and brain. 

Frontiers in Insect Science, 1, 765179. https://doi.org/10.3389/finsc.2021.765179 

Saunders, M. E., Janes, J. K., & O’Hanlon, J. C. (2020). Moving on from the insect apocalypse 

narrative: engaging with evidence-based insect conservation. BioScience, 70(1), 80–89. 

https://doi.org/10.1093/biosci/biz143 

Schmaranzer, A., & Stabentheiner, S. (1987). Thermographic determination of body temperatures in 

honey bees and hornets: Calibration and applications. Thermology, 2, 563–572. 

Schmid-Hempel, R., & Schmid-Hempel, P. (1998). Colony performance and immunocompetence of a 

social insect, Bombus terrestris, in poor and variable environments. Functional Ecology, 12(1), 

22–30. https://doi.org/10.1046/j.1365-2435.1998.00153.x 

Schmolke, A., Galic, N., Feken, M., Thompson, H., Sgolastra, F., Pitts-Singer, T., Elston, C., 

Pamminger, T., & Hinarejos, S. (2021). Assessment of the vulnerability to pesticide exposures 

across bee species. Environmental Toxicology and Chemistry, 40(9), 2640–2651. 

https://doi.org/10.1002/etc.5150 

Schneider, C. W., Tautz, J., Grünewald, B., & Fuchs, S. (2012). RFID tracking of sublethal effects of 

two neonicotinoid insecticides on the foraging behavior of Apis mellifera. PLoS ONE, 7(1), 

e30023. https://doi.org/10.1371/journal.pone.0030023 

Schowalter, T. D., Noriega, J. A., & Tscharntke, T. (2017). Insect effects on ecosystem services – 

Introduction. Basic and Applied Ecology, 26, 1–7. 

Schreinemachers, P., & Tipraqsa, P. (2012). Agricultural pesticides and land use intensification in 

high, middle and low income countries. Food Policy, 37(6), 616–626. 

https://doi.org/10.1016/j.foodpol.2012.06.003 

Schulte, P. M. (2015). The effects of temperature on aerobic metabolism: towards a mechanistic 

understanding of the responses of ectotherms to a changing environment. Journal of 

Experimental Biology, 218(12), 1856–1866. https://doi.org/10.1242/jeb.118851 



Bibliography 

191 
 

Schweiger, O., Biesmeijer, J. C., Bommarco, R., Hickler, T., Hulme, P. E., Klotz, S., Kühn, I., Moora, 

M., Nielsen, A., Ohlemüller, R., Petanidou, T., Potts, S. G., Pyšek, P., Stout, J. C., Sykes, M. T., 

Tscheulin, T., Vilà, M., Walther, G. R., Westphal, C., … Settele, J. (2010). Multiple stressors on 

biotic interactions: How climate change and alien species interact to affect pollination. Biological 

Reviews, 85(4), 777–795. https://doi.org/10.1111/j.1469-185X.2010.00125.x 

Seifrtova, M., Halesova, T., Sulcova, K., Riddellova, K., & Erban, T. (2017). Distributions of 

imidacloprid, imidacloprid-olefin and imidacloprid-urea in green plant tissues and roots of 

rapeseed (Brassica napus) from artificially contaminated potting soil. Pest Management 

Science, 73(5), 1010–1016. https://doi.org/10.1002/ps.4418 

Senapathi, D., Carvalheiro, L. G., Biesmeijer, J. C., Dodson, C. A., Evans, R. L., McKerchar, M., 

Morton, D. R., Moss, E. D., Roberts, S. P. M., Kunin, W. E., & Potts, S. G. (2015). The impact of 

over 80 years of land cover changes on bee and wasp pollinator communities in England. 

Proceedings of the Royal Society B: Biological Sciences, 282(1806), 20150294. 

https://doi.org/10.1098/rspb.2015.0294 

Senapathi, D., Fründ, J., Albrecht, M., Garratt, M. P. D., Kleijn, D., Pickles, B. J., Potts, S. G., An, J., 

Andersson, G. K. S., Bänsch, S., Basu, P., Benjamin, F., Bezerra, A. D. M., Bhattacharya, R., 

Biesmeijer, J. C., Blaauw, B., Blitzer, E. J., Brittain, C. A., Carvalheiro, L. G., … Klein, A.-M. 

(2021). Wild insect diversity increases inter-annual stability in global crop pollinator communities. 

Proceedings of the Royal Society B: Biological Sciences, 288(1947), 20210212. 

https://doi.org/10.1098/rspb.2021.0212 

Senapathi, D., Goddard, M. A., Kunin, W. E., & Baldock, K. C. R. (2017). Landscape impacts on 

pollinator communities in temperate systems: evidence and knowledge gaps. Functional 

Ecology, 31(1), 26–37. https://doi.org/10.1111/1365-2435.12809 

Sgolastra, F., Medrzycki, P., Bortolotti, L., Maini, S., Porrini, C., Simon-Delso, N., & Bosch, J. (2020). 

Bees and pesticide regulation: Lessons from the neonicotinoid experience. Biological 

Conservation, 241, 108356. https://doi.org/10.1016/j.biocon.2019.108356 

Sgolastra, F., Medrzycki, P., Bortolotti, L., Renzi, M. T., Tosi, S., Bogo, G., Teper, D., Porrini, C., 

Molowny-Horas, R., & Bosch, J. (2017). Synergistic mortality between a neonicotinoid 

insecticide and an ergosterol-biosynthesis-inhibiting fungicide in three bee species. Pest 

Management Science, 73(6), 1236–1243. https://doi.org/10.1002/ps.4449 

Shao, X., Liu, Z., Xu, X., Li, Z., & Qian, X. (2013). Overall status of neonicotinoid insecticides in 

China: Production, application and innovation. Journal of Pesticide Science, 38(1), 1–9. 

https://doi.org/10.1584/jpestics.d12-037 

Sharov, A. A., & Liebhold, A. M. (1998). Bioeconomics of managing the spread of exotic pest species 

with barrier zones. Ecological Applications, 8(3), 833–845. 

Shearwood, J., Aldabashi, N., Eltokhy, A., Franklin, E. L., Raine, N. E., Zhang, C., Palmer, E., Cross, 

P., & Palego, C. (2021). C-band telemetry of insect pollinators using a miniature transmitter and 



Bibliography 

192 
 

a self-piloted drone. IEEE Transactions on Microwave Theory and Techniques, 69(1), 938–946. 

https://doi.org/10.1109/TMTT.2020.3034323 

Shortall, R. C., Moore, A., Smith, E., Hall, J. M., Woiwod, P. I., & Harrington, R. (2009). Long-term 

changes in the abundance of flying insects. Insect Conservation and Diversity, 2(4), 251–260. 

https://doi.org/10.1111/j.1752-4598.2009.00062.x 

Siefert, P., Hota, R., Ramesh, V., & Grünewald, B. (2020). Chronic within-hive video recordings detect 

altered nursing behaviour and retarded larval development of neonicotinoid treated honey bees. 

Scientific Reports, 10, 8727. https://doi.org/10.1038/s41598-020-65425-y 

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L. P., Bonmatin, J. M., Chagnon, M., Downs, C., 

Furlan, L., Gibbons, D. W., Giorio, C., Girolami, V., Goulson, D., Kreutzweiser, D. P., Krupke, C. 

H., Liess, M., Long, E., Mcfield, M., Mineau, P., Mitchell, E. A., Morrissey, C. A., … Wiemers, M. 

(2015). Systemic insecticides (Neonicotinoids and fipronil): Trends, uses, mode of action and 

metabolites. Environmental Science and Pollution Research, 22(1), 5–34. 

https://doi.org/10.1007/s11356-014-3470-y 

Sirois-Delisle, C., & Kerr, J. T. (2018). Climate change-driven range losses among bumblebee 

species are poised to accelerate. Scientific Reports, 8, 14464. https://doi.org/10.1038/s41598-

018-32665-y 

Siviter, H., Bailes, E. J., Martin, C. D., Oliver, T. R., Koricheva, J., Leadbeater, E., & Brown, M. J. F. 

(2021). Agrochemicals interact synergistically to increase bee mortality. Nature, 596(7872), 389–

392. https://doi.org/10.1038/s41586-021-03787-7 

Siviter, H., Brown, M. J. F., & Leadbeater, E. (2018). Sulfoxaflor exposure reduces bumblebee 

reproductive success. Nature, 561, 109-112. https://doi.org/10.1038/s41586-018-0430-6 

Siviter, H., Horner, J., Brown, M. J. F., & Leadbeater, E. (2020). Sulfoxaflor exposure reduces egg 

laying in bumblebees Bombus terrestris. Journal of Applied Ecology, 57(1), 160–169. 

https://doi.org/10.1111/1365-2664.13519 

Siviter, H., Johnson, A. K., & Muth, F. (2021). Bumblebees exposed to a neonicotinoid pesticide make 

suboptimal foraging decisions. Environmental Entomology, 50(6), 1299-1303. 

https://doi.org/10.1093/ee/nvab087 

Siviter, H., & Muth, F. (2020). Do novel insecticides pose a threat to beneficial insects? Proceedings 

of the Royal Society B: Biological Sciences, 287(1935), 20201265. 

https://doi.org/10.1098/rspb.2020.1265 

Siviter, H., Richman, S. K., & Muth, F. (2021). Field-realistic neonicotinoid exposure has sub-lethal 

effects on non-Apis bees: A meta-analysis. Ecology Letters, 24(12), 2586-2597. 

https://doi.org/10.1111/ele.13873 

Siviter, H., Scott, A., Pasquier, G., Pull, C. D., Brown, M. J. F., & Leadbeater, E. (2019). No evidence 

for negative impacts of acute sulfoxaflor exposure on bee olfactory conditioning or working 



Bibliography 

193 
 

memory. PeerJ, 7, e7208. https://doi.org/10.7717/peerj.7208 

Skandalis, D. A., & Darveau, C. A. (2012). Morphological and physiological idiosyncrasies lead to 

interindividual variation in flight metabolic rate in worker bumblebees (Bombus impatiens). 

Physiological and Biochemical Zoology, 85(6), 656–670. https://doi.org/10.1086/665568 

Smith, D. B., Arce, A. N., Ramos Rodrigues, A., Bischoff, P. H., Burris, D., Ahmed, F., & Gill, R. J. 

(2020). Insecticide exposure during brood or early-adult development reduces brain growth and 

impairs adult learning in bumblebees. Proceedings of the Royal Society B: Biological Sciences, 

287(1922), 20192442. https://doi.org/10.1098/rspb.2019.2442 

Smith, M. R., Singh, G. M., Mozaffarian, D., & Myers, S. S. (2015). Effects of decreases of animal 

pollinators on human nutrition and global health: A modelling analysis. The Lancet, 386(10007), 

1964–1972. https://doi.org/10.1016/S0140-6736(15)61085-6 

Smith, T., & Jones, V. (2012). The Flight Mill. Available from:. 

http://entomology.tfrec.wsu.edu/VPJ_Lab/Flight-Mill (last access in February/2021) 

Soliman, M. (2012). Effects of UV-light, temperature and storage on the stability and biological 

effectiveness of some insecticides. Journal of Plant Protection Research, 52(2), 275–280. 

https://doi.org/10.2478/v10045-012-0044-1 

Soroye, P., Newbold, T., & Kerr, J. (2020). Climate change contributes to widespread declines among 

bumble bees across continents. Science, 367(6478), 685–688. 

Soule, A. J., Decker, L. E., & Hunter, M. D. (2020). Effects of diet and temperature on monarch 

butterfly wing morphology and flight ability. Journal of Insect Conservation, 24(6), 961–975. 

https://doi.org/10.1007/s10841-020-00267-7 

Spaethe, J., Brockmann, A., Halbig, C., & Tautz, J. (2007). Size determines antennal sensitivity and 

behavioral threshold to odors in bumblebee workers. Naturwissenschaften, 94(9), 733–739. 

https://doi.org/10.1007/s00114-007-0251-1 

Spaethe, J., Tautz, J., & Chittka, L. (2001). Visual constraints in foraging bumblebees: Flower size 

and color affect search time and flight behavior. Proceedings of the National Academy of 

Sciences, 98(7), 3898–3903. https://doi.org/10.1073/pnas.071053098 

Spaethe, J., & Weidenmuller, A. (2002). Size variation and foraging rate in bumblebees (Bombus 

terrestris). Insectes Sociaux, 49(2), 142–146. https://doi.org/10.1007/s00040-002-8293-z 

Sparks, T. C., Watson, G. B., Loso, M. R., Geng, C., Babcock, J. M., & Thomas, J. D. (2013). 

Sulfoxaflor and the sulfoximine insecticides: Chemistry, mode of action and basis for efficacy on 

resistant insects. Pesticide Biochemistry and Physiology, 107(1), 1–7. 

https://doi.org/10.1016/j.pestbp.2013.05.014 

Spiewok, S., & Schmolz, E. (2006). Changes in temperature and light alter the flight speed of hornets 

(Vespa crabro L.). Physiological and Biochemical Zoology, 79(1), 188–193. 

Stabentheiner, A. (2001). Thermoregulation of dancing bees: Thoracic temperature of pollen and 



Bibliography 

194 
 

nectar foragers in relation to profitability of foraging and colony need. Journal of Insect 

Physiology, 47(4–5), 385–392. https://doi.org/10.1016/S0022-1910(00)00132-3 

Stabentheiner, A., & Kovac, H. (2014). Energetic optimisation of foraging honeybees: Flexible change 

of strategies in response to environmental challenges. PLoS ONE, 9(8), e105432. 

https://doi.org/10.1371/journal.pone.0105432 

Stabentheiner, A., & Kovac, H. (2016). Honeybee economics: Optimisation of foraging in a variable 

world. Scientific Reports, 6, 28339. https://doi.org/10.1038/srep28339 

Stabentheiner, A., Kovac, H., & Brodschneider, R. (2010). Honeybee colony thermoregulation - 

Regulatory mechanisms and contribution of individuals in dependence on age, location and 

thermal stress. PLoS ONE, 5(1), e8967. https://doi.org/10.1371/journal.pone.0008967 

Stabentheiner, A., Kovac, H., Hetz, S. K., Käfer, H., & Stabentheiner, G. (2012). Assessing honeybee 

and wasp thermoregulation and energetics - New insights by combination of flow-through 

respirometry with infrared thermography. Thermochimica Acta, 534, 77–86. 

https://doi.org/10.1016/j.tca.2012.02.006 

Stanley, D. A., Garratt, M. P. D., Wickens, J. B., Wickens, V. J., Potts, S. G., & Raine, N. E. (2015). 

Neonicotinoid pesticide exposure impairs crop pollination services provided by bumblebees. 

Nature, 528(7583), 548–550. https://doi.org/10.1038/nature16167 

Stanley, D. A., Gunning, D., & Stout, J. C. (2013). Pollinators and pollination of oilseed rape crops 

(Brassica napus L.) in Ireland: Ecological and economic incentives for pollinator conservation. 

Journal of Insect Conservation, 17(6), 1181–1189. https://doi.org/10.1007/s10841-013-9599-z 

Stanley, D. A., & Raine, N. E. (2016). Chronic exposure to a neonicotinoid pesticide alters the 

interactions between bumblebees and wild plants. Functional Ecology, 30(7), 1132–1139. 

https://doi.org/10.1111/1365-2435.12644 

Stanley, D. A., Russell, A. L., Morrison, S. J., Rogers, C., & Raine, N. E. (2016). Investigating the 

impacts of field-realistic exposure to a neonicotinoid pesticide on bumblebee foraging, homing 

ability and colony growth. Journal of Applied Ecology, 53(5), 1440–1449. 

https://doi.org/10.1111/1365-2664.12689 

Staples, J. F., & Suarez, R. K. (1997). Honeybee flight muscle phosphoglucose isomerase: Matching 

enzyme capacities to flux requirements at a near-equilibrium reaction. Journal of Experimental 

Biology, 200(8), 1247–1254 

Steele, D. J., Baldock, K. C. R., Breeze, T. D., Brown, M. J. F., Dicks, L. V, Garratt, M. P., Norman, 

H., Potts, S. G., & Vanbergen, A. J. (2019). Management and drivers of change of pollinating 

insects and pollination services. (National Pollinator Strategy: for bees and other pollinators in 

England). 

Steffan-Dewenter, I., & Tscharntke, T. (1999). Effects of habitat isolation on pollinator communities 

and seed set. Oecologia, 121(3), 432–440. https://doi.org/10.1007/s004420050949 



Bibliography 

195 
 

Steffen, W., Crutzen, P. J., & McNeill, J. R. (2007). The anthropocene: Are humans now 

overwhelming the great forces of nature? Ambio, 36(8), 614–621. https://doi.org/10.1579/0044-

7447(2007)36[614:TAAHNO]2.0.CO;2 

Stemkovski, M., Pearse, W. D., Griffin, S. R., Pardee, G. L., Gibbs, J., Griswold, T., Neff, J. L., Oram, 

R., Rightmyer, M. G., Sheffield, C. S., Wright, K., Inouye, B. D., Inouye, D. W., & Irwin, R. E. 

(2020). Bee phenology is predicted by climatic variation and functional traits. Ecology Letters, 

23(11), 1589-1598. https://doi.org/10.1111/ele.13583 

Stewart, T., Bolton-Patel, N., & Cresswell, J. E. (2021). Eating versus heating: a study of the 

allocation of workers between foraging and nest incubation in bumble bees. Ecological 

Entomology, 46(4), 844-855. https://doi.org/10.1111/een.13021 

Stone, B. Y., & Graham, N. (1993). Endothermy in the solitary bee Anthophora plumipes: Independent 

measures of thermoregulatory ability, costs of warm-up and the role of body size. Journal of 

Experimental Biology, 174(1), 299–320. 

Suarez, R. K. (2000). Energy metabolism during insect flight: Biochemical design and physiological 

performance. Physiological and Biochemical Zoology, 73(6), 765–771. 

https://doi.org/10.1086/318112 

Suchail, S., De Sousa, G., Rahmani, R., & Belzunces, L. P. (2004). In vivo distribution and 

metabolisation of 14C-imidacloprid in different compartments of Apis mellifera L. Pest 

Management Science, 60(11), 1056–1062. https://doi.org/10.1002/ps.895 

Suchail, S., Guez, D., & Belzunces, L. P. (2000). Characteristics of imidacloprid toxicity in two Apis 

mellifera subspecies. Environmental Toxicology and Chemistry, 19(7), 1901. 

https://doi.org/10.1897/1551-5028(2000)019<1901:coitit>2.3.co;2 

Suchail, S., Guez, D., & Belzunces, L. P. (2001). Discrepancy between acute and chronic toxicity 

induced by imidacloprid and its metabolites in Apis mellifera. Environmental Toxicology and 

Chemistry, 20(11), 2482–2486. https://doi.org/10.1002/etc.5620201113 

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2011). Global analysis of thermal tolerance and latitude in 

ectotherms. Proceedings of the Royal Society B: Biological Sciences, 278(1713), 1823–1830. 

https://doi.org/10.1098/rspb.2010.1295 

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2012). Thermal tolerance and the global redistribution of 

animals. Nature Climate Change, 2(9), 686–690. https://doi.org/10.1038/nclimate1539 

Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., Longino, J. T., & Huey, R. B. 

(2014). Thermal-safety margins and the necessity of thermoregulatory behavior across latitude 

and elevation. Proceedings of the National Academy of Sciences, 111(15), 5610–5615. 

https://doi.org/10.1073/pnas.1316145111 

Tackenberg, M. C., Giannoni-Guzmán, M. A., Sanchez-Perez, E., Doll, C. A., Agosto-Rivera, J. L., 

Broadie, K., Moore, D., & McMahon, D. G. (2020). Neonicotinoids disrupt circadian rhythms and 



Bibliography 

196 
 

sleep in honey bees. Scientific Reports, 10, 17929. https://doi.org/10.1038/s41598-020-72041-3 

Tamburini, G., Pereira-Peixoto, M. H., Borth, J., Lotz, S., Wintermantel, D., Allan, M. J., Dean, R., 

Schwarz, J. M., Knauer, A., Albrecht, M., & Klein, A. M. (2021). Fungicide and insecticide 

exposure adversely impacts bumblebees and pollination services under semi-field conditions. 

Environment International, 157, 106813. https://doi.org/10.1016/j.envint.2021.106813 

Tamburini, G., Wintermantel, D., Allan, M. J., Dean, R. R., Knauer, A., Albrecht, M., & Klein, A. M. 

(2021). Sulfoxaflor insecticide and azoxystrobin fungicide have no major impact on honeybees in 

a realistic-exposure semi-field experiment. Science of the Total Environment, 778, 146084. 

https://doi.org/10.1016/j.scitotenv.2021.146084 

Tang, F. H. M., Lenzen, M., McBratney, A., & Maggi, F. (2021). Risk of pesticide pollution at the 

global scale. Nature Geoscience, 14(4), 206–210. https://doi.org/10.1038/s41561-021-00712-5 

Tapparo, A., Marton, D., Giorio, C., Zanella, A., Soldà, L., Marzaro, M., Vivan, L., & Girolami, V. 

(2012). Assessment of the environmental exposure of honeybees to particulate matter 

containing neonicotinoid insecticides coming from corn coated seeds. Environmental Science 

and Technology, 46(5), 2592–2599. https://doi.org/10.1021/es2035152 

Tasman, K., Rands, S. A., & Hodge, J. J. L. (2020). The neonicotinoid insecticide imidacloprid 

disrupts bumblebee foraging rhythms and sleep. IScience, 23(12), 101827. 

https://doi.org/10.1016/j.isci.2020.101827 

Teichroew, J. L., Xu, J., Ahrends, A., Huang, Z. Y., Tan, K., & Xie, Z. (2017). Is China’s unparalleled 

and understudied bee diversity at risk? Biological Conservation, 210, 19–28. 

https://doi.org/10.1016/j.biocon.2016.05.023 

Tew, N. E., Memmott, J., Vaughan, I. P., Bird, S., Stone, G. N., Potts, S. G., & Baldock, K. C. R. 

(2021). Quantifying nectar production by flowering plants in urban and rural landscapes. Journal 

of Ecology, 109(4), 1747–1757. https://doi.org/10.1111/1365-2745.13598 

Thackeray, S. J., Henrys, P. A., Hemming, D., Bell, J. R., Botham, M. S., Burthe, S., Helaouet, P., 

Johns, D. G., Jones, I. D., Leech, D. I., MacKay, E. B., Massimino, D., Atkinson, S., Bacon, P. 

J., Brereton, T. M., Carvalho, L., Clutton-Brock, T. H., Duck, C., Edwards, M., … Wanless, S. 

(2016). Phenological sensitivity to climate across taxa and trophic levels. Nature, 535(7611), 

241–245. https://doi.org/10.1038/nature18608 

Theodorou, P., Baltz, L. M., Paxton, R. J., & Soro, A. (2021). Urbanization is associated with shifts in 

bumblebee body size, with cascading effects on pollination. Evolutionary Applications, 14(1), 

53–68. https://doi.org/10.1111/eva.13087 

Therneau, T. (2020). A Package for Survival Analysis in R (R package version 3.2-7). https://cran.r-

project.org/package=survival 

Thomas, C. D. (2010). Climate, climate change and range boundaries. Diversity and Distributions, 

16(3), 488–495. https://doi.org/10.1111/j.1472-4642.2010.00642.x 



Bibliography 

197 
 

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J., Collingham, Y. C., 

Erasmus, B. F. N., de Siqueira, M. F., Grainger, A., Hannah, L., & Others. (2004). Extinction risk 

from climate change. Nature, 427(8), 145–148. http://eprints.whiterose.ac.uk/83/ 

Thomas, J. A. (2005). Monitoring change in the abundance and distribution of insects using butterflies 

and other indicator groups. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 360(1454), 339–357. https://doi.org/10.1098/rstb.2004.1585 

Thomas, J. A., Telfer, M. G., Roy, D. B., Preston, C. D., Greenwood, J. J. D., Asher, J., Fox, R., 

Clarke, R. T., & Lawton, J. H. (2004). Comparative losses of british butterflies, birds, and plants 

and the global extinction crisis. Science, 303(5665), 1879–1881. 

https://doi.org/10.1126/science.1095046 

Thompson, H. M., Fryday, S. L., Harkin, S., & Milner, S. (2014). Potential impacts of synergism in 

honeybees (Apis mellifera) of exposure to neonicotinoids and sprayed fungicides in crops. 

Apidologie, 45(5), 545–553. https://doi.org/10.1007/s13592-014-0273-6 

Tison, L., Hahn, M. L., Holtz, S., Rößner, A., Greggers, U., Bischoff, G., & Menzel, R. (2016). Honey 

bees’ behavior is impaired by chronic exposure to the neonicotinoid thiacloprid in the field. 

Environmental Science and Technology, 50(13), 7218–7227. 

https://doi.org/10.1021/acs.est.6b02658 

Tittensor, D. P., Walpole, M., Hill, S. L. L., Boyce, D. G., Britten, G. L., Burgess, N. D., Butchart, S. H. 

M., Leadley, P. W., Regan, E. C., Alkemade, R., Baumung, R., Bellard, C., Bouwman, L., 

Bowles-newark, N. J., Chenery, A. M., & Cheung, W. W. L. (2014). A mid-term analysis of 

progress toward international biodiversity targets. Science, 346(6206), 241–243. 

https://doi.org/10.1016/0020-7489(94)90078-7 

Tomé, H. V. V., Ramos, G. S., Araújo, M. F., Santana, W. C., Santos, G. R., Guedes, R. N. C., 

Maciel, C. D., Newland, P. L., & Oliveira, E. E. (2017). Agrochemical synergism imposes higher 

risk to neotropical bees than to honeybees. Royal Society Open Science, 4, 160866). 

https://doi.org/10.1098/rsos.160866 

Tomizawa, M., & Casida, J. E. (2005). Neonicotinoid insecticide toxicology: mechanisms of selective 

action. Annual Review of Pharmacology and Toxicology, 45(1), 247–268. 

https://doi.org/10.1146/annurev.pharmtox.45.120403.095930 

Tong, L., Nieh, J. C., & Tosi, S. (2019). Combined nutritional stress and a new systemic pesticide 

(flupyradifurone, Sivanto®) reduce bee survival, food consumption, flight success, and 

thermoregulation. Chemosphere, 237, 124408. 

https://doi.org/10.1016/j.chemosphere.2019.124408 

Tosi, S., Burgio, G., & Nieh, J. C. (2017). A common neonicotinoid pesticide, thiamethoxam, impairs 

honey bee flight ability. Scientific Reports, 7, 1201. https://doi.org/10.1038/s41598-017-01361-8 

Tosi, S., Démares, F. J., Nicolson, S. W., Medrzycki, P., Pirk, C. W. W., & Human, H. (2016). Effects 

of a neonicotinoid pesticide on thermoregulation of African honey bees (Apis mellifera 



Bibliography 

198 
 

scutellata). Journal of Insect Physiology, 93–94, 56–63. 

https://doi.org/10.1016/j.jinsphys.2016.08.010 

Tosi, S., & Nieh, J. C. (2017). A common neonicotinoid pesticide, thiamethoxam, alters honey bee 

activity, motor functions, and movement to light. Scientific Reports, 7, 15132. 

https://doi.org/10.1038/s41598-017-15308-6 

Tosi, S., & Nieh, J. C. (2019). Lethal and sublethal synergistic effects of a new systemic pesticide, 

flupyradifurone (Sivanto®) on honey bees. Proceedings of the Royal Society B: Biological 

Sciences, 286(1900), 20190433. https://doi.org/10.1098/rspb.2019.0433 

Tosi, S., Nieh, J. C., Sgolastra, F., Cabbri, R., & Medrzycki, P. (2017). Neonicotinoid pesticides and 

nutritional stress synergistically reduce survival in honey bees. Proceedings of the Royal Society 

B: Biological Sciences, 284(1869), 20171711. https://doi.org/10.1098/rspb.2017.1711 

Tran, T. T., Janssens, L., Dinh, K. V., & Stoks, R. (2019). An adaptive transgenerational effect of 

warming but not of pesticide exposure determines how a pesticide and warming interact for 

antipredator behaviour. Environmental Pollution, 245, 307–315. 

https://doi.org/10.1016/j.envpol.2018.11.022 

Traynor, K. S., Tosi, S., Rennich, K., Steinhauer, N., Forsgren, E., Rose, R., Kunkel, G., Madella, S., 

Lopez, D., Eversole, H., Fahey, R., Pettis, J., Evans, J. D., & Dennis vanEngelsdorp. (2021). 

Pesticides in honey bee colonies: Establishing a baseline for real world exposure over seven 

years in the USA. Environmental Pollution, 279, 116566. 

https://doi.org/10.1016/j.envpol.2021.116566 

Tsaganou, F. K., Vassilakos, T. N., & Athanassiou, C. G. (2021). Influence of temperature and relative 

humidity on the efficacy of thiamethoxam for the control of three stored product beetle species. 

Journal of Stored Products Research, 92, 101784. https://doi.org/10.1016/j.jspr.2021.101784 

Tscharntke, T., & Brandl, R. (2004). Plant-Insect interactions in fragmented landscapes. Annual 

Review of Entomology, 49(1), 405–430. https://doi.org/10.1146/annurev.ento.49.061802.123339 

Tsvetkov, N., Samson-Robert, O., Sood, K., Patel, H. S., Malena, D. A., Gajiwala, P. H., 

Maciukiewicz, P., Fournier, V., & Zayed, A. (2017). Chronic exposure to neonicotinoids reduces 

honey bee health near corn crops. Science, 356(6345), 1395–1397. 

https://doi.org/10.1126/science.aam7470 

Tylianakis, J. M. (2013). The global plight of pollinators. Science, 340(6127), 1532–1533. 

https://doi.org/10.1126/science.1235464 

Ulens, C., Bisseling, Q., Brams, M., Mehregan, A., Evans, G., Pasini, D., & Gruss, F. (2019). The 

molecular recognition of the insecticide sulfoxaflor by nicotinic receptors is based on atomic 

interactions identical to bee-harming neonicotinoids. FASEB Journal, 33(S1), 813.6. 

UN DESA. (2015). World Population Prospects: The 2015 Revision, Key Findings and Advance 

Tables. Working Paper No. ESA/P/WP.241. https://doi.org/10.1017/CBO9781107415324.004 



Bibliography 

199 
 

Valido, A., Rodríguez-Rodríguez, M. C., & Jordano, P. (2019). Honeybees disrupt the structure and 

functionality of plant-pollinator networks. Scientific Reports, 9, 4711. 

https://doi.org/10.1038/s41598-019-41271-5 

Van Der Sluijs, J. P., Amaral-Rogers, V., Belzunces, L. P., Bijleveld Van Lexmond, M. F., Bonmatin, J. 

M., Chagnon, M., Downs, C. A., Furlan, L., Gibbons, D. W., Giorio, C., Girolami, V., Goulson, D., 

Kreutzweiser, D. P., Krupke, C., Liess, M., Long, E., Mcfield, M., Mineau, P., Mitchell, E. A., … 

Wiemers, M. (2015). Conclusions of the worldwide integrated assessment on the risks of 

neonicotinoids and fipronil to biodiversity and ecosystem functioning. Environmental Science 

and Pollution Research, 22(1), 148–154. https://doi.org/10.1007/s11356-014-3229-5 

Van der Sluijs, J. P., Simon-Delso, N., Goulson, D., Maxim, L., Bonmatin, J. M., & Belzunces, L. P. 

(2013). Neonicotinoids, bee disorders and the sustainability of pollinator services. Current 

Opinion in Environmental Sustainability, 5(3–4), 293–305. 

https://doi.org/10.1016/j.cosust.2013.05.007 

Vanbergen, A. J., Boissieres, C., Gray, A., & Chapman, D. S. (2021). Habitat loss, predation pressure 

and episodic heat-shocks interact to impact arthropods and photosynthetic functioning of 

microecosystems. Proceedings of the Royal Society B: Biological Sciences, 288(1948), 

20210032. https://doi.org/10.1098/rspb.2021.0032 

Vanbergen, A. J., & Garratt, M. P. (2013). Threats to an ecosystem service: Pressures on pollinators. 

Frontiers in Ecology and the Environment, 11(5), 251–259. https://doi.org/10.1890/120126 

Vanbergen, A. J., Heard, M. S., Breeze, T., Potts, S. G., & Hanley, N. (2014). Status and value of 

pollinators and pollination services. A report to the Department for Environment, Food and Rural 

Affairs (DEFRA). 

Vandame, R., & Belzunces, L. P. (1998). Joint actions of deltamethrin and azole fungicides on honey 

bee thermoregulation. Neuroscience Letters, 251(1), 57–60. https://doi.org/10.1016/S0304-

3940(98)00494-7 

Vanderplanck, M., Martinet, B., Carvalheiro, L. G., Rasmont, P., Barraud, A., Renaudeau, C., & 

Michez, D. (2019). Ensuring access to high-quality resources reduces the impacts of heat stress 

on bees. Scientific Reports, 9, 12596. https://doi.org/10.1038/s41598-019-49025-z 

Velthuis, H. H. W., & Van Doorn, A. (2006). A century of advances in bumblebee domestication and 

the economic and environmental aspects of its commercialization for pollination. Apidologie, 

37(4), 421–451. https://doi.org/10.1051/apido:2006019 

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S. Fourth Edition. Springer, 

New York. (ISBN 0-387). 

Viana, B. F., Boscolo, D., Neto, E. M., Lopes, L. E., Lopes, A. V, Ferreira, P. A., Pigozzo, C. M., & 

Primo, L. M. (2012). How well do we understand landscape effects on pollinators and pollination 

services? Journal of Pollination Ecology, 7(5), 31–41. https://doi.org/10.1098/rspb.2006.3721 



Bibliography 

200 
 

Vogt, F. D. (1986). Thermoregulation in bumblebee colonies . I . Thermoregulatory versus brood- 

maintenance behaviors during acute changes in ambient temperature author. Physiological 

Zoology, 59(1), 55–59. 

Wagner, D. L., Grames, E. M., Forister, M. L., Berenbaum, M. R., & Stopak, D. (2021). Insect decline 

in the Anthropocene: Death by a thousand cuts. Proceedings of the National Academy of 

Sciences, 118(2), e2023989118. https://doi.org/10.1073/PNAS.2023989118 

Walther-Hellwig, K., & Frankl, R. (2000). Foraging habitats and foraging distances of bumblebees, 

Bombus spp. (Hym., Apidae), in an agricultural landscape. Journal of Applied Entomology, 

124(7–8), 299–306. 

Warren, M. S., Maes, D., van Swaay, C. A. M., Goffart, P., van Dyck, H., Bourn, N. A. D., Wynhoff, I., 

Hoare, D., & Ellis, S. (2021). The decline of butterflies in Europe: Problems, significance, and 

possible solutions. Proceedings of the National Academy of Sciences, 118(2), e2002551117. 

https://doi.org/10.1073/PNAS.2002551117 

Warren, R., Price, J., Graham, E., Forstenhaeusler, N., & VanDerWal, J. (2018). The projected effect 

on insects, vertebrates, and plants of limiting global warming to 1.5°C rather than 2°C. Science, 

360(6390), 791–795. https://doi.org/10.1126/science.aar3646 

Waser, N. M., Chittka, L., Price, M. V., Williams, N. M., & Ollerton, J. (1996). Generalization in 

pollination systems, and why it matters. Ecology, 77(4), 1043–1060. 

https://doi.org/10.2307/2265575 

Weete, J. D., Abril, M., & Blackwell, M. (2010). Phylogenetic distribution of fungal sterols. PLoS ONE, 

5(5), e10899. https://doi.org/10.1371/journal.pone.0010899 

Wei, N., Kaczorowski, R. L., Arceo-Gómez, G., O’Neill, E. M., Hayes, R. A., & Ashman, T. L. (2021). 

Pollinators contribute to the maintenance of flowering plant diversity. Nature, 597(7878), 688–

692. https://doi.org/10.1038/s41586-021-03890-9 

Wellmann, H., Gomes, M., Lee, C., & Kayser, H. (2004). Comparative analysis of neonicotinoid 

binding to insect membranes: II. An unusual high affinity site for [3H]thiamethoxam in Myzus 

persicae and Aphis craccivora. Pest Management Science, 60(10), 959–970. 

https://doi.org/10.1002/ps.920 

Wen, Z., & Scott, J. G. (1997). Cross-resistance to imidacloprid in strains of German cockroach 

(Blattella germanica) and house fly (Musca domestica). Pesticide Science, 49(4), 367–371. 

https://doi.org/10.1002/(SICI)1096-9063(199704)49:4<367::AID-PS542>3.0.CO;2-L 

West, G. B., Brown, J. H., & Enquist, B. J. (1997). A general model for the origin of allometric scaling 

laws in biology. Science, 276(5309), 122–126. https://doi.org/10.1126/science.276.5309.122 

Weston, D. P., You, J., Harwood, A. D., & Lydy, M. J. (2009). Whole sediment toxicity identification 

evaluation tools for pyrethroid insecticides: III. Temperature manipulation. Environmental 

Toxicology and Chemistry, 28(1), 173–180. https://doi.org/10.1897/08-143.1 



Bibliography 

201 
 

Westphal, C., Steffan-Dewenter, I., & Tscharntke, T. (2006). Foraging trip duration of bumblebees in 

relation to landscape‐wide resource availability. Ecological Entomology, 31(4), 389–394. 

Whitehorn, P. R., O’Connor, S., Wackers, F. L., & Goulson, D. (2012). Neonicotinoid pesticide 

reduces bumble bee colony growth and queen production. Science, 336(6079), 351–352. 

https://doi.org/10.1126/science.1215025 

Whitehorn, P. R., Wallace, C., & Vallejo-Marin, M. (2017). Neonicotinoid pesticide limits improvement 

in buzz pollination by bumblebees. Scientific Reports, 7, 15562. https://doi.org/10.1038/s41598-

017-14660-x 

Wickham, H., Francois, R., Henry, L., & Muller, K. (2019). dplyr: A Grammar of Data Manipulation. R 

package version 0.8.3. dplyr: A Grammar of Data Manipulation. R package version 0.8.3. 

https://cran.r-project.org/package=dplyr 

Wickham, P.-O. (2009). Thermoregulation and habitat use in butterflies. In Ecology of butterflies in 

Europe (pp. 55–61). Cambridge University Press. 

Wiesner, P., & Kayser, H. (2000). Characterization of nicotinic acetylcholine receptors from the 

insects Aphis craccivora, Myzus persicae, and Locusta migratoria by radioligand binding assays: 

relation to thiamethoxam action. Journal of Biochemical and Molecular Toxicology, 14(4), 221–

230. https://doi.org/10.1023/A:1003404528689 

Williams, N. M., Regetz, J., & Kremen, C. (2012). Landscape-scale resources promote colony growth 

but not reproductive performance of bumble bees. Ecology, 93(5), 1049–1058. 

https://doi.org/10.1890/11-1006.1 

Williams, P. (1982). The distribution and decline of British bumble bees (Bombus Latr.). Journal of 

Apicultural Research, 21(4), 236–245. 

Williams, P. H., Araújo, M. B., & Rasmont, P. (2007). Can vulnerability among British bumblebee 

(Bombus) species be explained by niche position and breadth? Biological Conservation, 138(3–

4), 493–505. https://doi.org/10.1016/j.biocon.2007.06.001 

Williams, S. M., Aldabashi, N., Palego, C., Woodgate, J. L., Makinson, J. C., & Cross, P. (2021). Early 

prediction of bumblebee flight task using machine learning. Computers and Electronics in 

Agriculture, 184, 106065. https://doi.org/10.1016/j.compag.2021.106065 

Williamson, S. M., Willis, S. J., & Wright, G. A. (2014). Exposure to neonicotinoids influences the 

motor function of adult worker honeybees. Ecotoxicology, 23(8), 1409–1418. 

https://doi.org/10.1007/s10646-014-1283-x 

Willmer, P. G., & Finlayson, K. (2014). Big bees do a better job: Intraspecific size variation influences 

pollination effectiveness. Journal of Pollination Ecology, 14(23), 244–254. 

https://doi.org/10.1007/s13592-011-0086-9 

Wilson, E. O. (1990). Success and dominance in ecosystems: the case of the social insects. 

Oldendorf / Luhe: Ecology Institute.  



Bibliography 

202 
 

Winfree, R., Aguilar, R., Vazquez, D., LeBuhn, G., & Aizen, M. A. (2009). A meta-analysis of bees’ 

responses to anthropogenic disturbance. Ecology, 90(8), 2068–2076. https://doi.org/10.1890/14-

0661.1 

Winfree, R., Williams, N. M., Gaines, H., Ascher, J. S., & Kremen, C. (2008). Wild bee pollinators 

provide the majority of crop visitation across land-use gradients in New Jersey and 

Pennsylvania, USA. Journal of Applied Ecology, 45(3), 793–802. https://doi.org/10.1111/j.1365-

2664.2007.01418.x 

WMO. (2020). Global Annual to Decadal Climate Update. 

Wolf, S., McMahon, D. P., Lim, K. S., Pull, C. D., Clark, S. J., Paxton, R. J., & Osborne, J. L. (2014). 

So near and yet so far: Harmonic radar reveals reduced homing ability of nosema infected 

honeybees. PLoS ONE, 9(8), e103989. https://doi.org/10.1371/journal.pone.0103989 

Wood, T. J., & Goulson, D. (2017). The environmental risks of neonicotinoid pesticides: a review of 

the evidence post 2013. Environmental Science and Pollution Research, 24(21), 17285–17325. 

https://doi.org/10.1007/s11356-017-9240-x 

Wood, T. J., Michez, D., Paxton, R. J., Drossart, M., Neumann, P., Gérard, M., Vanderplanck, M., 

Barraud, A., Martinet, B., Leclercq, N., & Vereecken, N. J. (2020). Managed honey bees as a 

radar for wild bee decline? Apidologie, 51(6), 1100–1116. https://doi.org/10.1007/s13592-020-

00788-9 

Woodcock, B. A., Bullock, J. M., Shore, R. F., Heard, M. S., Pereira, M. G., Redhead, J., Ridding, L., 

Dean, H., Sleep, D., Henrys, P., Peyton, J., Hulmes, S., Hulmes, L., Sárospataki, M., Saure, C., 

Edwards, M., Genersch, E., Knäbe, S., & Pywell, R. F. (2017). Country-specific effects of 

neonicotinoid pesticides on honey bees and wild bees. Science, 356(6345), 1393–1395. 

https://doi.org/10.1126/science.aaa1190 

Woodcock, B. A., Edwards, M., Redhead, J., Meek, W. R., Nuttall, P., Falk, S., Nowakowski, M., & 

Pywell, R. F. (2013). Crop flower visitation by honeybees, bumblebees and solitary bees: 

Behavioural differences and diversity responses to landscape. Agriculture, Ecosystems and 

Environment, 171, 1–8. https://doi.org/10.1016/j.agee.2013.03.005 

Woodcock, B. A., Isaac, N. J. B., Bullock, J. M., Roy, D. B., Garthwaite, D. G., Crowe, A., & Pywell, R. 

F. (2016). Impacts of neonicotinoid use on long-term population changes in wild bees in 

England. Nature Communications, 7, 12459. https://doi.org/10.1038/ncomms12459 

Woodcock, B. A., Ridding, L., Freeman, S. N., Gloria Pereira, M., Sleep, D., Redhead, J., Aston, D., 

Carreck, N. L., Shore, R. F., Bullock, J. M., Heard, M. S., & Pywell, R. F. (2018). Neonicotinoid 

residues in UK honey despite European Union moratorium. PLoS ONE, 13(1), e0189681. 

https://doi.org/10.1371/journal.pone.0189681 

Woodcock, B. A., Ridding, L., Pereira, M. G., Sleep, D., Newbold, L., Oliver, A., Shore, R. F., Bullock, 

J. M., Heard, M. S., Gweon, H. S., & Pywell, R. F. (2021). Neonicotinoid use on cereals and 

sugar beet is linked to continued low exposure risk in honeybees. Agriculture, Ecosystems and 



Bibliography 

203 
 

Environment, 308, 107205. https://doi.org/10.1016/j.agee.2020.107205 

Woodgate, J. L., Makinson, J. C., Lim, K. S., Reynolds, A. M., & Chittka, L. (2016). Life-long radar 

tracking of bumblebees. PLoS ONE, 11(8), e0160333. 

https://doi.org/10.1371/journal.pone.0160333 

Woods, W. A. (2005). Honeybee flight metabolic rate: does it depend upon air temperature? Journal 

of Experimental Biology, 208(6), 1161–1173. https://doi.org/10.1242/jeb.01510 

Worden, B. D., Skemp, A. K., & Papaj, D. R. (2005). Learning in two contexts: the effects of 

interference and body size in bumblebees. Journal of Experimental Biology, 208(11), 2045–

2053. https://doi.org/10.1242/jeb.01582 

Wu, Y. Y., Luo, Q. H., Hou, C. S., Wang, Q., Dai, P. L., Gao, J., Liu, Y. J., & Diao, Q. Y. (2017). 

Sublethal effects of imidacloprid on targeting muscle and ribosomal protein related genes in the 

honey bee Apis mellifera L. Scientific Reports, 7, 15943. https://doi.org/10.1038/s41598-017-

16245-0 

WWF. (2020). Living Planet Report 2020 - Bending the curve of biodiversity loss. Almond, R.E.A., 

Grooten M. and Petersen, T. (Eds). 

Yoon, H. J., Kim, S. E., & Kim, Y. S. (2002). Temperature and humidity favorable for colony 

development of the indoor-reared bumblebee, Bombus ignitus. Applied Entomology and 

Zoology, 37(3), 419–423. https://doi.org/10.1303/aez.2002.419 

Zambra, E., Martinet, B., Brasero, N., Michez, D., & Rasmont, P. (2020). Hyperthermic stress 

resistance of bumblebee males: test case of Belgian species. Apidologie, 51, 911–920. 

https://doi.org/10.1007/s13592-020-00771-4 

Zaragoza-Trello, C., Vilà, M., & Bartomeus, I. (2021). Interaction between warming and landscape 

foraging resource availability on solitary bee reproduction. Journal of Animal Ecology, 90(11), 

2536–2546. https://doi.org/10.1111/1365-2656.13559 

Zaragoza-Trello, C., Vilà, M., Botias, C., & Bartomeus, I. (2020). Interactions among global change 

pressures act in a non‐additive way on bumblebee individuals and colonies. Functional Ecology, 

35(2), 420-434. https://doi.org/10.1111/1365-2435.13703 

Zattara, E. E., & Aizen, M. A. (2021). Worldwide occurrence records suggest a global decline in bee 

species richness. One Earth, 4(1), 114–123. https://doi.org/10.1016/j.oneear.2020.12.005 

Zera, A. J., & Denno, R. F. (1997). Physiology and ecology of dispersal polymorphism in insects. 

Annual Review of Entomology, 42(1), 207–230. 

Zhang, W. (2018). Global pesticide use: Profile, trend, cost / benefit and more. Proceedings of the 

International Academy of Ecology and Environmental Sciences, 8(1), 1–27.  

Zhang, Y., Chen, D., Du, M., Ma, L., Li, P., Qin, R., Yang, J., Yin, Z., Wu, X., & Xu, H. (2021). Insights 

into the degradation and toxicity difference mechanism of neonicotinoid pesticides in honeybees 

by mass spectrometry imaging. Science of the Total Environment, 774, 145170. 



Bibliography 

204 
 

https://doi.org/10.1016/j.scitotenv.2021.145170 

Zhu, Y. C., Yao, J., Adamczyk, J., & Luttrell, R. (2017). Feeding toxicity and impact of imidacloprid 

formulation and mixtures with six representative pesticides at residue concentrations on honey 

bee physiology (Apis mellifera). PLoS ONE, 12(6), e0178421. 

https://doi.org/10.1371/journal.pone.0178421 

Zhu, Y., Loso, M. R., Watson, G. B., Sparks, T. C., Rogers, R. B., Huang, J. X., Gerwick, B. C., 

Babcock, J. M., Kelley, D., Hegde, V. B., Nugent, B. M., Renga, J. M., Denholm, I., Gorman, K., 

Deboer, G. J., Hasler, J., Meade, T., & Thomas, J. D. (2011). Discovery and characterization of 

sulfoxaflor, a novel insecticide targeting sap-feeding pests. Journal of Agricultural and Food 

Chemistry, 59(7), 2950–2957. https://doi.org/10.1021/jf102765x 

Zioga, E., Kelly, R., White, B., & Stout, J. C. (2020). Plant protection product residues in plant pollen 

and nectar: A review of current knowledge. Environmental Research, 189, 109873. 

https://doi.org/10.1016/j.envres.2020.109873 

Zurbuchen, A., Landert, L., Klaiber, J., Müller, A., Hein, S., & Dorn, S. (2010). Maximum foraging 

ranges in solitary bees: only few individuals have the capability to cover long foraging distances. 

Biological Conservation, 143(3), 669–676. https://doi.org/10.1016/j.biocon.2009.12.003 

 

 

 

 

 

 

 

  



Appendix A | Chapter 2 Supporting Information 

205 
 

APPENDICES 

 

Appendix A | Chapter 2 Supporting Information 

 

Statistical Analysis 

In all cases, model residuals were plotted to confirm the data met the parametric assumptions 

of the tests used, and model fit was assessed and optimised where possible. Where appropriate, 

normality tests were used to reveal distributions of the data, and those which appeared non-normal 

were suitably transformed as outlined below: 

Feeding time 

The feeding time response variable was Box-Cox transformed (Venables & Ripley, 2002) to the 

optimal exponent. 

Effect of tag fitting on flight behaviour 

The effect of tag fitting on flight behaviour was examined separately for both treatments. The 

effect of tag fitting on total distance flown was analysed using a linear model, with the response 

variable being square root transformed when considering the pesticide treatment, but being left 

untransformed when considering the control treatment. 

Average and maximum velocity 

Prior to maximum velocity analysis, one outlier was identified in the pesticide treatment group 

with a maximum velocity of 14 m/s. This value was around 12 m/s higher than any other individual, 

and being considered a reaction to stimulation as opposed to normal flight behaviour this value was 

removed from further analysis. When considering the full dataset of 67 bees (Table 2.1 – filter step 6), 

the average velocity and maximum velocity values were square root and cube root transformed 

respectively. When considering the additional dataset of 72 bees and the subset of 53 bees (Table 2.1 

– filter step 7, Table A1), both the average velocity and maximum velocity values had to be square 

root transformed.  

Total distance flown 

For analysis of all datasets, the total flight distance response variable was square root 

transformed.  
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Figure A1. Scatter plot showing no significant relationship between length of feeding time and body size 

(intertegula span) for control (red circle) and pesticide exposed (blue triangle) workers. There were 222 bees 

selected for testing (control = 111, pesticide = 111), of which 209 initiated feeding (control = 102, pesticide = 

107). The dashed black line corresponds with a feeding time of 60 seconds, and all bees that fed below this 

(control =16, pesticide = 13) were not considered in the main flight analysis. Linear fitted lines (control = solid 

red, pesticide = dashed blue) with associated standard error (shaded bands) are estimates of linear models. 
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Figure A2. Scatterplot showing key flight performance indicators of endurance (distance flown in meters (A); 

duration flown in seconds (B)) and average and maximum velocity in meters per second (C-D) against worker 

body size (intertegula span) for both the control (red circle) and pesticide treated (blue treatment) groups. Data 

plotted are for the full dataset of bees (n = 35 control; 32 pesticide; see Table 2.1 – filter step 6), and linear fitted 

lines (control = solid red, pesticide = dashed blue) with associated standard error (shaded bands) are estimates 

of linear models.  
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Table A1. Linear mixed model* summary output for the effect of neonicotinoid (pesticide) exposure, worker body 

size (ITS) and the interaction between these two variables on key flight performance metrics. 

Note: In all cases, bees were only considered in analyses if they had an ‘ideal’ tag fitting (tag rating 1) and flew > 100m. The top row of results 

(Additional Dataset) considered all bees that fed, regardless of how long they fed for (control = 37, pesticide = 35). The middle row of results 

(Full Dataset) considered all bees that fed > 60 seconds (control = 35, pesticide = 32). The bottom row of results (Subset) considered all bees that 

fed > 60 seconds with the smallest 10% and largest 10% of workers removed (control = 26, pesticide = 27). *GLMM was used for duration flown 

under a binomial family distribution. 
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Feeding protocol justification 

The feeding setup was designed so that bees had an ad libitum sucrose supply when in the 

feeding tube with the opportunity to feed multiple times over the 5-minute feeding period. This is 

similar to previous feeding setups aiming to achieve satiation (Ben-Shahar & Robinson, 2001). 

Furthermore, when examining Bombus terrestris workers foraging in natural conditions, Goulson and 

colleagues (2002) found that workers collected an average load mass of nectar equal to 23% of 

unladen worker body mass. In my study, the mean mass of sucrose consumed was 56 mg and the 

mean wet mass of workers before feeding was 232 mg, which corresponds to workers feeding 24% of 

their body mass. My results are thus suggestive that workers did feed to satiation as intended. 

 

Feeding results 

Sucrose consumption per worker significantly increased with body mass (LM: total: t310 = 

10.04, p < 0.001 & rate: t310 = 7.99, p < 0.001 respectively; Figure B2), with a mean (± s.e.m) of 55.6 ± 

1.38 mg consumed per worker over the 5-minute feeding period. Sucrose consumption rate scaled 

with worker dry mass (M) to the power 0.94 (M0.94; Figure B2), with 95% confidence limits around this 

exponent ranging from 0.71 to 1.17, which encompasses the 0.75 scaling exponent predicted under 

metabolic scaling theory (J. Brown et al., 2004; West et al., 1997).  
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Figure B1. (Top panel) Overview of air (ambient) temperature during the months April to September (foraging 

season for workers of most temperate bumblebee spp.) at Silwood Park (Ascot, UK) over ten-year period from 

2010 to 2019, considering only the hours 07:00-19:00 (foraging period). (Bottom Panel) Histogram of the number 

of hours in which temperatures were experienced during the same period. The mean temperature over this 

entire period was 16.14oC.  
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Figure B2. Scatter plot showing the relationship between worker dry mass (mg) with feeding behaviour. a) total 

sucrose consumption (mg) per worker over the course of the 5-minute feeding trial; b) sucrose consumption 

rate (mg of sucrose consumed per second of observed feeding). Dry mass and rate of sucrose consumption have 

been plotted on log10 scale, as these variables were log-transformed in the data analysis, Red lines represent 

linear model (LMM) regression lines (p < 0.05 in both cases). 
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Figure B3. Effect of mass-specific consumption on the likelihood of successful flight (flew ≥ 100 m) for each 

temperature cohort, shown by a logistic regression plot (successful = 1; unsuccessful = 0). Jitter has been added 

in the y-plane so that individual data points are clearly identifiable. 
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Figure B4. Relationships between mass-specific consumption and the different flight metrics measured at each 

tested ambient temperature. a) flight distance (metres); b) flight duration (seconds); c) mean velocity (m/s) and 

d) maximum velocity (m/s) flown over the whole flight trial. In all cases, dashed black lines indicate fitted lines 

from linear models, with an asterisk highlighting a significant (p < 0.05) relationship. In panels a) and b), distance 

and duration flown have been plotted on a log10 scale, as these variables were log-transformed in the data 

analysis. Confidence intervals have not been plotted around model lines to aid visualization. 
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Table B1. Pairwise comparisons by Tukey contrasts, testing the likelihood of successful flight (flight > 100 m) 

between temperature cohorts. Adjusted p-values are reported, correcting for multiple testing through the 

single-step method. Tukey contrasts were derived from GLM examining main effects of Temperature (oC) and 

Dry Body Mass (mg)*. *variable log10  transformed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Pairwise Comparison Estimate SE Z value P value 

12 – 15 0.892 0.546 1.632 0.659 

12 – 18 1.330 0.542 2.454 0.175 
12 – 21 1.556 0.544 2.860 0.063 

12 – 24 1.708 0.546 3.127 0.029 

12 – 27 2.787 0.590 4.727 <0.001 

12 – 30 2.293 0.566 4.055 <0.001 

15 – 18 0.438 0.471 0.931 0.967 

15 – 21 0.664 0.470 1.412 0.794 

15 – 24 0.816 0.472 1.728 0.595 

15 – 27 1.895 0.514 3.691 0.004 

15 – 30 1.402 0.490 2.859 0.064 

18 – 21 0.226 0.465 0.486 0.999 

18 – 24 0.378 0.467 0.809 0.984 

18 – 27 1.457 0.508 2.870 0.062 
18 – 30 0.963 0.485 1.987 0.421 

21 – 24 0.152 0.465 0.326 1.000 

21 – 27 1.231 0.504 2.442 0.180 

21 – 30 0.737 0.482 1.529 0.726 

24 – 27 1.080 0.505 2.136 0.330 

24 – 30 0.586 0.484 1.211 0.889 

27 – 30 -0.494 0.517 -0.955 0.963 
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Table B2. Pairwise comparisons by Tukey contrasts, testing a) Flight Distance (meters)* and b) Flight Duration 

(seconds)* between temperature cohorts. Adjusted p-values are reported, correcting for multiple testing by the 

single-step method. Tukey contrasts were derived from LMER examining main effects of Temperature (oC) and 

Dry Body Mass (mg)*. *variable log10  transformed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Flight Distance  

Pairwise Comparison Estimate SE Z value P value 

12 – 15 1.239 0.417 2.967 0.045 

12 – 18 1.922 0.401 4.792 <0.001 

12 – 21 2.405 0.396 6.079 <0.001 

12 – 24 2.261 0.395 5.725 <0.001 

12 – 27 2.329 0.384 6.062 <0.001 

12 – 30 2.156 0.389 5.538 <0.001 

15 – 18 0.683 0.323 2.113 0.337 

15 – 21 1.166 0.317 3.675 0.004 

15 – 24 1.022 0.313 3.268 0.018 

15 – 27 1.090 0.298 3.663 0.004 

15 – 30 0.917 0.303 3.027 0.038 

18 – 21 0.483 0.295 1.636 0.651 

18 – 24 0.339 0.291 1.166 0.904 

18 – 27 0.407 0.274 1.486 0.747 

18 – 30 0.234 0.280 0.835 0.981 
21 – 24 -0.144 0.284 -0.508 0.999 

21 – 27 -0.076 0.267 -0.286 1.000 

21 – 30 -0.249 0.273 -0.911 0.970 

24 – 27 0.068 0.259 0.263 1.000 

24 – 30 -0.105 0.266 -0.393 1.000 

27 – 30 -0.173 0.247 -0.699 0.992 

b) Flight Duration  

Pairwise Comparison Estimate SE Z value P value 

12 – 15 1.455 0.420 3.468 0.009 

12 – 18 2.119 0.403 5.258 <0.001 

12 – 21 2.502 0.398 6.293 <0.001 

12 – 24 2.419 0.397 6.096 <0.001 

12 – 27 2.528 0.386 6.549 <0.001 

12 – 30 2.301 0.391 5.878 <0.001 

15 – 18 0.665 0.325 2.046 0.378 
15 – 21 1.047 0.319 3.282 0.017 

15 – 24 0.964 0.314 3.069 0.034 

15 – 27 1.073 0.299 3.589 0.006 

15 – 30 0.846 0.304 2.779 0.077 

18 – 21 0.382 0.297 1.288 0.853 

18 – 24 0.300 0.292 1.027 0.946 

18 – 27 0.409 0.275 1.487 0.746 

18 – 30 0.181 0.281 0.644 0.995 

21 – 24 -0.082 0.285 -0.289 1.000 

21 – 27 0.027 0.268 0.100 1.000 

21 – 30 -0.201 0.275 -0.731 0.990 
24 – 27 0.109 0.260 0.420 1.000 

24 – 30 -0.118 0.268 -0.443 1.000 

27 – 30 -0.228 0.248 -0.917 0.969 
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Table B3. Pairwise comparisons by Tukey contrasts, testing (a) Mean Velocity (m/s) and (b) Maximum Velocity 

(m/s) between temperature cohorts. Adjusted p-values are reported, correcting for multiple testing by the 

single-step method. Tukey contrasts were derived from LMER examining main effects of Temperature (oC), Dry 

Body Mass (mg)*, and Mass-Specific Consumption (mg/mg). *variable log10  transformed. 

 

 

  

a) Mean Velocity  

Pairwise Comparison Estimate SE Z value P value 

12 – 15 -0.155 0.082 -1.892 0.477 

12 – 18 -0.158 0.079 -2.010 0.399 

12 – 21 -0.097 0.078 -1.240 0.874 

12 – 24 -0.127 0.078 -1.627 0.657 

12 – 27 -0.169 0.077 -2.208 0.283 

12 – 30 -0.116 0.078 -1.499 0.739 
15 – 18 -0.003 0.063 -0.047 1.000 

15 – 21 0.058 0.062 0.933 0.966 

15 – 24 0.028 0.061 0.453 0.999 

15 – 27 -0.014 0.058 -0.241 1.000 

15 – 30 0.039 0.059 0.653 0.995 

18 – 21 0.061 0.058 1.052 0.940 

18 – 24 0.031 0.057 0.539 0.998 

18 – 27 -0.011 0.054 -0.207 1.000 

18 – 30 0.042 0.055 0.757 0.988 

21 – 24 -0.030 0.055 -0.547 0.998 

21 – 27 -0.072 0.052 -1.388 0.803 
21 – 30 -0.019 0.053 -0.362 1.000 

24 – 27 -0.042 0.050 -0.832 0.981 

24 – 30 0.011 0.052 0.211 1.000 

27 – 30 0.053 0.048 1.095 0.927 

b)  Maximum Velocity  

Pairwise Comparison Estimate SE Z value P value 

12 – 15 -0.053 0.130 -0.412 1.000 

12 – 18 0.113 0.124 0.906 0.971 

12 – 21 0.105 0.124 0.847 0.979 

12 – 24 0.146 0.124 1.177 0.900 
12 – 27 0.047 0.121 0.384 1.000 

12 – 30 0.044 0.123 0.355 1.000 

15 – 18 0.166 0.099 1.670 0.628 

15 – 21 0.158 0.098 1.615 0.665 

15 – 24 0.199 0.097 2.062 0.367 

15 – 27 0.100 0.092 1.080 0.932 

15 – 30 0.097 0.094 1.037 0.943 

18 – 21 -0.008 0.091 -0.082 1.000 

18 – 24 0.033 0.090 0.369 1.000 

18 – 27 -0.066 0.085 -0.775 0.987 

18 – 30 -0.069 0.087 -0.793 0.985 

21 – 24 0.041 0.087 0.467 0.999 
21 – 27 -0.059 0.082 -0.714 0.991 

21 – 30 -0.061 0.084 -0.731 0.990 

24 – 27 -0.099 0.080 -1.248 0.871 

24 – 30 -0.102 0.082 -1.248 0.871 

27 – 30 -0.003 0.076 -0.038 1.000 
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Table B4. Colony-level flight potential values for each tested temperature, which is a metric that encapsulates 

both the distance workers can fly (i.e., resources a worker could reach in a landscape) and the likelihood of flight 

(i.e., size of the foraging workforce). To this end, colony-level flight potential was calculated as the proportion 

of workers that successfully flew (flew ≥ 100 m) multiplied by the mean distance flown (m) by workers at that 

temperature. 

 

 

 

  

Temperature 

(oC) 

No. of 

workers 

tested on 

mills 

No. of 

Successful 

fliers 

Proportion of 

workers that 

successfully 

flew 

Mean 

Distance of 

Successful 

fliers (m) 

Colony-level 

flight 

potential 

12 44 9 0.205 176.76 36.24 

15 45 17 0.378 604.87 228.64 

18 43 22 0.512 1762.18 902.24 

21 44 24 0.545 1965.17 1071.02 

24 45 26 0.578 2046.35 1182.79 

27 46 35 0.761 1815.96 1381.95 

30 45 31 0.689 1540.05 1061.09 
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Experiment 2: Piloting the feeding cage setup 

A pilot trial was run to determine if feeding cages should contain solitary or multiple individuals, whilst 

also determining the volume of sucrose solution different worker densities would need throughout 

the main trials to ensure ad libitum provision. Using 27 feeding cages, I monitored nine cages each 

containing one worker, nine each containing two workers, and nine each containing three workers. 

Workers selected for the trial were from the same nine colonies used in the main experimental trial, 

and of similar body size based off visual inspection. The feeding cages were held under the same light 

and humidity conditions as the main trials, and at 21oC as workers would have the greatest demand 

for sucrose solution at this ambient temperature (based off results of experiment 1). Each feeding 

cage was provided ad-libitum untreated 40% w/w sucrose/water solution, with consumption recorded 

every 24 hours.  

Following the same protocol used in the main trials, feeding cages were filmed every 24 hours for a 

total period of 120 hours under a ‘no-stimulation’ scenario, with 20 seconds of video recordings 

examined using Kinovea (version 0.8.15). From this I assessed (yes/no) whether a key set of behaviours 

(movement, flight, and feeding) for each worker occurred, alongside calculating walking distance (cm). 

Workers kept in feeding cages individually had a higher mean walking distance compared to workers 

kept in feeding cages in groups of two or three (Figure C1c). However, solitary workers were 

considerably more likely to fly relative to three worker cages (40-50% vs 20-25% respectively; Figure 

C1b). In terms of walking distances, workers kept in cages in groups of three showed less variation 

and remained consistent in their behaviour over time (Figure C1c). Furthermore, workers kept in 

cages of three showed little difference in behaviour if one bee died (Figure C1). Given my intention 

to track walking behaviour, it was deemed appropriate to use three worker cages. The pilot trial 

showed workers to feed between 0.4 - 0.5 ml of sucrose solution per day, justifying the decision to 

provide a 2 ml feeder filled to maximum capacity with sucrose solution every 24 hours in the main 

trial. Indeed, during the main trial, no feeder ran dry. 

 

Experiment 2: Piloting the camera setup 

To feasibly record all cages daily, I needed to film two pots concurrently within each video. The video 

camera used (Panasonic HC-V160) had an image resolution of 3968 x 2232 pixels (width x height), 

meaning that two pots could comfortably fit in the frame when the camera was held at a height that 
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allowed clear view of the bees in the pots. This meant that the central point of each pot was at an 

angle of 14o from the central point of the camera lens (Figure 4.1). As filming on an angle could 

potentially distort the length of a line, checks were run to see how much error would be introduced 

taking this approach. Following the ‘Tracking Protocol’ (described in main methods and section 

below), I measured the distance of a series of lines that spanned various directions across the bottom 

surface of a pot with a known total distance of 350mm (estimated maximum distance a bee would 

walk in the trials based on pilot observations). These measurements were taken on images of a pot 

under two scenarios: 1) when the pot was placed directly beneath the camera lens; and 2) when the 

centre of the pot was at an angle of 14o to the center of the camera lens (Figure C2). I found the 

difference in total measured line distance between the two scenarios to be negligible (mean ± 95% CI 

= 0.3 ± 0.6%), justifying the protocol of filming two pots simultaneously. 

 

Experiment 2: Tracking Protocol 

The following gives a detailed stage-by-stage overview of how walking paths were tracked (only for 

bees recorded to have moved) using the video tracking software Kinovea (version 0.8.15), and 

subsequently how measures of walking distance were calculated.  

The tracking process was as follows: 1) calibrate videos by assigning a distance (cm) value to each pixel 

based off a known standard. For this purpose, each video had a ruler included as a scale; 2) cross-

reference the first image in the video with the manual note of worker positions made during the trials 

to ascertain identities of all workers in the video. Note that a picture (jpeg) was also taken prior to the 

video recording using the same Panasonic HC-V160 camera that video recordings were made with. 

The enhanced resolution of the .jpeg image meant that tag numbers were visible and could be used 

to identify workers as a backup in case manual notes weren’t sufficient; 3) play the video to the 4-

second mark (frame 26 when run at 6.25 fps) whilst visually monitoring each individual and mark down 

the positions; 4) set the working zone in Kinovea from frame 26 (4:00 time) to frame 127 (20:16 time), 

because the track path software always terminates the tracked distance on the frame preceding the 

end of the working zone (i.e., frame 126); 5) place a tracking marker in the centre of the thorax on the 

bottom edge of the thoracic stripe; 6) commence tracking by starting the video, manually moving the 

tracking marker back to the correct position on the thorax for any frame necessary, and run the 

tracking through to the end of the 20-second window at which point the distance walked value can be 

displayed and recorded; 7) if the bee is flying to begin with then start the tracking from the point at 

which it stops. If the bee starts to fly during the tracking, then stop the track path at the point it starts 

flying and start a new track path once it stops flying. If the bee goes under the filter paper or starts to 
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feed at any point then follow the same process as above relating to flying; 8) save the tracking 

coordinates as a text document.  

Note that workers that had multiple tracking coordinate text files for a single video, due to their 

tracking being broken up into multiple phases by flying, feeding, or going under filter paper, had one 

walking distance, one rate, and one speed value that incorporated all phases of their tracking. 

Walking distance (cm) was calculated from this tracking coordinate text file by creating a SpatialLines 

object in R v3.6.2 (R Core Team 2019) and using the SDraw package (McDonald 2020) to determine 

the objects length. It is important to note that the distance calculated using the SDraw package differs 

very slightly from the Kinovea distance display output due to different calculation methods. The SDraw 

distances were used for all analyses in this study because these were able to be repeatedly calculated 

using the saved coordinate text files. To support this decision, the SDraw distances were compared 

with the Kinovea distances to verify that there were no obvious errors.  

 

Experiment 2: Video Processing 

When carrying out walking tracking, videos were condensed down from 25 fps MP4 files to 6.25 fps 

AVI files using a bespoke MATLAB script (version R2020a), which worked by extracting every 4th 

frame out of original 25 fps videos and then stitching the remaining frames back together. Due to 

the manual supervision required for the tracking protocol, reducing the frame rate was highly 

beneficial as is dramatically lowered time demands. However, reducing the frame rate lowers the 

definition, and by cutting out frames you potentially lose information which can affect the overall 

accuracy of measurements. Therefore, a sample of eight workers from the main trials had their 

walking distances tracked (following the same protocol as described in the ‘Tracking Protocol’ 

section above) over a 20-second period at both 25 and 6.25 fps. These eight videos were selected 

such that the workers were observed not to fly or crawl under the filter paper during the course of 

the video recordings, and such that a range of walking distances were tested spanning the range of 

walking distances observed in the study. 

In Figure C3a, the red dashed line shows a 1:1 line (i.e., slope of 1 and intercept of 0), which represents 

the ideal scenario where tracked distances are identical at both frame rates. The blue line is the 

regression line for the actual tracking data. For the 6.25 fps videos, the slope is close to 1 (the 95% 

confidence limits actually cover 1) and the r2 is almost indistinguishable from 1 (indicating a linear 

relationship as opposed to an exponential relationship), which would suggest that over the range of 
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distances workers are likely to walk in this study, there is no loss of accuracy using videos condensed 

down to 6.25 frames per second. 

Tracking measurements were then examined for repeatability. The 6.25 fps videos were tracked for a 

second time, and the walking distances from these two tracking runs were compared against each 

other. In Figure C3b, the dashed red line indicates the ideal scenario (slope=1, intercept=0) where 

each workers’ tracked distances were identical for both runs. The regression line has a slope close to 

1 and an r2 of 0.999, indicating that the walking distances matched up well and there was no variation 

in error as walking distances increased. Based on these results, tracking in the main trials was carried 

out on videos condensed down to 6.25 fps, and within every video each worker was tracked just once 

as repeated measurements were not deemed necessary.  

 

Experiment 2: Model Selection 

Likelihood of movement 

The maximal biologically relevant model was initially constructed considering the main effects of 

pesticide, temperature, time, all possible interactions between these three categorical variables, and 

the continuous covariate of dry body mass. Due to non-convergence, however, the maximal model 

was simplified to examine each pesticide separately, which was deemed appropriate as the control 

treatments showed no significant change in likelihood of movement over time (Table C5 & C10). 

 

Walking rate 

The maximal biologically relevant model was again initially constructed considering the main effects 

of pesticide, temperature, and time, every interaction possible between these three categorical 

variables, and also the additional continuous covariate of dry mass. However, even when applying a 

square root transform to the response variable, which was estimated as the optimal transformation 

(exponent of 0.47) from the Box-Cox test in the ‘EnvStats’ package (Millard 2013), key assumptions 

of the model were broken (normality of residuals and homogeneity of variance), and no other 

distribution was found to adequately explain the variance in the data. As such, and consistent with 

the likelihood of movement analysis, the maximal model was again simplified to examine each 

pesticide separately, which was deemed appropriate as the control treatments showed no 

significant change in likelihood of movement over time (Table C15). 
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Experiment 3: Calculating Flight Metrics 

Total distance flown during the whole flight test was calculated as the total number of circuits flown 

multiplied by the circuit circumference (0.848 m). Total duration of the whole flight test was calculated 

by summing all circuit interval times 

Mean flight velocity, calculated as the total distance flown divided by the total duration flown, and 

maximum flight velocity, calculated by taking the highest velocity circuit that was recorded, were 

determined for each bee over four periods of flight. These periods were: i) 0-100m, characterised by 

comparatively high velocities immediately following the start of the flight mill test, which was followed 

by rapid termination of flight and a rapid decline in velocity; ii) 100-500m, characterised by a decrease 

in rate of flight termination and a steady decline in flight velocity; iii) 500-1000m, characterised by 

velocity levelling off and settling into a steady rhythm of flight; and iv) 1000-2000m, characterised by 

a low number of workers still in flight and exhibiting increasing and more erratic flight velocity (Figure 

4.11). For each flight period, bees only had their velocity calculated if they had flown the full flight 

period (i.e., only bees that had flown ≥ 500 m would have their velocity calculated for the 100-500 m 

analysis), in order to allow fair comparison (Table C3). The fourth flight period only went up to 2000 

m to ensure that enough workers were still flying within each pesticide-temperature treatment, and 

thus could be included in our analysis, to allow statistically suitable comparisons. 
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Figure C1. Experiment 2: The percentage of workers that were recorded to have walked (a) and flown (b) in the 

pilot trials, as well as the mean walking rate (cm/s) of workers in pilot trials (c). Mean distances calculated only 

from workers that did walk (i.e., excluded bees that remained completely stationary over whole period) and 

were visible during the trial (i.e., weren’t under the filter paper). Error bars show standard error.  

a) 

b) 

c) 
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Figure C2. Experiment 2: Images used to assess if pot placement affected the measured distance of identical 

length lines. 
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Figure C3. Experiment 2: Pilot data to validate video processing method. The walking distances of 8 workers 

were measured: a) at 25 fps vs 6.25 fps; and b) at 6.25 fps from two repeated measurements. 

 

 

 

 

 

 

 

a) 

b) 
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Figure C4. Experiment 2: Mean walking speed (cm/s) over time with associated standard error bars. Walking 

speed was calculated as distance walked per second of being active rather than per second of being visible (with 

the latter being termed walking rate).  
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Figure C5. Experiment 3: Mean flight duration (secs) for each temperature-pesticide treatment, considering all 

workers that were classed as ‘positive’ fliers (i.e., had filtered flight distance > 0 m), with associated standard 

error. 
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Table C1. For each study, trials were conducted in controlled environment (CE) rooms, which were able to 

consistently hold the desired test temperatures (oC) and 60% relative humidity (RH). Temperature and RH 

recordings were taken every minute throughout the course of the trials, allowing constant monitoring of 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study 
Target Temp 

(oC) 

Mean Temp 

(oC) 
SD Temp 

Mean Humidity 

(RH) 
SD Humidity 

 21 21.000 0.041 60.004 0.160 

Responsiveness 27 26.998 0.048 59.999 0.186 

 30 30.000 0.043 59.998 0.0161 

 21 21.000 0.059 61.021 2.173 

Walking 27 27.000 0.094 59.999 0.698 

 30 30.000 0.039 59.919 1.399 

 21 21.006 0.057 60.083 0.698 

Flight 27 27.001 0.060 60.003 0.244 

 30 30.003 0.070 60.002 0.331 
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Table C2. Experiment 3: The order of testing for flight trials (order was identical for each temperature). Red 

numbers refer to the colony that the bee is coming from.  
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Table C3. Experiment 3: Overview of the number of bees that were used at each stage of the experiment and 

analysis in each temperature-pesticide combination (Temp: Low = 21oC, Mid = 27oC, High = 30oC; Pesticide: 

Control = Untreated, I10 = Imidacloprid 10 µg/L, S10 = Sulfoxaflor 10 µg/L). 

  

Filter 
Stage 

Low  
Control 

Low 
 I10 

Low 
 S10 

Mid  
Control 

Mid 
 I10 

Mid 
 S10 

High 
 Control 

High 
 I10 

High 
 S10 

Total 

Total at 
start 

60 60 60 60 60 60 60 60 60 540 

Visibly 
Unhealthy 

0 0 0 2 1 0 0 0 0 3 

Didn’t 
feed 

4 3 2 2 2 4 2 1 2 22 

Technical 
issues 

0 0 0 2 2 2 0 0 0 6 

Flight 
data 

acquired 
56 57 58 54 55 54 58 59 58 509 

Cleaned 
flight = 

0m 
1 1 2 0 2 1 1 3 2 13 

Bees that 
flew > 0m 

55 56 56 54 53 53 57 56 56 496 

Flew > 
100m 

38 29 32 42 39 38 50 44 45 357 

Flew > 
500m 

33 24 25 28 27 29 34 28 30 258 

Flew > 
1000m 

27 19 19 24 23 23 30 15 20 200 

Flew > 
2000m 

16 15 15 14 11 14 19 3 13 120 
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Table C4. Experiment 2: Cumulative mortality over the course of the trial for each treatment. The numbers 

represent the total number of bees that were classed as dead within each treatment after each period (i.e., total 

dead at that time, not the number of new dead bees within that time window).  

 

 

 

 

 

 

Treatment Hour 

Temperature Pesticide 20 44 68 92 116 140 

Low Control 0 0 0 0 0 0 

Mid Control 0 0 1 1 1 2 

High Control 0 0 0 2 3 3 

Low I10 0 0 0 0 0 0 

Mid I10 0 0 0 0 0 0 

High I10 0 0 0 1 1 2 

Low I40 0 0 0 0 0 1 

Mid I40 0 0 0 1 1 1 

High I40 0 0 0 1 3 3 

Low S10 0 0 0 0 0 0 

Mid S10 0 0 0 0 1 2 

High S10 0 0 0 0 0 1 

Low S40 0 0 0 1 1 1 

Mid S40 0 0 0 2 3 3 

High S40 0 0 1 2 3 3 
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Table C5. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for Control workers under the no-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours -0.643    0.491  -1.310 0.685 

0 - 48 hours 0.752    0.577    1.305 0.688 

0 - 72 hours 0.948    0.603    1.573 0.515 

0 - 96 hours -0.254    0.494   -0.515 0.986 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.099    0.472  0.209   0.999 

0 - 48 hours 0.168    0.479    0.351   0.997 

0 - 72 hours 0.035    0.466    0.075   1.0000 

0 - 96 hours 0.214    0.480    0.446   0.992 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours -0.668 
 

0.541 -1.233 
 

0.732 

0 - 48 hours 0.113 
 

0.570 0.199 
 

0.999 

0 - 72 hours -0.404 0.550 -0.734 
 

0.949 

0 - 96 hours -0.778 
 

0.545 -1.428 
 

0.609 
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Table C6. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for I10 workers under the no-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours -0.089     0.462  -0.192 0.999 

0 - 48 hours -0.942     0.446   -2.114 0.214  

0 - 72 hours -1.536     0.454   -3.384 0.006 

0 - 96 hours -1.556     0.448   -3.472 0.005 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours -1.002 0.500 -2.005    0.264 

0 - 48 hours -0.610     0.538   -1.132    0.790 

0 - 72 hours -1.293     0.502   -2.574    0.075 

0 - 96 hours -0.953     0.499   -1.910    0.312 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.378 0.477 0.791 0.933 

0 - 48 hours -0.426 0.445 -0.956 0.875 

0 - 72 hours -0.485 0.445 -1.091 0.812 

0 - 96 hours -0.965 0.445 -2.167 0.192 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.913    0.681 -1.342 0.180     

21oC 0-24 hours : 30oC 0-24 hours 0.466     0.664    0.702 0.483     

27oC 0-24 hours : 30oC 0-24 hours 1.380     0.691    1.997    0.046 

21oC 0-48 hours : 27oC 0-48 hours 0.332     0.698    0.476 0.634     

21oC 0-48 hours : 30oC 0-48 hours 0.516     0.629    0.820 0.412     

27oC 0-48 hours : 30oC 0-48 hours 0.184     0.698    0.264    0.792     

21oC 0-72 hours : 27oC 0-72 hours 0.244     0.673    0.362 0.718     

21oC 0-72 hours : 30oC 0-72 hours 1.051     0.634    1.658 0.097 

27oC 0-72 hours : 30oC 0-72 hours 0.808     0.670    1.206    0.228     

21oC 0-96 hours : 27oC 0-96 hours 0.603     0.668    0.903 0.367     

21oC 0-96 hours : 30oC 0-96 hours 0.591     0.629    0.939 0.348 

27oC 0-96 hours : 30oC 0-96 hours -0.013     0.667   -0.019    0.985 
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Table C7. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for I40 workers under the no-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours -2.376  0.498 -4.770 <0.001 

0 - 48 hours -2.161     0.495   -4.363 <0.001 

0 - 72 hours -2.358     0.500   -4.720 <0.001 

0 - 96 hours -2.643     0.508   -5.204 <0.001 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours -1.535    0.487 -3.152 0.014 

0 - 48 hours -0.713     0.495   -1.439 0.602 

0 - 72 hours -1.384     0.485   -2.852 0.035 

0 - 96 hours -1.747     0.486   -3.592 0.003 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours -0.857 0.502 -1.706 0.430 

0 - 48 hours -0.525 0.506 -1.037 0.838 

0 - 72 hours -1.194 0.494 -2.415 0.111 

0 - 96 hours -1.469 0.492 -2.983 0.024 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours 0.841 0.691 1.217    0.224    

21oC 0-24 hours : 30oC 0-24 hours 1.519     0.704    2.158    0.031 

27oC 0-24 hours : 30oC 0-24 hours 0.679     0.697    0.974 0.330     

21oC 0-48 hours : 27oC 0-48 hours 1.448     0.699    2.073    0.038 

21oC 0-48 hours : 30oC 0-48 hours 1.636     0.707    2.314    0.021 

27oC 0-48 hours : 30oC 0-48 hours 0.188     0.708    0.266 0.791     

21oC 0-72 hours : 27oC 0-72 hours 0.974     0.692    1.408    0.159     

21oC 0-72 hours : 30oC 0-72 hours 1.164     0.699    1.666    0.096 

27oC 0-72 hours : 30oC 0-72 hours 0.190     0.690    0.275 0.783     

21oC 0-96 hours : 27oC 0-96 hours 0.896     0.696    1.288    0.198     

21oC 0-96 hours : 30oC 0-96 hours 1.174     0.702    1.672    0.095 

27oC 0-96 hours : 30oC 0-96 hours 0.278     0.688    0.404 0.687 
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Table C8. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for S10 workers under the no-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.184   0.459 0.400     0.995 

0 - 48 hours 0.406     0.474    0.856     0.913 

0 - 72 hours 0.237     0.464    0.510     0.986 

0 - 96 hours 0.200     0.463    0.432     0.993 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.148    0.476 0.311   0.998    

0 - 48 hours 0.326     0.481    0.678   0.961 

0 - 72 hours -0.158     0.464   -0.340   0.997 

0 - 96 hours -0.607     0.452   -1.342   0.665 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.695 0.581 1.195 0.754 

0 - 48 hours -0.074 0.515 -0.143 0.999 

0 - 72 hours -0.499 0.493 -1.012 0.850 

0 - 96 hours -0.714 0.488 -1.463 0.587 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.036    0.661   -0.054     0.957 

21oC 0-24 hours : 30oC 0-24 hours 0.511     0.740    0.690     0.490 

27oC 0-24 hours : 30oC 0-24 hours 0.547     0.751    0.728   0.467    

21oC 0-48 hours : 27oC 0-48 hours -0.080     0.675   -0.119     0.906 

21oC 0-48 hours : 30oC 0-48 hours -0.480     0.701   -0.685     0.493 

27oC 0-48 hours : 30oC 0-48 hours -0.400     0.705   -0.567   0.570    

21oC 0-72 hours : 27oC 0-72 hours 0.394     0.656   -0.601     0.548 

21oC 0-72 hours : 30oC 0-72 hours -0.736     0.678   -1.086     0.278 

27oC 0-72 hours : 30oC 0-72 hours -0.341     0.677   -0.505   0.614    

21oC 0-96 hours : 27oC 0-96 hours -0.807     0.648   -1.246     0.213 

21oC 0-96 hours : 30oC 0-96 hours -0.914     0.673   -1.358     0.175 

27oC 0-96 hours : 30oC 0-96 hours -0.107     0.665   -0.161   0.872 
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Table C9. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for S40 workers under the no-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.496  0.475   1.045    0.835 

0 - 48 hours 1.181      0.532    2.218    0.173 

0 - 72 hours 0.904      0.501    1.806    0.370 

0 - 96 hours 1.001     0.533    1.881    0.328 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.747     0.512    1.457   0.590 

0 - 48 hours 0.566      0.498    1.136   0.788 

0 - 72 hours -0.305      0.449   -0.681   0.961 

0 - 96 hours 0.127      0.476    0.266   0.999 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.394 0.581 0.678 0.961 

0 - 48 hours 0.279 0.559 0.499 0.988 

0 - 72 hours -0.684 0.494 -1.386 0.637 

0 - 96 hours -0.270 0.515 -0.525 0.985 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours 0.250    0.698 0.359    0.720 

21oC 0-24 hours : 30oC 0-24 hours -0.102      0.750   -0.136    0.892   

27oC 0-24 hours : 30oC 0-24 hours -0.353      0.775   -0.455   0.649    

21oC 0-48 hours : 27oC 0-48 hours -0.615      0.728   -0.844    0.399   

21oC 0-48 hours : 30oC 0-48 hours 0.902      0.772   -1.169    0.243   

27oC 0-48 hours : 30oC 0-48 hours -0.287      0.749   -0.383   0.702    

21oC 0-72 hours : 27oC 0-72 hours -1.209      0.673   -1.798    0.072 

21oC 0-72 hours : 30oC 0-72 hours -1.588      0.703   -2.258    0.024 

27oC 0-72 hours : 30oC 0-72 hours -0.379      0.667   -0.568   0.570    

21oC 0-96 hours : 27oC 0-96 hours -0.875      0.714   -1.225    0.221   

21oC 0-96 hours : 30oC 0-96 hours -1.272      0.741   -1.717    0.086 

27oC 0-96 hours : 30oC 0-96 hours -0.397      0.701   -0.566   0.571 
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Table C10. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for Control workers under the light-stimulation scenario, as 

a function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours -0.261 0.616   -0.423    0.993 

0 - 48 hours -0.548   0.589   -0.931    0.885 

0 - 72 hours -1.320   0.559   -2.363    0.126 

0 - 96 hours -0.810   0.573   -1.414    0.619 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.850   0.528 1.611   0.490 

0 - 48 hours 0.418     0.488    0.856   0.913 

0 - 72 hours 0.345     0.490    0.703   0.956 

0 - 96 hours -0.054     0.471   -0.114   1.000 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.085  0.680   0.125    0.999 

0 - 48 hours -1.100   0.591   -1.861    0.339 

0 - 72 hours -0.962   0.605   -1.591    0.503 

0 - 96 hours -0.786   0.609   -1.290    0.698 
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Table C11. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for I10 workers under the light-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours -1.191    0.513 -2.320   0.138 

0 - 48 hours -1.380     0.509   -2.713   0.052 

0 - 72 hours -2.134     0.529   -4.037 <0.001 

0 - 96 hours -2.174     0.525   -4.139 <0.001 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours -1.114    0.512  -2.176 0.200 

0 - 48 hours -0.883     0.528   -1.672 0.466 

0 - 72 hours -1.611     0.511   -3.154 0.016 

0 - 96 hours -1.892     0.508   -3.722 0.002 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours -0.673 0.481 -1.399 0.628 

0 - 48 hours -0.092 0.489 -0.187 0.999 

0 - 72 hours -0.440 0.483 -0.911 0.893 

0 - 96 hours -1.423 0.483 -2.945 0.027 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours 0.073   0.728 0.100   0.920     

21oC 0-24 hours : 30oC 0-24 hours 0.518     0.702    0.738   0.460     

27oC 0-24 hours : 30oC 0-24 hours 0.444     0.696    0.638 0.524     

21oC 0-48 hours : 27oC 0-48 hours 0.494     0.737    0.671   0.502     

21oC 0-48 hours : 30oC 0-48 hours 1.289     0.706    1.826   0.068 

27oC 0-48 hours : 30oC 0-48 hours 0.792     0.715    1.108 0.268     

21oC 0-72 hours : 27oC 0-72 hours 0.517     0.733    0.705   0.481     

21oC 0-72 hours : 30oC 0-72 hours 1.695     0.714    2.374   0.018 

27oC 0-72 hours : 30oC 0-72 hours 1.173     0.696    1.685 0.092 

21oC 0-96 hours : 27oC 0-96 hours 0.274     0.727    0.377   0.706     

21oC 0-96 hours : 30oC 0-96 hours 0.751     0.706    1.063   0.288    

27oC 0-96 hours : 30oC 0-96 hours 0.474     0.690    0.687 0.492   
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Table C12. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for I40 workers under the light-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours -2.304 0.477   -4.829 <0.001 

0 - 48 hours -2.636      0.498   -5.288 <0.001 

0 - 72 hours -2.775      0.507   -5.469 <0.001 

0 - 96 hours -2.784      0.506   -5.498 <0.001 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours -1.135     0.456  -2.486 0.094 

0 - 48 hours -1.389      0.457   -3.042 0.020 

0 - 72 hours -1.735      0.461   -3.763 0.002 

0 - 96 hours -1.850      0.468   -3.954 <0.001 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours -1.773   0.525 -3.377 0.007 

0 - 48 hours -1.940      0.528   -3.675 0.002 

0 - 72 hours -2.268      0.532   -4.267 <0.001 

0 - 96 hours -2.669      0.545   -4.895 <0.001 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours 1.170     0.655    1.785   0.074 

21oC 0-24 hours : 30oC 0-24 hours 0.531      0.702    0.757   0.449     

27oC 0-24 hours : 30oC 0-24 hours -0.638      0.692   -0.923 0.356     

21oC 0-48 hours : 27oC 0-48 hours 1.247      0.670    1.861   0.063 

21oC 0-48 hours : 30oC 0-48 hours 0.696      0.717    0.971   0.332     

27oC 0-48 hours : 30oC 0-48 hours -0.551      0.693   -0.795 0.427     

21oC 0-72 hours : 27oC 0-72 hours 1.040      0.677    1.535   0.125     

21oC 0-72 hours : 30oC 0-72 hours 0.506      0.724    0.700   0.484     

27oC 0-72 hours : 30oC 0-72 hours -0.534      0.697   -0.766 0.444     

21oC 0-96 hours : 27oC 0-96 hours 0.934      0.680    1.372   0.170     

21oC 0-96 hours : 30oC 0-96 hours 0.115      0.732    0.157   0.875     

27oC 0-96 hours : 30oC 0-96 hours -0.819      0.710   -1.154 0.249   



Appendix C | Chapter 4 Supporting Information  

240 
 

Table C13. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for S10 workers under the light-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.523  0.461   1.134   0.788 

0 - 48 hours 0.743    0.483    1.538   0.537 

0 - 72 hours -0.028    0.435   -0.063   1.000 

0 - 96 hours -0.059    0.436   -0.136   0.999 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.224   0.500 0.447 0.992 

0 - 48 hours 0.223      0.500    0.446 0.992 

0 - 72 hours -0.430      0.466   -0.922 0.888 

0 - 96 hours 0.493      0.523    0.943 0.880 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.506 0.549 0.922 0.889 

0 - 48 hours -0.209 0.497 -0.421 0.993 

0 - 72 hours -0.022 0.501 -0.043 1.000 

0 - 96 hours -0.556 0.484 -1.148 0.781 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.300   0.680   -0.441   0.659   

21oC 0-24 hours : 30oC 0-24 hours -0.017    0.717   -0.024   0.981    

27oC 0-24 hours : 30oC 0-24 hours 0.283      0.742    0.381 0.703     

21oC 0-48 hours : 27oC 0-48 hours -0.520    0.695   -0.749   0.454    

21oC 0-48 hours : 30oC 0-48 hours -0.952    0.693   -1.374   0.170    

27oC 0-48 hours : 30oC 0-48 hours -0.432      0.705   -0.613 0.540     

21oC 0-72 hours : 27oC 0-72 hours -0.402    0.637   -0.631   0.528    

21oC 0-72 hours : 30oC 0-72 hours 0.006    0.664    0.009   0.993    

27oC 0-72 hours : 30oC 0-72 hours 0.408      0.684    0.596 0.551     

21oC 0-96 hours : 27oC 0-96 hours 0.552    0.681    0.811   0.417    

21oC 0-96 hours : 30oC 0-96 hours -0.496    0.652   -0.762   0.446 

27oC 0-96 hours : 30oC 0-96 hours -1.049      0.713   -1.471 0.141 
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Table C14. Experiment 2: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of movement for S40 workers under the light-stimulation scenario, as a 

function of temperature, time, and the interaction between these two categorical variables. Pairwise contrasts 

were conducted using the Tukey method to compare the likelihood of movement at each time point against pre-

exposure likelihood for each temperature.  

 

 

 

 

Low Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.241   0.571 0.421     0.993 

0 - 48 hours -0.494    0.530   -0.932     0.885 

0 - 72 hours -0.830    0.519   -1.599     0.498 

0 - 96 hours -0.257    0.543  -0.473     0.990 

Mid Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.232 0.501 0.462 0.991 

0 - 48 hours 0.125   0.492   0.255 0.999 

0 - 72 hours <0.001 0.485   0.000 1.000 

0 - 96 hours 0.198  0.504   0.393 0.995 

High Temp Estimate Std Error Z-value P-value 

0 - 24 hours 0.652 0.628 1.037 0.838 

0 - 48 hours 0.446 0.601 0.743 0.946 

0 - 72 hours -0.544 0.545 -0.998 0.857 

0 - 96 hours -0.580 0.538 -1.079 0.818 

Pooled Estimate Std Error Z-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.009 0.760  -0.012     0.990     

21oC 0-24 hours : 30oC 0-24 hours 0.411    0.849    0.484     0.628     

27oC 0-24 hours : 30oC 0-24 hours 0.420   0.804    0.523 0.601     

21oC 0-48 hours : 27oC 0-48 hours 0.620    0.723    0.856     0.392     

21oC 0-48 hours : 30oC 0-48 hours 0.941    0.801    1.174     0.241     

27oC 0-48 hours : 30oC 0-48 hours 0.321   0.776    0.414 0.679     

21oC 0-72 hours : 27oC 0-72 hours 0.830    0.710    1.168     0.243     

21oC 0-72 hours : 30oC 0-72 hours 0.286    0.752    0.381     0.703     

27oC 0-72 hours : 30oC 0-72 hours -0.544  0.729  -0.745 0.456     

21oC 0-96 hours : 27oC 0-96 hours 0.455    0.741    0.614     0.539     

21oC 0-96 hours : 30oC 0-96 hours -0.323    0.764   -0.423     0.673 

27oC 0-96 hours : 30oC 0-96 hours -0.778   0.737   -1.056 0.291 
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Table C15. Experiment 2: Statistical output for the linear mixed model examining walking rate for Control 

workers under the no-stimulation scenario, as a function of temperature, time, the interaction between these 

two categorical variables, and dry mass. Pairwise contrasts were conducted using the Tukey method to compare 

walking rate at each time point against pre-exposure walking rate for each temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error z-value P-value 

0 - 24 hours -0.114 0.094 -1.215 0.618 

0 - 48 hours -0.093 
 

0.088 -1.059 0.715 

0 - 72 hours 0.040 
 

0.087 0.455 0.969 

Mid Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.184 0.102 1.799 0.276 

0 - 48 hours 0.210 0.101 2.083 0.161 

0 - 72 hours -0.044 0.099 -0.448 0.970 

High Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.031 0.100 0.307 0.990 

0 - 48 hours 0.018 0.095 0.190 0.998 

0 - 72 hours -0.021 0.097 -0.210 0.997 
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Table C16. Experiment 2: Statistical output for the linear mixed model examining walking rate for I10 workers 

under the no-stimulation scenario, as a function of temperature, time, the interaction between these two 

categorical variables, and dry mass. Pairwise contrasts were conducted using the Tukey method to compare 

walking rate at each time point against pre-exposure walking rate for each temperature.  

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.283 
 

0.100 2.832 0.026 

0 - 48 hours 0.256 0.107 2.378 0.084 

0 - 72 hours 0.186 
 

0.118 1.583 0.390 

Mid Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.127 0.100 1.270 0.583 

0 - 48 hours 0.087 0.101 0.860 0.826 

0 - 72 hours 0.014 0.102 0.140 0.999 

High Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.063 0.105 0.595 0.934 

0 - 48 hours 0.108 0.110 0.985 0.758 

0 - 72 hours 0.046 0.112 0.410 0.977 

Pooled Estimate Std Error t-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.156  0.141 -1.107   0.269  

21oC 0-24 hours : 30oC 0-24 hours -0.220    0.145 -1.519   0.130     

27oC 0-24 hours : 30oC 0-24 hours -0.064    0.145 -0.442    0.659     

21oC 0-48 hours : 27oC 0-48 hours -0.169    0.147 -1.152   0.250     

21oC 0-48 hours : 30oC 0-48 hours -0.147    0.153 -0.960   0.338     

27oC 0-48 hours : 30oC 0-48 hours 0.022    0.149 0.147    0.883     

21oC 0-72 hours : 27oC 0-72 hours -0.172    0.155 -1.106   0.270     

21oC 0-72 hours : 30oC 0-72 hours -0.140    0.161 -0.869   0.386     

27oC 0-72 hours : 30oC 0-72 hours 0.031    0.151 0.208    0.835     
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Table C17. Experiment 2: Statistical output for the linear mixed model examining walking rate for I40 workers 

under the no-stimulation scenario, as a function of temperature, time, the interaction between these two 

categorical variables, and dry mass. Pairwise contrasts were conducted using the Tukey method to compare 

walking rate at each time point against pre-exposure walking rate for each temperature.  

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.640 0.172 3.733 0.001 

0 - 48 hours 0.444 0.166 2.676 0.039 

0 - 72 hours 0.348 0.176 1.971 0.201 

Mid Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.474 0.157 3.025 0.014 

0 - 48 hours 0.343 0.145 2.362 0.087 

0 - 72 hours 0.176 0.155 1.137 0.667 

High Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.183 0.142 1.288 0.571 

0 - 48 hours 0.177 0.137 1.289 0.571 

0 - 72 hours -0.024 0.145 -0.162 0.999 

Pooled Estimate Std Error t-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.167 0.232 -0.719 0.473 

21oC 0-24 hours : 30oC 0-24 hours -0.457    0.222 -2.061 0.040 

27oC 0-24 hours : 30oC 0-24 hours -0.291 
 

0.211 
 

-1.380 
 

0.169 

21oC 0-48 hours : 27oC 0-48 hours -0.101   0.220 -0.461 0.645     

21oC 0-48 hours : 30oC 0-48 hours -0.267    0.215 -1.244 0.215     

27oC 0-48 hours : 30oC 0-48 hours -0.166 0.199 -0.832 
 

0.406 

21oC 0-72 hours : 27oC 0-72 hours -0.171    0.234 -0.732 0.465     

21oC 0-72 hours : 30oC 0-72 hours -0.371    0.228 -1.630 0.104 

27oC 0-72 hours : 30oC 0-72 hours -0.200 
 

0.212 
 

-0.943 
 

0.346 
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Table C18. Experiment 2: Statistical output for the linear mixed model examining walking rate for S10 workers 

under the no-stimulation scenario, as a function of temperature, time, the interaction between these two 

categorical variables, and dry mass. Pairwise contrasts were conducted using the Tukey method to compare 

walking rate at each time point against pre-exposure walking rate for each temperature.  

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.079 0.096 0.824 0.843 

0 - 48 hours 0.105 0.096 1.092 0.695 

0 - 72 hours -0.022 0.097 -0.231 0.996 

Mid Temp Estimate Std Error z-value P-value 

0 - 24 hours -0.151 0.094 -1.610 0.375 

0 - 48 hours 0.003 0.094 0.031 1.000 

0 - 72 hours -0.137 0.096 -1.423 0.486 

High Temp Estimate Std Error z-value P-value 

0 - 24 hours -0.047 0.085 -0.559 0.944 

0 - 48 hours 0.146 0.089 1.642 0.357 

0 - 72 hours 0.066 0.090 0.726 0.887 

Pooled Estimate Std Error t-value P-value 

21oC 0-24 hours : 27oC 0-24 hours -0.230 0.134 -1.721    0.086 

21oC 0-24 hours : 30oC 0-24 hours -0.126 0.128 -0.989    0.323     

27oC 0-24 hours : 30oC 0-24 hours 0.104 0.126 0.820    0.413     

21oC 0-48 hours : 27oC 0-48 hours -0.102 0.134 -0.764    0.445     

21oC 0-48 hours : 30oC 0-48 hours 0.041 0.131 0.314    0.754     

27oC 0-48 hours : 30oC 0-48 hours 0.143 0.129 1.112    0.267     

21oC 0-72 hours : 27oC 0-72 hours -0.115 0.136 -0.843    0.400     

21oC 0-72 hours : 30oC 0-72 hours 0.088 0.132 0.666    0.506   

27oC 0-72 hours : 30oC 0-72 hours 0.203 0.132 1.538    0.125 
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Table C19. Experiment 2: Statistical output for the linear mixed model examining walking rate for S40 workers 

under the no-stimulation scenario, as a function of temperature, time, the interaction between these two 

categorical variables, and dry mass. Pairwise contrasts were conducted using the Tukey method to compare 

walking rate at each time point against pre-exposure walking rate for each temperature.  

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.114 0.087 1.321 0.550 

0 - 48 hours 0.141 0.085 1.656 0.349 

0 - 72 hours 0.067 0.085 0.797 0.856 

Mid Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.282 0.084 3.378 0.005 

0 - 48 hours 0.026 0.081 0.317 0.989 

0 - 72 hours 0.016 0.085 0.191 0.998 

High Temp Estimate Std Error z-value P-value 

0 - 24 hours 0.120 0.082 1.471 0.456 

0 - 48 hours 0.083 0.081 1.025 0.735 

0 - 72 hours -0.056 0.087 -0.644 0.918 

Pooled Estimate Std Error t-value P-value 

21oC 0-24 hours : 27oC 0-24 hours 0.168 0.120 1.396    0.164  

21oC 0-24 hours : 30oC 0-24 hours 0.006 0.119 0.048    0.962     

27oC 0-24 hours : 30oC 0-24 hours -0.162 0.117 -1.389 0.166    

21oC 0-48 hours : 27oC 0-48 hours -0.115 0.118 -0.979    0.328     

21oC 0-48 hours : 30oC 0-48 hours -0.058 0.117 -0.492    0.623     

27oC 0-48 hours : 30oC 0-48 hours 0.057 0.115 0.500 0.618     

21oC 0-72 hours : 27oC 0-72 hours -0.051 0.120 -0.426    0.671     

21oC 0-72 hours : 30oC 0-72 hours -0.123 0.121 -1.019    0.309     

27oC 0-72 hours : 30oC 0-72 hours -0.072 0.122 -0.594 0.553   
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Table C20. Experiment 2: Statistical output for the linear mixed model examining sucrose consumption, as a 

function of pesticide, temperature, time, as well as pesticide x temperature and pesticide x time interactions. 

Pairwise contrasts were conducted using the Tukey method to compare sucrose consumption for each pesticide 

treatment against the Control treatment for each temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.206 -10.411 <0.001 

Control - I40 -0.338 -17.086 <0.001 

Control - S10 -0.011 -0.571 0.979 

Control - S40 -0.018 -0.909 0.893 

Mid Temp Estimate z-value P-value 

Control - I10 -0.146 -7.370 <0.001 

Control - I40 -0.264 -13.342 <0.001 

Control - S10 0.007 0.336 0.997 

Control - S40 -0.047 -2.373 0.126 

High Temp Estimate z-value P-value 

Control - I10 -0.142 -7.173 <0.001 

Control - I40 -0.185 -9.325 <0.001 

Control - S10 -0.001 -0.038 1.000 

Control - S40 -0.019 -0.951 0.876 

Pooled Estimate t-value P-value 

21oC - 27oC -0.094 -10.799 <0.001 

21oC - 30oC -0.168 -19.294 <0.001 

27oC - 30oC -0.074 -8.495 <0.001 

21oC Control - I10 : 27oC  Control - I10 0.060 2.259 0.025 

21oC  Control - I40 : 27oC  Control - I40 0.074 2.782 0.006 

21oC  Control - S10 : 27oC  Control - S10 0.018 0.674 0.501 

21oC  Control - S40 : 27oC  Control - S40 -0.029 -1.088 0.278 

21oC  Control - I10 : 30oC  Control - I10 0.064 2.405 0.017 

21oC  Control - I40 : 30oC  Control - I40 0.154 5.767 <0.001 

21oC  Control - S10 : 30oC  Control - S10 0.011 0.396 0.692 

21oC  Control - S40 : 30oC  Control - S40 -0.001 -0.032 0.975 

Control - Time : I10 - Time -0.015 -3.881 <0.001 

Control - Time : I40 - Time -0.019 -5.004 <0.001 

Control - Time : S10 - Time 0.003 -0.890 0.374 

Control - Time : S40 - Time 0.008 2.196 0.029 
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Table C21. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining flight distance, as a function of pesticide, temperature, dry mass, mass-specific 

consumption, and the interaction between pesticide and temperature. Pairwise contrasts were conducted using 

the Tukey method to compare flight distance for each pesticide treatment against the Control treatment for 

each temperature, and also to compare all temperatures for Control workers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.135 -0.540 0.852 

Control - S10 -0.145 -0.578 0.832 

Mid Temp Estimate z-value P-value 

Control - I10 -0.134 -0.526 0.859 

Control - S10 0.030 0.117 0.992 

High Temp Estimate z-value P-value 

Control - I10 -0.762 -3.074 0.006 

Control - S10 -0.355 -1.428 0.326 

Controls Estimate z-value P-value 

21oC - 27oC -0.236 -0.931 0.621 

21oC - 30oC 0.133 0.531 0.856 

27oC - 30oC 1.023 0.409 0.912 

Pooled Estimate t-value P-value 

Control - I10 -0.259 -1.735 0.083 

Control - S10 -0.174 -1.170 0.242 

Dry Mass 0.017 3.229 0.001 

Mass-Specific Consumption 0.490 1.677 0.094 

27oC Con - I10 : 21oC  Con - I10 -0.269 -0.754 0.452 

27oC  Con - I10 : 30oC  Con - I10 -0.896 -2.522 0.012 

21oC  Con - I10 : 30oC  Con - I10 -0.627 -1.780 0.076 

27oC  Con - S10 : 21oC  Con - S10 -0.175 -0.489 0.625 

27oC  Con - S10 : 30oC  Con - S10 -0.385 -1.080 0.281 

21oC  Con - S10 : 30oC  Con - S10 -0.210 -0.595 0.552 
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Table C22. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining mean flight velocity over the 0-100m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare mean flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.043 -0.627 0.805 

Control - S10 0.066 0.993 0.581 

Mid Temp Estimate z-value P-value 

Control - I10 -0.039 -0.623 0.808 

Control - S10 -0.059 -0.950 0.608 

High Temp Estimate z-value P-value 

Control - I10 -0.052 -0.917 0.630 

Control - S10 -0.033 -0.573 0.835 

Pooled  Estimate t-value P-value 

Control - I10 -0.044 -1.223 0.222 

Control - S10 -0.013 -0.359 0.720 

Dry Mass 0.005 3.682 <0.001 

Mass-Specific Consumption -0.002 -0.025 0.980 
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Table C23. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining mean flight velocity over the 100-500m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare mean flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.083 -0.995 0.580 

Control - S10 0.077 0.941 0.614 

Mid Temp Estimate z-value P-value 

Control - I10 -0.065 -0.770 0.721 

Control - S10 -0.053 -0.645 0.795 

High Temp Estimate z-value P-value 

Control - I10 -0.025 -0.312 0.948 

Control - S10 -0.009 -0.113 0.993 

Pooled  Estimate t-value P-value 

Control - I10 -0.054 -1.138 0.256 

Control - S10 0.004 0.096 0.924 

Dry Mass 0.004 2.418 0.016 

Mass-Specific Consumption -0.112 -1.265 0.207 
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Table C24. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining mean flight velocity over the 500-1000m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare mean flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 0.052 0.495 0.874 

Control - S10 0.156 1.494 0.294 

Mid Temp Estimate z-value P-value 

Control - I10 -0.092 -0.897 0.642 

Control - S10 -0.031 -0.309 0.949 

High Temp Estimate z-value P-value 

Control - I10 0.180 1.630 0.233 

Control - S10 -0.035 -0.350 0.935 

Pooled  Estimate t-value P-value 

Control - I10 0.039 0.629 0.530 

Control - S10 0.033 0.548 0.585 

Dry Mass 0.003 1.237 0.218 

Mass-Specific Consumption -0.131 -1.145 0.254 
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Table C25. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining mean flight velocity over the 1000-2000m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare mean flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 0.130 1.147 0.485 

Control - S10 0.141 1.222 0.440 

Mid Temp Estimate z-value P-value 

Control - I10 -0.037 -0.295 0.953 

Control - S10 -0.036 -0.298 0.952 

High Temp Estimate z-value P-value 

Control - I10 0.308 1.561 0.263 

Control - S10 0.044 0.389 0.920 

Pooled  Estimate t-value P-value 

Control - I10 0.089 1.174 0.243 

Control - S10 0.053 0.804 0.423 

Dry Mass -0.002 -0.771 0.442 

Mass-Specific Consumption -0.206 -1.577 0.118 



Appendix C | Chapter 4 Supporting Information  

253 
 

Table C26. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining maximum flight velocity over the 0-100m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare maximum flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.046 -0.857 0.667 

Control - S10 0.073 1.412 0.335 

Mid Temp Estimate z-value P-value 

Control - I10 0.010 0.214 0.975 

Control - S10 -0.073 -1.506 0.288 

High Temp Estimate z-value P-value 

Control - I10 -0.024 -0.531 0.856 

Control - S10 0.053 1.178 0.466 

Pooled  Estimate t-value P-value 

Control - I10 -0.016 -0.550 0.583 

Control - S10 0.018 0.653 0.514 

Dry Mass 0.003 2.885 0.004 

Mass-Specific Consumption 0.056 1.017 0.310 
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Table C27. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining maximum flight velocity over the 100-500m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare maximum flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.108 -1.386 0.348 

Control - S10 0.040 0.524 0.860 

Mid Temp Estimate z-value P-value 

Control - I10 -0.042 -0.531 0.856 

Control - S10 -0.108 -1.395 0.344 

High Temp Estimate z-value P-value 

Control - I10 -0.055 -0.732 0.744 

Control - S10 -0.064 -0.874 0.657 

Pooled  Estimate t-value P-value 

Control - I10 -0.068 -1.517 0.131 

Control - S10 -0.048 -1.111 0.268 

Dry Mass 0.004 2.217 0.028 

Mass-Specific Consumption -0.106 -1.275 0.204 
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Table C28. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining maximum flight velocity over the 500-1000m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare maximum flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.059 -0.602 0.819 

Control - S10 0.005 0.045 0.999 

Mid Temp Estimate z-value P-value 

Control - I10 -0.149 -1.536 0.274 

Control - S10 -0.090 -0.929 0.622 

High Temp Estimate z-value P-value 

Control - I10 0.097 0.927 0.623 

Control - S10 -0.133 -1.392 0.345 

Pooled  Estimate t-value P-value 

Control - I10 -0.051 -0.888 0.376 

Control - S10 -0.069 -1.243 0.215 

Dry Mass 0.003 1.524 0.129 

Mass-Specific Consumption -0.176 -1.663 0.098 
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Table C29. Experiment 3: Statistical output for the generalised linear mixed model under a gamma family 

distribution examining maximum flight velocity over the 1000-2000m flight period, as a function of pesticide, 

temperature, dry mass, and mass-specific consumption. Pairwise contrasts were conducted using the Tukey 

method to compare maximum flight velocity for each pesticide treatment against the Control treatment for each 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 -0.058 -0.533 0.855 

Control - S10 0.030 0.269 0.961 

Mid Temp Estimate z-value P-value 

Control - I10 -0.009 -0.072 0.997 

Control - S10 -0.067 -0.581 0.830 

High Temp Estimate z-value P-value 

Control - I10 -0.036 -0.186 0.981 

Control - S10 0.094 0.856 0.668 

Pooled  Estimate t-value P-value 

Control - I10 -0.031 -0.419 0.676 

Control - S10 0.014 0.224 0.823 

Dry Mass 0.002 0.698 0.487 

Mass-Specific Consumption -0.182 -1.453 0.149 
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Table C30. Experiment 3: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of flight over 100m, as a function of pesticide, temperature, dry mass, 

mass-specific consumption, the interaction between pesticide and temperature, and the interaction between 

pesticide and dry mass. Pairwise contrasts were conducted using the Tukey method to compare the likelihood 

of flight over 100m for each pesticide treatment against the Control treatment for each temperature, and also 

to compare all temperatures for Control workers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low Temp Estimate z-value P-value 

Control - I10 0.772 1.820 0.163 

Control - S10 0.581 1.379 0.352 

Mid Temp Estimate z-value P-value 

Control - I10 0.332 0.682 0.774 

Control - S10 0.483 1.014 0.568 

High Temp Estimate z-value P-value 

Control - I10 0.837 1.526 0.279 

Control - S10 0.775 1.402 0.340 

Controls Estimate z-value P-value 

21oC - 27oC 0.553 1.191 0.459 

21oC - 30oC 1.252 2.400 0.043 

27oC - 30oC 0.699 1.298 0.396 

Pooled Estimate z-value P-value 

Control - I10 -0.647 -2.211 0.069 

Control - S10 -0.613 -2.108 0.088 

Dry Mass 0.063 3.250 0.001 

Mass-Specific Consumption 0.789 1.483 0.138 

27oC Control - I10 : 21oC  Control - I10 -0.440 -0.692 0.489 

27oC  Control - I10 : 30oC  Control - I10 -0.505 -0.707 0.480 

27oC  Control - S10 : 21oC  Control - S10 -0.098 -0.156 0.876 

27oC  Control - S10 : 30oC  Control - S10 -0.291 -0.409 0.683 

Control - Dry Mass : I10 - Dry Mass -0.014 -0.555 0.579 

Control - Dry Mass : S10 - Dry Mass -0.029 -1.153 0.249 
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Table C31. Experiment 3: Statistical output for the generalised linear mixed model under a binomial family 

distribution examining the likelihood of flight over 1000m, as a function of pesticide, temperature, dry mass, 

mass-specific consumption, the interaction between pesticide and temperature, and the interaction between 

pesticide and dry mass. Pairwise contrasts were conducted using the Tukey method to compare the likelihood 

of flight over 100m for each pesticide treatment against the Control treatment for each temperature, and also 

to compare all temperatures for Control workers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Low Temp Estimate z-value P-value 

Control - I10 -0.610 -1.469 0.306 

Control - S10 -0.621 -1.499 0.291 

Mid Temp Estimate z-value P-value 

Control - I10 -0.054 -0.131 0.991 

Control - S10 -0.116 -0.281 0.957 

High Temp Estimate z-value P-value 

Control - I10 -1.254 -2.934 0.009 

Control - S10 -0.859 -2.092 0.091 

Controls Estimate z-value P-value 

21oC - 27oC -0.135 -0.323 0.944 

21oC - 30oC 0.193 0.468 0.886 

27oC - 30oC 0.328 0.793 0.707 

Pooled Estimate z-value P-value 

Control - I10 -0.639 -2.639 0.023 

Control - S10 0.532 -2.231 0.066 

Dry Mass 0.061 3.765 <0.001 

Mass-Specific Consumption 0.878 1.862 0.063 

27oC Control - I10 : 21oC  Control - I10 -0.556 -0.949 0.343 

27oC  Control - I10 : 30oC  Control - I10 -1.200 -2.021 0.043 

27oC  Control - S10 : 21oC  Control - S10 -0.505 -0.862 0.389 

27oC  Control - S10 : 30oC  Control - S10 -0.725 -1.276 0.202 

Control - Dry Mass : I10 - Dry Mass -0.048 -2.218 0.027 

Control - Dry Mass : S10 - Dry Mass -0.046 -2.117 0.034 
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Appendix D | The effect of combined insecticide and fungicide 

exposure on bumblebee flight motivation and performance 

 

 

Introduction & Methods 

When considering how pesticides affect bee pollinators, most studies focus on the effect of 

an individual chemical (Godfray et al., 2014; Lundin et al., 2015; Van der Sluijs et al., 2013). However, 

isolated pesticide exposure is not a likely scenario in most agricultural landscapes, where farmers 

commonly use either sequential pesticide sprays, tank mixes, or systemic insecticide seed dressings in 

combination with spray treatments (Thompson et al., 2014). There is a growing body of evidence 

demonstrating that bees are commonly subjected to combined pesticide exposure, and come into 

contact with multiple pesticide classes when foraging in both urban and agricultural landscapes (Botías 

et al., 2016; David et al., 2016; Hladik et al., 2016; Krupke et al., 2012; Mullin et al., 2010). In spite of 

this, an often-overlooked issue is that of possible interactive effects between different pesticide 

classes or active ingredients (Gill et al., 2012; Iwasa et al., 2004; Pilling & Jepson, 1993; Sgolastra et 

al., 2017). One of the clearest examples of interactive effects between pesticides is the synergism 

between certain neurotoxic insecticides and azole fungicides, where the observed toxicity to bees of 

the pesticide mix is vastly greater than would be predicted by the additive toxicities of the individual 

pesticides (Iwasa et al., 2004; Johnson et al., 2013; Pilling & Jepson, 1993). 

In the field it is difficult to pinpoint any additive or synergistic effects of pesticides, or even to 

determine the impact of a specific chemical, as multiple other factors can influence wild bee success, 

such as farm management techniques or landscape context (Park et al., 2015; Rundlöf et al., 2015). 

Controlled lab studies are therefore essential in identifying the risks posed by combined pesticide 

exposure. However, a key limitation to the current literature is that nearly all published lab studies on 

this topic to date have looked to use lethal dose (LD50) values as a measure of toxicity (Biddinger et 

al., 2013; Iwasa et al., 2004; Sgolastra et al., 2017). There is limited data on the relative impacts of 

Please note: This appendix is a summary of Freja Gjerstad’s MSc project report. 

Freja conducted the majority of experimental work and data analysis presented in this summary, 

but with significant contribution and close supervision from myself. The summary is written in my 

own words. For further details, please see the ‘Statement of Originality’ on page 5. 
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synergists on sublethal endpoints (Desneux et al., 2007; Thompson et al., 2014), but available studies 

have highlighted the detrimental sub-lethal effects of pesticide chemicals in combination on individual 

performance and overall colony health (Gill et al., 2012; Tosi & Nieh, 2019; Vandame & Belzunces, 

1998). 

This study will aim to address the above-mentioned knowledge gaps by investigating the 

possible sublethal synergistic effects of different pesticide classes on bee flight behaviour and 

performance. Building on previous research highlighting synergistic interactions between azole 

fungicides and neonicotinoid insecticides (Iwasa et al., 2004; Sgolastra et al., 2017), the flight mill 

setup as described in Chapter 3 was used to investigate potential impacts on bumblebee flight 

motivation, endurance, and speed, from oral exposure to the neonicotinoid insecticide thiacloprid 

(500 ppb) and the azole fungicide tebuconazole (at both 30 ppb and 3000 ppb), following a fully 

factorial design so that each chemical concentration was examined both individually and in 

combination. Thiacloprid was abstained from the EU neonicotinoid ban in 2018, which saw the 

neonicotinoids imidacloprid, thiamethoxam, and clothianidin prohibited from use outside of closed 

greenhouses, because it is considered less toxic to non-target insects such as bees (Ellis et al., 2017). 

Whilst it is now being phased out of use in the UK and across Europe as its licence has not been 

renewed, up until around 2020 it was one of the most widely used insecticides on pollinator attractive 

crops such as oilseed rape, and it is still used heavily across many regions worldwide (Garthwaite 

2018). The thiacloprid concentration used for this study falls within the range found in crop pollen and 

nectar as well as in bee collected products in areas where thiacloprid is used in agricultural regimes 

(David et al., 2016; Ellis et al., 2017; Roszko et al., 2016). Tebuconazole is one of the most used 

fungicides across the UK and Europe, and the concentrations used in this study represent best (30 

ppb) and worst-case (3000 ppb) concentrations found from residue analyses in crop and bee-collected 

pollen from agricultural areas using this product (David et al., 2016; Garthwaite et al., 2018; Thompson 

et al., 2014). Concerningly, the toxicity of thiacloprid to honey bees has been found to be enhanced 

by over 1000-fold when applied in conjunction with azole fungicides such as tebuconazole (Iwasa et 

al., 2004), and as such it is important we understand how combined exposure to field-realistic 

concentrations of these chemicals impacts on bee behaviour. 

 

Results & Discussion 

Contrary to expectations, no pesticide treatment, either individual or combined, had a 

significant effect on flight endurance or speed in comparison to control bees (p > 0.05 in all cases). 

However, the tebuconazole 30 ppb individual treatment (GLMM: z = 2.17, p = 0.030) and thiacloprid 
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500ppb + tebuconazole 3000 ppb combined treatment (GLMM: z = 1.99, p = 0.047)  had a significant 

positive effect on the probability of a bee being motivated to fly.  

It is interesting that thiacloprid showed no impact on motivation when applied alone but led 

to increased motivation to initiate flight when applied in conjunction with the high dose of 

tebuconazole. Azole fungicides function by inhibiting fungal P450 (a class of enzyme) mediated 

synthesis of ergosterols (organic molecules that are major components of fungal cell membranes), but 

these fungicides can also inhibit detoxifying P450 activity in bees, such as P450-mediated 

detoxification of certain insecticides (Johnson et al., 2013; Pilling et al., 1995; Vandame & Belzunces, 

1998; Weete et al., 2010). As a consequence, azole fungicides can prevent bees from metabolising and 

removing these harmful chemicals from their system, and so act synergistically with these insecticides 

to exacerbate their effects (Sgolastra et al., 2017). As neonicotinoids can stimulate neurons and cause 

hyperactive motor behaviour (Alkassab & Kirchner, 2018; Tosi & Nieh, 2017), this interaction between 

thiacloprid and tebuconazole may have led to the increased flight motivation observed in this study. 

However, the effect size was small, and we observed the same effect on flight motivation in the 30 

ppb tebuconazole treatment, which can’t be explained by the same mechanistic process. These results 

may thus be an artefact of the experimental setup, or there may be a different mechanism at play, 

which future work should aim to address. It would thus be beneficial to test tebuconazole with greater 

sample sizes over a range of concentrations to examine the concentration response curve for this 

fungicide. 

 

Conclusion  

The finding that thiacloprid had no detectable effect on bee flight performance, either alone 

or in combination with tebuconazole, suggests that a switch to thiacloprid from the nitroguanidine 

neonicotinoids (such as imidacloprid and thiamethoxam) in regions that still use them could be a step 

in the right direction, and are a good sign that thiacloprid and azole fungicides could be safe to use 

together in agricultural pesticide regimes. However, investigation of further behaviours and functions 

are needed to support this, and it should be noted that thiacloprid, even at the high 500 ppb 

concentration tested in this study, may be considerably less effective against some insect pests 

compared to other neonicotinoids. This study can be added to a growing list of literature that 

highlights the need for a more holistic approach when assessing the risks of pesticides on bees. 

Sublethal effects, combined exposure, and the representation of wild pollinators need to be 

implemented into risk assessments to provide a more complete picture of how the bee community as 

a whole will respond to realistic and complex pesticide regimes.  
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Abstract 

Global agriculture has enhanced crop yields, at a cost to wildlife. Neonicotinoids are key contributors 

to increase crop productivity, however, impacts on key pollinators, such as bumblebees, are reported. 

Bumblebees are heterothermic and can elevate their thorax temperature above the ambient 

temperature; an essential process for flight and thermoregulation. Body size influences this warming, 

with larger bees able to warm faster and to higher temperatures. Neonicotinoids can impair this 

endothermy and, due to increased energetic demands at lower temperatures, environmental 

temperature may influence this impairment. Indeed, observations suggest the impact of 

neonicotinoids on colony-level thermoregulation is magnified at colder night-time temperatures. 

Despite this, research investigating how environmental temperature and neonicotinoids interact to 

impair individual-level thermoregulation is minimal, and no previous research accounts for how body 

size influences the thermal response to neonicotinoids. In this study, I investigated how a 

neonicotinoid (imidacloprid) affects thorax temperature across a temperature gradient, concurrently 

testing for any influence of body mass. I found smaller workers held elevated thorax temperatures 

better over time, with imidacloprid exposure having no significant influence on this relationship. 

Additionally, imidacloprid lowered thorax temperatures, with lower ambient temperatures increasing 

this effect, suggesting individual-level thermoregulation is impaired more at colder temperatures by 

neonicotinoids. These results have important consequences for predicting bumblebee responses to 

neonicotinoids in a warming world. 

Key words: Bombus terrestris, thermoregulation, neonicotinoids, environmental temperature, body 

mass. 

Introduction 

Insect pollinators are ecologically and economically important (Gallai et al., 2009; Goulson et al., 

2008). Worryingly, key pollinators, including bees, are undergoing declines, with consequences to crop 

yield and wild flower health (Goulson et al., 2008; Soroye et al., 2020). The increasing use of pesticides 

in agriculture has been implicated as a key driver of these declines (Goulson et al., 2008; Van der Sluijs 

et al., 2013). Understanding the mechanisms by which these chemicals affect key insect pollinator 

groups, such as bees, is central to pollinator conservation. 

One widely applied class of pesticide, the neonicotinoids, are likely key contributors to declines (Bass 

et al., 2015; Elbert et al., 2008; Godfray et al., 2014). Their popularity results from both the versatile 

manner in which they can be applied, and their systemic nature whereby the chemical provides 

protection for the whole plant (Elbert et al., 2008). Consequently, they are found in the nectar and 
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pollen of treated flowering plants, through which bees can be exposed (Azpiazu et al., 2019; Rundlöf 

et al., 2015). Research demonstrates sub-lethal effects of neonicotinoid exposure on bees, such as on 

foraging and flight ability (Gill et al., 2012; Kenna et al., 2019). Furthermore, Crall et al (2018) 

demonstrated that a neonicotinoid impaired activity levels, nursing, and colony-level 

thermoregulation significantly more at night, when environmental temperatures were up to 20  ̊C 

lower. Many potential mechanisms exist by which neonicotinoids may act to cause these effects, such 

as by impairing ATP production (Nicodemo et al., 2014), which could impair flight and activity levels.  

The mechanisms by which neonicotinoid exposure impairs activity levels and colony-level 

thermoregulation are unknown. One possibility is that neonicotinoid exposure affects non-flight 

thermogenesis (NFT) (Potts et al., 2018; Tosi et al., 2016). By shivering flight musculature, an individual 

bee can generate heat endogenously, raising its thorax temperature above the environment 

temperature (Esch et al., 1991). This endothermic process, named NFT, is vital for foraging, pre-flight 

warming, and colony-level thermoregulation (Esch et al., 1991; Heinrich, 1972, 1975). Tosi et al (2016) 

and Potts et al (2018) demonstrate that neonicotinoid exposure causes fluctuations in thorax 

temperature, both over time and as neonicotinoid concentration increases. This effect likely originates 

from disruptions to signalling in the central nervous system (Barbara et al., 2008; Potts et al., 2018; 

Tosi et al., 2016). Although Crall et al (2018) shows environmental temperature influences the effect 

of neonicotinoids on colony-level thermoregulation, to my knowledge, no study has investigated this 

effect on NFT. Understanding the influence of environmental temperature on NFT is crucial in 

predicting how neonicotinoids may harm bumblebee populations; both throughout the year and with 

future climate change. 

Here, I will study the interaction between environmental temperature and a neonicotinoid 

(imidacloprid) on NFT. To fully understand how imidacloprid influences NFT, I will additionally 

investigate whether imidacloprid influences the relationship between NFT and body mass. Research 

suggests that, both within and between species, there is greater disparity between thorax 

temperatures and environmental temperatures in larger bees. This contrasts with smaller bees, which 

typically show greater conformity to their thermal environment, possibly a consequence of increased 

heat loss due to a larger surface area:volume ratio (Bishop & Armbruster, 1999; Heinrich, 1972). Given 

that the thermal properties of bees vary depending on size, I expect the influence of neonicotinoids 

on NFT to also vary depending on size. To my knowledge, this is the first study to investigate how body 

size influences the thermal response to a pesticide. 

I present a series of experiments to further our understanding of how a neonicotinoid (imidacloprid) 

influences NFT:  
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1) Before I begin experiments on bee thermoregulation, I will first test the accuracy of the thermal 

camera to be used for monitoring thorax temperatures. Research has noted accuracy and calibration 

issues with forward-looking infrared (FLIR) cameras (Malmivirta et al., 2019). I will develop a protocol 

for identifying whether the thermal camera is adequately calibrated in each thermal image. 

2) Secondly, I will test the effect of two experimental feeding strategies on thorax temperature over 

time, acute (fed once at the start of the experiment) and chronic (fed throughout the experiment). 

How the feeding strategy influences thorax temperatures will inform the feeding strategy of my main 

experiment, to ensure changes in thorax temperature are due to imidacloprid and not the feeding 

strategy. I expect acute feeding to lead to greater drops in thorax temperature. 

3) Finally, I will orally expose individual worker bumblebees to imidacloprid, monitoring the ability of 

exposed workers to maintain an elevated thorax temperature, over time, compared with a control 

group, across three ambient temperatures. I will also examine how body size mediates the thermal 

response to imidacloprid. I hypothesise that imidacloprid exposure will cause thorax temperatures to 

decline compared to control groups, and this will be amplified by lower ambient temperatures. 

Additionally, I hypothesise body mass will influence the thermal response to imidacloprid. 

Methods 

Bumblebee husbandry  

Bombus terrestris Audax colonies were used throughout and stored under red light in a holding 

controlled environment (CE) room at 25  ̊C and 60% humidity. Reservoirs with each colony were 

replaced weekly with a 40% sucrose/water weight/weight nectar substitute (Knopper et al., 2016). 

Four grams of honeybee-collected pollen was supplied daily to each colony. Supplementary 

Information 1 (S1) details this husbandry. All colonies underwent this husbandry throughout. 

Thermal camera protocol for excluding inadequately calibrated images 

Before experiments started, I needed to ensure the thermal camera chosen could provide accurate 

temperature estimations. A FLIR ONE Pro thermal camera (FLIR Systems) was used, and temperatures 

were estimated from thermal images using FLIR Tools v.5.13.18031.2002. In November 2019 my 

investigations into the camera’s accuracy demonstrated camera calibration was not always correct, 

sometimes producing inaccurate thermal images. Details of these experiments are found in S2. 

To account for these accuracy issues, and to check if the camera was incorrectly calibrated in thermal 

images in future experiments, I decided to attach a strip of black electrical tape to the surface which 

workers were to be placed and monitored on. This was to be measured along with thorax 
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temperatures in each image. As the tape thermally equilibrated, the temperature of the tape would 

equal the ambient temperature of the room. The tape had a known emissivity (0.95), which is required 

when estimating temperatures from thermal imagery. Emissivity is a measure of how effective a 

surface is at emitting thermal radiation: an emissivity of 0 means no heat is emitted as thermal 

radiation, and 1 means all heat is emitted as thermal radiation (Li & Wang, 1999). Henceforth, for each 

image, the camera was deemed inaccurately calibrated if the tape temperature reading strayed from 

the ambient temperature of the room.  

With the tape present in all images throughout future experiments, images were ranked based on 

how far the tape temperature reading strayed from ambient temperature:  

• Rank 1: images where the tape read ≤0.1  ̊C away from ambient temperature (rounded to one 

decimal place) 

• Rank 2: images 0.2  ̊C away 

• Rank 3: images >0.2  ̊C away 

Each time a recording was taken in future experiments, Rank 3 images were excluded and Rank 2 

images were only used if no Rank 1 images were available. Applying stricter thresholds would exclude 

more images and reduce sample sizes.  
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Experimental designs 

The following two experiments, on the temporal 

response of thorax temperatures to feeding strategy 

and imidacloprid, took place in red light CE rooms at 

60% humidity. Experiments were repeated at three 

test ambient temperatures: 15  ̊C, 20  ̊C, and 25  ̊C. 

These temperatures were chosen considering the 

working limits of the CE room and camera; <30  ̊C and 

>15  ̊C respectively.  

Colonies were ordered, for each experiment, and 

workers were chosen equally across available 

colonies. Instances where this was not possible are 

discussed in S3.  

The camera was clamped and held 0.5m above the 

monitored workers (Fig.1). At each timepoint, when 

a thorax temperature recording was taken, multiple 

images were taken to ensure some were adequately 

calibrated. 

Whenever thermal images were taken, workers were 

kept unrestrained and individually in holding pots to avoid unnecessary stress potentially influencing 

thorax temperature, with no barrier between them and the camera (Fig. 1). Consequently, workers 

infrequently escaped when images were taken. If workers escaped, they were excluded from that 

timepoint’s recording. 

Temporal responses of thorax temperature under acute and chronic feeding  

This experiment investigated, across November and December 2019, how different feeding strategies 

influence thorax temperature, and was repeated three times at each of the three test temperatures 

previously discussed. Two colonies, used to source workers, were delivered five days in advance of 

the experiment beginning. 

Six workers were used each time this experiment was conducted. To reduce the influence of worker 

mass, as this was not of interest in this experiment, workers were rejected if they fell outside 200 – 

300mg and replaced by another worker from the same colony. In the holding room, accepted workers 

were placed into queen marking tubes (Fig. 2:A) for an initial 10-minute feed. A microscope slide cover 

Figure 1: The experimental set-up used to monitor 

thorax temperatures, photographed under white 

light for ease of viewing. The camera is held in the 

clamp 0.5m above the holding pots which workers 

were to be placed in. This image was angled so pots 

can be clearly seen. 
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with the 40% sucrose solution was placed outside the tube on a sponge. Workers could access this 

sucrose by extending their proboscis through the mesh (Fig. 2:B), and, if they did, were deemed to 

have fed. Individuals which did not feed were excluded. Workers were given the opportunity to feed 

for 10-minutes before the sucrose was removed. 

 

 

Following this initial feed, the workers were split equally between two feeding classes: ‘acute’ and 

‘chronic’. Acute workers were not given access to sucrose throughout the experiment, whilst chronic 

workers were given ad libitum access via the insertion of a sucrose-filled Eppendorf into the bottom 

of their holding pot. A hole in the Eppendorf allowed workers to access this sucrose. Workers from 

the same colony were split between feeding strategies as evenly as possible. 

Workers were placed into individual holding pots, transferred to a CE room at the test ambient 

temperature, and arranged alongside each other under the camera (Fig. 1, Fig. 3:A). Eppendorfs were 

added for chronic workers and all workers were given 20 minutes to settle. Following this, I recorded 

thorax temperatures at 30-minute intervals for 4 hours, with time = 30 being the end of the 20-minute 

settling period. All pots were capped with one corrugated fibreboard lid, so only this lid needed to be 

removed to photograph bees. Whenever thorax temperatures were recorded, the lid was carefully 

removed, and images were taken of all bees at once (Fig. 3:B), following the thermal camera protocol. 

After four hours, workers were marked with a marker pen, ensuring they were not re-used, and 

returned to colonies. The test temperature was rotated daily through the three test temperatures. 

A

Figure 2: The set-up for the 10-minute feed. The 

worker is placed inside a smaller tube, capped by 

a bung, which is placed inside the queen marking 

tube and pushed against the mesh (A). The 

worker can access the sucrose solution (white 

arrow) via the proboscis (yellow arrow) (B).  

B
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Temporal responses of thorax temperature under pesticide exposure 

This experiment investigated, across January and February 2020, response of worker thorax 

temperature following imidacloprid exposure, and was repeated five times at the three test 

temperatures. Due to potential time constraints, 15  ̊C and 25  ̊C were investigated first, alternated 

daily, before 20  ̊C. Five worker donor colonies were delivered five days in advance of this experiment 

beginning. 

Eight workers were used each time this experiment was conducted. Where more or less than eight 

workers were used is discussed in S4. Each worker was removed from their colony and placed into an 

individual holding pot. As this experiment was concerned with the effect of worker mass, no masses 

were rejected. All workers were chronically fed throughout this experiment, following the previously 

discussed chronic feeding protocol. 

The workers were transferred, in their pots, to the CE room at the test ambient temperature. 

Eppendorfs with either the control or pesticide solution were added, with the workers split equally 

between these. Control bees were fed the 40% sucrose solution, whilst pesticide exposed bees were 

fed this spiked with 0.01 mg/l of imidacloprid; a concentration to which wild bumblebees could be 

exposed (Azpiazu et al., 2019). Details concerning preparation of the imidacloprid solution are found 

in S5. Research suggests neonicotinoids inhibit feeding (Azpiazu et al., 2019; Laycock et al., 2012), 

which risked confounding my results. Experiments in January 2020 confirmed imidacloprid did not 

inhibit feeding at the temperatures and timescales I tested.  

Figure 3: Example images of workers taken by the camera, normal images under red light (A) and thermal images from 

which thorax temperatures were calculated (B). Note the tape used to ensure thermal images were accurate (white 

arrow). Workers are circled. Bright white/red indicates hotter temperatures; blue/black indicates cooler (B). 

A B 



Appendix E | The effect of neonicotinoid exposure on bumblebee endothermic ability across a 
temperature gradient and body mass variation 

270 
 

Upon introduction to the test temperature and solutions, the timer was started. As above, pots were 

capped with a fibreboard lid, however, separate lids were used for the control and pesticide groups, 

meaning each group could be photographed individually for ease. Images were taken, as above, after 

one hour, two hours, then at 30-minute intervals until six hours had elapsed. Six hours was used to 

ensure any effects of imidacloprid were observed, whilst still being a feasible time period to record 

over. Additionally, there was no acclimatisation period and, instead, images were taken throughout. 

Eppendorf test solutions were weighed at the start and each time thorax temperatures were recorded. 

After six hours, workers were frozen at -20  ̊C, then dried in 80  ̊C ovens, for 72 hours, and re-weighed, 

to obtain dry mass. 

Estimating thorax temperatures 

Within each timepoint, images were excluded following the thermal camera protocol, before thorax 

temperatures were estimated for workers. Within each image, workers where the thorax view was 

obscured were excluded. Maximum thorax temperature acted as a proxy for thorax temperature 

(Belzunces et al., 1996), and emissivity in FLIR Tools was set to 0.97; the estimated emissivity of the 

cuticle. (Belzunces et al., 1996; Potts et al., 2018; Schmaranzer & Stabentheiner, 1987; Vandame & 

Belzunces, 1998). To obtain maximum thorax temperatures for each worker in an image, the thorax 

area was highlighted and FLIR Tools returned the highest pixel temperature. Where multiple 

acceptable images of the same worker remained at a timepoint, the mean thorax temperature of 

these images was used. Details regarding a pilot trial investigating how to estimate thorax 

temperature are found in S6. 

Statistical analysis 

Statistical analysis was conducted in R studio v1.2.5033 with R v3.6.1. Graphs were produced with 

ggplot2 v3.2.1 and tables with sjPlot v2.8.3. (Generalized) linear mixed models (GLMM/LMM) were 

constructed using lme4 v1.1-21. Emmeans v1.4.3.01 calculated post-hoc Tukey pairwise comparisons 

of LMM means and slopes. 

The response variable was always thorax temperature. Fixed effects are described below; if they 

caused convergence issues it is reported in the results. Three-way interactions between fixed effects 

were only included if significant. Colony was included as a random factor unless it explained none of 

the variance. Bee ID nested within time was always included as a random effect to account for 

temporal pseudo-replication (Crawley, 2013). When GLMM/LMM were used, diagnostic plots were 

inspected to confirm if assumptions were violated. 
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Mean thorax temperatures (  ̊C) of the raw data over all timepoints, with timepoints representing hour 

gaps multiplied by two to ensure equal weighting, are reported ± standard error of the mean. Due to 

random effects, R2 values are pseudo-R2 values and results are reported as significant if |t|>2 or |Z|>2 

(Luke, 2017). 

Temporal responses of thorax temperature under acute and chronic feeding 

Fixed effects were time, ambient temperature, and feeding strategy, alongside associated two-way 

interactions. Individual workers often showed steep drops in thorax temperature to ambient 

temperature. Consequently, thorax temperature was modelled using a binomial GLMM; thorax 

temperature was coded as ‘1’ if it dropped to within 10% of ambient temperature, and ‘0’ otherwise. 

For example, at 15  ̊C ambient temperature, if thorax temperature fell below 16.5  ̊C at a timepoint it 

was coded as ‘1’. A 10% threshold was chosen as a strict limit following visual inspection of histograms 

displaying thorax temperature at each ambient temperature.  

The GLMM only identified whether individual workers were actively thermoregulating. Therefore, the 

data was also modelled via a LMM with the same fixed effects. The data did not show a clear 

distribution; however, most values met the assumption of normality.  

Temporal responses of thorax temperature under pesticide exposure  

Firstly, I wanted to exclude workers which had under-consumed sucrose, as I knew this could influence 

thorax temperature based on the below results comparing the two feeding strategies. To do this, I 

constructed histograms at each time point, within each test temperature, visualising the natural log 

(ln) of the relative sucrose consumption of each worker: ln(total sucrose consumption/dry mass). 

These histograms showed the workers consuming the least sucrose were much lower than the rest of 

the workers. This gave me a cut-off point for each timepoint within each test temperature, below 

which I excluded workers.  

Dry mass was logged throughout so it scaled linearly (Bishop & Armbruster, 1999), then standardized 

so the intercept represented the thorax temperature of the mean dry mass. The effect of ambient 

temperature was tested separately from the effect of dry mass, to avoid complicated models with 

multiple three- and four-way interactions. When testing the influence of ambient temperature, I used 

time, pesticide, and ambient temperature, plus associated two-way interaction terms, as fixed effects. 

When testing the influence of dry mass, I used time, pesticide, and dry mass, plus associated two-way 

interaction terms, alongside ambient temperature as a covariate due to its influence on thorax 

temperature. A LMM and a binomial GLMM were used in the same manner described previously. 

Again, most values met the assumption of normality. Additionally, when testing the influence of dry 



Appendix E | The effect of neonicotinoid exposure on bumblebee endothermic ability across a 
temperature gradient and body mass variation 

272 
 

mass, I used a LMM to test for significant three-way interactions when ambient temperatures were 

considered individually.  

 

Results 

In all models, colony explained none of the variance and was removed. Additionally, all three-way 

interactions between fixed effects were removed due to non-significance and convergence issues. For 

further details on model selection see S7. For each experiment, the number of samples excluded, and 

justifications for exclusion, are found in S8. 

Temporal responses of thorax temperature under acute and chronic feeding 

The final sample size was 362 readings from 47 workers imaged over eight timepoints. Chronic fed 

workers had a mean thorax temperature of 28.73 ± 0.41 at 15  ̊C, 31.13 ± 0.35 at 20  ̊C, and 32.82 ± 

0.24 at 25  ̊C. Acute fed workers had a mean thorax temperature of 18.92 ± 0.73 at 15  ̊C, 25.22 ± 0.68 

at 20  ̊C, and 28.25 ± 0.43 at 25  ̊C (Fig. 4). 
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When using the binomial GLMM to model the 

influence of feeding strategy, acute workers were 

more likely to show a drop of thorax temperature 

than chronic workers as time progressed (GLMM; Z = 

-3.21). For every minute that passed, the probability 

of an acute fed worker’s thorax temperature 

dropping increased by 0.41%. Conversely, the 

probability of a chronically fed workers thorax 

temperature dropping did not significantly change as 

time progressed. 

Temperature had no significant affect on the 

probability of a worker’s thorax temperature 

dropping (Fig. 5, Table 1). 

 

 

Figure 4: Changes in thorax temperature over time, grouped by ambient temperature and feeding 

strategy. Lines were constructed via LOESS smoothing. Horizontal dashed lines visualise the ambient 

temperature for each experiment. 95% confidence intervals are shaded. 

 

  Thorax temperature 

Predictors Log-Odds CI Statistic p 

Intercept -3.74 -5.63 – -1.84 -3.86 <0.001 

Time 0.04 0.02 – 0.05 3.94 <0.001 

Chronic - Yes -0.40 -4.33 – 3.53 -0.20 0.843 

Temperature - 20 -2.57 -6.08 – 0.94 -1.44 0.151 

Temperature - 25 0.09 -2.41 – 2.60 0.07 0.943 

Time *  

Chronic - Yes 

-0.04 -0.07 – -0.02 -3.21 0.001 

Time *  

Temperature - 20 

0.01 -0.02 – 0.03 0.40 0.686 

Time *  

Temperature - 25 

-0.00 -0.03 – 0.02 -0.41 0.678 

Chronic - Yes *  

Temperature - 20 

1.41 -3.03 – 5.85 0.62 0.533 

Chronic - Yes *  

Temperature - 25 

1.21 -2.45 – 4.88 0.65 0.516 

Observations 362 

Marginal R2 / Conditional R2 0.775 / NA 

 

  Thorax temperature 

Predictors Estimates CI Statistic 

Intercept 27.05 25.96 – 28.13 48.79 

Temperature - 20 3.61 2.78 – 4.43 8.57 

Temperature - 25 5.88 5.02 – 6.73 13.44 

Time 0.01 -0.11 – 0.14 0.22 

Pesticide - Yes 1.33 -0.05 – 2.72 1.89 

Dry Mass  0.85 0.10 – 1.60 2.21 

Time *  

Pesticide - Yes 

-0.36 -0.54 – -0.17 -3.81 

Time *  

Dry Mass 

-0.10 -0.19 – -0.01 -2.10 

Pesticide - Yes * 

Dry Mass 

0.29 -0.40 – 0.98 0.83 

Observations 1129 

Marginal R2 / Conditional R2 0.413 / 0.732 

 

Table 1: GLMM output when thorax temperature ~ 

Feeding strategy*Temperature + Feeding strategy 

*Time + Temperature*Time. Bold values are 

significant. ‘NA’ is present, for conditional R2, due 

the necessity to include random factors explaining 

no variance to account for pseudo-replication.  

 
Drops to ambient temperature 
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When using the LMM to model the influence of feeding strategy, acute fed workers had significantly 

lower mean thorax temperatures than chronically fed workers, at all ambient temperatures (LMM; 

9.7  ̊C lower at 15  ̊C, t = -10.69 | 5.7  ̊C lower at 20  ̊C, t = -6.05 | 4.7  ̊C lower at 25  ̊C, t = -5.05).  

Workers under colder ambient temperatures had lower thorax temperatures. In chronic workers, 

mean thorax temperature decreased significantly by 2.4  ̊C from 20  ̊C to 15  ̊C (LMM; t = -2.69), but 

there was no significant decrease from 25  ̊C to 20  ̊C (LMM; t = -1.89). In acute fed workers, mean 

thorax temperature decreased significantly by 6.4  ̊C from 20  ̊C to 15  ̊C (LMM; t = -6.82), and 2.8  ̊C 

from 25  ̊C to 20  ̊C (LMM; t = -3.00).  

 

 

 

 

 

 

Figure 5: GLMM when thorax temperature ~ Feeding strategy*Temperature + Feeding strategy*Time + 

Temperature*Time, grouped by feeding strategy and ambient temperature. Lines were constructed via LOESS 

smoothing. 95% confidence intervals are shaded. 



Appendix E | The effect of neonicotinoid exposure on bumblebee endothermic ability across a 
temperature gradient and body mass variation 

275 
 

Chronically fed workers were significantly better at 

maintaining an elevated thorax temperature over 

time than acute fed workers under all ambient 

temperatures (LMM; t = 8.87). Per minute, in chronic 

workers, thorax temperatures fell 0.01  ̊C at 15  ̊C 

(LMM; t = 8.87) but increased by 0.01  ̊C at 25  ̊C 

(LMM; t = 3.19). Conversely, per minute, in acute 

workers, thorax temperatures fell by 0.05  ̊C at 15  ̊C 

(LMM; t = -12.88) and by 0.03  ̊C at 25  ̊C (LMM; t = 

3.19). Declines over time in thorax temperature at 20 

 ̊C, for both feeding classes, were not significantly 

different from 15  ̊C (LMM; t = 0.76) but were 

significantly steeper than 25  ̊C (LMM; t = -2.38, Fig. 6, 

Table 2). 

Figure 6: LMM when thorax temperature ~ Feeding strategy*Temperature + Feeding strategy*Time + 

Temperature*Time, grouped by ambient temperature and feeding strategy. Horizontal dashed lines visualise 

the ambient temperature for each experiment. 95% confidence intervals are shaded. 

  Thorax temperature 

Predictors Estimates CI Statistic 

Intercept 26.20 24.61 – 27.79 32.33 

Time -0.05 -0.06 – -0.05 -12.88 

Chronic - Yes 4.65 2.63 – 6.67 4.51 

Temperature - 20 5.90 3.69 – 8.11 5.24 

Temperature - 25 7.05 4.89 – 9.21 6.40 

Time *  

Chronic - Yes 

0.04 0.03 – 0.05 8.87 

Chronic - Yes *  

Temperature - 20 

-3.99 -6.52 – -1.46 -3.09 

Chronic - Yes * 

Temperature - 25 

-5.10 -7.59 – -2.61 -4.02 

Time *  

Temperature - 20 

0.00 -0.01 – 0.01 0.76 

Time *  

Temperature - 25 

0.02 0.01 – 0.03 3.19 

Observations 362 

Marginal R2 / Conditional R2 0.779 / NA 

 

Table 2: LMM output when thorax temperature ~ 

Feeding strategy*Temperature + Feeding strategy 

*Time + Temperature*Time. Bold values are 

significant. ‘NA’ is present, for conditional R2, due 

the necessity to include random factors explaining 

no variance to account for pseudo-replication. 

Thorax temperature (  ̊C) 
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Temporal responses of thorax temperature following pesticide exposure  

The final sample size was 1129 readings from 127 workers imaged over ten timepoints. For control 

workers, the mean thorax temperature was 27.94 ± 0.23 at 15  ̊C, 30.71 ± 0.13 at 20  ̊C, and 32.53 ± 

0.10 at 25  ̊C. For pesticide-exposed workers, the mean thorax temperature was 25.83 ± 0.37 at 15  ̊C, 

29.51 ± 0.21 at 20  ̊C, and 32.38 ± 0.11 at 25  ̊C (Fig. 7). 

 

 

 

 

 

 

 

 

Figure 7: Changes in thorax temperature over time, grouped by ambient temperature and whether 

workers had been fed a pesticide. Lines were constructed via LOESS smoothing. Horizontal dashed lines 

visualise the ambient temperature for each experiment. 95% confidence intervals are shaded. 
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The influence of ambient temperature 

When using the binomial GLMM to model the 

influence of ambient temperature, it did not converge 

unless ambient temperature was removed. Thus, this 

model cannot inform whether the drops of thorax 

temperature to ambient temperature are influenced 

by ambient temperature. 

Both workers without (GLMM; Z = -1.67) or with 

(GLMM; Z = 1.89) imidacloprid exposure showed no 

change in the probability of dropping to ambient 

temperature over time. For workers exposed to 

imidacloprid, this probability was greater than 0%, however was still <0.01% (GLMM; Z = -2.54, Table 

3).  

When using the LMM to model the influence of ambient temperature, workers subjected to lower 

ambient temperatures held lower mean thorax temperatures. In control workers, mean thorax 

temperature decreased significantly by 3.0  ̊C from 20  ̊C to 15  ̊C (LMM; t = -5.17), and by 1.9  ̊C from 

25  ̊C to 20  ̊C (LMM; t = -3.15). In imidacloprid 

workers, mean thorax temperature decreased 

significantly by 4.0  ̊C from 20  ̊C to 15  ̊C (LMM; t = -

6.84) and by 2.9  ̊C from 25  ̊C to 20  ̊C (LMM; t = -4.82). 

Imidacloprid exposure lowered mean thorax 

temperatures in workers by 2.4  ̊C at 15  ̊C (LMM; t = 

3.96) and by 0.7  ̊C at 20  ̊C (LMM; t = 2.43). Conversely, 

exposed workers at 25  ̊C held similar mean thorax 

temperatures to non-exposed workers (LMM; t = 

0.99). 

In both imidacloprid-exposed and control workers, 

temperature did not significantly affect the rate of 

thorax temperature decline over time. Imidacloprid-

exposed workers showed significant declines in thorax 

temperature over time compared to control groups 

(LMM; t = -3.46), which showed no significant declines 

  Thorax temperature 

Predictors Estimates CI Statistic 

Intercept 27.86 26.36 – 29.36 36.35 

Temperature - 20 3.11 1.19 – 5.03 3.18 

Temperature - 25 4.17 2.22 – 6.12 4.20 

Pesticide - Yes 0.04 -1.67 – 1.76 0.05 

Time -0.02 -0.21 – 0.17 -0.24 

Temperature - 20 * 

Pesticide - Yes 

1.00 -0.62 – 2.62 1.21 

Temperature - 25 * 

Pesticide - Yes 

2.00 0.35 – 3.65 2.37 

Temperature - 20 *  

Time 

-0.01 -0.24 – 0.22 -0.07 

Temperature - 25 *  

Time 

0.10 -0.13 – 0.33 0.83 

Pesticide – Yes *  

Time 

-0.33 -0.52 – -0.14 -3.46 

Observations 1129 

Marginal R2 / Conditional R2 0.417 / 0.733 

 

Table 4: LMM output when thorax temperature ~ 

Pesticide*Time + Pesticide*Temperature + Time* 

Temperature. Bold values are significant. Time was 

scaled by dividing by 30. 

Thorax temperature (  ̊C) 

  Thorax temperature 

Predictors Log-Odds CI Statistic p 

Intercept -2.17 -10.06 – 5.72 -0.54 0.590 

Pesticide - Yes -12.82 -22.73 – -2.91 -2.54 0.011 

Time -3.18 -6.92 – 0.55 -1.67 0.095 

Pesticide - Yes * 

Time 

3.64 -0.13 – 7.41 1.89 0.058 

Observations 1129 

Marginal R2 / Conditional R2 0.967 / NA 

 

  Thorax temperature 

Predictors Estimates CI Statistic 

Intercept 27.05 25.96 – 28.13 48.79 

Temperature - 20 3.61 2.78 – 4.43 8.57 

Temperature - 25 5.88 5.02 – 6.73 13.44 

Time 0.01 -0.11 – 0.14 0.22 

Pesticide - Yes 1.33 -0.05 – 2.72 1.89 

Dry Mass  0.85 0.10 – 1.60 2.21 

Time *  

Pesticide - Yes 

-0.36 -0.54 – -0.17 -3.81 

Time *  

Dry Mass 

-0.10 -0.19 – -0.01 -2.10 

Pesticide - Yes * 

Dry Mass 

0.29 -0.40 – 0.98 0.83 

Observations 1129 

Marginal R2 / Conditional R2 0.413 / 0.732 

 

Table 3: GLMM output when thorax temperature ~ 

Pesticide*Time. Bold values are significant. Time 

was rescaled by dividing by 30. ‘NA’ is present, for 

conditional R2, due the necessity to include random 

factors explaining no variance to account for 

pseudo-replication. 

Drops to ambient temperature 
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(LMM; t = -0.24). Per minute, imidacloprid-exposed worker’s thorax temperatures declined by 0.01  ̊C 

(LMM; t = -3.46, Fig. 8, Table 4). 

 

 

The influence of dry mass 

When using the binomial GLMM to model the 

influence of dry mass, it only converged when thorax 

temperature was predicted by time, dry mass, the 

pesticide, and the interaction between dry mass and 

the pesticide.  

Worker dry mass did not influence whether thorax 

temperature dropped to ambient temperature; both 

without (GLMM; Z = -0.22) and with (GLMM; Z = 0.14) 

imidacloprid exposure (Table 5). 

When using the LMM with ambient temperature as a 

covariate to model the influence of dry mass, at t = 0 in control workers, dry mass had a significant 

effect on thorax temperature. An increase of one standard deviation in worker mass resulted in an 

Figure 8: LMM when thorax temperature ~ Pesticide*Time + Pesticide*Temperature + Time*Temperature, grouped 

by ambient temperature and whether they had been fed a pesticide. Horizontal dashed lines visualise the ambient 

temperature for each experiment. 95% confidence intervals are shaded.  

  Thorax temperature 

Predictors Log-Odds CI Statistic p 

Intercept -11.35 -17.43 – -5.26 -3.66 <0.001 

Time -0.14 -0.61 – 0.34 -0.57 0.571 

Pesticide - Yes 1.83 -2.81 – 6.48 0.77 0.439 

Dry Mass -0.45 -4.35 – 3.45 -0.22 0.822 

Pesticide - Yes * 

Dry Mass 

0.31 -3.98 – 4.59 0.14 0.889 

Observations 1129 

Marginal R2 / Conditional R2 0.006 / 0.984 

 

Table 5: GLMM output when thorax temperature ~ 

Time + Pesticide*Dry Mass. Bold values are 

significant. Time was scaled by dividing by 30 and 

ln(dry mass) is standardized. 

Drops to ambient temperature 
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increase of 2.34  ̊C in thorax temperature (LMM; t = 

2.21). This relationship did not differ significantly for 

imidacloprid-exposed workers (LMM; t = 0.83).  

Due to the non-significant three-way interaction, this 

effect of mass on thorax temperature decreased 

equally in both imidacloprid-exposed and control 

workers over time (LMM; t = -2.10). This relationship 

was reversed after 255 minutes, where smaller 

workers held higher thorax temperatures (Fig. 9, Table 

6). 

When ambient temperatures were considered 

individually, there was still no significant three-way 

interactions (LMM; t = 0.56 at 15  ̊C|t = 0.39 at 20  ̊C|t 

= -0.75 at 25  ̊C).  

 

 

 

Figure 9: LMM plot, when thorax temperature ~ Temperature + Pesticide*Time + Pesticide*Dry Mass + 

Time*Dry Mass, grouped by time, ambient temperature, and whether they had been fed a pesticide. 95% 

confidence intervals are shaded. 

  Thorax temperature 

Predictors Estimates CI Statistic 

Intercept 27.05 25.96 – 28.13 48.79 

Temperature - 20 3.61 2.78 – 4.43 8.57 

Temperature - 25 5.88 5.02 – 6.73 13.44 

Time 0.01 -0.11 – 0.14 0.22 

Pesticide - Yes 1.33 -0.05 – 2.72 1.89 

Dry Mass  0.85 0.10 – 1.60 2.21 

Time *  

Pesticide - Yes 

-0.36 -0.54 – -0.17 -3.81 

Time *  

Dry Mass 

-0.10 -0.19 – -0.01 -2.10 

Pesticide - Yes * 

Dry Mass 

0.29 -0.40 – 0.98 0.83 

Observations 1129 

Marginal R2 / Conditional R2 0.413 / 0.732 

 

Table 6: LMM output when thorax temperature ~ 

Temperature + Pesticide*Time + Pesticide*Dry 

Mass + Time*Dry Mass. Bold values are significant. 

Time is scaled by dividing by 30 and ln(dry mass) is 

standardized. 

Thorax temperature (  ̊C) 
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Discussion  

To my knowledge, this is the first study investigating the interactions of environmental temperature, 

body mass, and a neonicotinoid on bumblebee NFT. It appears to be the first study demonstrating 

how different experimental feeding strategies influence thorax temperatures. 

Nevertheless, this study had limitations. Workers infrequently escaped during imaging, and 

subsequent capture and reintroduction to their holding pot likely caused stress, possibly influencing 

thorax temperature. Ideally, if repeating this experiment, I would test whether a mesh barrier over 

pots could prevent worker escape whilst still allowing imaging. Additionally, when studying the 

influence of imidacloprid exposure on thorax temperature, chronic feeding meant workers consumed 

different quantities of sucrose, potentially influencing thorax temperature. Although I excluded 

workers who under-consumed sucrose, this was via a crude method. By investigating how the volume 

of sucrose consumed influences thorax temperature, a more sophisticated method could be 

developed to eliminate readings influenced by abnormally low sucrose consumption. Alternatively, 

with more temperature readings, I could have incorporated relative sucrose consumption into models 

to account for its influence on thorax temperature.  

When testing different feeding strategies, acute fed workers (with a single feeding opportunity) were 

unable to generate endogenous heat, quickly showing drops of thorax temperature until equilibration 

with ambient temperature. Conversely, chronically fed workers (with unlimited sucrose access) 

successfully maintained elevated thorax temperatures. Although the mechanism underpinning this is 

unclear, workers may metabolise their initial energy reserves, with observed drops in thorax 

temperature due to a type of starvation. Alternatively, this response may be adaptive, and when 

energy reserves are low, individuals prioritise other physiological processes over thermoregulation. 

As insect flight muscles are most efficient at high thorax temperatures (Esch, 1976; Heinrich, 1972), 

and as it appears maladaptive to jeopardise a key process such as flight by reducing thorax 

temperature, the starvation hypothesis appears more likely. Future research could investigate if 

workers can rewarm after these drops have occurred; suggesting this effect is not related to 

starvation. 

As bees unable to continuously feed lose their endothermic ability, this has implications in natural 

settings. Intensification of agriculture can lead to a loss of floral resources and therefore energy-rich 

nectar (Goulson et al., 2008). If wild bumblebees cannot obtain enough energy when foraging they 

risk jeopardising endothermy and their potential to warm flight musculature. This may impair foraging 

ability, an effect subsequently amplified by colder spring temperatures when colonies are more 

vulnerable (Esch, 1976; Goulson et al., 2008; Heinrich, 1972). Regarding future research into the 
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effects of neonicotinoids on bee thermoregulation, care should be taken to discern if changes in thorax 

temperature are caused by the pesticide or feeding strategy. For example, Tosi et al (2016) used acute 

feeding when testing the effect of thiamethoxam on honeybee NFT. My results suggest this feeding 

strategy may have confounded their results, especially as non-exposed honeybee thorax 

temperatures also decreased (Tosi et al., 2016).  

This study recovered no significant influence of imidacloprid exposure on the relationship between 

body mass and thorax temperature, although large error sizes may have hindered detection of 

significance. Regardless, at the start of the experiment, I found larger workers held higher thorax 

temperatures, as expected (Bishop & Armbruster, 1999; Heinrich, 1972). Intriguingly, this relationship 

inverted over time until smaller workers thermoregulated to higher temperatures and, as the three-

way interaction was consistently non-significant, this meant imidacloprid exposure did not 

significantly influence this change in relationship over time. To my knowledge, this is the first time this 

effect of time has been observed. Within foragers, Goulson et al (2002) found that smaller workers 

foraged for greater periods of time. As a raised thorax temperature underpins flight (Esch, 1976; 

Heinrich, 1972), the findings of Goulson et al (2002) infers smaller foragers need to maintain a high 

thorax temperature for longer time periods compared to larger foragers, a suggestion which my 

results support. As evidence that body size affects pollen foraging efficiency is not conclusive either 

way (Goulson et al., 2002), this change in relationship over time may allow smaller foragers to match 

the pollen foraging efficiency of their larger nestmates. Smaller foragers may also benefit colonies by 

exploiting different flower types or foraging when predators are common (Gavini et al., 2020; Peat, 

Tucker, et al., 2005).  

Imidacloprid exposure caused significant declines over time in thorax temperature compared to 

control workers. However, only at 15  ̊C and 20  ̊C did imidacloprid exposure lead to a decrease in 

mean thorax temperature, with 15  ̊C producing the largest decrease. Interestingly, the rate of decline 

over time did not differ significantly between temperatures. Although appearing contradictory, this 

result could be due to a lag time between imidacloprid exposure and the declines of thorax 

temperature, which appears to increase as temperature decreases (Fig. 7).  

Although my findings are consistent with other studies (Potts et al., 2018), Tosi et al (2016) reported 

that, over time, imidacloprid initially stimulates NFT, before oversaturation of receptors disrupts NFT. 

This disruption manifests as a rise and fall of thorax temperature, which this study did not convincingly 

observe (Fig. 7), suggesting this may not be important at colder temperatures or when workers 

continuously feed.  
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The thermoregulatory impairment caused by imidacloprid was temperature dependent, with lower 

temperatures causing a greater decrease in thorax temperature in imidacloprid-exposed workers. 

Crall et al (2018) demonstrated a similar effect where colony-level thermoregulation was impaired 

more by imidacloprid at night, when temperatures were lower. My findings suggest neonicotinoid-

driven impairment of NFT increases at colder temperatures, suggesting this contributed to increased 

impairment of colony-level thermoregulation at night. However, other neonicotinoid-driven effects 

could act in tandem, such as impairment of ATP production or colony failure to construct an insulating 

wax canopy (Crall et al., 2018; Nicodemo et al., 2014). A wide range of NFT-dependent behaviours are 

affected by neonicotinoids, such as flight and foraging (Gill et al., 2012; Heinrich, 1972, 1975; Kenna 

et al., 2019). Neonicotinoids may impair these behaviours by disrupting NFT; yet more research is 

needed to test the interaction of lower temperatures and neonicotinoids on the discussed behaviours. 

As the effect of imidacloprid is more pronounced at colder temperatures, this suggests application of 

neonicotinoids to crops in spring could lead to amplified impacts on bees. This research could inform 

agricultural management decisions which reduce the impact of neonicotinoids on bees.  

Understanding the implications of the interaction between environmental temperature and 

neonicotinoids is important in predicting future responses of bees to climate change. Climate change 

may lead to more frequent extreme weather events; including cold spells (Francis & Vavrus, 2012). 

Although colonies usually thermoregulate effectively at cold temperatures (Heinrich, 1974a), 

neonicotinoid exposure could severely impair NFT during these frequent cold spells, with amplified 

knock-on effects on behaviour and colony-level thermoregulation. Additionally, climate change causes 

large scale warming (Houghton et al., 2001), and research demonstrates warming leads to increased 

occupancy by bee species at the colder end of their thermal tolerance range (Soroye et al., 2020). With 

warming, individuals could hold higher thorax temperatures, something my results and others 

demonstrate (Heinrich, 1972; Stone & Graham, 1993). Subsequently, warming may improve the 

efficiency of temperature-mediated behaviours and contribute to occupancy increases. Widespread 

application of neonicotinoids could inhibit occupancy increases by inhibiting NFT; an effect more 

severe across lower temperatures, particularly when combined with other effects of warming such as 

phenological shifts (Memmott et al., 2007). 

In summary, this study demonstrated neonicotinoid-driven impacts on NFT can be influenced by 

environmental temperature. Future research into the impact of neonicotinoids should consider the 

influence of temperature variation; to better predict how neonicotinoids will impact pollinators both 

throughout the year and in a warming world. 
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Supplementary Information 

Supplementary Information 1 (S1) 

Colonies, supplied by an external company (Agralan ltd), were delivered in plastic boxes mimicking 

hives (29 × 22.5 × 13 cm). Each colony started with approximately 50 workers and was visually 

inspected to ensure a queen was present and colonies were healthy. All colonies were delivered with 

pollen balls and a sucrose reservoir containing ‘biogluc’ (a solution of sucrose and antimicrobial 

compounds). These sources of sucrose and pollen were instantly removed and replaced. Dead bees 

were removed, and colonies were cleaned weekly. Pollen was stored at -20  ̊C between feeds. 

Supplementary Information 2 (S2) 

To my knowledge, the chosen thermal camera has not yet been used in thermoregulation studies. 

Issues have previously been identified with all FLIR technology. FLIR cameras automatically calibrate 

frequently to ensure that readings remain accurate, however, if the housing changes temperature 

significantly then this can make the calibration less effective (Malmivirta et al., 2019). Therefore, it 

was important to develop a protocol to ensure readings were accurate and reliable across different 

temperatures.  

I tested the thermal camera at ambient temperatures at the extremes of my proposed temperature 

range (15  ̊C and 25  ̊C) in CE rooms. The surface being measured was covered with a strip of black 

electric tape. This is because the emissivity of black electric tape is known (0.95), and when the camera 

is correctly calibrated it should read the ambient temperature of the room, when emissivity is 

accounted for in FLIR Tools. The camera was held in a clamp 0.5m above the tape. Readings were 

taken of the temperature of the tape every 10 seconds over a period of 10 minutes from camera 

switch-on, to observe if/how readings changed over time. Temperature readings did converge, but at 

25  ̊C this recorded the wrong temperature for the ambient temperature of the room I was in. As a 

result, I decided to continue using the black electrical tape in images to ensure inadequately calibrated 

images could be excluded. 

Supplementary Information 3 (S3) 

When testing the influence of imidacloprid on thorax temperature, workers were initially selected 

from colony 6 more frequently; colony 6 was much larger and this gave chance for the other four 

colonies to grow.  
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Supplementary Information 4 (S4) 

I ran eight workers each time (four control, four imidacloprid-exposed). Exceptions to this were trials 

1, 2, and 16. Trials 1-2 had 12 tubs per trial (six control, six pesticide). However, this was reduced to 

eight as it was too difficult to ensure all workers could be photographed adequately. Trial 16 had five 

tubs to supplement missing pesticide data due to inadequate early thermal photography. 

Supplementary Information 5 (S5) 

The pesticide solution was prepared from a diluted stock solution of 10,000mg/l stored at -80  ̊C. 

During dilution, light exposure was kept to a minimum to prevent breakdown of the active compound 

(Soliman, 2012), before being separated into aliquots and stored in the dark at -20  ̊C. 

Supplementary Information 6 (S6) 

As part of a pilot trial in November 2019, I trialled a different method for estimating thorax 

temperature. First, I selected the thorax area which a temperature estimate was to be produced from. 

I then excluded the coolest 50% of pixel temperatures and the hottest 10% of pixels, based on visual 

inspection of histograms showing pixel temperatures. From the remaining pixels, I calculated the 

mean. This was trialled in case max thorax temperature resulted in values skewed by abnormally hot 

pixels. Repeating this for all thorax temperatures in the main trial was too time consuming and not 

feasible, however, in these pilot trials, max thorax temperature was strongly correlated with this 

estimate (Spearman’s rank; r = 0.94, p <0.001). Consequently, max thorax temperature was accepted 

as a proxy for thorax temperature. 

Supplementary Information 7 (S7) 

Each model was progressively simplified by the removal of one factor (first colony, followed by the 

three-way interaction). Each simpler model was compared with the initial, more complex, model to 

test whether the more complex model was significantly better at explaining the data. After each factor 

was removed, and if the previous, more complex, model was significantly better at explaining the data, 

chi-squared <0.05 (Table 7). The three-way interaction for the GLMM testing the interaction between 

Pesticide:Mass would not converge, hence being reported as ‘N/A’. 
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Supplementary Information 8 (S8) 

For the temporal response of thorax temperature under acute and chronic feeding, out of a maximum 

of 54 workers representing 432 thorax readings across treatments and timepoints, seven workers 

(four acute, three chronic) didn’t initially feed, so were excluded. Following this, 14 temperature 

readings were then excluded due to either an inadequate thorax view, inadequate camera calibration, 

or escaped bees. This left 126 recordings at 15  ̊C, 114 recordings at 20  ̊C, and 122 recordings at 25  ̊C. 

For the temporal response of thorax temperature to imidacloprid, out of a maximum of 127 workers 

representing 1270 thorax temperature recordings across treatments and time points, 56 readings 

were removed due to underfeeding (27 control and 29 pesticide). Following this, 85 readings were 

then excluded due to either an inadequate thorax view, inadequate camera calibration, or escaped 

bees. This left 366 recordings at 15  ̊C, 384 recordings at 20  ̊C, and 379 recordings at 25  ̊C. 

 

Model type Experiment Factor removed Chi-squared

GLMM Acute vs chronic Colony 1

GLMM Acute vs chronic Three-way interaction 0.85

LMM Acute vs chronic Colony 1

LMM Acute vs chronic Three-way interaction 0.14

GLMM Pesticide : Temperature Colony 0.3

GLMM Pesticide : Temperature Three-way interaction 1

LMM Pesticide : Temperature Colony 0.29

LMM Pesticide : Temperature Three-way interaction 0.17

GLMM Pesticide : Mass Colony 0.93

GLMM Pesticide : Mass Three-way interaction N/A

LMM Pesticide : Mass Colony 0.42

LMM Pesticide : Mass Three-way interaction 0.84

Table 7: Chi-squared values from model comparisons. ‘Model type’ and 

‘experiment’ identify the exact model being simplified. ‘Factor removed’ 

shows which fixed factor was removed to simplify the model, with removal if 

the chi-squared value > 0.05, suggesting the more complex model was not 

significantly better at describing the data.  


