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Abstract
Climate change and agricultural intensification are exposing insect pollinators to tem-
perature extremes and increasing pesticide usage. Yet, we lack good quantification of 
how temperature modulates the sublethal effects of pesticides on behaviours vital for 
fitness and pollination performance. Consequently, we are uncertain if warming de-
creases or increases the severity of different pesticide impacts, and whether separate 
behaviours vary in the direction of response. Quantifying these interactive effects is 
vital in forecasting pesticide risk across climate regions and informing pesticide ap-
plication strategies and pollinator conservation. This multi-stressor study investigated 
the responses of six functional behaviours of bumblebees when exposed to either a 
neonicotinoid (imidacloprid) or a sulfoximine (sulfoxaflor) across a standardised low, 
mid, and high temperature. We found the neonicotinoid had a significant effect on 
five of the six behaviours, with a greater effect at the lower temperature(s) when 
measuring responsiveness, the likelihood of movement, walking rate, and food con-
sumption rate. In contrast, the neonicotinoid had a greater impact on flight distance 
at the higher temperature. Our findings show that different organismal functions can 
exhibit divergent thermal responses, with some pesticide-affected behaviours show-
ing greater impact as temperatures dropped, and others as temperatures rose. We 
must therefore account for environmental context when determining pesticide risk. 
Moreover, we found evidence of synergistic effects, with just a 3°C increase causing 
a sudden drop in flight performance, despite seeing no effect of pesticide at the two 
lower temperatures. Our findings highlight the importance of multi-stressor studies to 
quantify threats to insects, which will help to improve dynamic evaluations of popula-
tion tipping points and spatiotemporal risks to biodiversity across different climate 
regions.
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1  |  INTRODUC TION

Declining populations of beneficial insects is a worldwide problem, 
making identifying the drivers a research priority and crucial for 
developing mitigative strategies (Gill et al., 2016; Potts et al., 2016; 
Wagner et al.,  2021; Zattara & Aizen,  2021). Widespread pes-
ticide usage is one proposed driver (Bryden et al.,  2013; Goulson 
et al., 2015; Woodcock et al., 2017), with studies showing that ben-
eficial insects exposed to field-realistic concentrations can exhibit 
impeded development and impaired behaviour (Crall et al.,  2018; 
Kenna et al., 2019; Siefert et al., 2020; Siviter, Brown, et al., 2018; 
Siviter, Koricheva, et al., 2018; Smith et al., 2020), which can trans-
late to reduced fitness (Arce et al.,  2017; Bryden et al.,  2013; Gill 
et al., 2012; Rundlöf et al., 2015; Whitehorn et al., 2012; Willis Chan 
& Raine,  2021). Another increasingly scrutinised driver is climate 
change, with recent decades of environmental warming associated 
with insect population range shifts (e.g. Halsch et al.,  2021; Kerr 
et al., 2015; Rasmont et al., 2015; Raven & Wagner, 2021) and lo-
calised extinctions (Janzen & Hallwachs, 2021; Soroye et al., 2020). 
However, despite the ubiquity with which these factors are simulta-
neously experienced (Dicks et al., 2021), our understanding of how 
they interact is surprisingly poor. Specifically, we have limited quan-
tification of how temperature modulates the toxic effects of pes-
ticide exposure in terrestrial beneficial insects. This is concerning, 
because to reveal the true risk that field realistic concentrations of 
pesticides pose, we must consider how the environmental context 
at the time of exposure influences an organism's response (Camp 
& Buchwalter,  2016; Holmstrup et al.,  2010). Indeed, with future 
landscapes projected to experience increased pesticide application 
and changing temperature regimes under climate change (Deutsch 
et al., 2018; Tang et al., 2021; Zhang, 2018), there is an urgent need 
to fill this evidence gap. Considering the universally governing role 
of temperature in determining metabolic and physiological rates 
(Abram et al., 2017; Archer et al., 2019), quantifying temperature-
dependent responses has fundamental implications for current 
pesticide regulatory guidelines, and will improve mapping and fore-
casting of spatiotemporal risks of pesticide exposure across the 
world's different climate regions.

For insect pollinators, exposure to pesticides can lead to reduced 
mitochondrial activity (Moffat et al., 2015; Powner et al., 2016) and 
change the expression of genes involved in mitochondrial func-
tion (Colgan et al.,  2019). Similarly, variation in ambient tempera-
ture can affect insect metabolic and physiological rates (Gillooly 
et al.,  2001; Huey & Kingsolver,  2019; Huey & Stevenson,  1979), 
such as chemical detoxification and excretion (Harwood et al., 2009; 
Khan & Akram, 2014; Lydy et al., 1999; Weston et al., 2009), rates 
of consumption (Camp & Buchwalter, 2016; Holmstrup et al., 2010; 
Noyes et al., 2009), as well as altering pesticide binding efficiency at 
target-receptors (Boina et al., 2009). These temperature-dependent 
processes provide a rationale to why we might expect temperature 
to modulate pesticide sublethal impacts on insect behaviour. For in-
stance, the effect of neonicotinoid exposure on honeybee homing 
success and on bumblebee foraging behaviour has been reported 

to be more pronounced under colder conditions (Henry et al., 2014; 
Kolano et al.,  2021; Monchanin et al.,  2019). Additionally, neonic-
otinoid impacts on bumblebee colony worker activity and nursing 
behaviour were reported to be more pronounced at night relative to 
daytime (Crall et al., 2018). However, potential confounding factors 
make interpreting such findings difficult, as controlled temperature 
effects were not explicitly tested, and it is difficult to understand 
which functional behaviours are being affected. Hence, conducting 
tightly controlled pesticide exposure studies under different tem-
peratures can help to reveal causal links, quantify the direction and 
scaling of this interactive relationship, and reveal evidence for addi-
tive effects or antagonisms/synergisms.

Insect pollinators are exposed to pesticides under wide thermal 
ranges due to seasonal patterns of usage, location of application, 
and the long periods that pesticide active ingredients (AIs) can reside 
in the environment (Holmstrup et al., 2010; Woodcock et al., 2018). 
However, pesticide risk assessments often recommend carrying out 
single end-point response studies, typically at single temperatures, 
and primarily focusing on lethal [not sublethal] behaviours. This lim-
its our capacity to build a thermal response framework. By testing 
across different temperatures we can quantify the negative or posi-
tive temperature response relationships with pesticides (the degree 
to which toxicity to exposed bees decreases or increases as tem-
perature rises; Glunt et al., 2013; Mansoor et al., 2015). This can pro-
vide the baseline data necessary to determine how daily, seasonal, 
or annual temperature variation should be considered when assess-
ing pesticide risk. Furthermore, by studying multiple functional be-
haviours under a single study framework we can gain a more holistic 
understanding of organismal responses, as well as reveal what func-
tional roles are likely to be at risk and whether separate behavioural 
endpoints respond differently.

Given the above evidence gaps, we here designed a multi-
stressor study to quantify temperature-dependent effects of two 
insecticides on a model insect pollinator—the bumblebee Bombus 
terrestris—exposed to either imidacloprid (a neonicotinoid) or sulf-
oxaflor (a sulfoximine). A neonicotinoid was chosen as they repre-
sent the most widely used insecticide class on the global market and 
are frequently encountered by insect pollinators (David et al., 2016; 
Simon-Delso et al., 2015; Woodcock et al., 2018). Furthermore, with 
growing pest resistance to pesticides and growing restrictions to 
field applications based on unacceptable risks, new pesticides are 
being licensed and approved but we are unsure of their sublethal 
effects. Therefore, we also chose a sulfoximine as it represents 
one of the most promising replacements of neonicotinoids (Sparks 
et al., 2013) (see Section 2 for further justification of chosen AIs).

Being also a multi-response study, we undertook three com-
plementary experiments to investigate a total of six different 
behavioural responses representing important bee life-history 
and ecological functions (Figure  1), and reveal the direction of 
the temperature and insecticide relationship (Boina et al.,  2009; 
Khan & Akram, 2014; Muturi et al., 2011). Specifically, we inves-
tigated how temperature modulated the effect of exposure to: 
(1) a 150 μg/L (128 parts per billion [ppb]) concentration of each 

 13652486, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16671 by T

est, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  3KENNA et al.

insecticide on the likelihood of an individual being responsive to 
a physical stimulus (behaviour important for within nest activity); 
(2) a 40 μg/L (34 ppb) or 10  μg/L (8.5  ppb) concentration on the 
likelihood of movement, walking rate, and consumption rate (be-
haviours important for nesting duties, colony thermoregulation, 
meeting energy demands, and food collection); (3) a 10 μg/L con-
centration on flight endurance and velocity (behaviours crucial 
for foraging performance and dispersal). Using a fully factorial 
design with appropriate control groups, each experiment for each 
insecticide was conducted at a relative low[21]°C, mid[27]°C, and 
high[30]°C temperature, with these values informed by a recently 
established bumblebee flight thermal performance curve (Kenna 
et al.,  2021). We tested if insecticide toxicity via oral exposure 
showed a negative or positive relationship with temperature, how 
the relationship varied between insecticides, and how it differs 
between the six behavioural response endpoints.

2  |  MATERIAL S AND METHODS

2.1  |  Colonies, pesticides and temperatures tested

2.1.1  |  Bumblebee colonies

Natal colonies from which workers were tested were supplied by 
Biobest (distributed by Agralan Ltd). On arrival, colonies were kept 
in a controlled environment (CE) room at 21°C and 60% relative hu-
midity (RH) under constant red light. Colonies were also censused, 
ensuring a healthy queen and removal of any dead individuals, with 
supplied sugar feeders and pollen patties removed. Colonies were 
then provisioned with freshly made ad-libitum 40% sucrose solution 
and irradiated honeybee collected pollen (Agralan Ltd) on Mondays 
(6  g), Wednesdays (6  g) and Fridays (9  g). No single colony was 
used for multiple experiments and testing of bees was conducted 

F I G U R E  1  Overview of the three separate experiments (n = number of individual workers tested), investigating six functional behavioural 
responses (rectangular boxes). All three experiments were tested over the same temperature gradient (left to right: low°C = blue 
thermometer; mid°C = orange; high°C = red). The pesticide concentrations, however, differed in accordance with the types of behaviour 
being measured, and oral exposure was achieved through the provision of spiked sucrose solution (nectar substitute). Experiment 1, which 
chronically exposed individuals over a 144 h period, repeatedly tested an individual's response to a physical stimulus every 12 h in cages 
consisting of three workers (15 cages per treatment). Experiment 2, which chronically exposed individuals over a 72 h period, repeatedly 
recorded individual movement rates every 24 h also in cages of three workers, while recording per capita food consumption (18 cages 
per treatment). Experiment 3, which involved an acute single dosage exposure per individual, measured tethered flight performance of 
individuals over a 90 min period after being removed from the nest and acutely exposing bees to the pesticide. To justify the importance of 
each behaviour being investigated, we list some key functional roles they contribute towards.
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4  |    KENNA et al.

in separate CE rooms at the respective testing temperatures under 
60% RH (Table S1).

2.1.2  |  Justification for pesticide 
concentrations tested

For each experiment, we decided to mirror the concentrations be-
tween imidacloprid (I) and sulfoxaflor (S) to facilitate direct com-
parisons and to expose bees via a spiked nectar substitute (40% 
w/w sucrose/water solution). The choice of concentrations across 
the experiments were primarily based off knowledge on neoni-
cotinoid field levels at the start of our study, as sulfoximines had 
been a commercial option for a comparatively shorter period with 
less known about the concentrations present in the environment. 
For experiment 1 (responsiveness), we chose 150 μg/L as whilst 
it can be within the field range for both compounds in differ-
ent parts of the globe (Azpiazu et al.,  2019; Cheng et al.,  2018; 
Johnson et al.,  2010; Linguadoca et al.,  2021; US EPA,  2016; 
Zhou et al., 2022; Zhu et al., 2017), it presents a worst-case ex-
posure scenario for imidacloprid. Consequently, we would expect 
to see impacts on behaviour and functioning at this concentra-
tion enabling us to first confirm whether temperature can have 
a modulatory effect on sublethal toxicity. This is important not 
only when considering unacceptable risks but would further war-
rant our investigations of impacts at lower concentrations on finer 
behavioural activity rates. Indeed, for experiment 2 (motivation 
to move, walking and consumption rates), we used much lower 
concentrations of 40 and 10 μg/L (for both imidacloprid and sul-
foxaflor) which can be found in pollen and nectar of treated plants 
and within bee material (Blacquière et al.,  2012; Goulson,  2013; 
Jiang et al., 2018, 2020; Johnson et al., 2010; Krischik et al., 2007; 
Stoner & Eitzer, 2012; Tong et al., 2018; Zhou et al., 2022). The 
10  μg/L concentration is also applicable to experiment 3 (flight 
performance).

2.1.3  |  Temperatures tested under

With biological rates responding to temperature change in a 
non-linear fashion (Huey & Stevenson, 1979), we avoided test-
ing across evenly spaced temperatures. Instead, we informed 
our relative low, mid, and high temperatures based-off a pre-
vious thermal performance curve of B. terrestris workers when 
measuring tethered flight (Kenna et al.,  2021). The mid°C was 
27°C, which represented peak performance (when considering 
motivation to fly and flight endurance), with low°C and high°C 
representing a ca. 25% performance reduction either side (21°C 
& 30°C, respectively). This allowed us to test between tempera-
tures that behaviours are known to be thermally sensitive to, 
and a temperature range experienced by temperate bee species 
during the summer.

2.1.4  |  Experiment 1: Likelihood of being responsive 
(1.1)

On arrival and from each of the five natal colonies, we removed 81 
bees (workers) under red light, and cooled them to 4°C. We then 
distributed bees in groups of three into 340 mL circular plastic cages 
(base dimensions = 110 mm diameter, 60 mm depth) ensuring each 
cage contained three bees from the same natal colony (equating 
to 27 cages per colony; totalling 135 cages). Using groups of three 
workers is consistent with previous chronic exposure (multi-day) 
tests using feeding cage designs (Heard et al.,  2017) and given 
the social nature of Bombus terrestris allows social contact even if 
one worker died. There was no difference between treatments in 
mean intertegular span (ITS) (ANOVA: p > .1 for all pairwise com-
parisons) or variance (Bartlett's K2  =  5.49, df  =  8, p  =  .70). Cages 
had a ventilated lid, circular piece of filter paper (diameter = 100 mm) 
on the floor, and two holes on opposing sides in which perforated 
Eppendorf ‘feeding’ tubes were inserted to provision set volumes of 
40% sucrose solution.

We evenly assigned cages to a chronic pesticide exposure (con-
trol, Imidacloprid 150 μg/L (I150) or Sulfoxaflor 150 μg/L (S150)) 
and temperature (low°C, mid°C or high°C) combination (n = 9 treat-
ments), with 15 cages examined (total  =  45 bees) per treatment. 
For each colony, a further nine bees were removed and distributed 
evenly across three reserve cages, with one assigned per tempera-
ture. All cages were initially provisioned with two feeding tubes each 
containing 1.5  mL of untreated sucrose solution and were moved 
to their respective CE room before the end of the first day to allow 
acclimation. The following morning (06:00–07:00) cages were in-
spected, and any bees that had died were replaced by live bees taken 
from reserve cages of the corresponding natal colony and tempera-
ture. Directly following this (07:00–08:00), each cage had its feeding 
tubes replaced with ones containing 1.5 mL of assigned treatment 
sucrose solution. Along with the filter paper, feeding tubes were re-
placed every 48 h allowing bees to feed ad libitum.

Bees were exposed to their respective treatments for 144  h 
(6 days) under red light throughout. Chronic toxicity assays better 
reflect field exposure scenarios and are now seen as a priority by 
pesticide regulatory organisations (EFSA, 2013). Cages were mon-
itored every 12  h (07:00–08:00 and 19:00–20:00) using the fol-
lowing protocol: (1) cage was tapped three times, and individuals 
observed walking (movement of both thorax and legs) within the 
following 10 s were recorded as ‘mobile’; (2) individuals that did not 
walk were turned onto their back using metal forceps via the hind 
leg and monitored for 30 s. If the individual successfully self-righted 
within this timeframe it was recorded as ‘mobile’, but if unable was 
classed as ‘immobile’; (3) any dead bees were recorded, transferred 
to an Eppendorf tube, and frozen (−20°C); (4) individuals classed as 
immobile were righted using forceps and left in the cage for future 
monitoring (N.B. no bee was actually observed to revert from being 
immobile to mobile). We examined the probability of survival and 
immobility (collectively termed ‘responsiveness’), and this dataset 
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    |  5KENNA et al.

used for our analysis outlined the time to event for every individual 
bee when classifying the event as when a bee is ‘unresponsive’. On 
days where sucrose solution was replenished, monitoring was con-
ducted beforehand. After the last monitoring event each bee was 
placed in a separate Eppendorf tube and frozen (−20°C). Considering 
the presence of bees in an immobile or moribund state aligns with 
behavioural abnormality classifications in OECD (OECD,  2017) 
guidelines of standard bee chronic toxicity tests. Our approach also 
assesses individual sensitivity to vibration and physical contact both 
of which are adaptive behaviours in preparing to defend the nest to 
intruders and interacting with nestmates and brood (Goulson, 2010).

2.1.5  |  Experiment 2: Likelihood of movement, and 
rates of walking and consumption (2.1–2.3)

On arrival and for each of nine colonies, 90 bees (workers) were 
removed, placed on ice to immobilise, and a small circular uniquely 
numbered plastic tag (Abelo Ltd; diameter = 2 mm) attached to the 
thorax using superglue. Tagged bees were then placed in sepa-
rate plastic pots for 60 min to rest before being returned to their 
natal colony. Once all tagged, bees were placed in cages assigned 
to a chronic pesticide exposure (control, Imidacloprid 40 or 10 μg/L 
(I40 or I10), Sulfoxaflor 40 or 10 μg/L (S40 or S10)) and temperature 
(low°C, mid°C or high°C) combination (n = 15 treatments), with 18 
cages examined per treatment (n  =  54 bees, giving a total of 810 
bees in experiment 2). Cage setups were the same as in experiment 
1, each having three bees from the same natal colony. Bees per cage 
spanned a range of body sizes, with no significant difference be-
tween treatments in dry mass mean (ANOVA: p > .1 for all pairwise 
comparisons) or variance (Bartlett's K2 = 23.4, df = 14, p =  .054). 
Cages for this experiment were provisioned with a single perforated 
Eppendorf feeding tube containing 2 mL of untreated sucrose solu-
tion. Cages were moved to their respective CE room before the end 
of the first day. The following morning, cages were inspected for 
dead bees which [if present] were replaced by healthy individuals 
from reserve cages of the corresponding natal colony and tempera-
ture following the same protocol as outlined for experiment 1.

To record individual bee movement, particularly walking be-
haviour, we employed a similar approach to that used in previ-
ous studies (Crall et al.,  2018; Cresswell et al.,  2012; Williamson 
et al., 2014). After letting bees settle for 4 h, we took ‘pre-exposure’ 
recordings by filming cages in pairs to establish baseline behaviour, 
conducted under red light for 30 s using a Panasonic HC-V160 video 
camera (Figure S1), with a ruler to allow distance calibration. At the 
start of each recording, the position of each bee ID was mapped, and 
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 su-
crose solution pesticide (or control) treatment, which was weighed 
prior to being provisioned. After 20 h post onset of exposure, cages 
were surveyed and any dead individuals removed. Feeders were 
then replaced, with the mass of both the new and used feeders being 

recorded. After 4 h (24 h since onset of exposure), filming of cages 
began again as described for the pre-exposure recordings. This pro-
tocol of removing any dead bees, replenishing feeders, and video 
recording cages, was repeated every 24  h, with the last analysed 
recording made 72 h post onset of pesticide exposure. The follow-
ing day, feeders were removed and weighed, and cages were frozen 
(−20°C). Later, bees were placed in an oven at 80°C for 48 h and the 
dry mass per bee weighed.

All video recordings were initially examined within the video 
tracking programme Kinovea (version 0.8.15), whereby the demon-
stration (yes/no) of a key set of behaviours (walking, flight, feeding, 
and general movement) was recorded over a specified timeframe 
(20 s) per individual (detailed in Supplementary Methods). We used 
the ‘tracking’ functionality within the Kinovea software, which al-
lowed automatic motion tracking with manual supervision, to record 
the distance walked per bee over the same 20 s timeframe that the 
initial round of monitoring was conducted on. From this information, 
we produced a walking rate (cm/s) for each bee that walked; calcu-
lated as total walking distance (cm) divided by the time (s) the indi-
vidual was visible and not flying or feeding (bees were sometimes 
not visible due to crawling under the filter paper).

2.1.6  |  Experiment 3: Flight distance and velocity 
(3.1 and 3.2)

During the 3 days following colony arrival, 120–125 bees (all workers) 
per natal colony (total = 6 colonies) were randomly removed, placed 
on ice, and a small circular galvanized iron tag (diameter = 2 mm) at-
tached using super glue to the centre of each individual's thorax fol-
lowing a previously described protocol (Kenna et al.,  2019, 2021). 
Each tagged bee was then allowed to rest in a separate plastic pot for 
60 min before being returned to their natal colony. Bees remained in 
their natal colonies until being removed for flight tests. Flight testing 
was run in bouts, with three or four bouts run daily. Each bout con-
sisted of six flight mills tested in parallel (one bee per mill) using the 
apparatus described in Kenna et al. (2021). A magnet hanging from 
one end of the mill arm allowed attachment to the bee's metal tag. 
The suspended bee could fly without carrying the load of the tag, 
and the number and duration of subsequent full rotations of the mill 
arm (from here-on termed ‘circuits’) were automatically recorded 
(Raspberry Pi 3 computer, Model B).

When removing bees from their natal colony for testing, 
each was assigned to a pesticide treatment (control, Imidacloprid 
10 μg/L (I10), Sulfoxaflor 10 μg/L (S10)) and temperature (low°C, 
mid°C or high °C) combination, resulting in nine treatments with 
60 bees tested per treatment (10 bees per colony; total number of 
bees = 540). To ensure an equal distribution of body sizes across 
treatments, bees were assigned based on their wet mass directly 
following removal from the natal colony, resulting in no significant 
difference in mean dry mass (ANOVA: p > .1 for all pairwise com-
parisons) or variance (Bartlett's K2 = 6.31, df = 8, p = .61) between 
treatments. Prior to flight testing, each bee was placed inside a 
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6  |    KENNA et al.

self-contained transparent Perspex feeding tube with one end 
sealed using a mesh. Each bee was left to acclimatise for 2 min, 
immediately after which a droplet (min. 100 mg [with no bee con-
suming the entire amount]) 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 anten-
nae and proboscis. The cover slip and droplet were presented for 
5 min to provide enough time for individuals to feed to satiation 
(Kenna et al., 2021). Direct feeding was identified as the probos-
cis extending into the sucrose droplet, and each bee was allowed 
to feed multiple times within this period. The slip was weighed 
immediately before and after this presentation period to calcu-
late the mass of sucrose solution consumed. With bees varying in 
the mass consumed over the 5 min period, we produced a ‘mass-
specific consumption’ value per bee, 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 colo-
nies were housed in. Any bees observed not feeding within the 
5 min (n = 22), were visibly unhealthy or possessed damaged wings 
(n = 3), were removed from further testing. A further six bees were 
excluded due to mill technical issues (Table S2).

Once the feeding trial had ended, bees were removed from their 
respective feeding tubes, placed into separate plastic holding pots 
(120 mL), and transferred to the testing CE room set at the respec-
tive treatment temperature. Still under red light, each bee was left 
to rest inside the pot for 5 min and then immediately removed and 
magnetically tethered to its respective flight mill. Once tethered, 
the room was switched to white light and a support stand held the 
bee in place for 10 min to allow metabolism of the ingested pes-
ticide (Kenna et al., 2019; Suchail, De Sousa, et al., 2004; Suchail, 
Debrauwer, et al., 2004), after which the support stand was removed 
to stimulate flight. Flight trials were capped at a 90 min time limit, at 
which point the trial was terminated, as a previous thermal perfor-
mance study that included the three tested temperatures used in 
this study showed that >90% of bees did not fly past this duration 
(Kenna et al.,  2021). However, each time a worker stopped flying 
we classed it as a ‘strike’, with a flight trial being terminated prior to 
the end of the 90 min period if they reached three strikes (Kenna 
et al., 2021) (see Supplementary Methods for extended details). On 
flight trial termination, each bee was untethered, placed in a labelled 
Eppendorf tube and frozen at −20°C. This was followed by a mea-
sure of dry body mass by weighing the bee after oven warming at 
80°C for 48 h. Of the 509 bees that were tested on the flight mills, 
496 had a filtered flight distance >0 m (termed ‘successful fliers’) and 
were used in the data analysis.

2.2  |  Data analysis

All statistical analyses were conducted in R v3.6.2 (R Core Team, 
2019), and raw data with associated R scripts have been uploaded 
to the repository Dryad and accessible to the public (Kenna 
et al., 2023).

2.2.1  |  Experiment 1: Likelihood of being  
responsive (1.1)

The Cox proportional hazards model (Therneau, 2020) was used to 
conduct an event analysis on the effect of pesticide, temperature, 
and interaction on the probability of responsiveness over time. Firth's 
penalised maximum likelihood bias reduction method was imple-
mented 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. Hazard ratios (probabil-
ity of the event occurring in the exposed versus control group) are 
reported for each pesticide-temperature combination (HR > 1 indi-
cates 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.

2.2.2  |  Experiment 2: Likelihood of movement, and 
rates of walking and consumption (2.1–2.3)

Statistical analyses were conducted using the “lme4” package (Bates 
et al.,  2015), 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 pack-
age “lsmeans” (Lenth, 2016). Diagnostic residual plots were exam-
ined using the “DHARMa” package (Hartig, 2021) to ensure models 
met all assumptions (see Supplementary Methods for model selec-
tion process).

The likelihood of movement was analysed by fitting generalised 
linear mixed models (GLMM) under a binomial family distribution 
(moved = 1, did not move = 0). Data were analysed for all live bees, 
with any bees not visible during the recording period being excluded. 
Models were fit with bee ID as a random intercept, to account for 
individual repeated measures over time. Colony ID was not retained 
as a random effect to prevent model overfitting and the variance 
was close to zero. Models were fit for each pesticide examining the 
effects of temperature, time and the interaction between these two 
categorical variables, with dry body mass removed as it did not sig-
nificantly improve model explanatory power. Time was modelled 
as a categorical predictor allowing comparison of the likelihood of 
movement after each of 24, 48 and 72 h against the pre-exposure 
likelihood.

For walking rate (cm/s), we fitted linear mixed effects models 
(LMER) under a Gaussian distribution, with bee ID and cage ID in-
cluded as random intercepts. Models were fit for each pesticide ex-
amining the effects of temperature, time and the interaction, with 
dry mass included as a continuous covariate. The response variable 
(walking rate) was transformed according to Box–Cox estimates 
calculated through the ‘EnvStats’ package (Millard, 2013), resulting 
in a square root transform in all instances except when examining 
treatment I40 for which the response variable was raised to the 
power 0.8.
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    |  7KENNA et al.

We calculated per capita consumption rate of sucrose solution 
per 24 h period by taking the total mass of sucrose consumed divided 
by the number of bees alive in the respective cage at the end. To ex-
amine the effects of treatments, we fitted a GLMM under a Gaussian 
distribution, with the response variable square-root transformed, so 
that residual distributions met model assumptions. Consumption 
was examined as a function of pesticide, temperature, and time, as 
well as pesticide × temperature and pesticide × time interactions. We 
included cage ID as a random intercept, with the slope of the re-
lationship between time and sucrose consumption allowed to vary 
between cages to account for repeated measures over time. Colony 
ID was included as a random intercept to account for inherent col-
ony level differences.

2.2.3  |  Experiment 3: Flight distance and velocity 
(3.1 and 3.2)

For successful fliers (n = 496), we calculated total distance (m) and 
duration (s) flown over the whole flight test. Mean and maximum 
flight velocity (m/s) were determined for each bee over four peri-
ods of flight: (i) 0–100 m; (ii) >100–500 m; (iii) >500–1000 m; and 
(iv) >1000–2000 m (see Supplementary Methods for justification). 
Statistical packages in R used in experiment 2 were also used here. 
For analyses of flight distance (m), mean velocity (m/s) and maximum 
velocity (m/s), we fitted GLMMs under a gamma family with log link 
function due to skewed error distributions. We ran analyses examin-
ing the likelihood of flying past two ‘milestone’ distances, 100 and 
1000 m (Table S2), by fitting GLMMs under a binomial family distri-
bution (flight surpassing milestone distance = 1, flight not reaching 
milestone distance = 0). All models were initially constructed con-
sidering the main effects of pesticide, temperature, dry body mass, 
mass-specific consumption and the interactions pesticide × tem-
perature, pesticide × dry mass, temperature × dry mass, and pesti-
cide × mass-specific consumption, with pesticide and temperature 
modelled as categorical variables and dry mass and mass-specific 
consumption modelled as continuous variables. Additionally, colony 
ID was included as a covariate to account for inherent colony-level 
differences. Models were then simplified through stepwise removal 
of non-significant terms, checking after each removal that the sim-
plified model had not significantly decreased in explanatory power.

3  |  RESULTS

3.1  |  Experiment 1

3.1.1  |  Likelihood of being responsive

While low°C and mid°C imidacloprid exposed bees were 113 and 16 
times more likely, respectively, to be unresponsive relative to con-
trols (p ≤ .005; Figure 2; Figures S2 and S3), we detected no signifi-
cant effect under high°C. Indeed, imidacloprid exposed bees were 

significantly more likely to be responsive when under the low°C 
(p < .001) and mid°C (p = .033) relative to high°C. Contrastingly, we 
detected no effect of sulfoxaflor on the likelihood of becoming un-
responsive under any temperature.

3.2  |  Experiment 2

Mortality was expectedly low over the trial with never more than a 
single death per treatment from 54 bees per treatment cohort.

3.2.1  |  Likelihood of movement

Significant effects were detected in imidacloprid exposed bees but 
only under low°C and mid°C. Specifically, and relative to the pre-
exposure response for that respective treatment, bees exposed 
to Imidacloprid 40 μg/L (I40) demonstrated a significantly reduced 
likelihood of movement when assessed at 24, 48 and 72 h under 
low°C, and at 24 and 72 h under mid°C (GLMM: z ≥ 2.84, p ≤ .023; 
Figure 3a; Tables S3a–S3e). Exposure to Imidacloprid 10 μg/L (I10) 
showed a reduced likelihood only at 72 h when under low°C and 
mid°C (z ≥ 2.60, p ≤ .046). Together the findings indicate that the 
degree to which likelihood of movement was reduced was greater 
as the temperature decreased. For instance, I40 exposed bees as-
sessed under low°C showed a significantly greater reduction rela-
tive to high°C at 24 and 48 h, and relative to mid°C at 48 h (z ≥ 2.14, 
p ≤ .033). In contrast, we detected no effect of sulfoxaflor at either 
concentration under any temperature relative to the pre-exposure 
response.

3.2.2  |  Walking rate

Significant effects were detected in imidacloprid exposed bees but 
again only under low°C and mid°C. Relative to pre-exposure re-
sponses, I40 exposed bees demonstrated a significantly increased 
walking rate when assessed at 24 and 48  h under low°C, and at 
24 h under mid°C (LMER: t ≥ 2.68, p ≤ .039; Figure 3b; Tables S4a–
S4e). Exposure to I10 showed an increased walking rate only at 
24 h when under low°C (t = 2.83, p =  .026). Intriguingly, the pat-
tern of walking by imidacloprid exposed bees suggests an initial 
hyperactive effect over the first 24 or 48 h, with this lessening in 
magnitude by 72 h supporting an acute followed by chronic effect. 
But overall, our findings indicate that the degree to which walk-
ing rate increased was greater as the temperature decreased. For 
instance, I40 exposed bees assessed under low°C showed a sig-
nificant increase in walking rate relative to high°C at 24 and 48 h 
(t = −2.06, p =  .040). For sulfoxaflor exposed bees, while S40 ex-
posed bees significantly increased walking rate under mid°C at 24 h 
after the onset of exposure (t = 3.38, p =  .005), we detected no 
effect under any other temperature and at any other timepoint for 
either concentration.
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8  |    KENNA et al.

3.2.3  |  Sucrose consumption rate

When pooling bees across all pesticide treatments (including con-
trol), we found per capita sucrose consumption decreased as tem-
peratures got warmer (p < .001 for all contrasts; Table  S5). Bees 
exposed to I10 or I40 consumed significantly less relative to con-
trol bees under all temperatures (LMER: z ≥ 6.40; p < .001; Figure 4). 
Our findings indicate that the degree to which consumption was re-
duced was greater as the temperature decreased. I40 exposed bees 
consumed significantly less under low°C than they did under both 
mid°C and high°C (t ≥ 2.57; p ≤ .011). Moreover, we found evidence 
of a chronic effect of imidacloprid exposure on consumption, as the 
slope over time significantly differed from control bees as evidenced 
by a significant interaction term (I10: t  =  −4.89, p < .001 & I40: 
t = −7.02, p < .001). In contrast, while we did observe S40 exposed 
bees to consume significantly less sucrose solution under mid°C 
relative to control bees (t = −3.06, p = .021), there was no detectable 
effect of sulfoxaflor on consumption under any other temperature 
or concentration.

3.3  |  Experiment 3

3.3.1  |  Flight distance

Under low°C and mid°C, control bees flew a similar mean (± 
s.e.m.) distance of 1368 ± 190 and 1323 ± 203 m, respectively. For 
Imidacloprid 10 μg/L (I10) exposed bees, we observed a 14.9% and 
5.6% shorter distance reached relative to the controls for each re-
spective temperature, and for Sulfoxaflor 10  μg/L (S10) exposed 
bees an 8.6% and 0.7% shorter distance, all of which we detected 

as non-significant reductions (GLMM: z ≤ 0.58, p ≥ .83; Figure  5; 
Table  S6). Under high°C, control bees reached a longer distance 
of 1504 ± 192 m, but this time we saw a more dramatic and signifi-
cant effect in I10 bees which showed a 53.2% reduction in distance 
reached (z = −3.07, p = .006). This indicates that as temperature in-
creases the toxicity effect of imidacloprid on distance also increases, 
and in support we detected a significantly greater reduction in dis-
tance under high°C relative to mid°C (t = −2.52, p = .012; Figures S4 
and S5). Whilst S10 bees under high°C showed a greater reduction in 
distance of 24.2%, relative to the other temperatures, we detected it 
as non-significant (z = −1.42, p = .33).

We further investigated the likelihood of bees reaching a 100 m 
milestone and a 1000 m milestone to see how flight trial termina-
tion (stopped flying three times) could explain the above observed 
flight distance patterns. For I10 bees we detected no significant dif-
ference relative to control bees in reaching either milestone under 
any temperature, except when under high°C in which I10 bees were 
significantly less likely to reach 1000 m (GLMM: z = −2.93, p = .009; 
Figures S5 and S6; Tables S7a and S7b). Accordingly, the likelihood 
of I10 bees reaching 1000 m was significantly reduced when under 
high°C relative to mid°C (z = −2.02, p = .043). For S10 bees, we de-
tected no significant difference relative to control bees in reaching 
either milestone under any temperature.

3.3.2  |  Flight velocity

We detected no significant effect of I10 or S10 on either mean or 
maximum velocity relative to control bees under any temperature, 
and this lack of effect remained relatively consistent across the four 
phases of flight we investigated (Figures S6 and S7; Tables S8a–S8h).

F I G U R E  2  Experiment 1. Forest 
plot showing the hazard ratios (HR) 
of becoming unresponsive over a 
144 h period of exposure to each 
pesticide (I150 = Imidacloprid 150 μg/L, 
purple triangle; S150 = Sulfoxaflor 
150 μg/L, green square) at each of 
the three tested temperatures (top to 
bottom: low°C = blue thermometer; 
mid°C = orange; high°C = red). Vertical 
black dashed line shows the standardized 
control response for relative comparison 
per treatment, the error bars representing 
95% confidence interval of hazard 
ratio, and p-value column denoting 
the statistical probability of a worker 
becoming unresponsive. Number of 
bees tested per pesticide-temperature 
combination treatment was standardized 
at 45 individuals.
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    |  9KENNA et al.

4  |  DISCUSSION

We quantify how environmental temperature can modulate the sub-
lethal effects from pesticide exposure in an important insect pol-
linator and show that just a small temperature change (±3°C) can 
dramatically alter the behavioural impact of pesticide exposure. 
Toxicity of the neonicotinoid—imidacloprid—was strongly tempera-
ture dependent, but critically the direction of effect depended on 
the type of response being measured (Table 1). The energetically 
demanding behaviour of flight exhibited a positive relationship with 
pesticide toxicity increasing under higher temperatures, whereas 
the presumed less energetically demanding behaviours (responsive-
ness, walking, consumption) were negative with pesticide toxicity 
increasing under cooler temperatures. Our findings show we can-
not assume warming and extreme temperature events to influence 
pesticide impacts on functional traits uniformly, highlighting the 
complexity of predicting how ecosystems will function under future 
stress. These findings show the need to consider the environmental 
context when assessing pesticide toxicity to beneficial organisms, 
otherwise we limit our accuracy in modelling pesticide risks across 
daily temperature cycles, seasons, and climatic regions, particularly 

when projecting responses under agricultural expansion and future 
climate change. Intriguingly, we found little consistent effect of the 
sulfoximine—sulfoxaflor—on B. terrestris behaviour, finding no im-
pact at 150 μg/L (when assessing responsiveness), and any effect on 
walking and consumption rates were under mid°C, but not low°C 
and high°C.

4.1  |  Temperature dependency of neonicotinoid 
sublethal effects varied across behaviours

The increasing pesticide impacts as temperature dropped found for 
responsiveness, walking rate and consumption rate (experiments 
1 and 2 when exposed to imidacloprid) is interesting given neoni-
cotinoids have typically been designated as positive temperature 
response coefficient insecticides (Arthur et al.,  2004; Mansoor 
et al.,  2015; Tsaganou et al.,  2021), although a study by Boina 
et al.  (2009) in a hemipteran pest (Diaphorina citri) did find imida-
cloprid to be more toxic at 17°C compared to 27°C. A possible rea-
son for such contrasting results is that most previous studies have 
predominantly centred around lethality tests on target insect pests, 

F I G U R E  3  Experiment 2. Multi-
panel plots representing two different 
aspects of movement and showing 
variation in responses under the 
different pesticide (C = control bees; 
I10 or S10 = Imidacloprid or Sulfoxaflor 
10 μg/L; I40 or S40 = Imidacloprid or 
Sulfoxaflor 40 μg/L) and temperature (top 
to bottom: low°C = blue thermometer; 
mid°C = orange; high°C = red) 
combinations. Data points represent the 
raw data, the black horizontal dashed 
line shows the pre-exposure response 
(baseline) measured prior to the spiked 
sucrose treatments being provisioned, and 
asterisks denote a statistically significant 
change relative to the pre-exposure 
consumption for the respective treatment. 
(a) Proportion of bees that moved during 
the snap-shot video footage at each 
24 h monitoring period, with error bars 
representing 95% confidence limits 
calculated by the ‘Wald’ method on the 
raw data. (b) For the bees that did move, 
the figure shows the walking rate (cm/s) 
per bee, with the error bars representing 
standard error. Number of bees per 
pesticide-temperature combination 
treatment that started the assay was 
standardized at 54 individuals.
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10  |    KENNA et al.

and not sublethal effects on non-target beneficial insects. Sublethal 
testing on a wider range of insect species would, therefore, improve 
our understanding of how conserved responses may be across the 
insect phylogeny. However, as shown by our study, the direction 
of the effect is also likely to depend on what responses are being 
studied, suggesting that accounting for taxonomic differences in 
physiological/morphological traits alongside which behaviours are 
being studied may be important. For instance, how species differ in 
body mass can determine responses to environmental temperature 
(Jenkins et al., 2007) and influence thermoregulatory ability (Bishop 
& Armbruster, 1999).

Bumblebees are considered heterothermic, as they vary between 
unregulated and self-regulated control of body temperature, and are 
capable of generating heat endogenously in a process known as non-
flight thermogenesis (Potts et al., 2018). For bumblebees under our 
low and possibly mid temperatures (21 and 27°C) to have performed 
the behavioural assays optimally, it would have required individuals 
to maintain a body temperature above the ambient (Heinrich, 1975). 
However, neonicotinoids have been shown to affect non-flight ther-
mogenesis in individual honey bees (Tosi et al., 2016) and bumble-
bees (Potts et al., 2018), which could explain why we found pesticide 
impacts on responsiveness and likelihood of movement to increase 
as temperature cooled. In addition, elevation and regulation of body 
temperature above ambient requires an increased energy intake to 
meet these metabolic demands, yet in our experiment 2 we found 
imidacloprid caused significantly lower sucrose consumption. From 

F I G U R E  4  Experiment 2. Multi-panel plots showing per capita consumption rate of sucrose solution per bee for each 24 h period for 
each pesticide (C = control bees; I10 or S10 = Imidacloprid or Sulfoxaflor 10 μg/L; I40 or S40 = Imidacloprid or Sulfoxaflor 40 μg/L) and 
temperature (top to bottom: low°C = blue thermometer; mid°C = orange; high°C = red) combination. Data points represent the mean 
value of the raw data with standard error. Any asterisk placed in the top right corner of a panel denotes a statistically significant lower 
consumption for that treatment relative to the control at that respective temperature across all 72 h. Number of bees per pesticide-
temperature combination treatment that started the assay was standardized at 54 individuals evenly distributed across 18 cages.

F I G U R E  5  Experiment 3. Distance flown by tethered bees over 
the 90 min trial on a flight mill for each pesticide treatment cohort 
(Control; I10 or S10 = Imidacloprid or Sulfoxaflor 10 μg/L) under 
each temperature (low°C = blue thermometer; mid°C = orange; 
high°C = red). Raw data values are provided in the background 
(points), with the mean (diamond) and associated standard 
errors (whiskers) overlaid. The asterisk placed under the I10 
treatment under high°C denotes a statistically significant lower 
distance relative to the control at that respective temperature. 
The figure represents all workers that were classed as successful 
fliers (i.e., had filtered flight distance >0 m) giving sample sizes 
of >50 individuals per pesticide-temperature combination 
treatment (control-low°C = 55; I10-low°C = 56; S10-low°C = 56; 
control-mid°C = 54; I10-mid°C = 53; S10- mid°C = 53; control- 
high°C = 57; I10-high°C = 56; S10-high°C = 56).
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    |  11KENNA et al.

our study, it is difficult to distinguish between this being a direct 
effect on appetite (Laycock et al.,  2012; Muth et al.,  2020; Zhu 
et al., 2017), an adaptive response to reducing active ingredient in-
take (although unlikely given work by Arce et al., 2018), or an indi-
rect effect of lowering activity (Azpiazu et al., 2019). Furthermore, 
xenobiotic chemicals should be metabolized at a faster rate under 
warmer conditions making them less toxic (Harwood et al.,  2009; 
Khan & Akram, 2014; Noyes et al., 2009; Weston et al., 2009), and 
it has been suggested that imidacloprid can have a greater binding 
efficiency to aphid neuronal membranes at lower temperatures 
(Wellmann et al.,  2004), which all provide potential rationale for 
findings in experiments 1 and 2.

The potential explanation that imidacloprid exposed bees were 
unable to generate appropriate body temperatures to perform the 
measured responses (experiments 1 and 2), however, do not con-
cur with our findings of pesticide impacts on flight performance 
increasing as temperatures got warmer (experiment 3). This is 
surprising, as bumblebees need to attain and maintain a minimum 
thoracic temperature typically around 35°C to support take-off 
and continuous flight (Heinrich, 1975; Mapalad et al., 2008; Nieh 
et al., 2006), which would encourage the assumption that impacts 
of neonicotinoid exposure on flight would be greatest at lower 
ambient temperatures. A possible reason for this divergence in 
relationships between temperature and pesticide toxicity (going 
from negative in experiments 1–2 to positive in experiment 3) 
could be down to rates of biotransformation increasing with tem-
perature. Biotransformation, the process whereby pesticides are 
enzymatically modified to facilitate excretion from the body, can 
sometimes yield toxic metabolites in a process known as bioac-
tivation, and a primary metabolite in the case of imidacloprid is 
an olefin compound that is actually more toxic to insects than 
the parent compound (Suchail, De Sousa, et al.,  2004; Suchail, 

Debrauwer, et al., 2004). Under a one-shot acute dose of imidaclo-
prid in our flight experiment, where there was no time for imida-
cloprid to accumulate within individuals like there was in the cage 
trials, conversion of imidacloprid to olefin at a faster rate provides 
a rationale for impairment to flight performance at higher tem-
peratures. Indeed, a similar process has been proposed to explain 
the increased toxicity of organophosphates to insects at warmer 
post-exposure temperatures (Lydy et al., 1999). Additionally, bum-
blebees need to utilise complex thermoregulatory processes to 
prevent overheating during flight (Dudley, 2000; Heinrich, 1975), 
and recent research suggests that some bumblebee populations 
may be moving towards their flight thermal limits around 30°C 
(Kenna et al.,  2021). As neonicotinoids are known to have detri-
mental impacts on other thermoregulatory processes in individu-
als (Potts et al., 2018; Tosi et al., 2016), it is possible imidacloprid 
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 are known 
to be less able to dissipate heat to the environment (Harrison & 
Roberts,  2000; Rubalcaba & Olalla-Tárraga,  2020). Our findings 
may therefore help to further elucidate how bee species of dif-
ferent sizes will respond to pesticide-temperature interactions in 
the future.

4.2  |  Imidacloprid exposure showed temperature 
dependent hyperactivity

Whilst chronic imidacloprid exposure led to fewer bees initiating 
movement in experiment 2, those bees that did move walked at a 
faster rate, which again was temperature dependent. As agonists 
of insect nicotinic acetylcholine receptors, neonicotinoids stimulate 

TA B L E  1  Results summary across the three experiments for all measured functional behavioural responses. Thermometers (low°C = blue; 
mid°C = orange; high°C = red) denote the temperature under which a statistically significant effect of pesticide exposure was detected for 
the respective behaviour, with ‘n.s.’ denoting a non-significant effect. A downward blue arrow depicts if we found evidence for pesticide 
toxicity decreasing as it got warmer for that respective behaviour, whereas an upward red arrow if pesticide toxicity increased as the 
temperature got warmer.

Exp. Response measured

Temperatures under which a pesticide effect 
was detected

Direction of pesticide toxicity with 
increasing temperature

Imidacloprid Sulfoxaflor Imidacloprid Sulfoxaflor

1 Likelihood of being responsive n.s. —

2 Likelihood of movement n.s. —

2 Walking rate None

2 Rate of food consumption None

3 Flight distance n.s. —

3 Flight velocity n.s. n.s. — —
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12  |    KENNA et al.

neuronal activity (Tomizawa & Casida, 2005), potentially leading in-
itially to hyperactivity (Tosi & Nieh, 2017). Indeed, a previous study 
did show faster bumblebee flight shortly after being acutely ex-
posed to imidacloprid (Kenna et al., 2019), but this was followed by 
hypoactivity, likely reflecting a cumulative dose-dependent effect. 
Interestingly, Crall et al. (2018) found that whilst chronic exposure to 
imidacloprid increased movement velocity in nest bumblebee work-
ers, it decreased the amount of time workers were active, suggest-
ing our findings translate to colony level impacts. Indeed, continued 
imidacloprid exposure may eventually result in reduced muscular 
activity (Almeida et al., 2021; Williamson et al., 2014) as result of 
neuronal dysfunction and oxidative stress (Martelli et al.,  2020; 
Palmer et al., 2013), mitochondrial damage (Lu et al., 2020; Moffat 
et al.,  2015), and impacts on the regulation of genes involved in 
muscle function (Colgan et al., 2019; Wu et al., 2017). Further to 
this, a recent study by Manzi et al. (2020) demonstrated that imida-
cloprid 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 of these genes was in-
creased following imidacloprid exposure, and this overexpression 
was further intensified at 20°C but not at warmer temperatures of 
28 or 36°C.

4.3  |  Comparative lower sublethal impacts of 
sulfoxaflor on behaviour

At the concentrations tested in this study, sulfoxaflor had a com-
paratively lesser effect on behaviour relative to controls than did 
imidacloprid. We observed no effect of sulfoxaflor on responsive-
ness (experiment 1), and whilst in experiment 2 we did see an effect 
on walking rate at 24 h since the onset of exposure, and on consump-
tion measured across the course of the trial, this was only at the 
mid temperature. Whilst imidacloprid bees exhibited a >50% reduc-
tion in flight distance (experiment 3) relative to controls under the 
high°C, sulfoxaflor exposed bees exhibited a 24% reduction under 
the same temperature. We did not find this drop to be statistically 
different from controls, but this may have been due to the distri-
bution of the data showing a long right-tail, with a few individuals 
skewing the mean. A 24% reduction, however, still has a potentially 
large implication on foraging range and further investigation on 
how sulfoxaflor can affect different components of flight would be 
recommended. The slow detoxification of neonicotinoids has been 
proposed as a reason for their high toxicity compared to other in-
secticides (Zhang et al., 2021), and relative to some neonicotinoids, 
sulfoxaflor is thought to have a higher degradation rate in nectar and 
pollen (Linguadoca et al., 2021), which may also help to explain our 
results.

For each separate experiment, we used the same concen-
trations between imidacloprid and sulfoxaflor to enable true 
comparative tests, but it is important to question how our cho-
sen concentrations reflect exposure across landscapes. For 

neonicotinoids, which global regions are being considered (as na-
tional regulations and farming practices differ), what treated or 
contaminated flowering plants are being foraged upon (Bonmatin 
et al., 2015; Kyriakopoulou et al., 2017), alongside whether nectar 
or pollen is being analysed, can change exposure concentrations 
dramatically. Indeed, studies across the world have found imida-
cloprid concentrations in certain plants and bees to range greatly 
(Azpiazu et al., 2019; Blacquière et al., 2012; Botias et al., 2015; 
David et al.,  2016; Goulson,  2013; Jiang et al.,  2018; Johnson 
et al., 2010; Mitchell et al., 2017; Mullin et al., 2010; Simon-Delso 
et al.,  2015; Stewart et al.,  2014; Stoner & Eitzer,  2012), from 
lower than our 10 μg/L to higher than our 150 μg/L. In a commer-
cial melon field in Spain (Azpiazu et al.,  2019), whilst a mean (± 
s.e.m.) of 15 ± 8 ppb imidacloprid was detected in nectar - which 
is a higher concentration than used in our experiments 2 and 3—a 
mean of 370 ± 186 ppb was detected in pollen—which is higher 
than what we used even in our experiment 1. For sulfoxaflor, ap-
plication concentrations are typically higher in the field (relative to 
imidacloprid), and recent studies have found sulfoxaflor residues 
in nectar and pollen of a variety of treated crops >10 μg/L (Jiang 
et al.,  2020) and >150 μg/L (Cheng et al.,  2018; US EPA,  2016; 
Zhou et al.,  2022) when applied close to the blooming period. 
Whilst bees in experiment 2 provisioned with sulfoxaflor sucrose 
solution consumed more on average than imidacloprid bees (and 
thus received a higher sulfoxaflor dosage) we still found little con-
sistent effect of sulfoxaflor, despite other studies exposing bees 
to concentrations similar or under that used in our experiments 2 
and 3 finding impacts on different behaviours (El-Din et al., 2022; 
Linguadoca et al.,  2021; Siviter et al.,  2020; Siviter, Brown, 
et al.,  2018; Siviter, Koricheva, et al.,  2018; Taning et al.,  2019). 
Interestingly, Boff et al.  (2021) found sulfoxaflor exposure at 
50 ppb, but not 10  ppb, led to impaired flight and foraging in a 
solitary bee. Whilst our results support sulfoxaflor concentrations 
≤150 μg/L across our tested temperature range being a lower 
risk to bumblebees relative to nitrimine-based neonicotinoids, 
the small effect we observed on walking and consumption rates 
together with other study findings still question how ‘bee safe’ 
sulfoxaflor is—especially given it is often sprayed directly on crops 
potentially increasing contact exposure.

4.4  |  Implications of temperature modulating 
pesticide effects

Our work provides evidence of a synergistic impact between tem-
perature and neonicotinoid exposure on bee health, and highlights 
the need to account for this in future studies and risk assessments. 
Using temperature groupings derived from non-linear thermal 
flight performance data (Kenna et al.,  2021), we found little be-
havioural change in pesticide response between two sequential 
temperatures followed by an effect under the lowest or highest 
temperature suggesting a thermal tipping-point had been crossed. 
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The potential impact of this should not be under-appreciated, as 
pesticides can accumulate and temperatures fluctuate even within 
nests (Crall et al.,  2018). Our results suggest that during cold-
snaps some within-nest behaviours may be more substantially im-
paired by pesticides than expected. This highlights the importance 
of understanding interactive effects, and supports recent work in 
freshwater mayflies, where high temperatures were suggested to 
have a synergistic interaction with imidacloprid exposure (Camp 
& Buchwalter, 2016; Macaulay et al., 2021). Using controlled lab 
studies like ours should remain a crucial approach to understand-
ing inadvertent pesticide effects under future climate scenarios, 
as it is difficult for contemporary field studies to capture inter-
actions between projected conditions (Kolano et al., 2021). Field 
experiments typically can only account for short-term high or low 
temperatures in the range experienced at that time, which may not 
simulate future climatic conditions and not always detect syner-
gies (Burgess et al.,  2021). Furthermore, future risk assessment 
guidelines for active substance authorization could incorporate 
our approach as current requirements for supporting evidence are 
primarily for single response studies at standardized temperatures 
that assess lethal [not sublethal] endpoints. Whilst we acknowl-
edge the additional burden associated, a potential policy recom-
mendation is that risk assessment requires ecotoxicology studies 
on bees [and other insects] to be conducted across a standardized 
temperature gradient to enable toxicity to be linked better with 
the climate region(s) where the substance will be used. Our study 
thus raises the need for discussion around how different climatic 
temperatures should determine the choice of insecticide and the 
timing of insecticide application in sustainable agricultural man-
agement practices.

Seasonal patterns of pesticide application to agricultural land-
scapes makes exposure to insects under wide thermal ranges a 
realistic scenario. Additionally, future landscapes are predicted to ex-
perience increased rates of pesticide application along with warmer 
and more extreme climates, increasing the likelihood that insect 
pollinators will experience these stressors simultaneously (Noyes & 
Lema, 2015). Our study highlights the need for further quantification 
on how temperature variations during the day/season alter the risks 
of exposure, impacts foraging activity and consequently pollination 
services (Greenop et al.,  2020; Stanley et al.,  2015). Furthermore, 
understanding how application rates translate to actual exposure 
across landscapes, and importantly how degradation and risk of 
exposure change under different temperatures is an integral future 
avenue of work. Findings can better inform pesticide users on rec-
ommended application timing based on predicted thermal conditions 
alongside known pollinator susceptibility windows (e.g., when col-
onies are being founded, when nutritional landscapes are limiting). 
It is possible that insecticides could be used on a rotational basis, 
using knowledge of temperature response coefficients to limit harm 
to beneficial insect pollinators, and this targeted approach to pes-
ticide use could be incorporated into integrated pest management 
(IPM) strategies currently being developed and promoted (Creissen 
et al., 2021). Furthermore, our findings on neonicotinoid toxicity are 

also especially pertinent given current climate predictions suggest 
increased weather extremes, and average temperatures to rise. Of 
concern has been lower latitude and southern hemisphere regions 
where neonicotinoids are still routinely applied and are vulnera-
ble areas to climate impacts (Dicks et al., 2021; Potts et al., 2016). 
Understanding temperature dependencies can enable interpolation 
and extrapolation of pesticide exposure responses across large and 
natural geographic ranges to inform model forecasts of risk under 
changing climates.
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