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A B S T R A C T   

Sexual reproduction is common to almost all multi-cellular organisms and can be compromised by environmental 
pollution, thereby affecting entire populations. Even though there is consensus that neonicotinoid insecticides 
can impact non-target animal fertility, their possible impact on male mating success is currently unknown in 
bees. Here, we show that sublethal exposure to a neonicotinoid significantly reduces both mating success and 
sperm traits of male bumblebees. Sexually mature male Bombus terrestris exposed to a field-realistic concentration 
of thiamethoxam (20 ng g− 1) or not (controls) were mated with virgin gynes in the laboratory. The results 
confirm sublethal negative effects of thiamethoxam on sperm quantity and viability. While the latency to mate 
was reduced, mating success was significantly impaired in thiamethoxam-exposed males by 32% probably due to 
female choice. Gynes mated by exposed males revealed impaired sperm traits compared to their respective 
controls, which may lead to severe constraints for colony fitness. Our laboratory findings demonstrate for the first 
time that neonicotinoid insecticides can negatively affect male mating success in bees. Given that holds true for 
the field, this provides a plausible mechanism contributing to declines of wild bee populations globally. The 
widespread prophylactic use of neonicotinoids may therefore have previously overlooked inadvertent anti- 
aphrodisiac effects on non-target animals, thereby limiting conservation efforts.   

1. Introduction 

Sexual reproduction is essential in almost all multi-cellular organ-
isms [1]. Therefore, factors jeopardizing sexual reproduction can have 
profound effects on an individual’s fitness, which may severely affect 
entire populations [2]. Proximate factors that can influence reproduc-
tive success include seasonality [3], diet [4], climate change [2], pre-
dation [5], as well as the exposure to environmental pollution [6]. It is 
evident that ubiquitous environmental pollutants are taking their toll on 
both humans as well as the animal kingdom in a vast and far-reaching 
manner [7,8]. The unleashing of such pollutants into our environment 
are of particular concern if they endanger sexual reproduction, thereby 
possibly threatening the very existence of a species [6]. 

Increasing reports suggest that environmental pollutants are 
adversely affecting reproductive functions in humans as well as in ani-
mals [9]. A fertility crisis, as reported in men [10], has been closely 
associated with the increasing abundance of industrial pollutants (i.e., 

plastics and pesticides) in our environment [11,12]. Likewise, such 
toxicants have revealed adverse effects on animal fertility by negatively 
impairing reproductive morphology and physiology [13,14], libido 
[15], as well as sexual behaviour and reproductive success in males [16]. 
In light of their significant role for sexual reproduction, it is not sur-
prising that such advert effects on male reproductive health can result in 
marked declines in populations, as recently observed in seals, alligators, 
fish and birds [17]. With respect to the global rising levels of persistent 
chemical toxicants across ecosystems [18], it appears obvious that 
negative effects on reproductive success and fertility offer a plausible 
mechanistic explanation for recent declines in wildlife populations. 
Particularly worrisome are recent global insect declines as their roles in 
maintaining ecosystem functioning and human food security are 
essential [19]. 

Being amongst one of the most frequently applied insecticides 
globally [20], neonicotinoid insecticides have received considerable 
attention, as they are argued to act as a driver of widespread declines in 
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insect pollinator diversity and abundance [21,22]. Due to their systemic 
nature to translocate and persist within plant tissues as well as dissem-
inating into soil and appearing in groundwater [23], pollinating insect 
species are likely to encounter exposure via consumption of pollen, 
nectar, guttation fluids as well as water - even months after the insec-
ticide was applied [24,25]. Neonicotinoid insecticides act as agonists of 
the postsynaptic nicotinic acetylcholine receptors and are considered 
highly toxic for insects even at low concentrations [26], causing 
neurotoxic effects that can result in death [23]. Moreover, these neu-
rotoxins are known to elicit a wide array of sublethal effects on polli-
nating bees, such as inducing hyper- or hypoactivity, which can impair 
flight and feeding behaviour [27,28]. Furthermore, neonicotinoid 
exposure has been shown to reduce offspring production [29,30] and 
impair reproductive physiology in females and males by reducing ovary 
development and sperm capacities [31–33]. However, to our knowl-
edge, no data exist on the effects on male bee mating behaviour and 
mating success in combination with fertility, despite such effects being 
shown in other arthropod species. For instance, parasitic wasps revealed 
an impaired ability to detect sex pheromones and mating cues [34,35]. 
Further, spiders and moths showed reduced courtship behaviour due to 
reduced contact chemoreception functioning and mating calling [36, 
37], respectively. Given such effects hold true for bee species, combined 
with negative effects on sperm traits as previously observed [32], this 
may have drastic consequences for entire populations. 

Neonicotinoids have been implicated as a factor contributing to the 
mounting evidence of increasing insect population declines and local 
species extinctions, to which bumblebees are no exemption [38]. Bum-
blebees constitute an ideal model organism to study potential effects of 
toxicants on individual fitness and fertility due to the high probability of 
being exposed as well as due to their mating behaviour and life-history. 
Bombus males (drones) show various mating behaviours (e.g., territori-
ality, scent-marking and patrolling, or nest surveillance) in hopes of 
finding a virgin queen (gyne) to copulate with [39]. Copulation gener-
ally lasts between 10–80 minutes and is imposed upon the females by 
the males to ensure that their sperm has at least partially transferred 
from the female oviducts to the spermatheca as well as the formation of a 
mating plug that reduces female receptiveness [39]. With the exception 
of Bombus hypnorum [40], bumblebee queens rely on a single mating 
event (monandry), whereas the males can mate multiple females 
(polygyny) [39]. Subsequently, a single drone must be able to provide 
sufficient sperm to fill the spermatheca of one or multiple gynes and so 
provide them with a lifetime sperm supply. This is further underlined by 
the inefficient sperm transfer during copulation leading to a surplus of 
sperm found in gynes bursa copulatrix that does not reach the sperma-
theca [41]. Therefore, increased sperm quantity will increase male 
fitness, as it will enable to successfully inseminate more females. More 
importantly, viable sperm is essential to ensure fertilization of eggs in 
order to produce female offspring. This is key for male fitness in Bombus 
as the drone offspring of mated gynes is produced via parthenogenesis 
(arrhenotoky) and therefore not related to their male partners. However, 
the post-mating sperm-transfer mechanism in Bombus gynes is not as 
well-known as in honeybees, Apis ssp. In honeybees, the queens copulate 
with many males on a single or multiple mating flights, and the semen of 
the drones is initially stored in the lateral oviducts [42]. Then, the semen 
of all males is simultaneously transferred into the spermatheca, not only 
by active migration, but also passively via a sperm pump [43]. However, 
only a small proportion of the sperm essentially reaches the spermatheca 
(between 5% and 10%), while the rest is ejected via the sting chamber 
[44]. Given that holds true for Bombus, impaired sperm viability may 
decrease the quantity of living sperm reaching the spermatheca. More-
over, increased non-viable sperm stored in the spermatheca may lead to 
an unintentional male-biased offspring sex ratio and a reduction in fe-
male worker force due to a lower probability of egg fertilization. This 
may result in smaller colonies and subsequently leading to a reduced 
production of gynes [39]. While effects of neonicotinoid exposure on 
females (i.e., gynes, queens and workers) and colony fitness have been 

reported [29,45,46], effects on male mating behaviour and sperm traits 
inside the spermatheca remain unknown in bumblebees. 

Here, we tested the effects of a commonly applied neonicotinoid 
insecticide on the mating behaviour and fertility as tokens of fitness of 
male bumblebees, Bombus terrestris. For that purpose, we measured the 
effects of field-realistic thiamethoxam exposure on male survival, con-
sumption, mating behaviour and reproductive physiology (i.e., sperm 
quantity and viability). In addition, we investigated sperm quantity and 
viability in the females’ spermatheca shortly after mating to determine 
whether sperm was further impaired during the copulation and insem-
ination process. In light of previous studies [33], we hypothesize that 
thiamethoxam would negatively affect male mating success and fertility, 
as well as consequently compromising female reproductive physiology. 

2. Methods 

2.1. Experimental set-up and insecticide solution preparation 

The experiment was conducted between August and October 2019 at 
the Institute of Bee Health, University of Bern, Switzerland. To establish 
known age-cohorts, newly emerged Bombus terrestris drones (N = 140) 
were randomly selected from various colonies at Biobest Group NV, 
Westerlo, Belgium, based upon their physical appearance [47]. Due to 
shipping duration to Switzerland, the bees were between two and three 
days of age upon arrival. Before drones were randomly assigned to either 
neonicotinoid insecticide or control treatment groups, their start body 
mass (hereafter, start mass) was recorded to the nearest 0.1 mg using an 
analytical scale (AT400, Mettler Toeldo, Ohio, USA). Each treatment 
consisted of 62 drones that were maintained individually in standard 
hoarding cages [100 cm3] and held in incubators at 25 ◦C and 60% RH in 
complete darkness [33]. 

Each drone was provided with 50% [w/w] sucrose-solution ad libi-
tum via a 5 ml syringe to provide sufficient carbohydrates. Sucrose- 
solution for neonicotinoid-exposed drones additionally contained 
20 ng g− 1 thiamethoxam. While this concentration may be above the 
average thiamethoxam residue levels detected (e.g., 3.2 ng g-1 [48]), 
such similar higher concentrations have indeed been reported in nectar 
and pollen of treated maize [49] and squash [50], as well as in herba-
ceous plants [51], wild flowers [48], guttation fluids [52], and honey-
dew [53]. In addition, B. terrestris males are known to fly up to 60 km a 
day when patrolling for virgin gynes as well as foraging [39], resulting 
in a high energy demand. Therefore, daily consumptions rates are most 
certainly higher than those observed under laboratory conditions. Sub-
sequently, drones under natural conditions may experience similar 
chronic exposure rates as in our study, despite field residue levels being 
potentially lower. To obtain the desired thiamethoxam solution, pure 
thiamethoxam (99% purity, 37924-100MG-R, CAS-Number: 
153719-23-4; Sigma-Aldrich®, Buchs, Switzerland) was dissolved in 
distilled water and acetone at a nominal concentration of 1000 mg L− 1, 
which was then diluted to a secondary stock solution [1 mg L− 1]. A 
known volume of the secondary solution was then used to dose the 
sucrose-solution of the neonicotinoid treatment group. Acetone 
accounted for less than 0.5% of the volume in the final thiamethoxam 
sucrose-solutions and was added to ensure complete thiamethoxam 
dilution. The control sucrose-solution contained the identical amount of 
acetone. Syringes were weighed and replaced every four days with 
newly prepared sucrose-solutions to prevent possible fungus contami-
nation as well as to limit insecticide degradation. Further, 1 g of 
pesticide-free corbicular honeybee pollen formed into a small pellet was 
provided in each cage (see supplementary information (SI) Fig. 1A) to 
ensure each bee had sufficient protein resources for organ and tissue 
development [54]. Drones were exposed to their respective treatments 
for a total of 12 days. Individuals that have survived the exposure period 
were then used to assess mating behaviour and/or sperm traits. 
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2.2. Pollen and sucrose consumption, exposure, survival, body mass 
difference 

Sucrose consumption was measured by recording the mass of the 
syringe before and after every four days until the experiment was 
terminated or at the point of an individual’s death. This enabled to 
calculate the absolute thiamethoxam-exposure rates for each drone. 
Pollen consumption was measured by subtracting the mass of the pro-
vided pollen pellet at either day 12 or at the point of death from the 
initial start mass. To account for evaporation, three cages containing a 
sucrose-solution feeder and a pollen pellet without a bee were included 
as evaporation controls. Evaporation for both sucrose-solution and 
pollen feeding systems were below 1% after 12 days and thus considered 
negligible. Exposure rates were calculated by multiplying the mass of 
consumed sucrose-solution [g] by the concentration of thiamethoxam 
[ng g− 1]. Survival was recorded daily, whereby drones surviving the 
exposure period were aged between 14 and 15 days, and thus considered 
sexually mature [55]. All surviving sexually mature drones were again 
weighed as previously described to obtain a post-exposure mass (here-
after, end mass). To determine the body mass difference, the end mass 
was subtracted from the start mass of each individual. 

2.3. Mating behaviour 

A subset of drones aged between 14 and 15 days was randomly 
selected for a mating behaviour trial from the control (N = 23) and 
neonicotinoid treatment (N = 26). The remaining drones from either 
treatment (Ncontrol = 39; Nneonicotinoid = 36) were directly used for sperm 
assessments (i.e., quantity and viability). Newly emerged virgin 
bumblebee gynes (N = 70) were obtained from the Biobest Group NV 
(Belgium) in a transparent plastic box [15 × 15 × 10 cm]. Upon arrival, 
the gynes remained together and were kept in an incubator at 25 ◦C and 
60% RH and complete darkness. The gynes were provided with ad libi-
tum access to pesticide-free corbicular honeybee pollen and 50% [w/w] 
sucrose-solution. The gynes were held under these conditions for six 
days; thereafter all gynes were between 8–9 days of age and considered 
sexually mature and receptive [39]. Then, gynes were placed into in-
dividual mating arenas [250 cm3] (SI Fig. 1B; SI Fig. 2) at room tem-
perature (~25 ◦C) and exposed to natural light. Mating couples were 
paired by randomly assigning a male from either control or insecticide 
treatment to a mating arena. 

Following Amin et al. [56], three mating behaviours were recorded: 
mating latency (i.e., the time between the introduction of the drone into 
the mating arena until initiation of copulation), mating duration (i.e., 
the time between copulation initiation to termination) and mating 
success for each couple (i.e., gyne and drone detach from copula). 
Couples that did not start mating within 60 min were considered un-
successful and the mating trial was aborted [56]. Unsuccessful males 
were granted a second and final opportunity to mate by placing the 
rejected drone in a new mating arena with a naive virgin gyne. Again, 
mating latency, duration, as well as mating success, were recorded. 
Immediately after the mating behaviour trial, all drones were dissected 
and the sperm traits (i.e., quantity and viability) of each individual were 
determined (see below), irrespective of mating success. Successfully 
mated gynes remained in their respective mating arenas with ad libitum 
50% [w/w] sucrose-solution and pesticide-free corbicular honeybee 
pollen which was placed in the lid of an Eppendorf tube (SI Fig. 1C). To 
ensure successful migration of the sperm into the gyne’s spermatheca, 
the gynes were transferred to an incubator at 28 ◦C and 60% RH in 
complete darkness for 24 h. Following Duvoisin et al. (1999), all gynes 
were dissected to assess sperm traits (see below). 

2.4. Sperm assessments 

Sperm quantity and sperm viability were assessed for a total of 110 
drones (i.e., all drones from the mating trial irrespective of their mating 

success (N = 49) and all remaining drones surviving the exposure period 
and not used for the mating (N = 61)). Likewise, all gynes that were 
successfully mated were used for the sperm assessment (N = 37). Drones 
and gynes were briefly anesthetized using CO2 before being pinned to a 
wax plate and dissected. Following established protocols [41,57], the 
entire drone genitalia (i.e., including the testis, accessory gland, vesical 
seminalis, and ejaculatory duct), as well as the gyne spermatheca 
(Fig. 1A–D), were carefully dissected and stored in Kiev+ buffer solution 
individually. Sperm quantity (i.e., total concentration of sperm), sperm 
viability (i.e., proportion of sperm alive), and total living sperm (i.e., 
product of multiplying the determined sperm quantity by sperm 
viability) were assessed [33]. For those males that successfully mated, 
we added the sperm quantity determined in the spermatheca of the 
respective gyne partner to their post-mating sperm quantity to obtain an 
estimation of their total sperm quantity neglecting the possible surplus. 
Lastly, to measure the difference in sperm viability between mated 
couples, the sperm viability of the gynes was subtracted from the drone 
sperm viability. 

2.5. Statistical analyses 

Statistical analyses were performed using STATA16 [58], whereas all 
statistical figures were created using NCSS 20 [59]. All outcome vari-
ables were tested for normality by using the Shapiro-Wilk’s test and 
homogeneity of variances with the Levene’s test and subsequent statis-
tical methods were chosen accordingly (see SI Tables 1 and 2). To assess 
potential relationships amongst explanatory variables (e.g., start and 
end mass, exposure, mating latency) and the dependent variables (i.e., 
sucrose consumption, body mass difference, sperm traits, mating la-
tency, mating duration, and mating success) linear regression was 
applied using the function regress, where individual bees were consid-
ered independent units. Further, to determine differences between the 
control and neonicotinoid treatment, generalized logistic or linear 
(regression) models (GLMs) were fit using the functions glm or ologit. 
Again, individual bumblebees were considered independent units, and 
the treatment (neonicotinoid versus control) was included as the 
explanatory fixed term. Whenever necessary, co-variates (e.g., body 
mass, consumption, round, or drone sperm traits) were included in each 
model. For each model, a stepwise backward elimination approach was 
applied to determine the model of best fit. Best fit models were chosen 
by comparing every multi-level model to its single-level model coun-
terpart using a likelihood ratio (LR) test and comparing different models 
with the Akaike information criterion (AIC) using the functions lrtest and 
estat ic, respectively. Whenever appropriate, the means ± standard error 
(SE) or medians ± 95% confidence intervals (CI) are given in the text as 
well as in the SI Table 3. Median differences and their 95% CI were 
calculated using the STATA16 package somersd. The function cendif 
calculates confidence intervals for Hodges–Lehmann median differences 
(or other percentile differences) between two groups. 

Depending on the analysis of residuals for the consumption, body 
mass difference, mating behaviour, and sperm count and total living 
sperm variables, GLMs were modeled by adjusting for either Gaussian, 
Gamma, or Poisson distribution by adding the function family(distribu-
tion) (SI Table 2). Counter transforming the outcome variables if not 
normally distributed, we opted for the Gamma or Poisson distribution 
family that provided good fits (normality of the residuals). Logistic 
GLMs were applied to test for treatment differences for the binary 
outcome variable mating success [%] using the function logit, whereby 
the conditional distribution of the regression was assumed to be Ber-
noulli. As sperm viability is a score ranging from 0 to 100%, we opted to 
apply a proportioned ordered logistic model using the function ologit. 
Survival time was set using the function stset and the if option was used 
for censored individuals. Differences in survival amongst treatments 
were fitted using the streg function for multi-level survival models 
considering ’drone start mass’ as a covariate [60] and data were plotted 
using Kaplan-Meier curves to visualize survival over time. 
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For the vast majority of variables (e.g., sucrose consumption, body 
mass difference, mating duration, or drone sperm quantity), GLMs were 
modelled using either a Gaussian, Gamma or Poisson distribution, 
whereby ’treatment’ was the single fixed term and either ’start mass 
[mg]’ or ’sucrose consumption [g]’ was included as a covariate. The 
logistic model for mating success [%] was based on a Bernouli distri-
bution, where the fixed factor was ’treatment’ and ’round’ (i.e., first 
attempt or second attempt for the drone to mate with a gyne), as well as 
’drone start mass’ were included in the model as covariates. In addition, 
all drone sperm traits (i.e., sperm quantity, sperm viability, and total 
living sperm) were modelled using Gamma or proportioned ordered 
logistic distribution, where ’treatment’ and ’success status’ (i.e., if the 
drone had successfully mated or not) were included as the fixed terms 
and ’drone start mass’ as a covariate. Drone success status was included 
because successful mating would evidently lower sperm counts in these 
individuals compared to non-successful individuals. All gyne sperm 
traits (i.e., sperm quantity, viability and total living sperm) were 
modelled using GLMs, where either a Gaussian or a proportioned or-
dered logistic distribution was applied. Again, ’treatment’ was the fixed 
term, ’drone total living sperm [thousands]’ and ’round’ (i.e., first or 
second attempt of the drone to mate with a gyne) were included as a 
covariates. Further details to each model, including Shapiro-Wilk’s re-
sults, applied distributions, covariates, fixed effects, as well as the 
STATA function used for each variable, can be found in the SI Table 2. 

3. Results 

3.1. Consumption, exposure, survival and body mass difference 

Irrespective of the treatment group, body mass did not significantly 
correlate with pollen consumption (F2, 100 = 2.04, R2

Adj. = 0.01, t =
− 1.43, p = 0.16; SI Table 1); whereas a significant positive correlation 
was observed between body mass and sucrose-solution consumption (F2, 

117 = 4.73, R2
Adj. = 0.08, t = 2.21, p = 0.027). Neonicotinoid exposure 

led to a significant reduction in pollen consumption (glm; z = − 2.68, 
p = 0.008); resulting in thiamethoxam-exposed drones (0.09 ± 0.007) 
consuming ~25% less than controls (0.12 ± 0.008; SI Table 3; mean ±
SE g). Likewise, thiamethoxam exposure revealed a significant negative 
effect on sucrose-solution consumption (glm; z = − 2.12, p = 0.034; SI 
Table 2), with 3.55 ± 0.08 and 3.29 ± 0.09 g consumed by control and 
neonicotinoid drones, respectively (mean ± SE g; SI Table 3). This 
corresponds to a 7.3% reduction in sucrose-solution consumption by 
drones exposed to thiamethoxam. Neonicotinoid drones surviving the 
12 day exposure period were on average exposed to 66.23 ± 1.82 ng of 
thiamethoxam (mean ± SE; SI Table 3). Neonicotinoid exposure 
revealed no significant effect on survival (streg; χ2 = 0.62, z = 0.57, p =

0.57; SI Table 2), where control and thiamethoxam-exposed drone cu-
mulative survival post-exposure were 90.3± 3.8 and 87.1± 4.3%, 
respectively (mean ± SE %, SI Table 3). Lastly, irrespective of the 

Fig. 1. Spermatheca dissection of a mated bumble bee 
gyne, Bombus terrestris. A) Ventral view of the abdomen prior 
to dissection. The red arrow points to the stinger of the gyne. 
Bilateral incisions were made using microscopy scissors at the 
caudal point of the abdomen starting from the beginning of the 
6th to the end of the 4th tegeral segment (indicated by the red 
dashed lines) to reveal the inside of the abdomen. B) Ventral 
view of the abdominal cavity where the red arrow points to-
wards the stinger and the red circle indicates the spermatheca. 
C & D) Enlarged view of the spermatheca.   
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treatment group, body mass difference did not significantly correlate 
with pollen and sucrose-solution consumption or exposure (F4, 94 = 5.20, 
R2

Adj. = 0.15 all t’s < 0.98, all p’s > 0.33; SI Table 1). However, a sig-
nificant negative correlation was observed between start mass and body 
mass difference for both treatments (F4, 94 = 5.20, R2

Adj. = 0.15, t =
− 4.54, p < 0.001; SI Table 1); whereby heavier drones were more likely 
to lose mass and in contrary lighter drones gained mass. Furthermore, no 
significant difference in body mass difference was observed between 
thiamethoxam-exposed and control drones (glm; z = − 0.37, p > 0.71; SI 
Table 2), resulting in an average body mass difference of -22 mg ± 5.76 
(mean ± S.E.; SI Table 3). 

3.2. Mating latency, duration and success 

Neither pollen and sucrose-solution consumption nor start mass 
revealed a significant correlation with mating latency (F4, 31 = 0.17, 
R2

Adj. = 0.044, all t’s< 1.7, all p’s> 0.1, SI Table 1). However, neon-
icotinoid exposure led to a significantly reduced mating latency 
compared to controls (glm; z = − 4.69, p < 0.001; Fig. 2A, SI Table 2); 
where mating latency was 7.18 ± 0.65 and 12 ±0.74 min for neon-
icotinoids and controls, respectively (SI Table 3; mean ± SE min). 
Subsequently, thiamethoxam-exposed drones that successfully mated 
required 40% less time to start copulating with their gyne partner. 
Further, while pollen consumption and start mass did not affect mating 
duration (F3, 31 = 2.1, R2

Adj. = 0.11, t < 1.83, p > 0.08, SI Table 1), 
sucrose-solution consumption was significantly positively correlated 
with mating duration (t = 2.58, p < 0.02). Nevertheless, mating duration 
was not significantly affected by thiamethoxam exposure (glm; z = 0.84, 
p = 0.40; Fig. 2B, SI Table 2), where the average mating across both 
treatments lasted 26.59 ± 1.09 min (mean ±SE, SI Table 3). 

Neither consumption nor start mass revealed a significant effect on 
mating success (F3, 31 = 0.16, R2

Adj. = 0.04, all t’s < 1.7, all p’s > 0.10, SI 
Table 1). In contrast, neonicotinoid exposure significantly reduced 
drone mating success (logit; z = − 2.22, p = 0.026; SI Table 2). However, 
the level of exposure revealed no significant effect on mating success (F1, 

31 = 1.69, R2
Adj. = 0.04, t = − 1.57, p = 0.122, SI Table 1). During the 

first round of mating, 62 ± 0.1% of the thiamethoxam-exposed drones 
successfully mated whereas the control success rate was 74 ± 0.09% 
(Table 1, mean ± SE). The reduced mating success was further evident 
after the second round, where only 10 ± 0.10% of the non-successful 
neonicotinoid drones mated, in sharp contrast to the 83 ± 0.16% 
observed in the controls (Table 1, mean ± SE). Overall, control and 
neonicotinoid mating success were 96 ± 0.04% and 65 ± 0.09%, 
respectively (Table 1; mean ± SE); resulting in a reduction of 32% due 
to neonicotinoid exposure. 

3.3. Sperm assessments 

None of the measured explanatory variables (i.e., pollen/sucrose- 
solution consumption, start mass or body mass difference) revealed a 
significant effect on any of the tested sperm traits for either drones or 
within the gynes (all p’s > 0.19, SI Table 1). However, a significantly 
negative correlation was observed between control drone sperm quan-
tity and viability (F1, 28 = 5.22, R2

Adj. = 0.127, t = − 2.28, p = 0.03), 
reflecting lower sperm viability as sperm counts increased. 

3.3.1. Drones 
A significant difference was observed between thiamethoxam- 

exposed and control drone sperm quantity (glm; z = − 2.16, p =

0.031; Fig. 3A, SI Table 2), with 271 ± 181–363 and 325 ± 187–462 
thousand sperm, respectively (median ± 95% CI, SI Table 3). Therefore, 
thiamethoxam-exposed drones exhibited a reduction in sperm quantity 
by ~17%. Likewise, drone sperm viability was significantly different 
between treatments (ologit; z = − 5.11, p < 0.001; Fig. 3B, SI Table 2). 
Thiamethoxam-exposed drones possessed lower sperm viability (76 ±
72.6–79.8%) than controls (85 ± 82.5–87.9%), reflecting a reduction in 
sperm viability of ~10% (median ± 95% CI, SI Table 3). Furthermore, 
total living sperm quantity was significantly different between the two 
treatment groups (glm; z = -3.75, p < 0.001; Fig. 3C, SI Table 2), with 
thiamethoxam-exposed drones possessing ~23% less living sperm than 
controls. Living sperm quantity was 213 ± 140–286 and 276 ± 164–387 
thousand in the neonicotinoids and controls, respectively (median ±
95% CI, SI Table 3). Irrespective of the treatment group, the sperm 

Fig. 2. Effects of neonicotinoid insecticide (thiame-
thoxam) exposure on mating behaviour of male (drone) 
bumblebees, Bombus terrestris. (A) Neonicotinoid exposure 
led to a significantly reduced mating latency compared to 
controls (p < 0.001); where thiamethoxam-exposed drones 
required roughly 40% less time to successfully copulate with 
the gyne. (B) In contrast, neonicotinoid exposure did not 
significantly affect mating duration (p = 0.40); where the 
average mating lasted 26.6 min for both treatments. Boxplots 
show the inter-quartile range (box), the median (black line 
within box), data range (horizontal black lines from box), and 
outliers (black dots). A significant difference between treat-
ment groups is indicated by *** (p < 0.001).   

Table 1 
Effects of neonicotinoid insecticide (thiamethoxam) exposure on mating 
success of male (drone) bumblebees, Bombus terrestris. A subset of drones 
from the control (N = 23) and neonicotinoid treatment (N = 26) were randomly 
selected for a mating behaviour trial. If drones did not start mating after 60 min 
with the virgin gyne the mating was considered unsuccessful (Round 1); the 
mating trial was then aborted and the pair were separated. The unsuccessful 
males were granted a second and final opportunity to mate (Round 2). Thia-
methoxam exposure significantly reduced drone mating success (p = 0.026); 
revealing a 95.65 and 65.38% for controls and neonicotinoid insecticide drones, 
respectively. This corresponds to a reduction in mating success of approximately 
30%.  

Round Treatment Sample 
size 

Mated Non- 
mated 

Mating success 
[%] 

1 Control 23 17 6 73.91 
Neonicotinoid 26 16 10 61.53 

2 
Control 6 5 1 83.33 
Neonicotinoid 10 1 9 10.00 

Overall 
Control 23 22 1 95.65 
Neonicotinoid 26 17 9 65.38  
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quantity and total living sperm significantly differ between successful 
and non-successful drones (glm’s; all z’s < − 2.72, all p’s < 0.002), 
whereas this was not the case for sperm viability (glm; z = 0.44, p =

0.659; SI Table 2). 

3.3.2. Gynes 
All sperm traits from gynes that had successfully mated with a 

thiamethoxam-exposed drone were significantly reduced in comparison 
to their control counterparts (all p’s < 0.046, SI Table 2). Control-mated 
gyne sperm quantity (57.5 ± 36–79) was significantly higher when 
compared to the neonicotinoid-mated group (42.5 ± 22–63) (glm; z =
− 2.0, p ` = 0.046; Fig. 3D, SI Table 2; median ± 95% CI, SI Table 3); 
resulting in 26% fewer sperm for neonicotinoid-mated compared to 
control-mated gynes. Furthermore, control-mated gyne sperm viability 
(81.3 ± 74–89%) significantly differed from the neonicotinoid-mated 
gynes (47.8 ± 30–66%) (ologit; z = − 2.03, p = 0.042; Fig. 3E, SI 
Table 2); resulting in a reduction of 34% (median ± 95% CI; SI Table 3). 
Furthermore, sperm viability in the control-mated gynes was 9.02 ±

43.8% lower when compared to their respective drone partner. In sharp 
contrast, the difference in sperm viability between neonicotinoid-mated 
gynes and their drones was − 25.45 ± 7.71%; corresponding to a 2.82 
fold reduction in sperm viability. Subsequently, the sperm viability 
difference between mated couples was significantly higher in the 
neonicotinoid treatment (glm; z = − 2.12, p = 0.034). Lastly, control- 
mated gyne total living sperm quantity (47.8 ± 0.05) significantly 
differed from the neonicotinoid-mated gyne treatment group (23.9 ±
0.04) (glm; z = − 2.08, p = 0.038; Fig. 3F, SI Table 2), with 
neonicotinoid-mated gynes possessing roughly 50% less living sperm 
(median ± SE, SI Table 3). 

4. Discussion 

The data demonstrate for the first time that neonicotinoid in-
secticides can impair male mating behaviour and reproductive success 
in bees. The field-realistic exposure of drones to thiamethoxam not only 
led to 32% fewer copulations, but also reduced their total living sperm 

Fig. 3. Sperm assessment in male (drone) and in sperma-
thecae of female (gyne) bumblebees, Bombus terrestris, 
exposed to the neonicotinoid insecticide thiamethoxam: 
(A&D) Comparison of sperm quantity in both drones and gynes 
revealed a significant difference (p < 0.05) with lower values 
for thiamethoxam-exposed individuals. (B&E) Percentage of 
viable sperm in both drones and gynes showed significant 
differences (p < 0.05) with lower values for thiamethoxam- 
exposed individuals (C&F) A significant difference in total 
living sperm quantity was observed for both drones and gynes 
(p < 0.01) with lower values for thiamethoxam-exposed in-
dividuals. Boxplots show the inter-quartile range (box), the 
median (black line within box), data range (horizontal black 
lines from box), and outliers (black dots). A significant differ-
ence between treatment groups is indicated by * (p < 0.05).   
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quantity by 23%. This evident effect on sperm quality became further 
prominent in the females inseminated by exposed males, as they 
revealed a 50% reduction in total living sperm quantity in the sperma-
theca compared to their respective controls. Given the apparent key role 
of sex and the indispensable role of functional males, the data are of 
particular concern in light of ubiquitous neonicotinoid contaminations 
and thus may constitute a possible mechanistic explanation for recent 
bumblebee population declines [61]. 

Chronic thiamethoxam exposure significantly reduced pollen and 
sucrose-solution consumption confirming previous findings [62,63]. 
This may be due to neurotoxicity reducing ability or willingness to feed 
[28,64] and/or avoidance of contaminated food [65]. Such nutrient 
deprivation can impair physiological development and detoxification 
abilities [66,67] leading to synergistic adverse effects when combined 
with thiamethoxam [68]. However, the consumption variables neither 
significantly impacted body mass difference nor mating behaviour or 
sperm traits. Therefore, nutriet deprivation appears an unlikely factor 
explaining later findings. Average daily exposure to 5.52 ng g− 1 of 
thiamethoxam revealed no significant effect on bumblebee survival, 
confirming [33]. However, given that drones can live for several weeks 
[69], more data are required over longer durations and under field 
conditions. Nevertheless, our data support that neonicotinoids may not 
necessarily affect survival, yet can substantially impair essential pa-
rameters of bumblebee fitness (e.g., colony initiation, oviposition or 
production of sexuals) [29,46]. Such trade-offs between survival and 
fitness parameters are well-known [70] and may be due to costly 
detoxification at the expense of other traits [71]. 

The data demonstrate that neonicotinoid exposure can impair male 
bee mating behaviour. While our experiment would have benefited from 
using an experimental mate-choice design (i.e., females are offered both 
a control and thiamethoxam-exposed male simultaneously), our design 
nevertheless provides a key advantage because it focuses on the female’s 
assessment of whether she considers the male as adequate. As rape under 
the given conditions is highly unlikely, due to the female’s ability to 
sting and kill the male [72], successful copulation implies that the male 
was considered a worthy partner due to female choice. As neonicotinoid 
insecticides act as agonists of nicotinic acetylcholine receptors and 
thereby increasing neuronal activity [23], the observed reduced mating 
latency in exposed males may be linked to hyperactivity [24]. Further, 
while only being speculative, the reduced latency may also be linked to 
the drones self-assessment abilities as shown in honeybee queens [73]. 
Males exposed to thiamethoxam may have been aware of their intoxi-
cation and likely reduced abilities to mate, and thus were extremely 
eager to seize the opportunity to mate with a female. In contrast, thia-
methoxam exposure did not significantly affect the duration of a copu-
lation, wherein the overall mean mating duration (~27 min) lies within 
the range of previous studies [56,74]. Therefore, our data underline that 
mating duration is likely constrained and essential for copulation suc-
cess [72]. 

Bumblebee gynes are selective in their mating behaviour and are 
known to reject a high proportion of males under both laboratory as well 
as field conditions [41,75]. Despite the laboratory conditions not 
enabling males to display precopulatory behaviours (i.e., scent-marking, 
guarding or patrolling [39]), the observed mating success of control 
males was overall very high (96%). This suggests that the control males 
were of high quality, even though previous studies showed optimal male 
and gyne mating age being between 7–12 days and 6–7 days, respec-
tively [69,76]. Most importantly, the age of the males and gynes in our 
experiment did not differ between treatments and controls. Therefore, 
the striking differences in mating success despite the relatively low 
sample size indicate a strong treatment effect. Indeed, the 
thiamethoxam-exposed drones revealed 32% fewer successful matings 
when compared to the controls. This may be due to disruptions of 
chemical communication systems and/or visual or sensory behavioural 
cues (e.g., antennation [77]). Cuticular hydrocarbons (CHCs) can play a 
key role in insect mating recognition [78], and similar to previous 

observations in cockroaches and beetles [79,80], thiamethoxam may 
disrupt the CHC profile of males making them less attractive. Likewise, it 
remains to be tested if neonicotinoids can impair the volatile secretions 
from the cephalic labial glands of bumblebee males, which are essential 
in producing sex pheromones [81]. Such neurotoxic effects have previ-
ously been described for moths exposed to sublethal concentrations of 
the neonicotinoid thiacloprid [36]. Also, it remains to be tested if 
neonicotinoid exposure may hinder the male’s ability to detect female 
chemical cues, including specific sex pheromones [35]. However, under 
the given laboratory conditions this likely would not have played a key 
role. Furthermore, displaying altered or inappropriate mating behaviour 
may also significantly reduce the chances of successfully mating, as 
previously observed in spiders [37] as well as bed bugs [82] exposed to 
sublethal neonicotinoid dosages. The reduced latency observed in 
thiamethoxam-exposed bumblebee males may indeed be disadvanta-
geous as females may have perceived this as being too pushy (i.e., an-
thropologically speaking: ’non-gentleman-like’); thereby reducing male 
mating success. Lastly, neonicotinoid-exposed males may have a 
reduced ability to learn from their initial mistakes made during their 
first sexual experiences. The drastic increase in control mating success 
after initial failure compared to exposed males may be depicted as a case 
of improved learning after a negative feedback [83]. Similar negative 
effects of neonicotinoids on the learning ability of bumblebees has been 
reported [84,85] and may contribute to the low second round mating 
success of thiamethoxam-exposed males. Future studies should focus on 
understanding the mechanisms underlying the observed negative effects 
of neonicotinoids on male mating success, as well as test how neon-
icotinoids may affect female mate choice and behaviour. Indeed, 
increasing evidence suggests that that neonicotinoid exposure can 
compromise reproductive physiology and mating behaviour in females 
of various bee species [31,46,86]. 

The data confirm that thiamethoxam exposure can elicit sublethal 
effects on sperm traits [32,33], revealed by the reduction in drone sperm 
quantity, viability and total living sperm quantity by 17%, 10% and 23% 
compared to controls, respectively. The reduced sperm quantity suggests 
that thiamethoxam may hinder the migration of sperm from the testis to 
the seminal vesicles in bumblebees, as spermatogenesis and spermio-
genesis are both completed upon emergence in bees [87]. Past studies on 
honeybee, A. mellifera, drones revealed no reduction in sperm quantity 
after neonicotinoid exposure during larval development or adulthood 
[88,89]. This apparent difference in susceptibility may be attributed to 
species-specific differences in reproductive physiology, behaviour, and 
life-history. In sharp contrast to honeybees, males of the genus Bombus, 
similar to other bee genera, are polygynous [90]; subsequently, any 
reduction in sperm quantity constitutes a constraint on fitness as their 
insemination capacity is reduced. Considering B. terrestris gynes store 
~40′000 spermatozoa in their spermatheca [74], the observed control 
male sperm quantity would be sufficient to inseminate at least eight 
gynes, confirming previous observations [74]. In contrary, sperm 
quantity for the thiamethoxam-exposed males would infer that a 
maximum of six gynes could sufficiently be inseminated; reflecting a 
reduction in male fitness by 25%. Besides producing sufficient sperma-
tozoa, it is crucial that the transferred sperm is of high quality. In line 
with previous studies [33,89], thiamethoxam-exposure led to a reduc-
tion in sperm viability by 10%. This effect may be due to impaired sperm 
mitochondria and seminal fluid protein, or increased oxidative stress, as 
previously shown for honeybees [88,91]. Taken together, the reduced 
sperm quantity and viability led to 23% fewer total living sperm. While 
only a small fraction of transferred sperm is stored in the female sper-
matheca, any decrease in living sperm quantity could have negative 
consequences on fertilization success and the production of female 
offspring. 

Indeed, females inseminated by thiamethoxam-exposed males 
revealed 23% fewer and 34% less viable sperm in the spermatheca when 
compared to the control-inseminated females. Therefore, the sperm 
traits were even further compromised after copulation and migration to 
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the spermatheca. The reduced sperm quantity may not necessarily 
reflect an evident constraint [57], as females of highly eusocial but also 
solitary bee species store excess spermatozoa in their spermatheca [92, 
93], and only a small fraction of the sperm is required to successfully 
complete a colony cycle [74]. While it remains speculative as to why the 
sperm viability in the spermatheca of neonicotinoid-inseminated queens 
was a 3.75 fold lower than the controls; this effect may be attributed to 
neonicotinoids impairing the motility of viable sperm thereby hindering 
the sperm to actively migrate [88] and/or decreasing protein content in 
semen required to ensure long-term storage in the spermatheca [57,72]. 
Furthermore, as long-term sperm storage is indeed costly [94], females 
may limit the nourishment of sperm in the spermatheca to maintain the 
immune system at the cost of letting sperm die [95]. Indeed, our data 
provide further support for this trade-off as both treatments revealed 
significantly lower sperm viability when compared to their male coun-
terparts. Ultimately, the reduced female sperm quantity and viability 
resulted in a 50% reduction in total living sperm quantity in the 
thiamethoxam-inseminated female spermathecae. Such drastically 
reduced viable sperm availability may increase the likelihood of pro-
ducing non-intentional males. This would reveal particularly disad-
vantageous during the critical stage of colony initiation, when gynes 
depend on the first generation of workers to assist in colony related tasks 
(i.e., brood care and foraging) and growth. Impaired colony develop-
ment will lead to less sexuals being produced [29], especially gynes, 
which constitutes an additional long-term fitness constraint on the males 
and ultimately the entire populations. 

In conclusion, the reduced mating success in combination with 
reduced sperm traits reflects a drastic scenario for bumblebee fitness, 
irrespective of the underlying mechanism. Given our laboratory findings 
can be extrapolated to the field and hold true across various insect taxa, 
which appears likely due to the non-specific mode of action and wide-
spread neonicotinoid pollution globally [25,96], this may help under-
stand recent insect population declines; especially for those species 
where unfertilized eggs do not hatch [97,98]. Therefore, to fully un-
derstand the potential threat of xenobiotic substances on ecosystems, we 
urge risk assessments to determine the ecological effects on fitness of 
individuals, colonies and entire populations [99,100]. 
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