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Sex-specific median lethal dose (LD50) in bumble bee adults orally and topically exposed to two 

insecticides and one fungicide

Abstract : Wildlife is deeply impacted by human activities. Evidence-based evaluation of the 

main threats is challenging as it needs to be representative of the diversity of the risk of exposure 

and the sensitivity of the organisms, specifically for hyper-diverse groups like insects. While bees 

are a diverse group of  >20,000 species, standardised eco-toxicological data for non-Apis bees 

species remain limited, resulting potentially in the underestimation of threats the wild bees are 

facing. In many cases, pesticide acute data are available for only one exposure route, most often 

contact median lethal dose 50% (LD50) values, and primarily focus on social workers or solitary 

females. In this context, we determined the contact and oral LD50 of three active ingredients of 

two insecticides and one fungicide, namely acetamiprid, cypermethrin and tebuconazole in males 

and workers of the bee model Bombus terrestris. Acetamiprid and tebuconazole were practically 

non-toxic under both exposure routes, whereas cypermethrin was the most toxic compound, 

exhibiting higher toxicity via contact exposure. Interestingly, males showed greater sensitivity than 

females after both oral and topical exposure to cypermethrin, and after oral exposure to 

acetamiprid. Our findings highlight the need for additional data on reproductives and for the 

identification of factors that determine their differential sensitivity.

Keywords

Pesticides; Bombus terrestris; Sex-specific response; Toxic effects; Dose-response modeling

Introduction

Bees (Hymenoptera: Anthophila) provide essential ecosystem services by significantly 

contributing to agricultural productivity, biodiversity conservation, and human health (Klein et al., 

2007; Klein et al., 2018; Patel et al., 2021). However, they face significant anthropogenic pressures 
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such as pesticides use (Brunet & Fragoso, 2024; Dicks et al., 2021; Goulson et al., 2015), which 

negatively impacts bee populations worldwide as in Europe (Nicholson et al. 2023), and in the 

United-States (Guzman et al., 2024). Pesticide exposure can lead to lethal or sublethal effects on 

bees (Tosi et al., 2022), which can ultimately impair the ecological services they provide (Stanley 

et al., 2015; Tamburini et al., 2021). Notably, a recent review found that such exposure can reduce 

bee survival by approximately fivefold (Kita et al., 2024).

Among the bee clade, many species of bumble bees have been experiencing a sharp population 

decline documented since the second half of the 20th century (Cameron & Sadd, 2020), leading to 

extinction in some regions (i.e. Belgium, Rollin et al. 2020). Pesticides have been shown to 

contribute to this trend by increasing mortality at label-recommended concentrations (Straw et al., 

2021). They also have been reported to impede bumble bees colony initiation (Baron et al., 2017; 

Kenna et al., 2019), colony performances (Nicholson et al., 2023), foraging behaviour (O’Reilly 

& Stanley, 2023), and even reproduction (Siviter et al., 2018). Compared with the reference model 

Apis mellifera (Linnaeus, 1758), the honey bee, Bombus species exhibit physiological differences, 

as in detoxification processes (e.g. variations in cytochrome P450 enzymes activities), which may 

influence their responses to pesticides (Raine & Rundlöf, 2024). In addition, due to their ecology, 

bumble bees encounter additional exposure pathways (e.g., soils residues), compared to A. 

mellifera, and may therefore experience more intense pesticide exposure throughout their life cycle 

(Gradish et al., 2019). 

Consequently, increasing concerns regarding bumble bee decline, together with the ecological and 

physiological differences between Apis and non-Apis bees (Wood et al., 2020), prompted European 

Food Safety and Authority (EFSA) to include bumble bees in pesticide risk assessment schemes 

(European Food Safety Authority, 2013). Publication of acute toxicity guidelines was developed 
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by the Organisation for Economic Co-operation and Development (OECD; test guideline 246, 

OECD, 2017a; test guideline 247, OECD, 2017b), which led to new standardized measurement of 

median lethal doses 50% (LD50) values on the European species Bombus terrestris (Linnaeus, 

1758), the buff-tailed bumblebee (Gradish et al., 2019; Reid et al., 2020). However, most of the 

studies rely on females and only one study has investigated potential sex-specific differences in 

acute responses to pesticide exposure (Linguadoca et al., 2022). Even if males do not participate 

in brood production, the lack of studies on these reproductives is surprising given their critical role 

in maintaining the genetic diversity and, consequently, population sustainability (Tong et al., 

2025). As males are haploid whereas females are diploid, they may differ in their detoxification 

capacity, as deleterious alleles cannot be masked in haploid individuals, potentially contributing 

to sex-specific sensitivity (Linguadoca et al., 2022). In addition, information regarding the acute 

oral and contact toxicity of many commonly used pesticides to bumble bees remains limited for 

each sex (i.e. workers, males and queens ; Arena & Sgolastra, 2014; Sanchez-Bayo & Goka, 2014; 

Tosi et al., 2022). 

The aim of this study was to assess sex-specific lethal responses to acute exposure of a selection 

of the most detected and utilized pesticides in Europe. To this end, males and workers of B. 

terrestris were exposed, both orally and topically, to the neonicotinoid acetamiprid, the pyrethroid 

cypermethrin, and the triazole tebuconazole. B. terrestris was selected as the model species 

because it is a standardized OECD surrogate for non-Apis bees, widely used in ecotoxicological 

testing, and allows the investigation of caste- and sex-specific responses under controlled 

laboratory conditions. Bioassays were conducted in accordance with the OECD Bumble bee Acute 

Toxicity Test Guideline n°246 and n°247 respectively for topical and oral exposure (test guideline 

246, OECD, 2017a; test guideline 247, OECD, 2017b). We hypothesise that cypermethrin will 
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demonstrate a greater toxicity than acetamiprid, especially for topical exposure, as pyrethroids are 

highly lipophilic contact insecticides with efficient cuticular penetration regardless of bee species. 

We further expect males to exhibit similar or greater sensitivity compared to females, potentially 

due to detoxification capacity, and physiological resilience to chemical stressors. Lastly, since it 

is a fungicide, we hypothesise that tebuconazole will show lower acute toxicity for both exposure 

mode and sex.

Materials & Methods

Selection of pesticides

In Europe, the most frequently found pesticide families in soil and bee matrices include 

carboxamides, triazoles, glycine derivates, organochlorines, pyrethroids and neonicotinoids 

(Alaoui et al., 2024; Benito-Murcia et al., 2025; Böhme et al., 2018; Silva et al., 2019). Based on 

residue data collected within the PoshBee project (Nicholson et al., 2023), and supplemented by 

findings from other relevant studies, the selection of active ingredients aimed to reflect the most 

frequently detected and agriculturally relevant compounds across Europe. Cypermethrin and 

acetamiprid were selected due to their widespread detection, continued authorization in Europe, 

and evidence of potential synergistic toxicity in bees (Goulson et al., 2015). Finally, the fungicide 

tebuconazole was chosen because of its mechanistic role in increasing bee sensitivity to pesticide 

mixtures and its potential to interact with different classes of insecticides (Goulson et al., 2015; 

Raimets et al., 2018). Overall, the selected compounds were chosen to represent pesticide classes 

exhibiting contrasting modes of action and toxicity profiles, allowing comparison of sex-specific 

responses across compounds differing in expected acute toxicity.

Active ingredients and treatments
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Analytical standards Pestanal® acetamiprid (99.9% pure), cypermethrin (97.3% pure), 

tebuconazole (99.5% pure) and dimethoate (98% pure) were purchased from Sigma Aldrich 

(United Kingdom ; see online supplementary material, Table S1). The optimal range doses for 

each pesticide were assessed through range-finder bioassays to determine the nominal treatment 

doses in the final trial. Alongside the negative (i.e. acetone) and positive (i.e. dimethoate) controls, 

five doses per pesticide were tested, with intermediate nominal doses following a geometric 

progression (ratio ≤ 2). For tebuconazole, limit tests were conducted using a single high dose (i.e. 

100 µg/bee; test guideline 246, OECD, 2017a; test guideline 247, OECD, 2017b).

To prepare treated solutions, the analytical standards were first solubilized in acetone. Afterwards, 

oral solutions were prepared by serial dilutions of the acetone-based stock in a 50% w/w aqueous 

sucrose solution, ensuring an acetone concentration ≤ 5%. Topical solutions were prepared in 

acetone and mixed with 0.1% Triton X-100 serving as surfactant (test guideline 246, OECD, 

2017). All stock and treatment solutions were stored at 4°C in the dark.

Pesticide concentrations in the samples were determined by chromatography coupled with mass 

spectrometry. Due to the poor ionization of cypermethrin in LC–MS, its quantification was 

performed using GC–MS after liquid–liquid extraction with dichloromethane. Measured 

concentrations differed from nominal values, with discrepancies varying among compounds (see 

online supplementary material, Table S2). Cypermethrin concentrations were generally lower than 

nominal values, particularly at lower doses, whereas acetamiprid and tebuconazole showed closer 

agreement. These differences likely reflect compound-specific properties such as solubility or 

stability during preparation and exposure. All reported doses refer to analytically measured 

concentrations, which better reflect the actual exposure of the bees.

Test organisms
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In each bioassay, workers and males of B. terrestris were respectively obtained from 5 standard 

colonies and 10 maculino-systems supplied by Biobest bvba (Westerlo, Belgium). Prior to 

experimentations, colonies and masculino-systems were acclimatised for at least 24 hr with the 

nectar substitute Biogluc® provided ad libitum.

Subsequently, bees were randomly collected under red light, carefully extracted with tweezers, 

weighted, and individually assigned to a treatment in a Nicot® cage. Each treatment comprised a 

minimum of 30 bees (i.e., at least 6 individuals per colony), except for the limit tests, which 

included 60 bees for the unique pesticide dose (Table 1). Bumble bees were provided with ad 

libitum 50% w/v aqueous sucrose solution in a 2 mL tipless syringe to acclimatize individually for 

24 hr. During acclimatisations and experiments, workers and males were kept under controlled 

conditions in constant darkness at 26 ± 1°C and 60 ± 10% relative humidity.

Oral toxicity bioassays

Prior to oral exposure, bumble bees were individually starved for 3 hr by replacing the sucrose 

syringe with an empty one. Then, bumble bees were individually exposed to 40 µL of their 

respective treatment in a 2mL syringe tip, under white light to stimulate feeding. Four hours after 

administration, consumption was visually checked. Workers that did not eat the entire solution 

were considered as non-feeders and were excluded from the test. Remaining bees were supplied 

with ad libitum 50% w/v aqueous sucrose solution in a 2 mL tipless syringe. Mortality was 

recorded at 4hr, 24hr, 48hr, 72hr and 96hr (test guideline 247, OECD, 2017).

Topical toxicity bioassays

Before topical exposure, bumble bees were individually anesthetized by placing them in a sealed 

tube on an ice tray for 3 to 5 min maximum, depending on their size. Once asleep, a 2 µL drop of 

the treatment dose was applied on the dorsal part of their thorax under a chemical hood. After few 
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seconds to allow cuticle absorption of the drop, bees were returned to their respective Nicot® 

cages. Individuals were kept at room temperature to facilitate recovery, ensure full awakening and 

minimize temperature shock before being returned to control conditions. Mortality was recorded 

similarly to oral bioassays (test guideline 246, OECD, 2017).

Statistical analysis

Dose-response analyses were performed using the drc package (Ritz et al., 2015), applying log-

logistic regression models. For all sexes, pesticides and exposure routes, dose-response curves 

were modeled using a three-parameter log-logistic function (LL.3()) within the drm() function (drc 

package; Ritz et al., 2015). The median lethal dose 50% (LD50), median lethal concentration 50% 

(LC50) and mass-standardised LD50 (STD50) values were extracted using the ED() function (drc 

package; Ritz et al., 2015). All reported LD50, LC50 and STD50 values correspond to mortality 

recorded 96 h after exposure. In accordance with standard OECD acute bee toxicity protocols (test 

guideline 246, OECD, 2017a; test guideline 247, OECD, 2017b), these toxicity endpoints were 

based on the dose initially administered at t0. This approach assumes that the administered dose 

reflects the effective exposure over the duration of the experiment.

Treatments comparisons within and between sexes were conducted for each exposure mode using 

a four-parameter log-logistic model (LL.4()), fitted with the drm() function (drc package; Ritz et 

al., 2015). The median lethal dose 50% and mass-standardised LD50 values were compared using 

the compParm() function (drc package; Ritz et al., 2015).

For limit tests and to evaluate mortality across pesticide treatments, survival time was analysed 

using a Bayesian Cox proportional hazards model (brm() function, brms package; Bürkner, 2017) 

with the cmdstanr backend. This approach was employed because some control groups showed 

complete separation (i.e., no deaths occurred in the control while deaths occurred in at least one 
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treatment group, leading to infinite or non-estimable hazard ratios), violating the proportional 

hazards assumption of conventional Cox models. Treatment was included as a fixed factor, bumble 

bee mass as a covariate, and colony of origin as a random intercept to account for genetic 

variability. Posterior hazard ratios and their 95% highest posterior density intervals were extracted 

using the tidy() function (broom.mixed package; Bolker et Robinson, 2025), and pairwise 

comparisons among treatments were performed using the emmeans() function (emmeans package; 

Lenth, 2024).

Dose-response plots were generated using the ggplot() function (ggplot2 package; Wickham et al., 

2020). Kaplan-Meier survival curves were visualized for each exposure route and pesticide for 

workers (see online supplementary material, Figures S1 and S3) and males (see online 

supplementary material, Figures S2 and S4) using the ggsurvplot() function (survminer package; 

Kassambara et al., 2016). All statistical analyses were conducted in R (v.4.4.1; R Core Team, 

2024).

Results

Oral exposure

Workers survival

In the worker oral experiment, the estimated LD50 values of cypermethrin (LD50  = 3.94 µg/bee, 

95% Confidence Interval (CI) = 2.72–5.16 µg/bee) and acetamiprid (LD50 = 58.67 µg/bee, CI = 

52.19–65.14 µg/bee) were significantly different (p < 0.001), along with their bee mass-

standardised LD50 values (p < 0.001, Figure 1A; Table 2). The estimated lower LD50 value of 

cypermethrin indicates its higher lethal toxicity compared to acetamiprid in orally exposed 

workers. Additionally, no mortality was observed under the single dose of tebuconazole during 

the experiment, and posterior estimates indicated no evidence for increased mortality in 
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tebuconazole compared to the control (HR = 0.27; CrI: 0.0064–6.94; see online supplementary 

material, Figure S1).

Body mass was negatively associated with mortality in the global model (HR = 0.69, CrI: 0.50–

0.96). However, as no mortality occurred in the tebuconazole treatment, this association is unlikely 

to reflect an effect under tebuconazole exposure and is instead driven by mortality observed in the 

dimethoate treatment.

Males survival

Males that were orally exposed to cypermethrin exhibited a lower LD50 value (LD50 = 1.99 

µg/bee, CI = 1.55–2.45 µg/bee) than those exposed to acetamiprid (LD50 = 61.66 µg/bee, CI = 

41.64–81.69 µg/bee; Table 2). The LD50 values of the two compounds did not differ significantly 

(p = 0.183), but this result became significant after adjustment for body mass (p < 0.001; Figure 

1B). Concerning tebuconazole, no mortality occurred under the tested dose. Posterior estimates 

provided no evidence for increased mortality under tebuconazole relative to the negative control 

(HR = 0.084; CrI: 0.0036–1.01; see online supplementary material, Figure S2), supporting its 

classification as a low-toxicity compound.

Male mass showed no clear influence on mortality in tebuconazole (HR = 1.06, CrI: 0.74–1.51), 

acetamiprid (HR = 1.10, CrI: 0.89–1.30), and cypermethrin (HR = 1.30, CrI: 0.49–3.71) 

experiments.

Sex-specific response

In both orally exposed sexes, only tebuconazole was considered as low-lethal (Table 2). 

Cypermethrin was the most lethal of the three pesticides in workers and males. No significant 

differences were found between LD50 values (p = 0.096) for this compound, except for mass-

standardised LD₅₀ values, which differed significantly between sexes (p < 0.001; Figure 2A). 
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Similarly, the LD50 values of workers and males for acetamiprid did not differ significantly (p = 

0.731). However, after adjusting for body mass, the mass-standardised LD₅₀ of this pesticide 

showed a moderate evidence of difference between sexes (p = 0.036, Figure 2B). The mass-

adjusted LD50 in males were lower than in workers for both compounds, indicating males were 

less resilient than the workers.

Topical exposure

Workers survival

Regarding workers contact exposure, cypermethrin (LD50 = 0.62 µg/bee, CI = 0.55–0.69 µg/bee) 

was the only highly toxic compound (Table 3). In fact, no mortality was observed under the single 

dose of tebuconazole during the experiment, and posterior estimates indicated little evidence for 

increased mortality in tebuconazole (HR = 0.21; CrI: 0.0052–4.65; see online supplementary 

material, Figure S3) and in acetamiprid (HR = 1.14, CrI: 0.20–6.92; see online supplementary 

material, Figure S3) compared to the control.

No evidence of an effect of body mass on mortality was detected in tebuconazole (HR = 0.66, CrI: 

0.41–1.05), acetamiprid (HR = 0.96, CrI: 0.68–1.32) or cypermethrin (HR = 0.97, CrI: 0.75–1.26) 

experiments.

Males survival

Cypermethrin (LD50 = 0.46 µg/bee, CI = 0.32–0.57 µg/bee) exhibited a significant mortality 

(Table 3). There was little evidence for increased mortality between acetamiprid (HR = 1.14; CrI: 

0.2–6.92; see online supplementary material, Figure S4), tebuconazole (HR = 0.22; CrI: 0.005–

4.65 see online supplementary material, Figure S4) and their respective negative control, 

indicating that these pesticides exhibited low mortality.
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Bumble bee mass  mass showed no consistent effect on mortality for tebuconazole (HR = 0.56, 

95% CrI: 0.41–1.05), acetamiprid (HR = 0.96, 95% CrI: 0.68–1.32), and cypermethrin (HR = 0.97, 

CrI: 0.81–1.18) experiments.

Sex-specific response

Among all tested pesticides, only cypermethrin exhibited contact mortality in both sexes (Table 

3). When comparing this pesticide between sexes, the LD50 values significantly differed (p < 

0.001). After adjusting for body mass, the bee mass-standardised LD50 values were also 

statistically different (p  < 0.001, Figure 3). The mass-adjusted LD50 in workers were higher than 

in males, indicating males were less resilient than the workers.

Discussion

Threatening pesticides to pollinators remain authorized in the European Union, and an additional 

set has been approved recently (Arena & Sgolastra, 2014; Siviter et al., 2023). This policy context 

highlights the need for additional data (e.g. first-tier assessments) to evaluate pesticide risks to 

pollinators that are not classically used as models such as non-Apis bees, and thereby reinforce risk 

assessments and objectify regulatory decisions (Raine & Rundlöf, 2024). To advance the inclusion 

of a wider range of bee species in regulatory decision-making, it is imperative to account for 

interspecific and sex differences in sensitivity among the potential surrogate species (i.e. B. 

terrestris and O. bicornis), particularly in first-tier measurements.

In our study, the assessed LD50 values are consistent with the active ingredient classification 

established by the EFSA (Arena et al., 2018; European Food Safety Authority, 2014; Hernandez 

Jerez et al., 2022). Cypermethrin appeared to be the most lethal of the three compounds tested, 

showing higher toxicity under acute contact exposure, whereas acetamiprid appeared to be slightly 

toxic and tebuconazole was practically non-toxic. Furthermore, we found that B. terrestris workers 
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and males were less sensitive to these pesticides than A. mellifera. Specifically, B. terrestris worker 

LD50 values to cypermethrin were found to be approximately 22 and 26 times higher than workers 

of A. mellifera by oral and contact respectively (Lewis & Tzilivakis, 2019). Moreover, after 

adjusting LD50 for body mass, A. mellifera workers remain about 10 and 12 times more sensitive 

than B. terrestris workers after oral and contact exposure, indicating that factors beyond body 

weight influence sensitivity. In that sense, our results suggest that A. mellifera remains a 

conservative surrogate species for first-tier assessment of these compounds.

Furthermore, we provide the first evidence of sex variation in sensitivity to cypermethrin following 

both oral and contact exposure, and to acetamiprid following oral exposure. Only a few studies 

have tested the differences in pesticide sensitivity between adult males and workers, or the 

susceptibility of males alone. To our knowledge, two studies examined the survival rates of males 

in A. mellifera (McAfee et al., 2022; Tong et al., 2025) and one in B. terrestris (Linguadoca et al., 

2022), although assessing mortality constitutes a primary step in risk assessment. These studies 

reported a higher sensitivity of males compared to females in both species, except for the fungicide 

Amistar (azoxystrobin) and the herbicide glyphosate reported as practically non-lethal. Our 

findings are partly consistent with the outcomes of these previous studies. The similar sensitivity 

observed topically for acetamiprid and for both routes in tebuconazole likely reflects their 

relatively low toxicity, due respectively to moderate binding affinity (Casida, 2025; Ito et al., 2024) 

and the absence of specific target sites (Jing & Behmer, 2025). Furthermore, the low contact 

toxicity of acetamiprid, compared to its oral toxicity, is consistent with its poor cuticular 

penetration kinetics, as demonstrated in A. mellifera where acetamiprid penetrates the cuticle much 

less efficiently than nitro-substituted neonicotinoids such as imidacloprid (Zaworra et al., 2019). 

In contrast, cypermethrin under contact exposure was the most toxic treatment and showed clear 
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sex differences in both LD50 and STD50. For other treatments, differences emerged only after 

mass standardisation, indicating that body size can mask underlying physiological differences 

between sexes.

Several factors may account for the increased sensitivity observed in males relative to workers, 

such as differences in detoxification processes. Indeed, in insects, neonicotinoid detoxification is 

mainly mediated by cytochrome P450 monooxygenases (CYP450), while pyrethroid 

detoxification primarily involves CYP450 and carboxylesterases. (Black et al., 2021; Johnson et 

al., 2006). Thus, variations in activity of one or both detoxification enzyme families between males 

and workers, with less activity in males, may increase their sensitivity to these pesticides by 

reducing the efficiency of their metabolization. No such differences in Bombus spp. were found in 

the literature but sex-related differences in sensitivity to pesticides have been documented in other 

insect species. For example, a study on the housefly Musca domestica showed females exposed to 

chlorfenapyr exhibited higher overall P450-monooxygenase activity than males, contributing to 

lower male tolerance to insecticides (Garbaly et al., 2025). Nonetheless, differences in 

detoxification enzyme activity alone may not fully explain the variation in sensitivity between 

sexes, as other factors such as sex-specific life-history strategies related to immune investment 

(McKean & Nunney, 2008; Schwenke et al., 2016) and sex-biased gene expression (Garbaly et al., 

2025; Mobley & Gegear, 2018) could also contribute to the greater vulnerability of males.

In addition, the high topical toxicity of cypermethrin is not surprising as pyrethroids are highly 

lipophilic compounds, making them approximately three times more toxic to bees by contact than 

oral (Sanchez-Bayo & Goka, 2014). Their lipophilicity facilitates partitioning into and diffusion 

through the cuticle, enabling efficient transcuticular uptake before reaching inner tissues and 

binding on their targets. The cuticle size and composition (e.g. lipids, hydrocarbons and chitin) 
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may therefore influence pesticide infiltration (Ren et al., 2023). Yet, little is known about bees 

cuticle and potential differences in its structure between species and sexes. However, in other 

insect species, a study showed that in the mosquito Anopheles gambiae, the resistant strain 

exhibited thicker cuticle layers than the susceptible strain that reduced insecticide penetration 

(Yahouédo et al., 2017). Also, another study demonstrated that Drosophila suzukii exhibited a 

more permeable cuticle to pesticides than Drosophila melanogaster, associated with reduced 

levels of branched and desaturated cuticular hydrocarbons (Wang et al., 2020). Interestingly, males 

of both Drosophila species showed weaker barrier function than females, suggesting that sex 

variation in cuticle hydrocarbon composition may contribute to differences in sensitivity to 

pesticides (Wang et al., 2020). Thus, these studies along with others, showed that the cuticle 

thickness (Lin et al., 2012; Wang et al., 2025) and composition (Balabanidou et al., 2018; Ren et 

al., 2023) can contribute to a greater resistance to pesticides in insects. These factors might have 

contributed, with differences in detoxification processes, to the sex-differences in contact 

cypermethrin sensitivity in B. terrestris.

Finally, to place our toxicity findings in a field-realistic context, we compared our LD50 values 

against estimated field exposure doses using a Hazard Quotient (HQ) approach (EFSA, 2013). For 

oral exposure, estimated daily doses were calculated from median nectar residue concentrations 

reported in the PoshBee dataset (i.e. acetamiprid: 21 µg/L; tebuconazole: 13 µg/L; Nicholson et 

al., 2023). No nectar residue data for cypermethrin were available in the literature, oral risk for 

this compound was therefore not assessed. For contact exposure, field deposits were estimated 

from maximum EU-authorised application rates (EFSA, 2014; EFSA, 2016; EFSA, 2018) 

following EFSA (2013) guidance. The resulting HQ values were low for acetamiprid and 

tebuconazole across all castes and routes (HQ ≤ 0.004 orally; HQ < 0.021 by contact), confirming 

Page 14 of 37Environmental Toxicology and Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/advance-article/doi/10.1093/etojnl/vgag164/8709952 by guest on 24 June 2026



that field-realistic exposure to these two active ingredients is unlikely to pose a lethal hazard to B. 

terrestris workers or males. However, this result does not extend to cypermethrin via contact 

exposure. Although HQ values remained below 1 for both workers (HQ = 0.40) and males (HQ = 

0.54), they were higher than those obtained for acetamiprid and tebuconazole, and were 

consistently higher in males than in workers. This indicates that while cypermethrin does not pose 

an acute lethal risk to B. terrestris at current authorised application rates, it represents the 

compound of greatest concern among the three tested, particularly for males. These findings take 

on additional relevance when considered alongside broader regulatory trends where the phasing 

out of most neonicotinoids has been accompanied by a marked increase in pyrethroid use in 

agricultural fields (Kathage et al., 2018; Reid et al., 2020). Additionally, even if acute lethal risk 

remains low at current authorised rates, cumulative and repeated exposure scenarios along with 

potential synergistic effects with other agrochemicals may deserve further attention in future risk 

assessments.

Conclusion

We showed that the impact of pesticide on bees can be sex-specific. Our study highlights the need 

for additional first-tier measurements on bee species, focusing not only on workers or solitary 

females but also on the other reproductives (e.g. males and queens) that contribute to the long-

term viability and resilience of populations. We also show that research should further investigate 

traits and physiological differences that may explain the caste variations in sensitivity. Importantly, 

B. terrestris workers and males were consistently less sensitive than A. mellifera to the three tested 

active ingredients, supporting the continued use of A. mellifera as a conservative standard 

surrogate species for first-tier pesticide risk assessment. In addition, our results demonstrate that 

among the three tested active ingredients, acetamiprid and tebuconazole posed minimal hazard to 
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this bumble bee species (HQ < 0.02 for all routes and castes), whereas cypermethrin presented a 

higher risk through contact exposure (HQ = 0.40 for workers and 0.54 for males), with males being 

more at risk. These findings emphasise the importance of considering exposure pathways in 

pesticide hazard evaluation, especially since the ban of most neonicotinoids in Europe has led to 

the increased use of pyrethroids in agricultural fields (Reid et al., 2020).
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Figure 1. Oral bee-mass standardised lethal dose 50 % (std LD50) of cypermethrin (blue 

curve) and acetamiprid (orange curve) in Bombus terrestris workers (A) and males (B). Shade 

areas around the dose-response curves represent the confidence intervals. The points represent the 

observed survival outcomes for each individual at each dose or mass-standardised dose, where 0 

indicates survival and 1 indicates mortality. The horizontal and vertical lines intersecting at 50% 

mortality show the estimated mass-standardised LD50 for each pesticide.

Alt text: Dose response curves showing oral toxicity of cypermethrin and acetamiprid in Bombus 

terrestris workers and males. The figure shows the estimated mass-standardised LD50 values with 

confidence intervals.

Figure 2. Oral bee-mass standardised lethal dose 50 % (std LD50) of cypermethrin (A) and 

acetamiprid (B) in Bombus terrestris males (blue curve) and workers (red curve). Shade areas 

around the dose-response curves represent the confidence intervals. The points represent the 

observed survival outcomes for each individual at each dose or mass-standardised dose, where 0 
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indicates survival and 1 indicates mortality. The horizontal and vertical lines intersecting at 50% 

mortality show the estimated mass-standardised LD50 for each sex.

Alt text: Dose response curves comparing oral toxicity between Bombus terrestris workers and 

males for cypermethrin and acetamiprid. Differences in sensitivity between sexes are illustrated 

through the estimated mass-standardised LD50 values and confidence intervals.

Figure 3. Contact bee-mass standardised lethal dose 50 % (std LD50) of cypermethrin in 

Bombus terrestris males (blue curve) and workers (red curve). Shade areas around the dose-

response curves represent the confidence intervals. The points represent the observed survival 

outcomes for each individual at each dose or mass-standardised dose, where 0 indicates survival 

and 1 indicates mortality. The horizontal and vertical lines intersecting at 50% mortality show the 

estimated mass-standardised LD50 for each sex.

Alt text: Dose response curves comparing contact toxicity of cypermethrin between Bombus 

terrestris workers and males. Differences in sensitivity between sexes are illustrated through the 

estimated mass-standardised LD50 values and confidence intervals.
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Tables

Table 1. Number of exposed Bombus terrestris workers and males (excluding individuals that died 

before treatment in both exposure modes and non-feeders in oral exposure), mean body mass (mg) 

and measured treatment doses based on preliminary range-finding experiments (µg/bee) for each 

mode of exposure and pesticide.

Exposure 

mode

Sex Pesticide N Mean mass 

(g ± SE)

Measured doses 

(µg/bee)

Cypermethrin 160 0.247 ± 0.063 0.04, 1.6, 4.8, 12, 21

Acetamiprid 164 0.249 ± 0.058 14, 27, 48, 72, 107Workers

Tebuconazole 57 0.254 ± 0.059 84

Cypermethrin 128 0.406 ± 0.058 0.8, 1.2, 2.4, 4.4, 7.6

Acetamiprid 144 0.423 ± 0.030 44, 55, 86, 121, 178

Oral

Males

Tebuconazole 60 0.406 ± 0.063 84

Cypermethrin 149 0.243 ± 0.084 0.08, 0.28, 0.38, 0.6, 1.1

Acetamiprid 54 0.261 ± 0.072 79Workers

Tebuconazole 57 0.276 ± 0.057 118

Cypermethrin 147 0.416 ± 0.070 0.28, 0.34, 0.58, 0.86, 2.42

Acetamiprid 58 0.396 ± 0.079 79

Contact

Males

Tebuconazole 59 0.398 ± 0.066 118
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Table 2. Bombus terrestris workers lethal dose 50 % (LD50), lethal concentration 50 % (LC50), 

and bee mass-standardised lethal dose 50 % (STD50) and their confidence intervals [CI] of each 

exposure mode and pesticide. Confidence intervals are reported for all pesticides except for the 

limit tests.

Exposure mode Pesticide LD50 [CI]

(µg/bee)

LC50 [CI]

(µg/bee)

STD50 [CI]

(µg/bee)

Cypermethrin 3.94 
[2.72-5.16]

0.1
[0.07-0.13]

16.24 
[11.05-21.42]

Acetamiprid 58.67 
[52.19-65.14]

1.46 
[1.30-1.63]

241.50 
[210.16-272.82]

Oral

Tebuconazole >84 >2.1 >390.7

Cypermethrin 0.62
[0.55-0.69]

0.31
[0.27-0.35]

3.02
[2.44-3.06]

Acetamiprid >79 >39.5 >367.44
Contact

Tebuconazole >118 >59 >548.83

Table 3. Bombus terrestris males lethal dose 50 % (LD50), lethal concentration 50 % (LC50), and 

bee mass-standardised lethal dose 50 % (STD50) and their confidence intervals [CI] of each 

exposure mode and pesticide. Confidence intervals are reported for all pesticides except for the 

limit tests. 

Exposure mode Pesticide LD50 [CI]

(µg/bee)

LC50 [CI]

(µg/bee)

STD50 [CI]

(µg/bee)

Cypermethrin 1.99
[1.55-2.45]

0.05
[0.04-0.06]

4.87
[3.75-5.98]

Oral Acetamiprid 61.66
[41.64-81.69]

1.54
[1.04-2.04]

156.7
[11.15-213.25]
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Tebuconazole >84 >2.1 246.31

Cypermethrin 0.46
[0.32-0.57]

0.23
[0.180-291.69]

0.13
[0.84-0.41]

Acetamiprid >79 >39.5 >194.10
Contact

Tebuconazole >118 >59 >144.96
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