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A B S T R A C T

Wild bees, like many other insects, are declining. Multiple drivers have been identified, but the potential effects 
of endocrine disruptors such as phthalates, remain poorly studied. Yet, di-2-ethylhexyl phthalate (DEHP) and di- 
n-butyl phthalate (DnBP), two of the most common phthalates that pervade the environment, are known to affect 
key hormonal and metabolic pathways in invertebrates even at field realistic doses. These ubiquitous pollutants 
are semi-volatile compounds used to increase the flexibility of plastic materials, or as solvents for certain de
tergents, pesticides, and other products. Bees are notably exposed to these lipophilic molecules through their 
cuticle, with exposure varying in both quantity and chemical composition. To investigate the potential impacts of 
phthalate exposure, Bombus terrestris workers were repeatedly exposed (once per week) to nominal field-realistic 
doses of DEHP and DnBP and maintained in microcolonies during 35 days. Worker mortality and male emer
gence were recorded throughout the experiment. Offspring production was assessed in terms of number and 
mass, and abdominal lipid ratio was assessed in adults. Repeated exposure to DEHP increased worker mortality 
up to 50%, while DnBP increased worker lipid stores and offspring mass, suggesting potential metabolic 
disruption. These findings indicate that the two most common phthalates can have both lethal and sublethal 
effects on bees, likely through disruption of crucial physiological pathways, with cascading consequences for 
individual health and colony development even at environmental concentrations.

1. Introduction

The current global decline in insect populations has been well 
documented with several anthropogenic drivers identified, including 
land-use intensification, climate change and chemical pollution 
(Wagner et al., 2021). Bees are no exception, and chemical pollution is 
frequently reported as one of the many pressures contributing to their 
decline (Michez et al., 2026). Given their essential role in the pollination 
flowering plants (Ollerton et al., 2011), bees have become model 

organisms for environmental risk assessment and for evaluating the 
impacts of pollutants, particularly pesticides, on pollinators (EFSA et al., 
2023). However, the effects of other pollutants remain poorly 
understood.

Phthalates are used as plasticisers and solvents and are commonly 
found in agricultural and urban environments (Billings et al., 2021), but 
also in regions remote from anthropogenic activity (Lenoir et al., 2016). 
They have been detected at varying concentrations in soil, water and the 
atmosphere (Billings et al., 2021). Di− 2-ethylhexyl phthalate (DEHP) 
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and di-n-butyl phthalate (DnBP) are among the most widely used and 
frequently detected phthalates worldwide (Billings et al., 2021). For 
example, Tran et al. (2015) reported phthalate concentrations in urban 
soils of Paris (France) ranging from 92.5 ng/g soil for DnBP to 310 ng/g 
for DEHP. In another European city, Novi Sad (Serbia), soil concentra
tions ranged from 30 ng/g and 145 ng/g for DnBP and from 129 ng/g 
and 2.04 µg/g for DEHP (Škrbić et al., 2016). In these matrices, although 
free phthalates are rapidly degraded, they can persist for years when 
bound to organic matter (Kickham et al., 2012). Moreover, these lipo
philic pollutants can adsorb onto insect cuticles, be absorbed into the 
insect body (Lenoir et al., 2014), and subsequently be transported into 
lipid-rich nest structures (Gómez-Ramos et al., 2016). The chemical 
composition of both their cuticle and nest structures therefore makes 
bees particularly susceptible to daily exposure to these contaminants. 
DEHP has been detected on honeybee worker cuticles (Gómez-Ramos 
et al., 2019), and in wax combs (Gómez-Ramos et al., 2016) while 
DnBP has been detected in pollen loads at concentrations ranging from 
below detection limit to 2.41 µg/g (Martín-Gómez et al., 2024). More 
recently, over 70% of Bombus terrestris workers collected along an ur
banisation gradient in the European Metropole of Lille (France) con
tained two or more phthalates, with DnBP and DEHP being the most 
frequently detected compounds. Average cuticular concentrations 
reached 108 ng/g body weight (b.w.) and 1389 ng/g b.w. for DnBP and 
DEHP, respectively, with measured concentrations ranging from the 
ng/g to the µg/g level for both compounds (Unpublished results). 
Together, these findings indicate that bees are routinely exposed to 
phthalates in their environment and that contact exposure may repre
sent an important, yet understudied, route of exposure.

DnBP and DEHP are recognised as endocrine-disrupting compounds 
(EDCs) in vertebrates and aquatic invertebrates (Gore et al., 2015), but 
only limited data are available for terrestrial insects. Investigation into 
the long-term effects of phthalate exposure in insects have primarily 
focused on the non-social species Drosophila melanogaster and Spodoptera 
littoralis (Avilès et al., 2019; Williams et al., 2016). In these models, 
DnBP altered lipid metabolism through disruption of the 
insulin-signalling pathway (Williams et al., 2016), while DEHP affected 
olfaction-related behaviours and developmental duration through 
alteration of the ecdysteroid-related cascade (Avilès et al., 2019). In 
insects, both pathways play key roles in reproduction, development, and 
metabolism (Antonova et al., 2012; Bonneton and Laudet, 2012). In 
eusocial bee species, insulin signalling is involved in key processes un
derlying caste-specific behavioural and physiological regulation 
(Jedlička et al., 2016). Differential activation of ecdysteroid signalling 
during larval development also contributes to caste determination 
(Pinto et al., 2002). Moreover, 20-hydroxyecdysone influences olfactory 
memory in pollen foragers of the honeybee Apis mellifera (Geddes et al., 
2013), as well as nestmate recognition and aggressive behaviours 
(Pandey and Bloch, 2015). Finally, both signalling directly regulate ju
venile hormone production, a crucial determinant in bumblebee 
offspring production (Shpigler et al., 2014), and a regulator of metabolic 
rate in B. terrestris (Shpigler et al., 2021). Consequently, a disruption of 
these pathways by phthalates could alter key traits linked to colony 
performance and fitness in bumblebees.

The present study aims to investigate the lethal and sublethal effects 
of long-term exposure to environmentally relevant concentrations of 
phthalates on a social species, B. terrestris. This species is among the most 
abundant bumblebee in Europe and is widespread in both urban and 
agricultural environments (Rasmont et al., 2021), where phthalate 
contamination is pervasive due to plastic pollution, industrial activity, 
and agricultural runoff (Billings et al., 2021). In a previous study, we 
reported lethal effects of DnBP, which caused 25% mortality in isolated 
B. terrestris workers, four days after a single exposure to field-realistic 
doses (Dewaele et al., 2025). In addition, a comparable short-term 
exposure experiment demonstrated that environmental concentrations 
of DEHP and DnBP can impair antennal responses to floral volatile 
compounds in the same species, suggesting that phthalates may affect 

behaviours involved in resource detection and pollination (Javal et al., 
2026). These approaches followed OECD guidelines for testing chemi
cal effects on B. terrestris (short-term tests, i.e. 72 h, on isolated workers; 
OECD, 2017), but lacks ecological realism when applied to social in
sects. Indeed, these methods do not allow the assessment of repeated or 
chronic exposure under normal social conditions (i.e. multiple workers 
interacting within the same nest). Moreover, experiments performed on 
isolated workers restrict the evaluation of sublethal effects to 
non-reproductive individuals and overlook potential effects on allopar
ental care and offspring production, which may alter colony develop
ment and fitness (Klinger et al., 2019). Phthalates could alter a wide 
range of traits through disruption of key hormonal pathways, as 
observed in solitary insect species, with cascading consequences for 
social organisation, development, reproduction and foraging behaviour. 
Therefore, queenless microcolonies were used to assess the effects of 
phthalate exposure on worker and offspring health under controlled 
conditions. During this experiment, we monitored (i) worker mortality, 
(ii) adult abdominal lipid content, (iii) resource collection (i.e. syrup and 
pollen), and (iv) offspring production (i.e. number and mass). To reflect 
realistic exposure scenarios, workers within microcolonies were exposed 
weekly via their cuticle to phthalate doses measured in urban areas. 
These doses were selected based on previous field measurements and 
short-term toxicity results (Dewaele et al., 2025), thereby linking labo
ratory findings with real-world exposure.

2. Material and methods

2.1. Model species

B. terrestris colonies are characterised by a reproductive division of 
labour, with the queen suppressing worker reproduction. However, 
when queen influence weakens, workers can develop their ovaries and 
produce unfertilised male offspring (Klinger et al., 2019). This plasticity 
makes B. terrestris a valuable model for assessing how pollutants may 
disrupt social organisation and offspring production in this species. For 
this study, five queenright colonies of B. terrestris (ca. 80–120 workers) 
were purchased from Biobest NV (Westerlo, Belgium). Upon receipt, 
colonies were kept in a dark room under controlled temperature and 
humidity (25◦C, 60% relative humidity) and used within one week to 
establish the microcolonies.

2.2. Phthalate treatments

We evaluated the sublethal effects of phthalate exposure using 
nominal field-realistic doses, following Dewaele et al. (2025): DEHP at 
120 ng/g of body weight (b.w.) and DnBP at 60 ng/g b.w. A mixture 
treatment combining both compounds at these doses was also tested 
because an antagonistic effect on isolated worker mortality had previ
ously been reported (Dewaele et al., 2025). In addition, we investigated 
DnBP exposure at 600 ng/g b.w., as potential metabolic disruption had 
been suggested in isolated workers (Dewaele et al., 2025). Finally, 
because DEHP doses ranging from 12 ng/g to 12 µg/g did not affect 
worker mortality in Dewaele et al. (2025), we selected the lowest dose 
previously used, i.e. 12 ng/g, to further investigate potential low-dose 
effects.

DnBP (CAS No. 84–74–2) and DEHP (CAS No. 117–81–7) were 
purchased from Sigma-Aldrich as liquid solutions (both >99%). Di
lutions were prepared using an average B. terrestris worker fresh weight 
of 0.25 g. Initial dilutions were made in methanol (CAS No. 67–56–1, 
VWR) to ensure good phthalate solubility, whereas subsequent dilutions 
were prepared with mineral water to minimise the final methanol con
centration (0.07%). For the mixture treatment, single-molecule stock 
solutions were prepared using the same procedure and combined during 
the final dilution step. The volume was then adjusted with mineral water 
to obtain concentrations of DEHP at 120 ng/g and DnBP at 60 ng/g. Two 
control groups were included: one containing 0.07% methanol in 
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mineral water and one containing mineral water only, to account for 
potential solvent effects.

2.3. Preventing uncontrolled PAE contamination

Phthalates are present in laboratory environments due to widespread 
use of plastic materials and can also be found in in both tap and plastic- 
bottled water. To prevent unintended contamination of treatment and 
feeding solutions, we used glass-bottled water (SPA Reine, SPA NV, 
Bruxelles, Belgium). All solutions were prepared and handled exclu
sively using glass and metal materials to minimise phthalate contami
nation and adsorption, as plastics can both release and adsorb phthalates 
(Fankhauser-Noti and Grob, 2007). Glass and metal materials were 
decontaminated with hexane, acetone and, where possible, calcination. 
When the use of plastic was unavoidable, hard plastic materials were 
prioritised (Cao et al., 2022).

2.4. Experimental design

2.4.1. Microcolony preparation
Five queenless microcolonies were established for seven treatments 

(i.e., 35 microcolonies in total) in boxes (10 ×16 ×16 cm), each con
taining 10 workers randomly sampled from one of the five commercial 
colonies. Each treatment included one microcolony originating from 
each commercial colony. Microcolonies were maintained in constant 
darkness at 25◦C and 60% relative humidity for 35 days, with ad libitum 
access to a syrup solution consisting of 50% (w/w) sucrose in mineral 
water (SPA Reine, SPA NV, Bruxelles, Belgium), and pollen candi 
(crushed pollen mixed with syrup at 0.15 mL/g pollen). Organic frozen 
honeybee-collected pollen (Rosaceae: Malus/Pyrus sp. 40%; Salicaceae: 
Salix 27%) was used (Abeille Heureuse, Strasbourg, France; Barraud 
et al., 2022).

Every other day, syrup and pollen were renewed and weighed, and 

dead workers were counted and weighed. An empty control (syrup and 
pollen but no workers) was maintained to account for evaporation. At 
the end of the experiment, all surviving workers were weighed. Syrup 
and pollen collection were standardised by the total mass of live workers 
in each microcolony at the time of recording and then cumulated over 
the duration of the experiment. Pollen dilution (i.e., cumulated pollen: 
syrup ratio) and pollen efficacy (i.e., total offspring mass:cumulated 
pollen ratio) were calculated as indicators of stress response (e.g., 
Barraud et al., 2020).

2.4.2. Exposure protocol
Once a week, all workers were exposed to their assigned treatment 

following a protocol adapted from OECD guideline No. 246 (OECD, 
2017) and previously used in Dewaele et al. (2025). For each micro
colony, all workers were simultaneously placed inside glass jars in 
groups of two. The glass jars were plunged into ice for anaesthesia by 
chilling (maximum ten minutes). Then, each worker was exposed by 
applying a 2 µL droplet of either control or treatment solution to the 
hairless dorsal part of the thorax. After recovery at room temperature, 
workers were returned to their respective microcolonies. Exposures 
began three days post-microcolony setup and were repeated weekly over 
35 days (five sessions total).

2.5. Offspring monitoring

Thirty-two days after the first exposure, microcolonies were 
dissected to count eggs and larvae at each developmental stage (i.e., 
non-isolated, pre-defecation, post-defecation, pupae, and non-emerged 
drones; see Fig. 1). All hatched larvae were weighed individually, 
except for non-isolated larvae, which were weighed collectively per 
microcolony (both total and per-larva masses were analysed). Male 
emergence was recorded daily, and emerged drones were weighed and 
stored at − 20◦C.

Fig. 1. Drone developmental stages monitored in the microcolonies, with associated locations in the brood. Brood cells containing several eggs (a) are located on top 
of the brood. Non-isolated larvae (b) develop together in brood cells. Pre-defecation larvae (c) are isolated in individual brood cells. Brood chambers containing non- 
isolated and pre-defecation larvae bear small feeding holes. Post-defecation larvae (d), pupae (e) and non-emerged drones (f) develop in closed, isolated brood cells, 
located under the brood. Newly emerged drones (g) are primarily white, and their colours develop in the first 24 h (Picture credits: individual larvae and drones by 
Paolo Rosa; brood and emerging male by Charlotte Terzo).
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2.6. Worker and drone abdominal lipid ratio

The abdominal lipid ratio, i.e. fat storage, of adults was estimated 
following Ellers (1995). Fresh abdomens were excised, weighed, dried 
for three days at 70◦C, and weighed again. Lipids were extracted by 
placing the abdomens in 2 mL of diethyl ether for 24 h, after which the 
ether was discarded and the abdomens were dried again at 70◦C for 
seven days. The abdominal lipid ratio was calculated as the difference 
between pre- and post-extraction dry abdomen masses, divided by fresh 
abdomen mass. Two workers per microcolony and all emerged drones 
were analysed.

2.7. Statistical analyses

All analyses were performed in R v4.3.0 (R Core Team, 2023), and all 
graphs were generated using the “ggplot2” package v 3.5.1 (Wickham, 
2016).

Survival was analysed using a mixed-effects Cox regression, with the 
solvent control as reference group and the initial queenright colony as a 
random factor, using the coxme package v2.2–22 (Therneau, 2022). 
Hazard ratios (HR) relative to the solvent control are reported.

Treatment effects on the different metrics were analysed using 
generalized linear mixed models (GLMM) with the glmmTMB package 
v1.1.11 (Brooks et al., 2025), considering the initial colony as a random 
effect and treatment as the explanatory variable. Distribution families 
were selected according on the metric and validated by visual inspection 
of model diagnostics using the DHARMa package v0.4.7 (Hartig, 2020). 
Beta family (logit link) was used for abdominal lipid ratio and pollen 
dilution (ratio values between 0 and 1). Gaussian family (identity link) 
was applied to pollen and syrup collection, pollen efficacy, and larval 
and drone masses when data were normally distributed. Gamma family 
(inverse link) was used for right-skewed mass data. Larval and drone 
numbers were analysed using Poisson family (log link), or negative 
binomial (log link) when overdispersion was detected (Brooks et al., 
2025). To determine whether potential effects on larval and drone 
numbers resulted from direct phthalate toxicity or indirectly from a 
nurse effect associated with worker survival, similar GLMMs were fitted 

to the same data using the number of surviving workers after 35 days as 
either the main explanatory variable or a covariate of the treatment 
variable.

As solvent and mineral water controls did not differ in any analysis 
(Table S1), the solvent group was retained as the control. Custom con
trasts were performed using the emmeans package v1.10.5 (Lenth, 
2023), with the solvent group as the reference and Benjamini-Hoch
berg’s p-value adjustment method (i.e., “fdr”) for post-hoc analyses.

3. Results

3.1. Impact on worker mortality

Exposure to phthalates significantly affected worker survival (Mixed 
Cox regression: Chisq. = 18.30, d.f. = 6, p-value = 0.006). At the end of 
the experiment, survival of workers exposed to DEHP at 120 ng/g was 
half that of the control group (for DEHP at 120 ng/g, HR = 2.25, 95% CI 
= [1.15, 4.41], z = 2.37, p-value = 0.018; Fig. 2). A similar but 
marginally significant effect was observed in workers exposed to the 
mixture treatment (HR = 1.99, 95% CI = [1.00, 3.94], z = 1.98, p-value 
= 0.048; Fig. 2). In both groups, survival began to decline after the 
midpoint of the experiment (Fig. 2).

3.2. Impact on worker resource collection

A significant treatment effect was detected for cumulative syrup 
collection (GLMM, family gaussian: Chisq. = 11.61, d.f. = 5, p-value =
0.0405), with the highest mean quantity observed in microcolonies 
exposed to DEHP at 120 ng/g b.w. (105.3 ± 7.8 g) and the lowest in 
those exposed to DEHP at 12 ng/g b.w. (84.8 ± 6.6 g; Fig. 3a). However, 
none of the treatments differed significantly from the control group 
(95.8 ± 2.2 g; p-values > 0.05). Cumulative pollen collection was not 
affected by phthalate exposure (GLMM, family gaussian: Chisq. = 8.29, 
d.f. = 5, p-value = 0.1407), although a non-significant decrease was 
observed in the microcolonies exposed to the mixture (p-value > 0.05; 
Fig. 3b).

Exposure to the mixture significantly decreased pollen dilution (p- 

Fig. 2. Kaplan-Meier curves showing the survival in the microcolonies with the proportion of alive workers reported in the control (red solid curve) and five 
phthalate exposure treatment groups (N = 50 workers per treatment) over the 35 days of experiment. An asterisk “*” indicates a significant difference from the 
control group at p < 0.05, according to a Mixed Cox regression followed by a emmeans post-hoc analysis.
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valuevs.control = 0.0072) and pollen efficacy (p-valuevs.control = 0.0240), 
compared to the control (Fig. 3c,d).

3.3. Impact on offspring number and mass

Pre-defecation larval production was negatively affected by phtha
late exposure, although the overall treatment effect was only borderline 
significant (GLMM, family negative binomial: Chisq. = 11.397, d.f. = 5, 
p-value = 0.0441), with significantly fewer pre-defecation larvae pro
duced in microcolonies exposed to the mixture than in the control group 
(p-value = 0.0002; Fig. 4a). Additionally, non-emerged drone produc
tion differed between treatments (GLMM, family Poisson: Chisq. = 14.2, 
d.f. = 5, p-value = 0.0142), with the lowest mean number observed in 
microcolonies exposed to DnBP at 60 ng/g and the highest in those 
exposed to DnBP at 600 ng/g (Fig. 4a). However, none of the treatments 
differed significantly from the control group (p-values > 0.05; Fig. 4a).

The first drones emerged on day 25 from microcolonies exposed to 
DnBP at 60 and 600 ng/g, while in control microcolonies, the first 
drones emerged on the following day (Fig. 4b). Final drone numbers 
differed among treatments (GLMM, family Poisson: Chisq. = 26.1, d.f. =
5, p-value < 0.001). Significantly fewer drones emerged from micro
colonies exposed to the mixture than from control microcolonies (p- 
value = 0.0001), while exposure to DnBP at 600 ng/g resulted in a 
borderline significant decrease in drone emergence compared to the 
control group (p-value = 0.0411; Fig. 4b).

When analysed as main explanatory variable, worker survival had a 
positive but non-significant effect on pre-defecation larval production 
(GLMM, family negative binomial: Chisq. = 2.9, d.f. = 1, p-value =
0.0871). When worker survival was included as a covariate in the 
treatment model, the previously borderline significant treatment effect 

was no longer significant (GLMM, family negative binomial: for treat
ment effect, Chisq. = 7.4, d.f. = 5, p-value = 0.1920; for worker survival 
effects, Chisq. = 3.7, d.f. = 1, p-value = 0.0531). Nevertheless, the 
estimated effect of the mixture treatment remained large and consistent, 
corresponding to an 86% reduction in pre-defecation larval number in 
the model without worker survival and an 80% reduction when worker 
survival was included. Similarly, worker survival had a positive but non- 
significant effect on both non-emerged and emerged drone production, 
whether analysed as the main explanatory variable or as a covariate, 
whereas the treatment effect remained significant (see Table S3 for 
statistical details).

Phthalate exposure did not significantly affect the number of eggs, 
non-isolated larvae, post-defecation larvae, and pupae in the micro
colonies, nor the total number of hatched individuals (i.e., all post-egg 
stages) produced by each microcolony, at the end of the experiment 
(see Table S2 and S4 for statistical details and values).

Phthalate exposure affected the mass of individual non-isolated 
larvae (GLMM, family gaussian: Chisq. = 15.6, d.f. = 5, p-value 
=0.0080), while the total mass of non-isolated larvae only tended to 
differ (GLMM, family gaussian: Chisq. = 10.8, d.f. = 5, p-value =
0.0547). The highest mean mass was found in microcolonies exposed to 
DnBP at 60 ng/g b.w. (0.042 ± 0.005 g) and the lowest in those exposed 
to the mixture (0.013 ± 0.006 g), but none of the treatments differed 
significantly from the control group (0.032 ± 0.009 g; p-values > 0.05; 
Fig. S1b).

Regarding the isolated larval stages, post-defecation larval mass 
differed between treatments (GLMM, family gaussian: Chisq. = 11.3, d.f. 
= 5, p-value = 0.04595), with a borderline significant increase for DnBP 
treatment at 600 ng/g compared to control (p-value = 0.0464; Fig. 4c). 
Pupal mass also differed between treatments (GLMM, family gaussian: 

Fig. 3. Resource collection by workers and resource-use metrics in microcolonies exposed to DnBP, DEHP, or their mixture compared with the control group. a) 
Cumulative standardised syrup collection in grams (g), reflecting total syrup collection over the experiment, considering together consumption and storage by 
workers; b) cumulative standardised pollen collection (g), reflecting total pollen collection over the experiment, considering together storage and brood feeding; c) 
pollen dilution (g/g; ratio of collected pollen to syrup), highlighting potential stress response mechanisms; and d) pollen efficacy (g/g; ratio of total offspring mass to 
cumulative pollen collection), representing how collected pollen was converted into offspring biomass. Grey dots represent individual microcolonies (N = 5 per 
treatment). Black points show treatment means and error bars indicate 95% confidence intervals. “*” and “**” indicate significant differences from the control group 
at p < 0.05 and p < 0.01, according to GLMM, with family gaussian followed by emmeans post-hoc analyses.
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Chisq. = 17.8, d.f. = 5, p-value = 0.0032), with the highest mean 
observed for pupae produced by microcolonies exposed to DnBP at 
600 ng/g b.w. (0.339 ± 0.010) and the lowest in those exposed to DEHP 
at 120 ng/g b.w. (0.295 ± 0.010). However, these values did not differ 
significantly from the control (0.308 ± 0.010; p-value vs. DnBP 600 ng/g =

0.1362 and p-value vs. DEHP 120 ng/g = 0.2489), and we found no effect of 
phthalate exposure on pre-defecation larval mass (see Fig. S1c, e and 
Table S2 for statistical details).

Drone mass did not differ among treatments when all emerged 
drones were considered (see Table S2 for statistical details). However, 
the mass of drones emerging during the final two days of the experiment 
(i.e., from eggs laid by workers exposed more than once) differed 
significantly between treatments (GLMM, family gamma: Chisq. = 20.1, 
d.f. = 5, p-value = 0.0012). A significant increase in lastly-emerged 
drone mass was observed in microcolonies exposed to DnBP at 
600 ng/g b.w. and to the mixture compared to the control group (p- 
values = 0.0150; Fig. 4d).

Overall, total hatched offspring mass showed a non-significant ten
dency to differ among treatments (GLMM, family gaussian: Chisq. =

10.2, d.f. = 5, p-value = 0.0696), with the lowest mass found in 
microcolonies exposed to the mixture (Fig. S1f).

3.4. Worker and drone abdominal lipid ratio

Phthalate exposure significantly affected worker abdominal lipid 
content (GLMM, family beta: Chisq. = 18.65, d.f. = 5, p-value = 0.002). 
Compared with the control group, workers exposed to DnBP at 600 ng/g 
b.w. showed a significant 4.8% increase in abdominal lipid content (p- 
value = 0.0012; Fig. 5a).

No effect of worker phthalate exposure was observed on drone 
abdominal lipid content, whether considering all emerged individuals 
(Fig. 5b) or only those that emerged during the final two days of the 
experiment (see Table S2 for statistical details).

4. Discussion

In this study, we investigated the impact of repeated exposure to 
nominal environmental doses of the phthalates DnBP and DEHP, 

Fig. 4. Effects of phthalate exposure on offspring production and morphology in bumblebee microcolonies. a) Mean number of offspring in each developmental stage 
(eggs, larvae, pupae, and drones) for each treatment (N = 5 microcolonies per treatment), showing brood production in terms of number distribution among stages at 
the end of the experiment. b) Dynamics of drone emergence over the 35-day experiment, showing the timing and rate of adult male progeny production. Lines 
represent treatment means (N = 5 microcolonies per treatment) with the solid red line representing the control group. c) Individual body mass for post-defecation 
larvae collected at the end of the experiment from the microcolonies exposed to DEHP at 12 ng/g (N = 35) or 120 ng/g (N = 18), DnBP at 60 ng/g (N = 15) or 
600 ng/g (N = 18), or the mixture (N = 9) compared to the control group (N = 22). d) Individual body mass for drones emerged during the last two days, from the 
microcolonies exposed to DEHP at 12 ng/g (N = 20) or 120 ng/g (N = 10), DnBP at 60 ng/g (N = 19) or 600 ng/g (N = 8), or the mixture (N = 7) compared to the 
control group (N = 17). Black points represent means and error bars indicate 95% confidence intervals; grey dots represent individual measurements. Single and 
double asterisks “*” and “***” indicate significant differences from the control group at p < 0.05 and p < 0.001, respectively, according to GLMM, families negative 
binomial and poisson (count data of panel a and b) and family gaussian and gamma (mass data of panel c and d), and followed by emmeans post-hoc analyses.
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administered either individually or in combination, on the development 
of B. terrestris microcolonies over 35 days. Our results revealed increased 
worker mortality following exposure to DEHP 120 ng/g, both alone and 
in combination with DnBP 60 ng/g. We also observed a reduction in the 
number of drones emerging from microcolonies exposed to the mixture, 
as well as from those exposed to DnBP 600 ng/g b.w. Under this latter 
condition, progeny had increased individual mass at the post-defecation 
stage and among the last drones to emerge, while exposed workers 
showed an elevated abdominal lipid ratio.

4.1. Increase in worker mortality

DnBP-exposed microcolonies maintained mortality rates comparable 
to those of the control group throughout the 35-day experiment. In 
contrast, isolated B. terrestris workers previously exhibited a fourfold 
increase in mortality 72 h after exposure to DnBP at a nominal envi
ronmental dose of 60 ng/g b.w. (Dewaele et al., 2025). To our knowl
edge, no other study has investigated the long-term effects of DnBP 
exposure in insects. However, similarly, in Daphnia magna exposed to 
high concentrations of DnBP (>3 µg/L) throughout a lifespan assay, no 
abnormal mortality was reported (Seyoum and Pradhan, 2019). In our 
previous study, comparing worker mortality 72 h after exposure to the 

same doses of DnBP but isolated and in microcolonies, we showed that 
sociality reduces DnBP toxicity. Several colony-level mechanisms could 
contribute to this buffering effect. First, workers maintained in micro
colonies benefit from social thermoregulation (Livesey et al., 2019), 
whereas isolated workers remain closer to ambient temperature 
(Sepúlveda-Rodríguez et al., 2024). Because temperature can influence 
detoxification and excretion processes in insects, this may alter sensi
tivity to contaminants (Verheyen et al., 2022). Second, grooming and 
social contact could reduce cuticular contaminant loads and therefore 
limit effective exposure. While self-grooming and brood-rubbing are 
known to be performed by bumblebees in healthy conditions (Dronnet 
et al., 2005), to our knowledge, this hypothesis has never been investi
gated concerning pollutant transfer and removal. Third, social condi
tions help maintain the characteristic bee microbiota, which is 
increasingly recognised as an important contributor to xenobiotic 
tolerance and detoxification (Wu et al., 2020). Finally, queenless 
workers in microcolonies undergo endocrine and metabolic changes 
associated with reproductive competition (Amsalem et al., 2014; Bloch 
et al., 2000), potentially modifying their physiological response to 
endocrine-disrupting compounds. Although these mechanisms remain 
hypothetical and further research is needed to understand the social 
mediation of pollutant effects, our results suggest that colony-level 
processes may mitigate the effects of phthalate exposure. Consistent 
with our previous observations following acute exposure (Dewaele et al., 
2025), this buffering effect appears to persist during long-term repeated 
DnBP exposure.

We observed an increase in worker mortality in microcolonies 
repeatedly exposed to DEHP 120 ng/g, both alone and in mixture with 
DnBP. These results contrast with the general pattern reported in in
vertebrates, where high molecular weight phthalates such as DEHP are 
typically considered less toxic than low molecular weight phthalates 
such as DnBP (e.g., Green-Ojo et al., 2024; Jensen et al., 2001; Seyoum 
and Pradhan, 2019). Similarly, Arulanandam et al. (2022) predicted a 
higher toxicity of DnBP than DEHP in honeybees using in silico toxicity 
models. While this prediction was supported by our previous study on 
acute exposure of isolated B. terrestris workers, the present results sug
gest that prediction approaches based primarily on chemical structure 
and acute toxicity data can overlook physiological responses occur in the 
case of repeated long-term exposure, as well as their interactions with 
the complex physiological regulatory networks underlying social 
interactions.

We observed decline in survival in microcolonies, only noticeable 
after the midpoint of the experiment. In contrast, exposure of isolated 
workers to DEHP doses ranging from 12 ng/g to 12 µg/g did not pre
viously increase mortality within 72 h following exposure (Dewaele 
et al., 2025). Moreover, no effect on survival was reported after 
weekly exposure of Lasius niger queens to 2 ng of DEHP for 6 weeks 
(Cuvillier-Hot et al., 2014). However, like in our results, in female 
D. melanogaster chronically exposed to high concentrations of DEHP 
(>3 µg/L), mortality similar to that of controls until approximately day 
50, when survival began to decline (Liu et al., 2024).

In previous microcolony studies using environmentally relevant 
doses of pesticides, worker survival either remained at control levels for 
fungicide or herbicide molecules (e.g., Nebauer et al., 2024; Straw and 
Brown, 2021), or declined progressively from the start of exposure in 
response to insecticides (e.g., Nebauer et al., 2024). Although this dif
ference in survival profile could result from differences in the route and 
frequency of exposure, such delayed toxicity is also a characteristic of 
endocrine-disrupting compounds (reviewed in Crews et al., 2000).

Several hypotheses could explain the mortality observed in this 
study. First, in D. melanogaster, reduced lifespan following DEHP expo
sure has been linked to altered expression of genes involved in the AKT- 
FOXO pathway, resulting in accelerated ageing and reduced survival 
(Liu et al., 2024). We hypothesise that a similar disruption could un
derlie the decreased survival observed in B. terrestris. Further tran
scriptomic analyses could help clarify the mechanisms involved.

Fig. 5. Abdominal lipid ratio, a proxy to measure fat storage, in a) workers 
directly exposed, and b) drones produced by the workers exposed to DEHP at 
12 ng/g (Nworkers = 10; Nmales = 45) or 120 ng/g (Nworkers = 10; Nmales = 34), 
DnBP at 60 ng/g (Nworkers = 9; Nmales = 53) or 600 ng/g (Nworkers = 9; Nmales =

30), or the mixture (Nworkers = 8; Nmales = 15) compared to the control group 
(Nworkers = 10; Nmales = 52). Black points show mean values with error bars 
indicating 95% confidence intervals. A double asterisk “**” indicates a signif
icant difference at p < 0.01 compared to the control group, according to 
GLMM, family beta, followed by a emmeans post-hoc analysis.
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Another hypothetical explanation for the increased mortality is 
oxidative stress associated with DEHP detoxification. Previous work has 
shown that DEHP detoxification is energetically costly (Rivas et al., 
2023). In rats, DEHP metabolism involves cytochrome P450 enzymes 
(Liu et al., 2021). In insects, these enzymes also play a central role in 
xenobiotic detoxification, but their activity can generate oxidative 
stress, leading to cellular damage and reduced survival (Murataliev 
et al., 2008). As DEHP is known to specifically activate xenobiotic 
detoxification pathways (Srivastava et al., 1976), repeated exposure 
might have progressively amplified oxidative stress, ultimately reducing 
worker survival.

It is worth noting that DEHP effects on survival have generally been 
reported at higher doses than those used here (e.g., Liu et al., 2024). 
Because of their reduced number of cytochrome P450-related genes 
compared to other insect groups (Claudianos et al., 2006), B. terrestris 
may be particularly sensitive to such compounds. This could also apply 
to other wild bees, including Megachilidae, which lack specific cyto
chrome P450 genes (Hayward et al., 2024), and could explain the 
greater sensitivity of B. terrestris than other invertebrate models. 
Furthermore, repeated exposure over 35 days may have progressively 
altered detoxification processes, for example through depletion of 
detoxification enzymes. To better understand the impact and mode of 
action of phthalates in bees, further physiological and molecular studies 
are therefore needed.

Alternatively, the increased mortality could result from disrupted 
social behaviour caused by the repellent properties of DEHP, as reported 
in ants (Cuvillier-Hot et al., 2014). In the present study, workers were 
exposed via their cuticle, potentially altering the chemical cues involved 
in nestmate recognition (van Zweden and D’Ettore, 2010). Moreover, 
(Javal et al. (2026) recently showed that exposure to DEHP at 1200 ng/g 
b.w., either alone or in mixture with DnBP (3–300 ng/g b.w.), can alter 
antennal responses to floral volatile compounds in B. terrestris, demon
strating that phthalates can impair chemosensory perception in this 
species. Such effects may not be restricted to floral odour detection and 
could also affect the perception of social chemical cues involved in 
nestmate recognition. In A. mellifera, altered cuticular odours can trigger 
aggression towards nestmates (Cappa et al., 2019), a mechanism that 
could contribute to the higher mortality observed in DEHP-exposed 
microcolonies. However, DnBP, which has also been reported as repel
lent in A. mellifera as well (Sahebzadeh et al., 2009), did not increase 
worker mortality. A thorough investigation of phthalate effects on 
nestmate and intraspecific recognition could therefore help clarify how 
these pollutants could impair bumblebee social behaviour.

Mortality in the mixture treatment was comparable to that observed 
in the DEHP 120 ng/g b.w. This contrasts with our previous finding that 
DEHP-DnBP mixture, at similar doses, reduced DnBP toxicity at 72 h 
after exposure in isolated workers (Dewaele et al., 2025). Here, no such 
antagonistic effect was observed. The discrepancy may result from dif
ferences in both exposure duration and social context. The patterns 
observed following individual acute exposure may primarily reflect 
short-term physiological responses, whereas repeated exposure over 35 
days in microcolonies could lead to cumulative DEHP effects that only 
become apparent over time and are not mitigated by DnBP.

While the antagonism observed in the short term could result from 
DEHP activating DnBP detoxification pathways (Dewaele et al., 2025), 
our results suggest that DnBP does not reciprocally promote DEHP 
detoxification. The similar mortality observed in DEHP and mixture 
treatments further suggests that DEHP could contribute substantially to 
the mortality observed in the mixture. Such effects could arise through 
the mechanisms proposed above, including disruption of ageing-related 
pathways, increased oxidative stress associated with detoxification, or 
altered social recognition cues leading to increased worker aggression. 
Further research is now needed to identify the molecular targets of 
phthalates in bees.

4.2. Decrease in offspring production

We observed a reduction in late-stage larvae production and, more 
markedly, in the number of emerged drones in microcolonies exposed to 
the DEHP-DnBP mixture, alongside a marginally significant increase in 
worker mortality. In microcolonies, reduced offspring production often 
accompanies increased worker. For example, in B. impatiens micro
colonies exposed to the insecticide dimethoate (10 mg/kg of food) for 42 
days, worker survival declined to 20%, while drone emergence 
decreased to less than 10 individuals (compared to around 20 in control 
microcolonies; Krueger et al., 2021). Based on these results, Krueger 
et al. (2021) concluded that when a compound affects adult survival 
in microcolony assays, impacts on brood production may largely reflect 
impaired brood-care behaviours. In our study, attempting to link worker 
mortality to larval number reduction by including worker survival as a 
covariate had little effect on the estimated treatment effect, particularly 
for non-emerged and emerged drone production. However, the loss of 
statistical significance after inclusion of worker survival likely reflects 
either limited statistical power due to the small sample size or shared 
variance between treatment and worker survival, as treatment had a 
significant direct effect on worker mortality. Therefore, although worker 
survival may contribute to the effects observed on offspring production, 
our analyses could not fully disentangle direct larval toxicity from in
direct nurse effects associated with a 50% reduction in worker survival.

It is worth noting that, although comparable mortality was observed 
in microcolonies exposed to DEHP alone, no reduction in larval pro
duction was detected, suggesting that the combined exposure may affect 
brood survival more strongly than exposure to DEHP alone. To our 
knowledge, such an additive impact has not yet been reported in in
vertebrates. While the mixture treatment had no clear impact on total 
pollen and syrup collection, it significantly reduced pollen dilution (i.e., 
collected pollen:syrup ratio), indicating a shift in worker behaviour. In 
addition, pollen collection tended to be lower than in control micro
colonies, although the difference was not significant. This pattern may 
reflect an energetic trade-off favouring detoxification over brood care in 
workers. Indeed, sugars from syrup and nectar primarily serve as an 
energy source for adult bees (Suarez et al., 2005), whereas pollen pro
vides the proteins and lipids required for larval development 
(Pereboom, 2000). Pollen efficacy (i.e., offspring mass:collected pollen 
ratio), used here as an indicator of microcolony performance, was also 
significantly reduced in the mixture treatment, consistent with the 
non-significant reduction in pollen collection.

Like in the mixture treatment group, microcolonies exposed to DnBP 
600 ng/g produced fewer emerged drones, despite no significant change 
in worker mortality or resource collection. Although this effect was only 
borderline significant, it suggests that DnBP, both alone and in combi
nation with DEHP, may impair offspring production at environmentally 
relevant doses. Both compounds have previously been shown to disrupt 
egg laying in insects. For example, ant queens exposed by contact to 
DEHP and D. melanogaster exposed to DnBP through food laid around 
40% fewer eggs than their control group (Atlı, 2010; Cuvillier-Hot et al., 
2014). In the present study, egg number did not differ among treat
ments. However, eggs were only counted at the end of the experiment, 
and monitoring egg-laying dynamics throughout the exposure period 
could provide further insight into potential effects on reproduction. 
Alternatively, exposure to DnBP 600 ng/g or to the mixture may have 
delayed larval development, thereby reducing drone emergence by the 
end of the experiment. Indeed, both phthalates have previously been 
reported to affect post-embryonic development in insects. In S. littoralis, 
high DEHP concentrations in food shortened larval stage duration but 
prolonged the pupal stage (Avilès et al., 2019), and whereas DnBP 
exposure extended pupation duration in D. melanogaster (Atlı, 2010). 
Direct larval exposure experiments could help clarify the effects of DEHP 
and DnBP, alone or in combination, on larval development in 
B. terrestris.

J. Dewaele et al.                                                                                                                                                                                                                                Ecotoxicology and Environmental Safety 323 (2026) 120648 

8 



4.3. Increase in worker abdominal lipid ratio and offspring mass

In this study, microcolonies exposed to nominal environmental doses 
of DEHP showed no differences in larval and drone body mass, nor in 
adult abdominal lipid ratio, compared to controls. Similarly, in 
S. littoralis, high DEHP concentrations (19.5 mg/g of food) affected 
larval development and body mass, whereas environmentally concen
trations (e.g., 1.1 ng/g of food) had no effects on these traits (Avilès 
et al., 2019). Likewise, effects on body mass and lipid content in in
vertebrates are generally reported at concentrations exceeding envi
ronmental levels, as observed in D. magna exposed to > 3 µg/L DEHP 
(Seyoum and Pradhan, 2019).

In contrast, workers exposed to DnBP at 600 ng/g showed an 
increased abdominal lipid ratio, despite no corresponding increase in 
resource collection, together with a borderline significant increase in 
post-defecation larval mass and a significant increase in the mass of the 
last-emerged drones. Obesogenic effects of DnBP have been documented 
in vertebrates (Dalamaga et al., 2024) and aquatic invertebrates (Lee 
et al., 2018). For example, in D. magna reared in DnBP-contaminated 
media, increased lipid storage was linked to impaired fatty acid catab
olism (Seyoum and Pradhan, 2019). Unlike other hymenopterans, such 
as parasitoid wasps, in which adults lack enzymes required for de novo 
lipogenesis and accumulate lipid reserves during larval development, 
adult bumblebees rely on both dietary intake and de novo lipogenesis for 
lipid storage (Furse et al., 2023). We therefore hypothesise that the in
crease in lipid content observed without elevated ressource collection 
may result from reduced lipid catabolism and/or enhanced lipogenesis, 
indicating a potential disruption of lipid metabolism following DnBP 
exposure. Such effect could involve the insulin-signalling pathway, 
which regulates fat body cell production and lipogenesis (Skowronek 
et al., 2021). This pathway was shown to be disrupted by low concen
trations of DnBP in D. melanogaster, leading to increased starvation 
resistance through reduced lipid mobilisation (Williams et al., 2016). 
However, further research is needed to link morphological and physio
logical changes observed at the organism and tissue levels in this study 
to underlying molecular mechanisms of phthalate disruption in bum
blebees, for example through gene expression or hormone titration 
analyses.

Alongside the effects observed in workers, post-defecation larvae and 
the last drones to emerge from microcolonies exposed to DnBP at 
600 ng/g showed higher body mass than controls. Pre-pupal stages, such 
as post-defecation larvae, are sensitive to juvenile hormone signalling 
(Rachinsky et al., 1990), which is influenced by the insulin-signalling 
pathway (Zhang et al., 2022) and regulates lipid metabolism and 
mobilisation (Shpigler et al., 2021). Consequently, disruption of this 
pathway could underlie the obesity-related phenotype observed for 
larvae, through alterations of lipid metabolism and insulin signalling 
similar to those hypothesised in workers. Together, these results high
light the need for a better understanding of the molecular mechanisms 
underlying phthalate exposure in bumblebees.

Additionally, microcolonies exposed to DnBP at 600 ng/g produced 
fewer drones despite no changes in resource collection or related met
rics, suggesting that larvae may have received proportionally more food. 
As most bumblebee species are monoandrous, a shortage of males could 
have detrimental consequences for queen mating success and population 
fitness. This could directly reduce the number of new colonies founded 
in the following year. However, reproductive success depends not only 
on the number of males produced but also on their morphological and 
physiological characteristics, including body mass or fertility. The pro
duction of larger drones, as observed here, has previously been associ
ated with higher mating success (Park et al., 2025). Nevertheless, a 
shortage of males, even if individual mating success is increased, could 
more subtly promote inbreeding and ultimately weaken populations 
(Goulson et al., 2008). Finally, exposure to DEHP, DnBP, and their 
mixture has been shown to affect male fertility through alterations in 
sperm number and function in vertebrate models (e.g., Mohanty et al., 

2023), and similar effects of DnBP have been reported in 
D. melanogaster (Misra et al., 2014). To our knowledge, this effect has 
never been investigated in bees. Given that around 45% of European 
bumblebee species are considered at least “Near Threatened” to “Criti
cally Endangered” (Michez et al., 2026), the negative impacts of 
phthalates on the production and health of reproductive individuals, 
particularly drones, may represent an overlooked factor contributing to 
ongoing population declines.

Additionally, as neither pollen collection nor pollen efficacy (i.e., 
total offspring mass:collected pollen ratio) differed significantly from 
the control, the increase in larval mass is unlikely to result solely from 
changes in larval feeding. Instead, DnBP may have altered larval 
development timing, as previously reported in D. melanogaster (Atlı, 
2010). Prolonged larval development could reduce the number of 
drones emerging before the end of the experiment while allowing larvae 
more time to feed and grow, potentially explaining the unchanged 
pollen efficacy.

In Bombus, both development duration and food intake influence 
caste determination (Ribeiro, 1994). We therefore hypothesise that 
phthalate exposure could alter the balance between workers and queen 
production, with potentially important consequences for colony fitness 
in queenright colonies. To date, such effects have only been reported in 
B. terrestris colonies exposed to elevated temperatures (Guiraud et al., 
2021), and not pollutants. Future studies should investigate the effects 
of phthalate on caste-specific development and the underlying molec
ular pathways in queenright colonies.

4.4. Potential transgenerational impact of phthalates

In this study, larvae were not directly exposed to phthalates. 
Nevertheless, post-defecation larvae and the last drones to emerge from 
microcolonies exposed to DnBP at 600 ng/g showed increased body 
mass, suggesting an effect of repeated exposure on offspring develop
ment of the mother workers. We propose three hypothetical mechanisms 
that could explain the observed effects in the offspring of the exposed 
workers.

First, larvae could have been indirectly exposed through transfer, 
from contaminated workers and nest structures. While phthalate trans
fer dynamics within social bee colonies remain largely unexplored, 
foragers are known to introduce environmental pollutants into nests, 
including plasticisers, which can accumulate in lipid-rich nest materials 
(Gómez-Ramos et al., 2016). Such accumulation could result in chronic 
larval exposure through contact with contaminated workers and nest 
structures, potentially explaining the effects observed here.

Second, exposure may have occurred during oogenesis in contami
nated workers. In queenless microcolonies, workers develop ovaries and 
begin laying unfertilised eggs within the first days following isolation 
from the queenright colony (Klinger et al., 2019). In terrestrial in
vertebrates such as wolf spiders and soil mites, the entire burden of some 
inorganic pollutants (e.g., mercury and cadmium) can be transferred to 
eggs (Saxton et al., 2013). However, data regarding the transfer of 
organic pollutant transfer, particularly in bees, remain scarce. Notably, 
Spodoptera frugiperda individuals reared on DnBP-contaminated media 
(1 mg/L) produced second-generation offspring containing approxi
mately 100 times more DnBP than their parents, suggesting transfer and 
bioaccumulation despite the absence of parental care (Filho et al., 
2013). However, egg contamination was not assessed in that study.

Third, we hypothesise that the increased larval mass observed in 
DnBP-exposed microcolonies could reflect potential parental effects 
mediated by hormonal disruption. Similar phenomena have been re
ported in species lacking parental care. For example, long-term parental 
exposure of D. melanogaster to high concentrations of DEHP altered 
offspring body mass, with maternal exposure reducing body weight, and 
paternal exposure increasing it (Chen et al., 2019), highlighting the 
importance of parental endocrine endocrine status. In our study, only 
workers were exposed to DnBP, and increased body mass was observed 
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in late-stage larvae. Because bumblebee males are haploid, any parental 
effects of phthalate exposure may differ from those described in 
Drosophila. Drone traits are influenced solely by maternal factors, 
whereas female development is shaped by both maternal and paternal 
contributions. Assessing the consequences of phthalate exposure in 
second-generation queens and workers would therefore be important for 
understanding potential impacts on colony development and population 
health.

However, our data do not allow us to disentangle these mechanisms. 
Additional information is needed, including chemical analyses of 
exposed workers, nest structures, eggs, and drones, as well as experi
ments involving direct larval exposure in the absence of worker contact 
and nest structure. Such approaches would help determine which of the 
proposed mechanisms best explains the patterns observed in this study.

4.5. Limitations

Three limitations of our experimental setup should be considered 
when interpreting these results.

First, phthalate concentrations in the treatment and control solu
tions, as well as background contamination in pollen and syrup, were 
not quantified. In previous experiments by Avilès et al. (2019), phthalate 
contamination was detected in both treatment and control feeding so
lutions. Consequently, we cannot exclude the presence of background 
phthalate contamination in control solutions or pollen used here. To 
minimise this issue, treatment and control solutions were prepared using 
decontaminated glassware. In addition, feeding solutions and pollen 
candies were prepared using decontaminated earthenware, glass, and 
metal materials to limit phthalate contamination. Although the absence 
of analytical quantification prevents confirmation of the actual exposure 
concentrations and background contamination levels, the biological 
responses observed nevertheless indicate that exposure to the prepared 
solutions was associated with significant effects on worker survival and 
offspring production.

Second, analyses conducted at the microcolony level (e.g., larval 
production) were limited to five microcolonies per treatment, resulting 
in low statistical power. While strong effects on offspring production, 
such as those observed in the mixture and DnBP 600 ng/g treatments, 
could be detected, more subtle effects may have gone unnoticed. 
Moreover, given both the limited sample size and the number of ana
lysed endpoints, we acknowledge an increased probability to detect false 
positive effects. However, several responses were consistent across 
related reproductive and physiological endpoints, supporting the overall 
biological interpretation of our findings.

Third, workers were exposed through localised contact exposure, i. 
e., deposition of a droplet on the thorax. However, because of the 
ubiquity of phthalates in the environment (Billings et al., 2021), bees are 
likely exposed through multiple routes, including soil, in which 
B. terrestris nests, contaminated nest material and atmosphere, as well as 
atmosphere during foraging activities. Although cuticular contamina
tion is likely to represent an important exposure route in bees (Lenoir 
et al., 2012), nectar and pollen may also contribute. While phthalate 
contamination of floral resources remains poorly documented, some 
plants, such as corn and alfalfa, have been shown to accumulate 
phthalates in their vegetative parts (Fan et al., 2022; Sun et al., 2015), 
and honeybee-collected pollen has been reported to contain phthalates 
(Martín-Gómez et al., 2024). However, repellent effects of phthalates 
have been reported in insects, including bees (e.g., Sahebzadeh et al., 
2009), suggesting that oral exposure could potentially be partially 
limited by avoidance behaviours. Taken together, these observations 
may reinforce the importance of contact exposure through contaminated 
plant surfaces and nest materials, potentially accompanied by lower 
levels of oral exposure during pollen handling and consumption. 
Therefore, our results should be interpreted in the context of a single, 
but likely, exposure route.

Despite these limitations, this study is, to our knowledge, the first to 

investigate and demonstrate effects of repeated phthalate exposure in 
bees.

5. Conclusion

Overall, our findings suggest that environmental exposure to the 
ubiquitous phthalates DEHP and DnBP can negatively affect B. terrestris 
worker survival and offspring development. The contrast between the 
present long-term study and previous short-term evaluations highlights 
the importance of assessing chronic and repeated exposure in chemical 
risk evaluation. Current frameworks, which rely heavily on short-term 
toxicity tests (EFSA et al., 2023), may fail to detect delayed effects 
that are characteristic of endocrine disruptors (Futran Fuhrman et al., 
2015). Such overlooked effects could have long-term consequences at 
both colony and population levels, potentially contributing to 
bumblebee declines.
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Dubaić, J., Dall’Olio, R., Dellicour, S., Devalez, J., Devorsine, R., Dufrêne, E., De la 
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