
Acute exposure to environmental doses of di-n-butyl phthalate but not 
di-2-ethylhexyl phthalate induces mortality in isolated and cold-stressed 
workers of Bombus terrestris L. (Hymenoptera: Apidae)

Justine Dewaele a,b,* , Marion Javal a,c,d , Audrey Pinchon b, Dimitri Evrard b ,  
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A B S T R A C T

Since the past decades, declining trends in bee populations have been reported worldwide. Among multiple 
anthropogenic factors, endocrine disruptors, such as phthalates, could negatively affect bees and contribute to 
this decline at environmental level of exposure. Yet, no data are available on phthalate toxicity in bees. Di-2- 
ethylhexyl phthalate (DEHP) and di-n-butyl phthalate (DnBP), widely used as plasticisers and adjuvants, are 
some of the most commonly recorded phthalates in the environment, including on social bee worker cuticles. In 
this study, we investigated DnBP and DEHP lethal effects on B. terrestris workers after contact exposure to 
environmentally relevant single-molecule and mixture treatments. Interactions with cold stress and social 
context were additionally investigated. Firstly, we evidenced for the first time an NMDRC for DnBP toxicity in 
bees, with an increased mortality of 25 %, 72 h after exposure. By contrast, DEHP did not affect worker survival 
and even lowered DnBP toxicity when administered as a mixture. Secondly, DnBP at low environmental doses 
enhanced worker resistance to cold stress, while exposure to cold stress modulated DnBP toxicity, shifting the 
onset of adverse effects to higher concentrations. Finally, we evidenced that social contacts mitigate DnBP 
toxicity. Overall, this study provided the first evidence of the detrimental effects caused by these overlooked 
pollutants on bees, and discusses potential metabolic disruption by phthalate exposure that may affect crucial life 
traits in bumblebees. Finally, this study highlighted that accounting for complex realistic mixtures and the social 
context of the studied species seems essential for accurately assessing the toxicity of endocrine disrupting 
molecules.

1. Introduction

Phthalates (PAEs) are ubiquitous pollutants across environmental 
compartments, i.e. soils, atmosphere and water bodies (Bergé et al., 
2013; Net et al., 2015c). Used as plasticisers to improve flexibility 
(CEFIC, 2021), they also serve as adjuvants to paints, cosmetics, pesti
cides or detergents (Koniecki et al., 2011). Due to the absence of cova
lent bonds with the polymer matrix, PAEs leach easily into the 
environment (Suhrhoff and Scholz-Böttcher, 2016). Industries use 
numerous PAEs, but di-2-ethylhexyl phthalate (DEHP) and di-n-butyl 

phthalate (DnBP) are the most frequently used in European products 
(Fierens et al., 2012).

Both molecules co-occur in the atmosphere and soils (Net et al., 
2015a) and are identified endocrine disruptors (EDs) for mammals and 
aquatic invertebrates (Gore et al., 2015; Regulation (EU) 2018/2005), in 
which they disrupt reproductive and immune functions (Liu et al., 2024; 
Xu et al., 2013). Only a few studies have focused on insects, revealing 
disruptions of immune, metabolic and hormonal pathway-related genes, 
some of which contribute to shortened lifespan and larval mortality 
(Avilès et al., 2020; Cuvillier-Hot et al., 2014; Liu et al., 2021; Šulková 

* Corresponding author. Campus Scientifique, Bât. SN2, 59655, Villeneuve d’Ascq, France.
E-mail addresses: justine.dewaele@proton.me (J. Dewaele), marion.javal@ird.fr (M. Javal), audrey.pinchon@student.umons.ac.be (A. Pinchon), dimitri.evrard@ 

umons.ac.be (D. Evrard), nina.hautekeete@univ-lille.fr (N. Hautekèete), denis.michez@umons.ac.be (D. Michez), virginie.cuvillier@univ-lille.fr (V. Cuvillier). 

Contents lists available at ScienceDirect

Environmental Research

journal homepage: www.elsevier.com/locate/envres

https://doi.org/10.1016/j.envres.2025.122836
Received 22 July 2025; Received in revised form 8 September 2025; Accepted 9 September 2025  

Environmental Research 286 (2025) 122836 

Available online 10 September 2025 
0013-9351/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-5777-7249
https://orcid.org/0000-0001-5777-7249
https://orcid.org/0000-0001-7878-2936
https://orcid.org/0000-0001-7878-2936
https://orcid.org/0009-0007-8673-4409
https://orcid.org/0009-0007-8673-4409
https://orcid.org/0000-0002-6071-5601
https://orcid.org/0000-0002-6071-5601
https://orcid.org/0000-0001-8880-1838
https://orcid.org/0000-0001-8880-1838
https://orcid.org/0000-0002-3433-1110
https://orcid.org/0000-0002-3433-1110
mailto:justine.dewaele@proton.me
mailto:marion.javal@ird.fr
mailto:audrey.pinchon@student.umons.ac.be
mailto:dimitri.evrard@umons.ac.be
mailto:dimitri.evrard@umons.ac.be
mailto:nina.hautekeete@univ-lille.fr
mailto:denis.michez@umons.ac.be
mailto:virginie.cuvillier@univ-lille.fr
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2025.122836
https://doi.org/10.1016/j.envres.2025.122836
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2025.122836&domain=pdf
http://creativecommons.org/licenses/by/4.0/


et al., 2022; Williams et al., 2016). Since 2021, these molecules are listed 
in Annex XIV of the REACH regulation, which mandates chemical risk 
assessments for human and environmental hazards before marketing in 
the European Union (Regulation (EU) 2021/2045, 2021). However, risk 
assessment of EDs such as PAEs presents substantial challenges due to 
their low-dose effects, which result from complex interactions with 
hormonal receptors naturally triggered at low concentrations, and their 
non-monotonic dose-response curves (NMDRCs), i.e. unpredictable re
lationships between exposure dose and effects (Vandenberg et al., 
2012). These properties challenge traditional toxicological tier-based 
assessments (Warner and Flaws, 2018), as these approaches rely on 
determining the dose or concentration lethal for 50 percent of tested 
individuals (LD50 or LC50) and extrapolate the effects for the lower 
doses (Adriaanse et al., 2023EFSA et al., 2023; OECD, 2018). These 
methods have been previously used to determine PAE toxicity on various 
aquatic species, but are not efficient to understand their effects on or
ganisms. Investigating the lethal effects of exposure to various and 
environmentally relevant PAE doses is crucial given the current decline 
in biodiversity, and has not yet been thoroughly performed in insects.

In the context of insect decline (Goulson, 2019), wild bees get 
particular attention due to their role in pollinating flowering plants 
(Zattara and Aizen, 2021). Different drivers of decline were identified 
for bees, and chemical pollution ranks high in all studies (e.g., LeBuhn 
and Vargas Luna, 2021; Nieto et al., 2014). While the study of pesticide 
exposure and impact on non-targeted species is a growing field of 
research, terrestrial invertebrate sensitivity to other pollutants, 
including PAEs, remains overlooked (Benuszak et al., 2017). Yet, wild 
bees are likely exposed to PAEs via multiple routes throughout their life 
stages. Contamination might occur through contact between their lipidic 
cuticle and the contaminated atmosphere, vegetation or soil (Lenoir 
et al., 2012; Martín-Gómez et al., 2024). Recently, we quantified PAE 
contamination of wild Bombus terrestris workers sampled in the city of 
Lille, France: among 17 PAEs investigated, DEHP and DnBP were the 
most frequently detected on bumblebee cuticles, contaminating 53 % 
and 60 % of the workers, respectively (unpublished data).

Here, we investigated the impact of PAEs on the buff-tailed 
bumblebee, B. terrestris. This species is a common pollinator, well- 
represented in Europe (Rasmont et al., 2021) and dominant in urban 
and peri-urban areas (Michołap et al., 2024; Persson et al., 2020). 
B. terrestris workers navigate up to 800 m from their nest (Wolf and 
Moritz, 2008), making them good sentinels to assess the pollution of 
their close environment (Moniuszko et al., 2025). Because of its 
domestication, commercial hives containing hundreds of workers of this 
species are available year-round (Velthuis and van Doorn, 2006), with 
standardised rearing and exposure methods available (Adriaanse et al., 
2023). B. terrestris is therefore used as a surrogate species to assess acute 
toxicity of pesticides and other pollutants on wild pollinators (Arena and 
Sgolastra, 2014; Azpiazu et al., 2021; Gekière et al., 2024; Linguadoca 
et al., 2022). Consequently, we chose to evaluate the short-term lethal 
effects of exposure to environmentally relevant doses of DnBP and DEHP 
on B. terrestris workers, maintained in isolation according to OECD 
guidelines (OECD, 2017a, 2017b). Moreover, and to complete the 
assessment, the toxicity of DnBP and DEHP in mixture formulations was 
investigated, as both molecules frequently co-occur in nature (Jarošová, 
2006; Net et al., 2015c; Teil et al., 2006).

Climate change is another significant driver of bee decline, especially 
in bumblebees (Soroye et al., 2020). Extreme weather events, such as 
unpredictable cold spells and longer-lasting winters, will likely be more 
frequent and more intense in the future (Walsh et al., 2020; Weiln
hammer et al., 2021). Bombus spp. are well-suited to cold conditions 
with crucial metabolic adaptations, such as the ability to perform 
endothermy (Heinrich, 2004; Maebe et al., 2021). However, PAEs are 
known to disrupt glucose and lipid metabolism in Drosophila mela
nogaster (Williams et al., 2016) and in other model species 
(Prieto-Amador et al., 2021; Seyoum and Pradhan, 2019; Zhang et al., 
2021); they could thus negatively impact bumblebee cold resistance. To 

address this hypothesis, we combined phthalate exposure with cold 
stress, applied on isolated B. terrestris workers.

Finally, current OECD guidelines recommend testing pollutant 
toxicity on isolated bumblebee workers. Yet, B. terrestris is a eusocial 
species, characterised by complex hormonal interactions – that could be 
disrupted by PAEs – mediated by social contacts (Jedlička et al., 2016; 
Woodard et al., 2013). This species also benefits from social mitigation 
of stress (i.e. detoxification, temperature balance; Walton et al., 2024). 
Nevertheless, pollutant toxicity in bumblebees has never been directly 
compared between isolation and social rearing conditions, to our 
knowledge. Therefore, we considered different social contexts to eval
uate the toxicity of PAEs, in order to get a broader and more biologically 
pertinent understanding of their effects (Camp and Lehmann, 2020; 
Klinger et al., 2019).

Previous pollutant toxicity assessment on bees has mainly focused on 
pesticide testing (Benuszak et al., 2017). Therefore, by evaluating 
phthalate impact on bees and their interactions with cold stress and 
social context, we aim to broaden the scope of ecotoxicological testing 
and pollinator protection framework to such underestimated pollutants.

2. Material and methods

2.1. Study species

B. terrestris is a ubiquitous pollinator in Europe, including in urban 
areas (Persson et al., 2020). This species is easy to keep in laboratory 
conditions, making it a suitable model species for toxicity studies (e.g., 
Gekière et al., 2024). Commercial colonies (about 80–120 workers) 
were purchased from Biobest NV (Westerlo, Belgium). Upon receipt, 
colonies were kept in darkness, and all handling was performed under 
red light to minimise worker stress.

2.2. Preventing PAE contamination in material and solutions

Phthalates are widespread pollutants, present indoors and particu
larly in laboratories (Feng et al., 2020). This contamination is mostly 
related to extensive plastic use (Reid et al., 2007). Therefore, we 
replaced plastic materials with glass and metal whenever possible. All 
metal and glass were additionally decontaminated with hexane and 
acetone, and when feasible, by calcination. Moreover, water marketed 
in glass bottles (SPA Reine, SPA NV, Bruxelles, Belgium) was used 
instead of tap or plastic-bottled water to prepare the treatments and 
feeding solutions (Luo et al., 2018; Net et al., 2015a).

2.3. DnBP, DEHP and control treatments

DnBP (CAS n◦117-81-7) and DEHP (CAS n◦84-74-2) were purchased 
as liquid solutions from Sigma-Aldrich. Concentrations were chosen 
based on data collected on wild B. terrestris workers during a previous 
field campaign in Lille, France, in June–July 2021 (unpublished data). 
This campaign recorded DnBP and DEHP as the most prevalent PAEs on 
B. terrestris worker cuticles at median doses around 145 ng/g for DEHP 
and 15 ng/g for DnBP (unpublished data). We then considered 1X 
treatments of DEHP at 120 ng/g of body weight (b.w.) and DnBP at 60 
ng/g b.w. and three other doses: 0.1X, 10X and 100X. Workers were 
exposed to single-molecule or mixture treatments.

All dilutions were prepared considering an averaged B. terrestris 
worker fresh weight of 0.25 g (Dewaele et al., 2024). The initial dilution 
used methanol (CAS n◦67-56-1, VWR) for good solubility, followed by 
further dilutions in mineral water to minimise the methanol concen
tration in the treatment solutions (0.07 % for 0.1X, 1X and 10X). For the 
100X treatments, PAEs were diluted in acetone only (CAS n◦67-64-1, 
Chem-Lab NV), due to PAE low water solubility.

As DnBP and DEHP frequently co-occur in the environment, mixture 
treatments were also tested. For the mixture preparation, initial and 
subsequent dilutions followed the same method as the 1X and 10X 
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single-molecule treatments. However, at the last dilution step, both 
single-molecule solutions were mixed, and the volume was adjusted 
with mineral water to obtain either a mixture of DEHP and DnBP 1X 
treatments, or a mixture of the DEHP 1X and DnBP 10X treatments.

Exposure to a solvent control solution was performed using either 
0.07 % methanol in mineral water or 100 % acetone. An additional 
control solution used only mineral water to assess solvent toxicity. As 
mortality rates in both solvent-treated groups (methanol and acetone) 
and the mineral water group did not differ, we considered the pooled 
solvent groups as control (See Table S1).

2.4. Experiment 1: Impact of contact exposure to single and mixed PAE 
on isolated workers

Here we considered 11 treatments: one control, four single exposure 
treatments per phthalate (0.1X, 1X, 10X, 100X), and two mixture 
treatments (DEHP 1X + DnBP 1X and DEHP 1X + DnBP 10X). The 
exposure protocol was based on OECD guideline n◦246 (OECD, 2017a). 
The experiment was performed during two sessions, for control and 
single 0.1X, 1X, 10X exposure treatments. Mixtures and single 100X 
treatments were only tested during the second session. Selection of 
exposure conditions for mixtures were established based on the results 
of the single exposure treatments from the first session. We used batches 
of 30 workers per condition in the first session and 20 in the second. 
Workers were sampled randomly from three colonies per batch during 
the first session (i.e. 10 workers from each of the three colonies), and 
from two during the second session (i.e. 10 workers from each of the 2 
colonies), and were evenly distributed across the treatment groups.

For both sessions, workers were isolated in decontaminated, hand
made metal cages similar in dimensions to Nicot cages® (for detailed 
worker numbers per session and protocol pictures, see Fig. S1a and 
Table S2). Caged workers remained isolated during the whole duration 
of the experiment (72 h). They were acclimated to the conditions for at 
least 8 h before exposure. They were then anaesthetised by chilling in a 
cold atmosphere without direct cold surface contact for 10 min. Two 
microlitres of treatment solution were deposited through the cage mesh 
on the dorsal hairless part of the thorax using a calcined 10 μL glass 
capillary (Drummond). Once recovered from anaesthesia at room tem
perature, caged workers were placed back on a metal tray. They were 
provided ad libitum 50 % w/w sucrose-water solution via a decontami
nated Pasteur pipette (removed during the anaesthesia). Mortality was 
recorded at 16, 24, 48, and 72 h post-exposure.

In the first session, caged workers were placed on a metal tray at 
room temperature under natural daylight regime (50◦36′31.5"N, 
3◦08′39.4"E; June 2022), while they were kept under constant darkness 
and controlled temperature and humidity (25 ◦C; 60 % relative hu
midity) in the second. In the first session, anaesthesia was performed by 
placing workers by treatment in a freezer for 10 min. In the second 
session, anaesthesia was similarly performed in a cold atmosphere by 
placing groups of two caged workers in glass jars in an ice bucket for 10 
min (for anaesthesia parameters, see Table S3; Fig. S1c).

2.5. Experiment 2: Impact of contact exposure on isolated workers in 
combination with cold stress

In this experiment, we partially replicated experiment 1 using a 
modified anaesthesia protocol mimicking cold stress to evaluate po
tential interactions between phthalate and cold exposure. The data set 
relative to the “cold stress” group was generated using the same expo
sure protocol as in experiment 1. However, anaesthesia was performed 
by direct ice contact for a longer period of 30 min, compared to the 10- 
min cold atmosphere anaesthesia of experiment 1 (for anaesthesia pa
rameters, see Table S3). Mortality was recorded 72 h post-exposure. We 
considered seven treatment groups of ~30 workers: a control, and three 
single exposure treatments per phthalate (0.1X, 1X and 10X). The data 
set relative to the “non-cold stress” group originates from experiment 1, 

from which we selected the appropriate treatments, common to both 
experiments.

2.6. Experiment 3: Impact of DnBP and DEHP exposure in combination 
with social conditions

In this experiment, we partially replicated experiment 1, but we 
evaluated microcolonies to assess interactions between phthalate 
exposure and social condition. We considered five treatments: a control, 
two single-molecule treatments with DnBP (1X, 10X), and two with 
DEHP (0.1X, 1X). The data set relative to the microcolony group was 
generated as follows. Ten microcolonies for each treatment, i.e. 50 in 
total, were established in hard plastic boxes (8 × 16 × 16 cm; Fig. S1b). 
Each microcolony was composed of ten workers. Workers composing a 
microcolony were sampled from the same colony. Five commercial 
colonies were used in the experiment. Microcolonies were kept under 
constant darkness and controlled temperature and humidity (25 ◦C; 60 
% RH). They received ad libitum 50 % mass/mass sucrose-water solution. 
A pollen candi (1 g), i.e., a ball made of pollen mixed with the sucrose- 
water solution at 0.15 mL/g of pollen, was also provided to each 
microcolony and replaced every other day. If not fully consumed, the 
initial pollen candi was not replaced. Organic frozen honeybee-collected 
pollen (Rosaceae: Malus/Pyrus f. 40 %; Salicaceae: Salix 27 %) was used 
(Abeille Heureuse, Strasbourg, France; (Barraud et al., 2022). After a 
24-h acclimation period, workers were anaesthetised and exposed using 
the same method as described in experiment 1 (second session; Fig. S1c). 
Once recovered at room temperature, all workers from one microcolony 
were returned to their box simultaneously. Mortality was recorded 72 h 
post-exposure. The data set relative to the isolated group originates from 
experiment 1, from which we selected the appropriate treatments, 
common to both experiments.

2.7. Statistical analyses

Data were analysed using R v 4.4.1 (R Core Team, 2023); graphs 
were made with ‘ggplot2’ package v3.5.1 (Wickham, 2016).

Mortality rates were analysed using generalised linear mixed models 
(GLMMs) from ‘glmmTMB’ package v1.1.11 (Brooks et al., 2025) with a 
binomial distribution family and the commercial colony as random ef
fect. For single-molecule exposure (experiment 1), before pooling data 
from both sessions, we checked that the control mortality did not differ 
between batches and sessions (See Table S4). The dose was used as a 
fixed effect, and we added either a cold stress (experiment 2) or social 
effect (experiment 3), depending on the analyses. If one of the fixed 
effect levels fully explained the response variable, preventing model 
fitting, i.e. complete separation (Heinze and Schemper, 2002), a 
Bayesian GLMM was used by applying the ‘bglmer’ function from ‘blme’ 
package v1.0-6 (Dorie et al., 2022). Weakly informative normal priors 
were applied for fixed effects (fixef.prior = normal). Convergence was 
evaluated via optimiser diagnostics in which all models terminated 
without warnings (Bates et al., 2015). All model fits were further eval
uated using the DHARMa package (Hartig, 2020). Contrasts using the 
package ‘emmeans’ v1.10.5 (Lenth, 2023) with the Benjamini-Hoch
berg’s p-value adjustment method (i.e., ‘fdr’) were used post-hoc. Mor
tality differences between two groups exposed to different molecules 
were compared using two-proportion Z-tests.

For mixture exposure, a modified binomial proportion test for 
additivity was used to assess the potential interaction effects of envi
ronmental concentrations of DnBP and DEHP using the R code provided 
in Sgolastra et al. (2017), and applied similarly to Raimets et al. (2018). 
This test compares expected mixture mortality (based on 
single-molecule assays), and observed mortality (from the mixture 
exposure assay) by evaluating the null hypothesis of both molecules 
acting without interaction, i.e. Pobserved

mixture − Pexpected
mixture = 0. Pobserved

mixture is the 
experimentally observed mortality in the mixture-treated group, and 
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Pexpected
mixture is the expected mortality for the mixture-treated group calcu

lated under Bliss independence criterion, i.e. Pexpected
mixture = Pobserved

DEHP +

Pobserved
DnBP − Pobserved

DEHP × Pobserved
DnBP . Using a lower-tailed version of the test, a 

significant deviation from the null hypothesis would show an antago
nistic interaction.

In experiment 3, we first analysed raw mortality rates to assess the 
effects of phthalates and cold stress. In case of interaction, the phthalate 
effect was isolated by correcting the data using Sun-Shepard’s control 
correction formula, which allows to neglect mortality solely induced by 
cold stress: corrected mortality = [(% treatment survival + % change in 
control survival)/(100 + % change in control survival)] x 100, with “% 
change in control survival” = [(number of alive individual in control 
group - total number in control group)/total number in control group] x 
100 (Sun and Shepard, 1947). Negative values obtained were set to zero.

3. Results

3.1. Mortality of isolated workers induced by DnBP and DEHP 
(experiment 1)

DnBP exposure significantly affected worker mortality 72 h post- 
exposure compared to control (Fig. 1a; bayesian GLMM, family bino
mial: chisq. = 14.855, df = 4, p = 0.005012). The peak mortality was 
found in the DnBP 1X-exposed group, which showed a significant 
fourfold increase in mortality compared to the control group (Fig. 1a; 
pDnBP 1X vs. solvent = 0.0045) and a significant sevenfold increase 
compared to the DnBP 0.1X-exposed group (Fig. 1a; pDnBP 1X vs. DnBP 0.1X 
= 0.0467). However, mortality rates observed in DnBP 0.1X, 10X, and 
100X-exposed groups were not significantly different from the control 
group, resulting in a bell-shaped curve (Fig. 1a; for detailed mortality 
and statistical values, see Table S5). Moreover, most DnBP 1X-induced 
mortality occurred between 48 h and 72 h post-exposure (Fig. 1b).

Regarding DEHP single-molecule exposure, no significant effect on 
worker mortality was recorded 72 h post-exposure to any of the doses 

Fig. 1. Effects of single-molecule exposures to DnBP and DEHP on mortality rates of isolated workers after 72 h. a) Mortality rates in control groups (N = 170) and in 
groups exposed to DnBP at 0.1X (N = 50), 1X = 60 ng/g (N = 49), 10X (N = 50), or 100X (N = 20). b) Kaplan-Meier cumulative proportion of survival during the 72 h 
after worker exposure to DnBP 0.1X, 1X, 10X or 100X and control groups. The embedded picture shows the isolated caged setup. DnBP 0.1X and DnBP 100X curves 
are confounded. Please note that the Y-axis scale is cropped below 0.6. Survival curve for DEHP was not established as no treatment significantly increased mortality. 
c) Mortality rates in control groups (N = 188) and in groups exposed to DEHP at 0.1X (N = 49), 1X = 120 ng/g (N = 50), 10X (N = 50), or 100X (N = 20). In a) and 
b), columns show emmeans values with error-bars indicating standard errors, and groups with different letters significantly differ at p < 0.05 (GLMMs, fam
ily binomial).
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(Fig. 1c; for detailed mortality and statistical values, see Table S5; 
GLMM, family binomial: chisq. = 2.2299, df. = 4, p = 0.6936).

Investigating the potential cocktail effects, we observed that DEHP 
1X exposure induced significantly less mortality compared to DnBP 1X 
(Fig. 2a; for detailed mortality values, see Table S5 for DnBP and 
Table S6 for DEHP; Z-test: chisq. = 6.26, df. = 1, p = 0.006). The 
mortality observed in the group exposed to the DEHP 1X and DnBP 1X 
mixture was significantly lower than expected if both molecules acted 
independently, suggesting an antagonistic effect at these doses (Fig. 2a; 
for detailed mortality values, see Table S7; Lower-tailed binomial pro
portion test: p = 0.001).

The mortality in the DEHP 1X-treated group was not significantly 
different from the mortality found in the DnBP 10X-treated group 
(Fig. 2b; for detailed mortality values, see Table S5 for DnBP and 
Table S6 for DEHP; Z-test: chisq. = 0.49, df. = 1, p = 0.2423). The 
mortality observed in the group treated with the mixture was not 
significantly different from the expected mortality (Fig. 2b; for detailed 
mortality values, see Table S7; Lower-tailed binomial proportion test: p 
= 0.408).

3.2. Worker mortality induced by DnBP and DEHP in combination with 
cold stress (experiment 2 vs 1)

Cold stress significantly affected raw mortality rates (bayesian 
GLMM, family binomial: cold stress parameter, chisq. = 15.59, df. = 1, p 
< 0.001), but this effect varied across all dose groups, indicating a sig
nificant interaction between cold stress and DnBP exposure (interaction 
parameter, chisq. = 9.62, df. = 3, p = 0.022). In the DnBP 0.1X group, 
cold stress did not significantly change mortality compared to non-cold 
stress group (Fig. 3a, grey plots; p = 0.3690). However, cold stress 
significantly increased raw mortality rates in the control (p = 0.0002) 
and DnBP 10X-exposed groups (Fig. 3a, grey plots; p = 0.0044). Inter
estingly, the raw mortality rate of the cold-stressed DnBP 0.1X group 
was significantly lower than in the cold-stressed control group (p =
0.0229), while they did not differ without cold stress (p = 0.7095; 
Fig. 3a, grey plots; for detailed mortality values, see Table S8).

As cold stress significantly increased control raw mortality rates (p =
0.0002), we applied the Sun-Shepard’s correction on the data, which 
enabled to adjust for mortality caused solely by cold stress, and to isolate 
DnBP effects. After correction, the cold stress effect on mortality was no 
longer significant as expected (bayesian GLMM, family binomial: for 
cold stress parameter, chisq. = 0.17, df. = 1, p = 0.68), but the inter
action between DnBP exposure and cold treatment remained significant 

(bayesian GLMM, family binomial: for interaction parameter, chisq. =
13.74, df. = 2, p = 0.001). Only the corrected mortality found in the 
cold-stressed DnBP 10X group was significantly higher than in the non- 
cold stressed group (Fig. 3a, black plots; for detailed mortality values, 
see Table S8; p = 0.0301).

Cold stress consistently increased mortality in all DEHP-exposed 
groups without interaction (for statistical and results details, see 
Table S9 and Fig. S2a).

3.3. Mortality induced by DEHP and DnBP under different social 
conditions (experiment 3 vs 1)

Mortality across all DnBP dose groups was significantly higher in 
isolated conditions compared to the microcolony condition (bayesian 
GLMM, family binomial: chisq. = 41.8, df. = 1, p < 0.001), with a sig
nificant interaction between social context and DnBP exposure (chisq. =
7.81, df. = 2, p = 0.0201). In isolated workers, the DnBP 1X dose 
significantly increased mortality compared to the control (Fig. 3b; p =
0.0492), whereas none of the tested doses significantly affected mor
tality within the microcolonies (Fig. 3b; for mortality rates, see 
Table S10).

Regarding DEHP exposure, mortality was also significantly higher in 
isolation compared to microcolonies (bayesian GLMM, family binomial: 
chisq. = 11.6, df. = 1, p < 0.001; for mortality details, see Table S11), 
without significant interaction (chisq. = 1.6, df. = 2, p = 0.451). In the 
microcolonies, one dead worker out of the hundred exposed to DEHP 
0.1X was recorded, and no mortality was recorded in the other groups 
(Fig. S2b; for mortality rates, see Table S10).

4. Discussion

Our study is the first to address in vivo PAE lethal effects on bees, 
specifically the social bumblebee B. terrestris. We report short-term 
mortality in workers following environmental DnBP contact exposure. 
We also investigated exposure to DnBP and DEHP mixtures, highlighting 
a dose-specific antagonistic effect. Additionally, we show that DnBP 
exposure modifies resistance to cold stress, notably enhancing survival 
at low doses. Finally, our results indicate that social conditions buffer 
DnBP toxicity recorded in isolated workers.

4.1. Single-exposure to DnBP and DEHP

DnBP exposure increased the mortality of B. terrestris workers shortly 

Fig. 2. Effects of mixture exposures to DnBP and DEHP on mortality rates of isolated workers after 72 h. a) Mortality rates after single exposure to DEHP 1X (N = 50), 
DnBP 1X (N = 49) or their mixture (N = 20). b) Mortality rates after single exposure to DEHP 1X (N = 50), or DnBP 1X (N = 50), or their mixture (N = 20). Columns 
indicate observed mortality. In mixture columns, the dashed line shows the expected mortality calculated using the Bliss independence criterion. If the mixture 
column does not overlap with the 95 %-confidence interval of the expected mortality (grey area), the expected and observed mortality differ significantly at p < 0.05 
(lower-tailed binomial proportion test). **single-molecule treatments differing at p < 0.01; n.s. no difference between expected and observed mortality rates (Z-test).
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after contact exposure to environmental doses, an effect not observed 
with DEHP. The few acute toxicity tests performed on invertebrates 
highlighted that low molecular weight PAE, like DnBP, show higher 
toxicity, compared to high molecular weight PAEs, like DEHP (Adams 
et al., 1995; Staples et al., 1997). For instance, Cuvillier-Hot et al. (2014)
did not report any mortality in the ant Lasius niger queens after exposure 
to DEHP environmental doses, using a protocol similar to ours (i.e., drop 
deposition of the molecule diluted in methanol). Similarly, in the 
aquatic larvae of the insect Chironomus riparius, no mortality occurred 
24 h post-exposure to DEHP, while the toxicity of butyl benzyl phthalate 
(BBP), a low molecular weight PAE, increased with dose (Planelló et al., 
2011). In addition, PAE chronic exposure studies in other invertebrates 
align with our findings. For example, DnBP chronic exposure was highly 
toxic to adults and juveniles of the collembolan Folsomia fimetaria, while 
DEHP exposure did not increase mortality (Jensen et al., 2001). Overall, 
exposing isolated B. terrestris workers to PAEs provided comparable re
sults to other models. The observed absence of DEHP effects and mor
tality increase caused by DnBP further confirm a toxicity pattern shared 
across invertebrate taxa and tested life stages, similarly in long- and 
short-term mortality assessments (e.g., Andreyeva et al., 2023; Green-
Ojo et al., 2024; Hobson et al., 1984; Jensen et al., 2001; Li, 2020; 
Pradhan et al., 2018; Seyoum and Pradhan, 2019).

Interestingly, Arulanandam and colleagues (2022) approached this 
question in silico on the honey bee (A. mellifera) using toxicological 
modelling based on molecular sequences SMILES (“Simplified Molecular 
Input Line Entry System”) and existing toxicity data (Arulanandam 
et al., 2022). Their results suggested strong toxicity for DnBP and low 
toxicity for DEHP (Arulanandam et al., 2022), which aligned with our in 
vivo results. Yet, only limited ecotoxicological data on endocrine dis
ruptors (EDs) are available for bees, and there is a need for comple
mentary in vivo testing, especially to consider NMDRCs and low-dose 
effects in PAE risk assessments (Crane et al., 2022). In our study, 
exposure to four ecologically relevant DnBP doses revealed a 

bell-shaped toxicity profile, with peak mortality reached at 60 ng/g b. 
w., and negligible mortality at lower and higher tested doses. NMDRCs 
associated with DnBP-related mortality have not been reported so far, 
probably because previous studies investigated PAE toxicity in in
vertebrates using LD50/LC50 determination (Adams et al., 1995; Staples 
et al., 1997). These methods are based on linear dose-response rela
tionship and high-to-low dose extrapolation, which overlooks NMDRC 
and low-dose effects (Futran Fuhrman et al., 2015; Lagarde et al., 2015; 
Vandenberg, 2014). Most invertebrate risk assessment guidelines, 
including for bees, still rely on LD50 or LC50s (Adriaanse et al., 2023). In 
contrast, approaches testing environmental and low doses allow for 
revealing non-linear profiles, as previously shown for other re-evaluated 
xenobiotics (e.g. Baines et al., 2017) and here with DnBP. Indeed, we 
used the OECD guideline n◦246 for toxicity testing of chemicals in 
B. terrestris (OECD, 2017a),normally used for LD50 determination, and 
rather tested four environmental doses, which allowed to highlight the 
DnBP-associated NMDRC. Therefore, these findings underline the need 
to include NMDRC frameworks in ecotoxicological risk assessment 
procedures.

This study demonstrated the lethal effect of phthalate exposure, 
specifically DnBP, on B. terrestris workers, providing the first evidence of 
phthalate toxic effects on bees. A more comprehensive assessment, 
however, requires investigation on queens and drones, which differ from 
workers in their sensitivity to xenobiotics (Gekière et al., 2024; Lin
guadoca et al., 2022), and could also differ in their response to phtha
lates. In addition, protocols to test pollutant toxicity in B. terrestris larval 
stages are emerging in bee ecotoxicology (Kato et al., 2022). Such 
studies are particularly relevant because larvae develop within lipid-rich 
nest material, which can accumulate lipophilic contaminants like 
phthalates, as previously observed in honeybee wax combs 
(Gómez-Ramos et al., 2016). Nevertheless, the suitability of this species 
as a surrogate for wild bees in ecotoxicological assessments is debated 
(e.g., Dewaele et al., 2024; Ghisbain, 2021; Linguadoca et al., 2022), 

Fig. 3. a) Effects of DnBP 0.1X, 1X (=60 ng/g) and 10X on mortality in non-cold stressed workers (white panel; Ncontrol = 150, NDnBP 0.1X = 50, NDnBP 1X = 49 and 
NDnBP 10X = 50) and cold-stressed workers (blue panel; Ncontrol = 78, NDnBP 0.1X = 28, NDnBP 1X = 46 and NDnBP 10X = 46). Grey points, error bars and letters show 
results for raw mortality rates. Black bars, error bars and letters show results for corrected mortality. No bars indicate no mortality, and N/A indicates no mortality 
data available for the control groups after correction. Groups that show different letters are significantly different at p < 0.05 (bayesian GLMM, family binomial). b) 
Effect of DnBP 1X and 10X on mortality in microcolony (white panel; N = 100 per treatment) and in isolated workers (grey panel; Ncontrol = 150, NDnBP 1X = 49 and 
NDnBP 10X = 50). Bars show mortality values with error bars indicating standard errors. The absence of bars indicates no mortality. Groups that show different letters 
are significantly different at p < 0.05 for the social and treatment interaction effect and *** indicates significant effect of social conditions at p < 0.001 (bayesian 
GLMM, family binomial).
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since morphological traits (e.g. hairiness, cuticle thickness, body mass, 
surface-to-volume ratio) and physiological characteristics (e.g. haemo
lymph pH, detoxification pathways) vary considerably among wild bees 
and strongly influence pollutant sensitivity (Balabanidou et al., 2018; 
Dewaele et al., 2024; Linguadoca et al., 2022).

Nonetheless, our findings provide a first step towards integrating 
underexplored pollutants into pollinator risk assessment frameworks. 
They also highlight the importance of extending research to other taxa, 
particularly emerging solitary bee models such as Osmia spp. (Mega
chilidae), for which standardised exposure protocols are currently under 
development (Azpiazu et al., 2023). Finally, current phthalate regula
tions insufficiently address environmental contamination, focusing 
mainly on direct human exposure (Billings et al., 2021; Chapon et al., 
2023; Gunaalan et al., 2020; Regulation (EU) 2018/2005). By showing 
that DnBP exposure reduces bee survival, this study contributes to 
growing evidence of phthalate impacts on terrestrial insects and un
derlines the urgent need to strengthen regulation of plastic leachate in 
the environment (Crane et al., 2022), especially in agricultural and 
urban landscapes where bee populations are already weakened by 
multiple stressors (Goulson et al., 2015).

4.2. Exposure to DnBP and DEHP in mixture

We exposed workers of B. terrestris to mixtures of DnBP and DEHP at 
environmental doses to go beyond the single-molecule exposure scheme. 
Indeed, organisms, including bees, are simultaneously exposed in their 
environment to a combination of pollutants, e.g. heavy metals, pesti
cides, or plastic leachates (Gómez-Ramos et al., 2016), and thus to ED 
mixtures (Cuvillier-Hot and Lenoir, 2020). Surprisingly, we found 
antagonistic effects between DEHP 120 ng/g of bee and DnBP 60 ng/g of 
bee, i.e., the most toxic dose when tested in single molecule solution. 
Similarly, in a previous study, single-molecule exposure to cadmium or 
DEHP caused around 15 % mortality in Spodoptera littoralis adults that 
had developed on contaminated food, while mortality dropped to less 
than 5 % in the mixture treatment (Humann-Guilleminot et al., 2024). 
These congruent results suggest that DEHP acts on detoxification path
ways. Cadmium is another endocrine disruptor in several species groups 
(Akhavan et al., 2016), that has been shown to affect ecdysteroid sig
nalling and stress response in insects (Planelló et al., 2010). Recent 
LD50s calculated for cadmium in B. terrestris workers and males were 
lower than the field concentrations (Gekière et al., 2024), revealing 
potential toxicity of this compound in bees. Similarly to results found in 
S. littoralis, mixture with DEHP could modify its toxicity in bees. 
Moreover, in rats, DEHP was shown to act on xenobiotic detoxification 
processes, as its mix with parathion lowered the latter’s deleterious ef
fects by disrupting the pesticide breakdown into toxic metabolites 
(Srivastava et al., 1976). In this study, DEHP could have similarly low
ered DnBP toxicity, as PAE metabolites are often more toxic at lower 
doses and more potent than their parent compounds (Erkekoglu et al., 
2010; Saillenfait et al., 2001). Similar results to ours were found when 
testing a mixture of polystyrene microparticles (MPs) and DnBP on the 
copepod Tigriopus japonicus mortality (Li et al., 2020). DnBP toxicity was 
lowered when mixed with MPs, and the authors hypothesised that the 
antagonism was caused by a lower bioavailability of the DnBP molecules 
adsorbed onto MPs (Li et al., 2020). Alternatively, polystyrene may have 
released DEHP, a common polystyrene additive (Coffin et al., 2019), 
which may have lowered DnBP toxicity by acting on detoxification 
pathways and associated enzymes. For example, exposure to DEHP has 
been shown to upregulate detoxification enzymes of the CYP450 family 
in the liver tissues of quails and rats, and in Caenorhabditis elegans 
(Eveillard et al., 2009; Yen et al., 2024; Zhang et al., 2018). Since these 
enzymes are involved in phthalate detoxification (Zheng et al., 2024), 
upregulation of the corresponding genes could enhance DnBP detoxifi
cation efficiency, thereby reducing its toxicity. In addition, this would be 
consistent with evidence that DnBP metabolites could be less harmful 
than the parent compound (reviewed in Sicińska, 2018). Bees are 

simultaneously exposed to diverse chemical pollutants (Gómez-Ramos 
et al., 2016). For example, in agricultural environments where pesticides 
are used, sewage sludge application directly contributes to environ
mental contamination with phthalates and heavy metals, such as cad
mium (Billings et al., 2021; Knoll and Cappai, 2024). Our results 
underline the need to investigate more deeply the effects of DEHP on 
detoxification-related enzymatic activity and gene expression, and to 
integrate mixture exposure into ecological risk assessment. Mixture of 
phthalates with other endocrine disrupting compounds such as cad
mium (Planelló et al., 2010), or neonicotinoids (Baines et al., 2017), 
already known to co-occur and interact in humans (Guo et al., 2025; 
Lecomte et al., 2017), should especially be investigated.

4.3. Interaction between cold stress and DnBP or DEHP exposure

In this study, we demonstrated that DnBP, but not DEHP, exposure 
interacted with the effects of cold stress. Bumblebees are well-adapted to 
cold and temperate climates (Heinrich, 2004; Rasmont et al., 2021). 
They can exit cold torpor states using non-flight thermogenesis, which 
combines muscle shivering and metabolic mechanisms (Esch et al., 
1991; Surholt et al., 1991). In the context of climate change, studies 
considering thermal stresses in addition to pollutant toxicity evaluation 
are emerging, but as of now, mainly focus on heat stress and pesticides 
(Albacete et al., 2023; Nebauer et al., 2024). Yet, acute cold stress is 
known to negatively affect workers (Owen et al., 2013; Poissonnier 
et al., 2015; Potts et al., 2018), as shown here as the cold stress increased 
mortality, in most treatments, including in control groups. Moreover, 
bee resistance mechanisms to cold can be disrupted by pollutants (Potts 
et al., 2018; Verheyen et al., 2022). We highlighted that low doses of 
DnBP counteracted the cold stress effect as worker survival was 
enhanced. Similarly, exposure to low doses of DnBP was found to in
crease survival in starved D. melanogaster flies. This rescueing effect was 
associated with a decrease in the expression of insulin-like protein 
related genes (Williams et al., 2016). DnBP at low doses could enhance 
cold stress resistance by acting on similar endocrine and metabolic 
targets in B. terrestris. This highly conserved insulin-like signalling 
pathway regulates the availability of energetic resources by directly 
acting on glucose and lipid metabolism. It also notably modulates the 
juvenile hormone biosynthesis in insects (Tatar et al., 2001), a metabolic 
rate accelerator in B. terrestris which regulates the switch between en
ergy storage and expenditure (Shpigler et al., 2021). By modifying en
ergetic resources availability through these metabolic pathways, DnBP 
could therefore enhance thermogenesis ability at low dose and benefit 
workers by increasing cold stress resistance.

However, when neutralising the mortality solely induced by cold 
stress, we observed a shift of the toxicity peak from the intermediate to 
the highest DnBP dose. Testing higher DnBP doses combined with cold 
stress could provide valuable information on temperature interactions 
with chemical stress in bees. Stress interaction effects can depend on 
chemical and temperature stress types, as well as species-specific 
physiology (Verheyen et al., 2022). The DnBP toxicity curve under 
cold stress could therefore either become dose-dependent or maintained 
as a higher dose bell-shaped profile.

The toxicity profile observed here, compared to the results without 
cold stress, might highlight a hormesis effect of DnBP on thermogenesis. 
The hormesis phenomenon is characterised by beneficial effects at low 
doses that become adverse at higher doses (Cutler et al., 2022). A similar 
effect was previously observed after exposure of B. terrestris workers to 
the neonicotinoid imidacloprid (Potts et al., 2018). Indeed, while low 
imidacloprid doses enhanced cold stress survival in B. terrestris, higher 
doses increased mortality after cold stress (Potts et al., 2018). The au
thors hypothesised that the neonicotinoid neurotoxic effects enhanced 
shivering at low doses and became deleterious with increasing doses 
(Potts et al., 2018). Yet, Erban and colleagues (2019) highlighted a 
disruption of B. terrestris lipid metabolism by imidacloprid, which could 
also explain the observed hormesis. Here, we observed a similar effect of 
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DnBP on cold resistance, but no increased shivering has yet been re
ported linked to PAE neurotoxic effects (e.g. Chen et al., 2018; Ran et al., 
2012; Wu et al., 2024). Therefore, the hormesis effect found here might 
rather be caused by a metabolism disruption resulting from DnBP 
exposure, already observed in other invertebrates species (Jordão et al., 
2016; Liu et al., 2021; Prieto-Amador et al., 2021; Seyoum and Pradhan, 
2019; Williams et al., 2016). In the context of cold resistance, the same 
metabolic pathways activated by DnBP at low doses helping with ther
mogenesis, could be overstimulated at high doses and become delete
rious. Yet, DnBP effects on insect metabolism have not been thoroughly 
investigated. Future research should now aim to confirm the molecular 
pathways disrupted by DnBP in bees, notably by investigating potential 
metabolic rate or metabolic-related gene expression modification in 
workers exposed to DnBP. While phthalates are known to disrupt 
metabolism in other insect models, such as S. littoralis (Rivas et al., 2023) 
and D. melanogaster (Williams et al., 2016), no data are yet available 
explaining the molecular mode of action of DnBP in bees. Moreover, 
DnBP disruption of molecular mechanisms specifically related to cold 
stress resistance in workers should be further investigated, through for 
example metabolic rate measurements (Bretzlaff et al., 2023) or ana
lyses of the expression of heatshock protein, metabolism and 
insulin-related genes, crucial for thermal stress resistance in workers 
(Kim et al., 2024). Finally, during their hibernation, Bumblebee queens 
could be exposed to phthalate though soil contamination (Net et al., 
2015b). Therefore, the impact of long-term DnBP exposure on hiber
nating queens should be tested, as cold resistance is a crucial charac
teristic of this caste (Shi et al., 2023).

4.4. Influence of sociality on the impact of DnBP and DEHP exposure

Worker mortality in the microcolonies was lower than the mortality 
observed in isolated workers, which highlights potential mitigation ef
fects of social conditions. B. terrestris is a eusocial species (Rasmont et al., 
2008). Workers benefit from social mechanisms, such as social ther
moregulation, hygienic and allogrooming behaviour, as well as social 
modulation of metabolic and immune pathways. These are well-studied 
in the context of social immunity against pathogen and parasite in
fections (Cremer et al., 2007; Gaubert et al., 2023). However, social 
mitigation of xenobiotic exposure and sensitivity is less known.

First, microcolonies thermoregulate to maintain brood temperature 
at higher temperature (28–32 ◦C; Livesey et al., 2019). In contrast, 
isolated worker body temperature equals surrounding temperatures at 
rest (20–25 ◦C in the present study; Sepúlveda-Rodríguez et al., 2024). 
In insects, lower body temperatures can thus lower chemical detoxifi
cation and excretion rates (Verheyen et al., 2022), and could similarly 
strengthen DnBP effects.

Moreover, social grooming effects on xenobiotic exposure and 
sensitivity have not yet been investigated, but the removal of parasites 
by intensified allogrooming is an efficient mechanism against Varroa 
mite infections in Apis species (Mondet et al., 2020). This behaviour 
could modify cuticle contaminant quantities and lower their impact on 
workers, as we observed. Though B. terrestris perform less allogrooming 
behaviour than honeybee, self-grooming and brood rubbing are part of 
the behavioural array performed by workers in healthy colonies 
(Dronnet et al., 2005). Investigating the effects of grooming on cuticle 
chemical contamination could help understand contamination dynamics 
in social systems.

The bee microbiota could also play a crucial role in xenobiotic 
detoxification. It was shown in A. mellifera that gut microbiota depletion 
increases sensitivity to neonicotinoid insecticides (Wu et al., 2020). In 
social bees, the microbiota is maintained by grooming and use of shared 
honeypots (Motta and Moran, 2024). A quick drop in relative abundance 
of several bacterial groups, of which Lactobacillus, was highlighted after 
isolation of adult B. terrestris workers from their colony, with a timescale 
comparable to ours (72 h; Billiet et al., 2017). Interestingly, Lactobacillus 
were also shown to mitigate DEHP and DnBP reprotoxic effects in 

rodents (Chen et al., 2022; Shi et al., 2020; Tian et al., 2019). The 
increased vulnerability of isolated workers to DnBP observed here could 
result from a modification of microbiota composition following social 
isolation, but this hypothesis would benefit from further investigation.

Finally, when kept in queenless microcolonies, workers undergo 
deep endocrine changes. In the first days after microcolony installation, 
reproductive competition, with aggressive behaviour and ovary devel
opment, occurs among workers (van Doorn, 1989). In this context, 
multiple hormonal and metabolic pathways are activated and represent 
as many new targets for potential ED-induced sub-lethal effects. 
Notably, in B. terrestris, variation in ecdysteroid titres in the haemo
lymph and vitellogenin gene expression were found to influence 
aggressivity, dominance and oviposition behaviour at queen-less 
microcolony establishment (Amsalem et al., 2014; Bloch et al., 2000). 
Therefore, PAE effects on microcolony and isolated workers might 
differ. While mortality was buffered in the microcolony setup, DnBP 
could differentially affect individuals depending on reproductive and 
metabolic status, especially as DnBP and DEHP were shown to affect the 
ecdysteroid pathway in S. littoralis (Avilès et al., 2020) and vitellogenin 
gene expression in L. niger and Daphnia magna (Cuvillier-Hot et al., 2014; 
Seyoum and Pradhan, 2019). Investigating the effects of PAEs on the 
fitness and health of B. terrestris in microcolonies would provide a better 
understanding of their effects on hormonal pathways and the conse
quences of such disruptions.

4.5. Perspectives

The current bee population decline is the result of multiple anthro
pogenic factors probably acting in synergy. Characterising the effects of 
PAE alone and in combination with other stressors on bee fitness seems 
important as these pollutants are ubiquitous and will continue to 
contaminate environments for long (Chapon et al., 2023). In this 
context, B. terrestris would be a relevant and useful model for PAE 
toxicity evaluation. Commercial colonies readily available give access to 
all life stages, castes and sexes (e.g., Gekière et al., 2024; Kato et al., 
2022; Linguadoca et al., 2022), and would allow a comprehensive 
evaluation of PAE effects on several levels of biological complexity, from 
molecular pathway to social behaviour disruption. Given the ED char
acteristics of PAEs (e.g. NMDRCs and low-dose sub-lethal effects), 
research must focus on evaluating the risk PAEs pose to both bee larval 
development and adult health at environmental doses. Finally, while 
laboratory experiments overly simplify exposure schemes, they allow 
control over non-investigated external stressors (e.g., floral resources 
shortage, bad weather, pollutant combined exposure, etc.), which can be 
detrimental to bee populations in field studies (Straw and Stanley, 
2025). Yet, further field study would also provide complementary in
sights on phthalate risk.

Aligning with the current shift towards a multiple stressor paradigm 
in bee ecotoxicology, this study provided new evidence of PAE toxic 
effects on bees. Adding to the existing data on bee phthalate exposure, it 
should motivate further multiscale investigation from the molecular 
assay to field and semi-field experiments that would allow a better un
derstanding of the impact of phthalates on wild populations of bees.

CRediT authorship contribution statement

Justine Dewaele: Writing – review & editing, Writing – original 
draft, Visualization, Investigation, Formal analysis, Data curation, 
Conceptualization. Marion Javal: Writing – review & editing, Investi
gation. Audrey Pinchon: Investigation. Dimitri Evrard: Investigation. 
Nina Hautekèete: Writing – review & editing, Supervision. Denis 
Michez: Writing – review & editing, Supervision, Resources, Funding 
acquisition, Conceptualization. Virginie Cuvillier: Writing – review & 
editing, Supervision, Resources, Project administration, Funding 
acquisition, Conceptualization.

J. Dewaele et al.                                                                                                                                                                                                                                Environmental Research 286 (2025) 122836 

8 



Funding

This work received funding from the French Agency for Food, 
Environmental and Occupational Health & Safety (ANSES) [ASPI project 
N2020/1/163]. J.D.’s PhD project is co-financed by the Institute of 
Bioscience and the Region “Hauts-de-France”.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

We thank the colleagues from the laboratory of Zoology, the CEFE 
lab, Montpellier (FR), and the Evo-Eco-Paleo lab, Lille (FR). Our 
particular thanks go to Emma Mayette, Juliette Debarge, Romain Joly, 
Sylvie Flourez, Flavia Pavan and Agathe Lévêque at evo-eco-paleo lab, to 
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