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Abstract

The contamination of non-target organisms by elements and pesticides can adversely af-
fect biodiversity and key ecosystem services such as pollination. In this study, we used
honey bee colonies as sentinels of environmental contamination in four distinct habitats
- urban, suburban, forest, and vineyard - and collected bees every three weeks from May
to November. Pesticide residues were extracted using an adapted QUEChERS method
and analyzed by LC-MS/MS, while inorganic major and trace elements were measured
by ICP-MS and ICP-AES. Our results show that land-use and seasonal changes shape
contaminant profiles in bees. Bees from vineyards exhibited the highest contaminant
diversity and loads, indicating a particularly intense contamination profile in this envi-
ronment. This reflects exposure to multiple pesticide inputs - such as copper - which
can accumulate over time to potentially harmful levels. Pollinators like honey bees pro-
vide effective indicators of environmental risk, as their contaminant loads may affect
honey bee health and can reveal broader ecological impacts.
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Introduction

Worldwide increase in pesticide use raises significant concerns and has become a serious
global issue with side effects outweighing expected benefits (Scheringer & Schulz, 2025). A
growing body of evidence shows that pesticide use leads to widespread contamination of all
environmental compartments (Rigal & Perrot, 2025; Tang et al., 2021; Zaller et al., 2023). The
contamination of non-target organisms and ecosystems by pesticides residues is closely linked to
non-negligible risks for overall biodiversity and associated ecosystem services such as pollination
(Beketov et al., 2013; Rigal et al., 2023; Stemmelen et al., 2025; Tison et al., 2024; Wan et al.,
2025). Pesticides residues are not the only contaminants present in our environment. Human
activities have raised environmental levels of major and trace metals elements far above the
natural baseline (Ondrasek et al., 2025) up to potentially toxic levels for non-targeted fauna.

Such as with pesticides residues, bees seem unable to detect field-realistic concentrations of
elements, exposing them chronically (Monchanin et al., 2022; Raine & Gill, 2015). Hence, several
elements have been repeatedly detected in foraging bees, with levels correlating strongly with
ambient environmental contamination (Lambert et al., 2012; Mair et al., 2023; Perugini et al., 2011;
Ruschioni et al., 2013). Honey bees can thus serve to detect temporal and spatial patterns in
environmental concentrations of contaminants, even at relatively low levels (van der Steen et al.,
2012), and Apis mellifera has emerged as a reliable biosentinel across diverse environments, due
to its extensive foraging range (3 km in average), large diet breadth, and its ability to store food in
the hive (Cunningham et al., 2022a; Giglio et al., 2017). Consequently, honey bees are more and
more used to assess the risks of environmental contamination on biodiversity and ecosystem
services (Badiou-Bénéteau et al., 2013; Gutiérrez et al., 2015; Girotti et al., 2020). Foraging bees
can encounter potentially harmful chemicals in airborne dusts and clouds (Bianco et al., 2025;
Thimmegowda et al., 2020), plant nectar and pollen (Cappellari et al., 2024; Perugini et al., 2011;
Xun et al., 2018), and water (Li et al., 2016; Lorenz et al., 2025). All bees from a colony can
ultimately ingest contaminants via the consumption of pollen and honey, or while in contact with
nest materials (Calatayud-Vernich et al., 2018; Cozmuta et al., 2012; Glinski et al., 2024).

They face multiple chemical stress from both pesticides and elements with direct lethal toxicity
but also a range of sub-lethal effects that impair sneakily bee health and colony function. Their
toxic effects range from altered metabolism and immune system disruptions (Di Prisco et al., 2013;
Lambert et al., 2012; Pamminger et al., 2018; Perugini et al., 2011) to developmental and cognitive
deficits such as the impairment of learning, memory, and navigation that reduce foraging
effectiveness and fitness (Burden et al., 2016; Monchanin et al., 2021; Siviter et al., 2018; Tison
et al., 2016). Recent reviews have highlighted the complexity of pesticide mixture toxicity and the
need to jointly assess pesticide and trace metal exposures in pollinators, particularly within EU risk
assessment frameworks addressing cumulative stressors (EFSA Scientific Committee et al.,
2021).

Since pesticide risk is determined by hazard and exposure, it is crucial to assess how non-
target organisms interact with the presence and type of chemical products (Sponsler et al., 2019;
Stanley et al., 2015). The exposure of bees to both elements and pesticides residues is seldom
investigated, despite bees frequently and simultaneously encountering these contaminants. While
many studies focused on the impact of one class of contaminant, very few have combined multiple
contaminants within a single sentinel framework along an anthropization gradient, ranging from
unmanaged habitats to highly disturbed agricultural habitats like vineyards.

Vineyard-dominated landscapes are characterized by the intensive use of pesticides, including
synthetic organic substances as well as inorganic fungicides such as the major elements copper
and sulfur. Copper, which is authorized in organic viticulture despite accumulation concerns and
regulatory restrictions in some EU countries (e.g., Netherlands, Denmark), exemplifies this
challenge (EFSA Scientific Committee et al., 2018). Pesticide spraying is not confined to vineyard
plots, since spray drift and surface run-off can extend contamination to adjacent habitats, affecting
soils, water bodies, and non-target organisms (Albaseer et al., 2025; Vischetti et al., 2008). As a
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result, vineyard agroecosystems often represent hotspots of exposure to contaminants, generating
a substantial ecotoxicological burden for non-targeted species with potentially significant impacts
on local biodiversity and ecosystem functioning (Stemmelen et al., 2025). In this context,
pollinators such as honey bees offer a valuable lens for assessing environmental risks, as their
health and exposure patterns can provide early-warning signals of broader ecological impacts
(Cunningham et al., 2022b).

In this study, we deployed honey bee colonies as environmental sentinels across four
contrasted environments with distinct ecological characteristics: urban areas, suburban areas,
forested areas and vineyards. Our objectives were to (i) assess how different environmental
contexts leave detectable ‘chemical footprints’ (diversity and loads of contaminants) on honey bees
serving here as biosentinels, and (ii) identify specific environments, substances and concentration
levels that may pose risks to honey bees. We hypothesized that (i) environments with intensive
chemical use (e.g., vineyards) leave a stronger ecological footprint on honey bees compared to
habitats with low chemical input (e.g., forests); (ii) vineyards leave a distinct footprint on honey
bees, reflecting combined exposure to both historical and current inputs of organic and inorganic
pesticides; (iii) some substances accumulate in living organisms over time, leading to potential
bioaccumulation at levels that may become harmful.

Material and methods

Study sites

In this study, we considered four sites. All sites are located in Gironde, in southwestern France:
one is located close to INRAE Grande Ferrade research center, Villenave d’Ornon, one is located
close to the city of Gujan-Mestras, another one is located close to the “Lande de Mejos”, and the
last one is located close to the village of Saint-Magne de Castillon. Land use around the four study
sites was characterized within a 3 km radius of the monitored colonies (Figure 1) using QGIS
Geographic Information System, complemented with Google satellite images and OSO Land
Cover Map 2020 (Thierion et al., 2022). To characterize each site, we considered the following
categories: urban areas (including residential areas, roads, and industrial zones), grassland,
vineyard, forest, water bodies, and annual crops (i.e., oilseed and corn). The proportion of each
land-use type was calculated within the buffer and this information was used for the a priori
classification of the different sites: Urban ( > 75 % urban fabric), Suburban (> 50 % urban fabric),
Forest (> 75 % forest) and Vineyard (> 50 % vineyards).

100

75

50

25

Soil occupation 3 km radius around hives (%)

S Q Q &
S \)@9 05? &
Y b <€
2 Location

. Urban fabric . Forest D Water

- Grassland D Vineyards D Annual crops

Figure 1 - Land use in a 3 km radius around hives installed in four contrasted
locations (Forest, Suburban, Urban, or Vineyard).
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Sample collection

Eight honey bee colonies (A. mellifera) were placed in the four different environments (two
colonies per site). Returning honey bees foragers were sampled at the entrance of the hive every
three weeks between May 3™ and October 20" (9 samplings). Honey bees usually live around 5
to 6 weeks in spring and summer but become foragers only at the end of their lives for 7 to 12 days
(Rueppell et al., 2007). Collected honey bees were kept at 0°C immediately after sampling and
subsequently stored at -20 °C until analysis at the laboratory. For the analysis of pesticide residues,
10 honey bees were collected per colony, sampling and site. For setting the calibration curves and
recovery rates additional honey bees were sampled in a colony located in an uncontaminated and
previously sampled site in Bouliac, Gironde. For the analysis of elements, about 5 individuals were
collected per colony, sampling and site. In order to characterize the overall contamination profile
(contact, ingestion) which reflects real-world exposure conditions, bees were not washed prior to
chemical analysis.

Analytes and reagents

Details of molecules used in the study and related analytical standards are given in Supporting
Information Table S1. Triphenylphosphate (TPP) was used as generic internal standard and all
molecules were purchased from Sigma-Aldrich Chimie (St Quentin Fallavier, France). Isotopically
labelled internal standards carbendazim-ds (99.3 % isotopic purity), fludioxonil-'*C2 (99.6 %
isotopic purity) tebufenozide-ds (98.9 % isotopic purity) and, tebuconazole-ds (100 ng.uL™" in
acetone, 97.5 % isotopic purity) were supplied by Cil Cluzeau Info Labo (Sainte-Foy-La-Grande,
France). All pesticide standards were in the range 97 - 99.9 % chemical purity. LC-MS grade
acetonitrile (ACN LC-MS, = 99.9 % purity) was obtained from VWR International SAS (Rosny-
sous-Bois, France) and glacial acetic acid from Sigma Aldrich (same source as above).
Concentrations of the internal standard working mixture were: TPP 500 ng.mL™", carbendazim-
ds 545 ng.mL"", fludioxonil-"*C2 1 ug.mL™", tebufenozide-de 10 pg.mL™ and, tebuconazole-ds 550
ng.mL" in ACN LC-MS. The stock solutions of the pesticide mixtures used for calibration,
evaluation of recoveries and precisions were prepared in ACN LC-MS at a concentration close to
20 mg.L™". Further dilutions were applied to obtain solutions in ACN LC-MS and acetic acid mixture
(99:1) at 40, 20, 10, 4, 1, and 0.2 pg.L"' equivalent to 200, 100, 50, 20, 5, and 1 ng.g™
concentrations in bees. All solutions were stored at —20 °C in the dark. Anhydrous sodium acetate
(NaOAc, > 99%), magnesium sulfate (MgSQOa, 299.5%), and zirconium dioxide-based sorbent
(Supel QUE Z-Sep+/MgS0Os4 2 mL centrifuge tubes) were supplied by Sigma-Aldrich (Saint-
Quentin-Fallavier, France). Water was purified through a GENPURE UV-TOC system by Thermo
Fischer Scientific (lllkirch-Graffenstaden, France). For the analysis of elements, all reagents were
of suprapur grade or equivalent: Nitric acid (HNO3, 65%, Sharlau, France), Hydrofluoric acid (HF,
40%, Suprapur, Merck, Germany), Hydrogen peroxide (H,O,, 30%, Baker, USA), Ultrapure water
(18.2 MQ-cm, Milli-Q, Millipore, France).

Pesticide residues extraction and analysis

To meet the minimum sample weight required for sensitive pesticide residue analysis but with
the limitation of masking within-colony variablilty, pools of 10 foragers of A. mellifera per colony
were created. The bees were put in liquid nitrogen before grinding in stainless steel 10 mL-grinding
jars (cat. no. 69985 from Qiagen, Hilden, Germany) for 6 x 30 seconds at a frequency of 30 Hz
(1800 oscillations per minute) using the crusher TissueLyser Il (Qiagen, Hilden, Germany). The
mash was homogenized, and 250 + 1 mg of sample was transferred into a 15 mL Falcon tube. For
each colony, this was replicated 3 times (triplicate). Samples were then extracted using the
QUEChERS method described in Tison et al. (2023) and HPLC-MS/MS analysis was performed
using the same instrument and conditions. The retention times, repeatability (Relative Standard
Deviation), recovery, and the Limits of Detection and Quantification (LOD/LOQ) of each of the 57
analytes are listed in Supporting Information Table S1.
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Mineralization of elements

Before mineralization, approximately 300 mg of whole bees were weighed using a Radwag
analytical balance (precision 0.1 mg) into 50 mL PTFE tubes. Samples were then dried in an oven
at 103°C to determine moisture content prior to digestion. Mineralization was carried out using an
Environmental Express automated digestion system (Charleston, USA). For each tube,
homogenized samples were treated with a mixture of HNO;, HF, and H,O, according to a
controlled digestion program. After complete evaporation, digests were brought to volume with
ultrapure water containing 5 % nitric acid (v/v). Reagent blanks and control samples were included
for quality control.

Quantification by ICP-AES and ICP-MS

The elements Aluminium, Calcium, Copper, Iron, Sulfur, Magnesium, Manganese,
Phosphorous, Potassium and Zinc were determined by ICP-AES (Varian 725-ES, Varian, Palo
Alto, USA) equipped with a V-Groove nebulizer. Wave lengths for each element is given in
Supporting Information (Table S2.A). The elements Arsenic, Cadmium, Cobalt, Chromium,
Molybdenum and Lead were quantified by ICP-MS (Agilent 7850, Agilent Technologies, Santa
Clara, USA) equipped with a Scott-type spray chamber and a Micromist nebulizer. Instrumental
conditions were optimized daily using multi-element standard solutions. Rhodium was used as
internal standard for all elements in ICP-MS to correct for matrix effects. Isotopes are given in
Supporting Information (Table S2.B). Recovery rates were between 96.1 and 106.5 % and are
given for each analyzed element in Table S2. Calibrations were performed using single-element
standard solutions prepared by dilution of certified stock solutions. An external linear calibration
was applied, with systematic verification of blanks and accuracy checks using certified reference
materials (V 463 whole plant, NIST SRM 1547 — Peach Leaves, used for cross-validation).

Statistical analysis

Principal Component Analysis (PCA) was performed on scaled land-use variables to explore
patterns of contaminant exposure across study sites (Urban, Suburban, Forest, Vineyard) with the
‘FactoMineR’ package. Group centroids and variable loadings were visualized using biplots to
interpret spatial and environmental gradients. Linear mixed-effect models were fitted to compare
element concentrations across the four study sites using the packages ‘Ime4’ (Bates et al., 2015)
and ‘ImerTest’ (Kuznetsova et al., 2017). With only two colonies per site, statistical power is limited,
although repeated measures across dates partially compensate for this constraint. In each model,
Element and Location were included in interaction as fixed effects, and both Date and Hive were
included as random effects to account for seasonality in element concentration variability and for
the repeated measures structure of the design, respectively. Element concentrations measured in
honey bees across the four locations were log-transformed to improve normality. Model
assumptions of normality (Q-Q plots), homoscedasticity (residual plots vs. fitted values), and
absence of substantial serial correlation were validated. For each element, six planned contrasts
were tested using the ‘emmeans’ package. No correction for multiple comparisons was applied,
as these were pre-specified contrasts analyzed independently for each element. Results were
visualized with faceted plots showing estimated differences and 95% confidence intervals,
highlighting statistically significant site differences (p < 0.05). We then focused on the substances
found at higher levels in the Vineyard location in order to evaluate more precisely their
accumulation in honey bees. Concentrations of Cu, Co, Cr, S, As and Al were analysed using
individual hive observations. Mixed-effect models with month as a fixed covariate and Hive as a
random intercept were fitted for each element to evaluate concentration trends over time, allowing
slope estimates and associated p-values to be retrieved while accounting for the repeated
measures structure within hives. Pesticide treatments applied in the nearest plot obtained from the
wine-grower were visually added to the regression plots. Pesticide residues data were log-
transformed (log 10 conc +1) in order to generate a heatmap of maximum pesticide residue
concentrations measured in honey bees across the four study sites. Fungicide richness (number
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of distinct fungicides detected per sample) was compared across locations using a Friedman test
followed by post-hoc pairwise comparisons with Bonferroni correction. Temporal trends in
fungicide richness within each location were assessed using Spearman rank correlations. For
calculations of means (Table S3) and graphical representations, pesticide residue concentrations
above the limits of detection (=LOD) but below the limits of quantification (<LOQ) were assigned
the LOD value. All statistics and figures were made using R version 4.5.0 (R Core Team 2025).

Results

Major and trace elements

Elements concentrations varied meaningfully among the four sampling locations, with specific
elements linked to distinct land-use or environmental types (Figures 1 and 2). The PCA biplot
(Figure 2) displays the distribution of sampling sites categorized into our four location groups—
Urban, Suburban, Forest, and Vineyard—based on element composition. The four groups are
visually well separated along the first two principal components, with distinct clusters evident for
each location, as indicated by the colored ellipses. Trace elements such as Lead (Pb), Cadmium
(Cd) and Molybdenum (Mo) are primarily associated with Urban and Suburban locations. The
element Mn (Manganese) is strongly aligned with the Forest location. Elements such as Arsenic
(As), Cobalt (Co), Zinc (Zn), Aluminum (Al), Iron (Fe), Chromium (Cr), and Copper (Cu) form a
cluster directing towards the Vineyard location.

Location # Urban # Suburban # Forest # Vineyard

Suburban

Vineyard

PC1 (32.3%)

Figure 2 - Principal Component Analysis (PCA) biplot of bee elements. Colored
points correspond to sampling locations (Forest, Suburban, Urban, or Vineyard).
Ellipses indicate 95% confidence intervals for each location group. Black arrows
represent the projection of elements with arrow direction and length reflecting their
contribution to site distribution along the principal components. PC1 and PC2 axes
display the main variance directions in the dataset (32.3 % and 20.8 % respectively,
PC3 accounted for 11.5% of the total variance).
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The upper panel (A) of Figure 3 presents the estimated effect of the vineyard location compared
to the three other locations (Forest, Suburban, and Urban) for each element concentrations based
on the fitted linear mixed-effects models. The lower panel (B) show the comparison of element
concentrations between the other locations (Forest, Suburban, and Urban). These results highlight
the strong across-locations variability in the concentration of chemical elements found in bees,
with Vineyard and occasionally Urban sites standing out for higher contaminant loads.

A) Vineyard vs Forest Vineyard vs Suburban Vineyard vs Urban
Aluminium ’ —— , —®— , ——
Arsenic ' —o— e e

Cadmium —&— —r —— |
Calcium —e— — e —®—
Chromium e e : o
Cobalt e L e
Copper —@— o Loe
Iron e — e

Lead . —— —— —
Magnesium —e— —®— —®—
Manganese —®— | — e e

Molybdenum —&— — e e
Phosphorous —&— — —e—
Potassium —o— — e ——
Sodium — & — e
Sulfur —— —e— —e—
- Zinc —— e e
S -1 0 1 2 0 1 -1 0 1
§ B
i Urban vs Suburban Urban vs Forest Suburban vs Forest
Aluminium —— L —e—
Arsenic —— e P
Cadmium —— ; — — e
Calcium — — e —
Chromium —®— —e— —
Cobalt — e —e— ——
Copper —— —&—— =X
Iron —e— —&— ——

Lead —e— [ —— | ——
Magnesium — —— ——
Manganese — & —— : —®— :

Molybdenum —@—— e & —
Phosphorous s S —o— —®—
Potassium —&— —&—
Sodium —@— —e— ——
Sulfur — —— ——

Zinc —e— —e— ——

0 1 -1 0 1 -1 0 1

Estimates (log-difference)

Figure 3 - Effects of environment types on element concentrations found in honey
bees. The figure presents post-hoc pairwise comparisons of estimated marginal
means between locations for each element using Tukey adjustment via
the ‘emmeans’ package. Each panel corresponds to one of the contrasts. Metals
are displayed on the vertical axis, while the horizontal axis shows the estimated
difference in log-concentration between locations. Significant differences (p < 0.05)
are shown in red. Horizontal error bars represent 95% confidence intervals of the
estimates.

Key findings indicate significantly higher concentrations of several metals at the Vineyard
location compared the other sites (Figure 3A), including Al, As, Cr (except for Vineyard vs Forest),
Co, Cu, and Pb (only for Vineyard vs Forest). Elements such as Al, As, Co and Cu show large
positive log-differences with Vineyard concentrations exceeding those at Forest, Suburban and
Urban sites. By contrast, Cd presents significantly higher concentrations at Urban relative to
Vineyard, Suburban or Forest sites and Mn was markedly higher in Forest bees, showing notable
site-specific variations.
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Major elements such as Calcium (Ca), Phosphorous (P), Potassium (K), Magnesium (Mg),
Sodium (Na), and Sulfur (S) did not show any significant differences between the study sites. They
generally exhibited moderate levels across all sites, with notable peaks in the Vineyard location,
especially for K and Mg during late summer, corresponding to periods of vineyard fertilization.
Concentrations of potentially toxic metals such as Pb, Co, Cd or As were generally low and did not
exceed a threshold of concern. Concentrations of elements at each sampling date and location
can be found in Supporting Information (Supporting Information, Figure S1).

The temporal evolution of the elements Cu, Al, As, Co and Cr found in higher concentrations
in the Vineyard location are displayed in Figure 4.

A) B)

Copper (mg/kg) Arsenic (mg/kg)

N o -\

100 RO A

50
0.0
Sulfur (g/kg) Cobalt (mg/kg)
Slope = -0.01
8 a = 0.355 n
= 06 p=0.355ns
.9
"é‘ 7 e
o & A
= R 04
€ 6 i iiiiiii e - T
IR I S o
8 S 02 4 : ° ° ¢ e
4 °
Aluminium (mg/kg) Chromium (mg/kg)
20
400 15
1.0
=i 05
..................... 00“..‘
0 8

N O \ e A NS N N O Y
2 &?\ S ?pg g o & K é\fz?\ SR L P G S
Month

Figure 4 - Monthly evolution of A) copper, sulfur and aluminum concentrations in
honey bees and doses of phytosanitary treatments applied at the nearest vineyard
plot and B) arsenic, cobalt and chromium concentrations in honey bees from the
vineyard location. Individual points represent the two replicate hives. Solid lines
represent significant temporal trends (p < 0.05) and dotted lines represent non-
significant trends, as estimated by linear mixed-effect models with hive as a random
intercept. Dashed vertical lines represent treatment doses in kg per ha.
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Each dot represents measured concentrations at individual sampling dates, while fitted lines
show the overall monthly trends. Graphics on the left (Figure 4A) show the concentrations of Cu,
S and Al in honey bees, three compounds recorded as phytosanitary treatments applied to the
nearest vineyard plot. Only honey bees from the Vineyard site exhibited a significant increase in
copper concentration over time (Figure 4 and Supporting Information Figure S2), with a
pronounced upward slope (estimate: 7 + 2 mg.kg™”' per month, p < 0.001) in concordance with
repeated treatments (8 across the season). Concentrations of Cu continue to increase in the
sampled honey bees even after the latest treatment applied on late July. In contrast, copper
concentrations in bees sampled from Forest, Suburban, and Urban locations remained relatively
stable, showing no temporal accumulation as indicated by non-significant slope estimates
(Supporting Information, Figure S2).

Sulfur concentrations remain relatively stable with minor fluctuations despite treatments applied
on the vineyard plot (8 across the season). On the contrary, Al concentrations show higher levels
than other sites (Supporting Information, Figure S2) and two peaks in sampled honey bees after
each of the two treatments against downy mildew (fosetyl-aluminium) applied on the nearest plot
(lower panel Figure 4A). This result highlights that high levels of Al can be reached in honey bees
located close to vineyards after treatments with aluminium-containing pesticides. Levels of As, Co
and Cr elements remain low (below 0.3, 0.5 and 1 mg kg™ respectively) even in the Vineyard
location, the most contaminated study site. A significant upward temporal trend in As
concentrations was detected over the sampling period (p < 0.05), suggesting a progressive
accumulation in bees. In contrast, no significant temporal trends were identified for Co and Cr
concentrations although Cr concentrations in honey bees show a temporal co-occurrence and
similar profile than Al.

Pesticide residues

Figure 5 shows the temporal and across-site distribution of pesticide residues detected in the
honey bees sampled across four different land use types: Forest, Suburban, Urban, and Vineyard.
Out of the 57 molecules monitored with our analytical method (31 fungicides, 18 insecticides and
acaricides, 7 herbicides, and one synergist) 14 fungicides and 2 acaricides were detected in our
bee samples.

Fungicide richness varied significantly across locations (Friedman test: x2 = 13.5, df = 3, p <
0.01). Post-hoc pairwise comparisons revealed that the Vineyard location harboured significantly
higher fungicide richness than both Forest (p < 0.01) and Suburban (p < 0.01) locations, while no
significant difference was detected between Vineyard and Urban locations (p > 0.05) nor between
Forest, Suburban and Urban locations (p > 0.05). No significant temporal trend in fungicide
richness was detected in any location over the sampling period (Spearman correlation, all p >
0.05). The Urban location demonstrated a broad spectrum of fungicide residues, with multiple
compounds including zoxamide, trifloxystrobin, mandipropamid, fluopicolide and dimetomorph
detected intermittently from May to September at low levels across a few sampling dates. This is
expected, since vineyard plots are also present in the vicinities of the sampled hives at INRAE
research center (Fig.1), explaining why common fungicides are also found in honey bees. In
contrast, bees from the Vineyard site exhibited the highest number, frequency and concentration
of fungicide residues with 14 different fungicides detected across multiple sampling dates at
concentrations sometimes exceeding 400 ppb (Figure 5). This corroborates intensive fungicide
use in vineyards, particularly between May and July. Two acaricides were also found: DMF (2,4-
diméthylformamidine) and cymiazole. DMF is a metabolite of amitraz, an acaricide that was used
to treat our honey bee colonies against Varroa destructor, usually applied in hives at the end of
September, justifying the observed peak of concentration. Cymiazole was present in bees from
the Forest and Suburban locations however it was not used in our colonies to treat against Varroa
mites. This substance is frequently used as an antiparasitic in veterinary medicine against external
parasites (lice, mites, ticks) of livestock and domestic animals.
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Figure 5 - Heatmap of pesticide residues concentrations (ng.g™') quantified in honey
bees sampled between May and October in contrasted locations (Forest, Suburban,
Urban, Vineyard). Data presented are log,-transformed maximum concentrations
(between the two sampled hives), fungicides on the upper part (14) and acaricides
(2) on the lower part of the map. Color intensity indicating relative abundance (from
yellow = low to purple = high concentrations).

As for elements, correspondence between quantified pesticide residues in bees from the
Vineyard location and phytosanitary products used to treat the nearest vineyard plot was
investigated (Figure 6). This figure shows the concentrations of the 14 pesticide residues
measured in bees at the sampling dates and visualization of how treatments correspond to
residues following field applications. It was observed that the bees were also contaminated by
certain active substances that were not listed in the treatment plan provided by the wine grower
(bars filled with diagonal lines). These substances are fungicides used to control cryptogamic
diseases such as powdery mildew, downy mildew, and Botrytis cinerea and have very probably
been used in other vineyard plots close to the sampled hives. Out of the 14 different fungicides
quantified in the sampled honey bees, 8 can be linked to a field application on the nearest vineyard
plot. These results demonstrate contamination events in bees following pesticide applications,
which might lead to sub-lethal or chronic effects at the individual and colony levels. The highest
concentrations appeared in June, right after several treatments, with multiple pesticides residues
detected simultaneously and a cumulative concentration of pesticide residues reaching more than
800 ng.g™. Different pesticides contributed variably: some (e.g., ametoctradin, fluopicolide,
dimetomorph, pyrimethanil, zoxamide) dominated the residue profile at specific dates and
ametoctradin was shown to contribute to more than half of the total amount of residues quantified
in May and June. Together with fluopicolide, ametoctradin was quantified in higher proportions on
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the second sampling (June 17"") than on the first sampling (May 28'") after application in the field.
In one case, an active substance (metrafenone, June 17") was quantified in honey bees prior to
the date of treatment given by the wine grower. This could be explained if another plot nearby was
treated with the substance prior to sampling or if the wine grower made a mistake in the calendar.

To explore potential co-exposure to copper and synthetic fungicides in vineyard bees, we
examined the co-occurrence of Cu and synthetic fungicide residues throughout the season (Figure
S3, Spearman, ns). Notably, the highest Cu concentrations (ca. 80—100 mg.kg™") co-occurred with
detections of pyrimethanil, fludioxonil, metrafenone, dimethomorph and fluopicolide, while
ametoctradin was detected at high concentrations (> 400 ng.g™") at intermediate Cu levels (ca. 35—
55 mg.kg™"). Across all sampling dates, at least one fungicide was co-detected with Cu in the
majority of vineyard bee samples (Figure S3).
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No treatment ametoctradin fluopicolide [:‘ ametoctradin [:I fluopicolide . fenbuconazole . tebuconazole
|:| Treatment = cyflufenamid metrafenone . cyflufenamid D metrafenone D fludioxonil . zoxamide
= difenoconazole pyrimethanil . difenoconazole D pyrimethanil D fluopyram
dimethomorph trifloxystrobin [:l dimethomorph I:‘ trifloxystrobin D mandipropamid

Figure 6 - Seasonal changes in pesticide residues concentrations in honey bees
from the vineyard location and associated pesticide applications in the vineyard.
Bars represent maximum concentrations (between the two sampled hives)
quantified in ng.g™ and dashed lines indicate the dates of treatments and the dose
in g of active substance per ha applied on the nearest plot obtained from the wine
grower. Striped colors represent pesticide residues found in honey bees but not
applied on the nearest plot.

Discussion

Honey bees as biosentinels of different environmental contexts

This study shows that honey bee colonies settled in contrasted environments present different
contamination profiles that can be related to specific environments and practices, showing their
reliability as biosentinels of environmental contaminants. We show that contamination by synthetic
pesticides residues and elements peaks in the agriculturally managed habitat, which is the
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Vineyard environment. The temporal pattern of contamination indicates higher concentrations
during the growing season (May—July), coinciding with pesticide application periods in vineyards
and leaving a distinct signature on honey bees under natural conditions.

Historical and current agricultural practices, particularly the widespread use of copper-based
fungicides and arsenic-containing agrochemicals since the late 19" century, have led to a
significant accumulation of these elements in vineyard soils which can then enter the food chains
via plants (Bertoldi et al., 2013; Scott & Gardiner, 2025). Honey bees and other wild bees are
highly present and active in vineyards (Kratschmer et al., 2019) particularly attracted by ground
vegetation cover and flower diversity (Biella et al., 2025). However, this exposes them to pesticide
residues and elements collected from floral resources (Botias et al., 2015; McArt et al., 2017; Xun
et al., 2017, 2018; Mattiello et al., 2023; Scott & Gardiner, 2025) as well as to direct exposure
during spraying. Levels of several elements measured in honey bees in the Vineyard location
exceed the levels found in other studies (van der Steen et al., 2012). Concentrations of Cu have
been reported in honey bee samples from 5 mg kg™ to around 20 mg kg™ in urban areas (Giglio
et al., 2017; Salvaggio et al., 2017; Skorbitowicz et al., 2018) . In this study, Cu levels in honey
bees reached a maximum of 97 mg kg™ in the Vineyard location and showed temporal
accumulation. Elements such as Cu and As both tend to accumulate in the surface horizons of
soils because their natural depletion and removal occurs only very slowly (Aide et al., 2016; Sereni
et al., 2024). Arsenic concentrations measured in honey bees were higher in the Vineyard location
and showed a significant temporal accumulation in honey bees but did not reach a threshold of
concern in comparison to the levels found in other studies (Salvaggio et al., 2017). Just like Cu,
Mn is an essential element that supports many processes in plants and organisms but its presence
in excess can be deleterious (Sevik et al., 2015). It is to be noted that we found Mn in significantly
higher proportions in honey bees from the Forest location. In the surface layers of forests, the more
acidic soils have the higher concentrations of Mn originating from the standing leaves and litterfall
of trees (Michopoulos et al., 2021; Zaitsev et al., 2020). Heathers (genus Calluna and Erica) were
the main flower resources of the two colonies in the Forest location and the capacity of these plants
to accumulate this element (Kula et al., 2012) could be the source of Mn found in bees. In urban
areas, higher levels of Cd were quantified in honey bees in comparison to the other locations due
to historical industrial activity, traffic, and waste, but stayed within the range of concentrations
found in other studies (Hernandez-Medina et al., 2025). As soil samples were not collected in this
study, this inevitably limits our ability to connect bee contamination levels with local soil
concentrations or to separate past contamination from more recent inputs. Future studies should
therefore include soil and other environmental samples to help clarify where these contaminants
come from and how they move through the ecosystem.

While a great amount of attention has focused on certain insecticides, fungicides are typically
the most abundant pesticide residues found in bumble bees (Botias et al., 2017), honey bees and
hive material (Cappellari et al., 2024; Mullin et al., 2010; Sanchez-Bayo & Goka, 2014). Similar
pattern occur in other species such as spiders or hornets, particularly when crops such as orchard
or vineyards are nearby (Cappellari et al., 2024; Michalko et al., 2024; Tison et al., 2023). In this
study, 14 different synthetic fungicides were detected in honey bees, with up to 13 detected
simultaneously in June (Figures 5 and 6), several of which are similar to those reported in the
above-cited studies. Some fungicides dominated the residue profile such as ametoctradin,
contributing to more than half of the total amount of residues quantified in May and June (Figure
5). Ametoctradin, but also fluopicolide, the second most found substance, are being known to have
a high probability of bioconcentration within organisms (Lewis et al., 2016). However, measured
concentrations of synthetic fungicides in honey bees from the Vineyard location do not appear to
exceed thresholds of concern based on known toxicological endpoints for honey bees, with LD50
values and regulatory thresholds reported in Supporting Information (Table S4).

Aluminium seems to peak in honey bees at high concentrations (up to 399 mg kg™') in the
Vineyard location after field applications before getting back to lower levels, however still higher
than in other locations. Fosetyl-aluminium is a systemic fungicide currently used against downy
mildew which has a high potential for contaminating pollinators resources but a low
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bioconcentration factor in organisms (Lewis et al., 2016). Cr concentrations in honey bees show a
similar profile than Al, possibly suggesting mutual presence in fosetyl-aluminium fungicide
treatment or temporal co-occurrence during fungicide spraying and associated vineyard operations
increasing bee contact with Al-rich, Cr-bearing mineral material (soil dust, spray drift, contaminated
water/foliage).

Sulfur concentrations remain relatively stable with minor fluctuations despite repeated
treatments, suggesting that these applications only weakly affect the large, biologically regulated
sulfur pool in bees. This reflects our measurement of total S, which integrates endogenous and
dietary sulfur with any exogenous residues, and the fact that vineyard sulfur formulations are
contact products with short persistence and high volatility.

On the contrary to Al, we found that Cu accumulates in honey bees along the viticultural
season, even after the end of field treatment applications. A progressive Cu buildup in bees
repeatedly exposed to Bordeaux mixture in vineyards was shown. However, without data on bee
turnover or tissue distribution, true biological accumulation cannot be inferred. Chronic Cu
contamination in honey bees likely reflects repeated re-exposure through surface adsorption
and/or ingestion of environmental residues after successive treatments. It may also result from
accumulation within colonies when young bees consume Cu-contaminated food. To our
knowledge, this is the first evidence of temporal copper accumulation in non-target terrestrial
organisms under natural conditions. Previous studies reported that average levels of Cu and trace
elements were higher in bees than in nectar or honey, indicating that these elements can transfer
in floral resources and bioaccumulate in bees (Hladun et al., 2015; Scott et al., 2024; Scott &
Gardiner, 2025; Xun et al., 2017, 2018). These findings suggest that bees are better sentinels of
environmental contamination than honey (Grzegorz et al., 2021; Silici et al., 2016).

Exposure and risk assessment

Real-world exposure to fungicides alone or in combination with other substances and their
impact on bees is still the subject of great uncertainty (Rondeau & Raine, 2022) as ecotoxicological
studies involving fungicides and especially inorganic fungicides remain scarce. Bees are usually
unable to detect or avoid pesticides residues or elements in their food (Gekiére et al., 2024a;
Monchanin et al., 2022; Parkinson et al., 2023) which consequently exposes foragers and other
colony members to these contaminants.

Copper exhibit higher maximum doses of application (about 20 times higher than for modern
synthetic fungicides) and significantly higher risks for honey bees (3- to 20-fold) compared with
modern synthetic fungicides used for the same purpose (Burandt et al., 2024). However, data on
chronic toxicity endpoints and sublethal effects of Cu remain limited (EFSA Scientific Committee
et al., 2018). A list of ecotoxicological endpoints and lethal dose 50 % (LD50) is available for some
elements in Gekiére et al. (2023, supplementary material). However, comparison with these
ecotoxicological thresholds should be interpreted with caution, as our data do not differentiate
between external and internal contamination given that bees were not washed prior to chemical
analysis. The concentration of Cu quantified in honey bees from the Vineyard location exceeded
several times the lethal concentration (LC50: concentration of Cu that killed 50 % of the tested
honey bees) of 72 mg L™ for foragers and 7 mg L™" for larvae (Di et al., 2016). Altered feeding
behavior and survival in adult honey bees fed with Cu were observed (Burden et al., 2019; Di et
al., 2016). In other studies, the lethal dose (LD50) was 12 mg per bee for copper oxychloride and
49 mg per bee for copper hydroxide considering the ecotoxicological risk as moderate for bees
(EFSA Scientific Committee et al., 2018; Lewis et al., 2016). Nonetheless, at the concentrations
found in this study, one can expect substantial reductions in larval growth and survival (Di et al.,
2016). If accumulation occurs following feeding, as suggested by our results, the impact could be
severe and severe reduction in whole colony health could be expected.

Since bees screened for pesticides residues are collected alive, residues in bees most likely
represent an underestimation of their true exposure. This is because bees that have been exposed
to lethal doses are unlikely to be caught alive (Botias et al., 2017; Martinello et al., 2020). Although
acute toxicity thresholds are usually not exceeded in this study except for Cu and Al, several
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organic fungicides pose chronic risks, especially for wild bees (Rondeau & Raine, 2022).
Fungicides when applied correctly are usually not responsible for the direct death of bees but can
have sublethal behavioral or physiological effects for all castes and at the colony level which could
lead to a reduction in foraging activity or brood care (Berenbaum & Liao, 2019; Bryden et al., 2013;
Godfray et al., 2014). Organic fungicides have also been shown to kill honey bee midgut cells and
reduce beneficial fungi, increasing their susceptibility to pathogens and weakening colonies (Pettis
et al., 2013; Yoder et al., 2017) whereas an exposure to Cu perturbated in the redox balance of
bumble bees (Gekiére et al., 2024b). As for other elements, a single exposure to Al at
concentrations as low as 2 and 20 mg L' negatively impacted honey bees’ floral choices (Chicas-
Mosier et al.,, 2017) and exposure to As, Pb, Cu or combinations of these elements at
concentrations far below the levels found in our study were shown to slow down appetitive learning
and reduce long-term memory specificity in honey bees (Monchanin et al., 2021). Given that
learning and memory of olfactory cues play crucial roles in the behavioral ecology of honey bees,
acute or chronic exposure to elements could have important consequences on pollination (Klein
et al., 2017). Furthermore, frequent fungicide—insecticide mixtures can increase the potential for
harmful synergistic effects and should be taken seriously (Sanchez-Bayo & Goka, 2014; Traynor
et al., 2016). This is also the case for supposedly inert ingredients in fungicide mixtures that can
mediate acute effects on honey bee learning performance (DesJardins et al., 2023). Several
fungicides, including pyrimethanil, ametoctradin, dimethomorph, and fluopicolide, were detected
at substantial concentrations (up to > 400 ng.g™') in the same bee samples as elevated Cu levels,
suggesting that bees foraging in vineyard environments are routinely exposed to complex mixtures
rather than individual compounds. This is consistent with viticultural practices in the study area,
where Cu-based treatments are commonly applied alongside synthetic fungicides across the
growing season. While our dataset does not allow us to formally test for synergistic or additive
effects that could enhance toxicity, these observations support the concern that field-realistic
exposure of vineyard bees to Cu or other elements cannot be considered in isolation from
simultaneous fungicide contamination. For example, Cu itself exerts toxicity largely through
oxidative stress. Several of the fungicides identified here such as azole fungicides (e.g.,
difenoconazole, fenbuconazole, tebuconazole) and some quinone outside inhibitors (Qol) (e.g.,
fluopicolide, ametoctradin) also modulate mitochondrial electron transport or cellular redox
balance, which may amplify oxidative stress when combined with Cu exposure.

Our findings are consistent with the One Health framework and directly support recent policy
priorities outlined in the EU Pollinators Initiative (European Commission, 2023), which emphasize
the need to address cumulative stressors affecting pollinator health. By demonstrating the co-
occurrence and potential combined effects of pesticides and trace elements, this study
underscores the importance of moving beyond single-compound risk assessments toward more
integrative approaches that better reflect real-world exposure conditions and inform effective
mitigation strategies

Perspectives

Pollinators and more generally arthropods represent an entry point for the transfer of
contaminants in terrestrial food webs and could have cascading consequences on ecosystems
(Faburé et al., 2024; Pesce et al., 2024; Tison et al., 2024). Several studies have shown the
presence of contaminants including fungicides residues and elements in predators such as
hornets, spiders and birds (Michalko et al., 2024; Moreau et al., 2022; Panda et al., 2025; Tison et
al., 2023) with possible lethal or sublethal effects likely to propagate in food webs via trophic
interactions. Positive Cu—Zn correlations across soil, prey, and feather samples illustrate trace
metal transfer through trophic levels, affecting higher organisms like birds (Panda et al., 2025).
Critical gaps in knowledge still exist, such as the effect of fungicides on secondary consumers
(Faburé et al., 2024) or the impact of low levels of elements on arthropods and their predator
cognitive abilities.

Pooling 10 foragers per sample, required to achieve sufficient biomass for pesticide residues
and elements analysis, masks within-colony variability that could reveal exposure heterogeneity
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among individuals. Future studies using individual-level analyses or several pools of samples per
colony would provide complementary insights into intra-colony exposure differences.

Current risk assessment approaches however typically focus on the effects of individual elements
or pesticides residues, overlooking the potential for interactions between substances (Gekiére et
al., 2023). This limitation is particularly relevant for honey bees and other species that share and
store contaminated food, which can amplify these interactions within populations. Assessing the
interactive effects of major and trace elements with pesticides residues (active ingredients, co-
formulants and adjuvants) together with other environmental factors calls for further investigations
(EFSA Scientific Committee et al., 2019; Gekiere et al., 2023; Nagash et al., 2020; Sgolastra et
al., 2018; Singh et al., 2017).

Another limitation of this study is that only parent pesticides residues were tracked and
quantified, whereas they can be transformed in the environment or metabolized in bees. Therefore,
pesticide degradation products should be monitored in future studies. Furthermore, because each
land-cover category was represented by a single site, the observed differences in chemical profiles
may also reflect site-specific conditions. Future studies including more sites within each land-cover
type, and a broader range of land-cover compositions, would help strengthen conclusions about
the relationships between land cover and chemical profiles in honey bees.

Conclusion

Our study highlights the major impacts of land use and seasonal dynamics on contaminants
distribution in honey bees. Consistent with our first hypothesis, environments with intensive
chemical use, such as vineyards, leave a stronger ecological footprint on honey bees compared
to habitats with low chemical input. This is reflected in the higher and more diverse contaminant
loads observed at the vineyard site. In line with our second hypothesis, the Vineyard location
stands out for several key elements and pesticide residues that reflect a distinct footprint. This
footprint arises from combined exposure to both historical and current inputs of organic and
inorganic compounds, including several fungicides whose effects are still understudied in insects.
These results reveal distinct temporal and across-site patterns of pesticide residues and element
concentrations in bees, reflecting localized anthropogenic influences and underscoring the utility
of honey bees as environmental sentinels. The clear correlation between field applications and
bee residue loads strengthens the necessity for monitoring and regulating application timing to
protect pollinators. Finally, supporting our third hypothesis, copper shows significant accumulation
trends in bees collected in vineyards, demonstrating for the first time, the temporal accumulation
of copper in naturally exposed pollinators.

Given the tendency of elements and pesticides residues to transfer and accumulate in
environmental matrices and organisms, it is absolutely necessary to consider contaminant
bioaccumulation and their interactions in ecotoxicological assessments and future research
(Gekiére et al., 2023; Tison et al., 2024).
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