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A B S T R A C T

Agricultural environments, including crop and non-crop areas, often provide important pollen and nectar re-
sources for managed and wild bees. However, these resources may be contaminated with pesticides detrimental
to bees and other non-target organisms, including humans. Differences in life-history traits among bee species
influence food resource exploitation and pesticide exposure. This study assesses the potential of honey bees (Apis
mellifera) and mason bees (Osmia), two bee species with highly contrasting functional traits, as biological in-
dicators of pesticide exposure in 34 Italian agricultural farms. Pollen loads of both species were used to identify
pollen species collected and to analyse multi-residue levels of pesticides. Pesticide risk indexes were calculated
for honey bees, mason bees and humans. In mason bees, pesticide risk was not influenced by plant diversity. In
agreement with their pollen preferences and short foraging ranges, mason bees collected a high proportion of
pollen from flowers of the target crop. Conversely, pesticide risk decreased with increasing pollen diversity in
honey bees. In agreement with their generalist foraging habits and long foraging ranges honey bees collected a
greater diversity of pollen species and a lower proportion of target crop pollen. Although honey bees and mason
bees showed similar toxic loads and pesticide composition, at a field scale pesticide risk of one species is not a
good indicator of the risk to the other species. Our study confirms that bees in agricultural environments are
pervasively exposed to multi-residue pesticide loads. Exposure is conditioned by specific bee traits but is also
highly context-dependent.

1. Introduction

Agricultural intensification is considered one of the main drivers of
insect biodiversity decline, with potential consequences on the delivery
of ecosystem services (Sánchez-Bayo and Wyckhuys, 2019). Declines in
pollinator populations, mainly bees, are of particular concern because
crop production depends on pollination services provided by these an-
imals (IPBES, 2016; Potts et al., 2010). More than 75 % of crops
worldwide require animal pollination to produce fruits and seeds (Klein
et al., 2007) and the economic value of this ecosystem service is esti-
mated at US$ 235–577 billion per year (IPBES, 2016). One of the main
components of agricultural intensification is the widespread use of
pesticides, which may become important environmental contaminants
in agricultural areas, posing a threat to the health of non-target

organisms, including humans (Rani et al., 2021). Despite advances in
alternative pest control methods and pesticide regulation, pesticide use
is not declining worldwide (Sharma et al., 2019). Pesticides withdrawn
from the market due to their hazard to non-target organisms are quickly
being replaced by new products and there are currently more than 1,000
different active ingredients commercially available (Lewis et al., 2016).

Importantly, bees living in agricultural environments are simulta-
neously exposed to combinations of pesticides, some of which may have
been applied weeks or even months before exposure occurs (Azpiazu
et al., 2023; Zioga et al., 2023a). Also importantly, exposure does not
only occur in crop fields, but also in off-crop adjacent areas that become
contaminated through spray drift and/or leaching (Botías et al., 2015).
The temporal and spatial dynamics of pesticides and their residues
hinder our ability to quantify bee exposure. Screening for multiple
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compounds in the wide array of flowers and other matrices contacted by
bees in a given area is not feasible and, for this reason, the western honey
bee, Apis mellifera L. has been used as a bioindicator of the environ-
mental load of pesticides and other pollutants (Cabrera et al., 2016;
Girotti et al., 2020; Porrini et al., 2003). During their foraging bouts,
honey bees intercept many pollutants and, as central place foragers,
concentrate these contaminants in the hive, where different beematrices
such as pollen, honey, and wax can be sampled (Porrini et al., 2003).

Yet, A. mellifera is only one of ca. 20,000 bee species described
worldwide and its ecological traits, including its high level of sociality,
long foraging range, and highly generalist diet, differ widely from those
of other species. Most of bee species are solitary and show specific
foraging and nesting habits that influence their exposure to pesticides
(Sgolastra et al., 2019). Among solitary bee species, mason bees in the
genus Osmia have received special attention due to their use as managed
crop pollinators (Bosch et al., 2008) and their inclusion as model species
in pesticide risk assessment (EFSA, 2013). Honey bees and mason bees
showwidely contrasting ecological traits. A. mellifera has a long foraging
range (ca. 1.5 Km) and widely polylectic pollen collection habits. Mason
bees, on the other hand, have much shorter foraging ranges (ca.
100–500 m) and, although polylectic, have marked pollen preferences
(Sgolastra et al., 2019). Therefore, honey bees and mason bees may
respond quite differently to the floral landscape context and, conse-
quently, be exposed to different pesticides.

In this study we analysed pesticide residues in pollen-nectar loads
from honey bees and two common European mason bees (Osmia cornuta
and Osmia bicornis). We had three objectives: 1) To analyse the effect of
landscape context on pollen choice and pesticide load in honey bees and
mason bees; 2) To establish whether pesticide residues in bee-collected
pollen in agricultural landscapes pose a threat to honey bees and mason
bees. Because honey bee-collected pollen can also be consumed by
humans, we also address whether these residues could pose a threat to
human health; 3) Given their differences in biological traits, to establish
whether honey bees and mason bees provide different assessments of
landscape pesticide risks.

2. Materials and methods

2.1. Study sites and bee populations

The study was conducted in 2021 in 34 agricultural sites (farms) in
Italy covering a range of entomophilous crops (Table A1). Most farms
followed integrated pest management but some were organic
(Table A1). At the beginning of the blooming period, honey bee colonies
and/or mason bee (O. bicornis or O. cornuta) nesting stations were
installed in each farm. These two mason bee species have very similar
biological traits and occur across wide areas of Europe, including Italy.

Three healthy, queen-right honey bee colonies (A. mellifera ligustica)
per site were installed in 31 of the farms. The main crops were apple and
pear, but also cherry, kiwifruit, citrus and alfalfa. Following beekeeper
practices, colonies were placed on the edge of the crop fields and
remained on site for the duration of bloom. Mason bee nesting stations
were installed in 27 sites, mostly fruit tree orchards. Each station con-
tained 160–180 reed segments (Arundo donax) with front and back en-
trances. Nesting stations were located inside the orchards (at least 200m
from the edge). In each station, 550–600 Osmia cocoons (sex ratio mm:ff
= 1.5:1) supplied by Pollinature Srl were released. The number of sta-
tions was adjusted to the size of the farm to optimize pollination services
and ranged from 2 to 8. Overall, 24 sites had both honey bees and mason
bees. However, due to extreme weather conditions during the study,
pollen collection was not possible in some farms, reducing the number of
sites with both pollen data for honey bees and mason bees to 17, while
13 sites had only honey bees and 4 had only mason bees (total sites: 34).

2.2. Landscape variables

We used the QGIS 3.22 version (https://qgis.osgeo.org) to digitize
the landscape surrounding each the 34 farms. Land use categories were
characterized based on a vector open geodata available for the region
and the CORINE Land Cover nomenclature (Feranec et al., 2016). The
intersection geoprocessing tool and the regional land use vector file
were used to quantify the area occupied by each land use category
within a radius of 500 m and 1500 m from the centre of the farm, which
correspond to the typical foraging distances ofOsmia sp. and A. mellifera,
respectively (Gathmann and Tscharntke, 2002). We focused on the
category “proportion of agricultural landscape” because most pesticide
residues are expected to originate from this type of landscape. Since the
proportion of agricultural landscape between both radii was highly
correlated (Spearman rho = 0.88, p < 0.0001), analyses were only
performed with the 500 m radius data.

2.3. Chemical and palynological analysis

Bee-collected pollen samples were obtained during peak bloom of
the main crop. For honey bees, pollen loads from the corbiculae of for-
agers were collected in three hives per site using pollen traps placed at
the hive entrance. For mason bees, we collected pollen samples from the
provisions stored in three recently completed nests per site. Honey bees
add nectar to their pollen loads while foraging, and mason bees add
nectar to their pollen provisions inside the nest. Therefore, the pollen
samples of the two species also contained nectar. However, for conve-
nience and because pesticide levels are usually higher in pollen than in
nectar (Zioga et al., 2020)), we use the term “pollen samples”
throughout the text. Pollen samples were maintained at − 20 ◦C for two
months until analysis. Pollen samples from different honey bee colonies
and mason bee nesting stations of the same site were mixed to obtain a
single sample of at least 5 g per species and site. Successively, two ali-
quots from each sample were used for chemical and palynological
analysis, respectively.

Chemical analyses were conducted by Agriparadigma (Ravenna,
Italy) on 2 ± 0.03 g of pollen per sample. Analysis was performed using
UNI EN 15662:2018 (with GC/MS/MS and LC/MS/MS) for multi-
residue analysis and with the CVUA EU RL-SRM QuPPe Vers 12 met
1.3 2021 (with LC/MS/MS) method for glyphosate. A total of 584 active
ingredients were screened. The name of the active ingredients, their
quantification limits (<LQ), and the analytical method used are pro-
vided in Appendix S1.

Palynological analysis was performed at CREA-AA (Bologna, Italy).
For each sample, 2-g-subsamples of pollen were suspended in 50 mL of
distilled water. Then, pollen grains in one 0.01-mL-aliquot of the sus-
pension were identified under the microscope at 100 x. At least 1,000
grains were identified per sample. This analysis provided a plant di-
versity estimate for each site, expressed as Effective Number of Species
(ENS) (Loujost, 2023). In the statistical analyses, pollens from crop
plants were grouped under the category “crop pollen”.

2.4. Risk index calculation

With the pesticide residue data, we calculated a risk index for honey
bees and mason bees, separately. Risk indexes were calculated as the
sum of the “toxic units” of all the compounds found in a pollen sample
consumed by an individual bee in one day. The toxic unit of a compound
is the ratio between its level of exposure, estimated from the amount of
residue detected in the sample, and its reference toxicity value (LD50 –
Median Lethal Dose) (EFSA, 2019). Risk indexes provide a relative
measure of the hazard of a daily ingestion of pollen in a given site.

The risk index for honey bees (RIhb) was calculated as:

RIhb =
∑n

i=1

Ri*PC/1000
LD50i

*A (1)
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Where: Ri is the residue of compound i expressed in mg/Kg found in
the honey bee pollen sample; PC is the daily pollen consumption of nurse
bees (0.012 g/day), the worker honey bee category that consumes the
largest amounts of pollen (Sgolastra et al., 2019); LD50i is the acute oral
lethal dose of compound i expressed in µg/bee (obtained from the PPBD
Pesticide Properties Database (Lewis et al., 2016)); AF is an “Assessment
Factor” that converts acute toxicity into chronic toxicity, that is, it
converts LD50 values into LDD50 values (median lethal daily dose). We
used AF=10, which is considered a sufficient safety factor when chronic
toxicity values are estimated from acute toxicity tests in adult bees (Alix
and Lewis, 2010).

The risk index for mason bees (RImb) was based on the amount res-
idues of each compound found in mason bee food provisions (Centrella
et al., 2020). As a worst-case scenario we used the larval daily pollen
consumption (0.0152 mg/day) (Sgolastra et al., 2019). Because for most
compounds toxicity values of mason bees are not available, we used
toxicity values (acute oral LD50) of honey bees (Lewis et al., 2016).

Honey bee pollen is also consumed by humans. Therefore, we
calculated a risk index for humans (RIhu):

RIhu =
∑n

i=1

Ri*PC/1000
ADIi

(2)

Where Ri is the residue of compound i in the pollen sample (collected
by honey bees) and expressed in mg/Kg; PC is the daily pollen con-
sumption in human diet (0.07 g of pollen per Kg of body weight) cor-
responding to the maximum value in the EU database for daily pollen
consumption by different categories of consumers (EFSA, 2018); ADIi,
the Acceptable Daily Intake of the compound i, was obtained from the
PPBD Pesticide Properties Database (Lewis et al., 2016). We did not
calculate RIhu based on residues found in mason bee provisions because
these are not used for human consumption. For each compound, we also
indicate the maximum residue level (MRL) expressed in mg/Kg allowed
in human food, considering the food category “Honey and other apicul-
tural products” from the EU Pesticide database.

Risk index values higher than 1 indicate that the residues in the
pollen samples pose a potential lethal risk for bees or represent a non-
acceptable daily intake for humans. For an easier interpretation of the
risk index values, we transformed them to percentage of ingested doses
referred to LDD50 (median lethal daily dose) and to ADI, for bees and
humans, respectively. For example, a Risk Index for bees of 0.10 is
equivalent to a bee consuming 10 % of its daily LDD50.

Sites were ranked according to their pesticide risk for honey bees,
mason bees and humans, and the compounds that contributed most to
each risk index were identified. The most frequent pesticide combina-
tions were also identified.When available, we used information from the
Phytosanitary Notebook (register of pesticides applied in each farm) to
detect the potential presence of compounds that had not been applied in
a given site.

2.5. Statistical analyses

All analyses were conducted using the R software v. 4.2.0 (R Core
Team, 2022).

We tested for landscape effects on the proportion of crop pollen and
pollen ENS for honey andmason bees using GLMMs. In these models, the
response variables were the proportion of crop pollen and pollen ENS,
and the explanatory variable was the proportion of agricultural land.
Crop was again added as a random factor. To test for the effect of
landscape on the composition of pollens collected, we run PERMANO-
VAs with the function adonis2 in vegan package (Oksanen et al., 2022).
The response variables were the Euclidean distance matrices of pollens
collected among sites and the proportion of agricultural landscape was
the explanatory variable. We controlled for similar crops by grouping
them using the strata function. We run separate PERMANOVAs for each
bee species.

To detect significant (either positive or negative) associations among
pesticides across farms, we applied the probabilistic model of species co-
occurrence (Veech, 2013) to the presence-absence matrix of pesticides
by site. To this aim, we used the function cooccur in the package cooccur
(Veech, 2013) in R. The model computed the observed and expected
frequencies of co-occurrence between each pair of pesticides. The ex-
pected frequency was based on the distribution of each pesticide being
random and independent of the other pesticides. The model returns the
probabilities that a more extreme (either low or high) value of co-
occurrence may have been obtained by chance, and classifies pesticide
pairs as having positive, negative, and random associations.

To test the relationships between pollen ENS and the number of
compounds, and between the number of compounds and risk index we
performed two general linear mixed models (GLMMs) using the function
lme in package nlme (Pinheiro et al., 2022) in R. We performed separate
analyses for each bee type. In the first model, the response variable was
the number of compounds and the explanatory variable was pollen ENS.
In the second model, the response variable was the risk index and the
explanatory variable was the number of compounds. Crop was added as
a random factor in bothmodels. The replicates were the number of farms
with the presence of each bee species, respectively (i.e., n= 30 for honey
bees, and n = 21 for mason bees).

To test differences between bee species in the number of compounds,
risk index, pollen diversity (ENS) and proportion of crop pollen, we
performed four GLMMs. The response variables were number of com-
pounds, risk index, pollen diversity (log-transformed) and proportion of
crop pollen, and the explanatory variable was bee species. Crop and
farm ID were added as random factors. The replicates were the farms in
which both honey bee and mason bee pollen samples were available (n
= 17). We also used GLMMs to analyze whether there was a relationship
between honey and mason bees in risk index values and number of
compounds. In the first model, the response variable was the risk index
of one species (sqrt-transformed) and the explanatory variable the risk
index of the other species (sqrt-transformed). In the second model, the
response variable was the number of compounds of one species and the
explanatory variable the number of compounds of the other species.
Crop was added as a random factor. The replicates were the farms in
which both honey bee and mason bee pollen samples were available.

To test similarity between bee species in pollen and pesticide residue
composition we performed two PERMANOVA tests on the Euclidean
distances from the pollen and pesticide residue composition matrices of
each farm. In both tests the explanatory variable was bee species, and
the farm was added as a strata factor to pair the samples for each bee
species within each plot. We used the function adonis2 in package vegan
(Dixon, 2003).

Finally, we assessed, separately for honey and mason bees, whether
chemical residue composition was correlated with pollen composition
using Mantel tests (based on the Euclidean distance matrices of residue
composition and pollen composition among sites) with the function
mantel.rtest in ade4 package (Thioulouse et al., 2018).

In all analyses we checked for the normality and homoscedasticity
assumptions for model residuals. When necessary, response variables
were transformed.

3. Results

3.1. Pollen composition

In total we found 103 pollen types of different botanical origin. The
number of plant species identified ranged from 5 to 26 in honey bees
(mean = 12.78; median = 12; n = 30 sites) and from 2 to 21 in mason
bees (mean = 8.68; median = 9; n = 19 sites) (Appendix S2). Pollen of
the target crops represented 14.5 % (range = 0–86.3 %) and 35.2 %
(range = 0–99.7 %) of the pollen collected by honey bees and mason
bees, respectively. However, when considering the pollen collected from
all crop plants, the differences between the two species were smaller

F. Sgolastra et al.
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(57.1 % and 59.2 %, respectively). In farms in which both bee species
were present, pollen diversity was significantly higher in honey bees
(GLMM; X21 = 48.4, p < 0.0001), and the proportion of crop pollen was
higher in mason bees (GLMM; X21 = 10.6, p = 0.001). Overall, pollen
composition differed significantly between the two bee species (F1, 31 =
1.93, p < 0.009).

Neither the proportion of pollen from crop plants (honey bees:
GLMM, t19 = -1.3, p = 0.224; mason bees: GLMM, t11 = -0.9, p = 0.387)
nor pollen diversity (ENS) (honey bees: GLMM, t18 = 1.23, p = 0.234;
mason bees: GLMM, t11 = 0.42, p = 0.682) were affected by the pro-
portion of agricultural landscape. Similarly, the proportion of agricul-
tural landscape had no effect on pollen composition (PERMANOVA;
honey bees: F1, 28= 1.25, p= 0.38; mason bees: F1, 17= 1.11; p= 0.16).

3.2. Pesticide residues

We found 65 different active ingredients. Of these, 55 were found in
honey bee and 50 in mason bee samples (Tab. A2). The number of active
ingredients per sample ranged from 0 to 23 (mean= 10.7; median= 12)
in honey bees, and from 3 to 22 (mean = 12.4; median = 13) in mason
bees. All samples except two had more than one active ingredient. In
sites with honey bees and mason bees, the number of compounds per
pollen sample was correlated (GLMM, t10= 2.28, p= 0.046) and did not
differ between the two bee species (GLMM, X21 = 0.0, p = 0.991). In
addition, pesticide residue composition did not differ between the two
species (F1, 33 = 0.93, p = 0.25).

In honey bees, the number of chemical compounds marginally and
negatively decreased with pollen diversity (GLMM, t18 = -1.97, p =

0.065, Fig. 1) and was positively related to the proportion of crop pollen
(GLMM, t19= 2.5, p= 0.021). By contrast, in mason bees, the number of
compounds was neither related to pollen diversity (GLMM, t11 = -0.63,
p= 0.541, Fig. 1) nor to the proportion of crop pollen (GLMM, t11= 0.5,
p = 0.660). Compound composition was not related to pollen compo-
sition in either bee group (honey bees: Mantel test, r = 0.11, p = 0.21;
mason bees: Mantel test, r = 0.12, p = 0.25).

In honey bees, the most frequently detected pesticide was the her-
bicide glyphosate (70 % of the samples), followed by the fungicides
fluazinam (60 %), tebuconazole (50 %), pyrimethanil and cyprodinil
(46.7 %). The most frequently detected insecticides in honey bee sam-
ples were flonicamid and tau-fluvalinate (both 40 %). In mason bees, the

most frequently detected pesticides were the fungicides fluazinam (66.7
%) and captan (+its metabolite tetrahydrophthalimide (THPI); 66.7 %),
followed by dithianon (61.9 %) and tebuconazole (61.9 %). As with
honey bees, the most frequently detected insecticides in mason bee
samples were tau-fluvalinate (33.3 %) and flonicamid (28.6 %). Only
about a third of the compounds found in honey bee (mean: 30.5 %;
range: 0–88.9 %) andmason bee pollen (mean: 34.5 %; range: 0–88.4 %)
had been applied to the target crop (Fig. 2).

Pesticide co-occurrence networks show that the compounds with a
central role (represented by highly connected nodes in Fig. 3) were
glyphosate and fluazinam in honey bees and fluazinam, captan, and
dithianon in mason bees. The most likely pesticide binary combinations
(i.e., pesticide pairs likely to co-occur) are reported in Fig. 4.

Pesticide concentrations ranged from 0.01 to 1217 mg/Kg, with a
median of 0.06 mg/Kg. Captan, difenoconazole, and THPI were the
compounds with the highest concentrations (Table A2). As many as 34
out of 55 compounds detected in honey bee pollen showed residue levels
exceeding the MRL in humans (Table A3).

3.3. Pesticide risk

The potential risk of pesticides for bee and human health varied
widely among farms (Fig. 5). The risk index ranged from 0 to 217.8 %
(mean: 8.85 %, median: 0.76 %) in honey bees, from 0.01 to 67.4 %
(mean: 5.36 %, median: 1.35 %) in mason bees, and from 0 to 163.2 %
(mean: 6.89 %, median: 0.36 %) in humans. Compounds with particu-
larly high incidence in some farms were captan for honey bees (risk
index = 119.2 %) and humans (85.2 %), and imidacloprid for mason
bees (65.7 %). All other compounds showed risk levels lower than 10 %.
In general, the compounds with the highest risk levels were insecticides
for honey bees and mason bees, and fungicides for humans (Fig. 6). The
risk index was positively related to the number of compounds in both
honey bees (Fig. 6; GLMM, t18 = 3.02, p = 0.0074, Fig. 1) and mason
bees (GLMM, t13 = 2.76, p = 0.016, Fig. 1).

On a site by site basis, the risk indices of honey bees and mason bees
were not significantly correlated (GLMM, t8 = 0.17, p = 0.869; two
outliers removed from the analysis). However, overall, the risk index did
not differ between honey bees and mason bees (GLMM, X21 = 0.499, p =

0.480).

Fig. 1. Impact of different variables that affect the pesticide risk index for honey bees and mason bees. Solid lines indicate a significant relationship between
variables and their colour indicates direction (black: positive; red: negative). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

F. Sgolastra et al.
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4. Discussion

Agricultural landscapes provide important floral resources for insect
pollinators (Roulston and Goodell, 2011). However, these food re-
sources may be contaminated with pesticides, affecting bees (Tosi et al.,
2018) and other non-target organisms, including humans (Kim et al.,
2017). We assessed pesticide toxic loads in 34 Italian agricultural farms
using social bees, A. mellifera, and solitary bees, O. bicornis and
O. cornuta, as bioindicators. Given the differences between honey bees
and mason bees in functional traits, including pollen preferences and
foraging range, we expected to find differences in the way they inter-
acted with landscape pesticide levels. In partial agreement with this
expectation, we found significant differences between honey bees and
mason bees in the composition of pollens collected but, surprisingly,
pesticide composition was not related to pollen composition and, as a
result, pesticide composition did not vary between the two groups of
bees. On a site by site basis, pesticide risk indexes of honey bees and
mason bees were not correlated, but overall risk index values did not
differ between the groups of bees.

4.1. Landscape pesticide exposure

In our study, all but two pollen samples were contaminated with at

least two pesticides, with an average of 11–12 compounds per sample.
The maximum number of active ingredients detected in a single sample
(farm) was 23 and 22 in honey bees and mason bees, respectively. These
findings are in line with other studies showing that bees are commonly
exposed to a wide variety pesticides in agricultural environments
(Azpiazu et al., 2023; Knapp et al., 2023; Mullin et al., 2010; Nicholson
et al., 2024b; Tosi et al., 2018).

Of the 584 compounds screened for, 65, including 31 fungicides, 18
insecticides, 10 herbicides and 6 other compounds (plant growth regu-
lators, metabolites, synergists) were detected in the pollen samples.
Glyphosate, the most widely used herbicide world-wide, was the com-
poundmost frequently found (70% and 52.4% in honey bees andmason
bee samples, respectively). Despite its wide use and potential detri-
mental effect on bees (Helander et al., 2023; Motta et al., 2018; Straw
et al., 2021), glyphosate is rarely screened in bee monitoring studies
because it requires a separate analytical procedure, representing an
extra cost (Toselli and Sgolastra, 2020). As far as we know, our study is
the first that shows the presence of glyphosate in Osmia provisions,
confirming its widespread occurrence in bee collected-pollen in agri-
cultural areas.

The two most frequent insecticides in our study were flonicamid and
tau-fluvalinate. However, compared to other insecticides, these two
compounds are less toxic to bees (Frost et al., 2013; Meikle and Weiss,

Fig. 2. For each site, percentage of compounds detected in honey bee and mason bee pollen samples that were either applied or not applied by the producer in the
year of the study.

Fig. 3. Co-occurrence network of pesticide residues detected in honey bee and mason bee pollen samples. Node sizes indicate pesticide occurrence (proportion of
samples with residues of the compound). Link width represents the probability of co-occurrence. Only combinations with more than 20 % co-occurrence are shown.
Probabilistic models for pair-wise patterns and the co-occur package in R were used. 1-NAF=1- Naftil acemide; ACE=Acetamiprid; BOS=Boscalid; CAP=Captan;
CYP=Cyprodinil; DIF=Difenoconazole; DIT=Dithianon; FLO=Flonicamid; FLZ=Fluazinam; FLX=Fluxapyroxad; GLY=Glyphosate; METX=Methoxyfenozide;
MYC=Myclobutanil; PENC=Penconazole; PEND=Pendimethalin; PYRA=Pyraclostrobin; PYRI=Pyrimethanil; TAU=Tau-fluvalinate; TEB=Tebuconazole;
TET=Tetraconazole; TRI=Trifloxystrobin.

F. Sgolastra et al.
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2022), and contributed only marginally to risk indices. Although fun-
gicides usually have low toxicity to bees (Ladurner et al., 2005), and for
this reason are commonly applied during bloom, several studies show
that their risk is often overlooked (Rondeau and Raine, 2022). Captan
was the most frequent fungicide in our samples. This fungicide (and its
metabolite) reached levels as high as 1,217 mg/Kg, potentially able to
cause lethal effects on honey bees (RIhb = 119 %). A laboratory study
found that Osmia lignaria was much more sensitive to captan than
A. mellifera (Ladurner et al., 2005). Other fungicides commonly detected
in our samples (difenoconazole, penconazole, tebuconazole) belong to
the SBI (sterol-biosynthesis-inhibiting) group. These compounds alter
the metabolic detoxification pathways of bees (Berenbaum and Johnson,
2015), synergistically enhancing the effects of some insecticides such as
acetamiprid, imidacloprid, flupyradifurone and tau-fluvalinate, that
were also found in our pollen samples (Carnesecchi et al. 2019; Sgolastra
et al., 2017; Tosi and Nieh, 2017). Tau-fluvalinate and acetamiprid in
particular were strongly associated to SBI fungicides based on our co-
occurrence analysis. A recent study shows that the reproductive suc-
cess of O. cornuta females is not affected by exposure to field-realistic
levels of acetamiprid or tebuconazole alone, but females exposed
simultaneously to both compounds have decreased nesting success and
reduced longevity, resulting in negative population growth (Albacete
et al., n.d.). Importantly, risk indexes are based on risk additivity and
therefore do not account for synergistic interactions, thus under-
estimating the hazard of “pesticide cocktails”.

Only about a third (30–35 %) of the compounds detected in the

Fig. 4. Binary pesticide co-occurrence matrices obtained from honey bee and
mason bee pollen samples, indicating negative, positive and random
correlations.

Fig. 5. Risk index and main compounds found in each farm for honey bees, mason bees and humans. The red line indicates the median value. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pollen samples were actually applied by farmers on the target fields in
the study year. This result is in line with reports from other agricultural
systems, such as blueberry farms in Michigan, USA, and in oilseed rape
and broad bean fields in Ireland, in which pesticide risk assessed from
pollen collected by honey bees and bumblebees was primarily driven by
pesticides not applied in the study fields (Graham et al., 2022; Zioga
et al., 2023b). These results can be explained by cross-contamination
from adjacent fields via pesticide drift (Cech et al., 2023) or by bee
visitation to other fields within their foraging range (Botías et al., 2015;
Favaro et al., 2019; McArt et al., 2017). In conclusion, bee exposure in
agricultural areas is determined as much by landscape-level (sur-
rounding fields) as by local-level (target field) pesticide use (Bloom
et al., 2021).

4.2. Pesticide risk levels

Pesticide risk levels were low in most farms (median risk index =

0.76 % for honey bees and 1.35 % for mason bees). However, two farms
showed risk index values higher than 100 % for both honey bees (farm
#3) and mason bees (farm #16), indicating a pesticide toxic load higher
than the cumulative LDD50. The fungicide captan (plus its metabolite,
THPI) was the main compound contributing to the high-risk index of
A. mellifera in farm #3. In farm #16, the neonicotinoid insecticide
imidacloprid, at a concentration of 0.016mg/Kg, strongly contributed to
high risk level of Osmia. Therefore, three years after its ban in the EU
(Goulson, 2013; Wintermantel et al., 2020), bees are still being exposed
to this neonicotinoid in some areas.

RIhu values in our study sites were very low (0–9.7 %), except in farm
#3 (163.20 %), indicating that, for the most part, the ingestion of pollen

collected by honey bees does not represent a potential risk for human
health. However, as many as 34 compounds exceeded pollen MRLs for
humans at certain sites. In addition, some detected compounds (e.g.,
boscalid, tebuconazole) are considered endocrine disruptors that can
interfere with endogenous hormones, resulting in negative effects on
human health (Vandenberg et al., 2012).

4.3. Comparison between honey bees and mason bees

Landscape pesticide exposure is the result of the organism’s inter-
action with landscape patterns, including a variety of flower resources,
and the toxic load (i.e. the pesticides that have been used in the land-
scape) (Nicholson et al., 2024b). Considering their specific ecological
traits, we expected differences between honey bees and mason bees in
pollen choices and therefore pesticide exposure. As expected, pollen
diversity was higher and crop pollen was lower in honey bees than
mason bees. However, pollen diversity and the proportion of crop pollen
were not influenced by the proportion of agricultural area surrounding
the nesting sites, not even for honey bees, with a longer foraging range
and lower affinity for pollen of the target crop. As a result, the number
and composition of active ingredients and pesticide risk were similar in
the two species. However, there was a marginal negative relationship
between the number of compounds and pollen diversity in honey bees,
indicating that in landscapes with higher flower diversity honey bees
were able to visit a higher proportion of uncontaminated flowers. This
“diluting effect” was not observed in mason bees. In honey bees, but not
in mason bees, the proportion of crop pollen collected was positively
related to pesticide risk. These results are congruent with differences in
foraging behaviour between the two species. With a much shorter

Fig. 6. Risk index of the main compounds, calculated using the maximum residue level, for honey bees, mason bees and humans. CAP=Captan; CLO=Chlorpyrifos;
CYP=Cyprodinil; DEL=Deltamethrin; DIF=Difenoconazole; DIT=Dithianon; FEN=Fenbuconazole; FLZ=Fluazinam; FLX=Fluxapyroxad; FOS=Fosmet; IMI-
=Imidacloprid; IND=Indoxacarb; SPI=spynosad; TAU=Tau-fluvalinate; TEB=Tebuconazole; TET=Tetraconazole; TRI=Trifloxystrobin. Blue bars indicate fungicides
while red bars insecticides. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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foraging range and a stronger affinity for the target crop, mason bees are
exposed to pesticides close to their nesting site. In contrast, pesticide
exposure in honey bees, with a much longer foraging range and a wider
diet breadth, is mainly linked to pesticide contamination at wider spatial
scales and to the probability to visit areas with uncontaminated flowers.

The various studies that have analysed the relationship between
landscape and/or pollen composition and pesticide risk in different
groups of bees provide highly contrasting results. Knapp et al. (2023)
found no relationship between agricultural landscape and pesticide risk
in honey bees. However, we found a positive relationship between the
proportion of crop pollen collected and pesticide diversity (positively
related to pesticide risk). For mason bees, the study of Knapp et al.
(2023) found a positive relationship between agricultural landscape and
pesticide risk, but this relationship was not significant in the study of
Misiewicz et al. (2023). Also in mason bees, the relationship between
pesticide risk and pollen diversity has been found to be either positive
(Bednarska et al., 2022) or negative (Misiewicz et al., 2023), whereas in
our study pesticide diversity was not related to either pollen diversity or
proportion of crop pollen. Overall, these highly contrasting results
across studies suggest that the ways in which bees get exposed to pes-
ticides is not only determined by species foraging ranges and pollen
choices (Jaumejoan et al., 2023), but is also highly context-dependent
(Nicholson et al., 2024b). Cross-contamination across fields, including
contamination of wild flowers in field margins (Botías et al., 2015) may
explain this context dependency and the lack of correspondence be-
tween pollen composition and pesticide composition in our study. There
are two limitations inherent to this kind of study. First, for most pesti-
cides, Osmia LD50s are lacking. Because different bee species show
differences in sensitivity to given pesticides, the use of honey bee LD50s
to estimate the risk in Osmiamay hinder the ability to detect differences
between the two species. Second, the risk index does not account for
potential synergism between compounds, thus possibly underestimating
actual risk. At any rate, even with overall similar pesticide composition
between honey bees and mason bees, local pesticide risk in our study
was not correlated between honey bees and mason bees, raising con-
cerns about the use of honey bees in post-approval pesticide monitoring
(Ward et al., 2022; but see Knapp et al., 2023).

5. Conclusions

Two main conclusions can be drawn from our study. First, agricul-
tural landscapes are pervasively contaminated with background levels
of multiple pesticide combinations. Based on the risk indexes the hazard
associated to these background levels appear to be low, but information
on potential interactions is lacking for most compound combinations. A
recent pan-European study shows that landscape pesticide exposure
reduces bumble bee colony performance and this effect is especially
strong in simplified landscapes with intensive agricultural practices
(Nicholson et al., 2024a). Even at sublethal levels, pesticide exposure
may interact with other biotic and abiotic stressors further compro-
mising bee health (Albacete et al., 2023; Goulson et al., 2015).

Second, honey bees and mason bees interact differently with floral
resources, but overall provide a similar assessment of landscape pesti-
cide exposure. Our study shows that the way in which honey bees and
mason bees intercept pesticides in the environment depends on specific
traits but is also highly context dependent. These findings agree with a
recent study concluding that simple metrics of landscape pattern, such
as proportion of agricultural land, are not sufficient to predict pesticide
risk (Nicholson et al., 2024b). In our study, overall pesticide composi-
tion and risk index were similar for honey bees and mason bees but, at a
local scale, the combined use of honey bees and mason bees as bio-
indicators of pesticide contamination provided a complementary
assessment of the risk of pesticides for bee health, as indicated by the
lack of correlation between the two (honey bee and mason bee) risk
indexes.

Our results have important consequences for risk assessment. The

positive relationship between pesticide risk and number of active in-
gredients for both honey and mason bees underscores the importance of
assessing multiple-pesticide exposure scenarios, a currently important
gap in bee environmental risk assessment schemes (Sgolastra et al.,
2020). In contrast to bees, whose pesticide risk was mostly driven by
insecticides, fungicides were the main contributor to human pesticide
risk. Therefore, measures to mitigate pesticide risk for bees may not
necessarily be useful for human health, and vice-versa. Our findings
emphasize the need to change our approach to environmental toxi-
cology assessment, moving from a traditional farm-centred view of
pesticide applications to a landscape-scale view considering both
pesticide translocation and persistence, as well as the foraging ranges of
non-target-organisms (Focks, 2014; Sgolastra et al., 2020; Topping et al.,
2020). To reach this aim, access to pesticide-use data at field scale is an
essential policy measure (Mesnage et al., 2021).
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