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A B S T R A C T

Fungicides may interact synergistically with insecticides. However, our understanding of the impacts of sublethal 
insecticide-fungicide combinations on solitary bees is mostly restricted to laboratory studies, providing no in-
formation about potential consequences on behavior and reproductive success. We analyzed the effects of a 
fungicide application, alone and in combination with sublethal levels of an insecticide, on the nesting behavior 
and reproductive output of the solitary bee Osmia cornuta. We released individually-marked females into oilseed 
rape field cages, and subsequently sprayed the plants with four treatments: control (water), fungicide (tebuco-
nazole), insecticide (acetamiprid at a sublethal concentration), and mixture (fungicide + insecticide). We 
recorded nesting activity before and after the sprays and assessed post-spray individual reproductive success. 
Bees of the single pesticide treatments were unaffected by the sprays and did not differ from control bees in any 
of the parameters measured. The longevity of bees of the mixture treatment was unaffected. However, these bees 
showed reduced foraging activity, shorter in-nest pollen-nectar deposition times, and increased difficulty 
recognizing their nesting cavity, leading to a decrease in provisioning rate, parental investment, and offspring 
production. Our study demonstrates that co-exposure to a fungicide with otherwise harmless levels of an 
insecticide caused behavioral effects with consequences on reproductive success. Because longevity was unaf-
fected, these effects would not have been easily detected in a chronic laboratory test. Our results have important 
implications for bee risk assessment, which should account for exposure to multiple compounds and address 
behavioral effects and reproductive output under semi-field and/or field conditions.

1. Introduction

Global agriculture is highly dependent on the use of pesticides. 
However, notwithstanding their role in pest and disease control, pesti-
cides may have a wide range of undesired effects, including negative 
impacts on populations of non-target organisms, such as natural enemies 
and pollinators. Pesticides in general, and insecticides in particular, are 
considered one of the main drivers of wild and managed bee population 
declines (Goulson et al., 2015; Nicholson et al., 2024; Woodcock et al., 
2016).

Understandably, most studies assessing the impact of pesticides on 

bees focus on insecticides, while other plant protection products, such as 
fungicides, herbicides, and acaricides, have received comparatively less 
attention (Colin and Belzunces, 1992; Cullen et al., 2019; Iwasaki and 
Hogendoorn, 2021; Johnson et al., 2013). Owing to their low toxicity to 
bees (Ladurner et al., 2005), fungicides are not considered a threat to 
bee populations and fungicide sprays are allowed during bloom. In years 
with favorable conditions for the proliferation of fungal diseases, crops 
may be sprayed several times throughout the blooming period (Rondeau 
and Raine, 2022). As a result, fungicide residues are frequently found at 
high concentrations in both crop and wild flowers, and in bee-collected 
pollen and nectar (Bernal et al., 2010; Chauzat et al., 2006; David et al., 
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2016; Knapp et al., 2023; Sanchez-Bayo and Goka, 2014).
Although fungicides are labelled and marketed as non-harmful to 

bees, pollination studies with mason bees (Osmia spp.) in commercial 
orchards in the USA have reported important changes in foraging and 
nesting behavior following fungicide sprays during full bloom (Artz and 
Pitts-Singer, 2015; Ladurner et al., 2005, 2008). Females returning from 
foraging trips in recently-sprayed cherry orchards, were unable to 
recognize their nests and spent long periods checking various nesting 
cavities. This anomalous behavior entailed a temporary (3–4 days) or 
permanent arrest of nesting activity, with consequent declines in cell 
provisioning and reproductive success (Ladurner et al., 2005). Following 
these field observations, contact and oral toxicity of the fungicides 
involved in these sprays were tested under laboratory conditions. 
However, with one exception, toxicity at the field-recommended 
application rates was found to be very low (Ladurner et al., 2005). In 
subsequent semi-field studies, nesting females in cages planted with 
wildflowers were exposed to fungicides, by themselves and in tank 
mixtures including foliar fertilizers and surfactants similar to those 
observed to cause behavioral effects in commercial orchards (Artz and 
Pitts-Singer, 2015; Ladurner et al., 2008). However, these sprays pro-
duced no or only minor effects on nesting performance. In sum, 
semi-field experiments failed to induce the kind of behavioral effects 
observed in commercial orchards.

A possible explanation for the discrepancy between observations in 
commercial orchards and in those semi-filed experiments is that bees in 
the commercial orchards were not only exposed to the fungicides 
sprayed during bloom, but also to insecticide residues. Insecticide resi-
dues at low (non-lethal) concentrations are commonly found in pollen 
and nectar of crop flowers (Azpiazu et al., 2023; Kyriakopoulou et al., 
2017; Smodǐs Škerl et al., 2009), and may originate from pre-bloom 
sprays with systemic insecticides (Heller et al., 2020), from neon-
icotinoid seed treatments (Goulson, 2013), and from drift during ap-
plications in neighboring fields (Krupke et al., 2012). Osmia females may 
also be exposed to low levels of insecticides when they collect mud to 
build their nests (Silva et al., 2019; Suzuki et al., 2023). Although in all 
these scenarios insecticide exposure is expected to occur at levels sub-
stantially below lethal thresholds for bees (Raine and Rundlöf, 2023), 
co-exposure with fungicides may synergistically enhance insecticide 
toxicity (Carnesecchi et al., 2019; Iwasa et al., 2004). Synergistic effects 
occur when fungicides inhibit or compete for cytochrome P450s en-
zymes, that are involved in insecticide detoxification (Berenbaum and 
Johnson, 2015; Schuhmann et al., 2022). A number of laboratory studies 
report sublethal effects of low levels of insecticides mixed with fungi-
cides (Biddinger et al., 2013; Raimets et al., 2018; Sgolastra et al., 2017, 
2018; Thompson et al., 2014), but the extent to which this kind of 
exposure may affect bee behavior and reproductive success in field 
conditions is mostly unknown.

In this study we measured the effects of fungicide applications, alone 
and in combination with low sublethal levels of insecticide, on the 
foraging and nesting behavior of the solitary bee Osmia cornuta 
(Latreille) (Megachilidae). We used tebuconazole (a sterol-biosynthesis- 
inhibiting (SBI) fungicide) and acetamiprid, a cyano-substituted neon-
icotinoid that shows low toxicity to bees (EFSA, 2016; Iwasa et al., 2004) 
and is often advertised as “safe for pollinators”. The two compounds are 
widely used on a range of entomophilous crops, including fruit trees, and 
have been found together in flowers and bee-collected pollen, as well as 
on the body of bees (Botías et al., 2017; David et al., 2016; Mullin et al., 
2010). The objectives of our study are: (1) to test whether exposure to 
sublethal sprays of fungicides and insecticides, alone and in combina-
tion, alters nest recognition and nesting behavior in O. cornuta females 
under semi-field conditions; and (2) to assess the potential effects of 
these sprays on female longevity and progeny production.

2. Materials and methods

2.1. Study organism

Osmia cornuta is a spring-flying solitary bee occurring in most of 
central and southern Europe. Individual females live for approximately 
20 days (Bosch and Vicens, 2006), during which time they build one or 
more nests in pre-existing cavities. They use mud to build their nests and 
deposit a pollen-nectar provision in each individual cell (Bosch, 1994). 
In field conditions, females build and provision an average of 0.5–1 cells 
per day (Bosch and Vicens, 2006). Upon returning from foraging trips, 
females use visual landmarks to locate their cavity (Fauria and Campan, 
1998) and olfactory cues to recognize it (Guédot et al., 2006). Osmia 
females mark their nest entrance with an abdominal secretion (Guédot 
et al., 2006). If the nest marking is removed, females are not able to 
recognize their nest, inspect other nesting cavities, and show erratic 
behavior (Guédot et al., 2006).

2.2. Field cages and nesting stations

The study was conducted in March–April 2021 at the IRTA-Mas 
Badia Experimental Station (Girona, NE Spain). We set up twelve field 
cages (length x width x height = 7 × 7 × 3 m) in an oilseed rape (Brassica 
napus L.; Brassicaceae) field. The field had been sown with untreated 
seed and no pesticides were applied to the emerging crop. In each cage, 
we installed a nesting station consisting of a wooden box with the front 
side open and held 1.5 m above the ground facing SE. Each nesting 
station had three solid wood blocks (16 x 8.5 × 8.5 cm). Each block had 
25 drilled holes to accommodate a paraffin-coated paper straw (15 cm 
long, 8 mm inside diameter), so that nests could be easily extracted. 
Cages were randomly assigned to one of four treatments: a) control 
(water spray); b) fungicide (formulated fungicide at the recommended 
field dose); c) insecticide (formulated insecticide at a low sublethal 
concentration); d) mixture (fungicide + insecticide). Each treatment was 
replicated three times in three different cages.

2.3. Bee population and rearing methods

When sufficient bloom was available, wintered cocoons from a 
native population reared at CREAF were incubated at 20–22 ◦C to elicit 
emergence. Upon emergence, females were temporarily cooled at 4 ◦C 
for 10 min and individually marked on the thorax with numbered tags. 
We released 20 marked unmated females and 34 unmarked males in 
each cage (1.7 male/female natural sex ratio; Bosch and Vicens, 2002). 
All bees of all treatments within each replicate were released in the cages 
on the same day. Four days after release, when mating activity had 
seemingly ceased, males were netted and removed from the cages.

2.4. Pesticide application

Pesticides were applied approximately one week after bee release, 
when most females had established in the nesting units and were 
building and provisioning their first nest. At 6:00–7:00 a.m., when bees 
were still inactive, we sprayed the plants using hand-held sprayers. 
Applications were conducted under dry weather conditions with no 
wind and nesting stations were covered with a plastic bag during the 
sprays. Sprays were conducted on the 2nd, 8th, and 13th of April (one 
cage of each treatment per day).

The fungicide Folicur (tebuconazole 25 %, Bayer CropScience) was 
applied at the field-recommended dose for oilseed rape (0.25 kg a.i./ha). 
Considering that each cage covers an approximate area of 50 m2 and that 
recommended application rate for oilseed rape is 400 L/ha, we applied a 
solution containing 5 g of Folicur dissolved in 2 L of tap water (625 ppm 
a.i. solution) in each cage. As for the insecticide, our goal was to attain 
field-relevant exposure levels. Acetamiprid concentrations of 0.009 mg/ 
kg have been measured in the nectar of oilseed rape (Wen et al., 2021). 
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To achieve this concentration, we used the residue unit dose (RUD) 
approach proposed by EFSA (2013) for nectar (0.87 mg a.i. residue/kg). 
The RUD is an estimate of the concentration of pesticide expected in 
nectar for a reference application rate of 1 kg a.i./ha. To use the same 
tank volume as in the fungicide treatment, we dissolved 0.25 mL of 
Carnadine (acetamiprid 20%, Nufarm Spain) in 2 L of water per cage 
(25 ppm a.i. solution), which corresponds to a field application dose of 
0.01 kg a.i./ha. The mixture treatment was prepared by mixing the same 
amounts of fungicide and insecticide used in the previous treatments in 
2 L of water per cage. Control cages were sprayed with 2 L of water.

2.5. Nesting performance

To determine the number of released females that established suc-
cessfully at the nesting units, as well as their longevity and nest provi-
sioning rate, nesting materials were inspected daily at night, when 
females were no longer active. Each night, we counted the number of 
females roosting inside the nesting cavities and the progression of each 
active nest was marked and dated on the outside of the paper straw. Bee 
identity was established the following morning as bees set out for their 
first foraging activity. Females were considered dead when they were no 
longer seen at the nesting site or foraging.

Nesting behavior was assessed on the day before the application (day 
− 1), and then on the day of the application (day 0) and the day after 
(day +1) (Fig. 1), when levels of exposure are expected to be highest 
(Gierer et al., 2024). To obtain behavioral data, we filmed bee activity 
using camcorders placed in front (at 30 cm) of the nesting stations, 
coupled with direct observations (one observer per cage). Recordings 
took place during two 45-min intervals at midday and at 4:00 p.m., 
simultaneously in all treatments, coinciding with the diel peak of nesting 
activity.

A total of 54 h of video recordings including 4253 foraging trips were 
analyzed using BORIS software (Friard and Gamba, 2016). We identified 
several behaviors related to foraging and nesting performance and 
measured the time each bee spent performing each behavior. For each 
nesting female, we quantified the following behaviors: a) bee activity 
(whether the female was entering/leaving the nest at least once during 
the recording period); b) pollen-nectar foraging trip duration; c) mud 
foraging trip duration; d) number of pollen-nectar foraging trips; e) 
number of mud foraging trips; f) in-nest pollen-nectar time (time spent 
inside the nest depositing pollen-nectar loads); g) in-nest mud time (time 
spent inside the nest depositing mud loads); h) nest recognition errors 
(the number of nesting cavities inspected by a female returning from a 
foraging trip before finding her own).

2.6. Nest contents analysis

Seventeen days after release, when only a small number of senile 
bees were still alive but no longer provisioning, nesting materials were 
collected and kept in a storage area at ambient temperature to allow 
larvae to develop. In September, when all offspring had reached the 
adult stage, paper straws containing nests were dissected and their 
contents analyzed. Each cocoon was dated and assigned a sex based on 
its size and position within the nest (Bosch and Vicens, 2002). Cocoons 
were wintered at 4 ◦C from 1 October until 15 March. Then, cocoons 
were incubated at 20 ◦C and emergence was assessed daily. For each 
female, we characterized the nesting performance after the spray 
application as follows: a) fecundity (number of cells produced); b) nest 
provisioning rate (number of cells built per day); c) parental investment 
(total progeny weight produced); d) mean offspring weight (separately 
for males and females); e) progeny sex ratio (males/males + females); f) 
percent offspring mortality.

2.7. Data analysis

To analyze variation in nesting behavior through time and across 
treatments, we fitted mixed-effects models with pesticide treatment, 
assessment day and their interaction as fixed effects, and replicate as 
random effect. Bee activity was analyzed with a binomial generalized 
linear mixed-effects model (GLMM) with nesting activity as a binary 
response ("active": entered or left the nest at least once; "inactive": was 
not observed entering or leaving the nest during the recording period). 
For the number of pollen-nectar and mud trips, we fit zero-inflated 
GLMMs with a negative binomial error distribution (to account for 
overdispersion) and a log-link function. The time spent foraging for 
pollen and nectar (pollen-nectar trip time) or mud (mud trip time), along 
with the time spent inside the nest depositing pollen-nectar loads (in- 
nest pollen-nectar time) or mud loads (in-nest mud time), was analyzed 
using linear mixed-effects models (LMM) with the response variables 
log-transformed to meet normality and homogeneity of variance as-
sumptions. To analyze nest recognition errors, we employed hurdle 
models to address zero-inflation in the data. Initially, we assessed the 
probability of erratic behavior (bees making at least one mistake) as a 
binary response variable using a binomial GLMM with a logit link 
function. Then, for females that exhibited this kind of behavior, we 
analyzed the number of nest recognition errors by fitting a GLMM with a 
Poisson error distribution and an identity link function. For models that 
included multiple observations of a single female, we also included bee 
identity (nested within replicate) as random effects.

To analyze the effects of pesticide applications on the post-treatment 
nesting performance and reproductive success, we fitted mixed-effects 

Fig. 1. Timeline of the experiment.
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models with pesticide treatment as a fixed factor and replicate as 
random effect. Post-treatment longevity was analyzed with GLMM using 
a Poisson error distribution and a square-root link function. Fecundity 
was analyzed with a GLMM with a negative binomial error distribution 
(to account for overdispersion) and a log-link function. Nest provision-
ing rate and parental investment were analyzed by fitting GLMM with a 
Gaussian error distribution. Male and female offspring weights were 
analyzed using linear mixed-effects models (LMM) with a normal error 
distribution. Progeny sex ratio and offspring mortality were analyzed 
using binomial GLMMs with a logit link function.

The selection of model error distributions and link functions was 
based on residual plots and AIC, and we graphically validated the re-
quirements of distribution and variance homogeneity for all models 
(package “DHARMa”; Hartig, 2022). We calculated p values of fixed 
effects using likelihood ratio tests. All pairwise comparisons were done 
with the emmeans package and adjusted for multiple comparisons with 
Tukey’s p-value adjustment method (Lenth et al., 2019). All analyses 
were conducted in R (R Core Team, 2020), packages “lme4” (Bates et al., 
2014) and “glmmTMB” (Brooks et al., 2023).

3. Results

3.1. Nesting behavior

Bee activity (proportion of bees actively nesting during the re-
cordings), was influenced by treatment (GLMM, χ2 = 12.6; df = 3; p =
0.006) and the interaction between treatment and assessment day 
(GLMM, χ2 = 12.8; df = 6; p = 0.046; Fig. 2; Table A1). Bee activity 
remained similarly high across time in Control, Fungicide, and Insecti-
cide cages (Fig. 2), but decreased significantly after the spray (to 71% on 
day 0 and to 55% on day +1) in Mixture cages (Fig. 2).

We recorded 1706 pollen-nectar trips and 2547 mud trips. The 
number of pollen-nectar or mud trips per female were not related to the 
interaction between treatment and assessment day (pollen-nectar: 
GLMM, χ2 = 5.4; df = 6; p = 0.50; mud: GLMM, χ2 = 5.3; df = 6; p =
0.51) (Tables A1 and A2). Pollen-nectar foraging trips lasted 3–4 min, 
and mud-collecting trips 2–3 min (Table A2). Both pollen-nectar and 
mud trip duration increased over time, but were not affected by treat-
ment (pollen-nectar: LMM, F3,132 = 0.08; p = 0.97; mud: LMM, F3,128 =

0.68; p = 0.59) or the interaction between treatment and assessment day 
(pollen-nectar: LMM, F6,1559 = 1.7; p = 0.13; mud: LMM, F6,2406 = 2.0; p 
= 0.06). In-nest pollen-nectar time was significantly influenced by the 
interaction between treatment and assessment day (LMM, F6,1540 = 5.0; 
p < 0.0001; Fig. 3, Table A1). In general, in-nest pollen-nectar time 
lasted 3–4 min, but dropped to ~2.5 min 24 h after the application (day 
+1) in the mixture treatment (Fig. 3, Table A2). Mud load deposition 
lasted 1–2 min and decreased over time, but was not affected by treat-
ment (LMM, F3,128 = 3.6; p = 0.08) or by the interaction between 
treatment and assessment day (LMM, F6,2477 = 1.8; p = 0.09).

The probability that a female returning from a foraging trip inspec-
ted other nesting cavities was significantly affected by treatment 
(GLMM, χ2 = 8.5; df = 3; p = 0.037) and by the interaction between 
treatment and assessment day (GLMM, χ2 = 23.0; df = 6; p = 0.001; 
Fig. 4a, Table A1). The proportion of bees making nest recognition errors 
remained similarly low over time in Control, Fungicide, and Insecticide 
cages, but increased to 38% on day 0 and to 56% on day +1 in Mixture 
cages (Fig. 4a–Table A2). Among bees that had problems recognizing 
their nest, the number of errors per bee was also significantly influenced 
by treatment (GLMM, χ2 = 13.9; df = 3; p = 0.003) and by the inter-
action between treatment and assessment day (GLMM, χ2 = 19.8; df = 6; 
p = 0.003; Fig. 4b–Table A1). The number of nest recognition errors per 
bee remained consistent around 1–3 in Control, Fungicide, and Insec-
ticide cages, but increased up to 6 errors per bee after the application 
(day 0) in Mixture cages (Fig. 4b–Table A2).

3.2. Nesting performance and reproductive success

Post-spray longevity was similar across treatments (GLMM, χ2 = 4.5; 
df = 3; p = 0.214), indicating that the sprays had no lethal effects. 
However, nest provisioning rate (GLMM, χ2 = 15.5; df = 3; p = 0.001), 
fecundity (GLMM, χ2 = 9.8; df = 3; p = 0.021), and parental investment 
(GLMM, χ2 = 9.5; df = 3; p = 0.024) were influenced by treatment. 
These variables were lower in Mixture than in Control cages (Table 1). 
Nest provisioning rates dropped the day after application and resumed 
levels comparable to those of control cages thereafter (Fig. B1).

Body weights of male and female offspring were similar across 
treatments (males: LMM, F3,108 = 0.1; p = 0.974; females: LMM, F3,28 =

Fig. 2. Model-estimated means and 95% confidence intervals for the propor-
tion of females actively nesting in field cages sprayed with four treatments: 
Control (N = 35), Fungicide (N = 37), Insecticide (N = 33), and Mixture (N =
42). Observations were conducted on the day before the application (day − 1), 
shortly after the application (day 0) and the day after the application (day +1). 
Different letters denote significant differences between assessment days within 
a treatment (Tukey HSD test, p < 0.05).

Fig. 3. Model-estimated means and 95% confidence intervals for log- 
transformed in-nest pollen-nectar time (time spent inside the nest depositing 
pollen-nectar loads) in females nesting in field cages sprayed with four treat-
ments: Control (N = 35), Fungicide (N = 37), Insecticide (N = 33), and Mixture 
(N = 42). Observations were conducted on the day before the application (day 
− 1), shortly after the application (day 0) and the day after the application (day 
+1). Different letters denote significant differences between assessment days 
within a treatment (Tukey HSD test, p < 0.05).
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3.5; p = 0.090). Similarly, we found no effects of pesticide treatment on 
offspring mortality (GLMM, χ2 = 6.1; df = 3; p = 0.106). However, there 
were differences in progeny sex ratio among treatments (GLMM, χ2 =

15.1; df = 3; p = 0.002), with a higher proportion of females produced in 
Mixture cages (Table 1).

4. Discussion

Our study demonstrates that co-exposure to otherwise innocuous 
fungicide and insecticide applications may have sublethal effects on the 
nesting behavior of solitary bees, leading to reduced reproductive suc-
cess. Our results provide an explanation for the sudden population de-
clines observed in intensively managed commercial orchards following 
fungicide applications (Artz and Pitts-Singer, 2015; Ladurner et al., 
2005, 2008), and raise concerns about the potential effects of sublethal 
pesticide combinations to which bees are routinely exposed in agricul-
tural environments (Knapp et al., 2023; Nicholson et al., 2024; Ward 
et al., 2022).

The fungicide spray at the recommended field dose had no effect on 
nesting behavior or reproductive output. This result is congruent with 
the low toxicity of SBI fungicides on bees (Ladurner et al., 2005; Sgo-
lastra et al., 2017, 2018; Thompson et al., 2014), and with commercial 
label specifications allowing their use during bloom. Importantly, 
neither the insecticide spray had any effect on nesting behavior, 
longevity, or reproductive success. We sprayed at a field application rate 
resulting in a concentration close to 0.009 ppm in nectar (RUD 
approach; EFSA, 2013), similar to concentrations measured in the nectar 
of crop flowers following pre-bloom acetamiprid sprays (melon: 0.006 
ppm, Azpiazu et al., 2023; oilseed rape: 0.009 ppm, Wen et al., 2021; 
apple: 0.068 ppm, Heller et al., 2020). In a recent semi-field study, 
newly-emerged O. cornuta females allowed to feed once on syrup with 
0.068 ppm of acetamiprid had establishment success, longevity, and 
fecundity similar to control females (Albacete et al., 2024). Overall, 
these results indicate that Osmia populations can survive in environ-
ments with certain background levels of insecticide. This conclusion is 
remarkable considering that O. cornuta is about 10 times more sensitive 
to acetamiprid (oral LD50: 0.89 μg/bee; Barnadas, 2022) than honey 
bees (8.85 μg/bee; EFSA, 2016).

On the other hand, females nesting in cages sprayed with the same 
concentration of insecticide mixed with the fungicide experienced 
several behavioral changes, ultimately leading to declines in nest pro-
visioning rate and offspring production. Mixture sprays did not affect the 
number and duration of pollen-nectar or mud trips. However, following 
the sprays, females in the mixture cages spent less time depositing 

Fig. 4. Model-estimated means and 95% confidence intervals for a) nest recognition error probability (proportion of females that made at least one nest recognition 
error), and b) number of nest recognition errors in females nesting in field cages sprayed with four treatments: Control (N = 35), Fungicide (N = 37), Insecticide (N =
33), and Mixture (N = 42). Observations were conducted on the day before the application (day − 1), shortly after the application (day 0) and the day after the 
application (day +1). Different letters denote significant differences between assessment days within a treatment (Tukey HSD test, p < 0.05).

Table 1 
Model-estimated means and standard errors of parameters related to post- 
treatment nesting performance and reproductive success in Osmia cornuta fe-
males nesting in field cages sprayed with four pesticide treatments: Control, 
Fungicide, Insecticide, and Mixture (Fungicide + Insecticide). Values within a 
row followed by different letters are significantly different (Tukey HSD test, p <
0.05).

Parameter Control Fungicide Insecticide Mixture

Nesting females 35 37 33 42
Longevity a 5.77 ±

0.41 a
5.14 ± 0.37 a 5.64 ± 0.41 a 4.79 ± 0.34 

a
Fecundity b 3.54 ±

0.39 a
2.42 ± 0.31 
ab

2.66 ± 0.34 
ab

2.18 ±
0.28 b

Nest provisioning 
rate c

0.58 ±
0.05 a

0.44 ± 0.05 
ab

0.42 ± 0.06 
ab

0.35 ±
0.05 b

Parental 
investment d

434.95 ±
40.56 a

307.02 ±
40.56 ab

323.27 ±
42.42 ab

276.51 ±
37.94 b

♂ Offspring 
weight d

127.55 ±
2.58 a

128.89 ±
2.75 a

127.61 ±
2.80 a

128.87 ±
3.03 a

♀ Offspring 
weight d

178.54 ±
8.24 a

160.03 ±
14.07 a

152.19 ±
7.94 a

179.91 ±
7.42 a

Progeny sex ratio 
e

0.90 ±
0.04 a

0.93 ± 0.03 a 0.84 ± 0.05 
ab

0.75 ±
0.07 b

% Offspring 
mortality f

18.35 ±
5.67 a

22.18 ± 6.90 
a

25.58 ± 7.76 
a

14.96 ±
5.16 a

a In days.
b N of eggs laid.
c Cells built per day.
d In mg of progeny produced.
e ♂♂/(♂♂+♀♀).
f Offspring not emerging in spring.
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pollen-nectar loads inside the nest. This reduction could be indicative of 
lower amounts of pollen and nectar being collected per foraging trip. 
Exposure to field-relevant concentrations of a neonicotinoid insecticide 
affected pollen-collecting efficiency in bumblebees (Gill et al., 2012). In 
that study, foragers exposed to imidacloprid returned to the nest with 
smaller pollen loads than foragers from control colonies. Similarly, oral 
exposure to pollen-bound fungicide-insecticide mixtures was found to 
decrease the amount of pollen collected per foraging trip in honey bees 
(Prado et al., 2019). Depressed pollen collection may not only affect bee 
reproductive success but also reduce pollination services (Stanley et al., 
2015).

Mixture sprays also caused an increase in the number of females that 
had difficulty locating and recognizing their nest. Osmia females use 
visual cues to locate their nesting cavity (Fauria and Campan, 1998), 
and olfactory cues to recognize it (Guédot et al., 2006). Females mark 
the entrance of their nests with an abdominal secretion and when these 
olfactory markings are experimentally removed, females are unable to 
recognize their nests, causing them to inspect other nesting cavities 
(Guédot et al., 2006). The inability of females in the mixture cages to 
recognize their nest following fungicide-insecticide sprays is thus 
congruent with a loss of olfactory capacity and/or olfactory memory. 
Laboratory studies using olfactory conditioning methods have found 
that exposure to the neonicotinoid imidacloprid reduces scent recogni-
tion and olfactory memory in honeybees (Williamson and Wright, 2013) 
and bumblebees (Muth et al., 2019). This loss of olfactory capability 
may be caused by disturbance of the mushroom bodies (Heisenberg, 
1998; Rybak and Menzel, 2010), which are involved in olfactory 
learning and have been shown to be affected by neonicotinoid exposure 
(Palmer et al., 2013; Tomé et al., 2012).

Osmia females have short life spans (ca. 20 days on average) and low 
fecundity in field conditions (0.5–1 eggs per day) (Bosch and Vicens, 
2006; Maeta, 1978; Seidelmann et al., 2010). In our study, exposure to 
the mixture treatment did not affect bee longevity, but prompted a 
decrease in nest provisioning rate and parental investment, significantly 
reducing offspring production. Female fecundity after the sprays was ca. 
2 eggs in bees of the mixture cages, compared to ca. 3.5 eggs in bees of 
the control cages. Therefore, in bees with such short life spans and low 
fecundity, even transitory arrests in nesting activity may significantly 
affect cell production, compromising reproductive success and popula-
tion dynamics. These results suggest that the sustainability of solitary 
bee populations could be at risk in agricultural environments with re-
sidual insecticide contamination and frequent fungicide sprays.

Alternatively, or in addition, to lower cell production, decreased nest 
provisioning rates could result in smaller pollen-nectar provision size. 
However, we did not find differences among treatments in offspring size 
(strongly correlated to provision size; Bosch and Vicens, 2002). In 
O. cornuta, offspring allocated small food provisions are more likely to 
die during development (Bosch, 2008) and wintering (Bosch and Kemp, 
2004). In agreement to this, there were no differences between treat-
ments in offspring mortality. This result also implies that the levels of 
pesticide residues in the provisions were not high enough to compromise 
immature development. By contrast, offspring sex ratio differed among 
treatments. Surprisingly, females of the mixture cages produced 
female-biased sex ratios compared to females of the other treatments. 
This result was unexpected because females are costlier to produce 
(require larger provisions) and studies in which Osmia females were 
exposed to insecticides have reported male-biased sex ratios (Sandrock 
et al., 2014; Stuligross and Williams, 2020). Our results can be explained 
by the occurrence of unmated females. Unmated Osmia females build 
and provision nests but lay only male (unfertilized) eggs (Bosch and 
Vicens, 2006; Maeta, 1978; Phillips and Klostermeyer, 1978). We 
revisited the results of our nest analyses to determine the number of 
females producing only male progeny (presumed to be unmated) and 
found that these were lower in mixture cages (24%) than in control 
(55%), fungicide (57%) and insecticide (38%) cages. We then rean-
alyzed sex ratio outcomes excluding presumably unmated females and 

found no differences in progeny sex ratio among treatments (GLMM, χ2 

= 1.7; df = 3; p = 0.63). The occurrence of unmated females in other 
Osmia studies with individually marked females under semi-field con-
ditions is around 12–29% (Albacete et al., 2024; Frohlich and Tepedino, 
1986; Tepedino and Torchio, 1982). In our study, the removal of males 
four days after release may have caused an unusually high occurrence of 
unmated females.

5. Conclusions

Synergistic effects between fungicide-insecticide mixtures have been 
documented in laboratory studies (Biddinger et al., 2013; Colin and 
Belzunces, 1992; Raimets et al., 2018; Sgolastra et al., 2017, 2018; 
Thompson et al., 2014). However, the extent to which these pesticide 
mixtures may affect bee populations in field conditions is mostly un-
known. Our study reveals that exposure to a fungicide mixed with low 
field-realistic levels of an insecticide affects bee reproduction under 
semi-field conditions. Importantly, all observed effects were non-lethal. 
Longevity was not affected, but females exposed to the pesticide mixture 
reduced their foraging and nesting activity and experienced impaired 
nest recognition, leading to a reduction of reproductive output. The 
ecological consequences of sublethal pesticide effects are poorly un-
derstood, but our study demonstrates that behavioral effects may have 
ecologically relevant repercussions for bee population dynamics and 
pollination services.

Pesticide regulation is an essential component of bee protection. 
However, bee risk assessment has some important gaps, including the 
testing of single compounds, reliance on a single species with a unique 
level of colony-resilience, insufficient coverage of sublethal effects and 
insufficient understanding of populational consequences. Our study 
addresses these four gaps and underscores the need to develop robust 
methods to reliably detect sublethal effects under semi-field and field 
conditions. Our findings have also important implications for pesticide 
management in conventional and IPM agricultural systems. The 
screening of sublethal effects of different pesticide combinations at low, 
field realistic, concentrations, will allow us to predict the potential ef-
fects of fungicide sprays depending on background insecticide levels. 
This knowledge will assist fruit producers and farm advisors to manage 
pre-bloom insecticide applications and bloom fungicide sprays, thus 
mitigating pesticide impact on both wild and managed pollinators.
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Hernández, R., Diego, J.C., Jiménez, J.J., Bernal, J.L., Higes, M., 2010. Overview of 
pesticide residues in stored pollen and their potential effect on bee colony (Apis 
mellifera) losses in Spain. J. Econ. Entomol. 103, 1964–1971. https://doi.org/ 
10.1603/EC10235.

Biddinger, D.J., Robertson, J.L., Mullin, C., Frazier, J., Ashcraft, S.A., Rajotte, E.G., et al., 
2013. Comparative toxicities and synergism of apple orchard pesticides to Apis 
mellifera (L.) and Osmia cornifrons (radoszkowski). PLoS One 8 (9). https://doi.org/ 
10.1371/journal.pone.0072587.

Bosch, J., 1994. The nesting behaviour of the mason bee Osmia cornuta (Latr) with 
special reference to its pollinating potential (Hymenoptera, Megachilidae). 
Apidologie 25 (1), 84–93. https://doi.org/10.1051/apido:19940109.

Bosch, J., 2008. Production of undersized offspring in a solitary bee. Anim. Behav. 75 
(3), 809–816. https://doi.org/10.1016/j.anbehav.2007.06.018.

Bosch, J., Kemp, W.P., 2004. Effect of pre-wintering and wintering temperature regimes 
on weight loss, survival, and emergence time in the mason bee Osmia cornuta 
(Hymenoptera: megachilidae). Apidologie 35 (5), 469–479. https://doi.org/ 
10.1051/apido:2004035.

Bosch, J., Vicens, N., 2002. Body size as an estimator of production costs in a solitary bee. 
Ecol. Entomol. 27 (2), 129–137. https://doi.org/10.1046/J.1365-2311.2002.00406. 
X.

Bosch, J., Vicens, N., 2006. Relationship between body size, provisioning rate, longevity, 
and reproductive success in females of the solitary bee Osmia cornuta. Behav. Ecol. 
Sociobiol. 60 (1), 26–33. https://doi.org/10.1007/s00265-005-0134-4.

Botías, C., David, A., Hill, E.M., Goulson, D., 2017. Quantifying exposure of wild 
bumblebees to mixtures of agrochemicals in agricultural and urban landscapes. 
Environ. Pollut. 222, 73–82. https://doi.org/10.1016/j.envpol.2017.01.001.

Brooks, M., Bolker, B., Kristensen, K., Maechler, M., Magnusson, A., McGillycuddy, M., 
2023. Package ‘glmmtmb’. R Packag Vers 1 (1), 7.

Carnesecchi, E., Svendsen, C., Lasagni, S., Grech, A., Quignot, N., Amzal, B., Toma, C., 
Tosi, S., Rortais, A., Cortinas-abrahantes, J., Capri, E., Kramer, N., Benfenati, E., 
Spurgeon, D., Guillot, G., Dorne, J.L.C.M., 2019. Investigating combined toxicity of 
binary mixtures in bees: meta-analysis of laboratory tests, modelling, mechanistic 
basis and implications for risk assessment. Environ. Int. 133, 105256. https://doi. 
org/10.1016/j.envint.2019.105256.

Chauzat, M.-P., Faucon, J.P., Martel, A.C., Lachaize, J., Cougoule, N., Aubert, M., 2006. 
A survey of pesticide residues in pollen loads collected by honeybees in France. 
J. Econ. Entomol. 99 (2), 253–262. https://doi.org/10.1603/0022-0493-99.2.253.

Colin, M.E., Belzunces, L.P., 1992. Evidence of synergy between prochloraz and 
deltamethrin in Apis mellifera L.: a convenient biological approach. Pestic. Sci. 36 (2), 
115–119. https://doi.org/10.1002/ps.2780360206.

Cullen, M.G., Thompson, L.J., Carolan, J.C., Stout, J.C., Stanley, D.A., 2019. Fungicides, 
herbicides, and bees: a systematic review of existing research and methods. PLoS 
One 14 (12), e0225743. https://doi.org/10.1371/journal.pone.0225743.

David, A., Botías, C., Abdul-Sada, A., Nicholls, E., Rotheray, E.L., Hill, E.M., Goulson, D., 
2016. Widespread contamination of wildflower and bee-collected pollen with 
complex mixtures of neonicotinoids and fungicides commonly applied to crops. 
Environ. Int. 88, 169–178. https://doi.org/10.1016/j.envint.2015.12.011.

European Food Safety Authority, EFSA, 2013. Guidance Document on the risk assessment 
of plant protection products on bees (Apis mellifera, Bombus spp. and solitary bees). 
EFSA J. 11 (7), 3295. https://doi.org/10.2903/j.efsa.2013.3295.

European Food Safety Authority, EFSA, 2016. Peer review of the pesticide risk 
assessment of the active substance acetamiprid. EFSA J. 14 (11), e04610. https:// 
doi.org/10.2903/J.EFSA.2016.4610.

Fauria, K., Campan, R., 1998. Do solitary bees Osmia cornuta Latr. and Osmia lignaria 
Cresson use proximal visual cues to localize their nest? J. Insect Behav. 11, 649–669.

Frohlich, D.R., Tepedino, V.J., 1986. Sex ratio, parental investment, and interparent 
variability in nesting success in a solitary bee. Evolution 40 (1), 142–151. https:// 
doi.org/10.1111/j.1558-5646.1986.tb05725.x.

Friard, O., Gamba, M., 2016. BORIS: a free, versatile open-source event-logging software 
for video/audio coding and live observations. Methods Ecol. Evol. 7 (11), 
1325–1330. https://doi.org/10.1111/2041-210X.12584.

Gierer, F., Vaughan, S., Slater, M., Elmore, J.S., Girling, R.D., 2024. Residue dynamics of 
a contact and a systemic fungicide in pollen, nectar, and other plant matrices of 
courgette (Cucurbita pepo L.). Environ. Pollut. 342, 122931. https://doi.org/ 
10.1016/j.envpol.2023.122931.

Gill, R.J., Ramos-Rodríguez, O., Raine, N.E., 2012. Combined pesticide exposure severely 
affects individual-and colony-level traits in bees. Nature 491 (7422), 105–108. 
https://doi.org/10.1038/nature11585.

Goulson, D., 2013. An overview of the environmental risks posed by neonicotinoid 
insecticides. J. Appl. Ecol. 50 (4), 977–987. https://doi.org/10.1111/1365- 
2664.12111.

Goulson, D., Nicholls, E., Botías, C., Rotheray, E.L., 2015. Bee declines driven by 
combined stress from parasites, pesticides, and lack of flowers. Science 347 (6229). 
https://doi.org/10.1126/science.1255957, 1255957–1255957. 
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