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ABSTRACT
BACKGROUND: Neonicotinoid insecticides have been identified as an important factor
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contributing to bee diversity declines. Nonetheless, uncertainties remain about their impact under
field conditions. Most studies have been conducted on Apis mellifera and tested single

compounds. However, in agricultural environments, bees are often exposed to multiple
pesticides. We explore synergistic mortality between a neonicotinoid (clothianidin) and an
ergosterol-biosynthesis-inhibitor fungicide (propiconazole) in three bee species (A. mellifera,
Bombus terrestris, Osmia bicornis) following oral exposure in the laboratory.
RESULTS: We developed a new approach based on the binomial proportion test to analyze

synergistic interactions. We estimated uptake of clothianidin per foraging bout in honey bees
foraging on seed-coated rapeseed fields. We found significant synergistic mortality in all three
bee species exposed to non-lethal doses of propiconazole and their respective LD10 of

clothianidin. Significant synergism was only found in the first assessment times in A. mellifera (4
and 24 h) and B. terrestris (4 h), but persisted throughout the experiment (96 h) in O. bicornis.
Osmia bicornis was also the most sensitive species to clothianidin.
CONCLUSION: Our results underscore the importance to test pesticide combinations likely to
occur in agricultural environments, and to include several bee species in environmental risk
assessment schemes.

KEY WORDS: Apis mellifera, Bombus terrestris, Osmia bicornis, clothianidin, propiconazole,
field-realistic dose, synergism, binomial proportion test
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1. INTRODUCTION
Bees and other flower-visiting animals provide pollination services for 87.5% of the angiosperms
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worldwide, thus playing an essential role in plant population dynamics and conservation of plant
diversity.1 At the same time, bees pollinate many crops, thus contributing decisively to human

food supply.2 Traditionally, managed honey bees, Apis mellifera L., have been credited with the
largest share of these pollination services. However, an increasing number of studies are
emphasizing the importance of bee diversity for crop pollination.3,4 These studies have been
accompanied by reports of wild bee declines, both in terms of abundance and species richness.5-8
In addition, in several European countries and in North America, honey bee populations have
also declined in the last decades.9-11 The causes of this negative trend are complex and diverse12

but neonicotinoid insecticides have often been signaled as one of the main factors contributing to
bee declines.13-15 As a result, the number of studies investigating the effects of neonicotinoids on
bees has increased dramatically in the last years.16 Nonetheless, uncertainties still remain about
the magnitude of the impact of neonicotinoids on bees in field conditions.14,17,18 Some of these

uncertainties are related to the fact that most studies have tested single compounds, when, in
agricultural environments, bees are often simultaneously exposed to a variety of compounds.19,20

Multi-exposure scenarios occur when bees forage on a crop treated with different pesticides,
either applied sequentially or in a tank mix, and when bees forage on various plants
contaminated with different pesticides. Neonicotinoids have been found not only in pollen and
nectar of various crops,21,22 but also of wildflowers growing near treated crops.23,24 Exposure to
multiple compounds may result in synergistic toxic effects, as shown in some laboratory25,26 and

field studies.27
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Here, we assess potential synergistic interactions between a neonicotinoid (clothianidin) and an
ergosterol biosynthesis inhibitor (EBI) fungicide (propiconazole) on three bee species following
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oral exposure in the laboratory. In agricultural environments, bees are likely to be exposed to
neonicotinoids and EBI fungicides in combination because these two groups of compounds are
commonly applied to various crops such as oilseed rape, sunflower, fruit trees, maize and
cereals.28,29 The three species tested include two social and one solitary bee, the European honey

bee (A. mellifera), the terrestrial bumblebee (Bombus terrestris (L.)), and the red mason bee
(Osmia bicornis (L.)). In addition to sociality, these three species show important differences in
other life history traits, including body size and pollen/nectar provisioning behavior, and
therefore are likely to be exposed to different levels of pesticides. The comparative approach is
important also because different bee species have different levels of sensitivity to various
families of compounds.30 For these reasons, all three species have been recently included in the

European Food Safety Authority (EFSA) guidance document for the risk assessment of plant
protection products on bees.31
To achieve our goal, we obtained dose-response curves to clothianidin for each bee species.
Then, we assessed the effects of clothianidin LD10 alone and in combination with a non-lethal

dose of propiconazole. In agreement with some studies finding synergism between various
fungicides and insecticides,26,32-34 we expected to find a synergistic effect. In addition, and in the
face of differences among bee species in sensitivity to various compounds,30 we also expected a
different response by the three species tested. To our knowledge, this is the first time that
synergistic mortality effects between insecticides and fungicides are tested through oral exposure
in non-Apis bees.
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2. EXPERIMENTAL METHODS
2.1 Bees and test conditions
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Healthy, queen-right honey bee colonies (A. mellifera ligustica) were managed at the CREA-API
(Council for Agricultural Research and Economics – Honey Bee and Silkworm Research Unit),
Bologna, Italy, following standard beekeeping procedures. In the months prior to the
experiments, these colonies received a single chemical treatment consisting of a liquid
application of oxalic acid aimed to control Varroa destructor Anderson and Trueman infestation.
In July 2015, we placed a funnel trap in front of the hives to collect forager bees35. Funnel traps
are appropriate for this purpose because they discriminate between foragers and in-hive bees, as
well as between bees that are exiting and entering the hive. We chose to work with forager bees,
instead of in-hive bees, because they are more likely to be directly exposed to contaminated
nectar. Following anesthetization with 60% CO2 in synthetic air for ~ 30 minutes, groups of 10
bees were transferred to cardboard cages (9.5x6.5x5 cm) (Fig. S1, Supporting Information).
Contrary to the use of pure CO2,36 this methodology does not to affect honey bee mortality.
Following a starvation period of ~1 hour, 100 μL of the test solution were provided to each
group of bees using a common feeder, assuming that, through trophallaxis, all individuals would
ingest similar doses (10 μL).37,38 Feeders were visually inspected at the end of the exposure

phase. In all cases the test solution had been completely consumed. The cages were maintained
in an incubator in complete darkness at 25±2°C and 50-70% relative humidity for the duration of
the test. To minimize potential “incubator-microclimate” differences, the position of the various
cages within the incubator was rotated daily.
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Bumblebee colonies (B. terrestris) were purchased from BioPlanet s.c.a. (Cesena, Italy).
Colonies contained 60-80 workers, brood in all stages of development and a laying queen. In
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September 2015, adult workers from four colonies were collected randomly under red light and
individually transferred to Nicot cages (7.1 x 2.0 cm) (Fig. S1, Supporting Information).39 Since

large variation in body size exists among bumblebee workers, very small (approximately <0.13
g) and very large (>0.36 g) individuals were excluded. To avoid potential differences in
sensitivity among different bee categories, newly emerged bees, recognizable by their grayish
pubescence, were also excluded.39 Prior to pesticide exposure bees were starved for 4 hours

during which time they were maintained in a temperature cabinet at 26±2° C and 50-70% of

relative humidity in continuous darkness. Since Bombus spp. do not perform trophallaxis, we
could not use bulk feeders. Therefore, we used an individual feeding method whereby the test
solution was offered through a 1 mL syringe inserted into the Nicot cage.39 Each individual was

provided with 10 μL of test solution for an exposure period of 4 hours. Feeders were visually
inspected after the exposure phase and only bees that consumed 100% of the test solution were
used in the statistical analyses. Following the exposure phase, bees were maintained individually
in the Nicot cages and fed ad libitum through a 5 mL syringe filled with sucrose syrup. To avoid
confinement side effects, the Nicot cages of each treatment were placed side by side on a tray, so
that workers could perceive their mutual presence.

Osmia bicornis individuals were obtained from a population reared in Poland since 2000. The
parental population was released in a pesticide free area of the Kazimierz Landscape Park and
the progeny was reared outdoors. In early October 2014, adults within their cocoons were
wintered at 3 °C at CREA-API. In May 2015, female cocoons were incubated at 24 °C until
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emergence and then transferred to a Plexiglas flight cage (50 x 50 x 50 cm) to allow them to
deposit the meconium. Approximately 24 hours after emergence, these unmated, meconium-free
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females were individually housed in test cages made of cardboard ice cream cups (width: 7.5 cm;
height: 5.5 cm) with a perforated (for aeration), transparent plastic lid (Fig. S1, Supporting
Information). These cages were kept in the laboratory at 22±2 °C and 50-70% of relative
humidity under natural light. Unlike honey bees and bumblebees, mason bees are only active for
a short period of time in the spring. For this reason, Osmia ecotoxicology tests are conducted at
lower temperatures,40-43 than Apis and Bombus tests.38,39 As with bumblebees, Osmia do not

perform trophallaxis. To feed bees individually, we used the “petal method”,40 a modification of

the “flower method”.41 The test solution (10 μL) was pipetted into a tiny plastic ampoule
(internal diameter 2 mm, external diameter 3 mm, height 5 mm) attached to a natural petal
inserted into a foam holder (diameter: 1 cm; height: 1 cm). We used several Asteraceae (Bidens

and Coleostephus) as petal sources. As with bumblebees, only bees that consumed 100% of the

test solution were used in the statistical analyses. After 1 hour of exposure bees were placed in
groups of 3-5 individuals in cages similar to those used in the feeding test provided with an

artificial feeder (a 2.5 mL syringe). A flower petal was attached to the tip of this feeder to
enhance prompt location. To avoid bees stacking up, a wire mesh in the form of a small bridge
was introduced in each cage.40

Sample sizes were approximately 30 individuals per bee species and dose in all tests. In an
attempt to minimize stress from manipulation, test bees were not weighed. Instead, 30

individuals of each species were randomly selected and weighed to obtain an average fresh body
weight per species.

This article is protected by copyright. All rights reserved.

2.2 Test solutions
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We used active ingredients in all test solutions. Propiconazole (purity 98.4%) was purchased
from Sigma-Aldrich. To obtain the stock solution we diluted 133 mg of propiconazole in 1 mL
of acetone and then conducted subsequent dilutions until we reached a final concentration of 35
mg/mL. This solution was added to the feeding solution (500 g of sucrose in 1 L of purified
distilled water – 33% w:w) at the ratio of 20 µL/mL to obtain the desired concentration (7 µg of
propiconazole in 10 µL of solution, the per-capita volume provided to the bees) (see 2.3
Experimental design).
Clothianidin (purity 99%) was purchased from Dr Ehrenstorfer Gmbh. The stock solution with a
concentration of 1.05 mg of clothianidin/mL of acetone was used to prepare the test solutions. To
obtain a range of appropriate concentrations based on the desired exposure level, the stock
solution was first diluted in acetone until we reached the final nominal concentrations ranging
from 2 to 160 mg/L (actual concentrations: 2.7 to 176.8 mg/L). These solutions were added to
the feeding solution (500 g of sucrose in 1 L of purified distilled water) at the ratio of 10 µL/mL
(see 2.3 Experimental design).
The final concentration of acetone in the feeding solution was adjusted to 3% (v:v) in all
treatments (solvent control, propiconazole, clothianidin and the combination fungicideneonicotinoid). To reach this level, pure acetone was added as needed. Following the exposure
phase, bees were fed ad libitum with a sucrose solution (33% w:w).

2.3 Experimental design
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To obtain clothianidin dose-response curves, we exposed bees to 6 doses (5 in O. bicornis) of
clothianidin in a geometric series. We used a factor of 2 ranging from 0.25 to 8 ng/bee (nominal
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doses) in A. mellifera; a factor of 2 ranging from 0.5 to 16 ng/bee in B. terrestris; and a factor of
3 ranging from 0.2 to 16 ng/bee in O. bicornis. A negative control (only water) and a solvent
control (3% v:v) were also included in the tests. Following preliminary trials with several doses
of propiconazole based on previous studies reporting oral LD50s for A. mellifera and O.
lignaria,43 we established 7 µg/bee as a non-lethal dose for all three species.

Then, in the synergism experiment, bees were exposed to four treatments: solvent control (3%
v:v), fungicide (7 µg/bee), neonicotinoid (LD10 of each species), and the combination fungicideneonicotinoid. Post-test chemical analysis of the doses of neonicotinoid applied to the feeding
solution confirmed that they were within the range of 95% CL of the respective LD10 of each

species.

2.4 Statistical analysis

Mortality was assessed 4 hours after the end of the exposure phase, and then checked every 24
hours for 4 days. LD10 and LD50 values and their 95% confidence limits for each assessment time
were determined using Probit analysis (PoloPlus, LeOra Software). To be conservative, the
lowest LD10 values for each species were used in the synergism experiment. For each species,
Log-rank Kaplan-Meier (K-M) survival analyses were carried out to compare survival in water
and solvent controls. In the synergism experiment, K-M survival analyses with pairwise multi
comparison procedures (Holm-Sidak method) were conducted to compare survival among the
four treatments. Survival analyses were conducted with SigmaPlot 12.3.

This article is protected by copyright. All rights reserved.

Synergistic interactions are customarily tested with χ2 and GLM procedures.44 However, the high
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proportion of zeroes in the mortality assessments prevented the use of these approaches in our
study. Instead, we used a modified binomial proportion test, which we propose as a new means
to test for synergistic interactions. The rationale and description, as well as the scripts of this new
procedure are provided in the Appendix S2 and S3, Supporting Information. First, we calculated
the expected mortality proportion of the combination treatment as PPCExp=PP + (1-PP) PC, where

PP and PC are the observed mortality proportion in the propiconazole and clothianidin treatments,
respectively. Then, we tested whether the difference between the observed and the expected
mortality from the clothianidin-propiconazole combination could arise by chance alone (null
hypothesis), or whether this difference was significantly larger than zero, indicating the existence
of synergism between the two substances (alternative hypothesis). Binomial proportion
confidence intervals (see Supporting Information) enable us to build a hypothesis test for the
difference between two proportions based on the Wald confidence interval. Numerical
simulations (Fig. S2, Supporting Information) show that this test performs very satisfactorily for
the range of values of our study. We used a significance level of 0.05 throughout the study. To
avoid type I error rate inflation (i.e. rejecting the null hypothesis when it is true) arising from
multiple comparisons, we implemented the Holm correction. These analyses were conducted

with the p.adjust function of the in-built “stats” package of the R software.45

In the A. mellifera experiment, bees were grouped in cages (10 individuals per cage) during the
exposure and post-exposure phases. To check for a potential cage effects, we used ranktransformed, repeated-measures ANOVA analyses for each species separately, with cage as the

This article is protected by copyright. All rights reserved.

between-subjects factor and time (4, 24, 48, 72 and 96 hours) as the within-subjects factor. This
test may be regarded as a non-parametric equivalent of repeated-measures ANOVA.46 We found
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no differences among cages for any of the treatments (Table S1, Supporting Information).

3. RESULTS

Mean ± SE body size was 88.2 ±1.7, 261.8±11.4, 124.1±2.5 mg in A. mellifera, B. terrestris and
O. bicornis, respectively. The lowest clothianidin LD10 and LD50 values were obtained at 24 h in
A. mellifera and B. terrestris. Instead, O. bicornis showed a delayed response to this compound,
and the lowest LD10 and values of LD50 values were obtained at 72 h (Table S2 and S3 in

Supporting Information). Based on these values, O. bicornis was the most sensitive species, both

in terms of ng of clothianidin per bee and per g of bee body weight (Table 1). There were no
significant differences in survival between the water and solvent controls at 96 h (Log-rank,
df=1, χ2=0.84, p=0.36; χ2=0.88, p=0.35; χ2=3.62, p=0.06; in Osmia bicornis, Bombus terrestris
and A. mellifera, respectively).

Post-test chemical analyses showed that the actual clothianidin doses used in the synergism
experiment for A. mellifera, B. terrestris and O. bicornis were 0.79, 1.81 and 0.63 ng/bee,

respectively, and thus very close to their respective LD10 (0.86, 1.87, 0.66 ng/bee).

In A. mellifera, the Log-rank statistic showed significant differences between cumulative

survival curves of bees exposed to the different treatments (Fig. 1, Log-rank χ2=11.69, df=3,
p=0.009). The high mortality in the control treatment can be attributed to the fact that we worked

This article is protected by copyright. All rights reserved.

with (aged) forager bees. Pairwise analyses at the end of the experiment (96 hours) showed
close-to-significant results in the control vs combination and the propiconazole vs combination
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comparisons (Table 2). Synergistic interaction, indicating that the clothianidin-propiconazole
combination was significantly more toxic than the sum of the toxicity of the two compounds
separately, were found only in the first two assessment times (4 and 24 hours) (Fig. 1).

We also found significant differences between cumulative survival curves in B. terrestris (Fig. 2,

Log-rank χ2=41.24, df=3, p<0.001). In the pairwise comparisons, the clothianidin-propiconazole
combination was more toxic than the control and the propiconazole treatments, but differences
with the clothianidin treatment were not significant (Table 2). In addition, the clothianidin
treatment was more toxic than the control and the propiconazole treatments (Table 2). A

synergistic effect between clothianidin and propiconazole was statistically significant 4 hours

after exposure, but not in subsequent assessment times (Fig. 2).

Significant differences between cumulative survival curves were also found in O. bicornis (Fig.

3, Log-rank χ2=37.71, df=3, p<0.001). The pairwise comparisons yielded higher mortality in the
propiconazole-clothianidin combination than in the control and the two single compound
treatments (Table 2). At 96 hours, mortality in the clothianidin-propiconazole combination
reached 50%, compared to 6.0, 3.0 and 12.5% in the control, propiconazole and clothianidin
treatments, respectively. The clothianidin-propiconazole combination produced a clear
synergistic effect at all assessment times (Fig. 3).

4. DISCUSSION AND CONCLUSIONS

This article is protected by copyright. All rights reserved.

The aim of this study was to assess potential synergistic mortality interaction between a
neonicotinoid insecticide and an EBI fungicide likely to co-occur in agricultural environments on
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three bee species with highly contrasting life history traits. A key question is whether the doses
administered in our experiment can be considered to be field-realistic. The amount of

clothianidin ingested over a day by a honey bee foraging in a rape field planted with
clothianidin-coated seed has been estimated by EFSA at 4.27-13.65 ng/bee/day.28 The LD10

doses administered in our synergism experiment (0.63-1.81 ng/bee) is 0.046-0.42 times this
estimate. The acute exposure used in our study, however, is more directly comparable to the
amount of clothianidin ingested in a single foraging bout. Following the same rationale as in the
EFSA calculations of daily clothianidin intake28, we estimated clothianidin intake per foraging
bout by a honey bee foraging in an oilseed rape field planted with clothianidin-coated seed. Our
calculations are based on information on sugar consumption per unit time during flight (8-12 mg
/ h),47 foraging bout duration (30-80 min),48 and the proportion of this time spent flying (80%)49

(see Appendix S6, Supporting Information for details). The resulting clothianidin intake per
foraging bout is 0.11-1.36 ng. The doses administered to O. bicornis (0.63 ng) and A. mellifera
(0.79 ng) in our synergism experiment fall well within this range and therefore can be considered
to be field-realistic. On the other hand, the dose administered to B. terrestris (1.81 ng) is higher,

in agreement with the larger body size in this species.
In A. mellifera and O. bicornis, mortality following oral administration of LD10 doses of
clothianidin was not significantly different from control mortality. In B. terrestris, on the other

hand, mortality was significantly higher in the LD10 treatment than in the control. This
unexpected result may be explained by differences in sensitivity between the colonies used to
calculate the clothianidin dose-response curve and those used in the synergism experiment.

This article is protected by copyright. All rights reserved.

Mortality in bees of the dose-response experiment exposed to 2.75 ng/bee was 23%, compared to
31% in bees of the synergism experiment exposed to 1.81 ng/bee (the estimated LD10). Inter-
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colony variability in pesticide sensitivity is well documented in honey bees.50,51 As for the
propiconazole dose administered (7 µg/bee), it did not induce significant mortality in any of the
three bee species. This dose corresponds to 0.125 and 0.2 times the propiconazole oral LD50

obtained in a previous study for A. mellifera and Osmia lignaria Say, respectively,43 and falls

within the range (from 0.0224 to 22.4 µg/bee) tested by Thompson et al.34 yielding no oral toxic
effects in A. mellifera. Even if our test doses did not produce significant mortality (with the

exception of clothianidin LD10 in B. terrestris), sub-lethal effects cannot be ruled out. Previous
studies have shown sub-lethal effects on bees exposed to doses of neonicotinoids similar to those
in our study.52,53 A study on Osmia cornuta (Latreille) found alteration of the navigation
behavior under laboratory conditions in bees orally exposed to a 0.76 ng/bee dose of clothianidin
(similar to our LD10: 0.63 ng/bee).54 A greenhouse study with O. lignaria and Megachile
rotundata (Fabricius) showed disruption of nest recognition in females exposed to field doses of
fungicides (iprodione and a mixture of pyraclostrobin + boscalid).55

Our first expectation was that oral exposure to the clothianidin-propiconazole combination
would produce a synergistic effect on bee mortality. This expectation was confirmed, since
significant synergism was detected in the three species. The biochemical mechanism behind this
synergism is probably related to the capacity of EBI fungicides to inhibit P450-mediated
detoxification.56 Different bee species, including A. mellifera, Bombus huntii and Megachile

rotundata (in the same family as Osmia) have been found to share similar P450s detoxification

genes, although the number of genes involved in the detoxification process varies from species to
species.56,57 The level of synergism between neonicotinoid insecticides an EBI fungicides has
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been shown to be fungicide dose-dependent.34 Thus, further studies would be necessary to assess
variation in the magnitude of synergism with different doses of fungicide. However, Thompson
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et al.34 found synergistic interaction between propiconazole and clothianidin in orally exposed A.
mellifera at fungicide doses much lower (0.224 µg/bee) than our test dose (7 µg/bee).
Previous multi-species experiments have shown different sensitivities to various pesticides.30 In

our study Osmia bicornis was the most sensitive species to clothianidin (lowest LD50 in ng/g of
bee body weight) followed by B. terrestris and A. mellifera. In a study in which A. mellifera,
Bombus impatiens Cresson and O. lignaria were topically exposed to clothianidin, mason bees
were again the most sensitive species followed by honey bees and bumblebees.58 Our second
expectation was that the three bee species would show a different response to the clothianidinpropiconazole combination. This expectation was also met, since synergism was apparent
throughout the entire assessment period in O. bicornis, but only in the first assessment times in
B. terrestris and in A. mellifera. A previous study tested combinations of neonicotinoid
insecticides (imidacloprid and acetamiprid) and EBI fungicides (fenbuconazole) through contact
exposure in A. mellifera and Osmia cornifrons (Radoszkowski).33 This study also found
synergistic mortality effects in both bee species but, as opposed to our study, synergism was

stronger in Apis than in Osmia. Overall, the magnitude of synergism observed in our study
(expressed as the ratio between observed and expected mortality proportions) ranged from 3.3 (in
A. mellifera at 24 h) to 8.0 (in O. bicornis at 4 h). These values are in the same order of
magnitude as values reported in other studies on nitro-substituted neonicotinoids (imidacloprid,
thiamethoxam and clothianidin).26,33,34 On the other hand, studies on cyano-substituted

neonicotinoids (acetamiprid, thiacloprid) found much higher synergistic effects with EBI
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fungicides.26,33 These results are important, because cyano-substituted neonicotinoids are less
toxic to bees than nitro-substituted neonicotinoids.26,33
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Differences among bee species in detoxification mechanisms may explain the observed
differences in sensitivity to pesticides and pesticide mixtures.59 Ability to detoxify pesticides

that, like neonicotinoids, are based on plant defensive chemicals is likely to be dependent on the
evolutionary history of the species. In relation to their wider diet breadth, social species are
expected to be pre-adapted to a wider range of plant defensive chemicals than solitary bees. 60 In
addition, other behavioral and life history traits, such as body weight, foraging range, levels of
pollen/nectar consumption, and exposure to other potentially contaminated materials (soil,
leaves) are likely to result in different levels of exposure and different responses under field

conditions. In general, eusocial bees are considered to be less vulnerable because effects at the
individual level can be buffered by the rest of the colony (“superorganism resilience”).61

Conversely, in solitary bees, individual effects have direct repercussions on reproductive
success.62 A recent study found that foraging in oilseed rape fields planted with clothianidin
dressed seeds, had negative effects on wild bee density, O. bicornis nesting, and B. terrestris

colony growth, but no significant effects were observed on A. mellifera colony development.63 B.

terrestris colonies are much smaller than A. mellifera colonies and therefore are expected to be
less resilient. Finally, temperature has been shown to have an effect on pesticide toxicity.64 For
this reason, and because we did not use the same temperature in all three species, a potential
effect of temperature on our results cannot be ruled out. As mentioned, temperatures used in the
experiments were adjusted to the thermal requirements of each species.
In this study we have developed a new approach based on a modified binomial proportion test to
study synergistic interactions. Using this approach, we have shown that the combination of
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sublethal doses of two agrochemical compounds routinely used on a variety of crops produces a
synergistic effect, in terms of mortality, on three bee species with contrasting life history traits.
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Our results also show important differences among species. These findings have important
consequences for environmental risk assessment. First, since bees are susceptible of being
exposed to a wide range of pesticides both on crops and off-fields,24,65 synergism between
compounds likely to co-occur in agricultural environments should be assessed. This is
particularly important for fungicides, which are routinely sprayed during bloom under the
assumption they are safe for bees. Synergistic interaction between fungicides and insecticides
could explain the dramatic changes in nest recognition and cell production rates observed in O.

lignaria following fungicide applications in cherry orchards.66 Second, our study underscores the

need to include other model species besides the honey bee in risk assessment schemes. Given the

observed differences among species in pesticide sensitivity and level of exposure30,65
extrapolations should not be made between species with contrasting life histories.
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Figure 2.. Cumulativee proportion of surviving
g Bombus terrrestris workkers exposedd to a controol
solution (CS
( - sugar water
w
solutio
on with 3% of acetone), clothianidinn (CLO - 1.881 ng/bee),
propicon
nazole (PRO - 7 µg/bee), and clothian
nidin + proppiconazole (C
CLO+PRO - 1.81 ng + 7
µg/bee). Statistically significant synergistic
s
effects
e
(p<0..05; one-taileed Binomiall Proportion test
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Figure 3.. Cumulativee proportion of surviving
g Osmia bicoornis femalees exposed too a control
solution (CS
( - sugar water
w
solutio
on with 3% acetone), cloothianidin (C
CLO - 0.63 nng/bee),
propicon
nazole (PRO - 7 µg/bee), and clothian
nidin + proppiconazole (C
CLO+PRO - 0.63 ng + 7
µg/bee). Statistically significant synergistic
s
effects
e
(p<0..05; one-taileed Binomiall Proportion test

This article is protected by copyright. All rights reserved.

with Holm correction) at the various assessment times (4, 24, 48, 72, 96 h) are marked with an
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Table 1. Lethal doses (LD) and 95% confidence limits (CL) expressed in ng/bee and in ng/g of bee body weight following acute oral
exposure to clothianidin. Assessment times differ between species because clothianidin had a delayed effect on O. bicornis.
Species

Apis

N

Assessment

Slope±S.E.

time

210

24 h

4.42±0.77

mellifera
Bombus

212

24 h

5.76±0.98

terrestris
Osmia
bicornis

179

72 h

5.12±0.94

LD50

LD10

%

%

(95% CL)

(95% CL)

control

solvent

ng/bee

ng/g

ng/bee

ng/g

mortality

mortality

1.68

19.08

0.86

9.80

3.3

10

(1.28-2.04)

(14.50-23.11)

(0.50-1.16)

(5.61-13.20)

3.12

11.90

1.87

7.13

2.9

0

(2.32-3.96)

(8.84-15.10)

(0.76-2.46)

(2.89-9.38)

1.17

9.47

0.66

5.32

10

3.3

(0.93-1.45)

(7.52-11.70)

(0.43-0.85)

(3.44-6.82)
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Table 2. Pairwise comparisons of the sensitivity of Apis mellifera, Bombus terrestris and Osmia bicornis to clothianidin and
propiconazole, alone and in combination, 96 hours after oral exposure (Holm-Sidak pairwise multi comparison test based on Log-rank
Kaplan-Meier survival analyses).
Apis mellifera
Treatments

Bombus terrestris

Osmia bicornis

Statistic

P value

Statistic

P value

Statistic

P value

Control vs propiconazole

0.07

0.79

1.23

0.27

0.32

0.57

Control vs clothianidin

1.22

0.61

8.00

0.01

0.86

0.58

Control vs combination

6.91

0.05

18.48

<0.01

16.78

<0.01

Propiconazole vs clothianidin

0.72

0.64

13.09

<0.01

2.01

0.40

Propiconazole vs combination

6.04

0.07

25.73

<0.01

19.09

<0.01

Clothianidin vs combination

3.11

0.28

4.42

0.07

11.13

<0.01

This article is protected by copyright. All rights reserved.

