
A phototaxis assay to measure 
sublethal effects of pesticides on 
bees
Gonzalo Sancho1,2, Sergio Albacete2,4, Celeste Azpiazu1,3, Fabio Sgolastra4, 
Anselm Rodrigo1,2 & Jordi Bosch2

In agricultural areas, bees are pervasively exposed to pesticides at sublethal concentrations. Methods 
to establish whether these concentrations may cause negative effects are needed to assess the 
potential hazards of field-realistic levels of exposure. Bee risk assessment relies on a single species, the 
highly social Apis mellifera and, due to fundamental life history differences, available sublethal tests 
cannot be applied to solitary bees. We provide a simple phototaxis assay to detect sublethal pesticide 
effects on bees. The assay is highly effective (86–97% response) and provides an unambiguous binary 
outcome (bees either walk straight to the light source or walk erratically across the arena). We validate 
the assay by conducting two experiments. First, we build dose–response curves and estimate ED50 and 
BMD values of an insecticide (acetamiprid) on Osmia bicornis and Osmia tricornis. Second, we assess 
the effects of sublethal insecticide-fungicide mixtures (acetamiprid-tebuconazole) on Osmia cornuta 
and A. mellifera. These experiments show that our assay can detect effects of field-realistic levels of 
acetamiprid exposure as low as 1–30 ng/bee. The phototaxis assay can be used to obtain relevant 
ecotoxicological endpoints at low sublethal concentrations in both solitary and honey bees, thus 
contributing to fill an important gap in bee risk assessment.
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Bee abundance and diversity have been declining in recent decades, and pesticide use is considered one 
of the main drivers of these declines1. Studies analysing pesticide residues in the pollen and nectar of crop 
flowers2–4, wild flowers5–7 and bee food provisions8–10 reveal that co-occurrence of multiple pesticides (including 
insecticides, fungicides and herbicides) is widespread in agricultural environments. These “pesticide cocktails” 
are typically found at low concentrations and, for the most part, are not expected to have acute lethal effects on 
bees2–4,11. However, the extent to which these pesticide combinations may have sublethal effects remains largely 
unknown. Because they do not result in short-term death, sublethal effects are often difficult to quantify or even 
detect, both in the field and in the laboratory. However, even if less severe than lethal effects, sublethal effects can 
significantly impact individual fitness, with potential consequences on population dynamics. A study analysing 
pesticide residues in bumblebee, Bombus terrestris, pollen stores, shows that colony growth is negatively affected 
by pesticide exposure across European landscapes8. Another study shows that exposure to sublethal insecticide-
fungicide concentrations causes a chain of effects, ultimately resulting in lower female fecundity and negative 
population growth in the solitary bee Osmia cornuta12.

Given the pervasiveness of low levels of pesticide residues in flowers and bee matrices, reliable methods 
for detecting sublethal effects in the laboratory are needed to assess the potential hazard of low pesticide and 
pesticide mixture concentrations on bees. Sublethal tests based on physiological, behavioural, and cognitive 
endpoints for honey bees (Apis mellifera) are well established, standardized and partially included in pesticide risk 
assessment schemes13,14. These tests include the proboscis extension reflex test15, the homing flight test16,17, and 
the hypopharyngeal gland development test18,19. However, due to fundamental differences in life history traits, 
these tests are not easily applicable to non-social bees. The proboscis extension reflex is readily elicited in social 
bees and wasps (e. g.,20–23), but not in solitary bees24. Similarly, solitary bees are unlikely to find and use artificial 
syrup feeders in the field, thus hindering their training and preventing the implementation of the homing flight 
test. Finally, solitary bees do not produce royal jelly to feed their larvae and the ontogeny of their hypopharingeal 
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glands, which are much less developed than those of social bees, is poorly understood25. As a result, standardized 
sublethal methods for solitary bees are lacking26. The focus on solitary bees is important for several reasons. 
First, most bee species worldwide (ca. 90%) are solitary or cleptoparasitic of solitary bees27. Second, solitary bees 
differ from honey bees in terms of fundamental behavioral and life history traits, resulting in different routes 
and levels of exposure28. Third, different bee species show different levels of sensitivity to pesticides. Solitary 
bees, in particular, have been shown to be more sensitive than honey bees to various insecticides29–32. For these 
reasons, the European Food Safety Authority has recommended the use of two solitary bee species (O. cornuta 
and Osmia bicornis) as model species in pesticide risk assessment13. However, the inclusion of these species in 
risk assessment schemes is being delayed, partly due to the lack of standardized methodologies.

We have developed a phototaxis-based laboratory assay to measure sublethal pesticide effects in bees. 
Phototaxis is the movement of a motile organism in response to light, either towards it (positive phototaxis) or 
away from it (negative)33. Phototaxis-based methods are used to monitor insect populations34 and to control 
pests35. In bees, phototaxis has been used to study learning and memory, and to explore correlates between 
sensory systems in honey bees and bumblebees (e.g.,36–38). Phototaxis has also been used to assess pesticide 
effects in honey bees39–41. These studies use vertical arenas and assess various endpoints related to locomotor 
function, such as ability to climb the arena, path trajectory, hyperactivity, and the time spent in defined areas 
across the light gradient. Phototaxis is a fundamental component of bee life history, and has been associated to 
division of labour in social species. In honey bees, young nurse bees, which perform tasks inside the hive, exhibit 
negative phototaxis, whereas older foragers exhibit positive phototaxis42. In bumblebees, in which division of 
labour is more closely associated to body size than age, nursing (mostly small) workers present lower levels of 
positive phototactic response than foraging (mostly large) workers43. In solitary bees newly-emerged individuals 
move towards light to leave their natal nest44–46, and nesting females also do so every time they leave their 
nest to go on a foraging trip. Because phototaxis is such a fundamental behaviour, intraspecific variation in 
phototactic response is expected to be low, thus increasing the robustness and repeatability of phototaxis-based 
methodologies.

In this study, we describe a simple phototaxis-based assay to assess sublethal pesticide effects in bees. 
Then, to validate the assay, we conduct two experiments in which we demonstrate it can be used to obtain 
ecotoxicological endpoints at low pesticide levels of exposure in both solitary bees and honey bees. In the first 
experiment, we build dose–response curves O. bicornis and O. tricornis to an insecticide (acetamiprid), and 
calculate the median effective dose (ED50; the dose at which 50% of the individuals fail to respond positively to 
light) and the benchmark dose (BMD; the estimated lowest dose that produces an adverse response compared 
to the control). In the second experiment, we assess the effects of a fungicide (tebuconazole) and three sublethal 
doses of acetamiprid, alone and in combination, on O. cornuta and A. mellifera.

Description of the assay
Phototaxis box
We used opaque corrugated plastic to build a phototaxis box measuring 50 × 50 × 85 cm (Fig. 1). An infra-red 
camera connected to a computer is fitted at the top of the box. There is a 1.5-cm-diameter hole at the bottom 
of one side of the box through which light from a LED bulb (1937.5 lux) is projected from outside. The hole 
is covered with white filter paper to homogenize the direction of the light and reduce brightness. The bee is 
introduced by lifting the box from its base. The bee is placed in a semi-circular start area at the base of the box 
and then it is covered with an opaque lid (e.g., the base of a Petri dish painted black) for acclimation. A string is 
attached to the lid so that it can be easily lifted to release the bee. The base of the box is lined with a sheet of white 
filter paper that is replaced after each individual trial to eliminate potential olfactory cues from previous tests.

Phototaxis test
Bees in small cages (height: 7 cm; diameter: 10 cm) are orally exposed to the desired doses or concentrations of 
the test solution using the petal method (described in47).The exposed bee is left in the cage for two hours to allow 
the pesticide to take effect. The bee is then introduced into the phototaxis arena and covered with the opaque 
lid. Following an acclimation period of three minutes in total darkness, the light source is switched on, the lid is 
lifted and the infrared camera starts recording. Upon lifting the lid, the bee may be facing in any direction but 
this does not affect the outcome of the test because bees with a positive response quickly reorient towards the 
light. In any case, time is only measured from the moment the bee walks out of the start area.

Several parameters can be obtained from the video recordings, including: (a) whether the bee reaches the 
light source within a certain time period; (b) the time taken to reach the light source; (c) the distance walked; 
(d) the walking speed; (e) various measures related to the bee’s trajectory, such as number and direction of 
turns; (f) abnormal behaviours such as inactivity, walking backwards and trembling. However, in preliminary 
trials with bees exposed to various sublethal pesticide doses and with control (unexposed) bees of four species 
(A. mellifera, O. cornuta, O. bicornis and Osmia tricornis), we basically observed three distinct responses: 1) 
Bees that remained motionless in the start area for more than two minutes (no response); in our initial trials, 
this response was rare (2–5%); 2) Bees that clearly walked towards the light source following a fairly straight 
trajectory (positive response) (Video 1); these bees typically reached the light source in less than one minute; 
all control bees exhibited this response; 3) Bees that walked erratically (neutral response) (Video 2); these bees 
walked around the arena and typically did not reach the light source even after extended observation periods. We 
never observed bees attempting to fly or climbing the walls of the arena. Based on these three distinct responses, 
we decided to limit the duration of the test to one minute. This not only greatly reduces the time invested in each 
trial but also enabled us to work with a binary variable (positive response vs neutral response), thus simplifying 
data processing and analysis. Supplementary figures S1 and S2 show the distribution of times taken to reach the 
light source by individual bees of the four species used in the two experiments described below.
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Methods
Experiment 1: Dose–response curves
We worked with O. bicornis and O. tricornis populations reared at CREAF (Centre for Ecological Research and 
Forestry Applications). In April 2021, cocoons containing adults were removed from the wintering chamber 
(3–4 °C). We selected large cocoons to increase the likelihood of them containing females and to reduce variation 
in body size. Cocoons were incubated at 20 °C until emergence (Fig. 2). We worked with four batches of cocoons 
incubated over four consecutive weeks. On the day of peak emergence for each batch, newly-emerged females 
were collected and evenly distributed across treatments (see below). Bees were kept for 24 h in a screen cage 
(60 × 40 × 40 cm) for meconium deposition and fasting. Bees were then individually transferred to small cages 
(plastic containers with perforated lids; height: 7 cm; diameter: 10 cm) where they were orally exposed to 20 µl of 
a feeding solution (33% sucrose in distilled water; w/w) with a range of doses of Carnadine® (Acetamiprid 20%). 
Following preliminary trials, we orally exposed bees to six doses (O. bicornis: 0, 33.96, 52.63, 81.58, 126.45 and 
196 ng/bee; O. tricornis: 0, 7.75, 12.01, 18.62, 28.86, 44.73 ng/bee) of a. i. in a geometric series of 1.55.

Fig. 2.  Experimental procedure used to test response to light (phototaxis) in newly-emerged Osmia spp. 
females orally exposed to sublethal pesticide doses. Source of incubator photo: Wikimedia Commons.

 

Fig. 1.  Phototaxis box. The bee is filmed with an infra-red camera as it walks across a horizontal plane (the 
floor of the box).
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Bees were exposed using the petal method47. Feeding cages were checked every 15 min for 1.5 h. After each 
check, bees that had consumed the entire solution were left in the feeding cages for 2 h to allow the insecticide 
to take effect. Bees were then submitted to the phototaxis test. The entire procedure was conducted at room 
temperature (~ 22 °C). Bees that had consumed only part of the solution at the time of the check were discarded, 
as were those that had not fed at all after 1.5 h. The procedure is summarized in Fig. 2. Tested bees were returned 
to their individual cages and kept for 24 h to assess post-test mortality. Sample sizes were 30–31 bees per dose in 
O. bicornis and 20–23 in O. tricornis.

To rule out any potential effect of week on phototactic response, we ran preliminary generalized linear models 
(GLM with binomial error distribution and logit link function). Week and the interaction treatment x week were 
non-significant for both species (Supplementary Table S1). Hence, week was not included in further analyses. 
Dose–response curves were estimated with the drc package48. The mselect function was used to determine which 
model was most appropriate for each species based on the Akaike Information Criterion (AIC). ED50s were 
estimated with the ED function of the drc package. To calculate the lowest levels of exposure at which our test 
could detect sublethal effects, we used a benchmark dose (BMD) approach. This is more reliable than the no‐
observed‐averse-effect‐level (NOAEL) approach because it is less dependent on dose selection and sample size49. 
We established a 10% level of benchmark response (BMR) and used the dose–response data to estimate the BMD 
95% lower confidence bound (BMDL) with the US EPA’s Benchmark Dose Software (BMDS Online version)50.

Experiment 2: Insecticide-fungicide mixtures
We worked with O. cornuta females from a population reared at CREAF and A. mellifera workers from a hive 
at the apiary of the School of Veterinary Science of the Autonomous University of Barcelona (UABEE). We 
followed the procedure described in Experiment 1 to incubate and handle newly-emerged O. cornuta females. 
Bees emerging on a given day were evenly distributed across treatments. A. mellifera workers were obtained by 
temporarily covering the entrance of the hive. Returning foragers attempting to enter the hive were gently picked 
up with a brush and placed in a glass jar with a perforated lid for ventilation. Using the petal method47, O. cornuta 
females were individually and orally exposed to 20 µl of test solution (33% sucrose in distilled water, w/w, with 
the desired concentrations of fungicide and insecticide). Following OECD procedures51, and because isolated 
honey bee workers are prone to die within hours, A. mellifera were exposed in groups of ten individuals to 200 µl 
of test solution. Under these conditions, all individuals reach similar levels of exposure through trophallaxis 
(food exchange)51.

We used Folicur® 25WG (tebuconazole 25%) and Carnadine® (Acetamiprid 20%). The fungicide dose (3000 ng/
bee) was based on the Folicur® application rate (0.6 kg/1000 l) recommended for apple orchards. We worked with 
three insecticide doses. The lowest dose (0.18 ng of a. i./bee) is based on the concentration of acetamiprid found 
in oilseed rape nectar (7.6 ng/g;52) and the intermediate dose (1 ng of a. i. /bee) on the concentration found in 
apple nectar (65 ng/g;4) (see calculations in Supplementary Information). The highest dose (2 ng of a.i./bee) is 
lower than the 100-fold dilution of the LD10 at 24 h of acetamiprid in O. cornuta (281.7 ng/bee;53). In addition, 
we had a control treatment in which bees were fed the same amount (20 µl) of sucrose test solution without any 
pesticide. Two hours after exposure, bees were submitted to the phototaxis test. Sample sizes were 18–24 bees 
per species and treatment.

As in Experiment 1, we ran preliminary GLMs to rule out any potential effect of week on phototactic response. 
Week and the interaction treatment x week were again non-significant for both species (Supplementary Table 
S2). We used a GLM to analyse the percentage of positive response by fitting a binomial error distribution with 
a clog-log link function. We included treatment, bee species and their interaction as fixed factors. We calculated 
p values of fixed effects using likelihood ratio tests. Pairwise comparisons were performed with Tukey’s p-value 
adjustment method54. Statistical significance was set at p < 0.05. All analyses were conducted in R version R 
4.3.255.

Ethics declaration
Bees, as non-cephalopod invertebrates, and do not require Animal Ethics Approval at the institution involved 
in the study.

Results
Experiment 1: Dose–response curves
Only 5.2% of the O. bicornis and 2.4% of the O. tricornis individuals failed to leave the start area two minutes 
after the lid was lifted. These bees were discarded. All control bees exhibited a positive response and reached 
the light source within one minute. The percentage of bees not reaching the light within one minute (neutral 
response) increased with dosage in both species (Fig. 3). For both species we obtained significant ED50 estimates 
(O. bicornis: 102.26 ng/bee; O. tricornis: 22.79 ng/bee) (Table 1). Mortality at 24 h post-exposure was 0 in all 
treatments. Benchmark doses (BMD) corresponding to 10% failure to respond to light and their associated 
parameters are shown in Table 2. The lower confidence limits (BMDL) were 28.52 ng/bee in O. bicornis and 
8.00 ng/bee in O. tricornis.

Experiment 2: Pesticide mixtures
Only 14.1% (O. cornuta) and 3.2% (A. mellifera) of bees tested failed to respond to the test. These bees were 
discarded. Of the bees that did respond, all control individuals and all those exposed to the fungicide or any of the 
three doses of the insecticide alone responded positively to light (Fig. 4). However, the levels of positive response 
declined when bees were exposed to the mixture treatments (Fig. 4; Binomial GLM: treatment (χ2 = 88.4; df = 7; 
p < 0.0001); species (χ2 = 6.8; df = 1; p = 0.009); treatment x species (χ2 = 0.8; df = 7; p = 0.9).
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Discussion
The objective of this study was to describe and validate an assay to measure the effects of sublethal doses of 
pesticides and combinations thereof on bees in the laboratory. We wanted our methodology to be simple (easy-to-
implement), effective (a high proportion of individuals should respond to the test) and unambiguous (providing 
a clear, easily analysable response). The phototaxis assay described herein fulfils these three conditions. First, 
restricting the duration of the test to one minute significantly reduces the time required to process each bee. 
In our laboratory, a team of two people could use two phototaxis boxes to process 50 bees per day, including 
the pesticide exposure and phototaxis phases. Second, the test is highly effective, even when bees are exposed 
to the higher insecticide concentrations. Overall, of the 694 bees tested in our two experiments, only 6.63% 
failed to respond, thus minimising the number of bees needed to reach a sufficient sample size. Third, our test 
provides an unambiguous binary response that does not require post-test elaboration. Previous research39–41 
assessed the effect of exposure to insecticides and other compounds on movement towards light in honey bees. 
These studies worked with vertical arenas and analysed endpoints related to locomotor function, such as path 
trajectory, impaired ability to ascend the arena, hyperactivity, and the time spent in areas with different levels of 
light intensity. These endpoints could also be measured with our assay, but the quick and dichotomous response 
of the bees tested rendered this unnecessary. Importantly, the erratic behaviour of bees responding neutrally to 
light in our study was similar in solitary (Osmia spp.) and highly social bees (A. mellifera), indicating that the 
assay can be used across a range of bee species with highly contrasting life histories.

Species Model p-value BMD1 BMDL1 BMDU1

O. bicornis Weilbull 0.54 39.97 28.52 51.29

O. tricornis Log-Logistic 0.55 10.10 8.00 13.59

Table 2.  Benchmark dose (BMD) and its lower (BMDL) and upper (BMDU) confidence bounds of the 
insecticide acetamiprid eliciting a 10% failure to respond to light following oral acute exposure in O. bicornis 
and O. tricornis. 1(ng/bee). P-values > 0.05 denote no significant differences between the model predictions and 
the observed data.

 

Species N Model ED50 (ng/bee) 95% CI t-value p-value

O. bicornis 181 Weibull 102.26 86.04–118.44 15.52 < 0.001

O. tricornis 122 Log-logistic 22.79 18.20–27.39 13.77 < 0.001

Table 1.  Median effect dose (ED50; dose at which 50% of bees tested failed to respond positively to light) and 
95% confidence intervals of the insecticide acetamiprid in O. bicornis and O. tricornis females. P-values reflect 
the significance of the estimated ED50 parameter within the fitted models.

 

Fig. 3.  Proportion of O. bicornis and O. tricornis females responding positively to light after acute exposure 
to a range of doses (ng/bee) of acetamiprid. N = 30–31 (O. bicornis) and 20–23 (O. tricornis) females per 
dose. Dose ranges: 0, 33.96, 52.63, 81.58, 126.45 and 196 ng/bee (O. bicornis) and 0, 7.75, 12.01, 18.62, 28.86, 
44.73 ng/bee (O. tricornis).
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The mechanisms explaining the reduced response to light following insecticide exposure require further 
research. In Drosophila melanogaster, exposure to sublethal doses of the neonicotinoid insecticide imidacloprid 
was found to affect photoreceptor function, a proxy for blindness56. We recorded the behaviour of control bees 
in the phototaxis arena in total darkness. These bees typically remained motionless for a few seconds, and then 
started moving erratically in different directions for several minutes (Video 3). These bees often walked along 
the sides of the box (thigmotactic response) and sometimes tried to walk upwards (negative geotactic response), 
behaviours that could be interpreted as attempts to find an exit. In contrast, pesticide-exposed bees that did not 
respond positively to light typically started walking sooner and exhibited a greater tendency, at least initially, to 
walk toward the light source (Video 4). These observations suggest that impaired capacity to perceive light may 
not be the only or the main mechanism explaining the behaviour of bees failing the phototaxis test. In another 
D. melanogaster study, individuals manipulated in various ways to impair their ability to fly exhibited reduced 
positive phototaxis57. In that study, normal levels of phototactic response were recovered once flying ability was 
restored, indicating that flies monitored their ability to fly and adjusted their photopreferences accordingly. A 
similar mechanism could explain the diminshed phototactic response of pesticide-exposed bees in our study. 
Exposure to sublethal levels of insecticides could reduce the ability of bees to fly or otherwise cope with the 
environment, prompting their decision to ignore stimuli associated with the outside world.

We used the outcomes of the phototaxis test to build dose–response curves and calculate ED50 and BMDL 
values, thus demonstrating that the assay can be used to obtain relevant ecotoxicological endpoints in bee 
studies. In Experiment 1, the ED50 of acetamiprid was 102.26 ng/bee for O. bicornis and 22.79 ng/bee for O. 
tricornis. To our knowledge, oral LD50 data for acetamiprid are not available for these two species, but has been 
estimated at 893 ng/bee (at 24 h) for O. cornuta53. Assuming a similar LD50 for O. bicornis and O. tricornis, the 
phototaxis test could detect median effects at doses that are around an order of magnitude lower than those of 
a lethal test. Comparison between the phototaxis and lethal toxicity tests can also be assessed with the sublethal 
toxicity ratio (SubTR) based on the lowest‐observed‐adverse-effect‐level (LOAEL) (BMDL in our study) and the 

Fig. 4.  Model-estimated means and 95% confidence intervals for the percentage of positive responses to 
the phototaxis test in O. cornuta females and A. mellifera workers acutely exposed to the fungicide Folicur® 
(a.i., tebuconazole, 3000 ng/bee) and three doses of the insecticide Carnadine® (a.i., acetamiprid, 0.18 ng/bee 
(ACE1); 1 ng/bee (ACE2) and 2 ng/bee (ACE3) of a. i.), alone and in combination. Different letters denote 
significant differences across treatments and species (Tukey HSD test, p < 0.05). N = 18–24 bees per species and 
treatment.
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LD5026. Again, assuming an LD50 similar to that of O. cornuta, the SubTR in the tested Osmia species ranged 
between 0.03 and 0.009, indicating that the phototaxis response is a highly sensitive endpoint26.

Acetamiprid is one of the few neonicotinoid insecticides that are still authorized for outdoor use in the EU 
and is widely used on orchard and oilseed crops58. Due to its lower toxicity compared to other neonicotinoids59 
it is sometimes advertised as “pollinator-friendly”. The results of Experiment 2 confirm its low toxicity at field 
realistic doses (0.18–2 ng per bee). However, when mixed with tebuconazole, doses of 1 and 2 ng/bee impaired 
the ability of O. cornuta and A. mellifera, respectively, to respond positively to light. Synergistic effects between 
neonicotinoid insecticides and EBI fungicides have been well documented29,60–62 and are mediated by the 
inhibition of P450 detoxification systems63. Further validation of our assay stems from a study that assessed 
the combined effects of climate change and sublethal insecticide exposure in O. cornuta females64. In that study, 
bees were exposed to sublethal doses of sulfoxaflor, a sulfoximine insecticide that, like neonicotinoids, acts as 
a selective agonist of Nicotinic Acetyl Choline Receptors. The percentage of bees that responded positively to 
light decreased from 96% in bees exposed to 0 ng of a. i. per bee, to 90% in bees exposed to 4.55 ng of a. i. per 
bee, and to 54% in bees exposed to 11.64 ng of a. i. per bee64, thus demonstrating that our assay also works with 
environmentally relevant exposure levels of another insecticide. Future studies should investigate the duration of 
the observed effects, as well as their potential ecological consequences. Osmia females lay 0.5–1 egg per day and 
have low fecundity (10–20 eggs)65,66. Therefore, impaired ability to respond to light, even for a single day, could 
have relevant consequences on reproductive success.

Sublethal effects are insufficiently addressed in current bee-pesticide risk assessment schemes, and the 
few tests available for honey bees are not easily applicable to other bee species28. Our study helps bridge this 
gap by providing a simple methodology that can detect sublethal effects at field realistic levels of exposure to 
acetamiprid as low as 1–30  ng/bee. Our methodology can be applied to both honey bees and solitary bees, 
thus allowing for direct comparison of intrinsic sublethal sensitivity across species with highly contrasting life 
histories. The validation of the assay yielded results that are congruent with previous studies at higher exposure 
levels, such as the higher sensitivity to neonicotinoids in Osmia spp. compared to A. mellifera29,31,32 and the 
higher toxicity of sulfoxaflor compared to acetamiprid30,53,67. Our assay could be used to screen the effects of 
low (field realistic) levels of exposure across a range of bee species, thus enhancing our ability to protect this 
important group of pollinators.

Data availability
The data used in this study are available upon request to the corresponding author.
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