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Abstract 15 

Information on honeybee foraging performance and especially bee loss rates at the colony level are 

crucial for evaluating the magnitude of effects due to pesticide exposure, thereby ensuring that 

protection goals for honeybee colonies are met (i.e. threshold of acceptable effects). However, current 

methods for monitoring honeybee foraging activity and mortality are very approximate (visual records) 

or are time-limited and mostly based on single cohort analysis. We therefore assess the potential of bee 20 

counters, that enable a colony-level and continuous monitoring of bee flight activity and mortality, in 

pesticide risk assessment.  

After assessing the background activity and bee loss rates, we exposed colonies to two concentrations 

of sulfoxaflor (a neurotoxic insecticide) in sugar syrup: a concentration that was considered to be field 

realistic (0.59 µg/ml) and a higher concentration (2.36 µg/ml) representing a worst-case exposure 25 

scenario. We did not find any effect of the field-realistic concentration on flight activity and bee loss 

rates. However, a two-fold decrease in daily flight activity and a 10-fold increase in daily bee losses 

were detected in colonies exposed to the highest sulfoxaflor concentration as compared to before 

exposure. When compared to the theoretical trigger values associated with the specific protection goal 

of 7% colony-size reduction, the observed fold changes in daily bee losses were often found to be at risk 30 

for colonies. In conclusion, the real-time and colony-level monitoring of bee loss rates, combined with 

threshold values indicating at which levels bee loss rates threaten the colony, have great potential for 

improving regulatory pesticide risk assessments for honeybees under field conditions. 

 

Keywords: pesticide risk assessment, specific protection goal, bee counter, mortality rates, foraging 35 

activity, Apis mellifera. 

 

Introduction 

Plant protection products, also referred to as pesticides, have been developed to protect crops against 

harmful organisms (e.g. insects, fungi) or prevent the growth of undesirable plants (herbicides). 40 

However, the yield and/or quality of around 75% of globally important crop types also depend on 

pollination mediated by animals, especially bees, which visit more than 90% of the leading 107 crop 

types (Klein et al. 2007). As a consequence, bees, including the honeybee (Apis mellifera), can be 

exposed to several pesticides recovered from pollen and nectar (Mullin et al. 2010, Pohorecka et al. 

2012, Sanchez-Bayo and Goka 2014, Botías et al. 2015, Zioga et al. 2020). There is therefore a clear 45 

need to provide an assessment of the risk presented by pesticides and to determine to what extent they 

are safe for bees. For that purpose, OECD (Organization for Economic Co-operation and Development) 

and EPPO (European and Mediterranean Plant Protection Organization) test guidelines require 

toxicological data on honeybees (Apis mellifera). Indeed, the honeybee is relatively easy to rear, its 
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biology has been well-studied, and it is one of the most important pollinators worldwide (Klein et al. 50 

2007, Hung et al. 2018).  

Within the current regulatory framework for pesticide risk assessment, the effects of pesticides on 

honeybees are assessed by standard tests in a stepwise approach. In Tier 1, active substances or 

formulated products are tested on honeybees at different life stages (larvae and adults)(OECD 1998a, 

1998b, 2013, 2017). Then, a deterministic approach to characterize risk quantitatively can be used by 55 

comparing the pesticide toxicity to environmental exposure (Hazard quotient - HQ). When the results 

of this first step identify a risk (for ex. HQ > 50 for foliar spray), semi-field and field tests on colonies 

(Tier 2 and 3) are required for marketing authorization (MA) (see also Thompson 2021 for risk 

identification upon oral exposure:  Risk quotient > 0.4 and 1 in acute and chronic toxicity tests, 

respectively). Higher tier tests can also be performed in post-MA studies monitoring adverse effects 60 

linked to the use of pesticides.  

Major issues are that the test guidance for the conduct of such semi-field and field studies (EPPO 2010) 

relies on measurements of several key colony parameters that are very approximate (Wang et al. 2020) 

or do not overly account for chronic and/or sub-lethal effects. For instance, the estimation of flight 

activity is based on the count for a few seconds of bees foraging on flowers near the hive, which 65 

represents a small snapshot of what happens over a day that does not take into account the daily changes 

in foraging activity according to the weather and others environmental factors (e.g. discovery of new 

food sources)(Winston 1987). In addition, mortality estimates rely mainly on the number of bees in dead 

bee traps in front of the hive. It  excludes bees that have died outside of the traps, but also suchtrap 

cannot be used for long time periods since its precision decline over time due for instance to predation. 70 

Therefore, such method does not provide robust information on the background mortality. Counting the 

number of bees entering and exiting the hive can also be used to assess forager activity and bee losses 

given that worker bees die in the field or are removed from the hive if found dead inside. To accurately 

determine these assessment endpoints, researchers in the past years have relied on individual tagging 

and detection of bees at the hive entrance. Notably, radiofrequency identification (RFID) tags coupled 75 

with detectors at the hive entrance and bee counters recording the activity of bees marked with data-

matrix barcodes have been successfully used in several studies to automatically record individual bee 

activity and mortality in response to pesticide exposure (Bortolotti et al. 2003, Schneider et al. 2012, 

Henry et al. 2012, Prado et al. 2019, Monchanin et al. 2019, Colin et al. 2019, Hesselbach et al. 2020, 

Shi et al. 2020, Barascou et al. 2021a). While individual bee tracking is highly effective, it provides 80 

time-limited data on honeybee flight activity and mortality, based on a small portion of the bee 

population, or on a single age-cohort, ignoring the fact that pesticide sensitivity may depend on age with 

older bees being more sensitive than younger bees to certain pesticides, and less to others (Mayland and 

Burkhardt 1970, Ladas 1972, Bendahou et al. 1997, Rinkevich et al. 2015, Zhu et al. 2020, Barascou et 

al. 2022).  85 
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These methodological gaps of current semi-field and field regulatory tests combined with the lack of 

tools and methods for the field assessment of bee activity and mortality at the colony level represent a 

major gap for pesticide risk assessment, especially since the measurement of bee mortality has emerged 

as a benchmark for evaluating the magnitude of effects due to pesticide exposure (EFSA 2013, EFSA 

et al. 2020). Indeed, specific protection goals (SPGs) have been established as the maximum permitted 90 

levels of colony size reduction resulting from exposure to pesticides, and the levels and duration of bee 

losses that would cause this specific decline in colony size are defined as trigger values. For instance, a 

reduction in colony size that does not exceed 7 % has been considered by EFSA (European Food Safety 

Authority) as negligible and therefore allowable for proper honeybee colony strength and development 

(EFSA 2013). Accordingly, it was determined by using a quantitative model of colony population 95 

dynamics (Khoury et al. 2011), that for a healthy colony forager mortality should not increase, compared 

with controls, by more than a factor of 1.5 for 6 days, a factor of 2 for 3 days or a factor of 3 for 2 days 

(EFSA 2013).  

In this context, tools, such as bee counters, that allow a colony-level and continuous monitoring of bee 

flight activity and mortality, should pave the way toward a more reliable pesticide risk assessment 100 

(Odemer 2022). First attempts to evaluate the potential of bee counters in pesticide risk assessment have 

been performed (Struye et al. 1994, Ngo et al. 2019). However, a relatively low number of replicates 

was used and effects were not always statistically analyzed. We therefore aimed to further provide a 

proof-of-concept for the use of bee counters in pesticide risk assessment in honeybees by assessing i) 

the effect of a pesticide on the colony-level daily activity and bee loss rates and ii) the consecutive risk 105 

for colonies. For that purpose, we performed real-time monitoring of colony population flight activity 

with video-based bee counters. We first identified the background activity and mortality and then 

chronically exposed colonies either to a field realistic concentration of the insecticide sulfoxaflor or a 

higher concentration representing a worst-case exposure scenario. Finally, to assess the risk posed by 

sulfoxaflor to honeybee colonies, we compared the level and duration of bee losses to the theoretical 110 

trigger values associated with the SPG of 7% colony-size reduction. Sulfoxaflor is a sulfoximine-based 

insecticide that shares a mode of action with neonicotinoids as selective agonists of nicotinic acetyl 

choline receptors (nAChRs) (Sparks et al. 2013). It is increasingly used as an alternative to neonicotinoid 

insecticides for controlling sap-feeding insect pests since several neonicotinoids are now banned in the 

European Union (Stokstad 2018) and there are numerous cases of resistance to this class of insecticides, 115 

contrary to sulfoxaflor so far (Watson et al. 2021). Sulfoxaflor was used for assessing the potential of 

bee counter in pesticide risk assessment under chronic exposure (even though its formulation product 

Closer is registered as a foliar spray) since we previously characterized its concentration-dependent 

toxicity in laboratory experiments (Barascou et al. 2021b, Barascou et al. 2022). These laboratory tests 

and concentrations could then be used as landmarks for the toxicity tests performed with bee counters. 120 
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Materials and methods 

 

Experimental setup 125 

Experiments were performed in 2021 in a peri-urban area near Avignon (France, 43°540N-4°-520E) 

with honeybee colonies (Apis mellifera) from INRAE (Institut National de Recherche pour l'Agriculture, 

l'Alimentation et l'Environnement) livestock. All colonies were treated yearly in August with Apistan® 

(tau-fluvalinate) against the parasite Varroa destructor. Information on the landscape characteristics, 

within a 1.5 km radius area around the apiaries (mean foraging range; Steffan-Dewenter and Kuhn, 130 

2003), was obtained from the French national remote sensing database on vegetation layers (Institut 

Géographique National) via BeeGIS (https://appli.itsap.asso.fr/app/01-beegis). The landscape was 

predominantly surrounded by urban areas (49%), cropping systems, including meadows, vegetables and 

cereal crops (32%), dunes and sand (10.5%), orchards (4.5%) and forests (4%).  

Each colony, composed of five Dadant frames, was selected and then randomly assigned to one of the 135 

three treatments (see below ‘Exposure to sulfoxaflor’). The day before exposure to sulfoxaflor, we 

assessed the demographic state and food storage (pollen and honey) of each colony. For that purpose, 

each side of each frame, was visually inspected and the area covered by adult bees, open and closed 

brood, as well as honey and bee bread, were reported in percentages (one full side = 100%). Percentages 

were then converted into numbers of adult bees, open and capped brood cells, and area in dm2 of honey 140 

and pollen based on a previously determined coefficient for Dadant frames (Hernandez et al. 2020). 

Colonies were visually inspected again at the end of exposure and 10 days post-exposure to sulfoxaflor 

by following the same methodology (Hernandez et al. 2020). Finally, colony overwintering survival was 

checked the following year (March 2022).  

 145 

Exposure to sulfoxaflor 

Colonies were left untreated  for four days and then exposed to one of the two sulfoxaflor concentrations, 

depending on their randomly assigned treatment groups. The sulfoxaflor concentrations were chosen 

based on pesticide residue data found in pollen and nectar. Depending on the application rates and the 

crops, field residue studies reported levels of sulfoxaflor ranging from 0.04 to 2.37 mg/kg (e.g. 0.047 to 150 

2.80 µg/ml) in nectar collected by bees and from 0.00447 to 31.8 mg/kg (e.g. 0.005 to 37.52 µg/ml) in 

the nectar of flowers (EPA 2019). Thereby, colonies were provided with a solution of 50 % (w/v) 

sucrose, 0.1 % acetone and sulfoxaflor at a field-realistic concentration (0.5 µg/ml) or a higher 

concentration representing a worst-case exposure scenario (2 µg/ml). Similar concentrations were 

previously found to be non-toxic (0.02 µg/ml) or to significantly decrease bee survival (2.35 µg/m) in 155 

laboratory tests (Barascou et al. 2021b). Control groups were fed with pesticide-free sugar solutions (50 

% w/v sucrose, 0.1 % acetone) and were used to determine whether differences in colony activity could 

be attributed to variation in field conditions (e.g. climate, resources). Stock solutions of sulfoxaflor 

(Techlab, France) were diluted in acetone, aliquoted and conserved at -20°C. The exact concentrations 
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were checked with LC-MS/MS (Barascou et al. 2021b) and resulted in 0.59 µg/ml and 2.36 µg/ml for 160 

the prepared sulfoxaflor concentrations. Colonies were given 500 ml of pesticide-free or sulfoxaflor-

contaminated sugar solutions every two days, over a 10-day exposure period (totaling 2,500 ml of 

syrup). The amount of sugar solution was chosen to optimize its full consumption by colonies. The sugar 

solutions were added in an internal feeder box placed above the hive frames. The experiment was 

repeated with new colonies, each month between April and September 2021 (except in August due to 165 

elevated environmental temperatures and therefore low colony activity). Each month was composed of 

one colony per experimental treatment, except in April (no colony was exposed to the 0.59 µg/ml 

sulfoxaflor treatment) and June and July (two colonies were exposed to the 0.59 µg/ml sulfoxaflor 

treatment); giving a total of n = 5 colonies for the control and 2.36 µg/ml sulfoxaflor treatments, and 

n = 6 colonies for the 0.59 µg/ml sulfoxaflor treatment.  170 

 

Colony-level monitoring of daily flight activity and homing flight rates 

To assess the effect of sulfoxaflor on the daily flight activity and homing flight rates, we equipped each 

colony with an video-based bee counter (patent IDDN.FR.001.130013.000.R.P.2010.000.31235) 

(Crauser and Le Conte 2010). For each replicate, bee counters were assigned to a different treatment 175 

group, so that each bee counter monitored the activity of colonies exposed, or not, to sulfoxaflor (0.59 

and 2.36 µg/ml).  

The bee counter device consists of a camera that monitors the hive entrance and image-analysis software 

that detects and registers in real time the activity of all bees by counting the number of out-going and 

in-coming bees (Fig. 1). The hive entrance was modified and composed of eight passages narrow enough 180 

so that only one bee can circulate in each tunnel and with only the back of the thorax facing the camera 

(see Dussaubat et al., 2013 for more details). The software runs in the LabView environment for graphic 

programming and adjusts the frequency of images captured per second in order to reduce the chance of 

missing bees passing in front of the camera. Validation tests to assess the bee counter error rates were 

performed in 2007 and 2010 by comparing the numbers of bees recorded by the counter to the ones 185 

recorded by a human observer. Tests were done through 93 sessions spanning the bee season (May to 

October) and giving 27 855 bee counts (see the Excel supplementary file for raw data). The average 

error rate was of -2.26% and -1.3% in 2007 and 2010, meaning that the counter is slightly 

underestimating the flight activity by 1.3 to 2.26%. Most importantly, in 2007 we assessed the error 

rates for entries and exits separately, and found similar error rates for both type of flights (-2.23% for 190 

entries and -2.29 for exits). This indicates that bee loss rate (or gain) values are relatively little affected 

by the error rates. 

The cumulated activity was recorded every 5 minutes and automatically saved with the time and date. 

From these bee entry and exit data, we determined the daily: i) flight activity (sum of the number of bee 

exits during a day) and ii) homing flight rates, calculated as follows: (number of entries - number of 195 
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exits) / number of exits for each day (Odemer 2022). When negative, the homing flight rate was 

assimilated to a loss rate. Positive values corresponded to a gain of bees, likely from drifting behavior 

because experimental colonies were located in the same apiary (two meters away from each other). 

The colony-level monitoring with bee counters started 4 days before the exposure to sulfoxaflor and 

ended at 10 days post-exposure. We therefore had data on the daily flight activity and homing flight 200 

rates for three time periods:  pre-exposure period (4 days), during exposure (10 days), and post-exposure 

(10 days).  

Data analysis 

Raw flight activity data are shown in the Excel supplementary file. Data were analyzed using the 

statistical software R v4.0.3 (R Core Team 2020). Statistical significance was set at α = 0.05 for all tests. 205 

Since data were not normally distributed (Shapiro-Wilk test), variations among treatment groups in the 

number of honeybees, open and capped brood cells, and the amount of honey and pollen before exposure 

to sulfoxaflor were analyzed using Kruskal-Wallis tests. The influence of treatment groups on the 

cumulated syrup consumption was also analyzed using a Kruskal-Wallis test. 

The effects of sulfoxaflor were determined on both the daily flight activity of bees and the homing flight 210 

rates, using a Linear Mixed Model (LMM) fitted by maximum likelihood using the lme4 package (Bates 

et al. 2015). P-values for the t-test of fixed terms of the LMM were obtained through the lmer function 

of the lmerTest package (Kuznetsova et al. 2017). For each model, we selected the best one based on 

the second-order Akaike’s Information Criterion (AICc) (Burnham and Anderson 2003) by using 

backward model selection from the full model. Variations in the daily flight activity and homing flight 215 

rates were analyzed with treatment, pesticide exposure period and months as fixed factors (with a 

treatment x exposure period interaction), and colony replicates as a random factor. For homing flight 

rate analysis, due to a heavy tailed distribution of the response variable and non-normal residues of the 

LMM, we used a bootstrap procedure to assess the significance of variables. The 95% confidence 

intervals for model parameters were estimated using the lme4 R-package (bootMer function). We 220 

generated 10,000 bootstrapped samples from the model and refitted the model to these samples to obtain 

bootstrapped parameter estimates. If bootstrapped confidence intervals around the parameter estimate 

in that model did not overlap with zero, we concluded a significant effect. 

In addition, we assessed for each treatment group the magnitude of sulfoxaflor effects on the daily flight 

activity and homing flight rates. For each pesticide treatment exposure periods (before vs during 225 

exposure; during vs after exposure; before vs after exposure), we calculated Hedges’s g (g) or Glass’s 

delta (Δ) as a measure of effect size (hedges_g or glass_delta functions of the effectsize package (Ben-

Shachar et al. 2020)). Glass’s delta was used when the standard deviations were significantly different 

between groups, as it uses only the second group's standard deviation. The interpretation values for both 

measures were as follows: 0.2 < g or Δ: very small effect, 0.2 ≤ g or Δ < 0.5: small effect, 0.5 ≤ g or Δ 230 

< 0.8: medium effect, and g or Δ ≥ 0.8: large effect (Ben-Shachar et al. 2020). An effect size (g or Δ) 
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was considered significant if the 95% confidence intervals of effect size did not overlap 0.0, and as 

negative or positive when it was below or above 0.0, respectively (Ben-Shachar et al. 2020). 

For each treatment group, variations in the number of honeybees, open and capped brood cells, and the 

amount of honey and pollen between the pre-exposure period and the post-exposure periods were 235 

analyzed using Wilcoxon rank test pairwise comparisons.  

Finally, we determined whether or not an increase in mortality rates (only with negative homing flight 

rates) exceeded the theoretical trigger values associated with the SPG for honeybees (i.e. 7% colony size 

reduction) (EFSA 2013). For that purpose, we calculated the fold-changes in bee loss rates between the 

pre-exposure and exposure periods to sulfoxaflor. These values were determined for exposure lasting 2, 240 

3 or 6 days and then compared to the theoretical trigger values (EFSA 2013). 

 

Results 

We did not find any difference between treatment groups in the colony demographic state and food 

storage before exposure to sulfoxaflor (number of bees: Kruskal-Wallis, p = 0.417, open brood cells: p 245 

= 0.309, capped brood cells: p = 0.284, honey: p = 0.803 and pollen: p = 0.564; Fig. S1). The cumulated 

syrup consumption also did not differ between treatment groups (control: 1 949 ± 874 ml, 0.59 µg/ml 

of sulfoxaflor:   2 235 ± 757 and 2.36 µg/ml of sulfoxaflor: 2 140 ± 492 ml, Kruskal-Wallis: p = 0.40; 

Fig. S2).  

 250 

Colony-level effect of sulfoxaflor on the daily flight activity 

The results of model selection regarding the effect of sulfoxaflor treatment on the daily flight activity 

are presented in Table S1 (LMM analysis). The best model selected based on the AICc criterion included 

the month and an interaction between treatment and exposure period as predictors. 

The overall daily flight activity before exposure to sulfoxaflor did not differ between the three treatment 255 

modalities (Table 1). Similarly, no statistically significant difference in the daily flight activity was 

observed between months. The daily flight activity in control colonies was significantly higher after 

exposure than before exposure (Table 1, Fig. 2 and Fig. S3). In colonies exposed to 0.59 µg/ml, the daily 

activity during and after exposure did not differ from the activity before exposure (GLMM: p = 0.812 

and p = 0.475, respectively). However, honeybee colonies exposed to 2.36 µg/ml of sulfoxaflor made 260 

consistently (each month) fewer flights per day during and after exposure than before exposure (GLMM: 

p < 0.001; Fig. 2 and Fig S3).  

In fact, the daily flight activity was reduced by half during the period of exposure to 2.36 µg/ml of 

sulfoxaflor as compared to before exposure (DE vs BE: Δ = -1.76 – large effect; Fig. 3 and Table S2). 

Additionally, colonies made around 5 000 more flights after exposure to sulfoxaflor than during the 265 

treatment period (AE vs DE: Δ = 0.59 – medium effect; Fig. 3 and Table S2).  
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Colony-level effect of sulfoxaflor on the daily homing flight rates  

The results of model selection regarding the effect of sulfoxaflor treatment on the homing flight rates 

are presented in Table S2 (LMM analysis). The best model selected based on the AICc criterion included 270 

the month and an interaction between treatment and exposure period as predictors.  

The overall homing flight rates before exposure to sulfoxaflor did not differ between the three treatment 

modalities, but were lower in May, June and July as compared to April (Table 2). No statistically 

significant difference in the homing flight rates of control colonies was observed between periods of 

exposure (Table 2, Fig. 4 and Fig. S3). In colonies exposed to 0.59 µg/ml, the daily homing flight rates 275 

during and after exposure did not differ from the activity before exposure (GLMM: p = 0.801 and p = 

0.811, respectively). However, honeybee colonies exposed to 2.36 µg/ml of sulfoxaflor lost consistently 

(each month) more bees per day during exposure than before exposure (GLMM: p < 0.001; Fig. 4 and 

Fig. S3).  

A 10-fold increase in the loss rate was found between the period of exposure to 2.36 µg/ml of sulfoxaflor 280 

(-5.97 ± 9.33 %) and the pre-exposure period (-0.54 ± 3.98 %; DE vs BE: Δ = -1.36 – large effect; Fig. 

3 and Table S3). After exposure to this sulfoxaflor concentration, the bee loss rate decreased and was 

significantly lower (-1.14 ± 5.07 %) than during the treatment period (AE vs DE: Δ = 0.52 – medium 

effect), and was comparable to that observed before exposure to the insecticide (Fig. 3 and Table S3). 

Finally, to determine whether this increase in bee losses caused by the exposure to 2.36 µg/ml of 285 

sulfoxaflor could be considered a risk for colonies, we compared the fold changes in bee losses to the 

theoretical trigger values considered to be safe for colonies, i.e. that cause a negligible reduction in 

colony size (EFSA 2013). We found that the fold changes in bee mortality were predominantly above 

these trigger values (Table 3). In some cases, homing flight rates before exposure to sulfoxaflor were 

positive or close to 0, but strongly negative afterwards, indicating a major effect of sulfoxaflor (i.e. 290 

above the theoretical trigger values). 

Colony development and survival 

The number of adult bees, open and capped brood cells, as well as the amount of honey and pollen 

storage, measured before and after exposure to sulfoxaflor are shown for each month in Fig.S2. We did 

not find any effect of treatment (control, 0.59 µg/ml and 2.36 µg/ml of sulfoxaflor) on the number of 295 

adult bees and open brood cells, and on the amount of honey and pollen storage between the different 

periods of exposure (before vs during and before vs post-exposure; Table S4 and Table S5). However, 

the number of capped brood cells in honeybee colonies exposed to 2.36 µg/ml of sulfoxaflor was 

significantly lower 10 days post-exposure than before exposure (Wilcox test: p = 0.032; Table S5).  

All colonies provided with sugar syrup only (n = 5 colonies) or with sugar syrup laced with 0.59 µg/ml 300 

of sulfoxaflor (n = 6 colonies) survived throughout the winter. However, three out of the five colonies 

exposed to 2.36 µg/ml of sulfoxaflor were found dead at the end of winter; these three colonies were 

exposed to sulfoxaflor in April, May and June. 
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Discussion  305 

Within the framework of pesticide risk assessment procedures for honeybees, data on effects on colonies 

are required if some risks have been identified on individual bees. Such Tier 2 and 3 studies are 

considered more environmentally realistic but demand greater resources and can be more difficult to 

interpret. In fact, the high uncertainty and variability of ecotoxicological data under semi-field and field 

tests may have contributed to some failures in detecting the risks associated with pesticides, such as 310 

neonicotinoids (Franklin and Raine 2019, Sgolastra et al. 2020). However, such issues could be partly 

resolved thanks to the recent technological advances in the monitoring of honeybee behaviors 

(Bromenshenk et al. 2015, Meikle and Holst 2015, Marchal et al. 2020). Indeed, by performing an in 

situ and real-time monitoring of colony daily flight activity, we were able to determine i) the background 

activity and consecutive homing rates, and then ii) to what extent they were affected by exposure to the 315 

neurotoxic insecticide sulfoxaflor for identifying risks to colonies. 

We first assessed the effect of sulfoxaflor on the colony daily flight activity. Only control colonies, 

which were used as an environmental control, exhibited an increase in the daily flight activity between 

the pre- and post-exposure periods. This phenomenon might result from colony growth and/or a higher 

resource need over the course of the experiment. However, we did not observe any increase in the 320 

number of adult bees or brood production between these two periods. This increase in colony activity 

might rather be a direct consequence of sugar-syrup feeding, given that forager bees have high sugar 

requirements for performing foraging flights (Rodney and Purdy 2020), and providing sugar syrup to a 

colony generally may affect its foraging efforts (Free 1965). While some monthly tendencies in the 

increase of activity were observed for colonies exposed to the lower concentration of sulfoxaflor, the 325 

magnitude of effects was not significant. This suggests that at this concentration, sulfoxaflor prevented 

colonies from having the same dynamic as control colonies, and therefore triggered some minor but 

sublethal effects on colony activity. A stronger effect was however found at the higher sulfoxaflor 

concentration, with a reduction by half of the colony daily flight activity, likely due to the impairment 

of locomotion and foraging behaviors as previously described with neonicotinoids (Schneider et al. 330 

2012, Alkassab and Kirchner 2018). This confirms a recent study, which found lower activity in colonies 

fed for 21 days with sugar solutions contaminated by the formulated product Closer ® (active ingredient: 

sulfoxaflor, 0.0003 µg/ml) (El-Din et al. 2022). However, no change in flight activity was reported when 

colonies were not directly exposed to the pesticide- (Tamburini et al. 2021). In this latter study, floral 

resources were treated with the formulated product at the recommended maximum rate for spray 335 

applications (i.e. 0.4 L/ha), and effects started to be monitored 6 days after the application. This lack of 

effect might therefore reflect a lower level of exposure and corresponds to our lower concentration 

treatment. Another difference in the experimental setup was that flight activity was estimated by 

counting the number of bees entering the hive within one minute each day, which likely gives a partial 
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estimate of colony activity since flight activity is strongly governed by environmental factors and can 340 

exhibit daily changes (Winston 1987). 

The colony-level assessment of bee losses is a key parameter used for evaluating the magnitude of 

effects due to pesticide exposure and setting protection goals for honeybee colonies (EFSA 2013, EFSA 

et al. 2020). Indeed, colony demographics and dynamics, like for any population, are strongly governed 

by the death rate of individuals. By monitoring the colony homing flight rates of all worker bees, we 345 

identified a bee loss rate of 2.77 ± 3.18 % for control colonies and of 1.90 ± 2.99 % for colonies exposed 

to the lower concentration of sulfoxaflor. These values are lower but rather in accordance with a 

systematic review of the literature, which reported median values of daily background mortality rates of 

3.5-4% for all honeybee workers (covering all behavioral roles; dataset based on visual and RFID 

records);  foragers presenting the highest daily mortality rates, with median values at around 10–12% 350 

(EFSA et al. 2020). In addition, we observed a monthly change in the overall mortality rates, with higher 

losses in May, June, and July as compared to April. Despite minor changes in colony-level activity, this 

change may be a consequence of a higher individual foraging activity (e.g. longer foraging trips) during 

the spring since the more time bees spend foraging, the lower their survival probability is (Prado et al. 

2020).  355 

We then detected a significant decrease in the homing flight rates upon exposure to the higher 

concentration of sulfoxaflor, while no effect was found in control and colonies exposed to the lower 

pesticide concentration. Several studies have shown that the effects of pesticides could be modulated by 

others factors such as the quality of nutrition and co-exposure to pathogens or others pesticides (Doublet 

et al. 2015, O’Neal et al. 2018, Tosi and Nieh 2019, Barascou et al. 2021b, Siviter et al. 2021, Castle et 360 

al. 2022). However, the decrease in the homing flight rates was highly consistent across each replicate 

(month, Fig .4), indicating a robust effect of the higher concentration of sulfoxaflor. Interestingly, the 

effect on bee mortality, as for the flight activity, was restricted to the period of exposure, which might 

be explained by the relatively rapid elimination of sulfoxaflor in honeybees (Barascou et al. 2021b, 

2022). Such an increase in bee mortality is consistent with previous semi-field studies, which showed 365 

adverse effects of sulfoxaflor on bee mortality after two spray applications of a crop (residues in flowers 

ranging from 5 mg/kg on the first day of application to 0.1 mg/kg 7 days after application) (Cheng et al. 

2018). In addition, if no effect of sulfoxaflor on learning and memory has been reported at doses ranging 

from 0.024 to 2.5 ng (Siviter et al. 2019), a recent study showed that honeybees fed with 26 ng of 

sulfoxaflor exhibited poor homing flight abilities: only 28% of them successfully returned to the colony 370 

compared to 75% for control bees (Capela et al. 2022). We could therefore reasonably assume that the 

higher concentration of sulfoxaflor impaired the homing ability as well as their flight or foraging 

capacities as often observed with neonicotinoids (Bortolotti et al. 2003, Matsumoto 2013, Ma et al. 

2019, Monchanin et al. 2019).  

In a 10-day chronic toxicity experiment performed with honeybees reared in cages, we previously found 375 

no lethal effects of sulfoxaflor at a concentration of 0.02 µg/ml, while at 2.35 µg/ml bee survival 
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significantly decreased (Barascou et al. 2021b). A preliminary experiment also showed that 0.1 µg/ml 

of sulfoxaflor was not toxic to bees (unpublished data). Altogether, these studies suggest a similar 

chronic toxicity in Tier 1 and Tier 2 toxicity tests. One difference might be the fold change in bee 

mortality given that in laboratory conditions the hazard ratio for bees exposed to the higher sulfoxaflor 380 

concentration was close to five (Barascou et al. 2021b), while in our current experiment the same 

concentration triggers a 10-fold increase in bee losses. However, if mortality rates (for all worker bees) 

upon exposure to the higher sulfoxaflor concentration rose to 21.8 % within a day, it rarely exceeded 13 

% (8 times on 50 records). This is in contradiction with a recent study suggesting that daily loss rates 

less than 13 % could be classified as normal (Ngo et al. 2021). Besides a few exceptions, our data suggest 385 

that mortality rates below 5 % could rather be considered as normal, which is in line with the background 

mortality rates of 3.5-4% (for all honeybee workers) identified from a large dataset including studies 

carried out in different countries and environmental conditions (EFSA et al. 2020). Finally, it is 

interesting to note that in some cases (days), the homing flight rates were positive indicating a gain of 

bees for the colony. This was especially noticed during exposure to the higher concentration of 390 

sulfoxaflor in the month of April. Such rates were quite high but were associated with very low flight 

activity, which shows that the colony gained very few bees. This might be due to some drifting between 

colonies or to some bees that stayed outside overnight and entered the hive the next day. 

Despite an increase in bee mortality, colony size was not impacted in the short-term. This could be 

explained by the lack of precision of the method used to evaluate the number of bees, since bees foraging 395 

in the field could not be included in the colony assessment. However, a significant decrease in the 

number of capped brood cells was found 10 days post-exposure in colonies exposed to 2.36 µg/ml of 

sulfoxaflor. Since the capped brood stage lasts between 11 and 12 days, most of these individuals were 

in the larval stage during exposure to sulfoxaflor. The impact of sulfoxaflor might therefore be an 

indirect consequence of reduced foraging efforts (lower flight activity combined with a higher bee loss) 400 

and therefore less food resources for larval nutrition. A reduction in the storage of pollen, which is used 

by nurse bees to provision larvae with jelly, was notably found after 21 days of exposure to sulfoxaflor 

(El-Din et al. 2022). Although not significant, we could observe a similar trend with some colonies 

having no pollen storage at the end of the treatment with the higher sulfoxaflor concentration. Finally, 

a non-mutually exclusive hypothesis would be a direct effect of sulfoxaflor on brood development due 405 

to the role of acetylcholine and its receptor on larval development (Grünewald and Siefert 2019).  

In order to have natural variations in colony state, we made the choice to not artificially homogenize 

their population size but rather to perform a random assignment of colonies to the different treatment 

groups. Although, there was no difference in colony state among these groups, colonies exposed to the 

higher sulfoxaflor concentration tended to be initially smaller than the others. This was not associated 410 

with differences in the colony flight activity and daily bee losses, but we cannot exclude a reinforcement 

of pesticide effects due to a potentially smaller population, which will need to be confirmed by 

experimentally testing pesticide effects according to colony size. 
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Lastly, to determine whether the specific protection goals (SPGs) for honeybees were satisfied for the 

higher sulfoxaflor concentration, we compared the observed fold changes in daily bee losses to the 415 

theoretical trigger values associated with the SPG of 7% colony-size reduction. Such fold-changes were 

often found to be above the SPG and therefore a risk for colonies. Some of them could not be determined 

due to positive homing flight rates before exposure to the pesticide, but the range of negative values 

during exposure to sulfoxaflor reflected even larger fold-changes. The risk posed by the bee loss rates 

was somewhat confirmed by the winter loss of three colonies out of the five. In fact, by using model 420 

simulations of colony dynamics, Rumkee et al. (2015) found that an increase in adult bee loss rates had 

a much greater impact on colony survival than mortality of bee larvae or reduction in egg-laying rate. 

In addition, bees might have stored some contaminated syrup, thereby prolonging the exposure and 

causing sublethal, rather than lethal, effects in the long-term, as evidenced by the absence of increased 

mortality once the exposure was over. For instance, a reduction in pollen foraging activity has often 425 

been described upon exposure to pesticides in honeybees and bumblebees (Gill et al. 2012, Feltham et 

al. 2014, Prado et al. 2019), which might lead to carryover effects on colony survival (Requier et al. 

2017). The fact that only colonies exposed in the spring died over the winter, but not the ones exposed 

later in July and September, tends to support this hypothesis of carryover effects. Furthermore, a 

significant loss of foragers can lead to the early recruitment of nurse bees for foraging, and such 430 

precocious foragers were found to be less efficient than normal-age foragers; they have a lower lifespan, 

make fewer foraging trips and are much more likely to die during their first flights outside the hive 

(Barron 2015). 

Although chronic exposure to sulfoxaflor might be an unrealistic scenario for honeybee colonies, our 

experiment with bee counters showed  that, real-time and longitudinal data on bee mortality, combined 435 

with threshold values indicating which fold-changes in mortality rates represent a risk for colonies, can 

improve pesticide risk assessment under field conditions. Indeed, while we did not find any major effects 

on the colony demographic state, bee loss rates highlighted a risk for colonies. In addition, bee counters 

can significantly reduce the measurement complexity of mortality rates in the field and are relatively 

time-effective for use, which is essential for the regulatory assessments of pesticides. However, further 440 

efforts are needed to assess and improve bee counters precision for risk assessment (i.e. lower the error 

rates) and avoid erroneous interpretation (Borlinghaus et al. 2022, Odemer 2022). Last but not least, 

since the in situ monitoring of daily bee losses can be connected to consequences for colonies (the 

ultimate protection goal), this measured endpoint has a strong ecological relevance in pesticide risk 

assessment. All of these criteria are important for test methods in chemical regulation. However, the 445 

trigger values for protecting bee colonies have been determined via in silico approaches (EFSA 2013), 

and therefore, future efforts should be made to empirically link mortality rates to effects on colonies and 

better specify the mortality rates that pose a risk for colonies.  
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Figure legends 

Figure 1. Video-based bee counters in the field measuring the activity of a honeybee colony. (A) 

The video-based bee counter with bee channels and the camera is at the entrance of the hive. The camera 

recording bee activity is directly connected to a computer and a program analyzing in real time bee 

traffic. (B) Number of bees exiting and entering the hive over a day during the experiment. During this 675 

day, the colony lost 849 bees, corresponding to a loss rate of 3.3 %.  

Figure 2. Daily flight activity in response to sulfoxaflor treatments. The experiment was repeated 5 

times between April and September. Each plot represents the daily activity of a colony exposed to 

sulfoxaflor or not. The flight activity was recorded before, during and after exposure to sulfoxaflor. Each 

colored dot represents a day of flight activity measurement. Box plots show the 1st and 3rd interquartile 680 

range with a line denoting the median. Whiskers encompass 90% of the individuals. 

Figure 3. Effect size (hedges’s g) and 95% confidence intervals of treatment effects on the daily 

(A) flight activity and (B) homing flight rates between the different periods of exposure. Asterisks 

indicate significant effect of treatment. 

Figure 4. Daily homing flight rates in response to sulfoxaflor treatments. The homing flight rate 685 

was calculated as (Number of entries – Number of exits) / Number of exits) x 100. Values below and 

above the dashed line represent a loss and gain of bees, respectively. The experiment was repeated 5 

times between April and September. Each plot represents the daily homing flight rates in a colony 

exposed to sulfoxaflor or not. Data were recorded before, during and after exposure to sulfoxaflor. Each 

colored dot represents a day of homing flight rate measurement. Box plots show the 1st and 3rd 690 

interquartile range with a line denoting the median. Whiskers encompass 90% of the individuals.  
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Table 1. Results of the linear mixed model assessing the effects of pesticide treatments, period of 

exposure and month on the daily flight activity of honeybee colonies. Intercept represents the control 

group and the period before exposure to sulfoxaflor in April. 705 

 

Parameters Estimate Standard 

error 

t-value p-value 

Intercept 26 464.899 6 182.069 4.281 < 0.001 

0.59 µg/ml sulfoxaflor 7 001.899 5 449.945 1.285 0.219 

2.36 µg/ml sulfoxaflor -4 248.850 5 487.602 -0.774 0.450 

During exposure 3 526.610 2 416.930 1.459 0.145 

After exposure 6 912.470 2 416.930 2.860 < 0.01 

May 2 047.631 7 084.529 0.289 0.779 

June -3 541.382 6 912.618 -0.512 0.621 

July 5 532.833 6 911.513 0.801 0.444 

September 74.674 7 083.792 0.011 0.991 

0.59 µg/ml sulfoxaflor × During 

exposure 

-2 993.225 3 296.384 -0.908 0.364 

2.36 µg/ml sulfoxaflor × During 

exposure  

-16 989.990 3 418.055 -4.971 < 0.001 

0.59 µg/ml sulfoxaflor × After exposure -5 311.219 360.014 -1.611 0.108 

2.36 µg/ml sulfoxaflor × After exposure -15 653.744 360.002 -4.573 < 0.001 

Random effect: Colony 7 377.1 9 135.1 - - 
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Table 2. Parameter estimates and bootstrapped 95% confidence intervals of the linear mixed 

effect model assessing the effects of pesticide treatments, the period of exposure and month on the 710 

daily flight homing rates. Intercept represents the control group and the period before exposure to 

sulfoxaflor in April. Data in bold indicate a significant effect when the bootstrapped confidence intervals 

(CI) around the parameter estimate did not overlap with zero.  
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Parameters Original 

estimate 

Bootstrapped 

standard error 

Lower CI Upper CI 

Intercept -0.069 1.424 -2.958 2.746 

0.59 µg/ml sulfoxaflor 1.357 1.533 -1.648 4.421 

2.36 µg/ml sulfoxaflor 1.932 1.564 -1.074 5.050 

During exposure -0.767 1.175 -3.028 1.551 

After exposure 0.077 1.175 -2.210 2.376 

May -3.341 1.320 -5.917 -0.765 

June -2.534 1.289 -5.094 -0.005 

July -4.516 1.287 -7.031 -1.993 

September -1.669 1.319 -4.282 0.863 

0.59 µg/ml sulfoxaflor × During 

exposure 

0.492 1.602 

 

 

 

-2.688 3.626 

2.36 µg/ml sulfoxaflor × During 

exposure 

-4.654 1.662 -7.956 -1.385 

0.59 µg/ml sulfoxaflor × After exposure 0.184 1.602 -2.992 3.303 

2.36 µg/ml sulfoxaflor × After exposure -0.695 1.664 -3.990 2.496 

Random effect: Colony 1.186 1.089 0.000 3.543 



23 
 

Table 3. Fold changes in daily homing flight rates between the pre-exposure and exposure periods 

to 2.36 µg/ml of sulfoxaflor. Fold changes were determined for exposure lasting 2, 3 and 6 days. Values 730 

in bold represent the fold changes that exceeded the theoretical trigger values above which a non-

negligible risk of colony size reduction has been identified (i.e. forager mortality should not be increased 

by a factor of 1.5 for 6 days or a factor of 2 for 3 days or a factor of 3 for 2 days). NA represents 

uncalculated values because some colonies, prior to pesticide exposure, exhibited positive homing flight 

rates (gain of bees). 735 

 

Duration of effects 

(maximum protective 

fold-change) 

Month Homing flight 

rates - Before 

exposure  

Homing flight 

rates - During 

exposure  

Fold-change in 

bee losses 

 

 

2 days 

(x3) 

 

April -4.07 -8.58 x2.11 

May 1.04 -3.63 NA 

June 0.03 -9.39 NA 

July -1.42 -4.44 x3.13 

September 1.67 -3.59 NA 

 

 

3 days 

(x2) 

 

April -4.07 -9.84 x2.42 

May 1.04 -3.08 NA 

June 0.03 -12.05 NA 

July -1.42 -4.13 x2.91 

September 1.67 -4.90 NA 

 

 

6 days 

(x1.5) 

April -4.07 -5.43 x1.33 

May 1.04 -6.12 NA 

June 0.03 -10.98 NA 

July -1.42 -4.67 x3.29 

September 1.67 -7.56 NA 
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Figure 1  
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Figure 2  
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Figure 4 

 

 


