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SUMMARY:
This study aimed to investigate the relationship between the timing of pesticide application and bee activity, measured using bioacoustics, in soybeans. Analysis showed that pesticide application, regardless of timing, had no effect on bee activity, defoliation, or yield. However, bee activity was higher later in the day and during peak soybean bloom. 

ABSTRACT: 
Soybeans (Glycine max (L.) Merr.) and bees have a mutually beneficial relationship where nectar is exchanged for pollination, which may enhance seed yield. However, pesticide use on soybeans during flowering could disrupt this relationship by harming bees and therefore reducing the yield benefits from pollination. This study examined how pesticide applications during flowering affect bee foraging and soybean yield, focusing on application timing (morning vs. mid-day) and flowering stage (R3—full bloom vs. R5—late/end of bloom), compared to an untreated control. To do this, an experiment was conducted in central Ohio in 2023 and 2024, where soybean plots were sprayed with a bee-toxic mixture of a pyrethroid insecticide (0.9% alpha-cypermethrin) and a sterol biosynthesis-inhibiting fungicide (41.8% propiconazole) using a backpack sprayer. Bee activity was monitored using audio recorders placed in each plot and analyzed with the machine learning tool BuzzDetect. Bioacoustic analysis showed no effect of pesticide application on bee activity, regardless of timing. Bee activity was significantly higher during the R3 growth stage, when soybeans were at peak bloom, compared to the R5 growth stage, when flowers were less abundant. Bee activity was significantly higher in mid-day than in mid-morning. No significant differences in soybean defoliation or yield were detected across pesticide treatments. These results provide insight into how bee foraging varies across the soybean growing season and throughout the day, which can inform pesticide application recommendations to minimize bee exposure.

INTRODUCTION: 
Pesticide applications can affect pollinators that forage in agricultural systems1–3. It is possible to mitigate the effect of pesticides, at least in part, by timing applications to minimize pollinator exposure. Pesticides that are known to be toxic to pollinators carry labels that prohibit application when bees are active or when flowers are in bloom. This guidance is consistent with United States EPA guidelines and University factsheets4–5. If followed, this label guidance can mitigate the risk of pesticide application to bees, but does not provide more specific advice on which plant growth stages and particular times of day have the greatest bee activity. Additionally, the regulatory testing that informs label language was performed with singular pesticides and does not consider synergistic interactions between pesticides6.

A “tank mix” is the combination of two or more pesticides in a single application7 and is widely practiced to reduce the cost of pesticide applications and to reduce soil compaction by minimizing the travel of heavy application equipment across the field8. However, this is potentially a risky practice for bees, as most pesticide combinations have not been evaluated for their potential effects on non-target organisms9. Despite this, tank mixing is widely used in many cropping systems, including chickpea10, pumpkins11, almonds12, and soybean13–14. 

Soybeans are one crop where tank-mixed pesticide applications may be particularly important for bee health. Bees frequently forage on soybean flowers for nectar, and soybeans can be a major nectar source for honey production15–18. Despite soybeans being self-pollinating, pollination has been repeatedly shown to increase yield19–21. A survey of soybean growers found that approximately one-third of foliar fungicide applications were tank-mixed with foliar insecticides22. It is recommended that foliar fungicides be applied around the time when soybeans are fully flowering to control common diseases such as anthracnose, Cercospora leaf blight, frogeye leaf spot, and soybean rust23–25. The addition of an insecticide to a fungicide application is viewed by many farmers as a cost-effective way to protect their crop by reducing the risk of arthropod pest issues later in the season26. However, a diversity of bees and other nontarget organisms are at risk when an insecticide is included in fungicide applications made during soybean bloom15,17,27. 

One fungicide-insecticide mixture of particular concern is the combination of sterol biosynthesis-inhibiting (SBI) fungicides and pyrethroid insecticides. Pyrethroid insecticides are sodium channel modulators that disrupt nerve impulses in insects28. Many pyrethroids are highly toxic to bees29–30. SBI fungicides inhibit cytochrome P450 monooxygenase enzymes (P450s) that are important for the formation of fungal cell membranes, but can also inhibit detoxicative P450s that metabolize pyrethroids and other xenobiotics in bees31. The combination of SBI fungicides and pyrethroid insecticides has been shown to be more toxic to honey bees and bumble bees than either pesticide alone32–33. For this reason, applications involving tank-mixing pyrethroid insecticides and SBI fungicides may pose a risk to bees and other pollinators. 

Previous work has reported that bees can be repelled by certain pyrethroid insecticides34 and that exposure to some pyrethroids can decrease bee activity35. However, it has also been documented that fungicides, when combined with insecticides, may mask the repellency effect36.

Bioacoustics, the study of organisms through the sounds that they make, offers a promising approach to evaluate changes in bee activity over the course of a day or growing season in response to pesticide applications. Using the distinct, localizable noise that bees make while in flight—buzzing—as a proxy for bee activity, bioacoustics can be effectively combined with machine learning to assess bee activity in a given area over a desired time period. The audio data collected offers enhanced resolution of bee activity and allows for daily bee foraging patterns to be examined. Additionally, this audio data can be examined over longer periods of time to find trends in activity through a growing season. Decisions on when to apply pesticides occur on both of these scales. Bioacoustics offers a more information-rich way to monitor bee activity and answer questions about bee activity in narrow time windows. Compared to traditional methods like sweep-netting and pan-trapping, a bioacoustics approach requires less labor, allows continuous sampling over longer periods of time, and is highly scalable to larger study sites.  One such application of bioacoustics is in the investigation of pesticide effects on bee activity in agricultural fields.

Here, work is done to determine the effects that a “worst-case scenario” application of a fungicide-insecticide tank mix, applied to soybeans during bloom, may have on bee activity and soybean yield. The pesticides used were formulations containing propiconazole, an SBI fungicide, and alpha-cypermethrin, a pyrethroid insecticide. Both of these pesticides may be applied to soybeans during bloom to control fungal diseases and soybean aphids (Aphis glycines)37–38. A bioacoustics approach was used to determine whether applying this pesticide combination at different times of day (morning or midday) and during different soybean growth stages (peak flowering [R3] or late flowering [R5]) affected bee activity. Bees were expected to forage in high numbers and to be most susceptible to negative effects from pesticide application during the middle of the day and during the R3 growth stage. 

PROTOCOL: 
Experimental design and plot preparation
The experiment was conducted in July and early August of 2023 and 2024. Typically, the soybean growing season in Ohio roughly takes place from April to November. The sites used during the 2023 growing season were located in Clinton County (39.488, -83.769) and Union County (40.296, -83.283), Ohio. The sites used during the 2024 growing season were located in Clinton County (39.489, -83.762), Preble County (39.893, -84.611), and Licking County (39.948, -82.501), Ohio.

The experiment employed a randomized complete block design to control for spatial effects within the soybean field. Within each block, 5 plots were designated for a specific treatment. The treatments included two growth stages (R3 and R5) and two application timings (mid-morning and mid-day), and an untreated control. This resulted in the following 4 pesticide applications made on plots within each block: R3 mid-morning, R3 mid-day, R5 mid-morning, R5 mid-day. Applications during the mid-morning or mid-day occurred within a ~2 h window, with mid-morning applications approximately centered around 10:00 AM and mid-day applications approximately centered around 12:30 PM. In addition to the 5 treatment plots within each block, 3 plots were designated as spares that could be switched into the treatment plots in case of poor soybean establishment or growth. Soybean plant stages were determined with the help of staging guides such as the one published by the University of Minnesota Extension39.

Blocks of soybean plots were spaced about 1.016 m (40 in) apart to allow researchers to walk easily between them. Soybean plots were 1.9 m by 8.5 m (0.0016 ha; 6.25 ft by 28 ft), and the soybean variety used for all sites was Pioneer P35T155E (Corteva, Indianapolis, IN). 6 rows were planted in each plot and were spaced 38 cm (15 in) apart. A seeding rate of 370,658 seeds per ha (150,000 seeds per ac) was used. Bees involved in the experiment were all from local populations. No supplemental bees were added by researchers. The authors had no knowledge of either stationary or migratory apiaries near the experiment sites. All materials used for the experiment are listed in the Table of Materials.

Pesticide preparation
The pesticides used were Fitness fungicide (41.8% propiconazole active ingredient) and Fastac EC insecticide (10.9% alpha-cypermethrin active ingredient). Pesticide application rates were 6 fl oz/ac (438.47 mL/ha) for the SBI fungicide and 3.8 fl oz/ac (277.70 mL/ha) for the pyrethroid insecticide. To prepare the pesticides for application, 9.375 mL of SBI fungicide and 5.937 mL of pyrethroid insecticide were mixed with water and put into a 3 L container to make a tank mixture. Chemical-resistant gloves were worn while preparing the mixture. The final concentration of SBI fungicide in the tank was 3.125 mL per L. The final concentration of pyrethroid insecticide in the tank was 1.979 mL per L.

Pesticide application
This mixture was applied to individual soybean plots within each block using a custom-made handheld backpack sprayer. The pesticide mixture was applied at the top of the soybean canopy, at a speed of ~3 miles per hour. After starting the pesticide application process for a given treatment, it took ~10 min for all plots to receive the application. For each 3 L tank, an area of ~0.027 ha can be covered with the pesticide mixture. The spray volume consumed per hectare is approximately 113 L. This means that ~0.18 L of the tank mixture was applied per plot. To avoid pesticide drift to other plots due to wind, applications were avoided on windy days. Full personal protective equipment (long-sleeved shirt and long pants, chemical-resistant gloves, shoes plus socks, and protective eyewear) was worn while applying the pesticide. If there was an excess pesticide mixture after the conclusion of a pesticide application, it was disposed of according to recommendations from the state environmental control agency.

Recorder setup/use
The general setup and use of audio recorders is similar to a protocol described by other authors40. Handheld audio recorders (ICD-PX370) were fastened to plastic step-in electric fence stakes with hook-and-loop tape, and open-cell foam was placed over the microphone as a windscreen. 

Audio recorders were then placed in the center of each plot ~24 h before the first pesticide application and left running for at least 24 h after each application. Twelve recorders were deployed for each application day, four for each time-of-day group (mid-morning, mid-day, control) in both R3 and R5. 

Audio data processing
All audio recordings were processed through the machine learning tool “buzzdetect”41, which can be found at: https://github.com/OSU-Bee-Lab/buzzdetect. This tool has been trained to distinguish insect buzzing noises from other sounds that frequently occur in the experimental environment, such as cars, combines, or airplanes. The program is not capable of distinguishing Apis mellifera buzzing from other bee species. However, BuzzDetect is capable of distinguishing buzzing noises from some other non-buzzing insect noises, though specific noises (such as cricket calls, mostly during nighttime) are still hard to distinguish. More specific instructions for how to run BuzzDetect can be found at: https://buzzdetect.readthedocs.io/en/latest/gui/. After audio analysis, R42 was used to calculate the detection rate within 1-hour and 8-hour time intervals.

Defoliation data
Defoliation assessments were performed by visually assessing leaves from the upper soybean canopy on 10 plants in each plot involved in the experiment, including all treatments and untreated control plots as recommended by the University of Nebraska Extension43. These assessments were done 24 h after the pesticide application during the R5 growth phase.

Yield data
Soybeans were harvested, and yield was measured in bushels per acre using a plot combine and a grain gauge weighing system. Yield measurements were adjusted to 13% moisture. Plots had 6 rows each; only the 4 center rows were harvested for yield measurements.

Statistical analysis
All statistics were performed in R42. The data were analyzed with either mixed effects linear models via the lme4 package44 or beta regression via the glmmTMB package45. The raw data from BuzzDetect are available in the supplementary materials. Three main types of data were analyzed for this study. Average bee activity data over the course of 1 h and 8 h following a pesticide application, the yield of each plot of soybeans, and the defoliation of soybeans observed at the R5 growth stage.

Average bee activity was obtained by calculating the proportion of time positive for bee buzzing in either an 8-hour or 1-hour window. The 1-hour window is intended to estimate the acute effects of pesticide application on bee activity, while the 8-hour window is intended to estimate the acute and residual effects. Residual toxicity data are not available for alpha-cypermethrin, but residual toxicity for other pyrethroids has been reported to be ~8 h after initial application46. Because the calculation for bee activity is a proportion, differences in activity were analyzed using beta regression conducted with the R package “glmmTMB”. The models examined average detection rates for either 1 h or 8 h following a pesticide application and how they varied when comparing treated plots to control plots (the “sprayed” condition), soybean growth stage, time of day the pesticide was applied, or a growth stage and time of day interaction term. The comparison between treated and control plots is referenced by the variable “sprayed” in both the 1-hour and 8-hour model formulas.

In the 1-hour window model, the fixed effects were the “sprayed” condition, growth stage, time of day, and a growth stage and time of day interaction term. The model had both a year and a year by site interaction term fitted as random effects. The complete model formula was: 

                                                                                                          (1)

The variable detection rate reflects the average bee detections that were observed relative to the total observation window—in this case, 1 h. The variable sprayed corresponds to whether a plot received a pesticide application or if it was an untreated control plot. The variable time_of_day corresponds to whether the detections were captured after the mid-morning or the mid-day pesticide applications for the desired time frame. The variable stage corresponds to the growth stage in which the detections were captured.

In the 8-hour window model, the fixed effects were the growth stage and the “sprayed” condition. The 8-hour model includes nighttime hours for the mid-day spray time, which makes for an unfair comparison between the mid-morning and mid-day spray times. This is because the mid-day application times do not test for the full 8 h of residual toxicity due to bees being inactive during the evenings, a large component of these 8-hour windows. Therefore, mid-day applications were excluded from the model, as were the “time of day” and “time of day:stage” terms. The complete formula for this model was: 

              (2)

The variables detection rate, sprayed, and stage have the same meanings in this formula as they do in the formula used for the 1-hour windows. The only difference is that the variable detection rate is calculated for an 8-hour window. Yield data were analyzed with a mixed-effects linear model. The model looked at bushels per acre for each plot and how the yield varied by treatment. The fixed effect in the model was the treatment, and site and year were fitted as random effects. The complete model formula is written as: 

 				(3)

Soybean leaf defoliation was measured as the average percentage of missing leaf surface area per plot. A mixed effects linear model was used to compare the effect of time of day of the pesticide application on the defoliation percentage. The fixed effect in the model was the time of day that the plots were sprayed. Site and year were fitted as random effects. The complete model formula is: 

 			(4)

All the protocols used in this study are compiled in Supplementary File 1. 

RESULTS: 
Activity
The 8-hour window model (Figures 1A–B) revealed significant differences between bee activity depending on the growth stage of the soybeans (Chi square = 74.35, P < 0.001, df = 1), with significantly higher average detection rates in the R3 stage compared to the R5 stage for the 8 h following pesticide application. No significant differences in bee activity were observed when the pesticide tank mix was applied (Chi square = 0.053, P = 0.82, df = 1). For this analysis, the mean squared error was 0.00094. The variances for the parameters involved in the experiment were: sprayed = 0.021 and stage = 0.041. 

Analysis of audio data for 1 h following pesticide application (Figures 2A–B) revealed significant differences between bee activity depending on the stage of the soybeans (Chi square = 12.72, P < 0.001, df = 1) and the time of day (Chi square = 9.97, P = 0.0016, df = 1). The average detection rate was higher during the R3 stage than in the R5 growth stage. The average detection rate was higher during the hour following the mid-day spray time than during the hour following the mid-morning spray time. No significant differences in bee activity were seen when the pesticide tank mix was applied (Chi square = 0.62, P = 0.43, df = 1). No significant differences were seen with the time of day and growth stage interaction term (Chi square = 2.52, P = 0.11, df = 1). For this analysis, the mean squared error was 0.00094. The estimates of variance for parameters involved in the analysis were: sprayed = 0.027, time of day = 0.040, stage = 0.090, time of day:stage = 0.14. 

When averaged over the course of all days in the experiment, the audio detections reveal a daily trend in detection rates that has differences when separated by soybean growth stage (Figure 3). For both stages, detection rates start to increase rapidly at ~10:00 and decrease rapidly at ~17:00. However, this trend is much more pronounced in the R3 growth stage. Additionally, detection rates reach a much higher peak at ~14:00 in R3 than they do in R5. 

Yield data
Analysis of the yield data (Figure 4) did not indicate that there were differences in soybean yield across treatments. No significant differences were found for soybean yield on any treatment type (F = 0.16, df = 4, 90.86; P = 0.96).

Defoliation
Analysis of defoliation data (Figure 5) did not indicate significant differences in defoliation based on the time of day of pesticide applications (F = 3.046, df = 2, 56; P = 0.055). Defoliation was generally low (<5% in most cases). 

DATA AVAILABILITY: 
All raw data used to create graphs and conduct statistical analyses are included in the supplementary materials section.

FIGURE AND TABLE LEGENDS: 
Figure 1: Distribution of average detection rates for the 8 h following pesticide application. (A) Distribution of average detection rates (binned by 10 min) for the 8 h following the pesticide application during the R3 growth stage. (B) Distribution of average detection rates (binned by 10 min) for the 8 h following the pesticide application during the R5 growth stage. The control groups received no pesticide application. There are no statistically significant differences between any groups. All boxplots display a median line, upper and lower quartiles (top and bottom of boxes), and whiskers (minimum and maximum).

Figure 2: Distribution of average detection rates for the 1 h following pesticide application. (A) Distribution of average bee detection rates (binned by 10 min) for 1 h following the pesticide application during the R3 growth stage. The control groups received no pesticide application. (B) Distribution of average bee detection rates (binned by 10 min) for 1 h following the pesticide application during the R5 growth stage. The control groups received no pesticide application. For both R3 and R5, there was a statistically significant difference in average detection rates between mid-morning and mid-day groups. All boxplots display a median line, upper and lower quartiles (top and bottom of boxes), and whiskers (minimum and maximum).

Figure 3: Average detection rates of all audio recorders in either the R3 or R5 growth stages. Detection rates (binned by 10 min) averaged across all audio recorders used in the experiment and separated by growth stage. False positives in buzz detections due to cricket calls were observed during nighttime hours, especially ~4:30 a.m.

Figure 4: Yield in bushels per acre of soybean for each treatment. The control group received no pesticide application. There are no statistically significant differences between any groups. All boxplots display a mean line (black bars), median line, upper and lower quartiles (top and bottom of boxes), and whiskers (minimum and maximum).

Figure 5: Defoliation levels assessed at the R5 growth stage. Defoliation, expressed as the percentage of leaf area missing for soybean leaves, was grouped by timing of pesticide application during the R5 growth stage. The control group received no pesticide application. There are no statistically significant differences between any groups. All boxplots display a mean line (black bars), median line, upper and lower quartiles (top and bottom of boxes), and whiskers (minimum and maximum).

Supplementary File 1: The protocols needed to replicate the experiments are listed in this document. 

DISCUSSION: 
While scouting for pests and making pesticide applications according to an IPM framework is recommended, the pesticide applications in the experiment were prophylactic, made at specific times during the growing season according to a predetermined schedule rather than on the basis of pest pressure. It is possible that yield and defoliation were unaffected in this study following pesticide application because pest pressure was below economic threshold levels. Defoliation was <5% in most cases, which is below the 15% economic damage threshold for reproductive phases of soybean47. There was no apparent effect of the prophylactic insecticide-fungicide application on soybean yield or on the amount of defoliation that was observed during the R5 growth stage. This suggests that the pesticide application did not preserve soybean yield or deter insect herbivory. However, there was no pest scouting done, and the defoliation results suggest there were few insect pests to control in these fields, which is consistent with the findings of other authors48. Similarly, other authors22 saw similar results where tank-mix pesticide applications did not increase soybean yield when there was little to no insect pressure. These results suggest that there are limited benefits to adding an insecticide to a fungicide application when pest pressure is low. Therefore, adding insecticide may be an unnecessary expense, especially for prophylactic applications.

Instances of bee buzzing, which were used as a proxy for bee activity in soybean, were not affected by application of the insecticide-fungicide tank mix at either mid-morning or mid-day applications, or during the R3 or R5 stages. Additionally, a reduction in bee activity was not observed for either the 1-hour or 8-hour observation windows after pesticide application. This is surprising, as previous work has documented a repellent effect of pyrethroid insecticides34. This may be because the pyrethroid insecticide was combined with a fungicide. Combining these two pesticide classes has previously been shown to decrease repellency36. 

It is worth noting that this experiment did not measure the potential off-site effects of the pesticide application on honey bees (Apis mellifera) that encountered it in the field. The lack of effect of the pesticide on bee activity does not necessarily indicate that the honey bees foraging in these plots were unaffected by the pesticide exposure. It is possible that honey bees foraging in the field encountered the pesticide, continued to forage, and later experienced negative effects. Studies have documented negative effects of tank mix applications49 and pyrethroid insecticides30 on honey bees. It is possible that the honey bees were negatively affected, but this effect did not translate into decreased activity in the field. This suggests that honey bees may not display avoidance behavior for some pesticides/combinations they encounter in the field. Other bees may be found in soybean fields, such as bumble bees or solitary bees15,17. These bees are likely to be disproportionately impacted by pesticide applications that happen when they are foraging on soybean flowers1.

This experiment did shed light on when bees are active in soybean fields. Bees were more active during peak soybean bloom at the R3 stage than at the R5 stage, consistent with results from other authors40. Additionally, the data suggest that bees are more active in soybeans during the middle of the day than during the morning. Through this experiment, a high-resolution picture of bee activity over a day and throughout the growing season has been generated. This reveals important patterns of bee activity in soybean fields, which will be important for crafting pesticide label and application recommendations. These results suggest that pesticide applicators spraying during R5 and during mid-morning will reduce pesticide exposure to bees. However, soybean farmers should apply foliar insecticides only when necessary, based on insect activity and economic thresholds.
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