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Abstract  

Insects move their antennae to actively sense their environment. Regarding olfaction, it is not 

clear how these movements might be optimized for sampling the odor environment. Honey bees 

have movable rod-like antennae the last of segment of which contains several thousand pore 

plate sensillae that contain dendrites of olfactory sensory neurons. Walking honey bees typically 

move antennae in an almost constant manner. These movements can be impacted by odor 

valence, either innate or learned, suggesting that these movements are under sensory control. 

However, it is unclear if these movements are under active control or are simply fixed responses 

to stimulation. Here we evaluated antennal movements of stationary bees when placed in odor 

plumes with different structures. Antennae took up on average two different positions both in the 

absence and presence of odor in the plume. One corresponded to upwind and toward the odor 

source. The other position was across the plume. Bees rapidly switched between positions both 

in the presence and absence of odor. The frequency of forward and lateral positioning 

depended on the presence/absence of odor and on the structure of the plume, which suggests 

that movement is involved in sensing of odor filaments. We conclude that these movements 

represent active sensing, analogous to sniffing in mammals. Future investigations need to focus 

on the connection between antennal movements and physiological sensing as well as on 

analyses of odor-driven antennal movements in freely moving bees. Our results also suggest 

that active sensing may differ across insects with different antennal morphologies.  
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Summary statement  

Honey bee antennal movements are correlated to differences in structured odor plumes, 

representing active sensing analogous to sniffing in mammals.  

 

 

Introduction 

Insect antennae are multisensory organs designed to detect information in an insect’s 

environment (Elgar et al., 2018). An array of sensory receptors from several different modalities, 

including hygroreceptors, mechanoreceptors, gustatory and olfactory sensory receptors, are 

distributed along antennae in different species. Many species move or position their antennae 

specifically to seek out and monitor static and dynamic information in these sensory modalities, 

which is called ‘active sensing’ (Crimaldi et al., 2022; Dürr et al., 2022). For example, the long 

filamentous antennae of stick insects and of orthopteroid insects such as cockroaches, crickets 

and locusts are actively used in tactile sensing (Mérida-Calvo et al., 2021; Prescott et al., 2011; 

Staudacher et al., 2005). Prior to contact with an object, stick insects move antennae in cyclical 

patterns consistent with exploratory behavior. After contact with an object, movement patterns 

change in ways specific to the type of contact – e.g. wall vs edges. Similarly, orthopteroid 

insects use tactile sensation to discriminate objects and determine whether to approach or avoid 

an object. These movements can also be guided by vision as antennae are moved to 

investigate objects in the peripheral visual field (Willis et al., 2011). Male cockroaches orienting 

to sex pheromone under different plume conditions hold antennae at a relatively fixed position 

so as to monitor plume position and boundaries (Willis & Avondet, 2005). Finally, in locusts 

contact with an odor filament in a plume triggers targeted antennal movements that increase 

certainty about the location of the filament (Huston et al., 2015). More focused studies 

evaluating how antennae move with respect to different stimuli have the potential for revealing 

more detailed aspects of strategies for active sensing.  

Honey bees have geniculate antennae with three segments - the scape, pedicel and 

flagellum (Schneider, 1964). This type of rodlike, segmented antenna can be moved in three 

dimensions around the base as well as bent at the ‘elbow’ joint formed between the pedicel and 

flagellum. Thus the antennae can be moved using different degrees of freedom in order to 

actively investigate the surroundings. Flying honey bees hold the antennae in a relatively fixed 

position, like in walking cockroaches, but the position and movement depends on and tracks 

information from the visual flow field and windspeed (Roy Khurana & Sane, 2016). In this 
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situation back-and-forth casting alternating with forward surging body movements in an odor 

plume can enhance active sensing (Carde & Willis, 2008; Demir et al., 2020).  

In contrast, walking honey bees actively move their antennae. Introduction of an odor into an 

air stream moving over the antennae induces rapid movement (Lambin et al., 2005) and 

tracking the position of the odor stream relative to the head (Suzuki, 1975). Like in other insects, 

mechanoreceptors on the antennae are used in tactile sensation to discriminate textures on 

different objects (Erber et al., 1998). Moreover, when honey bees learn about the association of 

odor with reinforcement, the movements induced by odor reveal the valence – 

appetitive/aversive - of the reinforcement (Cholé et al., 2015; Cholé et al., 2022; Gascue et al., 

2022). More recently, Claverie et al. (Claverie et al., 2023) have shown that naive bumble bees 

increase both vertical and lateral antennal movement when presented with an odor, the former 

of which might enhance flow speed around the antenna and hence odor capture (Claverie et al., 

2022), and the latter movement might enhance determination of odor plume boundaries or odor 

gradients, as in cockroaches (Willis & Avondet, 2005). Accordingly, increased flow over 

crustacean antennules increases electrophysiological responses, which suggests an increase in 

odor molecules transferred to receptors per time as a result of thinning of the boundary (Moore 

et al., 1991).    

Thus, there is now considerable evidence that antennal movements of stationary or walking 

honey bees are used to actively investigate odors. We therefore hypothesize that, if antennal 

movements represent information exploration or exploitation, the movements should depend on 

the structure of the odor environment. Air streams flowing over and around objects and through 

thermal gradients may become turbulent. When this happens, the turbulence breaks up odor 

packets into thin filaments, and the encounter with a filament might be as short as a few ms 

depending on flow conditions, the relative movement of the insect, and its antennal movement. 

Here we quantifiably manipulate odor flow conditions (Connor et al., 2018) while monitoring 

antennal movements of fixed honey bees. We show that movements depend on flow conditions, 

and we discuss how these movements might be extracting information from the flow.  

 

 

Materials and methods 

Odor mixture 

For all odor presentations we used a mixture of 11 components loosely based on the natural 

mixture of the honey bee pollinated plant Brassica rapa (Knauer & Schiestl, 2015). Those 
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components were (pg/L): -Farnesene (1014); acetophenone (1012); benzyl nitrile (1014); decanal 

(1012); indole (1014); methyl benzoate (1014); methyl salicylate (1014); nonanal (1012); p-

anisaldehyde (1013); phenyl acetaldehyde (1013); z-3-hexenyl acetate (1014). We previously 

confirmed using electroantennograms that honey bees can detect each of these components. 

 

Honey bee behavioral responses to odor  

Twenty honey bee workers were collected at the hive entrance, placed briefly on ice, and 

harnessed in small plastic tubes using light colored masking tape (Birgiolas et al., 2017; Smith & 

Burden, 2014). Tape was placed under the back of the head such that the head, antenna, and 

proboscis were free to move. The back of the head of each bee was fixed in place with a small 

amount of wax so that a bee was unable to turn its head; this provided a fixed reference in video 

frames. Harnessed honey bees were placed 20 cm from the odor output port in a wind tunnel 

previously used to characterize odor plumes (Connor et al., 2018). Antennal responses were 

recorded from above using a Flea 3 camera at 30 frames per second. Each bee was recorded 

for 90 seconds, and at the 20 second mark the odor port was turned on, allowing 20 seconds for 

recording of antennal movements without odor stimulation and 70 seconds of recording of 

odorant plume structure responses. Odor plume structures were presented to each bee twice in 

randomized order (two rounds for each odor plume structure). Bees were allowed to rest for 15 

min between each odor presentation. Odor was replaced in the odor port after 30 presentations. 

Antennae were tracked from video recordings using SwarmSight (Birgiolas et al., 2017). 

That program returns the angular position of each antenna at each video frame, which was then 

used to generate the kernel density plots below. We then calculated at each video frame for 

each bee and each presentation trial the following measures: (1) the fraction of the time that the 

antenna occupied either of two angular modes (forward vs. lateral) identified in the kernel 

density plots and (2) an antennal coordination score, which represents the sign of the antennal 

coordination, i.e., positive if tended to be positioned in the same angular mode, and negative if 

they tended to be positioned in opposite modes. An antennal coordination score of zero 

represents no coordination, i.e., independent positioning of the two antennae. The antennal 

coordination score is calculated as follows: 

𝐴𝑛𝑡𝑒𝑛𝑛𝑎𝑙 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑠𝑐𝑜𝑟𝑒 =

0.5 ∗ log𝑒(
𝑃𝑡 𝑏𝑜𝑡ℎ 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑎𝑟𝑒 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 ∗ 𝑃𝑡 𝑏𝑜𝑡ℎ 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑎𝑟𝑒 𝑙𝑎𝑡𝑒𝑟𝑎𝑙

𝑃𝑡 𝑙𝑒𝑓𝑡 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑖𝑠 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 & 𝑟𝑖𝑔ℎ𝑡 𝑖𝑠 𝑙𝑎𝑡𝑒𝑟𝑎𝑙 ∗ 𝑃𝑡 𝑟𝑖𝑔ℎ𝑡 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑖𝑠 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 & 𝑙𝑒𝑓𝑡 𝑖𝑠 𝑙𝑎𝑡𝑒𝑟𝑎𝑙
), where 

𝑃𝑡 is the proportion of time the two antenna are in a given mode. 
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Bees were presented with four pre-defined plume structure scenarios in a wind tunnel 

(Figure 1). These scenarios were presented in the same wind tunnel and under the same 

conditions used for quantification of acetone plume structures just before our data were 

collected (Connor et al., 2018). The chamber was carefully calibrated to achieve the same flow 

conditions. The wind tunnel dimensions were 30 cm wide x 30 cm high x 100 cm long. Air 

entered through a bell-shaped contraction and exited out the back through a contraction that 

tapered to a 5 cm x 5 cm cross section housing a 12 V fan to generate the flow.  

Analyses using laser sheet imaging of acetone plumes released at the mid-line of the 

entrance to the tunnel described the statistical properties of each of the four dynamic plume 

conditions we use here (Connor et al., 2018). Supplemental videos S1-S4 show restrained bees 

with moving antennae placed into an acetone plume so that encounters with the plume could be 

visualized under different conditions. ‘Bounded’ refers to release of the plume 6 mm off of the 

bed of the tunnel, where it initially disperses within a viscous sublayer next to the bed. Bounded 

plumes rapidly spread laterally, maintain high concentrations across several measurement 

points, and have relatively small fluctuations across the field (Suppl video S1). ‘Unbounded’ 

refers to release of the odor plume centered in the tunnel entrance, well away from the viscous 

sublayer next to the bed. Unbounded plumes are more diffuse, showing more fluctuations and 

less lateral spreading (Suppl videos S2 and S3). Higher flow rates (e.g. 20 cm/s in S3 versus 10 

cm/s in S2) in the unbounded condition resulted in more rapid, energetic fluctuations. Finally, 

‘obstacle’ refers to a block (5 cm L x 5 cm W x 16 cm H) placed 5 cm from the source of the 

odor delivery to create more complex eddies in the plume (Suppl video S4).  

 

Statistical analyses 

We established independence of antennal measures to satisfy statistical tests via a 

crosscorrelation analysis and determined that ~1.7s (50 frames, at 30fps video) was sufficient to 

obtain independent antennal measures in our data set. We next established bimodality in our 

antennal angle data with the Hartigan's dip test (D statistic below) using the diptest package in 

R (Hartigan & Hartigan, 1985), again taking only 1 of every 50 data points and testing each 

antenna separately but pooling across all other factors in the data. We found a bimodal split 

point for both the right and left antenna (see below) and thus converted our continuous angular 

data to bimodal forward or lateral modal position data based on that split.  

The total number of data points used for GLM derives from the following procedure. 20 bees 

were each shown 4 plume structures over in two replicate trials, for a total of 160=20*4*2  

presentations.  Each presentation was 89.9 s long.  Although SwarmSight extracted antennal 
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position data for each frame of a 30 fps video (2697 frames), but we only analyzed frames 10, 

60, 110, 160, etc.; this 1:50 downsampling is based on the cross-correlation analysis above that 

showed that it would yield independent measures. Each trial began with 20 seconds of odor off  

(600 frames, 12 frames analyzed) and was followed by 70 seconds of odor (2100 frames, 42 

frames analyzed). This yielded, for each antenna, 160*(12+42)=8640 values of antennal 

position for each antenna (8640*2=17280 data points), and 8,640 antennal coordination values.  

We used generalized linear models (GLM) in R (www.R-project.org) with odor presence, 

antenna, plume structure, and Bee ID as fixed effects on antennal modal position. We used a 

generalized linear model (GLM) with odor presence and Bee as fixed effects on antennal 

coordination score. Odor on vs. off and flow scenario were independent factors. Conversely, 

odor on vs. off was pooled for analyzing the effects of the plume scenarios. We also evaluated 

interactions between these factors but did not find any that were significant. Additionally, when 

removing ‘off’ condition data and re-running GLM analyses, we find identical significant effects 

of plume condition on antennal coordination and antennal modal position.   

The residual estimates in figures below are the change in log odds of the model measure 

(antennal modal position or coordination) associated with one unit increase in the fixed effect 

factor variable. Essentially, a larger residual estimate means a bigger impact that a fixed factor 

component has on the value the model is trying to predict; i.e. antennal modal position or 

antennal coordination. The residuals are converted into probabilities in figures below by the 

following equations: 

Antennal position - 𝑝 =   
1

1+𝑒−𝑥−𝑥0
 , where p is the probability that the antenna is forward,  𝑥0 is 

the sum of the residuals for all fixed effects in the model including the intercept, and 𝑥 is the 

residual value for a specific factor.  

 

Antennal coordination - The coordination score, defined above, is given by 𝑥, the value of the 

residuals plotted on the x-axis, plus 𝑥0, where 𝑥0 is the sum of the residuals for all fixed effects 

in the model including the intercept. More positive coordination scores mean that the antennae 

are more likely to be in the same state than would be expected if they moved independently; 

more negative scores mean the opposite.  As an example, if the antennae are equally likely to 

be forward or back, a coordination score of 0.1 (or -0.1) means that the probability that they are 

in the same state is 0.525 (or .475). The index we use to measure correlation takes into account 

the biases that each antenna (forward vs. lateral) might have, so the behavior in a single 

antenna cannot account for the changes in correlation:  the shift to lateral position and the 

change in correlation are independent observations.  
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Results 

Antennal positioning in air flow is bimodal 

We find a striking feature in every condition for both antennae is the presence of two bands 

that extend across the entire recording, from prior to odor onset until the termination of the trial 

(Fig.2). The top band indicates antennal positioning toward the source of the odor and more 

parallel to the direction of air flow. The bottom band indicates antennal positioning more lateral 

and across the air flow. These bands show that on average and across bees antennae were 

positioned in one or the other position, with rapid transitions between positions.  

Fig. 3A & B shows that transitions for both antennae range from a low of zero (only a few 

cases limited to the no odor condition) to as high as four to six transitions per second with 

means and medians around two. Therefore, bees did not hold their antenna in fixed locations for 

prolonged periods over the course of any trial. We ran a generalized linear model (GLM) 

comparing the rate of bimodal position transitions antennae (antennal transition rate) 

made across the experiment with plume structure, odor presence/absence, trial, and 

antenna as fixed effects. Antennal transition rate was not significantly impacted by any of our 

measured fixed effects (GLM, p>0.05).  

We then collapsed across time to evaluate the significance of the bimodality (Fig. 4). In each 

of the four test conditions, there was a clear and significant dip in position probability around 50 

degrees from the direction of air flow (Right: D=0.0113, p<0.0001; Left: D=0.01, p<0.001). This 

dip represents the fast transition in position shown in Figure 2. It was present under all flow 

conditions for both antennae both before and after odor onset.  

 

Positioning of antennae depends on odor and flow conditions 

We next analyzed how the presence of odor in different flow conditions influenced the 

distribution of antennae into the two modal positions identified above (Fig. 5). We find a 

significant impact of odor presence as well as plume structure on the modal position of 

antennae, but no differential impact on left vs right antenna. Prior to odor onset both antennae 

tended to be equally distributed across forward and lateral positions. During odor bees are more 

likely to hold their antenna lateral (away from the odor source) relative to the pre-odor periods, 

likely maximizing odor capture along the antenna. When examining differences across plume 

structures we find bees were more likely to hold antenna in the more lateral position for plume 

structures with very broad distributions either very constant in the environment (bounded 

condition) or highly variable (obstacle condition). However, we observe the opposite pattern in 
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the unbounded flow conditions with narrowly defined linear plumes, in which bees were more 

likely to have their antenna pointing towards the odor source.  

 

Coordination across antennae depends on odor and flow 

We also find that the coordination of antenna was significantly impacted by odors and plume 

structures (Fig. 6), indicating that antennae can be moved independently of each other. In 

general, antennae tended to be in anti-correlated positions (one forward and the other 

lateral/backwards). However, they became significantly more positively correlated in the 

presence of odor. Again, as with positioning, flow conditions had additional impacts on antennal 

coordination. Coordination was highest in the obstacle condition and least coordinated in the 

unbounded 10 cm/s flow condition. The remaining two conditions showed no differential effects 

on antennal coordination.  

 

 

Discussion 

Our objective was to investigate antennal movements in odor environments that have 

documented differences in temporally fluctuating characteristics of odor encounter at a fixed 

location in a plume. We examined four different plume structures, three of which have well 

characterized statistical properties (Connor et al., 2018). Antennal movements averaged across 

bees in each flow condition show broad similarities in how antennae are positioned and moved, 

suggesting common strategies for locating and identifying odors. Yet there were also significant 

differences in movement patterns across plume structure through time that may further reflect 

active sampling of plumes with different encounter rate and distribution probabilities.  

The similarities in antennal movements across plume conditions arise from two observations. 

First, both the left and the right antennae tended to occupy one of two positions, one forward, 

pointing more upwind toward the source, and the other extended out more laterally across the 

air stream. These positions show up as two distinct bands across time in each of the flow 

conditions. The separation of the bands represents a rapid and frequent transition from one 

mode to the other with little hesitation in between. At present, we do not know whether these 

positions represent different ways that the antennae seek or capture information from the 

plume. For example, wider held antennae may enhance the chance of odor filament capture. 

Antennae (and sensors) pointed upwind might enhance information about odor identity. Second, 

the left and right antennae are not always symmetrically in the same corresponding position in 

all plume structures. The reason for this difference could reflect turbulence created by the 
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specific flow conditions in our experimental apparatus. The ability to move antennae fairly 

independently into positions that extract different features of the plume could also enhance 

active sampling. Future investigations, now justified by our analyses, would need to couple 

more precise control of plume conditions – e.g. intermittency, fluctuation, mean concentration – 

with electrophysiological recordings or imaging in the antennal lobe to unravel these 

relationships.   

One other possible reason for antennal movement relates to flow conditions over the 

antennae. In the honey bee, olfactory receptor neurons on the antennae are housed in a few 

thousand ‘pore plates’ (Lacher, 1964), which are oval depressions in the cuticle with small pores 

arranged around the inside edge of the pore plate. Each pore plate contains the dendrites of a 

few to a few dozen olfactory receptor neurons. The pores, where there is an interface between 

air and the aqueous hemolymph in the sensillum, allow for the hydrophobic ligands to be picked 

up by transport proteins that move the ligands to the dendrite surface where they release a 

ligand to bind to the receptor (Leal, 2013). For an odor ligand to arrive at the dendrites and bind 

to odor receptors it first must diffuse through a boundary layer of air that surrounds the outside 

of the antennae. Oscillatory movements of the antenna can enhance the capture rate of odor 

ligands by increasing encounter rates (Claverie et al., 2022). In a recent numerical modal, 

Goulet (Goulet et al., 2025) showed that moving air thins the boundary layer at the leading edge 

of the antennae, which allows for more efficient odor capture. Turbulence around the back edge 

of the antennae reduces capture efficiency. This model shows why pore plates are not evenly 

distributed around the antennae(Lacher, 1964), with more of them being concentrated on the 

side that would be the leading edge during flight, when the air flow would be generated by body 

movement. This model also suggests that one reason for movement when walking. This 

movement pattern, in addition to enhancing odor search, would generate flow over the antennae 

and increase odor ligand capture particularly when antennae transition from one position to the 

other. This explanation for antennal movements is analogous to sniffing in mammals 

(Wachowiak, 2011).   

Differences in antennal movements across plume conditions require an understanding of 

how plumes differed as a result of speed, bounded conditions and obstacles. Our figures 

represent antennal positions over time and plume structure averaged across a number of bees. 

Interpretation of on-average similarities or differences across these scales therefore need to 

reference average values of the plume structures, since the likelihood of an odor value at any 

point in space or time will be somewhat stochastic between different replicates of any plume 

structure. Connor (Connor et al., 2018) analyzed plume statistics for bounded and both 
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unbounded flow conditions in the same apparatus we used for our study. Whether or not the 

plume was bounded, by having been created within the relatively laminar flow in the viscous 

sublayer near the floor or in the (unbounded) free air flow above floor, and changes in wind 

speed in the unbounded condition, influence the plume dynamics. At a fixed distance from the 

source, bounded plumes are more diffusive. They spread laterally such that concentrations at 

any point, particularly in the middle of the plume, average above zero with fluctuations uniformly 

above and below that mean. In contrast, unbounded flows are more turbulent and patchy, and 

they thus are characterized by mean values at or near zero with intermittent fluctuations above 

zero. Increased wind speeds disperse unbounded plumes further downstream. Connor (Connor 

et al., 2018) did not analyze the effect of obstacles. However, it is clear that obstacles increase 

turbulence. All of these characteristics are clear in the supplemental videos.  

It is worth noting that there is a diversity of antennal morphologies in insects, and that these 

morphologies might be correlated to different types of active sensing movements. Thus what is 

reported for one species may not generalize to other species with different types of antennae. 

For example, some moths have long filiform antennae that, unlike bee antennae, extend well 

above the head. During flight those long antennae can interact with vortices produced by wing 

beats to enhance odor capture (Lou et al., 2024). Male silk moths also beat their wings when 

walking and orienting to female sex pheromone (Loudon & Koehl, 2000), and the wing 

movements enhance odor detection by the feather-like plumose antennae that extend well 

above the head. In contrast, flying honey bees hold their relatively shorter antennae in a position 

(Roy Khurana & Sane, 2016) that may be less likely to be affected by wing vortices in the same 

way as in moths, and that may be reflected in the lack of receptors on the downwind side of the 

antennae. Walking honey bees, which was our motivating interest for the current study, do not 

move their wings, which could contribute to the need for antennal movements that we have 

described in order to increase odor capture. In contrast to both honey bees and moths, fruit flies 

have much shorter antennae, which actively move in response to deflections by wind but not in 

response to odor stimulation (Suver et al., 2019).  

In conclusion, it seems clear that antennal movements are affected by odor encounters. 

There would be no reason to expect differences across plume structures if antennal movements 

were not actively driven by odor encounters, that is, if they were driven by reflex and/or 

mechanosensory information. However, it remains to be determined how these movements 

affect extraction of information from odor plumes. We predict, for example, that the frequency of 

odor encounters with an antenna will be influenced by switching from one position into another, 

or by more stable positioning either forward or lateral in the air flow. As noted above, testing this 
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hypothesis will require coupled behavior and electrophysiological recording from the antennal 

lobe (Lei et al., 2021). Our current data were collected from bees restrained in such a way that 

will allow coupling recordings with behavior. However, we will also need to map these 

movements onto freely walking honey bees as they move in more natural situations in order to 

understand the adaptive nature of these movements.  
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Figures 

 

 

 

Fig. 1. Snapshots across three successive time points (left to right) of dispersion of 

acetone in the different plume conditions.  Approximate ranges at 20 cm (the bee’s 

position) for mean concentration (concentration relative to concentration at the source) 

and intermittency (maximum value 1.0 with values closer to zero indicating more 

intermittency) resp: Bounded 10 0.1-0.2 and 0.9-1.0; Unbounded 10 0-0.01 and 0.05-

0.1; Unbounded 20 0-0.02 and 0.1-0.5; Obstacle 20 0.02-0.05 and 0.5-0.7.  
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Fig. 2. The mean kernel density plots of antennal angle across time for left and right 

antenna for each of the 4 unique airflow conditions, pooling across replicate trials and 

bees. The x-axis displays time with the vertical black bar at 20s denoting odor onset. 

The y-axis displays antennal angle with 0 being pointing towards the mandibles and 180 

representing antennal being held completely backwards (this is physically impossible for 

the bee giving rise to the zero-probability density). Color denotes density at a given 

angle. Scale is standardized across all plots and plotted to the right of each row.  
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Fig. 3. Rate of transitions between forward and lateral positions for the left (A) and right 

(B) antennae. Data are summed across bees (n=20), plume structure (n=4), trial (n=2) 

and odor on/off (n=2). Means/medians: Left odor off 2.1/2.1; Left odor on 2.1/2.0; right 

odor off 2.1/1.9; right odor on 2.1/2.0.  
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Fig. 4. Antennal angle density plots for left and right antenna across the 4 unique airflow 

conditions pooling across time, bees, and replicate trials. Note that across all conditions 

with and without odor present there is a bimodal distribution of antennal angles. Colors 

denote the presence of odor, with gray representing when odor is absent and blue 

representing when odor is present.  
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Fig. 5. The GLM residual estimates for the main fixed factors and their modeled 

distributions comparing the probability of being in the forward mode vs. the lateral mode 

with a bimodal distribution (GLM: Binary mode ~ antenna + flow condition + odor 

presence + bee ID). Plotted on the right is the conversion from residual to probability of 

the antenna being forward. Color denotes fixed factors. Statistical comparisons are only 

made within fixed factor. Symbols denote p-value: n.s.= non-significant, *= p<0.05, ****= 

p<0.0001 
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Fig. 6. The GLM residual estimates for the main fixed factors and their modeled 

antennal coordination (GLM: antennal coordination ~ presence of odor + airflow 

condition + bee). Plotted on the right is the relationship to antennal coordination. The 

horizontal dashed line represents 0 antennal coordination, all points below this line 

denote an anticorrelation. Color denotes fixed factors. Statistical comparisons are only 

made within fixed factor. Symbols denote p-value: n.s.= non-significant, *= p<0.05, ****= 

p<0.0001significant 
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Movie 1. Honey bee in acetone plume bounded at 10 cm/s. 

Movie 2. Honey bee in acetone plume unbounded at 10 cm/s. 

Journal of Experimental Biology: doi:10.1242/jeb.250786: Supplementary information
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https://movie.biologists.com/video/10.1242/jeb.250786/video-1
https://movie.biologists.com/video/10.1242/jeb.250786/video-2


Movie 3. Honey bee in acetone plume unbounded at 20 cm/s. 

Movie 4. Honey bee in acetone plume unbounded at 20 cm/s with obstacle. 

Journal of Experimental Biology: doi:10.1242/jeb.250786: Supplementary information
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