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Introduction

Flying bees, honeybees or bumblebees, are known to be particularly sensitive to the optic flow pattern generated by the contrasting features of the ground to adjust their altitude by maintaining constant ventral optic flow during terrain following tasks [START_REF] Baird | Visual control of flight speed and height in the honeybee[END_REF]Portelli et al., 2010b;[START_REF] Srinivasan | Honeybees as a model for the study of visually guided flight, navigation, and biologically inspired robotics[END_REF][START_REF] Portelli | Altitude control in honeybees: joint vision-based learning and guidance[END_REF][START_REF] Serres | Optic flow-based collision-free strategies: From insects to robots[END_REF][START_REF] Lecoeur | The role of optic flow pooling in insect flight control in cluttered environments[END_REF]. The minimum sized section of a rectangular tunnel sets the honeybees' forward speed [START_REF] Portelli | Honeybees' speed depends on dorsal as well as lateral, ventral and frontal optic flows[END_REF][START_REF] Serres | Optic flow-based collision-free strategies: From insects to robots[END_REF], therefore the forward and upward axes of the honeybee's flight control system can be decoupled (Portelli et al., 2010b). Consequently, in a tunnel where the width is smaller than the height, the width sets the honeybees' forward speed, see also [START_REF] Franceschini | A bio-inspired flying robot sheds light on insect piloting abilities[END_REF]Portelli et al., 2010a;[START_REF] Raharijaona | Toward an insect-inspired event-based autopilot combining both visual and control events[END_REF][START_REF] Bergantin | Oscillations make a self-scaled model for honeybees' visual odometer reliable regardless of flight trajectory[END_REF] for a description of the visuomotor modelling in honeybees. Similarly, honeybees, which have be trained to follow the tunnel ceiling, when encountering a "dorsal ditch" in the middle of the tunnel configuration [START_REF] Portelli | Altitude control in honeybees: joint vision-based learning and guidance[END_REF] responded to this new configuration by rising quickly and hugging the new, higher ceiling, while maintaining a similar forward speed, distance to the ceiling, and dorsal optic flow to those observed during the training step. Conversely, honeybees trained to follow the floor kept on following the floor regardless of the change in the ceiling's height [START_REF] Portelli | Altitude control in honeybees: joint vision-based learning and guidance[END_REF].

The present study aims to pursue investigations about the role of dorsal and ventral visual inputs feeding the altitude control system in honeybees by manipulating or cancelling parts of the optic flow using mirrors. Inspired by Duchon and Warren [START_REF] Duchon | A visual equalization strategy for locomotor control: of honeybees, robots, and humans[END_REF] experiments on humans, in which the researchers designed an optical manipulation made with a pair of infinite walls in or-der to optically remove the floor, then by strongly decreasing visual information coming from the floor, we designed a novel optical configuration with floor and/or ceiling mirror(s) enabling a better understanding of the mechanism of altitude control in honeybees. Such an optical manipulation in which the floor appeared to be removed allowed us to mimic some of the conditions that honeybees experience when experimentally trained to fly over a natural water body and extend the seminal experiment of Heran and Lindauer (1963). Sixty years ago, these researchers trained honeybees to fly above a 247m-long water surface. When the water surface was rippled or when a floating bridge provided a visual contrast, honeybees were able to cross the lake. However, honeybees flying over a calm water surface during foraging trips flew lower and lower until they collided with the water surface and drowned [START_REF] Heran | Windkompensation und seitenwindkorrektur der bienen beim flug über wasser[END_REF]. Our flight tunnel, which used a pair of mirrors placed on the floor and on the ceiling, gets closer to, and extends experimentally, a behaviour which has been observed outdoor above a water surface.

Methods and Materials

Flight tunnel

The outdoor flight tunnel is a rectangular shape (220 cm long, 71 cm high and 25 cm wide, see Fig. S1 for further details), the ceiling and floor are mirrors that can be covered as in Step 0 in Fig. S2, the left hand wall is solid and the right hand wall is made of insect netting. A unique red and white striped pattern, perpendicular to the long axis of the tunnel and therefore the direction of flight, is provided on the four surfaces of the tunnel (floor, ceiling, left wall, insect netting) although it is only permanently installed on walls. The mirrors on floor and ceiling can be covered with the same pattern as can the insect netting. In this latter case the stripes are reproduced using a red gelatin filter (Lee Filters HT019). The tunnel is closed with white boards at each end. At one end there is a circular entrance (5 cm in diameter) located 11.5 cm above the floor. At the other end, a square opening (3.5 cm) placed 11.5 cm above the floor gives the bees access to the reward box. The tunnel's entrance and the door of the reward box were opened and closed manually by the experimenter. The flight tunnel received only indirect illumination (no direct sunlight). This video can be watched to better understand the organization of our experimental set-up: https: //youtu.be/KH9z8eqOBbU.

Pattern

Red stripes of two different widths (1 cm and 3 cm) form a simple 10 cm wide regularly repeated pattern. The angular subtends of the stripes ranged from 5.7°to 53°(1-10 cm-wide pattern viewed from a distance of 10 cm) and from 0.5°to 5.3°(1-10 cm-wide pattern viewed from 1 m). As honeybees do not possess red-sensitive photoreceptors [START_REF] Srinivasan | Honeybees as a model for the study of visually guided flight, navigation, and biologically inspired robotics[END_REF], they perceive red stripes as grey ones. Between the red and white stripes, the Michelson contrast is 0.47 but 0.25 on the insect netting. The contrast was measured using a photodiode equipped with a green band-pass filter (Kodak Wratten n°61), the transmission spectrum of which closely matched the spectral sensitivity of the honeybee's green receptors.

Results

Honeybees following the floor do not rely on dorsal visual information

In experiment A (Fig. 1A), we tested the effect of a visual impoverishment in the dorsal part of the honeybees' visual field. The chronology of the procedure from step 0 to step ii is described in Fig. S2. A group of 27 honeybees were trained in the control condition (CC) (Fig. 1Ai-Aii). The 1st flight "in mirror on the ceiling" condition, in which the ceiling mirror was uncovered, was recorded in an impoverished visual condition (IC) (See Supplementary material S1). The presence of the mirror on the ceiling appearing to double the tunnel's height (142cm) upwards (Fig. 1Aiii-Aiv). We observed no significant change in flight behaviour in honeybees (Exp. A in Table S1).

Without any ventral and dorsal visual information, honeybees collide with the floor mirror

In experiment B (Fig. 1B), we tested the effect of a visual impoverishment in both the dorsal and ventral parts of the honeybees' visual field. The chronology of the procedure is described in Fig. S2. A group of 15 honeybees were trained in the control condition (CC) (Fig. 1Bi-Bii). The 1st flight, "in double mirror" condition in which both mirrors were uncovered, was recorded in an impoverished visual condition (IC) (See Supplementary material S1). The presence of mirrors on the ceiling and on the floor created an optical manipulation in which a pair of infinite walls appeared. As a result, no visual information from either the floor or ceiling was available (Fig. 1Biii-Biv). We observed significant changes in flight behaviour in honeybees (Exp. B in Table S1) from x = 8cm until each of the honeybees collided with the floor mirror.

Dorsal visual information does not aid in flying further over the floor mirror

In experiment C (Fig. 1C), we tested the effect of a visual impoverishment in the ventral part of the honeybees' visual field. The chronology of the procedure is described in Fig. S2. A group of 15 honeybees were trained in the control condition (CC) (Fig. 1Ci-Cii). The 1st flight "in mirror on the floor" condition in which the floor mirror was uncovered, was recorded in impoverished visual condition (IC) (See Supplementary material S1). The presence of the mirror on the floor appearing to double the tunnel's height (142cm) downwards (Fig. 1Ciii-Civ) making a kind of "ventral ditch" of 71cm in depth. We observed significant changes in flight behaviour in honeybees (Exp. C in Table S1) from x = 40 cm until each of the honeybees collided with the floor mirror. Honeybees may be visually attracted to the virtual floor 71 cm below, but then they collided with the mirror.

Covering the first half of the floor mirror does not help honeybees to fly further

In experiment D (Fig. 1D), we tested the effect of a visual reinforcement in the ventral part of the honeybees' visual field by covering the first half of the floor mirror with the same pattern of red and white stripes as previously used. The chronology of the procedure is described in Fig. S2. A group of 14 honeybees were trained in the control condition (CC) (Fig. 1Di-Dii). The 1st flight "in half mirror on the floor" condition in which the second half of the floor mirror was left uncovered, virtually doubling the tunnel height (142 cm) downwards (Fig. 1Diii-Div) making a kind of "ventral ditch" of 71 cm in depth as in experiment C (Fig. 1C). We observed significant changes in flight behaviour in honeybees (Exp. D in Table S1) from x = 139 cm until each of honeybees collided with the mirror. This additional texture on the floor does not help honeybees to fly further above the mirror. The travelled distance above the mirror (39 cm) was similar to the one observed in experiment C (see Exp. C in Table S1).

Discussion and Conclusion

The aim of the present study was to extend Heran and Lindauer (1963) work by precisely manipulating parts of the optic flow. The use of a mirror on the floor (or ceiling) allowed us to manipulate the ventral (or dorsal) optic flow, thus generating a "ventral (or dorsal) ditch", without having to change In each panel, a comparison can be made between the trajectories produced prior to (Aii, Bii, Cii and Dii) and after (Aiv, Biv, Civ and Div) the experimental manipulations. These manipulations consisted of uncovering either a mirror on the ceiling (Aiii), mirrors on both the floor and the ceiling (Biii), a mirror on the floor (Ciii) or on half the floor (Diii). High resolution pictures in the tunnel can be seen in Serres et al. (2019a). Results show that while manipulating dorsal optic flow does not affect the honeybees' trajectories, manipulating ventral optic flow, whether it is a simple manipulation or a suppression, has significant consequences on the trajectories, leading to systematic collisions with the floor mirror. The abscissa marked by a * symbol in (Biv), (Civ), and (Div) represents the location at which we observed a significant change in height of flight before collisions (see Table S1 for comparisons of altitude distributions).

the orientation of the pattern stripes [START_REF] Baird | Visual control of flight speed and height in the honeybee[END_REF], the pattern relative velocity (Portelli et al., 2010b) or the tunnel geometry [START_REF] Portelli | Altitude control in honeybees: joint vision-based learning and guidance[END_REF]. On the other hand, a double mirror condition allowed us to simultaneously suppress visual information coming from both the floor and ceiling, generating two infinite parallel walls.

In experiment A (Fig. 1Aiv), honeybees appear to follow the floor despite this virtual "dorsal ditch" because they may have learnt to follow the floor and to rely on the ventral visual information in order to regulate their flight, in harmony with Portelli et al. (2017) results. The lack of a difference between last training flight and test trial data in experiment A suggests that the upward change in tunnel height might simply not have been perceived by the honeybees.

Conversely, each experimental manipulation that affects the ventral part of the optic flow, whether it is a total deprivation of the ventral optic flow in experiment B (Fig. 1Biv) or a reduction in the ventral part of the optic flow (Figs. 1Civ,Div), gave rise to a loss of altitude until the honeybee collided with the floor mirror. Interestingly our double mirror condition allowed us to get closer to the flight conditions of an open sky flight above a calm water surface as used by Heran and Lindauer (1963). Our results agree with theirs insofar as the honeybees lose altitude in the absence of ventral optic flow.

In experiments C and D, the use of a mirror on the floor does not cause the suppression of the ventral part of optic flow, as the ceiling textures mirrored in the floor create a virtual "ventral gap" reducing the resulting ventral optic flow. The honeybees' reduction in altitude until they collide with the mirror could result from a change in altitude intended to restore the ventral optic flow as experienced in the 15 control trials, which is in harmony with both Results in experiments C and D (Figs. 1Civ-Div) reveal that a significant proportion of honeybees (half of the sample, see Table S1) can fly as far as 39 cm above the floor mirror without losing altitude showing that they perceive the ventral optic flow over a wide visual field. By picking up information over a wide visual field [START_REF] Lecoeur | The role of optic flow pooling in insect flight control in cluttered environments[END_REF], honeybees detect and respond to changes in the environment even when lacking texture on the ground.

To conclude this study, there are different strategies of altitude control in insects. Straw et al. (2010) demonstrated that flies do not use ventral optic flow in their altitude control. Our findings could be expanded or be useful in other insect species to test whether they are sensitive to ventral optic flow, or if other optical information controls their altitude (Berger Dauxère et al., 2021). Our set-up could also be re-scaled to study the effect of optic flow on altitude control in birds [START_REF] Altshuler | Comparison of visually guided flight in insects and birds[END_REF]Serres et al., 2019b).
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S1 Experimental procedure

During the experimental period, a small set of four groups comprising from 14 to 27 freely flying honeybees (Apis mellifera) were colour-marked and trained daily to enter and fly alone along a tunnel to collect a sugar solution reward (25% sucrose w/w) at the opposite end. Their flight path toward the reward was recorded with a digital camera from the insect-netting side, strictly in keeping with the chronology of the procedure depicted in Fig. S2 using a distinct group of honeybees for each of the four experimental conditions (Exp. A, Exp. B, Exp. C, and Exp. D). In the first session (called "Constant floor-roof condition" -Control Condition CC), honeybees were trained over 16 trials to follow the ground (Fig. S2 A(0+i)-D(0+i)). In a second session (called "Conditions with mirror(s)" -Impoverished visual Conditions IC), one mirror, both mirrors, or the half of the floor mirror were uncovered (Fig. S2 A(ii)-D(ii)), appearing to double the tunnel's height when there was one (or half) mirror uncovered (above in Exp. A; below in Exp. B & D), or giving the appearance of an infinite tunnel height when there were two mirrors uncovered in Exp. C.

S2 Video recordings and flight path analysis

The honeybees' trajectories were filmed at a rate of 100 frames per second with a high-resolution black-and-white CMOS camera (Teledyne Dalsa Genie HM640). The video recording was manually triggered after the experimenter opened the tunnel entrance to the honeybees, who were sent through one by one. A red filter (Lee Filters HT019) was positioned in front of the camera monitoring the honeybee's traces. This process removes the red stripes from the trajectory records and optimizes the contrast between the honeybee and the background. The camera was placed at a distance of 2.3 m from the insect netting. The field of view (130 cm in width, 71 cm in height) covered the whole height of the tunnel, from abscissa x = 0 cm to abscissa x = 130 cm in experiments A-C, and from abscissa x = 35 cm to abscissa x = 165 cm in experiment D. Image sequences were calibrated, corrected, processed and analysed using a custom-made Matlab program available online (see: https://github.com/rm1720/bees-applications/wiki). This program automatically determined the honeybees' flight height z in each frame as a function of the abscissa x along the tunnel axis so that the honeybee's trajectory in the vertical plane could be plotted. Only trajectories until the first collision were plotted and analysed.

S3 Statistical analysis

All the data recorded were included in the statistical analysis without removing any outliers. Statistical data analyses were performed with the Matlab R2018a software program. Not all datasets exhibit the same number of measurements as a function of the abscissa because the bees collide with the floor mirror at different points along their trajectories. As a consequence, median and Median Absolute Deviation (Median ± MAD) values were computed for all datasets by binning each bee's trajectory with an 8 cm window in abscissa (see Table S1). Mann-Whitney U tests were used to compare altitude binning distribution by pairs: control conditions (CC) versus impoverished visual conditions (IC) in each experiment (Exp. A, Exp. B, Exp. C, and Exp. D, see Table S1).

Figure S1. The flight tunnel is a rectangular shape (220 cm long,71 cm high and 25 cm wide. In the control condition (CC), the four surfaces of the tunnel were textured with red and white stripes oriented perpendicularly to the bees' flight paths. One side of the tunnel consists of insect netting lined with stripes. The camera was placed sideways, 2.3 m from the insect netting. The field of view (130 cm in width, 71 cm in height) covered the whole height of the tunnel, from abscissa x = 0 cm to abscissa x = 130 cm in experiments (A) , (B), and (C), and from abscissa x = 35 cm to abscissa x = 165 cm in experiment (D). In experiment (A), only the ceiling mirror was uncovered. In experiment (B), both mirrors were uncovered. In experiment (C), only the floor mirror was uncovered. In experiment (D), only the floor mirror was half uncovered. Step 0 (the training step -15 direct flights): the honeybees were first trained by completing 15 flights travelling along the tunnel with a uniform height of 71 cm (called "Constant floor-roof condition") to collect nectar in a reward box. Honeybees were rewarded at the end of each flight; the entrance to the reward box was closed during the flights so that no visual cues were available about the position of the reward, but the door was opened on arrival.

Step i (Control Condition CC, video-recording -1 flight): immediately after the training step, individual bees' trajectories were recorded in this same tunnel with a uniform height of 71 cm (called "Constant floor-roof condition"); the entrance to the reward box was closed during the flights so that no visual cues were available about the position of the reward.

Step ii (Impoverished visual Conditions IC, video-recording -1 flight): immediately after recording the bees' trajectories under "Constant floor-roof condition", one mirror (Exp. A and Exp. C), two mirrors (Exp. B), or the half floor mirror (Exp. D) were uncovered, and the bees' trajectories were recorded in the presence of this optical manipulation (either virtually doubling the tunnel height when there is one mirror uncovered, or giving virtually an infinite tunnel height when there are two mirrors); the entrance to the reward box was again closed during these flights so that no visual cues were available about the position of the reward. 

Figure 1 .

 1 Figure 1. This figure depicts the trajectories (Median ± MAD) followed by honeybees in the vertical plane (x,z) in the four experimental conditions (Exp. A, Exp. B, Exp. C, and Exp. D).In each panel, a comparison can be made between the trajectories produced prior to (Aii, Bii, Cii and Dii) and after (Aiv, Biv, Civ and Div) the experimental manipulations. These manipulations consisted of uncovering either a mirror on the ceiling (Aiii), mirrors on both the floor and the ceiling (Biii), a mirror on the floor (Ciii) or on half the floor (Diii). High resolution pictures in the tunnel can be seen in Serres et al.(2019a). Results show that while manipulating dorsal optic flow does not affect the honeybees' trajectories, manipulating ventral optic flow, whether it is a simple manipulation or a suppression, has significant consequences on the trajectories, leading to systematic collisions with the floor mirror. The abscissa marked by a * symbol in (Biv), (Civ), and (Div) represents the location at which we observed a significant change in height of flight before collisions (see TableS1for comparisons of altitude distributions).

  Portelli et al. (2010b) and Portelli et al. (2017) results. Taken together, all our results indicate unequivocally that the drowning observed in the study of Heran and Lindauer(1963) reflect the propensity of honeybees to reduce their altitude, in order to restore the ventral optic flow experienced.

Figure S2 .

 S2 Figure S2. Chronology of the procedure used in the four experimental conditions (Exp. A, Exp. B, Exp. C, and Exp. D). The same individual bees were trained and tested and their trajectories were recorded in line with the strict chronology of the steps (0, i, and ii). The arrow represents the entrance position near the floor, and the letter 'R' represents the reward box location behind a door near the floor. The entrance and the door to the reward box 'R' are both located 11.5 cm above the floor.Step 0 (the training step -15 direct flights): the honeybees were first trained by completing 15 flights travelling along the tunnel with a uniform height of 71 cm (called "Constant floor-roof condition") to collect nectar in a reward box. Honeybees were rewarded at the end of each flight; the entrance to the reward box was closed during the flights so that no visual cues were available about the position of the reward, but the door was opened on arrival.Step i (Control Condition CC, video-recording -1 flight): immediately after the training step, individual bees' trajectories were recorded in this same tunnel with a uniform height of 71 cm (called "Constant floor-roof condition"); the entrance to the reward box was closed during the flights so that no visual cues were available about the position of the reward.Step ii (Impoverished visual Conditions IC, video-recording -1 flight): immediately after recording the bees' trajectories under "Constant floor-roof condition", one mirror (Exp. A and Exp. C), two mirrors (Exp. B), or the half floor mirror (Exp. D) were uncovered, and the bees' trajectories were recorded in the presence of this optical manipulation (either virtually doubling the tunnel height when there is one mirror uncovered, or giving virtually an infinite tunnel height when there are two mirrors); the entrance to the reward box was again closed during these flights so that no visual cues were available about the position of the reward.

-

  TableS1. Comparison of the altitude distributions in each experiment (Exp. A, Exp. B, Exp. C, and Exp. D) with a binning of 8 cm along the abscissa. For each experiment and both conditions (control condition CC and impoverished condition IC), the size of the sample in the binning (N), the median, and Median Absolute Deviation (MAD) are given. Mann-Whitney U tests are used to compare altitude binning distribution by pairs : control conditions (CC) versus impoverished visual conditions (IC) in each experiment (Exp. A, Exp. B, Exp. C, and Exp. D). Significant probabilities (CC vs. IC) are in bold. All data in figure1are in this table.
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