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Sammanfattning 
Abstract 

Bumblebees, like other Hymenopterans, perform learning flights when departing their nest for the 

first few times or when departing from a newly discovered food source. As bees can learn about the 

landmarks around a flower both on approach and on departure, it is possible that what they see and 

learn on approach affects what they focus on during their learning flight on departure. In the present 

study, bumblebees from a commercial colony placed in a greenhouse were allowed to land at an 

artificial flower next to a single cylindrical landmark in one of three different positions (west, north 

or east), while all bees departed the flower with all three landmarks present in each position. 

Bumblebees approaching the flower with the landmark in the west position (WEST bees) faced 

mostly in a westerly direction and toward that landmark on departure, while NORTH bees faced 

mostly in an easterly direction and toward the east landmark and EAST bees faced mostly in a 

northerly direction and toward the north landmark. Thus, each group was consistent but favoured a 

different direction and faced toward a different landmark compared to the other groups, though these 

differences were most prominent during the early phase of the learning flight. On the other hand, all 

three groups faced the flower during the late phase of the learning flight. I therefore conclude that 

bumblebees do learn about the landmarks around a flower on approach, and this affects the direction 

they face during their learning flight in a consistent way. 
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1  Abstract 

 Bumblebees, like other Hymenopterans, perform learning flights when departing their nest 

for the first few times or when departing from a newly discovered food source. As bees can learn 

about the landmarks around a flower both on approach and on departure, it is possible that what 

they see and learn on approach affects what they focus on during their learning flight on departure. 

In the present study, bumblebees from a commercial colony placed in a greenhouse were allowed 

to land at an artificial flower next to a single cylindrical landmark in one of three different positions 

(west, north or east), while all bees departed the flower with all three landmarks present in each 

position. Bumblebees approaching the flower with the landmark in the west position (WEST bees) 

faced mostly in a westerly direction and toward that landmark on departure, while NORTH bees 

faced mostly in an easterly direction and toward the east landmark and EAST bees faced mostly in 

a northerly direction and toward the north landmark. Thus, each group was consistent but favoured 

a different direction and faced toward a different landmark compared to the other groups, though 

these differences were most prominent during the early phase of the learning flight. On the other 

hand, all three groups faced the flower during the late phase of the learning flight. I therefore 

conclude that bumblebees do learn about the landmarks around a flower on approach, and this 

affects the direction they face during their learning flight in a consistent way. 

 

2  Introduction 

 Bumblebees (Bombus spp.), like their Hymenopteran relatives – ants, wasps and other bees 

– are central place foragers that search for resources in the surrounding area to bring back to the 

central nest (Goulson 2010). When travelling between nest and forage sites, Hymenopterans will 

use multiple navigation strategies in tandem, each working at a different scale or in a different 

context (reviewed by Collett 1996), such as navigating by polarized-light cues in the sky (Rossel 

& Wehner 1982), following prominent landmarks from long-range like beacons (Chittka et al. 

1995), or path integration (Collett & Collett 2000). Once they are in the vicinity of their destination, 

they switch to navigation by local landmarks which allows the insects to home in precisely on the 

location of either the nest entrance or food resource (the goal). For navigation by local landmarks, 

the insects must first learn the spatial relationship between the landmarks and the goal, and 

Hymenopterans have evolved a well-conserved behaviour known as a learning flight (alternatively 
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referred to as an orientation flight) in flying Hymenopterans, or a learning walk in ants, through 

which the insect memorizes features close to the nest or food source when departing that will guide 

it back when it must return (reviewed by Collet & Zeil 1996). 

Indeed, this behaviour has long been known to occur in Hymenopterans, including 

bumblebees leaving the nest (Sladen 1912), although until fairly recently, learning flights had still 

not been described beyond the coarse observations made by Sladen and others from that era (Alford 

1975). More detailed descriptions of Hymenopteran learning flights came in the 1990s. In her 

studies of learning flights in honeybees, Lehrer (1991) termed this behaviour the ‘turn-back-and-

look’ behaviour, or TBL, because on the first few departures from the goal, rather than flying 

directly away the bees turned around to look back at it. This behaviour is also seen in other 

Hymenopterans. While they are looking back at the goal, social wasps fly in a series of 

progressively larger arcs, where motion parallax of nearby landmarks allows the bees to gauge 

distances between these landmarks and the goal (Zeil 1993). During these arcs, the goal tends to 

be focused onto a lateral part of the retina, while at the ends of arcs when the angular velocity of 

the insect is low, the goal is briefly focused, or fixated, more frontally (Zeil 1993).  

In contrast to wasps, bumblebee learning flights are characterized by looping motifs where 

the bee flies away from and back toward the goal multiple times, and the goal is more often fixated 

frontally (Philippides et al. 2013). It is thought that during these manoeuvres, bees and wasps 

acquire snapshots of the goal and nearby landmarks that it will use on return to the site by 

‘snapshot-matching’ (Cartwright & Collett 1987), or some other variant thereof like dynamic 

snapshot or optic flow snapshot-matching (Dittmar 2010; Dittmar et al. 2010), where comparing 

its current view to the memorized view and adjusting its position accordingly allows it to home in 

on the goal. 

Although insects with compound eyes such as bees have a panoramic field of view that 

enables them to see almost completely around themselves, their visual acuity is poor compared to 

mammals, so flying insects have evolved an ‘acute zone’ in the frontal part of the retina where 

there is greater acuity than elsewhere on the eye due to smaller interommatidial angles (Land 1997). 

Bumblebees also have a frontal acute zone with smaller interommatidial angles (Meyer-Rochow 

1981) and larger facets (Streinzer & Spaethe 2014), which is invaluable for the visual detection of 

flowers (Streinzer & Spaethe 2014), while the visual system as a whole retains the benefits of 

panoramic vision. And thus, one can assume that bumblebees are ‘looking at’, or focusing on, 
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mostly what is in front of them, rather than what lies to either side, although of course images on 

the lateral retina are still processed and used, as shown in the snapshot-matching model of 

Cartwright & Collett (1987). 

In a previous study by Robert et al. (2018), bumblebees departing from an artificial nest 

entrance surrounded by three cylindrical landmarks fixated each of the landmarks frontally, 

showing no particular focus on any one of them, and thus no tendency for facing in any particular 

direction. When departing an artificial flower surrounded by an identical array of landmarks, 

however, the bumblebees showed much more directionality, all facing predominantly in the same 

direction (roughly toward north), and frontally fixating only the central landmark. Since bees can 

learn the spatial arrangement surrounding a flower both while approaching the flower and during 

the learning flight when departing it (Gould 1988, Lehrer 1993, Lehrer & Collett 1994), the 

question arose whether the differences in body orientations between the learning flights at the nest 

and at the flower were due to the bees learning about the flower’s surroundings on approach. This 

was not possible at the nest, of course, since bees departing their nest (in which they were born) 

for the first time are completely naïve to its surroundings. 

Thus, in the present study I investigated whether bumblebees that experienced different 

landmark configurations on approach to a flower would show different preferences for which 

directions they faced during their learning flight when departing the flower. The study consisted of 

bumblebees in three groups approaching an artificial flower for the first time with a single landmark 

in one of three positions, while all bees departed the flower with an identical three-landmark array. 

If differences arose between groups in which direction each group tended to face on departure, this 

would indicate that the bumblebees do learn about the spatial configuration of the landmark array 

on approach to the flower, and this affects their subsequent learning flight. 

 

3  Materials and Methods 

3.1  Experimental procedures 

 Data were collected on 22 days between June and August 2018, in an 8x12 m section of a 

greenhouse at the University of Exeter, Streatham Campus. Bumblebees (Bombus terrestris, 

Linnaeus 1758) were obtained from a commercial supplier (Koppert, Haverhill, UK). The sugar 

syrup included by the supplier with the colony as a food source for the bees was removed 3-5 days 
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prior to the experiment in order to ensure the bees were adequately motivated to forage for nectar, 

in which case 5-10 ml of syrup was provided to the colony after each day’s experiment to prevent 

starvation. Approximately 5 g of pollen (Werner Seip, Biozentrum GmbH & Co. KG, Butzbach, 

Germany) was also provided to the colony every two days. A total of four colonies were used for 

the experiment. 

 The colony was placed in a custom-built wooden box underneath a 1.8x1.5x0.7 m table 

located at one end of the greenhouse and connected to a hole in the middle of the table with a 

transparent tube. This simulated a subterranean nest with its entrance on the table surface. Netting 

around the sides of the table ensured the only way to the nest was through the hole on the surface. 

The nest exit led into a smaller plexiglass box affixed to the side of the wooden box, which 

contained a series of gated chambers allowing the experimenter to control which individuals could 

exit or enter the nest. A similar table, 1.8x1.2x0.7 m, was located 3 m away at the other end of the 

greenhouse, and this served as the flower table (Figure 1a). The artificial flower, itself, consisted 

of a 0.5 ml microfuge tube (without lid) punched through the centre of a 5-cm diameter, circular 

piece of purple plastic and filled with 50% (w/w) aqueous sucrose. Both tables were covered with 

white gravel, which provided a ground texture in the ventral part of the bee’s visual field necessary 

to stabilize their flight (Linander et al. 2018). A high-definition video camera (HDR-CX410, Sony) 

was hung approximately 1.3 m above the flower table, capturing a field of view of approximately 

70x90 cm (0.63 m2), through which the bees’ flights were continuously recorded at maximum 

resolution (1080p) and at 50 frames per second. 

 

 

 

a b 

Figure 1. (Caption on next page.) 
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3.2  Phase 1 

Worker bumblebees were released one at a time from the nest. After the bee performed its 

learning flight it was allowed to fly around the greenhouse for 10-30 s before being caught with a 

butterfly net and transferred to a plastic marking tube. Each released bumblebee was then 

individually tagged with a coloured number tag on the back of her thorax. After some time to allow 

her to relax (~5-10 minutes), she was then carried within her tube and very carefully placed onto 

the artificial flower, which was situated 30 cm from the south-facing edge of the flower table for 

training (Figure 1a). This was done to familiarise the bee with the colourful artificial flower and 

motivate her to look for it on its return. There were no landmarks present on the flower table at this 

stage of the experiment. When the bee finished drinking, it flew away and eventually returned to 

the nest on her own through the nest entrance on the nest table. It took anywhere from a few minutes 

to a couple of hours for the bee to return to the nest after training. 

 If a bee did not leave the nest for a second time on the same day, or if it failed to land at the 

flower during phase 2, then phase 1 of the experiment was repeated on a subsequent day when it 

reappeared. Phase 1 was repeated at least once for 19 bees (Appendix Table A1) over the 

subsequent 1-5 experimental days before these bees completed the second phase of the experiment. 

3.3  Phase 2 

Phase 2 took place in the afternoons and evenings of testing days, between 1500 and 1900 

(Appendix Table A1). The flower was relocated towards the centre of the flower table, which was 

70 cm away from its position during Phase 1 (Figure 1a). A single black cylinder (17x5 cm) was 

placed in one of three positions (all 24.5 cm from the centre of the flower and at 60˚ angles from 

each other): west (W-cyl); north (N-cyl); or east (E-cyl; Figure 1b). The empty spaces for the other 

two cylinders were hidden with transparent Petri dish covers that had the same white gravel found 

on the table glued onto their surfaces. Looking from directly above, one could discern breaks in 

the continuous gravel surface, but from an angle, these breaks were barely visible, and would likely 

Figure 1. a) Schematic of the flower table, with both positions of the flower (purple ring) shown. The same 

artificial flower was used for both phase 1 (position labelled ‘P1’; no landmarks present on table) and phase 2 

(position labelled ‘P2’; one landmark present on approach, and three landmarks on departure). b) Layout of the 

flower (F) and landmark array, showing the three cylinder positions: west (W-cyl); north (N-cyl); and east (E-

cyl). 
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not be visible at all to the less acute eyes of a bumblebee (Figure 2a,c), which have a minimum 

resolvable angle of 1.39° (Macuda et al. 2001). 

 

 

 

 After bees trained to the flower earlier in the day during phase 1 reappeared at the nest exit 

ready to depart on another foraging trip, they were released one at a time at short intervals (30-60 

s) in small batches (3-6 bees) and left to fly freely in the greenhouse until they found the flower. 

Bees were released in batches to increase the efficiency of data collection, as despite the previous 

training to the artificial flower’s location, they rarely landed on it, instead seeming to be distracted 

by the scenery outside the greenhouse and trying to escape. However, care was taken to not release 

bees in batches that were too large, as this might result in interferences at the flower if two bees 

approached at the same time. 

When a bee approached the flower it saw a single landmark next to the flower. Once it had 

begun drinking, an experimenter very slowly and carefully removed the covers to place two more 

a b 

c d 

Figure 2. Views of the landmark array (black cylinders), showing the effectiveness of the camouflage of the 

landmark space covers (red asterisks), as well as the size of the bare rings around the bases of the added 

landmarks. The purple artificial flower is also shown. For scale, the diameter of the cylinders and flower is 5 cm. 

a) Top-down view of an approach condition. b) Top-down view of the corresponding departure condition. c) 

Angled view of an approach condition. d) Angled view of the corresponding departure condition. 
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landmarks, so that on departure it would see the three-landmark array. The bee performed a 

learning flight upon departing the flower. Rarely did another bee attempt to approach the flower 

when a bee had already landed. In such cases, however, the experimenters very carefully prevented 

the potentially interfering bee from landing by slowly shooing her away with butterfly nets without 

scaring the landed bee away, or if necessary, carefully caught the interfering bee in a butterfly net. 

Each individual was tested only once. Typically, on a single day all bees experienced the 

one landmark in the same position on the approach to the flower. However, in order to keep the 

sample sizes balanced between groups, the test configuration was switched midway through some 

days. 

In order to ensure minimal disturbance to the bee while placing the landmarks, the covers 

were intentionally made to occupy a larger area than the landmarks, such that upon removal, no 

stones would tumble into the space for the landmark, which would require the experimenter to clear 

the area before placing the landmark. As such, the two added landmarks had a small ring around 

their base that was free of gravel, showing the exposed acrylic surface (Figure 2b,d), but given the 

low spatial acuity of their vision, this would not likely be seen by the bees, especially at an angle. 

Otherwise, all landmarks were visually identical. 

The gravel was raked frequently and the flower rinsed frequently in water to minimise 

odour cues, which might otherwise interfere with the bumblebees’ flight trajectories. 

3.4  Sample Composition 

Approach and learning flight data were obtained for 44 individuals in 3 groups: bees 

approaching the flower with only W-cyl present (WEST bees; N=15), those approaching with only 

N-cyl present (NORTH bees; N=14), and those approaching with only E-cyl present (EAST bees; 

N=15). Each group consisted of bees from different colonies, and tests for each group occurred at 

various times throughout the afternoon and evening on each day (Appendix Table A1). When 

analysing only the initial phase of the learning flight (<5 cm from flower; see section 4.2), the 

sample size of WEST was reduced to N=14, as one bee began its learning flight already >5 cm 

from the flower, and thus was excluded from this analysis. 
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3.5  Data Analysis 

Raw video was edited using Premiere Pro (v6.0.5, Adobe Creative Suite 6), extracting 

separate clips of a bee’s arrival and departure flights at the flower. The clips were loaded into 

custom-written codes in MATLAB (vR2013b, MathWorks; Philippides et al. 2013) to semi-

automatically obtain position and body orientation of the bee in each frame. These data were then 

analyzed with custom-written codes in R (v3.5.1, https://www.r-project.org), and circular statistics 

(except for Rayleigh Z-scores) were calculated using the built-in functions of the ‘circular’ package 

(v0.4-93).  

Angles between vectors for the analysis of approach landmark retinal position during 

drinking (section 4.6) were calculated separately by obtaining the x and y coordinates (in pixels) of 

each point using Photoshop (Adobe Creative Suite 6), and applying the law of cosines: 

φ = arccos(
(𝑥2 − 𝑥1)(𝑥3 − 𝑥2) + (𝑦2 − 𝑦1)(𝑦3 − 𝑦2)

√(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2√(𝑥3 − 𝑥2)2 + (𝑦3 − 𝑦2)2
)  ×  

180

𝜋
 

where a subscripted 1 denotes the coordinates for the body, a subscripted 2 denotes coordinates for 

the head, and a subscripted 3 denotes coordinates for the centre of the landmark. The angle was 

then checked manually against the image to determine whether it should be positive (to the right 

of the bee) or negative (to the left of the bee). Z-scores for the Rayleigh tests of uniformity were 

calculated manually using the formula: 

𝑍 = 𝑛𝑅2 

where n is the sample size and R is the mean resultant length of the sample. The mean resultant 

length, also referred to as the length of the mean vector, etc., has a value between 0 and 1, and is a 

measure of concentration in the distribution (i.e. if all measurements are located on the mean, the 

mean resultant length is 1). It is also represented by ρ when describing a circular distribution in 

terms of its mean and deviation from uniformity. 

The approach flight was tracked from the frame in which the bee entered the field of view 

(FOV) of the camera until the frame when the bee first crossed a 5-cm radius circular threshold 

centred on the flower. The learning flight on the bee’s departure from the flower was tracked as 

soon as the bee retracted its legs taking off from the flower, and normally ended when it departed 

the FOV. If, on the odd occasion, the bee returned to the FOV after less than a second while still 

(1) 

(2) 

https://www.r-project.org/
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flying slowly and close to the surface, this additional portion was also included as it was considered 

as a continuation of the learning flight. Often the learning flight was segmented into multiple parts 

because the bee landed again at the flower. In these cases, a landing was defined as a cessation of 

translational movement while the legs are extended, in which case the landing as well as all 

immediately preceding frames where the legs were extended prior to landing were excluded, as the 

bee’s orientation may be biased as it prepares to land. 

3.6  Definitions of Angles 

For compass orientation of the bee, I use an approximation of compass north, referred to as 

Northʹ, given as the direction of a line between the centre of the flower and N-cyl. This is because 

compass interference by the greenhouse’s metal structures prevented reliable calibration of the 

position of N-cyl by magnetic north. In reality, magnetic north lay some 10° west of Northʹ. Then 

for the bee’s approximate compass orientation, the direction of Northʹ is taken as θ=0°, while body 

orientations to the right of Northʹ are positive, and body orientations to the left of Northʹ are 

negative, to a maximum of ±180° (Figure 3a). 

For the retinal position of the flower or of a given landmark, the direction in which the bee 

is facing is taken as φ=0°, and the retinal position of a landmark is taken as the angle between the 

 

 

a b 

Figure 3. Definitions of the angles used to describe body orientation (θ) relative to Northʹ and the retinal position 

(φ) of a given object. (a) For compass orientation, the direction of Northʹ (the direction given by a line between 

the flower [F] and N-cyl landmark) is taken as θ=0°, while body orientations to the right of Northʹ are positive, 

and body orientations to the left of Northʹ are negative, to a maximum of ±180°. (b) For the retinal position of a 

given object, the direction in which the bee is facing is taken as φ=0°, and the retinal position of the object is 

taken as the angle between the orientation of the bee and a vector to the object, where angles to the right of the 

bee are positive, and angles to the left of the bee are negative, to a maximum of ±180°. 
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orientation of the bee and a vector to the landmark, where angles to the right of the bee are positive, 

and angles to the left of the bee are negative, to a maximum of ±180° (Figure 3b). 

 

4  Results 

4.1  Flight trajectories 

 Approach flights were quite variable, with some being a very short, rather direct flight onto 

the flower once the bee entered the FOV (minimum duration: 0.3 s), while others involved 

prolonged searching around the table or near the position of the flower during phase 1, before the 

bee finally landed on the flower (maximum duration: 11.2 s). Overall, approach flights were short 

and consisted largely of a zigzag-like pattern (median duration: 1.8 s, IQR: 3.9 s), and did not differ 

significantly in duration across the three groups (Kruskal-Wallis rank sum test, χ2
(2)=2.8966, 

p=0.235). A representative example of the trajectory of an approach flight of moderate length is 

shown in Figure 4a. 

 

a b 

Northʹ 

10 cm 10 cm 

Figure 4. (Caption on next page.) 
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Learning flights were also quite variable, where some bees flew almost directly away from 

the flower upon departure (minimum duration: 1.5 s), while others performed a slow revolution 

while hovering above or near the flower, followed by several loops of varying size before flying 

away (maximum duration: 15.6 s). Learning flight durations did not differ significantly in duration 

across the three groups (Kruskal-Wallis rank sum test, χ2
(2)=0.2324, p=0.890), though learning 

flights were significantly longer than approach flights (median duration: 8.2 s, IQR: 5.8 s; 

Wilcoxon rank sum test, W=1653.5, p<0.001). A representative example of the trajectory of a 

learning flight of moderate length is shown in Figure 4b. 

4.2  Compass orientation 

 In order to examine if each group of bees differed in their preferred compass orientation 

during approach and learning flights, I analysed the frequencies of body orientation relative to 

Northʹ on approach and on departure. On approach, all three groups of bees tended to be oriented 

broadly around Northʹ, with the largest peaks around 0° (Figure 5, top row). WEST bees were 

oriented predominantly toward Northʹ (circular mean: 10.5°, ρ=0.4840, Rayleigh test of uniformity, 

Z=551.9266, p<0.001), as were NORTH and EAST bees, but NORTH bees showed a secondary 

peak eastwards of Northʹ (circular mean: 18.5°, ρ=0.4746, Rayleigh test of uniformity, Z=309.227, 

p<0.001), while EAST bees showed secondary peaks both eastwards and westwards of Northʹ 

(circular mean: 5.9°, ρ=0.3774, Rayleigh test of uniformity, Z=337.5211, p<0.001). The 

distributions of compass orientation on approach to the flower differed significantly between the 

three groups (Watson-Wheeler test for homogeneity of angles, W(4)=61.08822, p<0.001). 

Considering the learning flight in its entirety (Figure 5, second row), WEST bees’ largest 

peak in the frequency distribution tended to be shifted westwards from Northʹ by 40° with a 

secondary broad peak roughly 60° eastwards from Northʹ (circular mean: 3.6°, ρ=0.1234, Rayleigh 

test of uniformity, Z=88.51145, p<0.001). NORTH bees tended to be oriented between 40° and 

80° eastwards from Northʹ (circular mean: 52.1°, ρ=0.1878, Rayleigh test of uniformity,   

Figure 4. Examples of the (a) approach flight and (b) learning flight trajectories from a single individual, 

representing trajectories of moderate length. Northʹ is the direction given by a line between the centre of the 

flower and the centre of the N-cyl landmark. The bee’s position and orientation in each frame of video are shown 

by a line representing the bee’s body and a circle representing its head. The flower (not to scale) is shown as a 

smaller purple circle, while the W-cyl, N-cyl and E-cyl landmarks (to scale) are shown by larger red, green and 

blue circles, respectively. For those frames where the bee’s orientation is <10° from the centre of a landmark, the 

bee is coloured in the same colour as that landmark. 

 

Ex 
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p<0.001), while EAST bees tended to be oriented toward Northʹ, with a smaller peak roughly 80° 

eastwards from Northʹ (circular mean: 19.9°, ρ=0.1420, Rayleigh test of uniformity, Z=120.1178, 

p<0.001). The distributions of compass orientation during the learning flight differed significantly 

between the three groups (Watson-Wheeler test for homogeneity of angles, W(4)=130.1007, 

p<0.001). 

 I examined the median distance of the bee from the flower over the normalized duration of 

the learning flight in order to confirm that these learning flights could be roughly divided into two 

LF 

NORTH bees EAST bees 
 

Body orientation relative to Northʹ (degrees) 

LF 

initial 

 

F
re

q
u
e
n
c
y
 

WEST bees 

AF 

LF 

late 

 

Figure 5. Frequency distributions (bin width of 20°) of body orientations relative to Northʹ (a line between the 

flower and N-cyl landmark) for the pooled approach flights (AF), learning flights (LF), initial phases of learning 

flights (LF initial) and late phases of learning flights (LF late) for each group of bees. Dashed vertical lines 

indicate the mean body orientation. The direction of Northʹ is taken as 0°, and body orientations to the right of 

Northʹ are positive, while orientations to the left of Northʹ are negative, to a maximum of ±180° (see inset or 

Figure 3a). 
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phases, as in Robert et al. (2018). Learning flight durations for each individual were rescaled from 

0 to 1, and the median distance from the flower for each interval of 0.1 was calculated, as well as 

the median distance at the start of the learning flight, as some bees started their learning flight a 

few centimetres from the flower having wandered off before flying. One can see that for the first 

third of the learning flight, the bees were within 5 cm of the flower (Figure 6). Thus, that portion  

 

 

 

of a learning flight occurring until the first crossing of a 5-cm radius centered on the flower was 

considered as the ‘initial phase’ of the learning flight. The first crossing of a 10-cm threshold was 

chosen somewhat arbitrarily to mark the beginning of the ‘late phase’ of the learning flight. A gap 

was maintained between the two phases, rather than simply taking the portion of the flight 

occurring immediately after the initial phase, in order to have clearer separation between these two 

‘phases’. 

Looking only at the initial phase of the learning flight (Figure 5, third row), the frequency 

distributions of body orientations are similar to those from the entire learning flight but with more 

prominent peaks. WEST bees tended to be oriented 40° westwards from Northʹ, with a secondary 

peak 60° eastwards from Northʹ, though this secondary peak is less prominent compared to the 

entire learning flight (circular mean: -31.1°, ρ=0.1865, Rayleigh test of uniformity, Z=32.33724, 

p<0.001). NORTH bees tended to orient themselves 40° eastwards from Northʹ (circular mean: 
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Figure 6. Median distance of the bee from the flower during the learning flight, over a normalized time scale. 

Learning flight durations for each individual were rescaled from 0 to 1, and the median distance from the flower 

throughout each interval of 0.1 was calculated, as well as the median distance from the flower for the very first 

frame of the learning flight, as some bees began their learning flight after having walked a few centimetres from 

the flower. 

 



 

14 

 

51.2°, ρ=0.2606, Rayleigh test of uniformity, Z=85.01597, p<0.001), while EAST bees tended to 

orient themselves toward Northʹ, with a secondary peak 80° eastwards of Northʹ (circular mean: 

33.3°, ρ=0.1596, Rayleigh test of uniformity, Z=25.53361, p<0.001). The distributions of compass 

orientation during the initial phase of the learning flight differed significantly between the three 

groups (Watson-Wheeler test for homogeneity of angles, W(4)=109.4963, p<0.001). 

In the late phase of the learning flight (Figure 5, bottom row), similar distributions of 

compass orientation are seen, albeit with depressed peaks, except that WEST bees showed only the 

small peak 40° eastwards from Northʹ (circular mean: 16.6°, ρ=0.1040, Rayleigh test of uniformity, 

Z=29.02852, p<0.001), and EAST bees showed only a broad peak toward Northʹ (circular mean: -

6.7°, ρ=0.1367, Rayleigh test of uniformity, Z=57.14901, p<0.001). NORTH bees continued to 

show a peak 80° eastward of Northʹ (circular mean: 67.9°, ρ=0.1909, Rayleigh test of uniformity, 

Z= 101.5696, p<0.001). The distributions of compass orientation during the late phase of the 

learning flight differed significantly between the three groups (Watson-Wheeler test for 

homogeneity of angles, W(4)=142.1795, p<0.001). 

4.3  Retinal position of flower 

To examine if the bees were facing in the direction of the flower, I analysed the retinal 

position of the flower throughout the pooled approach and learning flights for each group. On 

approach (Figure 7, top row), each group of bees faced the flower, with sharp peaks in the 

frequency distributions at 0° (WEST: circular mean: 14.2°, ρ=0.5440, Rayleigh test of uniformity, 

Z=697.3416, p<0.001; NORTH: circular mean: 3.8°, ρ=0.3963, Rayleigh test of uniformity, Z= 

215.59, p<0.001; EAST: circular mean: -2.2°, ρ=0.5264, Rayleigh test of uniformity, Z=656.6578, 

p<0.001). But the distributions of the retinal position of the flower during the approach flight still 

differed significantly between the three groups (Watson-Wheeler test for homogeneity of angles, 

W(4)=132.5738, p<0.001). 

During the learning flight (Figure 7, second row), the flower was kept frontal by WEST 

bees (circular mean: 15.0°, ρ=0.2182, Rayleigh test of uniformity, Z=276.6573, p<0.001) and 

EAST bees (circular mean: 12.0°, ρ=0.1923, Rayleigh test of uniformity, Z=220.228, p<0.001) 

alike, but North group bees kept the flower slightly right of frontal (circular mean: 31.2°, ρ=0.2305, 

Rayleigh test of uniformity, Z=308.142, p<0.001). The distributions of the retinal position of the 
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flower during the learning flight differed significantly between the three groups (Watson-Wheeler 

test for homogeneity of angles, W(4)=68.29872, p<0.001). 

Looking only at the initial phase of the learning flight (Figure 7, third row), the retinal 

position of the flower is much more variable compared to the entire learning flight. WEST bees 

showed a very broad peak in the frequency distribution with the flower kept mostly on their right 

(circular mean: 68.4°, ρ=0.1457, Rayleigh test of uniformity, Z=19.7334, p<0.001), while EAST 

bees showed even weaker directionality but kept the flower broadly frontal (circular mean: 17.1°, 
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Figure 7. Frequency distributions (bin width of 20°) of the retinal position of the flower during the pooled 

approach flights (AF), learning flights (LF), initial phases of learning flights (LF initial) and late phases of 

learning flights (LF late) for each group of bees. Dashed vertical lines indicate the mean retinal position of the 

flower. The direction in which the bee is facing is taken as 0°, and the retinal position of the flower is taken as 

the angle between the orientation of the bee and a vector to the flower, where angles to the right of the bee are 

positive, and angles to the left of the bee are negative, to a maximum of ±180° (see inset or Figure 3b). 
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ρ=0.0802, Rayleigh test of uniformity, Z=6.448597, p=0.002). NORTH bees showed a broad peak 

20-80° on their right, with a smaller secondary peak some 50° on their left (circular mean: 22.4°, 

ρ=0.2727, Rayleigh test of uniformity, Z=93.12525, p<0.001). The frequency distributions of the 

retinal position of the flower during the initial phase of the learning flight differed significantly 

between the three groups (Watson-Wheeler test for homogeneity of angles, W(4)= 73.16086, 

p<0.001). 

During the late phase of the learning flight (Figure 7, bottom row), all groups kept the 

flower frontal. WEST bees showed a single small, but sharp peak at 0° (circular mean: -4.8°, 

ρ=0.1385, Rayleigh test of uniformity, Z=51.48425, p<0.001), while EAST bees showed a broad 

peak centered on 0°, with a smaller secondary peak on their right around 80-100° (circular mean: 

21.9°, ρ=0.1811, Rayleigh test of uniformity, Z=100.2361, p<0.001). NORTH bees showed a 

strong peak around 0°, with the flower also being kept somewhat on their right, seen as a rightward 

skew in the distribution (circular mean: 45.5°, ρ=0.2561, Rayleigh test of uniformity, Z=182.6818, 

p<0.001). However, the distributions of the retinal position of the flower during the late phase of 

the learning flight differed significantly between the three groups (Watson-Wheeler test for 

homogeneity of angles, W(4)= 139.1055, p<0.001). 

4.4  Retinal positions of landmarks 

To examine which landmarks the bees faced during their flights, I analysed the retinal 

positions of the approach and departure landmarks throughout the pooled approach and learning 

flights for each group of bees. 

4.4.1  Approach 

On approach, all groups tended to keep the single landmark broadly on the frontal retina, 

as seen in frequency distributions of the retinal position of the approach landmark (Figure 8, top 

row), with broad peaks centred around 0°, but WEST bees kept W-cyl both frontal and sometimes 

on their left (circular mean: -18.6°, ρ=0.5259, Rayleigh test of uniformity, Z= 651.6699, p<0.001) 

while EAST bees kept E-cyl frontal and sometimes on their right (circular mean: 22.9°, ρ=0.4871, 

Rayleigh test of uniformity, Z=562.4065, p<0.001), seen as skews in these two frequency 

distributions. NORTH bees kept N-cyl more frontal (circular mean: -11.0°, ρ=0.6146, Rayleigh 

test of uniformity, Z=518.6576, p<0.001) compared to the other two groups. However, the 
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distributions of the retinal position of the single landmark on approach differed significantly 

between the three groups (Watson-Wheeler test for homogeneity of angles, W(4)= 248.5787, 

p<0.001). 
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Figure 8. Frequency distributions (bin width of 20°) of the retinal positions of each landmark (W-cyl, N-cyl and 

E-cyl) for the pooled approach flights (AF), learning flights (LF), initial phases of learning flights (LF initial) and 

late phases of learning flights (LF late) for each group of bees. Dashed vertical lines indicate the mean retinal 

position of each landmark. The direction in which the bee is facing is taken as 0°, and the retinal position of a 

landmark is taken as the angle between the orientation of the bee and a vector to the landmark, where angles to 

the right of the bee are positive, and angles to the left of the bee are negative, to a maximum of ±180° (see inset 

or Figure 3b). 
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4.4.2  Learning flight 

To examine if the groups differed in which landmark(s) they kept on the frontal retina 

during the learning flight, I analysed the retinal positions of each landmark on departure. If learning 

on approach does have an impact on which landmarks the bees face during departure, then each 

group should be different since they each experienced a different landmark on approach but an 

identical landmark array on departure from the flower. 

Considering the entire learning flight (Figure 8, second row), each group of bees had 

different tendencies for which landmark they faced during departure. WEST bees tended to face in 

the direction of both W-cyl and E-cyl, resulting in the circular means for the retinal position of 

each being shifted left and right, respectively (W-cyl: circular mean:  -46.9°, ρ=0.1425, Rayleigh 

test of uniformity, Z=118.0658, p<0.001; E-cyl: circular mean: 38.4°, ρ=0.1450, Rayleigh test of 

uniformity, Z=122.1526, p<0.001), while N-cyl was kept on the frontolateral retina on either side, 

and frontal to a lesser degree (circular mean: -1.8°, ρ=0.1538, Rayleigh test of uniformity, 

Z=137.5156, p<0.001). NORTH bees tended to face in the direction of E-cyl (circular mean: 10.1°, 

ρ=0.2110, Rayleigh test of uniformity, Z=258.0942, p<0.001), while keeping the other landmarks 

on their left (W-cyl: circular mean: -103.7°, ρ=0.1495, Rayleigh test of uniformity, Z=129.6611, 

p<0.001; N-cyl: circular mean: -42.6°, ρ=0.1812, Rayleigh test of uniformity, Z=190.2962, 

p<0.001). EAST bees faced mostly toward N-cyl (circular mean: -9.3°, ρ=0.1711, Rayleigh test of 

uniformity, Z=174.1808, p<0.001), while keeping the other landmarks to either side (W-cyl: 

circular mean: -57.1°, ρ=0.1315, Rayleigh test of uniformity, Z=102.913, p<0.001; E-cyl: circular 

mean: 31.5°, ρ=0.1788, Rayleigh test of uniformity, Z=190.2978, p<0.001). The distributions of 

the retinal position of each of the three landmarks during the learning flight differed significantly 

between the three groups (Watson-Wheeler test for homogeneity of angles, W-cyl: W(4)= 128.561, 

p<0.001; N-cyl: W(4)= 103.1036, p<0.001; E-cyl: W(4)= 81.71252, p<0.001). 

4.4.3  Initial phase of learning flight 

When examining only the initial phase of the learning flight, the peaks in the frequency 

distributions became more prominent for some landmarks (Figure 8, third row). In contrast to the 

entire learning flight, during the initial phase WEST bees tended to keep almost exclusively W-cyl 

frontal (circular mean: -24.7°, ρ=0.1874, Rayleigh test of uniformity, Z=32.6766, p<0.001), while 

the relative frequency with which the N-cyl and E-cyl were kept frontal was much lower (N-cyl: 
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circular mean: 33.6°, ρ=0.1910, Rayleight test of uniformity, Z=33.92906, p<0.001; E-cyl: circular 

mean: 89.9°, ρ=0.1911, Rayleigh test of uniformity, Z=33.97438, p<0.001). NORTH bees kept 

mostly E-cyl frontal (circular mean: 8.0°, ρ=0.2794, Rayleigh test of uniformity, Z=97.77105, 

p<0.001), keeping the other landmarks on their left (W-cyl: circular mean: -108.7°, ρ=0.2387, 

Rayleigh test of uniformity, Z=71.32384, p<0.001; N-cyl: circular mean: -48.9°, ρ=0.2598, 

Rayleigh test of uniformity, Z=84.52779, p<0.001), while EAST bees kept N-cyl frontal, as well 

as E-cyl to a lesser degree (N-cyl: circular mean: -33.6°, ρ=0.1627, Rayleigh test of uniformity, 

Z=26.55916, p<0.001; E-cyl: circular mean: 25.7°, ρ=0.1682, Rayleigh test of uniformity, 

Z=28.38111, p<0.001), keeping W-cyl on their left (circular mean: -94.1°, ρ=0.1545, Rayleigh test 

of uniformity, Z=23.95404, p<0.001). The distributions of the retinal position of each of the three 

landmarks during the initial phase of the learning flight differed significantly between the three 

groups (Watson-Wheeler test for homogeneity of angles, W-cyl: W(4)= 101.8616, p<0.001; N-cyl: 

W(4)= 114.587, p<0.001; E-cyl: W(4)= 122.5059, p<0.001). 

4.4.4  Late phase of learning flight 

When examining only the late phase of the learning flight (Figure 8, bottom row), in some 

cases there were differences in which landmark a group faced compared to the initial phase of the 

learning flight. During the late phase of the learning flight, WEST bees faced broadly toward N-

cyl (circular mean: -13.5°, ρ=0.1466, Rayleigh test of uniformity, Z=57.70585, p<0.001) and E-

cyl (circular mean: 13.3°, ρ=0.1547, Rayleigh test of uniformity, Z=64.29428, p<0.001), while 

keeping W-cyl off to their left (circular mean: -47.5°, ρ=0.1327, Rayleigh test of uniformity, 

Z=47.26407, p<0.001). EAST bees also faced broadly toward N-cyl (circular mean: 15.1°, 

ρ=0.1956, Rayleigh test of uniformity, Z=116.9313, p<0.001) with the other landmarks kept 

slightly to either side (W-cyl: circular mean: -18.5°, ρ=0.1596, Rayleigh test of uniformity, 

Z=77.87545, p<0.001; E-cyl: circular mean: 45.8°, ρ=0.1833, Rayleigh test of uniformity, 

Z=102.70479827441324, p<0.001). NORTH bees, on the other hand, faced toward E-cyl (circular 

mean: 0.0°, ρ=0.2207, Rayleigh test of uniformity, Z=135.668, p<0.001), as they did during the 

initial phase of the learning flight, keeping W-cyl and N-cyl on their left (W-cyl: circular mean: -

122.6°, ρ=0.1214, Rayleigh test of uniformity, Z=41.09154, p<0.001; N-cyl: circular mean: -52.7°, 

ρ=0.1684, Rayleigh test of uniformity, Z=78.98338, p<0.001). The distributions of the retinal 

positions of each of the three landmarks during the late phase of the learning flight differed 
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significantly between the three groups (Watson-Wheeler test for homogeneity of angles, W-cyl: 

W(4)= 145.5499, p<0.001; N-cyl: W(4)= 124.5176, p<0.001; E-cyl: W(4)= 92.58108, p<0.001). 

4.5  Retinal positions of landmarks from approach to departure 

To examine whether the bees kept the approach landmark in the same retinal position on 

departure as they kept it on approach (i.e. if they faced the familiar landmark), I compared retinal 

position of the approach landmark between the approach flight and learning flight within groups.  

Considering the entire learning flight, the frequency distribution of the retinal position of 

the approach landmark differed significantly between the approach flight and the learning flight 

for all three groups of bees (Watson-Wheeler test for homogeneity of angles, WEST bees / W-cyl: 

W(4)=514.5014, p<0.001; NORTH bees / N-cyl: W(4)=513.3688, p<0.001; EAST bees / E-cyl: 

W(4)=323.3405, p<0.001). The frequency distributions also differed significantly between 

approach and departure when comparing to the two phases of the learning flight, the initial phase 

(Watson-Wheeler test for homogeneity of angles, WEST bees / W-cyl: W(4)=99.75871, p<0.001; 

NORTH bees / N-cyl: W(4)=207.9023, p<0.001; EAST bees / E-cyl: W(4)=126.9976, p<0.001) and 

the late phase (Watson-Wheeler test for homogeneity of angles, WEST bees / W-cyl: 

W(4)=393.401, p<0.001; NORTH bees / N-cyl: W(4)=510.368, p<0.001; EAST bees / E-cyl: 

W(4)=274.6638, p<0.001). 

4.6  Retinal position of landmark while drinking 

 To examine whether the view experienced on arrival affects how the bee positions itself at 

the flower and thus how this could affect which landmarks the bee fixates during the departure, I 

analysed the retinal position of the approach landmark at the onset of drinking (Figure 9). One 

could expect that during the learning flight the bee might fixate whichever landmark it happened 

to be facing while it was drinking, due to the effects of conditioning, as it would have a positive 

association with that particular panoramic view. However, while WEST bees generally had W-cyl 

on the left part of their retina while they were drinking (circular mean: -84.7°, ρ=0.4839, Rayleigh 

test of uniformity, Z=3.512406, p=0.027), the retinal positions of N-cyl and E-cyl for NORTH and 

EAST bees, respectively, as they began to drink were not significantly different from a uniform 

distribution (Rayleigh test of uniformity: NORTH bees / N-cyl: Z= 1.715368, p=0.182; EAST bees 

/ E-cyl: Z= 0.7315249, p=0.489). Thus, two of the three groups did not show any tendency for 
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which direction they faced while drinking in the first place, and the WEST bees which did have a 

tendency to keep the landmark on their left during drinking, kept that landmark frontal during their 

learning flight. 

 

 

5  Discussion 

The main effort of this study was to investigate whether differences in the landmark 

configuration experienced on arrival to a flower will lead to differences in body orientations during 

the learning flight. As previous experiments suggest that bees learn about the objects surrounding 

a goal on both approach and departure (Gould 1988; Lehrer 1993; Lehrer & Collett 1994), one 

might presume that what a bee learns on approach to a flower will influence where it focuses its 

attention during the learning flight. I analyzed which directions the bees were facing during their 

flights, as the capturing and storing of visual snapshots might occur during these moments, 

particularly during the initial phase of the learning flight (Robert et al. 2018). 

In a previous study, Robert et al. (2018) found that bumblebees departing the nest fixated 

the nest and all three landmarks, while at the flower they showed strong directionality during the 

initial phase of the learning flight. The authors proposed that the difference between body 

orientations in the learning flights occurring in these two different contexts was due to the inherent 

naivety of bees leaving their nest (in which they were born) for the first time, to completely 

unfamiliar surroundings, while bees departing a flower for the first time had already had the chance 

WEST bees NORTH bees 
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Retinal position of approach landmark (degrees) 

EAST bees 

Figure 9. Frequency distributions (bin width of 20°) of the retinal positions of the approach landmark for each 

group at the onset of drinking. The direction in which the bee is facing is taken as 0°, and the retinal position of 

a landmark is taken as the angle between the orientation of the bee and a vector to the landmark, where angles to 

the right of the bee are positive, and angles to the left of the bee are negative, to a maximum of ±180° (see inset 

or Figure 3b). 



 

22 

 

to learn something of its surroundings while approaching moments before, and thus were taking 

fewer snapshots on departure. 

One could expect that by varying the approach conditions to a flower (different landmarks 

present in different positions), bumblebees would no longer favour a single direction, as is seen in 

bumblebees departing the nest for the first time (Robert et al. 2018). 

5.1  Compass orientation 

 On approach, all bees faced generally toward Northʹ. On departure however, the 

bumblebees did not have a preferred compass orientation across the three groups, although they 

did have focused directions within each group, particularly during the initial phase of the learning 

flight (Figure 5). Thus, the focused body orientation toward Northʹ during learning flights found 

by Robert et al. (2018) was no longer present, and the distribution for all bees together more 

resembled that seen at the nest (Appendix Figure A1). One can conclude that the learning flights 

of the bumblebees departing the flower were influenced by what they experienced and learned on 

approach. 

5.2  Retinal position of flower 

 I expected the bumblebees to face the flower both on approach, as the bumblebees are 

aiming for the flower, as well as on departure during the learning flight, as this has been observed 

previously (Philippides et al. 2013; Robert et al. 2018). 

The bumblebees faced the flower on approach and departure (Figure 7, Appendix Figure 

A2), which conforms to the findings of others (e.g. Robert et al., 2018). When learning flights were 

separated into early and late phases, one can see that the flower was not faced during the initial 

phase (Figure 7, third row). During many of the recorded learning flights, the initial portion 

immediately after takeoff consisted of the bee hovering roughly in place above the flower while 

slowly revolving, and it was after this that she began performing the loops that characterize 

bumblebee learning flights, where the bee flies away and then back toward the goal (Philippides et 

al. 2013). Thus, the fixation of the flower seemed to occur mostly during the loop-dominated 

portion of the learning flight, as was also found by Philippides et al. (2013) where fixation of the 

nest, in that case, occurred during loops. 
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5.3  Retinal positions of landmarks 

Clear differences were found between each experimental group of bumblebees with respect 

to which landmarks they faced on departure (Figure 8), contrasting with the universal focus on the 

north landmark found by Robert et al. (2018). Plotting all bees together, one can see that they did 

not all focus on any one landmark (Appendix Figure A3). 

On approach, all groups generally kept their approach landmark frontal, regardless of where 

it was situated relative to the flower. Although because the bees usually approached from the south 

and faced the flower (which is what they were usually aiming for), WEST bees also sometimes had 

their landmark on the left part of their retina, EAST bees also sometimes had their landmark on the 

right part of their retina.  

On departure, WEST bees seemed to focus their attention toward the west landmark during 

the initial phase of the learning flight, showing less focus during the later phase. NORTH bees, on 

the other hand, faced mostly toward the east landmark throughout the learning flight, while EAST 

bees faced mostly toward the north landmark during the initial phase of the learning flight, and also 

showed less focus during the later phase. Thus, contrasting with the universal fixation of the north 

landmark during the initial phase of the learning flight as found by Robert et al. (2018), each group 

of bumblebees focused on a different landmark. Similar to what was found with compass 

orientation, the bees clearly learned about the flower’s surroundings on approach, which influenced 

their later learning flight. 

As for why this particular pattern emerged – WEST bees focusing on the west landmark, 

NORTH bees focusing on the east landmark, and EAST bees focusing on the north landmark – 

rather than something consistent across all three groups (e.g. facing the familiar landmark or facing 

the unfamiliar ones), it is unclear. It is possible that an interaction between the landmark 

experienced on approach and some more distant panoramic feature resulted in each group of bees 

focusing in their own particular direction on departure. For example, in an outdoor study on the 

preferred viewing direction of bumblebees during their learning flights, Hempel de Ibarra et al. 

(2009) found that with landmarks in most positions around the nest hole, bumblebees all tended to 

face toward the north, but with a landmark in one particular place, viewed from the nest hole it 

lined up with a dip in the skyline, and the bumblebees tended to face that landmark during their 

learning flights. It is possible that some similar interaction between the skyline or other background 

features and one or more landmark positions on approach led to an inconsistent pattern here. 
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5.4  Concluding remarks 

Despite the unexplained pattern that emerged with which landmark was faced by each 

group of bees on departure, one can nonetheless conclude that bumblebees approaching a flower 

surrounded by landmarks do learn about the spatial configuration, and on subsequent departure the 

direction they face is influenced by what they experienced on approach. 

 

6  Societal and ethical considerations 

 With bumblebee populations declining, going regionally extinct or outright extinct globally 

(reviewed by Williams & Osborne 2009), it behoves us to learn as much as we can about bumblebee 

behaviour and biology in order to address their conservation. As land-use change through 

agricultural development is considered the primary factor is these declines, where the bees are 

simply losing habitat, there is no direct link between studying their learning flights and improving 

conservation in this sense. 

However, another factor in the decline of bees is pesticide use, and it has been found that 

neonicotinoid pesticides have a deleterious effect on learning and memory in bumblebees (Stanley 

et al. 2015), and cause reduced homing in honeybees (Matsumoto 2013). A better understanding 

of how bees conduct learning flights may open up new avenues of research to characterize what, if 

any, effect such insecticides have on the structures of their learning flights, and how this may affect 

their ability to learn the locations of flowers and the nest for navigation. 

 A more direct application of this research is in the field of robotics. There are many 

examples in which insect navigation through snapshot-matching has been applied to machine or 

robot navigation (e.g. Lambrinos et al. 2000). Thus, a better understanding of insect spatial learning 

and navigation will lead to more effective engineering applications. 

 Although this study did not require ethical permission, as insect research is not covered by 

the Animal Act in the United Kingdom at the time of this writing, the bumblebees were handled 

with care to prevent injury, and the colonies were kept for use in a separate study by another 

student. 

  

 

 



 

25 

 

7  Acknowledgements 

 First and foremost, I am indebted to Dr. Théo Robert, whose assistance during the long 

hours of data collection and expertise with MATLAB and R coding – and otherwise general 

tutelage on working with bumblebees – were invaluable. Secondly, I must thank my on-site 

supervisor Dr. Natalie Hempel de Ibarra, who leant me her wealth of knowledge in bee-ology both 

for the experimental design and the editing of this thesis, as well as the Centre for Research in 

Animal Behaviour and the University of Exeter for taking me on as a visiting Master’s student and 

allowing me the use of their facilities. Finally, I must thank my supervisor Dr. Matthias Laska who 

arranged the opportunity for this project, and who also assisted with editing. 

 

8  References 

Alford DV (2011 facsimile of 1975 edition) Bumblebees. Northern Bee Books, Hebden Bridge. 

Cartwright BA, Collett TS (1983) Landmark Learning in Bees: Experiments and Models. Journal 

of Comparative Physiology 151, 521-543. doi: 10.1007/BF00605469 

Chittka L, Kunze J, Shipman C, Buchman SL (1995) The Significance of Landmarks for Path 

Integration in Homing Honeybee Foragers. Naturwissenschaften 82, 341-343. doi: 

10.1007/BF01131533 

Collett TS (1996) Insect navigation en route to the goal: multiple strategies for the use of 

landmarks. Journal of Experimental Biology 199, 227-235. 

Collett M, Collett TS (2000) How do insects use path integration for their navigation? Biological 

Cybernetics 83, 245-259. doi: 10.1007/s004220000168 

Collett TS, Zeil J (1996) Flight of Learning. Current Directions in Pyschological Science 5, 149-

155. doi: 10.1111/1467-8721.ep11512352 

Dittmar L (2010) Static and dynamic snapshots for goal localization in insects? Communicative & 

Integrative Biology 4, 17-20. doi: 10.4161/cib.4.1.13763 

https://doi.org/10.1007/BF00605469
https://doi.org/10.1007/BF01131533
https://doi.org/10.1007/BF01131533
https://doi.org/10.1007/s004220000168
https://doi.org/10.1111/1467-8721.ep11512352
https://doi.org/10.4161/cib.4.1.13763


 

26 

 

Dittmar L, Stürzl W, Baird E, Boeddeker N, Egelhaaf M (2010) Goal seeking in honeybees: 

matching of optic flow snapshots? Journal of Experimental Biology 213, 2913-2923. doi: 

10.1242/jeb.043737 

Gould JL (1988) Timing of Landmark Learning by Honey Bees. Journal of Insect Behaviour 1, 

373-377. doi: 10.1007/BF01054499 

Goulson D (2010) Bumblebees: Behaviour, Ecology and Conservation. 2nd ed. Oxford University 

Press, New York. 

Hempel de Ibarra N, Philippides A, Riabinina O, Collett TS (2009) Preferred viewing directions 

of bumblebees (Bombus terrestris L.) when learning and approaching their nest site. Journal of 

Experimental Biology 212, 3193-3204. doi: 10.1242/jeb.029751 

Lambrinos D, Möller R, Labhart T, Pfeifer R, Wehner R (2000) A mobile robot employing insect 

strategies for navigation. Robotics and Autonomous Systems 30, 39-64. doi: 10.1016/S0921-

8890(99)00064-0 

Land MF (1997) Visual acuity in insects. Annual Review of Entomology 42, 147-177. doi: 

10.1146/annurev.ento.42.1.147 

Lehrer M (1991) Bees Which Turn Back and Look. Naturwissenschaften 78, 274-276. doi: 

10.1007/BF01134357 

Lehrer M (1993) Why do bees turn back and look? Journal of Comparative Physiology A 172, 549-

563. doi: 10.1007/BF00213678 

Lehrer M, Collett TS (1994) Approaching and departing bees learn different cues to the distance 

of a landmark. Journal of Comparative Physiology A 175, 171-177. doi: 10.1007/BF00215113 

Linander N, Dacke M, Baird E, Hempel de Ibarra N (2018) The role of spatial texture in visual 

control of bumblebee learning flights. Journal of Comparative Physiology A 204, 737-745. doi: 

10.1007/s00359-018-1274-0 

Macuda T, Gegear RJ, Laverty TM, Timney B (2001) Behavioural assessment of visual acuity in 

bumblebees (Bombus impatiens). Journal of Experimental Biology 204, 559-564. 

https://doi.org/10.1242/jeb.043737
https://doi.org/10.1242/jeb.043737
https://doi.org/10.1007/BF01054499
https://doi.org/10.1242/jeb.029751
https://doi.org/10.1016/S0921-8890(99)00064-0
https://doi.org/10.1016/S0921-8890(99)00064-0
https://doi.org/10.1146/annurev.ento.42.1.147
https://doi.org/10.1146/annurev.ento.42.1.147
https://doi.org/10.1007/BF01134357
https://doi.org/10.1007/BF01134357
https://doi.org/10.1007/BF00213678
https://doi.org/10.1007/BF00215113
https://doi.org/10.1007/s00359-018-1274-0
https://doi.org/10.1007/s00359-018-1274-0


 

27 

 

Matsumoto T (2013) Reduction in homing flights in the honey bee Apis mellifera after a sublethal 

dose of neonicotinoid insecticides. Bulletin of Insectology 66, 1-9. 

Meyer-Rochow VB (1981) Electrophysiology and histology of the eye of the bumblebee Bombus 

hortorum (L.) (Hymenoptera: Apidae). Journal of the Royal Society of New Zealand 11, 123-153. 

doi: 10.1080/03036758.1981.10419447 

Philippides A, Hempel de Ibarra N, Riabinina O, Collett TS (2013) Bumblebee calligraphy: the 

design and control of flight motifs in the learning and return flights of Bombus terrestris. The 

Journal of Experimental Biology 216, 1093-1104. doi: 10.1242/jeb.081455 

Robert T, Frasnelli E, Hempel de Ibarra N, Collett TS (2018) Variations on a theme: bumblebee 

learning flights from the nest and from flowers. Journal of Experimental Biology 221, 1-15. doi: 

10.1242/jeb.172601 

Rossel S, Wehner R (1982) The bee’s map of the e-vector pattern in the sky. Proceedings of the 

National Society of Sciences of the United States of America 79, 4451-4455. doi: 

10.1073/pnas.79.14.4451 

Sladen FWL (1912) The Humble-Bee: Its Life History and How to Domesticate it. MacMillan and 

Co., London. 

Stanley DA, Smith KE, Raine NE (2015) Bumblebee learning and memory is impaired by chronic 

exposure to a neonicotinoid pesticide. Scientific Reports 5:16508, 1-10. doi: 10.1038/srep16508 

Streinzer M, Spaethe J (2014) Functional morphology of the visual system and mating strategies 

in bumblebees (Hymenoptera, Apidae, Bombus). Zoological Journal of the Linnaean Society 170, 

735-747. doi: 10.1111/zoj.12117 

Williams PH, Osborne JL (2009) Bumblebee vulnerability and conservation world-wide. 

Apidologie 40, 367-387. doi: 10.1051/apido/2009025 

Zeil J (1993) Orientation flights of solitary wasps (Cerceris; Sphecidae; Hymenoptera): I. 

Description of flight. Journal of Comparative Physiology A 172, 189-205. doi:  

10.1007/BF00189396

https://doi.org/10.1080/03036758.1981.10419447
https://doi.org/10.1242/jeb.081455
https://doi.org/10.1242/jeb.172601
https://doi.org/10.1242/jeb.172601
https://doi.org/10.1073/pnas.79.14.4451
https://doi.org/10.1073/pnas.79.14.4451
https://doi.org/10.1038/srep16508
https://doi.org/10.1111/zoj.12117
https://doi.org/10.1051/apido/2009025
https://doi.org/10.1007/BF00189396
https://doi.org/10.1007/BF00189396


 

28 

 

Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a

b
le

 A
1

. 
T

h
e 

th
re

e 
g
ro

u
p

s 
o

f 
b

ee
s 

te
st

ed
 (

co
rr

es
p

o
n
d

in
g

 t
o

 t
h
e 

la
n
d

m
ar

k
 p

re
se

n
t 

o
n
 a

p
p

ro
ac

h
: 

W
-c

y
l;

 N
-c

y
l;

 o
r 

E
-c

y
l)

, 
sh

o
w

in
g
 t

h
e 

b
ee

 I
D

, 
it

s 

co
lo

n
y
, 

th
e 

d
at

e 
an

d
 t

im
e 

o
f 

it
s 

te
st

 i
n
 p

h
as

e 
2

, 
an

d
 t

h
e 

to
ta

l 
n
u

m
b

er
 o

f 
tr

ai
n

in
g
 r

ep
et

it
io

n
s 

in
 p

h
as

e 
1

 f
o

r 
th

at
 b

ee
 (

T
rg

 R
e
p

s)
, 

as
 b

ee
s 

th
at

 d
id

 n
o

t 
la

n
d

 

at
 t

h
e 

fl
o

w
er

 f
o

r 
te

st
in

g
 o

r 
w

h
o

 f
ai

le
d

 t
o

 r
ea

p
p

ea
r 

af
te

r 
h
av

in
g
 r

et
u
rn

ed
 t

o
 t

h
e 

n
es

t 
af

te
r 

tr
ai

n
in

g
 w

er
e 

tr
ai

n
ed

 a
g
ai

n
 o

n
 a

 s
u
b

se
q

u
e
n
t 

d
a
y
 b

ef
o

re
 

at
te

m
p

ti
n
g
 t

o
 t

e
st

 t
h
e
m

 a
g
ai

n
. 

 



 

29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Body orientation relative to Northʹ (degrees) 

F
re

q
u
e
n
c
y
 

a b 

c d 

Figure A1. Frequency distributions (bin width of 20°) of body orientations relative to Northʹ (a line between the 

flower and N-cyl landmark) for the pooled (a) approach flights, (b) learning flights, (c) initial phases of learning 

flights and (d) late phases of learning flights for all bees. The direction of Northʹ is taken as 0°, and body 

orientations to the right of Northʹ are positive, while orientations to the left of Northʹ are negative, to a maximum 

of ±180° (see inset or Figure 3a). 
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Figure A2. Frequency distributions (bin width of 20°) of the retinal position of the flower during the pooled (a) 

approach flights, (b) learning flights, (c) initial phases of learning flights and (d) late phases of learning flights 

for all bees. The direction in which the bee is facing is taken as 0°, and the retinal position of the flower is taken 

as the angle between the orientation of the bee and a vector to the flower, where angles to the right of the bee are 

positive, and angles to the left of the bee are negative, to a maximum of ±180° (see inset or Figure 3b). 
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Figure A3. Frequency distributions (bin width of 20°) of the retinal positions of each landmark (W-cyl, N-cyl 

and E-cyl) for the pooled (a) learning flights, (b) initial phases of learning flights and (c) late phases of learning 

flights for all bees. The direction in which the bee is facing is taken as 0°, and the retinal position of a landmark 

is taken as the angle between the orientation of the bee and a vector to the landmark, where angles to the right of 

the bee are positive, and angles to the left of the bee are negative, to a maximum of ±180° (see inset or Figure 

3b). 


