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Abstract 

The Bogong Moth, Agrotis Infusa, is a migratory moth native to South-Eastern Australia. These 

nocturnal insects migrate over more than 1000 km from their breeding grounds to caves in the 

Australian alps. To find their way during this migration, individuals of the species use several 

compass cues, both magnetic and celestial. This study aimed to investigate the ability of the 

moth to navigate after an artificial Milky Way made up of an LED strip. The LED was 

programmed to give light in different conditions, with two sides and three different widths of 

lights and was placed on a dome on top of a Mouritsen-Frost flight simulator. The end results 

did not show a significant directedness, but indicated a preference for the moths to fly away 

from the light. However, further experiments are needed to confirm this. This study and its 

methods provide a base for further research.  

 

Introduction 

Migrational behaviour among animals is a well-known phenomenon. The most famous 

examples come from bird species such as the white stork which has been used in the famous 

tale about where human babies come from (Berthold, 2001; Blas, et al. 2001). However, there 

are also many other animals that migrate over long distances. Among these some are insects 

such as the North American Monarch butterfly. This species can migrate over up to 4000 km 

from its Northernmost habitats in Canada all the way down to 

Mexico (Berthold, 2001). Another migratory insect species is 

the Bogong moth (Figure 1) which has been the focus of this 

study. This tiny animal is a nocturnal migrator and has been 

shown to migrate more than 1000km from their breeding 

grounds in Southern Queensland, Western Victoria and 

Northwestern and Western New South Wales to cave systems 

in the Australian alps (Figure 2). Once they arrive in the alps, 

the moths aestivate densely packed on the cave walls. 

Aestivation is a state in which animals, plants or even 

unicellular organisms can lower their metabolic rate for 

periods of time. The Bogongs stay in this state for up to four 

months before they return back to their breeding grounds and 

thereby completing a journey of more than 2000 km per 

individual in a year. (Warrant, et al. 2016)  

 

How these animals find their way while migrating has baffled 

scientists over the years and many theories have been 

suggested. One theory that has been tested and shown to be 

supported is the presence of an internal biological magnetic compass of sorts. The ability to 

sense the magnetic field and use it as a compass cue has been shown to exist in migratory birds 

(Chernetsov, 2016). This ability has also been  shown to exist in some migratory insects such 

as the Monarch (Guerra, et al. 2014) and the Bogong moth (Dreyer, et al. 2018). Another theory 

which has been widely studied is the use of celestial cues such as the sun and stars of the night 

sky for directionality. The Monarch is a diurnal migrator and it has been found that it uses the 

Figure 1: A male specimen of the 
Bogong moth Agrotis infusa. Credit: 
Eric Warrant 



disk of the sun to navigate (Mouritsen & Frost, 2002). This has also been found in some birds 

such as the pied flycatcher which has been suggested to use celestial cues before relying on 

magnetic cues (Giunchi, et al. 2015). The bogong moth has just recently been shown to use the 

starry night sky as a 

navigational cue (Dreyer, et 

al. 2021a). One potentially 

useful cue of the night sky is 

the Milky Way which spans 

over the night sky creating 

something of a cloud of light. 

Interestingly the insect 

Scarabaeus satyrus (a 

nocturnal Dung beetle) has 

been shown to use the Milky 

Way for orientation (e.g. 

Foster, et al. 2017). In this 

study we examine whether 

the Bogong moth also 

potentially uses the Milky Way as a cue for orientation in navigation.  

 

 

 

 

Materials and methods 

 

Animals 

Wild Bogong moths were captured in South-Eastern Australia in February of 2021 and shipped 

to Lund University. At the University they were kept in a Percival incubator to retain their 

aestivation state. The temperature was kept at 6°C and 13°C at night and day respectively with 

a daylight cycle of 15h light/9h dark with a light spectrum similar to that of natural sunlight. 

Relative humidity levels were kept at 65-72%. Before being used in experiments animals were 

placed in a room with a constant temperature of around 16°C with the current outdoors light 

cycle for at least three days. This was done to accustom them to the natural circadian rhythm 

of Sweden before experiments were done. The moths were fed with honey solution that 

contained 20 g/l sugar, 20 g/l eucalyptus honey and 2 g/l ascorbic acid.  

 

Preparation of moths 

On the day of experiments the moths were put into individual containers. They were then put 

into the fridge for 5 minutes to calm them down. They were then placed under a plastic gauze 

mesh (5 x 5 mm holes), the scales on the dorsal thorax were removed using a small paint brush. 

Tungsten rods of about 15mm where the end had been bent 90 degrees and then into a circular 

shape were glued to the dorsal plate using Evo-Stik Impact contact adhesive. These pieces of 

tungsten rod were then used as tethering stalks. The moths were kept in individual containers 

Figure 2: A, the area where Bogong moths can be found. B, The routes of 
Bogong moth migration in the spring. 



and fed with cotton swabs dipped in honey solution. They were then put outside on a slightly 

elevated position with minimal light pollution 30 minutes before sunset and picked up again 

30 minutes after sunset. They were placed in a styrofoam box with a hot water bottle to warm 

them up though the temperature in the room where experiments were performed sometimes 

dropped below 0°C.  

 

Experimental setup 

The setup used (Figure 3) was a 

modified Mouritsen-Frost flight 

simulator (Dreyer, et al. 2021b, 

Mouritsen & Frost, 2002). The simulator 

consisted of a cylindrical arena of 

plexiglass which was covered in a 

homogenous layer of black felt on the 

inside, to minimize the presence of 

visual landmarks. The cylinder had a 

diameter of 50 cm and a height of 35 cm. 

On top of the arena an encoder holder 

with an optical encoder was placed. The 

optical encoder had a tungsten rod 

(0.5mm diameter and 12 cm length) 

attached to it and at the bottom of the rod 

a stalked animal could be attached. The 

encoder was connected to a computer 

through a USB-box and the orientation 

of the moth at a certain time point could 

thereby be recorded and saved. On top of 

everything a semi-transparent dome with 

a programmable LED-strip (Adafruit 

NeoPixel Digital RGB LED Strip, 60 

LED, 1m length, 12.5mm wide, 4mm 

thick, 5V, 60mA, LED wavelengths: 

630nm/530nm/475nm) running across was placed. The 

LED strip had 23 separate LEDs with the 12th LED 

placed at the absolute top of the dome and was acting as 

an artificial Milky Way. Between the LEDs and the 

dome three layers of Lee Neutral Density filter sheets 

ND 1.2 were placed (Figure 4). The dome was covered 

with a layer of black cloth during experiments. All this 

was placed on top of a level aluminium table (71x71cm) 

Figure 3: Modified Mouritsen-Frost flight simulator. 1. A semi-
transparent plastic dome covered with a programmable LED-
stripe. 2. An optical encoder. 3. A tungsten rod to which an 
experimental animal can be attached. 4. An optical encoder 
holder. 5. The cylindrical arena covered on the sides in black 
felt. 6. An aluminium table with a hole the same size as the 
arena placed at complete level. The hole has been covered 
with diffuser filters. 7. A mirror placed at 45° under the table. 
8. A projector projecting an optic flow onto the mirror and then 
onto the diffuser filter under the arena.  

Figure 4: A picture of the arena and dome 
of the Mouritsen-Frost flight simulator used. 



with a hole covered with a transparent plexiglass disk and diffuser paper. Underneath the table 

a mirror was placed reflecting a projected image from the projector. The computer recording 

the orientation of the moth created an image taken from google earth of the ground, in an area 

close to the common migratory routes of the Bogong in Australia, that was projected under the 

moth moving in the opposite direction than it was flying. This projection was done to create 

the illusion of an optic flow, such a flow can stimulate the animal to keep on flying (Preiss, 

1987). In front of the projector two pieces of Lee Neutral Density filter sheets ND 1.2 and one 

sheet of ND 0.3 were added to dim the light intensity. The screen of the laptop used (Dell 

latitude 7480) was set to minimum brightness and was covered with a red filter.  

 

Experimental procedure 

During experiments a red LED 

light was used when removing 

a tethered moth and fixing a 

new moth in the arena. The 

moths were attached to the 

tungsten rod (3. in Figure 3) 

using a 1 cm rubber tubing. The 

animals could then move freely 

about the yaw-axis. Before 

each recording the tethered 

moth was held against 

magnetic West (which was 

used as the setup’s 0-position 

throughout the experiments) and the encoder system was recalibrated to the 0-position. The 

moths were then left for about 20s to get used to the environment before the recordings started. 

The moth's direction was sampled at a frequency of 5 Hz and everything was saved to the hard-

drive. During the experiments the moth's behaviour was continuously monitored by the 

software (USB1, USB4: US Digital, Vancouver, WA, USA). All trials were of ABA, BAB, 

AAA or BBB type, the two latter being controls. Meaning that each letter stands for one 

condition, preferably the animal will perform the same in the second A/B as in the first A/B 

suggesting that the condition affects the behaviour. The A side was the North-Western side of 

the LED-strip and the B side on the South-Eastern side (in magnetic terms). Each trial was then 

performed at one of three different conditions called X, Y and Z. The X condition had 3 LEDs 

turned on on one side of the arena in each A/B condition, the Y condition had 7 LEDs turned 

on on each side and the Z condition had 12 LEDs turned on (Figure 5). We chose a light 

intensity at which the animals seemingly responded to the stimulus. The different light 

conditions were all programmed in MATLAB. Each experiment lasted for 3 minutes (1 minute 

on each side) and if the animal was performing well it was used in up to three consecutive 

experiments (one for each condition). However, if the animal stopped for more than 10 seconds 

it was kickstarted by a nudge of the arena.  

 

  

Figure 5: The dome with LED strip that was placed on top of Mouritsen-
Frost flight arena. Each yellow dot represents a LED light. A and B are 

the two sides and X, Y, Z are the three conditions of lights turned on. 



Statistical analysis 

All recordings were analyzed using MATLAB scripts and then in the circular statistics software 

Oriana. The virtual flight tracks were subdivided into 3 parts according to the respective 

experimental condition (A or B). For example, if the trial was of ABA-type, then it was 

analyzed as A1, B and A2. Then, the mean direction and r-value of each part was established 

through a prewritten MATLAB script. After this the datasets that filled certain criteria were 

found to be analyzed separately. The first criterion was that the r-value of each part had to be 

higher or equal to 0.2 (this threshold has shown to sort out flight tracks which do not show any 

directed flight) to make sure that the animal was not improperly stalked or very disoriented. 

The second criterion was that the mean direction of A2 had to be within 120° (i.e. ±60°) of A1:s 

mean value. This particular criterion was chosen since one of the conditions (A or B) was tested 

twice per experiment which enables to sort out animals which show an inconsistent 

directedness. The expectation here is that a tested animal would retutn to it’s initial flight 

direction if tested under the given stimulus configuration a second time. The third criterion was 

that the angle between the mean direction of one condition and the next (A1 to B or B to A2) 

had to be above 60° at least in one condition, this was done to sort out flight tracks of animals 

which were irresponsive to the stimulus configuration during the entire time of the respective 

experiment.  

 

The two types of statistical tests used were the Rayleigh test and Moore’s modified Rayleigh 

test (MMRT). Both of them were used to tell how directed an animal or a population of animals 

was. The difference between them is that MMRT accounts for the r-values of the data and not 

just the mean direction (Moore, 1980). Both tests rely on the null hypothesis that the choice of 

direction is evenly distributed around the circumference of a circle and give a significance 

probability (p-value) that can help in determining the significance (Dreyer, 2021b).  

 

Results and Discussion 

Analysis of angles 

The first analysis done was between the angular difference from A1⟶B⟶A2 and B1⟶A⟶B2 

in all experiments. The angle between the mean direction in each condition was calculated in 

excel (Table 1-3). The mean value of the two angles was then calculated and a histogram was 

made dividing the angle from 0°-180° in 18 bins (Figure 6A). The graph shows the number of 

trials within that specific bin of angles. A trendline was added to clarify. The same graph was 

done for controls to compare (see Table 4) and as can be seen the trendline is here much more 

normally distributed (Figure 6B). If the moths did not show any reaction to the light, a normally 

distributed angular difference between the conditions would be expected and that the 

experiments show a higher number of animals tending to change direction about 90 degrees 

strongly indicates that the animals somehow respond to the changing stimulus, especially when 

compared to the controls which were much more normally distributed.  

 

  



 

The second analysis done took the different conditions X, Y and Z into consideration. Each 

condition (eg. ABA X) was pooled and mean angles were calculated like in the previous 

analysis. But in this case put into a histogram with the pooled groups on the X axis and the 

mean angular difference on the Y axis (Figure 7). As can be seen the ABA Z condition had the 

highest mean angle and the ABA X the lowest of the ABA conditions. However in the BAB 

condition this pattern was not the same. Here instead the Y condition had a higher mean angle. 

This could however be explained by the fact that the same animals were reused and the Z 

condition was the last in the order of experiments of each animal. In my notes I wrote that many 

of the moths seemed to have stopped flying during the BAB Z experiments. When further trials 

are performed this will have to be accounted for by varying the order of conditions. When 

looking at the controls they differ quite a lot between the AAA and the BBB. The BBBs show 

a low mean angle overall which is to be expected if the animals fly continuously relative to the 

light. However the AAA controls show an almost identical pattern to the one in ABA, this is 

quite unexpected and the reason for this is debatable. One reason could be that the experimenter 

forgot to change the script from ABA to AAA during some of the AAA controls even though 

this is unlikely. To find out what the reason could be behind this further AAA controls would 

have to be done.  

  

Figure 6: Histogram of the mean angle between two changes of light conditions of Bogong moths in a Mouritsen-
Frost flight simulator. In A: all experiments (i.e. of ABA/BAB type). B: all controls (i.e. of AAA/BBB type). The Y-
axis shows the amount of experiments and the X-axis the angle in degrees. 



Analysis of directionality 

The third analysis was about finding the mean direction of animals pooled in different 

populations. This was primarily done on the selected datasets that had fulfilled the criteria 

(Table 5) described in the methods section. Two examples of such selected files can be seen in 

the plot of Figure 8. 54B and 55B display a change in mean direction between the conditions 

while 54A and 55A show a higher resolution of the direction of the moths over time. As can 

be seen in the higher resolution plots, the moths clearly react to the change of condition by 

changing direction almost immediately after the condition has changed. The black arrows 

showcased are pointing towards the magnetic West (setup North) for reference (Figure 8).  

 

 

A MMRT test was done on the selected data and the result was plotted using custom MATLAB 

scripts. First the ABA-condition was done (Figure 9). None of the conditions showed a 

direction with significance, which can be seen by the red bar not crossing any of the dotted 

lines showing the R*-value needed for statistical significance (p=0.05, p=0.01, p=0.001). 

Second the BAB-condition was done (Figure 10) and the direction did not show significance 

in any of the separate conditions. Even though none of the plots show a significant direction 

Figure 7: Histogram of the mean angle of moth direction between the two changes of condition pooled into groups. 

Figure 8: Plots displaying direction of moths during three conditions (blue, red then blue) 
in different resolutions. The number shows trial number (see Table 5) and the letter 
describes resolution. A: High resolution that clearly shows the continuous direction 
during trial. B: Each coloured arrow depicts the mean direction during one of three 
conditions. Black arrows point towards the magnetic West for reference. 



there is still a bias which is to fly away from the light. It should also be mentioned that 0 in all 

these plots is magnetic West. One quite probable reason that the animals were not significantly 

oriented is that they were caught in february and that two to three months in captivity has 

affected their motivation to migrate. Further trials should therefore be done as soon as possible 

upon delivery of fresh moths.  

  

Figure 9: MMRT plots of ABA experiments that fulfilled certain criteria described 
in the methods section. The dashed circles indicate the R*-values needed for 
different degrees of statistical significance (p=0.05, p=0.01, p=0.001). The plots 
divide the ABA experiments into three parts where the first A-condition is named 
A1 and the second is named A2. 0 in these plots is pointed against magnetic 
West. 



Figure 10: MMRT plots of BAB experiments that fulfilled certain criteria described in 
the methods section. The dashed circles indicate the R*-values needed for different 
degrees of statistical significance (p=0.05, p=0.01, p=0.001). The plots divide the 
BAB experiments into three parts where the first B-condition is named B1 and the 

second is named B2. 0 in these plots is pointed against magnetic West.  

 



After separating the measurements that fulfilled the criteria mentioned it became clear that 

three of the datasets that fulfilled the criteria were controls. As can be seen when comparing 

Figure 8B and 11B they all had the mean direction expected from the reaction to a change in 

condition in an ABA/BAB experiment. All the black arrows in these plots are pointing against 

the magnetic West. This was quite unexpected and further analysis was therefore done on these 

datasets (number 173, 177 and 209). The most probable reason that 177 showed the pattern 

expected from an actual experiment is that it was kickstarted once, this most probably gave the 

second change of direction seen in Figure 11 (177A) causing the mean direction of the second 

condition to change. However unlikely, another possible explanation would be that I forgot to 

change the script from ABA to BBB. Looking at the xxx pattern for individual 209A (Figure 

11), it can be seen that the change in direction occuring in the second condition did not occur 

directly after the change. This is different from what can be seen in Figure 8 where the change 

occurs soon after the change of conditions. The change in direction in this case was therefore 

most likely random. Concerning trial 173, the first change in direction started before the first 

switch between conditions and the second change in direction happened quite far after the 

second switch of conditions. Finally, when keeping this in mind and comparing Figure 11A to 

8A these are not very clear changes in direction that indicate reaction due to a change in 

condition.   

Figure 11: Plots displaying direction of a moth during three conditions (blue, red, 
blue) in different resolutions. The number shows trial number (see Table 5) and the 
letter depicts resolution. A: High resolution that clearly shows the continuous 
direction during trial. B: Each coloured arrow depicts the mean direction during one 
of three conditions. The plot named All is an average of the three seen above. Black 

arrows point towards the magnetic West for reference. 



After removing the false positives from the separated datasets two plots were made for the 

average directionality of the ABA respectively BAB experiments (Figure 12). As can be seen 

when compared to Figure 8 the pattern of the plots indicate that some type of reaction to the 

change of conditions took place. Interestingly we can in Figure 12 just as in Figure 9 and 10 

see that the animals seem to have a preference for moving away from the light, considering 

that the black reference arrows indicate magnetic West. The MMRT and Rayleigh test results 

used for these plots can be found in table 6 and 7. It can be seen that none of the directions 

except for the A2 condition in the ABA experiments had a p-value below 0.05 implying that 

only this condition showed some statistical significance.  

 

When analysis of the separated datasets was completed some analysis on all data was done. In 

Figure 13 through 16 arrow diagrams of all trials separated by ABA-, BAB-, AAA- and BBB- 

as well as X-, Y- and Z type can be found. The MMRT and Rayleigh test results used for all 

these plots can be found in Table 8 through 15. The ABA experiments pooled together as seen 

in Figure 13 do not showcase any clear pattern of change in direction according to stimuli as 

the one seen in Figure 8. The exception being the Z condition, which if looking at the p-values 

does not show any statistical significance. One reason for this could as mentioned earlier be 

that the moths have been held in captivity for a long time which might affect their migratory 

state and thereby their ability to perform in the arena. When looking at the p-values we see that 

there is statistical significance in both the MMRT and Rayleigh test only in A1 of the Y 

condition. The A1 of the All plot shows significance in the Rayleigh test but not in the MMRT.  

 

  

Figure 12: Plots displaying direction of moths during three conditions of 
ABA- or BAB type (blue, red, blue). The trials in these plots had fulfilled 
certain criteria described in the methods section. Each coloured arrow 
depicts the mean direction during one of three conditions. Black arrows 
point towards the magnetic West for reference. 



 

None of the BAB plots (Figure 14) show the pattern expected when the moths fly relative to 

the light as in Figure 8. Again one likely reason for this is the moths' questionable migratory 

state. The BAB Y B2 showed statistical significance in the MMRT but not the Rayleigh test.  

 

  

Figure 13: Plots displaying direction of moths during three 
conditions of ABA type (blue, red, blue) in different 
resolutions. Each coloured arrow depicts the mean direction 
during each condition. The letters X, Y and Z describe 
different light conditions. Black arrows point towards the 
magnetic West for reference. 



 

All the control plots (Figure 15 and 16) show the expected pattern of flying in a continuous 

direction except for AAA Z. Why the AAA Z has the pattern expected from actual 

experiments is hard to say. As discussed before it could have to do with me forgetting to 

change the script from ABA/BAB to AAA but that I would forget to change the script enough 

times to affect the the outcome of the plot enough to make it look like a plot for actual 

experiments is highly unlikely. More controls of the AAA Z type should therefore be made to 

see what could be behind this pattern.   

Figure 14: Plots displaying direction of moths during three conditions of BAB 
type (blue, red, blue) in different resolutions. Each coloured arrow depicts 
the mean direction during each condition. The letters X, Y and Z describe 
different light conditions. Black arrows point towards the magnetic West for 
reference.  

 



 

  

Figure 15: Plots displaying direction of moths during three conditions of AAA type (blue, 
red, blue) in different resolutions. Each coloured arrow depicts the mean direction during 
each condition. The letters X, Y and Z describe different light conditions. Black arrows 
point towards the magnetic West for reference. 

Figure 16: Plots displaying direction of moths during three conditions of AAA type (blue, 
red, blue) in different resolutions. Each coloured arrow depicts the mean direction during 
each condition. The letters X, Y and Z describe different light conditions. Black arrows 
point towards the magnetic West for reference. 



Conclusion and outlook 

Bogong moths have been shown to use the starry sky as a compass cue (Dreyer, et al. 2021a). 

At this stage, it is unknown which part of the starry sky is actually used by the moths while 

they perform flight behaviour in the orientation experiments. A very promising candidate (in 

terms of brightness, illuminated area and consistency) would be the axis of the Milky way, and 

indeed, African Dung Beetles have been shown to use the Milky way as an orientation cue (e.g. 

Foster, et al. 2017).  

 

The main aim of the experiments described above was to test if the Bogong moths which were 

transferred from Australia to Europe would interpret the presented stimulus (which was 

supposed to mimic the axis of the Milky way) as an orientation cue. A seasonally appropriate 

orientation of the tested subsample was not expected for multiple reasons. Some of the more 

apparent are: 1) The Earth’s magnetic field in Sweden is different to the one in Australia. One 

thing that separates them is the difference in inclination angle or tilt of the magnetic field 

(Taylor, et al. 2021). 2) The orientation of the axis of the Milky way varies systematically over 

the time of a respective night, which means that it would be oriented differently relative to the 

Earth’s magnetic field at different times of a respective night. The stimulus which was 

presented (which was supposed to mimic the Milky way) was stationary. 3) The respective 

light-intensity of the stimulus was chosen since some of the animals which were tested at the 

beginning of the experiments showed an instantaneous response to the stimulus. The intensity 

of our stimulus was surely higher than the natural light intensity of the Milky way. 4) The 

wavelengths of the LEDs do not match the natural spectrum of the night sky. 5) We don’t really 

know if the animals were in their natural migratory stage. 6) The angle from the moths 

perspective to the lowest LED was at 40°. In the wild the Milky way would reach the horizon 

giving a broader reference for navigation.  

 

As described above, there are many variables which make the interpretation of the dataset at 

hand very difficult. In the following I would like to suggest a few changes in the future 

experimental design and protocol. One thing that would be interesting is to do the experiments 

in Australia were the magnetic field is what the animals are used to. It would also be interesting 

to continously change the orientation of the LED strip according to the milky way orientation 

on the night sky. Changing the LEDs to lights that represent the same wavelengths as natural 

lights would also be plausible. The angle from the animal to the first LED should also be 

minimized. This could be done by building some kind of shelf within the dome where the 

encoder holder could be placed. As described earlier fresh animals should be used to maximise 

the possibility of the animals being in a migratory state, this would be easiest done if 

experiments were done in Australia. One thing that should also be accounted for is to even out 

the amount of trials of each kind as well as to randomize the order of different conditions. This 

will minimize the risk of a certain condition being favoured by being run at a night with 

advantageous conditions such as temperature and weather. Another interesting follow up would 

be to do the same trials with animals that have been caught on the opposite journey in 

Australian springtime to see if their direction would change, supposedly they would then have 

a bias towards flying in the opposite direction.  



The method developed for this study has the potential to be used as a base for future studies. 

The most promising potential for this method would be in behavioural studies. It can be used 

to see how animals react to light stimuli at different angles and intensities and could thereby 

potentially lead to some conclusion on different phototaxic behaviour.  
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Appendix 

Table 1: Measurements of moths done under ABA/BAB Z condition. 

Trial 

number 

Conditio

n 

r-value 1 r-value 

2 

r-value 

3 

first 

directio

n 

second 

directio

n 

third 

directio

n 

first 

angle 

(°) 

second 

angle 

(°) 

29 ABA 0,5286918

03 

0,54344

5 

0,7233

17 

23 297 223 86 74 

30 ABA 0,3621767

19 

0,13922

7 

0,4438

05 

31 31 30 0 1 

31 ABA 0,4805775 0,29928

1 

0,7790

46 

314 290 268 24 22 

32 ABA 0,4326700

22 

0,83221

2 

0,8083

24 

110 348 303 122 45 

35 ABA 0,9513799

72 

0,17983

6 

0,5661

98 

11 309 53 62 104 

36 ABA 0,2312344

21 

0,77960

4 

0,3350

12 

35 135 139 100 4 

37 ABA 0,9971091

12 

0,99677

2 

0,6894

02 

120 117 115 3 2 

38 ABA 0,9605480

15 

0,80393

5 

0,8393

44 

229 160 84 69 76 

39 ABA 0,2802522

51 

0,27047

1 

0,4492

55 

331 333 332 2 1 

40 ABA 0,6725146

38 

0,97217

7 

0,8664

53 

86 50 47 36 3 

44 ABA 0,2977546

6 

0,38870

8 

0,4409

8 

95 29 139 66 110 

47 ABA 0,4826208

86 

0,27417

3 

0,2526

75 

34 254 317 140 63 

50 ABA 0,7160839

13 

0,71882

1 

0,7062

07 

131 140 145 9 5 
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51 ABA 0,7227020

74 

0,99881

4 

0,4056

85 

222 294 200 72 94 

55 ABA 0,9150071

32 

0,99662

6 

0,7751

86 

208 303 237 95 66 

58 ABA 0,8045638

59 

0,99319

9 

0,9984

72 

185 193 193 8 0 

61 ABA 0,9986624

93 

0,99327

5 

0,9757

83 

353 338 307 15 31 

64 ABA 0,9972966

33 

0,99924

5 

0,9996

2 

193 193 196 0 3 

67 ABA 0,2790776

23 

0,83258

9 

0,9895

49 

330 126 214 156 88 

104 ABA 0,2869136

67 

0,82233

9 

0,9300

94 

290 46 91 116 45 

116 ABA 0,5806313

86 

0,66593 0,2310

85 

247 172 107 75 65 

119 ABA 0,8605469

46 

0,47763

9 

0,5666

27 

195 130 250 65 120 

131 ABA 0,8803754

51 

0,99898

7 

0,9969

31 

167 214 208 47 6 

139 ABA 0,9757258

84 

0,99257

7 

0,9941

45 

252 238 237 14 1 

144 ABA 0,4651173

19 

0,97499

7 

0,7257

46 

321 328 237 7 91 

147 ABA 0,3585088

16 

0,49225

2 

0,8925

54 

274 85 46 171 39 

150 ABA 0,3547641

52 

0,99959

2 

0,9997

12 

308 80 80 132 0 

155 ABA 0,9995299

21 

0,99814

2 

0,9998

01 

13 15 16 2 1 

76 BAB 0,4014067

22 

0,42703

9 

0,5518

5 

115 8 161 107 153 

80 BAB 0,4729267

9 

0,54207

7 

0,3697

01 

190 115 119 75 4 

85 BAB 0,8449048

23 

0,99149

1 

0,2434

93 

327 315 268 12 47 



88 BAB 0,2456087

56 

0,73315

9 

0,6811

57 

302 49 320 107 89 

91 BAB 0,9972343

04 

0,76125

8 

0,5542

65 

69 344 276 85 68 

94 BAB 0,9984878

44 

0,99958 0,9988

31 

93 101 98 8 3 

98 BAB 0,9999241

82 

0,88116

6 

0,9153

25 

177 194 192 17 2 

101 BAB 0,5626232

84 

0,67002 0,6700

98 

57 171 68 114 103 

 

Table 2: Measurements of moths done under ABA/BAB X condition. 

Trial 

number 

Conditio

n 

r-value 1 r-value 

2 

r-value 

3 

first 

directio

n 

second 

directio

n 

third 

directio

n 

first 

angle 

(°) 

second 

angle 

(°) 

42 ABA 0,0000000

000000 

0,36860

9 

0,1857

39 

226 332 104 106 132 

45 ABA 0,5683534

55 

0,46594 0,3034

52 

185 170 312 15 142 

48 ABA 0,4220905

86 

0,36757

1 

0,4066

29 

119 110 116 9 6 

53 ABA 0,9985063

1 

0,99778

5 

0,9986

69 

132 132 138 0 6 

56 ABA 0,9260223

48 

0,40343

6 

0,9093

26 

51 251 311 160 60 

59 ABA 0,7596604

53 

0,14275

1 

0,8467

97 

103 276 127 173 149 

62 ABA 0,2213516

43 

0,56778

3 

0,9939

69 

194 348 194 154 154 

65 ABA 0,9889882

85 

0,62945

9 

0,5928

68 

110 98 10 12 88 

68 ABA 0,9752069

11 

0,98614

5 

0,9997

03 

318 22 32 64 10 

102 ABA 0,3088897

53 

0,56167 0,9859

15 

190 210 148 20 62 

105 ABA 0,2512287

43 

0,63590

9 

0,9257

9 

267 172 307 95 135 



108 ABA 0,5765757

8 

0,95534

7 

0,9262

54 

190 226 268 36 42 

109 ABA 0,6857361

61 

0,38190

1 

0,5873

1 

346 71 340 85 91 

111 ABA 0,7549811

4 

0,85406

1 

0,9905

09 

250 230 266 20 36 

113 ABA 0,9968640

87 

0,99957

9 

0,9992

31 

98 98 101 0 3 

114 ABA 0,4366299

15 

0,33058

5 

0,3795

05 

173 235 86 62 149 

117 ABA 0,9306491

09 

0,94276

8 

0,9106

71 

289 277 256 12 21 

120 ABA 0,9733681

41 

0,98520

6 

0,9972

48 

84 72 73 12 1 

121 ABA 0,9978304

68 

0,99937

5 

0,9995

83 

220 218 215 2 3 

122 ABA 0,9745640

8 

0,95806

3 

0,2687

86 

268 297 215 29 82 

123 ABA 0,9993370

16 

0,99944

9 

0,9985

6 

296 301 313 5 12 

124 ABA 0,7565386

05 

0,68692

7 

0,6713

14 

191 178 197 13 19 

129 ABA 0,9481835

39 

0,97952

1 

0,9850

08 

187 184 170 3 14 

130 ABA 0,8459099

72 

0,98357

3 

0,7628

03 

194 187 263 7 76 

132 ABA 0,9926074

47 

0,99970

3 

0,9989

14 

28 41 46 13 5 

133 ABA 0,1140464

59 

0,75402

1 

0,9783

63 

197 47 35 150 12 

134 ABA 0,8127918

1 

0,92574

6 

0,9986

39 

36 64 99 28 35 

135 ABA 0,1729911

96 

0,95975

1 

0,9997

56 

303 269 276 34 7 

136 ABA 0,9920312

61 

0,41758

4 

0,9804

54 

259 126 26 133 100 



137 ABA 0,6891061

87 

0,58163

1 

0,7964

34 

138 145 121 7 24 

142 ABA 0,2572275

34 

0,90736 0,8827

91 

294 129 277 165 148 

145 ABA 0,8204972

71 

0,43359

9 

0,4831

19 

329 318 334 11 16 

148 ABA 0,2541408

57 

0,85550

5 

0,6571

42 

66 19 125 47 106 

152 ABA 0,5499957

97 

0,94954

9 

0,9976

99 

58 55 48 3 7 

153 ABA 0,2558316

71 

0,66277

3 

0,9052

75 

207 204 238 3 34 

156 ABA 0,9992197

36 

0,99901 0,9998

42 

171 168 168 3 0 

158 ABA 0,5680905

86 

0,98382

5 

0,9991

36 

242 202 201 40 1 

159 ABA 0,3690837

77 

0,95877

5 

0,9994

63 

343 158 161 175 3 

160 ABA 0,5846847

41 

0,99431

6 

0,9981

09 

162 149 133 13 16 

161 ABA 0,9919915

26 

0,99769

9 

0,9996

09 

162 136 129 26 7 

70 BAB 0,4041554

11 

0,27056

4 

0,1907

95 

197 149 340 48 169 

72 BAB 0,0291727

2 

0,78141

8 

0,3031

44 

67 34 38 33 4 

74 BAB 0,1144127

7 

0,45500

3 

0,3489

17 

330 37 146 67 109 

78 BAB 0,4896337

17 

0,23028

1 

0,2842

89 

243 243 35 0 152 

81 BAB 0,2914247

15 

0,68832

4 

0,8738

07 

131 31 223 100 168 

83 BAB 0,9710011

05 

0,95043 0,4834

99 

280 272 261 8 11 

86 BAB 0,2086125

01 

0,82077

3 

0,4450

42 

350 180 194 170 14 



89 BAB 0,2696156

74 

0,30328

9 

0,7647

55 

135 4 22 131 18 

92 BAB 0,6125201

46 

0,56017

8 

0,9135

12 

4 13 68 9 55 

96 BAB 0,1541283

75 

0,21534

2 

0,2677

55 

318 276 227 42 49 

99 BAB 0,6121103

04 

0,57948

5 

0,7787

66 

341 339 344 2 5 

 

Table 3: Measurements of moths done under ABA/BAB Y condition. 

Trial 

number 

Conditio

n 

r-value 1 r-value 

2 

r-value 

3 

first 

directio

n 

second 

directio

n 

third 

directio

n 

first 

angle 

(°) 

second 

angle 

(°) 

43 ABA 0,6347672

87 

0,55084

3 

0,4325 59 48 87 11 39 

46 ABA 0,2539485

54 

0,36570

6 

0,3350

66 

252 146 93 106 53 

49 ABA 0,4536603

84 

0,68295

6 

0,6405

43 

162 159 138 3 21 

54 ABA 0,5910757

85 

0,91935 0,6608

5 

242 69 241 173 172 

57 ABA 0,6122293

67 

0,84239

8 

0,9693

18 

242 9 36 127 27 

60 ABA 0,9881991

3 

0,37073

1 

0,9952

56 

315 333 76 18 103 

63 ABA 0,5644173

66 

0,56063

2 

0,3237

18 

247 214 312 33 98 

103 ABA 0,3293731

68 

0,61919 0,4634

75 

136 167 248 31 81 

106 ABA 0,9666744

19 

0,75434

2 

0,1190

69 

280 328 278 48 50 

112 ABA 0,9603972

73 

0,77276

9 

0,9728

26 

188 177 58 11 119 

115 ABA 0,2854992

32 

0,21699

3 

0,4698

47 

28 186 272 158 86 

118 ABA 0,6287301

35 

0,88196

1 

0,1667

8 

258 284 297 26 13 



125 ABA 0,8819659

06 

0,96776

8 

0,9971

41 

193 169 181 24 12 

128 ABA 0,8344491

86 

0,86772

2 

0,8961

02 

150 187 148 37 39 

138 ABA 0,8644831

23 

0,95239

6 

0,9976

73 

173 116 158 57 42 

143 ABA 0,4757632

5 

0,60009

8 

0,8060

62 

219 287 294 68 7 

146 ABA 0,0852965

64 

0,38495

7 

0,5340

1 

299 331 308 32 23 

149 ABA 0,5934014

27 

0,32242

8 

0,1063

21 

330 74 140 104 66 

154 ABA 0,3737011

73 

0,99443

3 

0,9954

96 

208 187 160 21 27 

69 BAB 0,7526528

64 

0,60492 0,2515

91 

267 249 255 18 6 

75 BAB 0,2453879

61 

0,26895

4 

0,4918

85 

171 8 147 163 139 

79 BAB 0,3409558

58 

0,93499

6 

0,8393

28 

337 31 69 54 38 

82 BAB 0,4373727

87 

0,97582

1 

0,9693

33 

273 184 169 89 15 

87 BAB 0,2610300

53 

0,69038

9 

0,4230

31 

123 180 87 57 93 

90 BAB 0,6348034

69 

0,99779 0,9997

5 

153 134 131 19 3 

93 BAB 0,8587798

06 

0,83813

3 

0,9994

7 

344 15 85 31 70 

97 BAB 0,7288865

51 

0,82489

2 

0,9055

88 

172 189 184 17 5 

100 BAB 0,7742078

26 

0,53533

1 

0,9004

32 

355 230 50 125 180 

 

  



Table 4: Control measurements of moths done under AAA/BBB X/Y/Z conditions. 

Trial 

number 

 

Conditio

n 

r-value 1 r-value 

2 

r-value 

3 

first 

directio

n 

second 

directio

n 

third 

directio

n 

first 

angle 

(°) 

second 

angle 

(°) 

164 AAA Z 0,0288860

15 

0,18433

8 

0,0201

85 

128 328 88 160 120 

176 AAA Z 0,2125210

17 

0,89234

2 

0,9829

95 

136 300 287 164 13 

171 AAA Z 0,9865516

57 

0,97410

2 

0,9782

93 

187 180 189 7 9 

185 AAA Z 0,6839927

82 

0,62256

6 

0,9465

59 

198 305 70 107 125 

190 AAA Z 0,4744514

71 

0,42971

3 

0,4623

64 

51 356 249 55 107 

196 AAA Z 0,4648297

75 

0,80309

1 

0,9952

15 

55 113 108 58 5 

201 AAA Z 0,6399665

34 

0,06637

6 

0,6045

16 

213 107 136 106 29 

207 AAA Z 0,9303827

78 

0,99548

4 

0,9990

65 

262 286 282 24 4 

214 AAA Z 0,7780331

79 

0,92765

6 

0,8942

01 

359 359 329 0 30 

169 AAA X 0,8225614

21 

0,37297

1 

0,6992

85 

298 88 121 150 33 

162 AAA X 0,1075539

86 

0,26227

3 

0,3889

67 

294 248 321 46 73 

174 AAA X 0,5513148

27 

0,38287

5 

0,7322

64 

26 42 48 16 6 

180 AAA X 0,4248045

33 

0,53401

7 

0,3434

14 

243 219 226 24 7 

187 AAA X 0,9565125

75 

0,99884

3 

0,9782

47 

212 243 222 31 21 

188 AAA X 0,9485740

13 

0,13284

2 

0,2777

01 

299 176 342 123 166 

194 AAA X 0,3281034

02 

0,39283

7 

0,4241

44 

201 202 61 1 141 

205 AAA X 0,4037342

93 

0,69331

6 

0,5088

22 

331 291 285 40 6 



212 AAA X 0,7638138

71 

0,72828

5 

0,8630

21 

252 261 246 9 15 

170 AAA Y 0,9175445

19 

0,90807

8 

0,9621

81 

173 182 200 9 18 

213 AAA Y 0,4924769

01 

0,85860

4 

0,8527

42 

80 82 48 2 34 

206 AAA Y 0,6107112

32 

0,22344

9 

0,9362

55 

284 272 266 12 6 

200 AAA Y 0,0705249

94 

0,09312

1 

0,5857

21 

111 324 216 147 108 

195 AAA Y 0,7400593

87 

0,66147

4 

0,6252

21 

2 355 7 7 12 

189 AAA Y 0,2459736

25 

0,36823

2 

0,9201

01 

91 82 304 9 138 

181 AAA Y 0,3667675

32 

0,39639

5 

0,9403

56 

195 249 236 54 13 

186 AAA Y 1 1 1 183 183 183 0 0 

175 AAA Y 0,2810766

06 

0,93462

5 

0,9668

09 

321 359 343 38 16 

163 AAA Y 0,9286539

5 

0,98172

9 

0,2791

86 

215 248 191 33 57 

173 BBB Z 0,6768695

43 

0,80559

8 

0,5739

59 

192 37 150 155 113 

182 BBB Z 0,8189287

1 

0,78950

5 

0,9287

12 

207 248 226 41 22 

193 BBB Z 0,8614588

9 

0,94183

7 

0,3496

03 

265 240 95 25 145 

168 BBB Z 1 0,99624

9 

0,9503

62 

225 223 224 2 1 

211 BBB Z 0,5420364

86 

0,35581

1 

0,7882

07 

274 226 260 48 34 

177 BBB X 0,6728405

59 

0,57585

2 

0,9897

52 

273 28 328 115 60 

178 BBB X 0,3612340

54 

0,12214

2 

0,1135

77 

25 149 60 124 89 



172 BBB X 0,4370799

58 

0,80332

3 

0,7547

77 

189 244 284 55 40 

165 BBB X 0,9480707

43 

0,82300

5 

1 292 52 42 120 10 

166 BBB X 0,4902120

63 

0,51121

5 

0,1572

86 

310 284 174 26 110 

184 BBB X 0,1009821

24 

0,43824

7 

0,4971

59 

351 228 197 123 31 

191 BBB X 0,4934305

55 

0,85958 0,8357

92 

227 252 257 25 5 

197 BBB X 0,6513089

85 

1 1 275 282 282 7 0 

198 BBB X 0,5500629

39 

0,66689

5 

0,3163

76 

358 217 248 141 31 

202 BBB X 0,3553234

55 

0,57255

9 

0,2962

29 

220 243 280 23 37 

203 BBB X 0,3450115

16 

0,13062

4 

0,3575

9 

297 236 252 61 16 

208 BBB X 0,9901634

04 

0,37460

6 

0,1517

7 

311 188 148 123 40 

209 BBB X 0,7733954

53 

0,45774

6 

0,4656

91 

302 34 288 92 106 

167 BBB Y 0,2954225

66 

0,21087

8 

0,3093

65 

217 274 151 57 123 

192 BBB Y 0,8247545

68 

0,84307 0,7716

9 

247 238 296 9 58 

179 BBB Y 0,9879671

49 

0,99997

7 

1 190 189 189 1 0 

183 BBB Y 0,7240900

24 

0,96930

2 

0,6718

73 

280 268 240 12 28 

199 BBB Y 1 0,99994

6 

0,5068

37 

81 81 353 0 88 

204 BBB Y 0,2427669

13 

0,57169

7 

0,2182

39 

246 268 295 22 27 

210 BBB Y 0,3062856

31 

0,23698

8 

0,5089

8 

356 106 243 110 137 

 

  



Table 5: Selection amongst all measurements done according to description in methods 

section.  

Trial 

number 

Conditio

n 

r-value 1 r-value 

2 

r-value 

3 

first 

directio

n 

second 

directio

n 

third 

directio

n 

first 

angle 

(°) 

second 

angle 

(°) 

44 ABA Z 0,2977546

6 

0,38870

8 

0,4409

8 

95 29 139 66 110 

51 ABA Z 0,7227020

74 

0,99881

4 

0,4056

85 

222 294 200 72 94 

54 ABA Y 0,5910757

85 

0,91935 0,6608

5 

242 69 241 173 172 

55 ABA Z 0,9150071

32 

0,99662

6 

0,7751

86 

208 303 237 95 66 

62 ABA X 0,2213516

43 

0,56778

3 

0,9939

69 

194 348 194 154 154 

75 BAB Y 0,2453879

61 

0,26895

4 

0,4918

85 

171 8 147 163 139 

76 BAB Z 0,4014067

22 

0,42703

9 

0,5518

5 

115 8 161 107 153 

87 BAB Y 0,2610300

53 

0,69038

9 

0,4230

31 

123 180 87 57 93 

88 BAB Z 0,2456087

56 

0,73315

9 

0,6811

57 

302 49 320 107 89 

100 BAB Y 0,7742078

26 

0,53533

1 

0,9004

32 

355 230 50 125 180 

101 BAB Z 0,5626232

84 

0,67002 0,6700

98 

57 171 68 114 103 

109 ABA X 0,6857361

61 

0,38190

1 

0,5873

1 

346 71 340 85 91 

119 ABA Z 0,8605469

46 

0,47763

9 

0,5666

27 

195 130 250 65 120 

122 ABA X 0,9745640

8 

0,95806

3 

0,2687

86 

268 297 215 29 82 

142 ABA X 0,2572275

34 

0,90736 0,8827

91 

294 129 277 165 148 

148 ABA X 0,2541408

57 

0,85550

5 

0,6571

42 

66 19 125 47 106 



173 BBB Z 0,6768695

43 

0,80559

8 

0,5739

59 

192 37 150 155 113 

177 BBB X 0,6728405

59 

0,57585

2 

0,9897

52 

273 28 328 115 60 

209 BBB X 0,7733954

53 

0,45774

6 

0,4656

91 

302 34 288 92 106 

 

Table 6: MMRT and Rayleigh test results for ABA trials in Table 5.  

 A1 B A2 

Rayleigh Test (Z) 1,328 1,498 3,254 

Rayleigh Test (p) 0,272 0,228 0,034 

MMRT (R*) 0,931 0,68 1,018 

MMRT (p) 0.5 > p > 0.1 0.5 > p > 0.1 0.1 > p > 0.05 

 

Table 7: MMRT and Rayleigh test results for BAB trials in Table 5. 

 B1 A B2 

Rayleigh Test (Z) 0,545 0,03 1,421 

Rayleigh Test (p) 0,6 0,973 0,251 

MMRT (R*) 0,674 0,35 0,641 

MMRT (p) 0.5 > p > 0.1 0.9 > p > 0.5 0.5 > p > 0.1 

 

Table 8: MMRT and Rayleigh test results for ABA trials in Table 1-3. 

 A1 B A2 

Rayleigh Test (Z) 3,202 1,427 1,15 

Rayleigh Test (p) 0,041 0,24 0,317 

MMRT (R*) 0,944 0,879 0,843 

MMRT (p) 0.1 > p > 0.05 0.5 > p > 0.1 0.5 > p > 0.1 

 

Table 9: MMRT and Rayleigh test results for BAB trials in Table 1-3. 

 B1 A B2 

Rayleigh Test (Z) 0,097 0,172 0,855 

Rayleigh Test (p) 0,909 0,844 0,429 

MMRT (R*) 0,133 0,22 0,907 

MMRT (p) 0.975 > p > 0.950 0.9 > p > 0.5 0.1 > p > 0.05 

 

  



Table 10: MMRT and Rayleigh test results for ABA Z trials in Table 1. 

 A1 B A2 

Rayleigh Test (Z) 0,36 0,1 0,449 

Rayleigh Test (p) 0,701 0,907 0,642 

MMRT (R*) 0,305 0,053 0,384 

MMRT (p) 0.9 > p > 0.5 0.995 > p > 0.990 0.9 > p > 0.5 

 

Table 11: MMRT and Rayleigh test results for BAB Z trials in Table 1. 

 B1 A B2 

Rayleigh Test (Z) 0,589 0,436 0,233 

Rayleigh Test (p) 0,57 0,661 0,802 

MMRT (R*) 0,637 0,263 0,31 

MMRT (p) 0.5 > p > 0.1 0.9 > p > 0.5 0.9 > p > 0.5 

 

Table 12: MMRT and Rayleigh test results for ABA X trials in Table 2. 

 A1 B A2 

Rayleigh Test (Z) 2,29 2,047 0,538 

Rayleigh Test (p) 0,101 0,129 0,587 

MMRT (R*) 0,625 0,876 0,639 

MMRT (p) 0.5 > p > 0.1 0.5 > p > 0.1 0.5 > p > 0.1 

 

Table 13: MMRT and Rayleigh test results for BAB X trials in Table 2. 

 B1 A B2 

Rayleigh Test (Z) 0,667 0,994 0,193 

Rayleigh Test (p) 0,524 0,379 0,831 

MMRT (R*) 0,552 0,595 0,193 

MMRT (p) 0.5 > p > 0.1 0.5 > p > 0.1 0.95 > p > 0.90 

 

Table 14: MMRT and Rayleigh test results for ABA Y trials in Table 3. 

 A1 B A2 

Rayleigh Test (Z) 3,537 0,686 0,253 

Rayleigh Test (p) 0,027 0,51 0,781 

MMRT (R*) 1,032 0,625 0,572 

MMRT (p) < 0.05 0.5 > p > 0.1 0.5 > p > 0.1 

 



Table 15: MMRT and Rayleigh test results for BAB Y trials in Table 3. 

 B1 A B2 

Rayleigh Test (Z) 0,182 0,397 2,659 

Rayleigh Test (p) 0,841 0,684 0,066 

MMRT (R*) 0,459 0,523 1,13 

MMRT (p) 0.9 > p > 0.5 0.9 > p > 0.5 < 0.05 

 


