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Abstract 13 

 14 

Studying the routes flown by long-distance migratory insects comes with the obvious challenge 15 

that the animal's body size and weight is comparably low. This makes it difficult to attach 16 

relatively heavy transmitters to these insects in order to monitor their migratory routes (as has 17 

been done for instance in several species of migratory birds. However, the rather delicate 18 

anatomy of insects can be advantageous for testing their capacity to orient with respect to 19 

putative compass cues during indoor experiments under controlled conditions. Almost 20 years 20 

ago, Barrie Frost and Henrik Mouritsen developed a flight simulator which enabled them to 21 

monitor the heading directions of tethered migratory Monarch butterflies, both indoors and 22 

outdoors. The design described in the original paper has been used in many follow-up studies 23 

to describe the orientation capacities of mainly diurnal lepidopteran species. Here we present a 24 

modification of this flight simulator design that enables studies of nocturnal long-distance 25 

migration in moths while allowing controlled magnetic, visual and mechanosensory 26 

stimulation. This modified flight simulator has so far been successfully used to study the 27 

sensory basis of migration in two European and one Australian migratory noctuid species. 28 

29 
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2 
 

Introduction 30 

 31 

Like the North American Monarch butterfly, many species of moths have been identified as 32 

long-distance migrants (Williams 1958). Naturalistic observations, and comprehensive 33 

recordings of flight trajectories using vertical-looking radar, have demonstrated the  migratory 34 

directions of insects are not necessarily determined by the prevailing wind direction (Chapman 35 

et al. 2008 a,b; 2010). In fact many insects have some level of control over their desired 36 

migratory route, an ability that implies the use of a compass that enables individuals to steer a 37 

course during a migratory flight (Chapman et al. 2008a,b; 2015). While the compass systems 38 

of some diurnal migratory Lepidopterans, such as the Monarch butterfly (Danaus plexippus) or 39 

the Painted Lady (Vanessa cardui), are relatively well described (e.g. Mouritsen & Frost 2002, 40 

Reppert et al. 2004, Stalleicken et al. 2005, Nesbit et al. 2009, Mouritsen et al. 2013), little is 41 

known about the compass cues and the navigational mechanisms that enable the migrations of 42 

nocturnal migrants such as moths. 43 

 44 

One such nocturnal migrant is the Australian Bogong moth (Agrotis infusa), a remarkable 45 

nocturnal navigator (see portrait in Fig. 7A). After emerging from its pupa in early Spring, 46 

somewhere within the semi-arid breeding grounds of inland south-eastern Australia, an adult 47 

Bogong moth embarks on a long migration towards the Australian Alps (Common 1954, 48 

Warrant et al. 2016). Because the breeding grounds of Bogong moths are so vast, this journey 49 

will occur in one of many possible directions, anywhere between the extremes of directly east 50 

(from western Victoria) to southwest (from southeast Queensland), depending on where the 51 

journey begins. Migratory flights may take many nights or even weeks and cover over 1000 52 

km. Once the Bogong moths have arrived in the Alps (starting in early October), they seek out 53 

the shelter of high ridge-top caves and rock crevices (typically at elevations exceeding 1800 54 

m). In their hundreds of thousands, moths line the interior walls of each alpine cave where they 55 

aestivate over the summer months, probably to escape the heat of the Australian plains 56 

(Tomlinson et al., in preparation). Towards the end of the summer (February and March), the 57 

same individuals which arrived months earlier emerge from the caves and begin their long 58 

return trip to their breeding grounds. Once arrived, the moths mate, lay their eggs, and die. The 59 

next generation of Bogong moths – hatching in the following Spring – then repeat the migratory 60 

cycle afresh. Despite having had no previous experience of the migratory route, these moths 61 

find their way to the Australian Alps and locate the aestivation caves dotted along the high 62 

alpine ridges of south-eastern Australia.  63 
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 64 

To navigate to a specific alpine destination, through unknown territories or environments, 65 

Bogong moths need to rely on external compass cues (Warrant et al. 2016, Dreyer et al. 2018). 66 

To study these cues, we modified a previously invented system, the Mouritsen-Frost flight 67 

simulator (Mouritsen & Frost 2002, Minter et al. 2018). The original Mouritsen-Frost flight 68 

simulator consists of a cylindrical behavioural arena (placed on an experimental table) which 69 

is equipped with a vertical axle to which a flying moth is tethered, and an optical encoder. The 70 

encoder is connected to the top of the axle, which continuously measures the flight direction of 71 

the moth relative to geographic or magnetic North, thus allowing the reconstruction of the 72 

moth’s virtual flight path. The modified Mouritsen-Frost flight simulators we describe here 73 

added a projector system, a clear Plexiglass tabletop, a mirror and control software which 74 

enables the experimenters to simulate the optic flow of the landscape beneath the moths. This 75 

optic flow continuously adjusts its direction to match the direction the moth is heading at any 76 

moment in time. The flight simulator’s simple and compact design not only allows deployment 77 

in the field, but also in the lab where it can be incorporated within more sophisticated assemblies 78 

where stimulation can be controlled, such as within a magnetic coil system, or even 79 

incorporated with an electrophysiology rig (Beetz et al. in preparation).  80 

 81 

In this paper we describe in detail how a modified Mouritsen-Frost flight simulator is built, the 82 

various experiments it can be used for and the types of data it can produce (and how these data 83 

can be analysed). This description will be largely based around our ongoing work on the 84 

Australian Bogong moth, and various European relatives, but the equipment and analyses are 85 

applicable to a wide variety of flying insects. 86 

 87 

The modified Mouritsen-Frost flight simulator 88 

 89 

Since one of our main experimental goals was to investigate  the magnetic sense of night-flying 90 

insects, the entire setup was built from non-magnetic materials. 91 

 92 

The behavioural arena 93 

 94 

A length of wide Plexiglass cylinder (or any other type of plastic cylinder) can be used as an 95 

arena. The dimensions of this cylindrical arena are more or less arbitrary, but we have achieved 96 

good results using a cylindrical Plexiglass arena of diameter 500 mm and height 360 mm (8 in 97 
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Fig. 1; 5 mm material thickness) placed vertically on an experimental table (Fig. 2). The interior 98 

design of the arena is of particular importance since moths are extremely sensitive to visual 99 

landmarks and will steer their course relative to any larger visible landmark on the inside wall 100 

of the arena. We thus avoided having a glossy interior wall (to reduce reflections) or a wall 101 

covered in paper or cardboard which can buckle. In order to minimize landmarks, we covered 102 

the interior wall of the arena with a uniform self-adhesive black felt, where the visibility of the 103 

join was minimised.  104 

 105 

The encoder mount 106 

  107 

The optical encoder (described in detail below) is held within an encoder mount at the centre 108 

of the upper opening of the cylindrical arena. The encoder-mount design is of equal importance 109 

as the design of the inside wall of the arena since this mount constitutes a very dominant 110 

landmark if a non-symmetrical design is chosen. In earlier experiments, we used a simple 111 

transparent Plexiglas beam as an encoder mount, which was placed across the diameter of the 112 

open arena top. Unfortunately this  introduced a bipolar landmark. The easiest way to avoid this 113 

is to place a circular lid on the arena with the encoder mounted at its centre. We used a circular 114 

sheet of UV-transparent Plexiglass (4 and 7 in Fig. 1 and 17 in Fig. 3; 510 diameter x 4 mm 115 

thick) as the lid (and encoder mount). Topped with Lee filter diffuser paper (3 in Fig. 1), this 116 

mount can also serve as a projection screen if dorsal visual stimulation is desired (see below). 117 

In our setup, the cylindrical casing of the encoder is held in place at the centre of the lid by a 118 

custom-machined plastic cylindrical mount equipped with a grub screw to fix the encoder (2 in 119 

Fig. 1). A hole drilled through the centre of the lid allows a 110-120 mm long brass tube (5 mm 120 

outer diameter – 5 in Fig. 1) to be inserted through this hole, and fixed to the Plexiglass sheet 121 

with super glue. This thin cylindrical tube surrounds and protects a long (130 mm) tungsten rod 122 

(6 in Fig. 1) connected to the rotational axis of the optical encoder (1 in Fig. 1). The tungsten 123 

rod serves as the axle of the optical encoder and is attached to the dorsal thoracic surface of the 124 

moth (see below for details).  125 

 126 

The experimental table 127 

 128 

The design of the table (Fig. 2) is more or less arbitrary as well, as long as it features a circular 129 

opening at the centre of the tabletop that has the same diameter as the circular arena and has 130 

sufficient clearance underneath to position a suitable mirror (see Fig. 3). After testing many 131 
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different table designs, we settled on using custom-machined lightweight aluminium tables 132 

(700 x 700 x 4 mm aluminium tabletop featuring a 490 mm circular opening at the centre) with 133 

telescopic legs (850 mm length, if fully elongated) made out of two aluminium pipes (12 in Fig. 134 

2; pipe 1: 4 cm outer diameter, 50 cm length; pipe 2: 45 cm length) for maximum flexibility. 135 

The choice of aluminium has the added advantage that it is non-magnetic and thus suitable for 136 

experiments involving magnetic stimulation. The telescopic legs were useful for levelling the 137 

table on uneven ground during outdoor field experiments. The tabletop (9 in Fig. 2) was cut 138 

into two halves for easy transport (35 x 70 cm each) - it can be easily re-assembled using 139 

aluminium connectors (10 in Fig. 2). The legs can be disassembled from the tabletop and 140 

reconnected using screws. This table can easily be transported in a large suitcase.  141 

 142 

Projecting optic flow and the starry night sky 143 

 144 

In our experiments, we have been interested in the use of stars as compass cues during the long-145 

distance migration of Bogong moths. To create overhead starry night-sky stimuli we use a 146 

portable ASUS S1 LED projector situated 1.3 m above the arena (located at 16 in Fig. 3) and 147 

connected to a laptop via a HDMI cable (3-5 m). To block any stray light from the projector 148 

itself,  the projector is enclosed within a 3D-printed plastic box with air vents to allow cooling 149 

and featuring an opening in front of the lens. This combination of box and projector can be 150 

mounted on an adjustable tripod or a ball joint mount (available from Thorlabs) using the typical 151 

1/4" screw for camera/projector mounts.  152 

 153 

To simulate the starry sky over our experimental site on the date and time of our experiments, 154 

we used the freeware planetarium software Stellarium and created screenshots (screen 155 

resolution 7480 x 720 pixels) of these simulated starry skies. These were then cut into a circular 156 

shape using Corel Draw X5 and saved as PNG files (300 dpi) to create the stimulus images. 157 

These circular images were then projected onto a screen placed on top of the arena. This screen 158 

consists of a circular lid of clear UV-transmissive Plexiglass topped with UV-transmissive 159 

diffusing paper (Lee Filters 250 half-white diffuser) having a diameter of 50 cm (17 in Fig. 3). 160 

Since the projector does not emit UV light, and we wished to have the full spectrum of light 161 

available from the night sky available within our stimulus, we installed a custom-made LED-162 

ring (built by Timothy McIntyre, University of South Australia: outer diameter 120 mm, inner 163 

diameter 50 mm) featuring eight UV LEDs (LED370E Ultra Bright Deep Violet LED; 164 

Thorlabs) centred over the exit opening of the 3D-printed plastic box containing the projector. 165 
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The brightness of the LED-ring was controlled using custom software written in MATLAB 166 

(Mathworks, Natick, MA) together with several layers of neutral density filters (Lee Filters) 167 

which were fixed to the front of the LED-ring (thus allowing the intensity of UV illumination 168 

to be adjusted to natural nocturnal levels).  169 

 170 

We have found that the presence of dim, slowly moving optic flow, projected beneath the moth 171 

and always moving from nose to tail irrespective of the moth’s orientation in the arena, provides 172 

extra motivation for the moths to fly (see below). A second ASUS S1 LED projector (also 173 

encased within a 3D-printed plastic box and located at 15 in Fig. 3) projects ventral optic flow 174 

via a 45° mirror. This mirror (14 in Fig. 3; IKEA model NISSEDAL, 65 x 65 cm) deflects the 175 

projection of the optic flow onto a screen situated underneath the arena. This screen consists of 176 

a transparent Plexiglas plate (11 in Fig. 2; 60 x 60 x 0.5 cm) covered with one layer of white 177 

opaque diffuser paper (Lee Filters 250 half-white diffuser). The intensity of the optic flow is 178 

dimmed to nocturnal levels by using a combination of several neutral density filters (Lee Filters) 179 

placed over the exit opening of the 3D-printed plastic box containing the projector.  180 

 181 

The recording system 182 

 183 

Our recording system is based on optical encoder systems from US Digital. Our preferred 184 

system is their E4T Miniature Optical Kit Encoder (located at 18 in Fig. 3) in combination with 185 

their USB4 Encoder Data Acquisition USB Device, including all necessary cables. The standard 186 

encoder software US Digital Explorer shows the orientation of the encoder axle (or moth) as a 187 

compass needle that rotates relative to North within a circular compass rose. In order to fix the 188 

tungsten encoder axle (6 in Fig. 1) to the encoder and have it rotate freely without jamming, a 189 

cylindrical piece of brass (14 mm diameter, 4 mm height), equipped with a tiny hole (1 mm 190 

diameter) for the tungsten axle, was glued to the underside of the encoder. The encoder has an 191 

angular resolution of 3°, so the output values of the system (2 channel quadrature TTL square-192 

wave outputs which are converted into degrees by the software) range between 0 and 120 rather 193 

than 0° to 360°. This means that each output value in degrees has to be multiplied by 3 in the 194 

analysis to fit the data into a full circle reference frame. During our experiments, several 195 

Microsoft operating systems (Windows XP, Windows 7 and Windows 10) have been used as a 196 

platform for the recording software. Since some of our experiments take place in the field, we 197 

use a "semi-rugged" laptop model (Dell Latitude E6430 ATG) for our recordings. The output 198 

file format is a standard text file (.txt) in which the observed heading directions are saved in a 199 
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column together with a complementary timestamp. We measure the heading directions at a 200 

sampling rate of 5 Hz. Thus, over a period of typically 5 to 10 minutes, we are able to 201 

continuously record a tethered moth’s “virtual flight path”, that is, its heading direction relative 202 

to (say) north monitored 5 times per second. From this virtual flight path we are able to construct 203 

an average vector representing the moth’s trajectory (Fig. 4), the direction and length of which 204 

respectively reveal the mean orientation angle and directedness of the moth. The directedness 205 

of the moth (i.e. its tendency to fly in the same direction) is captured in the r value of its 206 

trajectory vector, a unitless value between 0 and 1. More directed moths have longer vectors 207 

and larger r values (e.g. Fig. 4A, compared to the less directed moth shown in Fig. 4B). How 208 

the trajectory vectors of tested moths are used to understand their collective migratory flight 209 

behaviour will be explained in more detail later. 210 

 211 

As mentioned above, we project dim optic flow below the moth (13 in Fig. 3) to simulate an 212 

apparent forward movement similar to what a flying insect would experience in the wild, thus 213 

promoting flight behaviour. The encoder system, while recording the virtual flight paths of the 214 

tethered moths, is coupled to the ventral optic flow via a feedback loop. This feedback is 215 

maintained by the software package "Flying" (custom written software) that instantaneously 216 

adjusts optic flow direction in response to changes in heading direction, thus ensuring that the 217 

optic flow always moves backwards beneath the tethered moth (head to abdomen) as the moth 218 

apparently moves forwards. The speed of the optic flow can be adjusted in the "Flying" 219 

software, and its illumination intensity (as described above) by neutral density filters. The 220 

image we used to create the optic flow was a screenshot taken from Google Earth (set to satellite 221 

view; see 13 in Fig. 3) – the Earths' surface near the town of Narrabri (New South Wales, 222 

Australia) from an altitude of about 800 m. This town lies close to one of the migratory routes 223 

of the Bogong moth. 224 

 225 

Magnetic stimulation 226 

 227 

To test the effects of an Earth-strength magnetic field on the flight behaviour of moths, the 228 

behavioural arena can be placed within a double-wrapped (Kirshvink et al. 1992; Mouritsen 229 

1998; Schwarze et al. 2016), computerized 3D-Helmholtz coil system consisting of three pairs 230 

of orthogonally mounted coils: the X-, Y- and Z-coils (Fig. 5C). This computer-controlled 231 

Helmholtz coil system enables us to send minute currents through the paired X-, Y- and Z- coils 232 

which result in changes in the magnitude of the respective component vectors (measured in 233 
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nano Tesla, nT) and thus in changes in the resulting magnetic field vector. By systematically 234 

changing the magnitude of the X and Y components (while the Z-component is kept constant), 235 

the orientation of the experimental magnetic field vector can be rotated around the Z-axis 236 

(clockwise or counter-clockwise), executing a motion pattern which is depicted as a shaded 237 

orange cone in Fig. 5A. The horizontal orientation of the experimental magnetic field vector 238 

(which we define as pointing to magnetic North, mN) can therefore be set to any desired 239 

azimuth relative to geographic North (gN in Fig. 5A) without altering the total intensity (the 240 

magnitude) of the experimental magnetic field vector or the inclination angle (γ in Fig. 5A), 241 

both of which are maintained at natural local values. Other stimulus designs are also possible – 242 

one could for instance include a change of γ without altering the azimuth of the experimental 243 

magnetic field vector. In addition to accurately producing and adjusting natural geomagnetic 244 

fields within the flight arena, the coils are also able to create a "magnetic vacuum" (i.e. a nulled, 245 

or zeroed field; Mouritsen 1998) around the moth (see Fig. 5B). This stimulus (or rather, lack 246 

of stimulus) is useful for disabling the magnetic sense if one wishes to test the responses of 247 

moths to other relevant compass cues in isolation, such as visual cues or wind. Moreover, our 248 

previous work (Dreyer et al. 2018) has shown that altering a compass cue in one modality (e.g. 249 

magnetic) without a corresponding alteration in compass cues in other modalities (e.g. visual), 250 

can introduce cue conflicts (see Fig. 7). A nulled field can avoid such conflicts if desired, 251 

although cue conflict experiments can be a powerful tool for understanding the interactions of 252 

different compass cues. A double-wrapped coil system (Kirshvink et al. 1992) allows 253 

incorporation of an elegant control configuration into the stimulus design. The parallel 254 

connection of the coils can be switched to antiparallel connection, supplying the now 255 

electronically separated neighbouring copper windings of the system with a current of a 256 

reversed sign. The resulting local magnetic fields cancel each other out and no magnetic field 257 

changes are generated, while the coil system is still operated with electrical current. This results 258 

in a true “sham-rotation” of the stimulus which is very useful as a control in behavioural 259 

experiments, or to check if, for instance, the coil system itself generates electrical artefacts into 260 

nearby electrophysiological equipment. Additionally, the coil system should be carefully 261 

grounded. 262 

 263 

Our coil system (Fig. 5C) – custom built by the workshops of the University of Oldenburg – 264 

had outer diameters of 1245 mm (X coils), 1300 mm (Y coils) and 700 mm (Z coils). The coil 265 

system is powered by constant-current power supplies, one for each coil axis (Kepco, model 266 

BOP 50-2M, 50V, 2A). The current running through the coil systems was controlled via High-267 
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Speed USB Carriers (National Instruments USB-9162) and custom-written codes in MATLAB 268 

(Mathworks, Natick, MA). A Meda FVM-400 magnetometer, the probe of which is placed at 269 

the position of the moth, is used to ensure that the magnetic field is correctly set with the 270 

appropriate field parameters for the experiment at hand. 271 

 272 

Experimental procedures 273 

 274 

Keeping moths prior to experiments 275 

 276 

In order to minimize stress, the moths should be stored in a cool, shaded and quiet place, ideally 277 

at least one meter above ground (because of ants which might be attracted to the samples). This 278 

place should however not be totally dark but exposed to the natural light cycle so as not to 279 

disturb the moths’ circadian rhythm. We housed our Bogong moths in individual plastic 280 

containers which were equipped with cotton buds drenched in honey solution (10%). We 281 

recommend using animals for orientation experiments within 3 to 6 days of capture. The cotton 282 

buds were replaced with new cotton buds drenched in fresh honey solution every second day. 283 

We fed our animals prior to every experiment with fresh honey solution. 284 

 285 

Attaching tethering stalks to moths 286 

 287 

To prepare moths for tethering in the flight arena, we adopted a method for attaching tethering 288 

stalks to moths that was first established in the lab of Dr. Jason Chapman (University of Exeter, 289 

UK, e.g. Minter et al. 2018). Moths were first calmed by placing them in a freezer for a few 290 

minutes and then positioned under a plastic gauze mesh (5 x 5 mm mesh holes) secured to a 291 

table top on either side of the moth with weights (anything heavy). The thick layer of scales is 292 

then removed from the dorsal thoracic plate (the mesoscutum). This can simply be achieved by 293 

using a regular small paint brush or a custom-made micro-vacuum equipped with a pipette tip 294 

that sucks the scales from the mesoscutum. The micro-vacuum has the advantage of minimising 295 

scale dispersion in the air. In any case, a dust mask is recommended for this procedure. After 296 

the scales are removed from the mesoscutum, a ca. 15 mm length of straight tungsten wire (ca. 297 

0.5 mm diameter) is used to make a tethering stalk (this tungsten wire is identical to that used 298 

for the encoder axle: 6 in Fig. 1). Tungsten wire is an ideal choice as it is non-magnetic and 299 

sufficiently stiff. With a pair of needle-nosed pliers, the final 3-5 mm of the tungsten wire is 300 

bent into a small loop that is then bent 90° to the rest of the stalk. This loop is glued to the 301 
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mesoscutum of the moth using Evo-Stik Impact contact adhesive (Evo-Stik UK), thus 302 

furnishing the moth with a vertical tethering stalk. Great care should be taken to avoid 303 

damaging/immobilising the wings or antennae with adhesive, and to position the tungsten stalk 304 

perfectly vertically. Once the adhesive is dry, a stalked moth should be kept with fresh food in 305 

a plastic container in a cool, shaded and quiet place. For this purpose, we used containers made 306 

from UV-transparent Plexiglass. At sunset, prior to the experiments, our stalked moths were 307 

placed outside (in individual UV-transmissive Plexiglass containers) on a somewhat elevated 308 

position to ensure they could view the setting sun and the celestial rotation for at least one hour 309 

after sunset. Following this, moths were returned to the lab and placed in darkness. Prior to each 310 

experiment the moths must be totally dark adapted. 311 

 312 

Insertion of moths in the flight simulator 313 

 314 

Even though the apparatus can (with some experience) be operated by one person alone, it is 315 

wise to plan for two experimenters to enable a smooth workflow. One person should run the 316 

computer, while the other attaches the experimental animals to the simulator prior to each test. 317 

Since the experiments should be conducted in more or less absolute darkness, the animals 318 

should be handled using a headlamp featuring a dim red LED (invisible to most insects). The 319 

experimental moths can easily be extracted from their containers by grasping the tungsten 320 

tethering stalk using a pair of regular stainless-steel haemostats. Moths generally fly vigorously 321 

when held by the tethering stalk. To tether the moth to the optical encoder, a small length (ca. 322 

10-15 mm) of tightly fitting thin rubber tubing is partially pulled over the free end of the 323 

tungsten encoder axle (6 in Fig. 1), i.e. the end that is not connected to the optical encoder. The 324 

other free end of the tubing is used to receive the end of the tungsten tethering stalk, which is 325 

inserted with the help of the haemostat. This is a very delicate procedure since any permanent 326 

bending of the tungsten encoder axle will lead to artefacts in the recorded heading directions – 327 

the entire procedure should be practiced in daylight prior to beginning experiments. 328 

 329 

The encoder software needs to be calibrated to an external reference direction prior to each 330 

experiment. This could be magnetic or geographic North, depending on the experimental 331 

design. A light-reflective sticker positioned at North somewhere in the vicinity of the setup 332 

turned out to be very helpful for locating this direction. Calibration is achieved by turning the 333 

moth on its tether until it is oriented northwards and then holding it there until the software 334 

encoder direction is zeroed (i.e. a readout of 0° = North). After the system is calibrated, the 335 
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animal should be given up to a minute to accustom itself to the experimental environment and 336 

“settle down” before the recording starts. During this time period the encoder software should 337 

be used to check whether the animal can turn in both directions, whether it spirals vigorously 338 

in one particular direction (i.e. continuously turns around its tethering axis) or if it stops 339 

permanently. If one of these behaviours is displayed it likely indicates a stalking error and the 340 

animal should be discarded. In an ideal recording situation, the animal will settle down to a 341 

given flight direction after a short while and show a typical behaviour which we refer to as 342 

"scanning". This means that the compass needle of the encoder software is hovering over a 343 

particular direction on the compass rose, swinging back and forth over a span of about 15°-45°. 344 

Using a spirit level, one should occasionally check that the encoder is level since this might 345 

influence the flight direction of the animal.  346 

 347 

Experimental precautions 348 

  349 

A necessary first step when using a flight simulator to study the migratory behaviour of an 350 

insect species is to establish the insect’s natural migratory direction during its migratory season 351 

– this can then be used as a control direction for further orientation experiments. While being 352 

tested, the animals must experience an unobscured view of the sky and an undisturbed magnetic 353 

field. The choice of the experimental location is probably equally as important as the timing of 354 

the experiments. "Geographic bottlenecks" along the migratory route, such as mountain passes 355 

or valleys, usually concentrate insects during their migration and are often good places for 356 

catching sufficient numbers for these experiments. 357 

 358 

Data selection 359 

It is reassuring when the recorded natural migratory (control) direction coincides or overlaps 360 

with previously established vanishing directions or natural observations, but the experimenter 361 

should always be aware of his/her own confirmation bias. The exclusion of a moth from either 362 

the experiments or from the analysis should only occur according to pre-determined rules, not 363 

according to rules created after the experiments. In our experiments, if a moth performed under 364 

ideal outdoor experimental conditions and was still unable to steer a course (irrespective of the 365 

direction it chose to fly), and its resulting trajectory had an r value less than 0.2, this moth was 366 

excluded from the analysis. However, to compare indoor orientation experiments under 367 

different stimulus conditions, no lower threshold for the r value should be set because 368 

disorientation might be a valid outcome of the experiment due (say) to the presentation of a 369 
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deliberate cue conflict between two or more of the applied stimuli. Thus, in this case, a low r 370 

value might be an expected outcome and filtering out this particular moth might mask the effect 371 

of a natural behaviour. 372 

  373 

It sometimes happens that even a seemingly well-oriented moth stops performing flight 374 

behaviour before the previously determined experimental time is over. If this occurred, we 375 

usually tried to kick-start the animal by gently bumping the arena. If a moth stopped 4 times 376 

during an experiment, we aborted it. In particularly unsettled weather conditions, such as a 377 

looming thunderstorm, we found that the moths were not eager to perform in the arena and 378 

frequently stopped flying (and this occurred both during indoor and outdoor experiments). 379 

 380 

Moon phase and weather 381 

Even if the moon's disc is not directly visible to the animal, the moonlight entering an outdoor 382 

arena can introduce an intensity gradient on the wall of the arena situated opposite to the 383 

physical direction of the moon's disc. This uneven illumination of the arena wall could provide 384 

unwanted (and confounding) orientation cues for the flying moth. It is possible to shade the 385 

arena from moonlight using a flat piece of plywood or commercially available sunshades (e.g. 386 

a beach umbrella), but this might block a considerable part of the sky which in turn could 387 

interfere with the experimental design. Moreover, any top-heavy structure with a large surface 388 

is very vulnerable to be blown over by the wind. When choosing a suitable time window for 389 

outdoor experiments, the current moon phase, prevailing winds, predicted precipitation and 390 

temperature are important factors to account for and to monitor. If possible, the dew point 391 

spread should also be monitored during an experimental night as we found that moths began to 392 

behave erratically in the arena if there was too much moisture in the air (Dreyer et al. 2018a).  393 

 394 

Putative artefacts 395 

Since many animal species are attracted to landmarks in behavioural experiments, great care 396 

must be taken to avoid unwanted landmarks, such as treetops in outdoor experiments, being 397 

visible from the inside of the arena. The easiest way to check for this is to set up the arena at 398 

the same height above ground as it is intended to be located during an experiment and to visually 399 

confirm that no outside landmarks are visible from the inside of the arena by sticking one’s 400 

head through the bottom of the arena. 401 

 402 
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Any stray light generated by the equipment must be avoided since this too could provide an 403 

unwanted orientation cue that could affect the heading direction of a tested moth. This includes 404 

the screen of the recording computer and the reflection of the screen light on the face of the 405 

experimenter. The computer screen should be set to the lowest possible intensity setting and 406 

covered with a thin sheet of red plastic filter to block out most wavelengths visible to insects 407 

(such filter sheets can be obtained from Lee Filters). The recommended use of red LEDs during 408 

the experiments has already been mentioned. A red-light regime will make it very difficult to 409 

read or identify handwritten notes or markings which were made using a pen or marker with 410 

red ink. To check if the walls of the arena are impermeable to artificial stray light from the 411 

outside, it is very helpful to put a very bright light source on the inside of the arena and to look 412 

for stray light shining through cracks and irregularities from the outside.  413 

 414 

Experimental design for orientation experiments 415 

 416 

In previous orientation experiments in which a migratory behaviour was convincingly 417 

demonstrated to be driven by the animal’s orientation relative to a particular compass cue, the 418 

animal’s orientation could be altered by changing the position or orientation of that cue (e.g. 419 

Kramer 1950, Wiltschko & Wiltschko 1972, Emlen 1975, Lohmann 1991). 420 

 421 

One classic approach is the ABA stimulus configuration (Fig. 6). In an orientation experiment, 422 

this entails an animal being asked to perform migratory orientation behaviour relative to a 423 

particular cue (condition A). In our illustrated example, this cue is a weak wind stream provided 424 

by a small fan mounted into the arena wall (Fig. 6) – Bogong moths respond to this wind stream 425 

by flying somewhat into it. In a second experimental condition, the spatial orientation of this 426 

cue is altered (e.g. the position of the fan is shifted by 180°: condition B). This experimental 427 

sequence is referred to as an AB sequence (Fig. 6A), and this can be used to determine whether 428 

the moth truly responds to the cue (which in this case means that the moth should turn roughly 429 

180° from A to B, as indeed it does: Fig. 6D). Reversing the order of the experimental 430 

conditions (i.e. a BA sequence) can be used to confirm the orientation response (Fig. 6B,E). An 431 

ABA stimulus configuration (Fig. 6C,E) is a classic configuration which seeks to confirm that 432 

the behaviour observed initially can be restored and is thus truly related to the change in spatial 433 

orientation of the compass cue. The results of a classic ABA experiment become even more 434 

convincing when the ABA sequence is exchanged for a BAB sequence in 50% of the 435 

experiments without a noticeable change in the conclusions that can be drawn from the results, 436 
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and if control experiments (e.g. AAA, BBB or a control condition featuring no relevant 437 

orientation-related information, CCC), alternating with the actual experiments, lack the 438 

previously observed changes in the behaviour of the animal.  439 

 440 

In the case of Bogong moths, we discovered that most of the animals are extremely sensitive to 441 

the presence of unintentionally presented visual landmarks (an irregularity in the felt on the 442 

wall of the arena, a scratch in the lid holding the encoder, etc.). This becomes problematic if 443 

tested under condition B since any compass cue which is systematically changed in condition 444 

B is now set in conflict with the previously learned spatial relationship of this cue with the 445 

unintentionally presented landmark, which can confuse the moth. In our earliest experiments 446 

we discovered that this led to clearly less oriented flight behaviour during condition B. We took 447 

advantage of this "sensitivity" towards landmarks in later experiments by employing obvious 448 

and intentional visual landmarks within the arena. This allowed us to design cue conflict 449 

experiments which demonstrated that Bogong moths are able to sense the Earth’s magnetic field 450 

and that they learn the relationship between this magnetic field and visual landmarks to steer 451 

migratory flight (Dreyer et al. 2018b).  452 

 453 

Analysis of orientation data 454 

 455 

The results of the cue conflict experiment on Bogong moths mentioned above (Fig. 7B) provide 456 

a good introduction to the methods we have used to analyse data generated in the flight arena 457 

(Dreyer et al. 2018b). In these experiments, 42 moths were each allowed to fly for 5 minutes 458 

while exposed to a conspicuous visual cue (a triangular black “mountain” above a lower black 459 

“horizon” within the flight simulator arena, and a black stripe on a rotatable circular UV-460 

transmissive diffuser above the moth) and an earth-strength magnetic field (Fig. 7B, Phase A). 461 

These two cues – visual and magnetic – were either turned together while maintaining their 462 

learned correlated arrangement (Fig. 7B, Phases B and D), or one cue was turned without the 463 

other to create a cue conflict (Fig. 7B, Phase C). Whenever the cue correlation was maintained, 464 

the population of moths remained oriented, but when a cue conflict was introduced, they 465 

became disoriented, implying that both visual and magnetic cues are used for steering migratory 466 

flight (Dreyer et al. 2018b).  467 

 468 

These results were derived by analysing the 42 moths as a single population. For each of these 469 

moths, our recording system, as previously mentioned, allows us to record the virtual trajectory 470 
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of each moth by sampling its orientation choices as angles relative to gN at a frequency of 5 Hz 471 

(Fig. 4A,B). Based on these angles, custom-written software and the MATLAB Circular 472 

Statistics Toolbox (Berens 2009) were used to calculate an average vector representing the 473 

moth’s trajectory, the direction and length of which reveal the mean orientation angle and 474 

directedness of the moth, respectively – these are the grey vectors in the circular data plots for 475 

Red underwing moths shown in Figure 4C (14 vectors for the 14 moths flown) and for Bogong 476 

moths shown in Figure 6 (42 vectors for the 42 moths flown). The length of the vector is 477 

reflected in its r value (a unitless value between 0 and 1) – the longer the vector, the greater the 478 

r value and the more consistently the moth flew in its chosen direction.  479 

 480 

Once we have determined the average vectors for each of the 42 moths, we can investigate the 481 

behaviour of the moths as a single population. To do this, we apply a non-parametric Moore's 482 

modified Rayleigh test (MMRT: Moore 1980, Zar 1999), calculated using the circular statistics 483 

software Oriana (KCS, Pentraeth, UK). The MMRT ranks the vectors according to their length 484 

(i.e. r value) and weights them according to these ranks, meaning that not only the mean 485 

direction of a moth’s vector, but also its directedness (length), impacts the ultimate outcome of 486 

the test – the generation of an average heading vector for the population as a whole (for a 487 

detailed description of the statistics involved, see Dreyer et al. 2018b). This average population 488 

vector – shown as the red vector in each of the circular data plots of Figure 7 – has a length that 489 

indicates the likelihood that the population is heading in the specific direction indicated by the 490 

vector. This length is represented by the vector’s R* value (see Fig. 7B and 8 for details). The 491 

greater the R* value, the more directed is the population it represents.  492 

 493 

A significant advantage of knowing the entire virtual flight trajectory of each moth is that one 494 

has access to much more information. In addition to knowing the moth’s average heading 495 

direction (trajectory vector direction), one also knows how well directed the moth was during 496 

its flight (trajectory vector length).  497 

 498 

When a trajectory exists, the advantage of the MMRT over the regular Rayleigh test (Batschelet 499 

1981) becomes apparent (Figure 8). An MMRT analysis of the flight trajectory vectors of 23 500 

Dark sword-grass moths (Agrotis ipsilon), recorded at Col de Coux in Switzerland (Fig. 8A), is 501 

compared to a classic Rayleigh analysis of their heading directions alone (Fig. 8B). A 502 

significant average heading vector for the population only appeared after accounting for the 503 

directedness of the 23 moths by using the MMRT test (red vector in Fig. 8A, p<0.05).  A classic 504 
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Rayleigh test (ignoring directedness) on the same data indicates that the moths were instead 505 

disoriented (red vector in Fig. 8B, p=ns). The reason for the difference lies in the fact that for 506 

this data set (and many other flight-simulator data sets we have observed), more directed moths 507 

(i.e. moths with flight trajectory vectors having larger r values) tend to cluster more tightly 508 

around a single orientation direction (leading to a longer average subpopulation vector, Fig. 509 

8E), whereas less directed moths tend to have average heading directions that are somewhat 510 

more random (Fig. 8C, D). Since the MMRT gives greater weight to more directed individuals, 511 

this test finds a significant orientation direction for this population of Dark sword-grass moths 512 

(Fig. 8A). 513 

 514 

Both the Rayleigh test and the MMRT operate on the null hypothesis that the orientation choices 515 

are uniformly distributed around a circle (Batschelet 1981). However, in the case of a rejection 516 

of the null hypothesis, both tests assume a circular normal distribution, meaning that the 517 

distribution of data is unimodal (i.e. possesses a single cluster of orientation choices). If a 518 

bimodal distribution of orientation choices is to be expected, the mean orientation angle of each 519 

individual animal can first be transformed by doubling this mean angle (if the resulting angle 520 

is greater than 360°, one must subtract 360° from this result). Once this is done, one is free to 521 

test the modified dataset using the MMRT or Rayleigh test. 522 

 523 

Finally, in order to determine whether the distributions of orientation choices made by two 524 

different populations (or samples) are significantly different, we employ the non-parametric 525 

Mardia-Watson-Wheeler uniform-scores test (Batschelet 1981), calculated using Oriana. This 526 

proved useful in our studies of Bogong moths, where tested populations of autumn and spring 527 

migrants were expected to migrate in significantly different directions (and indeed did so: 528 

Dreyer et al. 2018b). The Mardia-Watson-Wheeler test can also be used for determining 529 

whether populations of two different species possess the same or different migratory headings 530 

(Dreyer et al. 2018a).  531 

 532 

Conclusion 533 

 534 

The Mouritsen-Frost flight simulator was initially designed to record the orientation choices of 535 

diurnal insects during their migration (Mouritsen & Frost 2002). Relative to their “natural 536 

orientation behaviour”, a subpopulation of tethered flying insects can then be tested under 537 

conditions in which the spatial orientation of a putative compass cue (or several cues) is altered, 538 
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with the goal of determining whether the insects compensate for this alteration. Apart from this 539 

obvious application, one can also use the flight simulator to investigate the influence of external 540 

“disturbance factors”, such as an artificial light stimulus of certain intensity, polarisation, and/or 541 

wavelength, on the flight performance of insects. Such methods could for instance also be used 542 

to investigate the influence of other stressors, such as light pollution on insect migration, or to 543 

investigate the influence of various types and concentrations of pesticides on the migratory 544 

flight capacities of different insect species. 545 

 546 

A technically more advanced application is to integrate the flight simulator within an 547 

electrophysiology rig, as is being successfully done to monitor the neuronal activity of brain 548 

areas involved in navigation while an insect is tethered within the arena (Beetz et al., in 549 

preparation). In these experiments, an extracellular tetrode array (containing typically 4-5 550 

electrodes) can be inserted into the brain while the insect performs flight behaviour in the arena 551 

under controlled stimulation conditions. The tetrode enables the experimenter to pick up 552 

neuronal responses from several neurons at once (typically 2-5 per electrode), increasing the 553 

chances of encountering neurons involved in the processing of navigational information. 554 

Changes in the firing rates of recorded neurons could subsequently be correlated to changes in 555 

the spatial orientations of external sensory stimuli and to changes in flight direction that these 556 

may induce.  Such methods would constitute powerful tools for dissecting the function of neural 557 

networks responsible for processing and acting on sensory information encountered during 558 

migration and navigation.  559 

 560 
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Figure captions 674 

 675 

Figure 1. A schematic drawing of the flight simulator showing the encoder (1), the encoder 676 

mount (2), the diffuser paper (3), the circular Plexiglass lid (4 and 7), the protective brass shaft 677 

(5), the tungsten axle (6) and the behavioural arena (8). For explanation see text. 678 

 679 

Figure 2. The experimental table. A. Schematic drawing of the experimental table showing the 680 

tabletop (9), the aluminium connectors (10), the circular opening (11) and the telescopic legs 681 

(12). B. A photograph showing its deployment in the field at Col de Coux, Switzerland. For 682 

detailed explanation see text. 683 

 684 

Figure 3. A schematic drawing showing how optic flow (left) and an austral starry night sky 685 

(right) are projected onto the experimental arena. Moving optic flow (a satellite image of the 686 

Australian countryside) is projected from a projector placed to the side of the table (15), via a 687 

45° mirror (14), onto the underside of a diffusing screen (13) placed on the tabletop under the 688 

behavioural arena. A local starry night sky (generated using the planetarium software 689 

Stellarium) is projected from a projector mounted above the arena (16) onto a circular diffusing 690 

screen (17) placed on top of the arena (which also holds the encoder mount (18) at its centre). 691 

 692 

Figure 4. Typical virtual flight tracks recorded by the encoder system. A. The virtual flight 693 

track of a Red underwing moth (Catocala nupta, RU#11) recorded in Illmitz (Austria) over 5 694 

minutes of consecutive flight (each minute is represented by a different colour), plotted relative 695 

to magnetic North (mN). In 1, the entire 5 min flight track is shown with the moth’s flight 696 

direction recorded every 0.2 s (see enlargement), while in 2 the resultant vectors calculated for 697 

each minute of the same track are shown. 3 shows the resultant flight trajectory vector of RU#11 698 

(r= 0.48, α= 177°), based on the 0.2 s samples recorded over 5 minutes of consecutive flight. 699 

B. As in A, but for the track of another Red underwing moth (RU#5) recorded at the same 700 

location. This particular individual was less oriented than RU#11, as seen in the comparably 701 

shorter lengths (i.e. lower r values) of the resultant vectors in 2 and 3. Note that even though 702 

moth RU#5 flew in many loops (see enlargement in 1), it was able to fly both clockwise and 703 

counter-clockwise (black arrows in 1), a good indicator that the stalk was attached 704 

symmetrically to the thorax of the moth and that neither of the wings were damaged. C. The 705 

vectors of 14 Red underwings are plotted as grey radial lines in a circular diagram (the vectors 706 

of RU#11 (1) and RU#5 (2) are plotted in blue). The radii of the concentric circles indicate the 707 
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r value (from 0-1) at increasing step-size from the center towards the periphery. Based on these 708 

14 vectors, we can also investigate the orientation behaviour of the moths as a single population 709 

by employing the Moore’s modified Rayleigh test (see Figs. 7 and 8), which accounts not only 710 

for the direction of each moth (as in a classical Rayleigh test) but also for its directedness (i.e. 711 

its flight vector r value).  712 

 713 

Figure 5. Magnetic stimuli generated by the Helmholtz coil system. A. The experimental 714 

magnetic field vector (thick black arrow) can be subdivided into 3 vectors (or component 715 

vectors) which are oriented perpendicular to each other: the X- (red arrow), Y- (green arrow) 716 

and Z-component (blue arrow). The orange cone indicates the rotational movement pattern of 717 

the resulting magnetic field vector, which points towards magnetic North (mN). B. The 718 

magnitude of the X-component (red arrow), Y-component (green arrow) and Z-component 719 

(blue arrow) of the experimental magnetic field vector, measured at the centre of our Helmholtz 720 

coil system, plotted as a function of time for a specific magnetic stimulus sequence (shown here 721 

as an example). For the first 2 minutes of this stimulus sequence, the field was nulled to create 722 

a "magnetic vacuum" (zero field). Following the 2-minute magnetic vacuum, the Helmholtz 723 

coil system was set to generate 3 clockwise (light grey) and 3 counter-clockwise (dark grey) 724 

360° rotations (12 seconds each; resolution of magnetic field changes: 1 step per 1°) while 725 

keeping inclination γ constant (as in A). The error bars give the SD around the means of 5 726 

repetitions of the stimulus. Note that the Z-component (and thereby γ) have negative values, 727 

reflecting the fact that in the southern hemisphere the field lines of the Earth’s magnetic field 728 

exit the Earth’s surface (i.e. inclination angle is defined as being negative). C. A Helmholtz coil 729 

system currently in use in Australia with an arena positioned at its centre. 730 

 731 

Figure 6. The modified Mouritsen-Frost flight simulator can be used to monitor changes in 732 

flight behaviour in response to changes in putative orientation cues. Since wind speed and 733 

direction influence the migratory behaviour of moths (e.g. Chapman et al. 2008a), we exposed 734 

migratory Bogong moths to very weak air streams (6 kph) from two different directions relative 735 

to magnetic North while they performed flight behaviour in our arena. The air streams were 736 

generated by two small fans. A, D. The AB stimulation sequence. The fan located in the 737 

southwest was activated (red dashed arrow) and the animal flew for 5 minutes (condition A). 738 

We found that moths fly roughly towards the direction of the wind stimulus (i.e. into the wind), 739 

as seen by the red flight trajectory vector shown in D. The upper vectors in panels D, E and F 740 

indicate the entire average 5 minute flight while the lower vector sequence indicates the flight 741 
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behaviour within each successive 1-minute bin. The length of each vector indicates the 742 

“directedness” of the flight, that is, the fidelity with which the moth kept to the same flight 743 

direction. Directly following condition A, the fan located in the northeast was switched on and 744 

the animal flew for another 5 minutes (condition B), again into the wind as seen by the blue 745 

flight trajectory vector shown in D. B, E. The BA stimulation sequence. The same procedure 746 

as in A and D but with the wind stimulus presented in the reverse sequence. C, F. The ABA 747 

stimulation sequence. Here the fans were rotated by 45° to form an east-west axis. The fan 748 

located in the east was activated first (blue dashed arrow) and the animal flew for 5 minutes 749 

(condition A). Then the fan located in the west was activated for 5 minutes (condition B). 750 

Finally condition A (east fan activated for 5 minutes) was repeated.  751 

 752 

Figure 7. Migratory orientation in Bogong moths is multimodal. A. A male Bogong moth 753 

(Agrotis infusa). B. Experimental procedure and results. Each tethered moth was subjected to 754 

magnetic and visual cues during four 5-minute phases (termed phases A to D) and their 755 

directions and directedness (orientation and length, respectively, of grey vectors in circular 756 

plots) measured. When the positions of the magnetic field (heavy coloured arrows) and visual 757 

landmarks (black triangular ‘mountain’ and overhead stripe) are correlated and turned together 758 

(Phases A, B and D), the moths (n=42, grey vectors) remain significantly oriented near the 759 

landmarks (as indicated by the long (highly directed) red population mean vectors; p<0.001). 760 

When the two cues are set in conflict (Phase C), moths become disoriented (as indicated by the 761 

short (undirected) red population mean vector; 0.5<p<0.9). The directedness (length) of the 762 

population mean vector is given by its R* value: the greater the R* value, the more directed the 763 

population of moths it represents. The R* value also reveals the likelihood that the mean flight 764 

direction of a population of moths – where each moth has its own direction and directedness 765 

(direction and length of grey vectors) – differs significantly from a random, undirected 766 

population (according to the Moore’s modified Rayleigh test: Moore 1980). Dashed circles: 767 

required α-level for statistical significance (i.e. the R* value required to reliably distinguish the 768 

directedness of the population from a random, undirected population): p<0.05, p<0.01 and 769 

p<0.001, respectively for increasing radius. Outer radius of plots: R*=2.5. Red radial dashes: 770 

95% confidence interval. gN, geographic North. mN, magnetic North. Data are from Dreyer et 771 

al., 2018 and diagram from Johnsen et al. 2020. The photo of the Bogong moth in A is courtesy 772 

of Dr. Ajay Narendra, Macquarie University, Australia. 773 
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Figure 8.   A comparison of the non-parametric Moore's modified Rayleigh test (MMRT) and 775 

the classical Rayleigh test, using the flight trajectories of 23 Dark sword-grass moths (Agrotis 776 

ipsilon) recorded at Col de Coux in Switzerland. A. Flight trajectories analysed using the 777 

MMRT. The individual flight trajectory vectors of each moth are shown as blue vectors and the 778 

average heading vector of the population (sample) derived from the test is shown as the red 779 

arrow. The dashed circle indicates the required R* value for statistical significance (p<0.05) 780 

and the red line on the outer circle marks the 95% confidence interval. The thin grey circles 781 

indicate the r value (in steps of 0.2), which are applicable to the flight trajectory vectors of 782 

individual moths (blue vectors). B. Same data as in A, but now evaluated using the classic 783 

Rayleigh test. The mean flight directions of each moth are shown as blue dots around the 784 

periphery of the circle. According to the classic Rayleigh test, which does not weight the 785 

orientation choices according to their r value (as does the Moore's modified Rayleigh test, A), 786 

the population is not significantly oriented. The dashed circle indicates the required α-level for 787 

statistical significance (p<0.05). Note that the length of the red arrow in B encodes the r value, 788 

not the R* value. C, D, E. The mean flight directions of individual moths (from B) were ranked 789 

according to the lengths (r values) of their underlying flight trajectory vectors (from A) and 790 

accordingly assigned to three bins: r values 0.20-0.33 (C, n=8), r values 0.35-0.49 (D, n=8) and 791 

r values 0.53-0.93 (E, n=7). The mean vectors for each of the three sub-populations were 792 

computed using only the mean flight directions of the moths (arrows in each plot). Moths with 793 

flight trajectory vectors having larger r values (C) tend to cluster more tightly around a single 794 

orientation direction (leading to a longer mean sub-population vector).  795 
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 802 
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 805 

 806 

 807 

 808 

 809 

Figure 1. A schematic drawing of the flight simulator showing the encoder (1), the encoder mount (2), the 

diffuser paper (3), the circular Plexiglass lid (4 and 7), the protective brass shaft (5), the tungsten axle (6) and 

the behavioural arena (8). For explanation see text. 
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 810 

 811 
 812 
Figure 2. The experimental table. A. Schematic drawing of the experimental table showing the tabletop (9), the 813 
aluminium connectors (10), the circular opening (11) and the telescopic legs (12). B. A photograph showing its 814 
deployment in the field at Col de Coux, Switzerland. For detailed explanation see text.  815 
 816 
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 832 

 833 

 834 

 835 

Figure 3. A schematic drawing showing how optic flow (left) and an austral starry night sky (right) are projected 836 

onto the experimental arena. Moving optic flow (a satellite image of the Australian countryside) is projected from 837 

a projector placed to the side of the table (15), via a 45° mirror (14), onto the underside of a diffusing screen (13) 838 

placed on the tabletop under the behavioural arena. A local starry night sky (generated using the planetarium 839 

software Stellarium) is projected from a projector mounted above the arena (16) onto a circular diffusing screen 840 

(17) placed on top of the arena (which also holds the encoder mount (18) at its centre). 841 
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 864 

Figure 4. Typical virtual flight tracks recorded by the encoder system. A. The virtual flight track of a Red 865 

underwing moth (Catocala nupta, RU#11) recorded in Illmitz (Austria) over 5 minutes of consecutive flight (each 866 

minute is represented by a different colour), plotted relative to magnetic North (mN). In 1, the entire 5 min flight 867 

track is shown with the moth’s flight direction recorded every 0.2 s (see enlargement), while in 2 the resultant 868 

vectors calculated for each minute of the same track are shown. 3 shows the resultant flight trajectory vector of 869 

RU#11 (r= 0.48, α= 177°), based on the 0.2 s samples recorded over 5 minutes of consecutive flight. B. As in A, 870 

but for the track of another Red underwing moth (RU#5) recorded at the same location. This particular individual 871 

was less oriented than RU#11, as seen in the comparably shorter lengths (i.e. lower r values) of the resultant vectors 872 

in 2 and 3. Note that even though moth RU#5 flew in many loops (see enlargement in 1), it was able to fly both 873 

clockwise and counter-clockwise (black arrows in 1), a good indicator that the stalk was attached symmetrically 874 

to the thorax of the moth and that neither of the wings were damaged. C. The vectors of 14 Red underwings are 875 

plotted as grey radial lines in a circular diagram (the vectors of RU#11 (1) and RU#5 (2) are plotted in blue). The 876 

radii of the concentric circles indicate the r value (from 0-1) at increasing step-size from the center towards the 877 

periphery. Based on these 14 vectors, we can also investigate the orientation behaviour of the moths as a single 878 

population by employing the Moore’s modified Rayleigh test (see Figs. 7 and 8), which accounts not only for the 879 

direction of each moth (as in a classical Rayleigh test) but also for its directedness (i.e. its flight vector r value).  880 
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Figure 5. Magnetic stimuli generated by the 

Helmholtz coil system. A. The experimental 

magnetic field vector (thick black arrow) can be 

subdivided into 3 vectors (or component vectors) 

which are oriented perpendicular to each other: 

the X- (red arrow), Y- (green arrow) and Z-

component (blue arrow). The orange cone 

indicates the rotational movement pattern of the 

resulting magnetic field vector, which points 

towards magnetic North (mN). B. The magnitude 

of the X-component (red arrow), Y-component 

(green arrow) and Z-component (blue arrow) of 

the experimental magnetic field vector, measured 

at the centre of our Helmholtz coil system, 

plotted as a function of time for a specific 

magnetic stimulus sequence (shown here as an 

example). For the first 2 minutes of this stimulus 

sequence, the field was nulled to create a 

"magnetic vacuum" (zero field). Following the 2-

minute magnetic vacuum, the Helmholtz coil 

system was set to generate 3 clockwise (light 

grey) and 3 counter-clockwise (dark grey) 360° 

rotations (12 seconds each; resolution of 

magnetic field changes: 1 step per 1°) while 

keeping inclination γ constant (as in A). The 

error bars give the SD around the means of 5 

repetitions of the stimulus. Note that the Z-

component (and thereby γ) have negative values, 

reflecting the fact that in the southern hemisphere 

the field lines of the Earth’s magnetic field exit 

the Earth’s surface (i.e. inclination angle is 

defined as being negative). C. A Helmholtz coil 

system currently in use in Australia with an arena 

positioned at its centre. 
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 895 

Figure 6. The modified Mouritsen-Frost flight simulator can be used to monitor changes in flight behaviour in 896 

response to changes in putative orientation cues. Since wind speed and direction influence the migratory behaviour 897 

of moths (e.g. Chapman et al. 2008a), we exposed migratory Bogong moths to very weak air streams (6 kph) from 898 

two different directions relative to magnetic North while they performed flight behaviour in our arena. The air 899 

streams were generated by two small fans. A, D. The AB stimulation sequence. The fan located in the southwest 900 

was activated (red dashed arrow) and the animal flew for 5 minutes (condition A). We found that moths fly roughly 901 

towards the direction of the wind stimulus (i.e. into the wind), as seen by the red flight trajectory vector shown in 902 

D. The upper vectors in panels D, E and F indicate the entire average 5 minute flight while the lower vector 903 

sequence indicates the flight behaviour within each successive 1-minute bin. The length of each vector indicates 904 

the “directedness” of the flight, that is, the fidelity with which the moth kept to the same flight direction. Directly 905 

following condition A, the fan located in the northeast was switched on and the animal flew for another 5 minutes 906 

(condition B), again into the wind as seen by the blue flight trajectory vector shown in D. B, E. The BA stimulation 907 

sequence. The same procedure as in A and D but with the wind stimulus presented in the reverse sequence. C, F. 908 

The ABA stimulation sequence. Here the fans were rotated by 45° to form an east-west axis. The fan located in 909 

the east was activated first (blue dashed arrow) and the animal flew for 5 minutes (condition A). Then the fan 910 

located in the west was activated for 5 minutes (condition B). Finally condition A (east fan activated for 5 minutes) 911 

was repeated.  912 
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Figure 7. Migratory orientation in Bogong moths is multimodal. A. A male Bogong moth (Agrotis infusa). B. 919 

Experimental procedure and results. Each tethered moth was subjected to magnetic and visual cues during four 5-920 

minute phases (termed phases A to D) and their directions and directedness (orientation and length, respectively, 921 

of grey vectors in circular plots) measured. When the positions of the magnetic field (heavy coloured arrows) and 922 

visual landmarks (black triangular ‘mountain’ and overhead stripe) are correlated and turned together (Phases A, 923 

B and D), the moths (n=42, grey vectors) remain significantly oriented near the landmarks (as indicated by the 924 

long (highly directed) red population mean vectors; p<0.001). When the two cues are set in conflict (Phase C), 925 

moths become disoriented (as indicated by the short (undirected) red population mean vector; 0.5<p<0.9). The 926 

directedness (length) of the population mean vector is given by its R* value: the greater the R* value, the more 927 

directed the population of moths it represents. The R* value also reveals the likelihood that the mean flight 928 

direction of a population of moths – where each moth has its own direction and directedness (direction and length 929 

of grey vectors) – differs significantly from a random, undirected population (according to the Moore’s modified 930 

Rayleigh test: Moore, 1980). Dashed circles: required α-level for statistical significance (i.e. the R* value required 931 

to reliably distinguish the directedness of the population from a random, undirected population): p<0.05, p<0.01 932 

and p<0.001, respectively for increasing radius. Outer radius of plots: R*=2.5. Red radial dashes: 95% confidence 933 

interval. gN, geographic North. mN, magnetic North. Data are from Dreyer et al., 2018 and diagram from Johnsen 934 

et al. 2020. The photo of the Bogong moth in A is courtesy of Dr. Ajay Narendra, Macquarie University, Australia. 935 
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Figure 8.   A comparison of the non-parametric Moore's modified Rayleigh test (MMRT) and the classical 949 

Rayleigh test, using the flight trajectories of 23 Dark sword-grass moths (Agrotis ipsilon) recorded at Col de Coux 950 

in Switzerland. A. Flight trajectories analysed using the MMRT. The individual flight trajectory vectors of each 951 

moth are shown as blue vectors and the average heading vector of the population (sample) derived from the test is 952 

shown as the red arrow. The dashed circle indicates the required R* value for statistical significance (p<0.05) and 953 

the red line on the outer circle marks the 95% confidence interval. The thin grey circles indicate the r value (in 954 

steps of 0.2), which are applicable to the flight trajectory vectors of individual moths (blue vectors). B. Same data 955 

as in A, but now evaluated using the classic Rayleigh test. The mean flight directions of each moth are shown as 956 

blue dots around the periphery of the circle. According to the classic Rayleigh test, which does not weight the 957 

orientation choices according to their r value (as does the Moore's modified Rayleigh test, A), the population is 958 

not significantly oriented. The dashed circle indicates the required α-level for statistical significance (p<0.05). 959 

Note that the length of the red arrow in B encodes the r value, not the R* value. C, D, E. The mean flight directions 960 

of individual moths (from B) were ranked according to the lengths (r values) of their underlying flight trajectory 961 

vectors (from A) and accordingly assigned to three bins: r values 0.20-0.33 (C, n=8), r values 0.35-0.49 (D, n=8) 962 

and r values 0.53-0.93 (E, n=7). The mean vectors for each of the three sub-populations were computed using only 963 

the mean flight directions of the moths (arrows in each plot). Moths with flight trajectory vectors having larger r 964 

values (C) tend to cluster more tightly around a single orientation direction (leading to a longer mean sub-965 

population vector).  966 
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