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Each spring, billions of Bogong moths escape hot conditions across southeast
Australia by migrating up to 1,000 kmto a place that they have never previously
visited—a limited number of cool caves in the Australian Alps, historically used for

aestivating over summer2, At the beginning of autumn, the same individuals make a
return migration to their breeding grounds to reproduce and die. Here we show that
Bogong moths use the starry night sky as a compass to distinguish between specific
geographical directions, thereby navigating in their inherited migratory direction
towards their distant goal. By tethering spring and autumn migratory mothsin a flight
simulator®>, we found that, under naturalistic moonless night skies and in a nulled
geomagnetic field (disabling the moth’s known magnetic sense*), moths flew in their
seasonally appropriate migratory directions. Visual interneurons in different regions
ofthe moth’s brain responded specifically to rotations of the night sky and were
tuned to acommon sky orientation, firing maximally when the moth was headed
southwards. Our results suggest that Bogong moths use stellar cues and the Earth’s
magnetic field to create a robust compass system for long-distance nocturnal
navigation towards a specific destination.

The Bogong moth (Agrotis infusa; Fig. 1a) is an iconic and threatened
migratory insect endemic to Australia. During the austral spring,
newly eclosed Bogong moths make a highly directed migration of up
t0 1,000 km to a geographically restricted assemblage of high alpine
caves in the extreme southeast of the country (Fig. 1b), a place that
they have never previously visited. After 3-4 months of dormancy
(aestivation; Fig. 1c), the same individuals return to their breeding
grounds during autumn to reproduce, after which they die'?. We have
recently shown* that these moths steer flight during the long-distance
phase® of their migration by sensing the Earth’s magnetic field and cor-
relating its inherent directional information with one or more visual
landmarks, potentially using these landmarks as temporary orienta-
tion beacons along the route. However, exactly which natural visual
features are used by Bogong moths for navigation remains unclear.
A dark feature on the nocturnal horizon, one or more stars, or the
moon are all possible cues. In the austral night sky, the constellations
of stars and the bright Milky Way are particularly prominent and have
excellent potential as reliable navigational cues”®. Their predictable
celestial positions over the course of each night make stellar cues use-
ful for determining an arbitrary compass direction for short-range
orientation (for example, for dung beetles® ™ and cricket frogs')
and as a geographically relevant compass for long-range navigation

(forexample, for birds™*, humans™*® and possibly seals"). However, to

ourknowledge, noinvertebrateis currently known to use the stars for
discerning specific geographical directions (thatis, adirectionrelative
tonorth) for directed long-range navigation to adistant goal. Here we
show that moths have this ability and use the stars as acompass during
thelong-distance phase® of their migration to determine and follow an
inherited migratory bearing, reversing this bearing when the season
changes. Moreover, we show that visual interneurons in the moth’s
brain are tuned to specific orientations of the night sky, suggesting
theirinvolvement in a stellar compass network.

Moths navigate under natural night skies

Usingalighttraplocated atMount Selwyn, about 70 kmnorth-northeast
of the main alpine aestivation sites in southeast New South Wales, we
captured migrating Bogong moths departing northwards during their
autumn return migration (Fig. 1b). Captured moths were transferred to
our nearby experimental site and tethered and flown within a modified
Mouritsen-Frost flight simulator®™ that continuously measured the
instantaneous orientations of vigorously flying moths that were free to
turninany azimuthal direction (details of the simulator, the tethering
and the criteria used to select moths for analysis are provided in the
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Fig.1| The Bogong mothlife history. a, A male Bogong moth. Scale bar, 5 mm.
Photo: A.Narendra, fromref.2.b, Adult moths migrate fromtheir breeding
groundsinvariousregions of southeast Australia to the Australian Alps during
spring (green arrows), where they aestivate in cool alpine caves over summer,
andreturntothebreeding groundsinautumn (purplearrows). Atthe breeding

Methods and Extended DataFig. 1). To test whether Bogong moths fly
in their inherited migratory directions under natural night skies, two
transparent ultraviolet (UV)-transmissive non-magnetic cylindrical
flight simulator arenas were placed on an open hilltop (Methods and
Extended Data Fig. 1a,b). Moths tethered within the arena had a full
view of the surrounding landscape (meadows, trees and hills) as well as
of the entire dome of the night sky. They also experienced the natural
geomagnetic field.

IfBogong moths use the stars for maintaining ageographically spe-
cific,inherited migratory heading, they need to deal with the seasonal
differences in the appearance of the stars (Fig. 3a), as well as with the
nightly movements of the stars across the sky that result from the rota-
tion of the Earth. Such movements substantially shift and rotate the
stripe of the Milky Way and the positions of the stars as the night pro-
gresses, therefore creating a potential problem for migrating animals
that rely on them to navigate a straight course. Early during the night
(20:49 + 17 min), under a cloudless autumnstarry sky with awaxing gib-
bous half-full moon, moths flown in the two arenas were significantly
oriented northward, in their expected migratory direction (Fig. 2a;
n=95,a=5°.When tested 3 h later (23:42 + 17 min), when the stars
and the moon had shifted substantially (and the sky was still cloud-
less), the same cohort of moths (which had been swapped between
arenas to eliminate landmarks as possible cues) retained their north-
ward orientation (Fig. 2b; n =95, a = 355°), with their earlier and later
mean orientation directions being indistinguishable (likelihood-ratio
test on population means for all 95 moths, early versus late: x° = 2.663,
d.f.=1,P=0.103). If one exclusively considers moths that were highly
oriented both earlier and later in the evening (r > 0.8 in both trials: 35
outof 95moths), this findingis only reinforced (Extended Data Fig. 2a).
Thus, Bogong moths not only orientin their expected migratory direc-
tion under natural night skies, but they also do so despite the nightly
movements of the stars and moon.

The dim pattern of polarized light™® associated with the moonisalsoa
potential compass cue. Lunar polarized lightis used by nocturnal dung
beetles for straight-line orientation' but, when the moon is absent,
theyinstead revert to the Milky Way, and are disoriented when the sky
is obscured by clouds’. However, substantial migrations of Bogong
moths also occur around the new moon (EW. and B.F., unpublished
data), implying that, if polarized light is used as a compass cue, it is
not essential.

Notably, on nights on which the moon and stars were obscured by
heavy cloud, Bogong moths were still oriented in anorthward direction

grounds, they mate, lay eggs and die. Immature stages develop underground
duringthe winter. Thered dotindicates the experimental site at Adaminaby.
Scalebar, 500 km. ¢, Around 16,000 moths per m*aestivate on the walls of
specific cavesin the Australian Alps for up to 4 months before making the
return migration. Inset: close-up image of the moths.

(Fig.2c; n =44, a =13°), withamean orientation direction that was not
significantly different to either of the two mean directions (Fig. 2a,b)
recorded on clear nights (likelihood-ratio tests comparing mean ori-
entationdirectioninFig.2cwiththose in Fig.2a,c: x¥*=0.007 and 0.242,
d.f.=1,P=0.935and 0.886, respectively). Thus, even when the stars and
moon are unavailable, Bogong moths canstill navigate in their inherited
migratory direction, strongly suggesting reliance on the only known
remaining compass cue—the Earth’s magnetic field.

The most parsimonious explanation for these resultsis that, in over-
cast conditions, Bogong moths rely on the geomagnetic field as their
compass for navigation, which raises the critical question of whether
Bogong moths use a stellar compass at all.

Bogong moths use a stellar compass

To investigate whether Bogong moths use a stellar compass, we cap-
tured Bogong moths at Mount Selwyn that were migrating roughly
southwards into the Australian Alps in spring and back northward
during autumn (Fig. 1b). Moths were transferred to a purpose-built
dark ferromagnetic-free laboratory at our field site and tethered and
flowninaflight simulator (details of the laboratory are provided in the
Methods and Extended DataFig.1c-i). The simulator arenawas placed
at the centre of a three-axis Helmholtz coil system that was used to
null (that is, remove) the Earth’s magnetic field and therefore disable
the influence of the moth’s magnetic sense. Moths were subjected to
anatural clear moonless austral night sky (matching the date and time
of the experiment) projected at natural intensity onto a flat screen
placed on top of the dark-walled arena (Fig. 3a) and their flights were
recorded for 5 min.

Under naturally oriented night skies (geographical north 0°; Fig. 3a)
andinthe absence of amagnetic field, moths flew in their seasonally
appropriate migratory directions* during two springs and two autumns
in2018 and 2019 (Fig. 3¢): roughly southwards in spring (n =70, mean
vector direction a =168°) and north-northwest in autumn (n = 54,
a=341°).Under the natural sky stimulus rotated by 180° (arena-centric
geographical north now at 180°), the moths flew in almost exactly
the opposite direction (Fig. 3d), turning by 187° in spring (n = 68,
a=355°) and by 174° in autumn (n =56, a =167°). When the stars of
the natural sky were randomly distributed (identical light intensity,
no directional information: Fig. 3b), moths were disoriented in both
seasons (spring: Fig. 3e, n = 58; autumn: Fig. 3f, n = 49). Full statistics
are provided in Extended Data Fig. 2g and Supplementary Table 1.

Nature | Vol 643 | 24 July 2025 | 995



Article

a 20:49 + 17 min b

N

# Half-moon

n=95 n=95

5°+ 11° 355° + 21°

R* = 3.981 R*=2.677
P=47x10? P=6.4x107°

Fig.2|Bogong moth navigationunder natural nightskies.a,b, The
orientation directions of 95 migratory moths (blue vectors) under a cloudless
autumn night sky (Adaminaby, over 3 nights at the end of March 2023), early in
theevening (a;20:49 + 17 min, a = 5°,95% confidence interval =22°, R*=3.981,
P=4.23x10"%°) and again 3 hlater when the half-moon and stars had substantially
shifted their positions (b; 23:42 + 17 min, a = 355°,95% confidence interval = 42°,
R*=2.677,P=5.76 x107°). Sunset occurred at 19:00 + 4 min. Moths were tethered
inaclear cylindrical UV-transmissive Perspex arena with a full view of the sky
and the surroundinglandscape.c, The orientation directions of 44 migratory
moths (blue vectors) under acompletely overcast autumn night sky (Adaminaby,
end of March2023) at 21.30 + 18 min (a =13°,95% confidence interval =30°,

Moth flight directions during spring and autumn, and under rotated
and unrotated skies in either season, were significantly different
(Mardia-Watson-Wheeler tests; Extended Data Fig. 2g). Theseresults
show that Bogong moths can use the distribution of stars within the
austral night sky alone as a navigational compass to distinguish
between specific geographical directions, thereby determining
their required migratory direction, during both their southward
spring migration and their northward autumn migration. When
these stars were rearranged randomly, this ability disappears. Apart
from humans®™' and several night-migratory songbirds®*™, to our
knowledge, no other animal is known to use the stars to navigateina
specific geographical direction. Birds use the centre of stellar rotation
to determine north or south®** and, if Bogong moths do the same,
this might explain their ability to hold aninherited migratory course
despite the nightly movements of the stars (Fig. 2a,b). Alternatively,
Bogong moths might possess atime-compensated star compass that
canaccountfor the predictable movements of the stars, analogous to
the time-compensated sun compass of Monarch butterflies®. However,
exactly which aspects of the starry sky are used by Bogong moths
remains to be determined.

In summary, our behavioural results demonstrate that Bogong
moths, like night-migratory birds?, use a stellar compass and a geo-
magnetic compass and, like birds®?, remain oriented in their inherited
migratory direction when at least one is available, either the natural
starsalone (Fig.3c,d) or the Earth’s magnetic field alone (Fig. 2c). When
neither cue is available the moths are disoriented (Fig. 3e,f).
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23:42 + 17 min c

# Half-moon

21:30 + 18 min

R*=2.828,P=7.56 x10"°). Eachred mean vector (MV) ina-cresults from
weighting the mean directions and mean directedness (vector lengths) of

all of theindividual moths. Statistical analysis was performed using one-sided
Moore’s modified Rayleigh test with Bonferroni correction for multiple
comparisons; corrected P=4.23x107%° (a),5.76 x10™? (b) and 7.56 x107° (c)
(Methods). The directionand directedness of mean vectorsis givenby aand
R* respectively. The dashed circles show the required R* value for statistical
significance: P<0.05,P<0.01and P<0.001, respectively for increasing radius.
Theredradial dashes show the 95% confidence intervals. gN, geographical
north; mN, magnetic north. Skyimagesinaandb, Stellarium.

The neural basis of the stellar compass

To explore the neural basis of the Bogong moth’s stellar compass,
we recorded intracellularly from visual neurons in three regions
of the Bogong moth brain**%*:; the optic lobe, the central complex
(CX; the insect navigation centre?*) and the lateral accessory lobes
(LAL; the steering centre®). We measured neural responses to the same
stimuli that induced behavioural responses in our laboratory flight
experiments (dorsal starry sky, nulled magnetic field). Restrained
moths were mounted in the apparatus with an eastward orientation
relative to the initial starry sky. During experiments, we rotated the
sky through 360° from this starting point. Impaled neurons (n =28)
revealed a peak spiking frequency at a specific sky rotation angle @,,,«
(that s, at a specific compass direction of the moth; Fig. 4a). Their
responses fellinto four physiological categories: (1) unimodally excited;
(2) unimodally inhibited; (3) rotation-direction-selective unimodal; or
(4) rotation-direction-selective bimodal (Fig. 4a,b and Extended Data
Fig.3). While unimodal neurons showed a single activity peak (maximal
excitation or maximal inhibition), bimodal neurons showed two peaks
separated by approximately 180°. Responses of neuronsin categories
land2werelargely insensitive to movement direction, with clockwise
and anticlockwise sky rotations leading to similar responses. By con-
trast, category 3 and 4 neurons responded differently to clockwise and
anticlockwise rotations. Despite the diversity of response types, @m.x
was consistent across repetitions, with the majority of cells having a
tuning variability of 20° or less (Fig. 4c and Extended Data Figs. 4-6).
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Fig.3|Astellar compassin Bogong moths. a,b, Images of alaboratory-
projected natural night sky during spring and autumn (a), and an autumn sky
withitsstarsrandomly arranged (b). ¢, The orientation directions of migratory
mothsunder naturally oriented night skies, and in a nulled magnetic field,
duringspring 2018 and 2019 (green vectors, left;n=70, a=168°,95% confidence
interval =58°,R*=2.014, P= 6.3 x10°°) and autumn (purple vectors, right;
n=>54,a=341°95% confidenceinterval =41°,R*=2.512, P=9.0 x107°).d, As for
¢, but fornightskies rotated by 180° (spring: n =68, a =355°,95% confidence

However, when randomized stars (Fig. 3b) were rotated as a control,
cells failed to show tuning (Figs. 4e and 5b). As the control shares local
contrast and motion cues, its inability to drive the recorded neurons
suggests that these neurons are not simply movement detectors but
are tuned to features present in the natural starry sky.

Tofurther test the selectivity of these responses, asubset of six cells
was also stimulated with artificial compass cues (of natural intensity)
that mimicked aspects of the Milky Way (Fig. 4d): its brightest region
around the Carinanebula (revolving dot) and its stripe-like shape (rotat-
ingbar). Allbut one of the cells responded to both cues (dot, n = 6; bar,
n=35)and these qualitatively resembled their response to the starry
sky, withsimilar azimuthal tuning (deviations fromstarry sky @, were
clustered around 0° across neurons; Fig. 4d). Whereas the maximum
deviation from the starry sky @,,,, was larger for the dot (52°) than the
bar (15°), theresponses to the bar were weaker than those to the starry
sky or the dot (Fig. 4e). Thus, the bar more closely reflected the cell’s
azimuthal tuningto the starry sky, while the dot reflected its response

a=1°

n =58
R*=0.598
P=0.35

Spring

P=1x107

a=167° a =309°

n =56 n=49
R =1.716 R*=0.016
P=2x10"* P =091

interval =53°,R*=2.085,P=2.7 x10%; autumn: n =56, a = 167°,95% confidence
interval =69°,R*=1.716, P=1.8 x107). e,f, The orientation directions of
migratory moths under randomized starry skies during spring (e; n =358,
R*=0.598, P=0.35) and autumn (f; n =49, R*= 0.016, P= 0.91) in 2018 and

2019. All other definitions and statistics are as described in Fig. 2. Bonferroni
correction for multiple comparisons was used; corrected P= 6.3 x10°°
(spring,¢)and 9.0 x10~° (autumn, ¢), 2.7 x 10~ (spring, d) and 1.8 x 107
(autumn, d). Sky imagesina, Stellarium.

strength. This suggests that these neurons are suited to encode at least
two features of the starry sky: the extended shape of the Milky Way and
its brightest region around the Carina nebula.

Notably, across the entire population of unimodal cells, ¢, values
consistently clustered in the Southern Hemisphere, independent of
recording season or response type (Fig.4b; n =18, a =171° + 35°). Thus,
inthe reference frame of aBogong moth flying under a natural (station-
ary) sky, unimodal cells fire maximally when moths head southwards
(irrespective of season: aMardia-Watson-Wheeler test indicates that
the spring and autumn mean ¢, values do not significantly differ:
P>0.2).Notably, head direction cells recorded in the medial pallium of
fledgling shearwater chicks show asimilar behaviour—all fire maximally
whenthe chick’s headis directed towards magnetic north (eventhough
the chick will eventually fly due south on its inaugural migration)?.
Infixed quiescent Monarch butterflies, CX neurons recorded extracel-
lularlyinresponse toarotating ‘sun’ stimulus (abright green LED at 30°
elevation), also revealed narrow ¢, tuning”. However, when allowed
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Fig.4|Brainvisualneuronsrespond torotations of the night sky. a, Examples
of general response categories (1-4) for 360° clockwise (CW; grey curves) and
anticlockwise (CCW; purple curves) night sky stimulus rotations (mean £ s.d.
tuning curves show spike impulses (imp) pers).Inthe moth’s reference frame,
flying under a natural (stationary) sky, 0° =360°indicates thatitis heading
north; 90°indicates thatitis heading east; 180°indicates thatitis heading south;
and270°indicatesthatitis heading west. ¢,,,, is defined at the top (red dashed
line). The horizontal dashed lines show the pre-stimulation response level.

b, The @, for all cells (note that bimodal cells have two ¢, = 180° apart;
separate plots for all four cell categories are shownin Extended Data Fig.3). The
red vector gives the mean ¢,,,, (@) and the vector length (r) for all 18 unimodal
cells (one-sided Rayleigh test, spring and autumn pooled, P=0.00319; 95%
confidence limits (black straight lines), +35°). The dashed circles show the
required rvalue for statistical significance: P< 0.05and P< 0.01, respectively
forincreasingradius. Unimodal cells fire maximally when moths head

to fly and receive self-motion cues this tuning disappeared, revealing
dependence onbehavioural state”. As our Bogong moths were likewise
fixed and quiescent, we cannot rule out that the narrow ¢, tuning we
reportis also due to behavioural state.

The functional diversity of neurons also corresponded to a mor-
phological diversity. Of the 28 neurons that responded to our stimuli,
we anatomically identified 11 cells by intracellular tracer injections
(Fig.5a). Theidentified neurons were distributed across all three brain
regions targeted in our recordings: the optic lobes, the CX and the
LAL. While the optic lobe is responsible for primary visual process-
ing, the CXis a higher-order integration centre for spatial orienta-
tion, navigation and action selection?®%. The LAL is the major output
target of the CX and generates steering commands to downstream
motor circuits®. For visually guided migration in Bogong moths, all
three brainregions are therefore expected to have key roles in process-
ing visual compass cues and transforming these signals into steer-
ing commands. While the optic lobe neurons showed sharply tuned
responses with a high signal-to-noise ratio (SNR), the responses of
thetwo CX neurons that we held long enough to record from were less
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Variability of mean tuning

southwards (171° + 35°) under natural skies (irrespective of season). ¢, The
variability in ¢,,,, for successive clockwise (average 9°) or anticlockwise
(average 10°) sky rotationsinindividual cells.d, @, for dot and bar control
stimuliinasubset of unimodaland bimodal cells (autumn 2020). The empty
circlesshow the second ¢,,,, for bimodal cells. The bottom row shows the
angular difference between the cell ¢, for dot/bar stimuliand its starry sky
®max (Quoted + angular limits, dashedlines). e, The response SNR for different
stimuli (grey dots, included data; black dots, outliers). For the box plots, the
box limits show the 25th to 75th percentiles, the centre line shows the median
value, and the whiskers extend to 1.5 x interquartile range. The SNRis the
maximum response during sky rotation (thatisat ¢ = ¢,,,,) divided by the
standard error before rotation. Statistical analysis was performed using
two-sided Wilcoxon rank-sum tests; *P=0.052,***P = 0.00011. Sky/control
data: 2018,2019 and 2020; dot/bar data, 2020.

pronounced (Fig. 5 and Extended Data Figs. 4 and 7; cell 181122_003),
indicating that visual stimulation alone is insufficient to fully drive
these cells. The three anatomically identified category 4 (bimodal)
cells localized to the LAL and the ventrolateral and ventromedial
protocerebrum—their direction-selective responses are suggestive of a
potential roleinsteering. The six identified category1and 2 (unimodal)
cells localized to the optic lobe and CX, locations that are more con-
cerned with early-stage sensory processing (optic lobe) and heading
encoding (CX).

Althoughwe obtained only asparse sample of neurons, and despite
the constraints ofin vivointracellular electrophysiology, our data none-
theless demonstrate thatinformation from the starry skyisencodedin
the moth’s brain. While these neurons arelocated in brainregions that
areknown to analyse multiple navigational cuesin other insects?, sur-
prisingly, ouridentified cell types have not previously been described
in analyses of insect compass pathways? or head-direction circuits*
(Fig. 5a and Extended Data Fig. 7). Further work is clearly required to
understand these neural circuitsin detail, and whether their properties
vary with behavioural state.
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The control oflong-distance navigation

Our results indicate that a stellar compass is sufficient on its own to
guide Bogong moths during their migration, and this may become
usefulif the geomagnetic field becomes perturbed by amagnetic storm
or by local magnetic anomalies® (which are admittedly not strongin
southeast Australia, and typically alter field strength by only a few
per cent). Under natural conditions, a geomagnetic compass is also
sufficient if the stars become obscured by cloud. When neither cue is
available, moths are disoriented. Moreover, we have also shown that
Bogong moths possess previously undescribed neuronsin the naviga-
tional centres of the brain that respond to aspecific orientation of the
night sky. Notably, these neurons are all tuned to acommon azimuth,
firing maximally when the moth is heading southwards, irrespective
of season (Fig. 4b).

Newly eclosed Bogong moths therefore rely onstellar and geomag-
netic compass cues to target a distant and restricted geographical
region they have never previously visited (during spring), relying
on the same global cues for the reverse migration (during autumn).
For Bogong moths, how these cues are interpreted to determine the
desired migratory heading depends on three spatiotemporal factors:
the moth’s geographical origin (different breeding populations across
southeast Australia migrate in different directions to reach the same
target), the season (moths migrate towards the mountains in spring
and return to the breeding grounds in autumn) and the time of night

rotating randomized stars (control, grey curves). Other conventions are as
describedinFig.4a. c, Peak tuning directions (¢,,,,) of individual cells following
clockwise and anticlockwise sky rotations (the rotation angle when cellular
firing frequency was maximal, derived from spike train raster plotsinb).

®max Values correspond to moth headings relative to north. The blue/green
lines show the starry sky ..., values, and the grey lines show the ¢,,,, for the
dotstimulusiftested.

(stellar positions change due to Earth’s rotation). As in other insects®,
to move in a desired (migratory) heading direction, Bogong moths
must first establish their current heading (for example, using global
compass cues), compute the angular difference between their current
and desired headings and, depending on geographical location, season
and time of night, generate a steering command that turns the moth
toitsrequired migratory direction. While head directionis well under-
stood to be encoded by the CX***°*?, our understanding of how desired
headingis encoded is only now emerging®?*. However, consistent with
data from flies®®** ¥, bees® and Monarch butterflies®, the computation
of desired migratory heading in Bogong moths could well take place
inthe fan-shaped body of the CX. Indeed, our identification of starry
sky responses in a fan-shaped body input neuron (Fig. 5a) supports
this notion. However, exactly how the fan-shaped body of Bogong
moths accounts for geographical location, season and time of night
to generate a desired migratory heading remains unclear.

Atleast two compass mechanisms

The question remains of what aspects of amoonless austral night sky
might be useful as compass cues for Bogong moths. Humans™¢ and
birds®" canuse individual stars, or constellations of stars, as compass
cues for distinguishing specific geographical directions, butit remains
unclear how many of the brightest stars are discernible by the moth’s
small compound eyes. However, the Milky Way—which, inthe Southern
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Hemisphere, is abright extended stripe of light that becomes brightest
somewhere in the southern half of the sky”°—is very likely visible to
Bogong moths®, as also suggested by our physiological results (Fig. 4).
Its shape and celestial position at any time of night are predictable
fromone night to the next throughout each migratory season, andits
rotation around the South Celestial Pole over any single night retains
the brightest parts of the Milky Way (including the Carina nebula) some-
where in the southern half of the sky, but not consistently due south.
Exactly where the brightest parts are located depends on season and
time of night and can vary from southeast (Figs. 2a and 3b) to almost
due west (Fig. 3a). Thus, asimple phototactic mechanism, with Bogong
moths orienting towards the brightest parts of the sky in spring and
away fromtheminautumn, seemsunlikely. Furthermore, the presence
of abright moon in different parts of the sky would severely disrupt
such a mechanism. However, Bogong moths orient in their inherited
migratory direction even when the moon is present (Fig. 2a,b).

Notably, the Southern Hemisphere Milky Way is used to determine an
arbitrary compass direction for short-range orientationin ball-rolling
dungbeetles™°, not for distinguishing a specific geographical direc-
tion to travel towards a distant goal, but as a visual guide to keep a
straight bearing for a few minutes in any random (goalless) direction.
A straight trajectory is the safest for taking the beetle away from the
furious competition of the dung heap. By contrast, Bogong moths,
navigate long distances over many nights towards a distant destina-
tion they have never previously visited and therefore require a global
compasstodistinguish and hold their specific, inherited, geographical
migratory heading. While the Earth’s magnetic field certainly actsasone
such compass* (Fig. 2c), the southern night sky clearly acts as another,
with each of these compasses probably taking over from the other
whenthesalience of either diminishes or fails (Figs. 2cand 3c,d). How-
ever, exactly which celestial features are used for the stellar compass,
whether the common directional tuning of stellar compass neurons
has any role in the computation of desired heading, and how stellar,
magnetic and any other hitherto unknown sensory cues en route are
behaviourally and neurally integrated for robust navigation (including
how and whether they are calibrated against each other*?), all remain
enticing topics for future research.
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Methods

Capture and care of moths

Bogong moths (A. infusa) of both sexes were caught in the wild during
their autumn and spring migrations (2019 and 2018) using a LepiLED
insect light (www.gunnarbrehm.de), or a vertical beam search light
(model GT175, Ammon Luminaire Company), placed in front of a white
sheet suspended between two trees. Almost all of the animals were
caught near the Mount Selwyn Snowfields (southeast New South
Wales, Australia: 35.914° S, 148.444° E; elevation, 1,600 m), which
is approximately 70 km north-northeast of the nearest aestivation
cave in the Main Range of the New South Wales Alps. Thus, to reach
these cavesinspring, these moths (atiny subset of allmoths travelling
to the mountains in a multitude of directions from across southeast
Australia) would be expected to fly south-southwest in spring, and
returning moths might be expected to travel north-northeastin autumn
(which agrees with our behavioural results). A few animals were also
caught near Thredbo (Dead Horse Gap, southeast New South Wales,
Australia: 36.524° S,148.260° E, elevation 1,580 m). These moths were
used for electrophysiology only. Each captured moth was transferred
toits own plastic container toisolate it frominfluence by other moths.
After capture, moths were transported to the testing site Glenhare, a
rural property near Addaminaby New South Wales (36.040° S,148.864° E;
elevation, 1,250 m), fed with20% honey solution (in water) and stored
ina cool and sheltered place (exposed to the natural light cycle) to
recover from stress induced by capture.

Laboratory for controlled indoor experiments

A purpose-built ferromagnetic-free laboratory located at Glenhare,
Adaminaby (built on a concrete slab reinforced with fibreglass and
constructed entirely from non-magnetic materials) housed theindoor
behavioural and electrophysiological experiments (Extended Data
Fig. 1c). Each experimental apparatus (behaviour and electrophysi-
ology) has its own dedicated earth separated from the mains earth
(through a 6-mm thick, 30-mm wide and 12-m long copper strap
dug into the ground below the concrete slab). Background levels of
radio-frequency disturbances at this rural site are extraordinarily low*.
Allof the experiments were performed on dark-adapted mothsin dark-
nessatnight (beginning atleast1hafter sunset). Darkness was achieved
withblack-outblinds (to remove residual starlight and moonlight from
outside) and dark cloth around the experimental apparatus (to shield
from the minimal stray light emitted from the equipment).

Non-magnetic electrophysiological apparatus. The non-magnetic
electrophysiological apparatus (such as table and animal mounts;
Extended Data Fig. 1f,g) was constructed from Thorlabs aluminium
optomechanical components using high-grade stainless-steel fas-
teners. Vibration isolation between the aluminium pillar legs and the
aluminium bread board table (on which the moth and manipulators
were mounted) was provided by four high-grade stainless steel Still-
points Ultra 6 (with Ultra base) isolators (Stillpoints). The moth was
mounted (see below) onto a pillar attached to the bread board table,
and a custom-built non-magnetic Sensapex piezo micromanipulator
(Sensapex Oy, Oulu), also attached to the pillar, was used to move and
advance aglass microelectrode. Aremovable circular UV-transmissive
Perspex disc (diameter, 250 mm; thickness, 5 mm), covered in a layer
of UV-transmissive diffusing paper (Lee Filters 2511/4 white diffuser)
and mounted 127 mm above the moth, was used for projection of ce-
lestial visual stimuli (see below). The electrophysiological apparatus
was placed at the centre of acomputer-controlled, double-wrapped*!
three-axis (3D) Helmholtz coil system custom built in aluminium and
copper (University of Oldenburg workshop; outer coil diameters;
x,900 mm;y, 835 mm; z, 775 mm) to create a nulled magnetic field
(Extended Data Fig. 8) around the experimental moth. These coils
were mounted onto the experimental table holding the moth and

manipulators. The coil systems were powered by constant-current
power supplies (Kepco, BOP 50-2M) and the current running through
the coil systems was controlled through High-Speed USB Carriers (USB-
9162, National Instruments) and custom-written codes in MATLAB
(v.2019aand 2022b, MathWorks). Further details were reported previ-
ously**. Before each experimental session, Meda FVM-400 magneto-
meter measurements ensured that the magnetic field was nulled within
the apparatus (Extended Data Fig. 8b).

Non-magnetic behavioural apparatus. The non-magnetic behav-
ioural apparatus (Extended Data Fig. 1h,i) consisted of a modified
Mouritsen-Frost flight simulator®>>** used to record the virtual flight
path oftethered migratory Bogong moths. In brief, each flight simula-
tor consisted of acylindrical Perspex arena (diameter, 50 cm; height,
35 cm) placed vertically onto an aluminium table with a clear Perspex
top within a 3D Helmholtz coil system (as described above, but with
coil outer dimensions: x, 1,245 mm; y, 1,300 mm; z, 780 mm). Again,
the nulled magnetic field conditions within the coils were carefully
monitored using the Meda FVM-400 magnetometer (Extended Data
Fig.8a). The arena walls were covered with two layers of black felt. An
optical encoder (E4T Miniature Optical Kit, US Digital) was mounted
in the middle of a UV-transmissive Perspex disc (diameter, 50 cm;
thickness, 0.5 cm), which was placed on top of the arena like a lid.
Alayer of UV-transmissive diffusing paper (Lee Filters 2511/4 white
diffuser) was placed on top of the disc (and served as ascreen for dorsal
projection of celestial stimuli; see below). A fine vertical tungsten rod
(the encoder shaft: diameter, 0.5 mm; length, 153 mm), inserted into
the axial centre of the optical encoder, extended downwardsinto the
arenaand allowed the attachment of tethered flying moths (see below).
We used the encoder manufacturer’s software (USB1Digital Explorer
1.07, US Digital) to continuously record the moth’s heading relative
to geographical north (gN), therefore allowing us to reconstruct the
moth’s virtual flight path in the presence of celestial visual cues. An
LED projector (ASUS S1 Mobile), neutral density (ND) filters (optical
density between 4 and 5 log units) and a mirror placed at 45° under
the Perspex tabletop were used to project a dim moving (10 mms™)
pattern of optic flow onto ascreen (Lee Filters 2511/4 white diffusing
paper) placed beneath the arena and therefore below the tethered fly-
ing moth (Extended Data Fig. 1d). The direction of the optic flow was
controlled by custom written software (M. York), which coupled the
encoder system (USB1or USB4 encoder dataacquisition USB device,
US Digital) through afeedback loop. Thus, the optic flow would always
move from head to tail below the moth, instantaneously changing
direction as the moth changed direction. The mean radiance of the
optic flow at thelocation of the performing moth was 2.06 + 0.19 x 10°
photonscm™@s™?sr,

Stimulation with natural starry skies. A natural moonless starry aus-
tral night sky, inboth the electrophysiological and the behavioural rigs,
was projected using adownward pointing projector (behavioural rig:
LED projector ASUS S1Mobile; electrophysiological rig: Sony MP-CL1A
laser projector; spectra of both projectors are shown in Extended Data
Fig.9d). Each projector was mounted sufficiently high above the moth
in eachrig to provide clear and correctly sized dorsal images of the
night sky. To avoid unwanted stray light, each projector was housed
ina custom-built 3D-printed plastic box featuring an openingin front
of the lens and ventilation slits above the projector.

The free software Stellarium*} was used to simulate the moonless
starry night sky over Canberra (about 80 km from Adaminaby as the
crow flies) at 21:30 on four respective dates: 1 October 2018 (spring
2018), 21 March 2018 (autumn 2018), 21 October 2019 (spring 2019)
and 27 February 2019 (autumn 2019). Screenshots (screen resolution
7,480 x 720 pixels) of these simulated starry skies were taken, cutina
circular shape using CoreIDRAW X5 and saved as PNG files (300 dpi)
to create the stimulus images (Fig. 3a,b and Extended Data Fig. 9a).
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Subtended at the moth, celestial images projected onto the circular
screens in each rig (see above) provided 160° (behavioural rig) and
100° (electrophysiological rig) fields of view of the starry night sky
centred on the zenith. Celestial images contained grey level values
ranging from 4 (darkest) to 255 (brightest, on ascale of 0-255), with an
average grey level of 62. The quality of the night sky provided by these
images was comparable to that provided by the natural rural night sky
atGlenhare (as measured with a Unihedron Sky Quality Metre; Extended
DataTable1).Before eachexperiment, the PNG files were opened using
IrfanView64 on a PC using a screen resolution of 1,280 x 720 pixels.
The PC was connected through an HDMI cable to the projector. The
projected size of the circular sky matched the diameter of the circular
screenineachrig.

Before each experiment, we ensured that the projection was cen-
tred accurately and that its light intensity was reduced to starlight
levels using ND filters (the behavioural rig is shown in Extended Data
Fig.9b).Inthe case of the electrophysiological rig, two 1.2 log unit ND
filters were inserted into the light path to dim the image to starlight
levels (Extended Data Fig. 9c). The projection of the starry sky was
initially set toits natural orientation relative to geographical north or
flipped along its vertical and horizontal axes to test the moths under
al80°rotated sky.

Asthe projectors did not emit UV light, weinstalled acustom-made
LED-ring (built by T. McIntyre; diameter, 120 mm; inner diameter,
50 mm) featuring eight UV LEDs (LED370E Ultra Bright Deep Violet
LED, Thorlabs)in front of the projector. The brightness of the LED-ring
was controlled using custom written software using MATLAB (v.2019a
and 2022b, MathWorks) and several layers of ND filters that were fixed
in front of the LED-ring to bring the UV intensity into a quasi-natural
range (the behavioural rig is shown in Extended Data Fig. 9d).

Upward light intensity and spectrum measurements of the starry
night sky were made underneath the projection screen in each rig
with the probe located at the position of the moth (Extended Data
Fig.9b-d). Thelight metre used was acalibrated Ocean Optics QE65PRO
Spectrometer (Ocean Optics).

Stimulation with randomized starry skies. To create randomized
starry skies for experimentsinautumn 2018 and spring 2018, the posi-
tions of allindividual pixels of the natural night sky stimulus image were
reassigned randomly to new positions, and the resulting randomized
images were likewise saved as PNG files (Extended Data Fig. 9a). These
featurelessstellar conditions provided anidentical stimulation inten-
sity but provided no celestial spatial information. The randomized
starry skies used during spring and autumn 2019 were improved by
randomizing groups of pixels containing individual stars, therefore
retaining the stars but removing spatial variations in the night sky (such
as the Milky Way) that could be used for orientation (again maintaining
identical intensity). Here, the stimulus image (of autumn 2019) was
subdivided into squares with a size of 13 x 13 pixels, as the brightest
starintheimage had roughly these dimensions. The positions of these
squares were now randomly reassigned and the resulting image was
saved as a PNG file. A final improved randomized stimulus (used dur-
ing spring 2019) was generated from the test stimulus by randomizing
the positions of the individual visible stars. This was achieved by first
detecting the position and size of each starin the test stimulus using a
multiscale Laplacian of a Gaussian convolution of a greyscale version
of the test stimulus, followed by local maxima detection. The result-
ing spatialinformation was then used to extract and save theimage of
each star from the natural night sky stimulus, before replacing them
onanew backgroundimage, with auniform colour and intensity equal
to that of the mean of all pixels in the test stimulus that were not part
of astar. This way, the location of the stars on the randomized image
could be drawn from any desired distribution. In this case, a uniform
distribution was used for the location of all but the brightest star, which
was placed in the centre of theimage.

Stimulation with artificial Milky Way cues. To test the selectivity of
central brain visual neurons to various parts of the Milky Way during
electrophysiological experiments, we stimulated cells with artificial
compass cues that, like the starry sky stimulus, filled the projection
screen above the moth (Fig. 4d). These cues mimicked aspects of the
autumn Milky Way: its brightest region around the Carina nebula
(revolving dot) and its stripe-like shape (rotating bar). The bar length
and width were chosen to mimic the main stripe of our natural Milky
Way stimulus. The intensities of these artificial stimuli were also adjus-
ted to provide agood mimic of the intensities of the stars and the dark
background sky in our natural stimulus (see above) and had the same
meangrey level (61 + 1for values between 0 to 255, darkest to brightest).

Apparatus for behavioural experiments under an openskyina
natural landscape

Two ferromagnetic-free Mouritsen-Frost flight simulators (of the same
type used in the laboratory) were placed on a hilltop at Glenhare and
used to record the heading directions of tethered migratory Bogong
moths experiencing the full local surrounding landscape and the entire
dome of the natural sky. To achieve this, each flight simulator arena
consisted of a transparent UV-transmissive Perspex cylinder (again
with diameter, 50 cm; height, 35 cm), placed vertically onto an alu-
minium table (Extended Data Fig. 1a,b). The table top was also made
of transparent Perspex. The two flight simulators (and their tables)
were placed around 15 m apart. A tethered moth was connected to an
optical encoder suspended at the centre of the open top end of each
arena by a thin horizontal UV-transmissive Perspex arm. The two are-
nas were controlled from computers that were operated from within
ablack light-tight cubical tent that was placed midway between the
two arenas, approximately 7 m from each. The tent was therefore a
landscape feature that the moths could potentially see during their
tethered flights.

Behavioural procedures

Indoor behavioural procedures. Most behavioural procedures usedin
this study have been previously described*. Before attachment of teth-
ering stalks, moths were chilled inafreezer for 5-10 min toimmobilize
them. The scales onthe moth’s dorsal thorax were removed by suction
using a micro-vacuum pump (custom built by B.F.). Afterwards a thin
vertical tungsten stalk (which is ferromagnetic free), fashioned at its
endto create asmall circular footplate, was glued to the dorsal thorax
using contact cement while being restrained by aweighted-down plastic
mesh. Moths were tested on the day of stalk attachment.

Shortly before sunset, UV-transmissive Perspex boxes holding indi-
vidual stalked moths were placed onto an elevated outdoor location
and provided with a clear view of the western sky and the setting sun
(and the skylight polarization pattern), in case these cues were impor-
tant for calibrating compass mechanisms (as found for the magnetic
compass of birds***¢). After sunset, the moths could also see the stars
(and the celestial rotation).

For tethering within the behavioural arena (performed in dim red
light to maintaina dark-adapted visual state), the arenalid holding the
opticalencoder waslifted and the tungsten stalk of avigorously flying
moth (held with medical forceps) was attached to the bottom end of
the encoder shaft through a 1.5 cm length of thin rubber intravenous
medical tubing that connected the stalk to the shaft (Extended Data
Fig.1le). Once the arena lid was returned to the arena, this coupling
enabled the moth to rotate freely around its yaw axis and choose any
flight direction. Once the mothwas mountedin thearena, it was gently
pointed manually towards geographical north. The heading direction
count was then reset, the moth was released and the optical encoder
was enabled to register the flight heading direction of the moth under
agiven night sky condition (projected on the arena lid) at a sampling
rate of 5 Hz (and a horizontal resolution of 3°). Each moth was tested
for exactly 5 minin each stimulus condition.



Moths chosen for analysis were required to fulfil three ante hoc crite-
ria, two before the experiment and one during the experiment: (1) the
tethering stalk was perfectly vertical; (2) wing flapping was vigorous
and its amplitude was large and equal for both wings (indicating that
the contact cement had not interfered with the wings); and (3) that
the moth flew continuously for the full 5 min. For the last criterion, if a
moth stopped flying, the arenawas gently tappedin order to stimulate
the mothto continue flight behaviour. Amoth that stopped flying four
times was rejected and the recording aborted. For the field seasons of
spring 2018 and 2019, as well for Autumn 2019, the percentages of moths
that were aborted due to failing to meet these criteria were 2 out of 59
or 3.4% (Spring 2018), 25 out 0of 137 or 18.3% (Spring 2019), and 35 out
of 76 or 46.1% (Autumn 2019). The high rejection rate during Autumn
2019 may have been due to the unusually wet and cold weather that
occurred during this season. Moths often behave erratically on rainy
or stormy nights, and even on days before and after such nights.

Outdoor behavioural procedures. The same behavioural methods
(and criteria) that were used indoors were also used outdoors. The
goal of these experiments was to understand how migratory Bogong
moths deal with natural skies (in particular the nightly movements
of the stars and moon, as well as cloud cover) while experiencing a
normal geomagnetic field and the local surrounding landscape under
naturalillumination. Experiments were performed under clear starry
skies during autumn 2023 (over three nights during the last week of
March), as well as at two times of night, to test whether the migratory
orientations of moths were affected by the nightly movements of the
stars and moon (which was approximately half-full): (1) between 20:32
and 21:06 (about 1.5 h after sunset), and (2) between 23:25 and 23:59.
The same moths were used for orientation measurements at both
times, and moths that were flown in one arena at the earlier time (and
saw the black tent on their easternside) were flownin the other arena
atthelater time (and now saw the black tent on their westernside) and
vice versa. Moreover, there was a stand of trees close to the arena on
the eastern side of the tent, and single trees close to the arena on the
westernside of the tent. Thus, other panoramic landmarks (apart from
the tent) differed markedly in their spatial positions from within the
two arenas. Between earlier and later experiments, tethered moths
were keptisolated and in the dark in a suitcase that was warmed with
hot water bottles. Experiments were also carried out on afourth com-
pletely overcast night that totally covered the stars and moon (between
21:12 and 21:48).

Indoor electrophysiological procedures
To maximize the success rate of the demanding intracellular recordings
during the short migratory season, these experiments were performed
bothin the afternoon and during the natural nocturnal flight time of
the moths. For afternoon experiments, we removed the two 1.2 log unit
ND filtersin front of the projector lens (as described above) to generate
astarry sky projection around 250 times brighter than the one used at
night (toaccount for the circadian-rhythm-induced light-adapted state
of the moths). For night experiments, the ND filters were reinserted.
No obvious differences were foundin results obtained in the two situa-
tions. The moths were mounted onto a custom-made 3D-printed animal
holder and immobilized using wax. The antennae were fixed to the
front of the head with a drop of wax, and a square piece of cuticle was
removed from the head capsule to expose the brain. The neural sheath
was digested with Pronase (Sigma-Aldrich) for about 30 s and then
carefully washed. It was then removed using a pair of fine forceps.
Asecondsmall hole was cutinto the cuticle above the proboscis muscle
and a chlorinated silver wire was inserted into this muscle to serve as
reference electrode.

Glass electrodes were pulled from borosilicate glass on a P-97
Flaming-Brown micropipette puller (Sutter Instrument), and had a
typical resistance of 50-100 MQ. The electrode tip was filled with

Neurobiotin solution (4% Neurobiotinin1 MKCI, Vector Laboratories),
and the remainder of the electrode was filled with 1 M KCI. Electrodes
were moved into position with anon-magnetic Sensapex micromanipu-
lator. Signals were amplified using a BA-03X intracellular amplifier and
headstage (NPIElectronic), and were then digitized using a CED Micro
1401-3 (Cambridge Electronic Design) and recorded with Spike2 soft-
ware (v.8.03, Cambridge Electronic Design). Stimulus control signals
from MATLAB (v.2019a and 2022b, MathWorks) were simultaneously
recordedin Spike2. During therecording, the brain was kept hydrated
through regular application of moth ringer solution®.

Moths were mounted under starry skies that were naturally oriented
before sky rotation (thatis, had the same orientation as the stars outside
thelaboratory).Inearlier experiments, theinitial heading orientation
ofthemounted moth was northrelative tothestarsand, in later experi-
ments, the initial heading orientation south; however, greatest ease
of access to the brain was eventually found for an eastward heading.
The action potential spike trains obtained for a 360° rotation of the
sky were corrected according to the initial heading orientation of the
moth so that spike trains obtained across all experiments were com-
parable (with a correction angle of 0° applied for aninitial northward
orientation, 90° for an eastward orientation and 180° for southward
orientation). Impaled cells were stimulated with dorsally projected
images of the natural starry night sky, or controlimages of randomized
stars (see above). Cells were also stimulated with bars and dots that
mimicked different parts of the Milky Way (see above). All of these
projected images (natural and randomized stars, artificial Milky Way
stimuli) were rotated 360° at 30° s 't0 45° s}, with a2 s break between
clockwise and anticlockwise rotations, using custom-written MATLAB
code (v.2019a and 2022b, MathWorks). Between rotations, a neutral
grey background image was presented that had the same average grey
value as the starry sky/control images.

Wetargeted anarea of the central brainin which we expected to find
both CX and lateral complex neurons, as well as optic lobe neurons
traversing the brain in the posterior optic tract. Neurons that clearly
did notrespond to aninitial sky rotation were immediately discarded
and no recording was saved. 79 neurons were assessed as potentially
responding to the stimulus and, of these, 28 (35%) met the inclusion
criteria of a unimodal or bimodal response profile. The remaining
51neurons were classified as uniformin their response to stellar rota-
tion (thatis, showed no obvious response) and were therefore excluded
fromthe analysis.

Afterrecordingfromasuitable cell, a positive current (range:1-3 nA
for 3 min) was applied to the electrode to inject Neurobiotin into the
cell. The electrode was then removed and the brain was dissected out
ofthe head capsule. Brains were fixed in 4 °C overnightin paraformal-
dehyde solution (4% PFA in phosphate buffer) and then washed in 0.1 M
PBS (4 times for 15 min). During washing, the retinas were removed.
Brains were then incubated with streptavidin-Cy5 (Jackson Immuno
Research, 1:1,000in PBS with 0.3% Triton X-100) at 4 °C for 3 days and
keptinthe dark from this point onwards. After incubation, the brains
were washed in PBS-Triton X-100 (6 times for 20 min) and PBS (2 times
for 20 min) and then dehydrated in anincreasing ethanol series (50%,
70%, 90%, 95% and twice at 100%). Brains were then transferred to a
fresh mixture of methylsalicylate and ethanol (1:1) and, after 15 min,
wereleft to clearin100% methylsalicylate for 75 min. The cleared brains
were mounted in Permount (Thermo Fisher Scientific) mounting media
between two coverslips and left to dry for at least 2 days.

Brain samples were scanned with the 633 nm laser of a Leica SP8
confocal microscope and viewed with a x20 oil-immersion objective
(Leica Microsystems). For optimal resolution, the scan settings were
set to 1,024 x 1,024 pixels, 12-bit pixel depth, 3 times line accumula-
tion and 400 lines per s in the photon-counting mode of the hybrid
detector. Neurons and relevant neuropils were then reconstructed in
Amirav.5.3 (Thermo Fisher Scientific) and registered into the Bogong
moth standard brain®*?,



Article

Data analysis

The dataused for the analyses described below are available online*®.
As there were no statistical differences in results obtained from male
and female moths, the results were pooled.

Indoor laboratory behaviour. The behavioural analysis used in this
study has been previously described*’. As mentioned above, the enco-
der software (USB1Digital Explorer v.1.07, US Digital) recorded the ins-
tantaneous heading directions of a tethered flying moth every 200 ms
(5Hz) and saved these values in a text file. We used custom-written
MATLAB code (v.2019a and 2022b, MathWorks) to visualize the vir-
tual flight paths of all tested moths and calculated a mean orientation
vector based on each virtual flight path. Each vector for each mothin
the circular plots (Fig. 3c-f) encodes the mean orientation direction
ofamoth’sindividual recorded flight path as well asits rvalue (that is,
length, or directedness, of the flight path vector). To take advantage
oftheextrainformationin our dataarising fromthe fact that the flight
trajectories of moths not only had amean direction (as used foraclas-
sic Rayleigh test*’) but also a mean directedness (vector length), we
used the circular statistics software Oriana (v.4 (2011), KCS) and Excel
(Microsoft Office 2019, Microsoft) to apply a one-sided Moore’s modi-
fied Rayleigh test***' with Bonferronicorrection for multiple compari-
sons (Supplementary Table 1). The R* value encodes the directedness
of a population of tested moths and reveals the likelihood that the
combined flight direction of these moths—each withits own direction
and directedness—differs significantly from random.

To confirmthat the two distributions of moth flight directions were
significantly different between naturally oriented and 180°-rotated
night sky conditions, as well as significantly different between spring
and autumn for any single sky condition (Fig. 3c-f), aMardia-Watson-
Wheeler test*’ (Oriana) was used (Extended Data Fig. 2g).

Outdoor behaviour. The statistical procedures used for data collected
outdoors were the same as those used for data collected indoors, with
the exception that a likelihood-ratio test> was used to test whether
mean orientation directions for moth populations flown under two
different clear natural sky conditions (earlier and later in the evening)
were significantly different from each other (Fig. 2a,b). We did this by
fitting maximum-likelihood distributions to the mean orientation
directions for each trial, using the circular statistics package circular®
inRv.3.6.1(www.r-project.org).In asimilar manner, we determined the
likelihood that the moth population flown under overcast conditions
(Fig. 2c) had the same mean direction as either of the two populations
flown under clear skies, in this case testing whether the means of the
two different populations differed significantly.

Moreover, for the cohort of 95 moths flown under clear skies earlier
and laterinthe evening (Fig.2a,b), we used the mean orientation direc-
tion of each moth flown earlier (Fig. 2a), subtracted from the mean
direction for the same moth flown later (Fig. 2b), and tested whether
the mean angular differences were significantly different from zero
(no change in heading). As the moth cohort was clearly less oriented
laterin the evening (possibly due to fatigue), we made this analysis by
separating mothsinto three groups (Extended Data Fig. 2): (1) those that
were well-oriented throughout the night (r> 0.8, both earlier and later
in the evening, 35 out of 95 moths); (2) those that were well-oriented
in only one trial (typically r> 0.8 earlier and r < 0.8 later, 42 out of
95moths), and those that were less well-oriented throughout the even-
ing (0.2 <r<0.8inbothtrials, 18 out of 95 moths). This analysis revealed
that moths that were well oriented throughout the night (group 1)
showed no changein heading, while those that were less-well oriented
(groups2and3) showed awestward drift later inthe evening (Extended
DataFig.2). However, this drift was not sufficient (in either direction or
directedness) tosignificantly alter the mean direction of the population
asawhole fromearlier to later in the evening (Fig. 2a,b).

Electrophysiology. Spike train data were analysed using custom-
written code in MATLAB (v.2019a and 2022b, MathWorks). Circu-
lar statistical analysis was performed in R (v.3.6.1; www.r-project.
org) using the circular maximume-likelihood estimation package
(CircMLE**). Responses were classified as unimodal (models M2A,
M2B or M2C in the R-library CircMLE) or bimodal (models M4A or
M4B) based on the Akaike information criterion. Only responses that
were classified as unimodal (models M2A, M2B or M2Cin the R-library
CircMLE, based on the Akaike information criterion) were analysed
further with respect to the half-width of the rotation tuning curve, the
SNR and the variability of the response.

For cells that responded to night sky rotation (rotation angle @)
with anincrease in spiking activity (which became maximal at the sky
rotation angle ¢,,,), the bootstrapped interquartile range of the uni-
modal part of the response distribution was taken to be an estimator
of the half-width of the rotation tuning curve (¢ range for 50% maxi-
mal response or greater). For cells that responded with a decrease in
spiking activity, von Mises and mixed-von Mises distributions did not
appropriately reflect this inhibition. Instead, the responses of these
neurons were binned at1°intervals and low-pass filtered, and the width
at half-maximum was then determined in MATLAB (v.2019aand 2022b,
MathWorks). The signal-to-noise ratio SNR was calculated in MATLAB
astheratiobetween the maximum response during night sky rotation
(which occurs at a rotation angle ¢ = ¢,,,), and the s.e.m. before the
night sky rotation started. This was calculated for each stimulus rota-
tion separately. To obtain an estimate of the reliability of agiven cell’s
response to repeated rotations of the night sky, the mean preferred
stimulus rotation angle (¢,,,,) was calculated as the circular mean for
each individual night sky rotation. We then used the circular s.d.* of
the mean angle across all rotations as an estimate for the variability
inthe response.

Statistics and reproducibility. Behavioural data under natural clear
starry skies (Fig. 2a,b) were obtained inindependent experiments over
three separate nights (with new moths used each night). Behavioural
dataunder natural overcast skies (Fig. 2c) were obtained during only a
single night. Behavioural data under projected starry skies generated
using Stellarium (Fig. 3c-f) were obtained inindependent experiments
run over several nights with each night’s cohort of moths used only
once. These experiments were repeated with the same results over
two separate spring and autumn seasons (2018 and 2019). Thus, all of
these experiments deal with biological replicates. Sample sizes were
based onthe availability of moths, with atleast 40 moths (and as many
as 70) being used for each experiment. Experiments were conducted
without blinding and without a specific randomization protocol (apart
from the random selection of moths used as replicates). Intracellular
electrophysiological recordings (Fig.4) and dye injections (Fig. 5) were
obtained from single visual cells in the brain that were subjected to
rotations of a projected starry sky (generated using Stellarium). Since
eachrecording (and subsequent dye injection) was a unique observa-
tion, replication was not possible. This is due to the stochastic nature
ofintracellular recordings—single neurons were penetrated randomly
fromtarget brain regions that contain many thousands of cells.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw data supporting the findings of Figs. 2 and 3 are available at
Figshare*® (https://doi.org/10.6084/m9.figshare.25780197.v2). The
raw and experimental datasupporting the findings of Figs. 4 and 5are
available at the above Figshare repository and in Extended Data Figs. 4,
5,6 and 7, respectively. Source data are provided with this paper.
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Code availability

The code used to generate stimuli and to collect and analyse datain
thisstudy are available at GitHub (https://github.com/stanleyheinze/
Starry_sky_code).
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Extended DataFig.1|Methods for studying long-range navigationin
migratory Bogong moths. a, The two transparent hilltop arenas (sitting on
their aluminium tables) seen on either side of the black tent enclosing the
experimentersand the computers. b, A close-up ofone ofthearenasseenina.
PhotographsHui Chen. ¢, Our new Australian lab, built of entirely non-magnetic
materials (to eliminate magnetic artefacts), at Adaminaby. The laboratory
occupies 50 m?, has two separate rooms (one for the electrophysiology rig,
and onefor the behavioural rig) and sits on a concrete slab. Each rig has its own
earthseparated from the mains earth (provided by a6 mm thick, 30 mmwide
and 12 mlongcopper strap duginto the ground below the concrete slab).

d, Theflightarena, with aflying moth (circled) tethered to an optical encoder
that tracks changes in the moth’s heading direction (relative to North). The
flying mothis free to turninany direction, and the encoder thus records its
virtual flight trajectory over time. The floor of the arena displays an optic flow

optical
encoder
»

optical

projection
encoder

screen

projection

electrode screen

mounting
stand

pattern of starlight-intensity (here brightly shownin order toseeit) which
always moves from head to tail as the moth turns, inducingitto fly.e, The
tethering arrangement. f,g, The non-magnetic electrophysiology rig for
recording the responses of compass cellsin the moth’sbraininresponse to
precise magnetic and visual stimulation. Therigis enclosed within Helmholtz
coils (f) to precisely control the direction and inclination of the Earth’s
magnetic field (or to null the magnetic field, asin the experiments described
here), and aprojector and screen (g) create naturalimages of the starry night
sky above the moth. The moth is mounted horizontally on astand beneath the
projectionscreenand anelectrodeisinsertedintoits central brain.h,i, The
non-magnetic behavioural rig for monitoring the trajectories of tethered
flying moths. The flight arena, again enclosed within Helmholtz coils, receives
animage of thestarry night sky onaprojectionscreeninstalled above the moth (i),
fromaprojector mounted above the coils (h). Photographs Eric Warrant.
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Extended DataFig.2|Bogong moth orientation under natural clear night
skies, split by heading stability (a-f) and under naturalistic starry skiesin
thelab (g).a-c, Orientationdirections under a cloudless autumn night sky
earlierand laterinthe evening (datafrom Fig. 2a,b). d-f, Change in mean
population heading (Aa) from earlier to laterin the evening. a,d, Individual
mothsthatwere well-oriented inboth trials (r > 0.8 inboth trials, n =35) retained
the same heading (a), exhibitingno changeindirection between trials. Ata
population level, the pattern of changes (d) was not significantly different
from0° (x’=0.428,d.f.=1,p=0.5131, A = 7.64°E). b,e, Moths that were well-
orientedinonly one ofthe two trials (r > 0.8 ineither trial, n =42), typically
earlierinthe evening, started the evening with a population mean heading
similar to those that were well-oriented throughout the night (left panelsina
andb), butdrifted tothe West later inthe evening (b, right panel), adrift (e) that
wassignificantly differentfrom 0° (y’=7.454,d.f.=1,p=0.0063, Aa = 67.77°W).
c,f,For mothsless well-oriented throughout the night (r < 0.8 in both trials, n =18)
there was nosignificant population level orientation (c), and no significant
population-level difference (f) from a 0° heading change (x’=1.769,d.f.=1,
p=0.1835, Aa = 89.17°W). Nonetheless, the mean headings, despite lacking

significance, were similar to those of the mothsinb. a-c, Directionand
directedness of MV given by aand R*value, respectively. Inner dashed circle:
required R*value for statistical significance: p < 0.05. Red radial dashes:

95% confidenceintervals (Clss). mN = magnetic North, gN = geographic North.
One-sided Moore’s modified Rayleigh tests with Bonferronicorrection for
multiple comparisons - corrected p-values: 1.72 x 10 (earlier) and 2.76 x10°®
(later)ina;2.46 x 1072 (earlier) and 5.57 x 1073 (later) in b; 0.426 (earlier) and
1.000 (later) in c. d-f, Red arrow: the bias-corrected mean vector for the
maximume-likelihood distribution of heading changes; Dashed circle: required
rvalue for statistical significance: p < 0.05; Red arc: 95% confidence intervals (Clys)
ofthe mean angle across heading changes (numerical simulation). One-sided
likelihood-ratio tests** adjusted within each dataset (from a, b and ¢) using the
Benjamini-Hochberg method*. g, Mardia-Watson-Wheeler tests for determining
whether populations of moth directions (n) in different seasons and under
different skies (as presented in Fig. 3c,d) were significantly different fromeach
other (if so, pis small). 0°is the natural starry sky orientation and 180°is the
starry sky rotated by 180°.
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Extended DataFig. 3| ,,., valuesindifferent categories of visual neurons
inthe Bogong moth central brain. ¢, values were derived from neural
responsestoarotatingstarry sky stimulus, subdivided into response type and
seasons.
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Extended DataFig. 4 |Visual cellsrecorded during the spring migration
(October and November 2018). Frequency plots and circular ¢,,,, diagrams,
separated into clockwise (CW, left panels) and counter-clockwise (CCW, right
panels) stimulus rotations, for every cellrecorded in spring 2018 (cell ID,
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Extended DataFig.7|Morphologies and branching regions of identified
visual cells. Abbreviations: OL =opticlobe, CX=central complex, LX =lateral
complex, ME=medulla, LO =lobula, LOP =lobula plate, PC = protocerebrum,
LAL=lateralaccessorylobes, FB =fan-shaped body, EB =ellipsoid body, PB=
protocerebral bridge, GA=gall, VLP = ventrolateral protocerebrum, VMP =
ventromedial protocerebrum. All cells will be published oninsectbraindb.org,
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preliminary links to asubset of these cells are given below. Cell 181022_003:
https://hdl.handle.net/20.500.12158/NIN-0000291.2 Cell190325_000: https://
hdl.handle.net/20.500.12158/NIN-0000320.1 Cell 190325_004: https://hdl.
handle.net/20.500.12158/NIN-0000318.2 Cell200313_002: https://hdl.handle.
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20.500.12158/NIN-0000292.2.
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Extended DataFig. 8| The magnetic conditionsusedin the moths flew) had anulled magnetic field, the magnetometer probe was positioned
electrophysiological (b) and behavioural rigs (a,c,d).a,b, The Helmholtz atthearena centre (position 0inc) and moved outwardsin1cmstepsalong
coil systemwas used to compensate the local geomagnetic field and create a 4 directions (coloured arrowsind) relative to geographic North (gN) and the
“nulled” or near-zero magnetic field (NZMF) within the two experimental rigs. strengths ofthe X, Y,and Z field components were measured at each position.
The typical variation of the magnetic field strength, shown as nanotesla (nT) Thesefield strengths were less than 100 nT aradius of 4 cm from the coil centre
over time (s), for the duration of atypical behavioural experiment (300 s). (dashedyellow line and circlein cand d) in all four directions (bar coloursinc
This measurement was made at the position of the moth (position 0 ind). correspond todirection coloursind).Since the wingspan radius ofaBogong
Thethree-componentvector (X, Y, Z:red, green and purple linesrespectively) mothisabout2.5cm (dashed brown lineand circlein cand d), thisindicates that
of the field was measured 6 times over 300 s to obtain X, Y and Z traces. These theentire mothexperienced amagnetic field strength substantially less than
six traces were averaged to give the mean magnetic field strength for each 100 nT, effectively a“nulled field” (which can be compared to the external local
component (X, YandZ)and the standard deviation (shaded areas around magnetic field strength of around 58,500 nT).

the mean). ¢c,d, To control that the central area of the arena (where tethered
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Extended DataFig. 9| The visual stimulus conditions used inthe
electrophysiological and behaviouralrigs. a, Stellariumimages of the austral
starry night sky (and randomized sky) used during the spring and autumn
migratory seasonsin 2018 and 2019. Geographic North (gN) isupwards
ineachimage. Randomized skiesin2018 were created by randomizing pixels
(insets), whereas those in 2019 were improved by randomizing stars (see
Methods). b,c, Brightness distributions of natural starry skies and randomized
skies projected onto ascreen above the mothinthe behavioural (b) and
electrophysiologicalrigs (c). The probe of aspectrometer (Ocean Optics
QE65PRO, see Methods), equipped with a collimating lens (25° field of view),
was positioned at the same location as the moth and systematically pointed
atthe projected sky in different directions (0-360°in 30° steps) relative to

geographicNorth. Theradiance (photons/cm?/sec/sr) was measured from the
screenineachdirectionin (5 measurements per position): meanradianceis
shownasafunction of measurementdirection (green squares=spring projection,
magenta squares=autumn projection, bluesquares=randomized projection).
Errorbarsgive standard deviations. Note that the brightest areas of the
autumn and spring projections were respectively located south-easterly and
westerly.d. The spectraof the projectors used in the behavioural (left) and
electrophysiological rigs (right), measured using the Ocean Optics QE65PRO
spectrometer. For the projectorinthe behaviouralrig, aring of UV LEDs was
used to create a quasi-realistic spectrum (see Methods). Note that for this
spectrumthe noise level is relatively high since we used all the neutral density
filtersnormally used during an experiment.
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Extended Data Table 1| Comparison’ of natural night skies
with stimulus night skies

North East South West
Natural Starry Sky 19.68 21.10 20.21 19.82
Stimulus Starry Sky 19.75 19.57 19.62 19.78
Stimulus Randomised Sky 19.04 19.36 19.21 19.17

1. To compare the background brightness of the natural starry night sky with those of the
starry sky stimuli presented in the behavioural rig (natural and randomized), we used a Sky
Quality meter (SQM; Unihedron, Sky Quality meter with lens, Version L). All measurements
were made in autumn 2019. The natural sky measurement was done at 21:30 on a hill behind
the laboratory at Glenhare on a clear moonless night. Measurements were made by pointing
the SQM (at 60° to vertical) towards the starry sky in the four cardinal directions. The same
procedure was repeated within the behavioural arena, by pointing the SQM towards the
projection of the starry sky on the screen. Higher values (magnitudes/arcsec?) indicate lower
background brightness and higher stellar contrast (i.e. a greater visibility of stars and lower
light pollution). On the Bortle scale (en.wikipedia.org/wiki/Bortle_scale), the highest value
on the scale - 22 - indicates the brightest stars seen against the darkest possible skies

(e.g. a desert sky far from human civilisation). Values between 19.1-21.3 correspond to the
brightness of the stars in suburban to rural/suburban transition areas (i.e. skies still very

dark and stars highly visible, but with some background influence from human lighting).
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Data collection (version 1.07, US Digital) to track moths, Spike2 (version 8.03, Cambridge Electronic Design) to collect electrophysiology data.

Data analysis Custom-written MATLAB code (versions 2019a and 2022b) to analyse moth trajectories and electrophysiology data, MS Excel (MSO
2019), R (version 3.6.1) and Oriana (version 4, 2011) to perform the statistics. Code available: github.com/stanleyheinze/Starry_sky_code
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The experimental data that support the findings of Figures 2, 3, 4 and 5 of this study are available in Figshare with the identifier https://doi.org/10.6084/
m9.figshare.25780197.v2. The experimental data that support the findings of Figures 4 and 5 can also be found in the Extended Data.
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Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size As we were dealing with wild-caught migratory insects that were caught over periods of several weeks and were difficult to catch in large
numbers, we simply used as many individuals as we could. In our behavioural work, we routinely obtained significant results even after a
relatively low number of individuals were tested (around 15-20). However, since we wished to make sure we could replicate our results over
at least four migratory seasons, our sample sizes were typically around 50-70 individuals.

Data exclusions  From our Methods section: "Moths chosen for analysis were required to fulfil three ante hoc criteria, two prior to the experiment and one
during the experiment: (1) the tethering stalk was perfectly vertical, (2) wing flapping was vigorous and its amplitude was large and equal for
both wings (indicating that the contact cement had not interfered with the wings), and (3) that the moth flew continuously for the full 5 min.
For the last criterion, if a moth stopped flying, the arena was gently tapped in order to stimulate the moth to continue flight behaviour. A
moth that stopped flying 4 times was rejected and the recording aborted."

Replication We replicated our behavioural results over 2 spring migratory seasons and 2 autumn migratory seasons. The replication was so good that we
pooled the data from the two spring migratory seasons into a single data set. The same was true for the two autumn migratory seasons. With
regards to the electrophysiological data, since each recording was a unique observation, replication was not possible. This is due to the
stochastic nature of intracellular recordings - single neurons were penetrated randomly from target brain regions that contain many
thousands of cells.

Randomization  Allocation of moths to experiments was random. Each afternoon approximately 20-30 moths were collected randomly from our store of
moths and a tether was glued to the back of each of them for behavioural experiments. These moths were then used for experiments on the
same night. Afterwards their stalks were removed and they were released into the wild. In parallel, on the same afternoons, 3-5 moths were
similarly collected (i.e. randomly) and prepared for electrophysiological experiments. Moths used for these experiments were sacrificed at the
conclusion of the experiment by swift removal of the head using a razor blade.

Blinding Our study was not blinded as a single individual carried out the experiment and it was impossible to hide the experimental condition applied.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The study did not involve laboratory animals.

Wild animals The Australian Bogong moth Agrotis infusa, wild caught during their migration to the Australian Alps in spring (age: ca. 5-6 months
old) and from the Australian Alps in autumn (age: ca. 8-9 months old). Migrating moths were caught using light traps between 9 pm
and 11 pm in alpine areas. They were placed in individual plastic containers (one moth per container) and transported back to the lab
(70 km away) in a car. Following the single night of behavioural experiments that each moth was subjected to, moths were released
back to the wild (following removal of the tethering stalk). This release was made near the lab at a location that is close to the natural
migratory route. Moths used for electrophysiological experiments were sacrificed at the conclusion of the experiment by swift
removal of the head using a razor blade.

Reporting on sex We always noted the sex of each moth we tested, however as there was no statistical difference in the results obtained from males
and females the data was pooled.

Field-collected samples  Our study involved lab experiments on wild-caught moths (see above). Prior to experiments moths were housed in small cylindrical
plastic containers with screw-on lids (ca. 5 cm diameter and 7 cm high) and kept in cool dim conditions with a natural but maximally
dim light cycle. Moths were not held like this for more than 3 days and were fed daily with an earbud soaked in honey solution.

Ethics oversight No ethical approval is required for working on insects. However, the work was performed under a Scientific License issued by the
Australian Government.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not applicable

Novel plant genotypes Not applicable

Authentication
Not applicable
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