




by fast self-motion, most likely prevents dung beetles from using their
wind compass when moving through the air.

Parallel Detection of 2 Modalities in the Dung Beetle Compass. In a
dynamic, multimodal compass system, the brain of the navigator
needs to flexibly combine information from different sensory mo-
dalities to control the heading. To study how dung beetles combine
and weight directional cues of different modalities, we presented
them with multimodal compass input (ersatz sun and wind, set 90°
apart) in their first roll, and with unimodal compass input in their
second roll (ersatz sun or wind) (test) (Fig. 3A). As a control, the
beetles were also presented with both cues in their second roll. We
found that the changes in heading following a transition from mul-
timodal to unimodal compass inputs were consistently clustered
around 0° (wind only: −8.2 ± 64.3°; ersatz sun only: 16.5 ± 51.6°, P <
0.001, V tests n = 20) (Fig. 3C, Middle and Right plots). This ori-
entation performance was not different from that recorded when the
beetles were repeatedly presented with both cues (both vs. ersatz
sun: P = 0.54; both vs. wind: P = 0.76, Mardia–Watson–Wheeler test;
Fig. 3C, Left plot). This demonstrates that, under controlled indoor
conditions, with the ersatz sun at an elevation of about 45°, the beetles
can maintain their chosen bearing—using an ersatz sun or simulated
wind—if the alternative cue no longer provides any directional input.
Thus, even though under natural conditions these beetles preferentially
orient to one compass cue at a time (as in Fig. 2), they nonetheless store
directional information from both modalities in their compass system.

Transfer of Information Between Compasses. Dung beetles, in con-
trast to ants and bees (37, 38), do not seem to carry an innate pre-
diction of the natural physical relationship between celestial cues
(39). Instead, they flexibly combine and store available (celestial)
cues in the form of an internal snapshot, and orient in reference to
this (7, 39). To assess if wind information could also be added to this
snapshot, we tested if the beetles could transfer directional in-
formation from one modality to another. For this, the beetles made
their first roll in the presence of only one modality; an ersatz sun.
During the second and third roll, wind was added at 90° to the “sun.”
In the fourth roll, wind was presented on its own. The same exper-
iment was also performed with a transfer of directional information
from the wind compass in the first roll to the sun compass in the
fourth roll. If the beetles combine and store both modalities in the
same spatial memory network in the brain, they should be able to
keep the same heading direction during the first and fourth roll, i.e.,
the changes in heading should be clustered around 0°. When com-
paring the bearings taken during the first roll (in the presence of an
ersatz sun or wind) and the fourth roll (in the presence of wind or
ersatz sun), we found that the changes in heading were indeed sig-
nificantly clustered around 0° (P = 0.004, V test; n = 40) (Fig. 4A).
To confirm this result, we shuffled the exit headings obtained in our
experiments 100,000 times, simulated a distribution of mean abso-
lute change in heading, and found that the experimental mean ab-
solute change in heading differed significantly from the simulated
ones (P = 0.009) (Fig. 4C). This suggests that the beetles are able to
add wind information to their stored celestial snapshot, or possibly

Fig. 2. The cue preference of the wind and sun compass at different solar elevations. (A) Schematic illustration of the experimental procedure. Two wind
stimuli (open circles with blue, curved arrows) were set 180° apart and perpendicular to the sun position (yellow circles). During their first roll, the beetles
experienced the sun (and other celestial cues) and wind from a certain direction. In the control conditions, both cues remained in those positions during a
second roll. In the test conditions, one cue, either the wind or the sun was displaced by 180°. The change in heading between the 2 consecutive rolls was
calculated. (B–D) Circular plots showing the change in heading between 2 consecutive rolls. Each dot indicates the change in heading between 2 rolls
performed by the same individual. The black (control), blue (test, 180° change in wind direction), or yellow (test, 180° apparent change in solar azimuth) lines
represent the mean change in heading (μ). The associated sector represents the 95% confidence interval (CI) of the data. Upper plots: the change in heading
of beetles (n = 30, each) when the wind was switched at high [≥75°] (B), medium [45–60°] (C), and low [15–30°] (D) sun elevations (test, blue circles) or when
the wind was held in place between the 2 rolls (control, open circles). Lower plots: Change in heading of the same beetles when the sun was switched ∼180°
(test, yellow circles) at high (B), medium (C), and low (D) elevations (controls without manipulations are shown as open circles). (E) Initial rolling directions of
the tested beetles with respect to the position of the main cue used at a given elevation. Heading direction relative to the wind at high sun elevation (Upper
histogram), and with respect to the wind stimulus at medium sun elevation (Middle histogram), and low sun elevation (Lower histogram). (F) The beetle’s
ability to maintain a straight course (n = 25) was tested in the absence (sun, yellow box plot) and presence (sun and wind, blue box plot) of wind at high sun
elevation (each beetle exited the arena 10 times with, and 10 times without a wind stimulus). The mean vector lengths (precision) for each beetle were
significantly greater when wind was present compared with the orientation performance without wind. Black squares indicate the average and black
horizontal lines the median lengths. The boxes show the interquartile range and whiskers extend to the fifth and 95th percentile. *P < 0.05.
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take a new combined “compass snapshot” to orient to, for the du-
ration of their journey. This possible “crosstalk” between the sun and
the wind compasses in higher brain regions has also been suggested
for desert ants (40).

To further test whether the transfer of compass information be-
tween 2 sensory modalities is less precise than the transfer within one
modality, we replaced the wind cue in the previous experiment by a
UV light spot set at 180° to the ersatz sun. It is already established
that the beetles can orient to either of these 2 visual cues to maintain
a straight heading (9, 38). The orientation performance recorded for
this unimodal transfer of compass information—from an ersatz sun
to a UV light cue—was significantly clustered around 0° (P = 0.005,
V test n = 40) (Fig. 4B) and did not differ from the orientation
performance recorded for a multimodal transfer of compass in-
formation (P = 0.60, Mardia–Watson–Wheeler test). This implies
that the error of directional information in transfer experiments
between 2 sensory modalities is the same as for a transfer within
one modality.

A Multimodal Compass in the Beetle Brain. Taken together, the re-
sults from this study suggest that, in dung beetles, visual and
mechanosensory compass information converge on a common neu-
ronal network and is stored in the form of a multimodal compass
snapshot. The observation that the wind compass or the sun compass
dictates the output from the system, further suggests that these 2
modalities are weighted according to a “winner-takes-it-all” princi-
ple. Under the conditions presented here, the primary cue choice
varies with the elevation of the sun and is most likely set by the
relative precision of the solar compass, rather than by the time of
day. This is consistent with previous behavioral and electrophysio-
logical studies of the compass output of nocturnal dung beetles,
which follow their sun or polarization compass depending on

surrounding light levels (41). On the other hand, it stands in contrast
to the compass system of ants, which take intermediate courses when
skylight cues (42) or the sun and wind compass are set in conflict
(10). This difference could be due to the different orientation be-
haviors in these 2 groups of insect: In dung beetles, the direction is
set randomly at the start of the journey (43), so that the beetle
is guided towards an undefined location. In ants, the direction taken
is instead dictated by the location of a food source or a nest. In this
navigational context, an intermediate direction between 2 conflicting
cues is a safer solution.

While the processing of skylight cues is well understood in many
insects (22, 23, 44), including dung beetles (45), the underlying
neural pathway for the wind compass in higher brain regions is not
well defined. The central complex (CX) is a likely destination for
directional information from the wind, given its role in both orienta-
tion behavior and the storage of directional cues (46, 47). Mechano-
sensory information from the dung beetle’s antennae may well be
transferred to the CX via the antennal mechanosensory and motor
center (AMMC) (48), from which a connection to the CX has recently
been described in dung beetles (49). This presents a plausible pathway
underlying the wind compass. Whether this neuron carries wind in-
formation, or whether wind signals are sent via another pathway (e.g.,
the tangential neurons of the lower division of the central body;
termed ring neurons in Drosophila) into the central complex remains
to be investigated.

Materials and Methods
Local Wind Speed and Duration of Ball Rolling. Diurnal dung beetles
(S. lamarcki) were collected and tested on the game farm “Stonehenge,”
South Africa (24.32°E, 26.39°S) in 2016 (November), 2017 (February and
November), and 2019 (February). Local wind speeds and directions were
recorded over 5 d in November 2015, in an area of Stonehenge where

Fig. 3. Testing the multimodal beetle compass indoors. (A) Schematic of the indoor arena. An ersatz sun comprising a single green LED was angled at an
elevation of 45° to the arena’s center. Artificial wind at 90° to the ersatz sun was produced using 2 fans placed opposite one another. The beetle’s behavior
was recorded by a videocamera positioned directly above the center of the arena. (B) We tested if beetles without (and with) antennae are able to follow a
180° switch of the wind stimulus origin. A ventral view of a beetle’s head capsule is shown to indicate the location of the antennae. Each beetle experienced
wind during the first roll and a wind stimulus at an angular difference of 180° during the second roll. In beetles with antennae, the change in heading was
significantly clustered around 180° (Left plot, blue circles), which was not the case in beetles without antennae (Left plot, black circles). Not surprisingly, the
absolute change in heading was larger in the beetles with antennae intact (Right plot, blue box plot) than in the beetles without antennae (Right plot, black
box plot). In the Left plot, the line shows the mean direction and the sector indicates the CI. In the Right plot, the white squares indicate the average, and
white horizontal lines the median absolute change. The boxes show the interquartile range and whiskers extend to the 5th and 95th percentiles. *P < 0.05. (C)
Change in heading between 2 consecutive rolls of individual beetles when presented with an ersatz sun and artificial wind during both rolls (Left plot, black
circles) or when one cue, either the ersatz sun (Middle plot, green circles) or the wind (Right plot, blue circles) were the only orientation reference during the
second roll (while both cues were available during the first roll). In all cases, the change in heading is significantly clustered around 0°. The mean directions (μ)
are indicated by black, green, or blue lines, respectively. The sectors indicate the CIs.
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beetles naturally forage, with the anemometer (Davis 7911 anemometer;
APRS World, LLC) positioned 7 cm off the ground [the height at which these
beetles typically perform their “orientation dance” (11)].

To define the mean duration of an orientation event in the dung beetle S.
lamarcki, 41 beetles were placed onto a dung pat, from which they each
sculpted a ball. The time when each beetle exited the pat with its ball, as
well as when it started to bury it into the ground was recorded. The dif-
ference in time between these 2 events defined the duration of a roll, which
equals an orientation event in these insects.

Experiments in the Field. Beetles were tested under clear skies under 3 dif-
ferent sun elevations: ≥75° (high elevations), 45–60° (medium elevations),
and 15–30° (low elevations). Artificial wind from the north and from the
south was produced using 2 fans (Logik; TF-809A), placed opposite each
other ∼25 cm outside the perimeter of a wooden, sand-textured (Granula,
Fired Earth) circular arena (70- or 100-cm diameter). Wind speed measured
at the arena’s center was 3 m/s (SI Appendix, Fig. S1). To block any natural
wind from entering the arena, a cloth (60-cm height) was wrapped around 4
fence posts (placed 2 m apart) surrounding the arena.

In all experiments, a beetle was placed in the center of the arena alongside
its ball. It then climbed on top of the ball and performed an orientation dance
(11, 39) before rolling the ball toward the edge of the arena. The compass
bearings were recorded, with an angular resolution of 5°, each time the
beetle crossed the perimeter of the arena. After exiting the arena perimeter,

the beetle was placed back alongside its ball in the center of the arena and
allowed to roll another 2–19 times depending on the experimental situation.

To evaluate how a beetle orients with respect to artificially producedwind,
one fan was turned on and the beetle was allowed to complete its first roll.
The wind direction was then shifted by 180° by switching off the fan and
switching on the other, placed directly opposite, before a second roll (test).
Under the control condition, the wind direction was not switched between
consecutive trials. To test for the role of the sun compass in the presence of
artificial wind, we reflected the sun by 180° from its natural position in the sky
by using a mirror (30 cm × 30 cm) (and shading the real sun using a wooden
board) while one fan was still turned on. Each beetle rolled twice without any
manipulation (control) and once with a mirrored sun (test). Tests and controls
for the effect of wind direction and sun position on the orientation perfor-
mance of the beetles were presented in a pseudorandomized fashion.

To define the directedness of the ball-rolling beetles at high solar ele-
vations, each beetle was allowed to roll a ball out of the arena 20 times, 10
times with the fan running to produce a stable, well directed airflow, and 10
times in the absence of this artificially produced wind (or vice versa). The
lengths of the mean vectors of the exit bearings of the 10 rolls in the 2
conditions were calculated as a measure of directedness.

To test for a possible role of olfactory cues for orientation in our exper-
imental setup, we used fine scissors to remove the club from each antenna
(olfactory input) from 20 beetles (SI Appendix, Fig. S2A). The amputated
beetles were allowed to roll a ball to the arena’s edge 3 times under a high
solar elevation sky: twice in the presence of constant wind from one di-
rection (control), and a third time with the wind turned by 180° (test).

Indoor Experiments. To study how the brain of the beetle combines wind and
celestial compass cues, we moved to an indoor arena (70-cm diameter) where
we could present simulated visual and wind compass cues to the beetles
according to a similar experimental protocol as described above (Fig. 3A). An
ersatz sun was produced by 2 single green LEDs (530 nm; LZ1-00G100,
LedEngin, Inc.), each attached to individual plates mounted 180° apart at
a 45° elevation to the arena’s center (9, 39, 41). The LEDs were adjusted to a
photon flux of 2.1 × 1013 photons/cm2/s measured at the center of the arena
at a height of about 7 cm using a spectrometer (QE65000; Ocean Optics).
Artificial wind was produced using the same 2 fans (Logik; TF-809A) as in the
outdoor experiments above, again placed at 180° apart and set to a wind speed
of 3 m/s.

To ensure that the beetles were not orienting to the vibrations produced
by the fans, rather than the wind itself, 20 beetles were stimulated with
artificial wind on 2 consecutive trials, with the position of the stimulus
switched by 180° on the second trial (control). We then added a plastic foil
between the propeller and the front cover of one of the fans and repeated
the same conditions (test). We concluded that the beetles could not orient to
the small vibrations produced by the fans (SI Appendix, Fig. S2B).

Since the beetles were not motivated to roll their ball in experimental
conditions in which visual cues were absent, we used an additional 6 white
LEDs (or alternatively one green LED in the zenith in the antennaless ex-
periments) to provide ambient light within the arena. These white LEDs
(X42182; Seoul Semiconductor; 2.04 × 1013 photons/cm2/s, measured at the
arena’s center) were mounted in a circular pattern on a 50-cm2 aluminum
plate 170 cm above the arena, to avoid introducing any directional cues that
could be used for orientation. All indoor experiments took place between
10:00 and 16:00 when the beetles were naturally active.

To ensure that we were testing only for the effect of the presented cues
and not any directional bias within the setup, the positions of the simulated
cues were always switched by 180° between 2 rolls. For simplicity, the exit
angles were calculated with respect to the position of the ersatz sun, i.e., a
180° change in exit bearing in response to a 180° change in the position of
the ersatz sun is reported as a change of 0°. In experiments without this
ersatz sun, the angles were calculated with respect to the wind stimulus. The
beetle’s behavior was recorded using a videocamera (Sony Handycam; HDR-
CX730E) attached at the center of the aluminum plate above the center of
the arena. As the arena was surrounded by a light-proof wall made of black
curtain cloth, the beetles were observed via an external monitor connected
to the camera and positioned outside the arena.

In the first set of experiments, the beetles were first presented with the
green LED and wind cues simultaneously during their first roll. During their
second roll, the beetles were presented either with both cues again, or only
the green LED, or only wind. Each beetle was tested under these 3 conditions
consecutively, in a pseudorandomized order.

To test if the beetles can transfer directional information from the sun to
the wind compass, they experienced only one modality during their first roll
(ersatz sun or wind) and then, during both the second and third rolls, they

Fig. 4. Transfer of directional information between the sun and wind
compass. (A) To investigate whether the sun and wind compass are in-
tegrated into the same neuronal circuitry in the central brain, we performed
indoor transfer experiments. The beetles set their direction with respect to
the ersatz sun during their first roll. After another 2 rolls, in which the
beetles experienced both modalities (ersatz sun and wind), the beetles ex-
perienced wind as their only source of reference in their fourth roll (or vice
versa, from wind to sun). The change in heading between the direction
taken during the first and fourth rolls was significantly clustered around
0° (V test). (B) We tested the same transfer experiment within the visual
modality, by positioning a UV light spot 180° to the ersatz sun. Similar to the
experiments in A, the change in heading between the first and fourth rolls
was significantly clustered around 0° (V test). The lines in A and B show the
mean direction, the sectors indicate the CIs. (C) To further evaluate the
statistical results of the experiments in A and B, we randomly shuffled the
heading directions obtained in our experiments 100,000 times and simulated
a distribution of mean absolute change in headings. In both cases, for the
data with 2 modalities (Left plot) and the experiments within one modality
(Right plot), we found that the mean absolute changes in heading obtained
(red lines) differed significantly from the simulated mean absolute change in
heading distribution (gray histograms).
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exited the arena with the ersatz sun and wind present. During a fourth roll,
the beetles had only the modality they did not experience during their first
roll as an orientation reference. We calculated the change in heading between
the first and fourth rolls as a measure of their orientation performance. The
sameexperimentwas also performedwith a directional transfer from theersatz
sun to a UV light spot (set 180° apart) as an orientation reference. In this
experiment, the green and UV LEDs were set to an equal photon flux of
∼3.89–4.21 × 1012 photons cm−2·s−1.

To evaluate the role of the antennae in the detection of wind, both an-
tennae from a group of beetles were removed at their base. The beetles
without antennae were allowed to roll out 4 times: twice in the presence of
the wind cue (and an ersatz sun in the zenith) (Fig. 3B) and twice in the
absence of wind but with the ersatz sun at an elevation of 20° (or vice versa)
(SI Appendix, Fig. S3). The wind cue and the ersatz sun were presented with an
angular difference of 180° between these 2 sets of experimental conditions.

Data Analysis. Circular statistics were calculated using MATLAB (Mathworks)
using the circular toolbox (50) or Oriana 4.0 (Kovach Computing Services,
Anglesey, UK). Changes of direction in bearing were calculated by measur-
ing the angular differences between the points at which the beetle exited

the arena on 2 consecutive rolls (or in the case of the transfer experiment
between the first and fourth rolls). The bearing of each roll was calculated
with respect to the azimuthal position of the stimulus at the time of the
experiment (Fig. 2E). The distribution of the changes in heading was tested
using a V test (51) with an expected mean of 0° or 180°. To further evaluate
the result of the transfer experiments (Fig. 4), we also performed permu-
tation tests by shuffling the exit headings from these experiments 100,000
times and compared the simulated distribution of mean absolute change in
heading values with the ones obtained in our experiments. TheMardia–Watson–
Wheeler test, Watson–Williams F test (51), or one-tailed Prentice ranked-sum test
(52) was used to compare the performances of the beetles under different
conditions.
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