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Sensing from a moving platform is challenging for both man-made machines
and animals. Animals’ heads jitter during movement, so if the sensors they
carry are not stabilized, any spatial estimation might be biased. Flying animals,
like bats, seriously suffer from this problem because flapping flight induces
rapid changes in acceleration which moves the body up and down. For echo-
locating bats, the problem is crucial. Because they emit a sound to sense the
world, an unstable head means sound energy pointed in the wrong direction.
It is unknown how bats mitigate this problem. By tracking the head and body
of flying fruit bats, we show that they stabilize their heads, accurately main-
taining a fixed acoustic-gaze relative to a target. Bats can solve the
stabilization task even in complete darkness using only echo-based infor-
mation. Moreover, the bats point their echolocation beam below the target
and not towards it, a strategy that should result in better estimations of
target elevation.

1. Introduction

Sensing on-board a moving platform such as a drone or the vertebrate’s head
poses serious challenges. Undesired movements of the head might induce
uncertainties in the position and heading of the sensors it carries [1,2]. Such
uncertainties would be translated into errors in any sensory-based spatial esti-
mation, such as the direction of a sound source or an echo-reflecting object in
the egocentric coordinate frame (i.e. the position relative to self). Because the
bat must respond correctly to incoming sensory information, for example, by
turning towards a prey item or away from a predator, these uncertainties
must be dealt with. Flying animals, such as bats, which rely on wing flapping
in order to propel themselves, are extremely prone to suffer from this problem,
because their movement is characterized by constantly switching between
instances of low acceleration (during the up stroke) and instances of high accel-
eration (during the down stroke [3]). Acceleration changes can be specifically
large in bats, because of their large wing-mass to body-mass ratio [3,4].

So far, all examples of stabilizing sensory acquisition come from animals that
rely on external visual input in addition to internal feedback provided by the
vestibular system. Humans are known to stabilize their gaze while walking, by
compensating for the body-induced jitter using head pitch movements [1,2].
This response, known as the vestibulo-collic reflex, has also been observed in
other primates [5,6], where it has been hypothesized to be activated only when
there is a need to lock the gaze, for example, on a target. In birds, several studies
suggested a gaze stabilization mechanism [7-14]. For example, the head bobbing
behaviour of pigeons has been extensively studied, and it probably functions to
stabilize visual gaze [15]. Furthermore, it has been shown that pigeons were
unable to fly towards a perch and crashed on the ground when wearing restrictive
collars which prevented them from stabilizing their heads during flight [16].

Echolocating bats mostly rely on sound to perceive their proximal environ-
ment. They emit sound signals and use the returning echoes to sense their
environment [17]. Bats’ sound emission is directional, meaning that the intensity
of the sound beam emitted from their mouth (or nostrils) is not equal in all
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Figure 1. Bats maintain a fixed vertical gaze (x) despite the jitter in body pitch. (a) Schematic showing the angles, which we refer to in this figure including a—
the vertical gaze relative to target and S— the body-to-target vertical angle. (b) Vertical gaze (cx), wing-movement and body-to-target angle (53) in two exemplary
flights. Top trace—Dbody-to-target angle (3 red) demonstrates the body jitter during flight. The grey shadings represent half wingbeat cycle (estimated from the
wings’ elevation, see the electronic supplementary material, figure S11). Bottom—the vertical gaze (cx light blue). The y-axis is divided into two parts (with a gap)
to increase visibility, but the y-scale of both parts is identical. The arrows show the locking point. (c) The distribution of the vertical gaze () in darkness (light blue
line) and in light (grey dashed line), and the body-to-target angles (53, red line). The mean and s.e. are presented for all bats (n = 8 for the head and body in dark,
n =3 for light). All distributions were centred around ‘0" to allow comparison. The horizontal lines represent the width at half height for the different distributions.
(d) The angle between the head and the body (y, brown line, see schematic) was correlated to body pitch (5, green line; see schematic). A single trial is presented.
(e) Head—body angle () versus body pitch (6)—same as in (d) but for all bats and all trials (n = 6, two bats were excluded owing to insufficient tracking of ).

directions but is loudest in front and attenuates to the sides
[18,19]. Bats steer their beam in space in order to control and
improve information acquisition [20]. They would therefore
suffer twice from an unstable sensory gaze: once during
echo reception—while their ears are pointing in a wrong direc-
tion—and another time during sound emission, where they
risk pointing their beam in a suboptimal direction. It has
been shown that bats direct their bio-sonar beam towards
their prey [20-23], but the mechanism allowing them to keep
their beam direction steady is currently unclear. It has been
suggested that bats might compensate for flight-induced
jitter using head movements, but this has never been shown
[20-22]. It is also unclear whether acoustic-echoic information
can be used as external input for head stabilization.

We tested how Egyptian fruit bats (Rousettus aegyptiacus)
deal with wing flapping induced (vertical and horizontal)
gaze jitter. These fruit bats rely on (lingual) echolocation to
localize objects such as cave walls or tree branches when
avoiding them or when landing on them in the dark, but
even in relatively high light levels [24,25]. Unstable head
movements induced by wing flapping could thus impede
the localization of a branch or a wall, hindering landing.
We examined how fruit bats overcome this sensory challenge
in flight, and how this affects their vertical beam steering.

2. Results

We trained a total of eight Egyptian fruit bats to take off from
a fixed point and land on a 20 cm diameter sphere 2.5 m

away from the release point in darkness (less than 107>
lux). We used a high-resolution tracking system (see the elec-
tronic supplementary material, figure S1) to track the
pitch- and yaw-angles of the bats’ head and body and
the head’s roll (an average of 46 trials were collected for
each bat, but not all bats participated in all experiments, see
Material and methods; electronic supplementary material,
table S1). We will first focus on flight-pitch (the vertical
angle between the flight direction and the horizontal plane
(w), electronic supplementary material, figure S2). This is
the angle mostly affected by the wingbeat, and we examined
how changes in this angle affect the bats’ vertical gaze (e, the
angle between the vertical head direction vector and vertical
target direction vector; see figure 1a and the electronic sup-
plementary material, table S2 for angle definition). In other
words, the vertical gaze reflects the direction of the bat’s
mouth relative to the target in the vertical plane. In most
mouth-emitting bats, the direction of the echolocation beam
is the same as the direction of the head. Although Rousettus
steer their beams horizontally, using the tongue, they do
not do so vertically and thus the vertical gaze (a) that we
measured is a good proxy for their beam direction (as
we also confirmed below). We defined the vertical gaze rela-
tive to the target (and not the horizon), as a main question we
focused on is whether bats can maintain the gaze fixed rela-
tive to a specific target—a task that would require the use of
external sensory input regarding the position of the target.
As has been shown in other bat species [3], flapping flight
induced substantial jitter in pitch during the approach to
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landing. We quantified this jitter by measuring the body-to-
target angle (B) the angle between the vertical body direction
vector and vertical target direction vector (figure 1b, top trace,
note the correlation between the body-to-target angle (8)—
red line, and the wingbeat—grey shadings). Indeed, the
body jittered substantially during flight, which could
impede sensory estimations, such as estimating the elevation
of the landing target, if the head jittered to the same degree.

Despite this jitter in the body-to-target angle (8), the bats
managed to maintain an almost fixed vertical gaze () relative
to the target (figure 1b, bottom trace, note the straight line, see
also the electronic supplementary material, movies S1 and S2).
The width of the distribution of the vertical gaze angles ()
was less than twice the width of the body-to-target angle () dis-
tribution (6° versus 14° on average; figure 1c, the difference in
width was significant, p < 10™*, n =8 bats, paired, two-tailed,
t-test, on the group). In order to show that all bats responded
similarly, we also ran all statistical tests on the individual level,
comparing the standard deviation of the vertical gaze () and
the body-target (8) angles across trials (within each bat and at
the group level). We found that the body-to-target () angle stan-
dard deviation was significantly larger in all eight bats (p < 107%,
for the group, n = 8, and p < 0.05 for each bat with a false discov-
ery rate (FDR) correction for multiple comparisons; paired, two-
tailed, t-test for each bat and for the group). To achieve a fixed
heading, the bats moved their head in phase relative to the
movement of the body, namely, when the body rotated down-
wards relative to the horizon (negative pitch (5), see the
electronic supplementary material, figure S2 and table S2), the
bat moved its head upwards relative to its body (figure 1d,¢;
the correlation between pitch (6) and the head-to-body angle
(y) was significant for all bats, p < 0.0003 for each bat, R =0.6 =
0.04, mean+s.e., six bats were tested, Spearman’s rank
correlation coefficient, with an FDR correction).

To examine whether there is a difference in head stabiliz-
ation when visual information is available in addition to
acoustic-echoic information, we tested three bats in dim light
(approx. 1 lux), which is considered ideal for vision in these
bats [24]. As in the dark condition, the bats maintained their
vertical gaze (o) fixed towards the target (figure 1lc, grey
dashed line), and their performance under light and darkness
did not differ significantly (p > 0.15, two-sample Kolmogorov—
Smirnov test for each of the three bats). The bats flew slightly
but significantly faster in the light condition (1.95+0.15
versus 1.70 £ 0.22 m s}, mean = s.d. for the three bats p<0.05
for each of the three bats, two-sample, two-tailed, ¢-test, with
an FDR correction).

Notably, as the bats were fixating their vertical gaze rela-
tive to a target positioned at a constantly changing distance
(owing to the bat’s flight), the bat could not simply control
its head movements based on internal vestibular information.
To validate this, we shuffled the tracking data from the first
and second halves of the flight (electronic supplementary
material, figure S3). If the bat was simply moving its head,
independently of external feedback, the vertical gaze should
have remained locked under this manipulation, but this
was not the case, demonstrating that the bats were adjusting
head movements based on external feedback. We tested this
by shuffling the data and found that the width of the distri-
bution of the non-shuffled vertical gaze angles (&) was
significantly narrower than the width of the shuffled angles
(12° versus 21°, on average; electronic supplementary
material, figure S3, p<0.05, n=8 bats, paired, two-tailed,

t-test, on the group level). Moreover, an examination of the
head’s movement in the z-axis revealed complex move-
ments (rather than simple repetitive oscillations; electronic
supplementary material, figure S4).

After observing that the bats maintain a fixed vertical
gaze () relative to the target, we examined their precise pre-
ferred vertical heading (figure 2a—c). The bats started off
pointing their gaze approximately 55+ 11° below the target
(mean +s.d.). Around approximately 500 ms after take-off
(see arrows in figures 1b and 2a), the bats adjusted their ver-
tical gaze (o) by 10° on average and pointed it approximately
45 + 6° below the target. Each individual had a slightly differ-
ent preferred angle, between —51° and —38° (electronic
supplementary material, figure S5). We hypothesize that the
change, approximately 500 ms after take-off, represents the
moment in which the bats ‘locked” their vertical gaze () rela-
tive to target after localizing it. After locking, the bats kept
their vertical gaze (o) fixed until landing, maintaining a
much more stable gaze relative to before (see the electronic
supplementary material, table S4 for the definition of lock-
ing). The change in the vertical gaze () after locking was
significant both in terms of the mean angle and its standard
deviation, i.e. the bats significantly elevated their gaze
(from —55° to —45°) and they kept it more stable after locking
(p <107* for the change in the mean angle, paired, two-tailed,
t-test for the group, n=8; and p <0.05 for the change in stan-
dard deviation, paired, two-tailed, t-test for the same group).
Importantly, the bats were able to stabilize their vertical gaze
(o) independently of flight-pitch (w). Namely, once they
locked onto the target, they maintained their vertical gaze
() approximately 45° below the target, whether they were
ascending or descending (figure 2b; note that while the
flight-pitch (@) varied by 100°, i.e. between —65 and +35°,
the vertical gaze (a) only changed by 5° see also the
electronic supplementary material, figure S6).

To further examine the bats” ability to maintain a fixed ver-
tical gaze (), we challenged two bats with a moving target.
The target was either elevated by 0.5 m or lowered by 0.5 m,
as the bat approached it, mimicking a branch swinging in the
wind. The target started moving between approximately 0.4
and 0.5 s after the bat took off, and it stopped moving between
approx. 0.5-0.1s before the bat landed, so the duration of
the movement was approx. 0.8s on average (Material and
methods). When the target was moving upwards, the bats’
vertical gaze lagged behind the target, and thus, they managed
to maintain a stable vertical gaze (o), but the mean gaze
angle was approx. 60° below the target instead of 45° as
before (figure 24, grey line; electronic supplementary material,
figure S7). The bats had more difficulties when the target was
moving downwards, as can be learnt from the wider distri-
bution of their vertical gaze (@) angles (the width at half
height was 29° when moving down versus 8° when the
target was fixed), the vertical gaze (@) standard deviation
was significantly higher in the downwards moving target
compared to the fixed target (p <0.0001 for each of the two
bats; two-sample, two-tailed, f-test, with an FDR correction;
figure 2d, black lines). The vertical gaze (a) standard deviation
was also significantly higher in the downwards condition com-
pared to the upwards condition (p <0.05 for each of the two
bats; two-sample, two-tailed, ¢-test with an FDR correction).

Our tracking results showed that the bats directed their
vertical gaze (o) and therefore also their bio-sonar beams
below the target and not straight at the target. Pointing the
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Figure 2. Bats locked their vertical gaze (cx) below the target and maintain a fixed horizontal gaze directing their head straight towards the target. (a) Schematic
shows the movement of the bat and the direction of its gaze () at a constant interval along one flight trajectory. Notice the change ca 200 ms after take-off (arrow
depicts the locking point). (b) The bats were able to maintain a stable vertical gaze () after locking relative to the target (y-axis) independently of their flight-pitch
(o, blue line) and flight relative to the target (e, pink line; we tested two flight angles, see schematic, the mean and s.e. are presented n =6, two bats were
excuded owing to insufficient flight angle data). (c) Vertical gaze (c) after locking as a function of the bats’ distance from landing. The mean and s.e. are presented for
all bats (n = 8). (d) Distribution of vertical gaze () angles for a target moving upwards or downwards in comparison to the fixed target angle. The mean and s.e. are
presented for the two bats that performed the task. The fixed angles’ distribution is the mean of all bats. (e) Bats directed the derivative of the beam and not the peak
to the target. The mean vertical beam and s.e. for four bats is presented (black). The beams were aligned such that their peak is at —40°. The dashed grey line shows
the derivative of the beam. The dashed horizontal line depicts the direction of the target 40° above the peak which falls near the maximum derivative depicted by an
arrow. The derivative increases towards the sides of the beam, but pointing that part of the beam would mean very little reflected energy. Note that the derivative of
degrees is still degrees because we measure the difference. (f) Top trace: schematic showing the angles which we refer to in this figure (/~h). A is the angle between
the vector connecting the front head marker, the right eye and the horizontal gaze relative to the target depicted by the arrow-head. When 90 — A is 0, this means
pointing straight to the target. i is the angle between the direction of flight and the direction of the target. Bottom: the bats maintained a fixed horizontal gaze
relative to the target, mean (90 — A) was approximately 0°. A single trial is presented. (g) The distribution of horizontal gaze (90 — A). The mean of all bats’ dis-
tributions (and their s.e.) is presented (n = 4; see also the electronic supplementary material, figure S9 for the angle distribution on the individual level). (h) The bats
were able to maintain this fixed horizontal gaze relative to the target (y-axis) independently of their flight azimuth relative to the target (x-axis). (The mean and s.e. are
presented, n =3, one bat was excuded from this analysis owing to insufficient tracking of x.) (Online version in colour.)

beam below the target should reduce the signal-to-noise ratio explanation for this counterintuitive strategy is that the
(SNR) in which they operated, because less energy is reflected bats were increasing information about changes in target
back from the target. This in turn should have made it more elevation, by pointing towards the target a part of the beam
difficult for them to estimate the position of the target (as sen- where echo intensity is expected to vary more as a function

sory estimations usually deteriorate with SNR). A possible of target elevation (i.e. a part of the beam where its vertical
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derivative is larger). To test this, we flew four bats in the same
experimental set-up, but this time, we placed a vertical micro-
phone array behind the target, and we reconstructed their
vertical beam (Material and methods; electronic supple-
mentary material, figure S8). Our acoustic estimation of the
vertical beam confirmed the visual assessment—we found
that the bats pointed the peak of their beam 40 +4° below
the target (mean +s.d. and see the electronic supplementary
material, table S3 for the estimates for individual bats). We
moreover found that indeed, when directing their gaze
below the target, the bats were directing to the target a part
of the beam where the (energy-to-elevation) derivative was
close to the maximum possible (compare black and grey
lines in figure 2e).

The discussion so far only considered the vertical gaze (a),
but wing flapping can also induce horizontal jitter, which
could lead to errors in target-azimuth estimations. We
tracked the horizontal gaze (i.e. head azimuth, 4, the angle
between the horizontal head direction vector and the target’s
horizontal direction vector, figure 2f) of four bats, and found
that they maintained a fixed horizontal gaze (1) relative to the
target as well (figure 2f,g, and see also the electronic sup-
plementary material, figure S9 for the angle distribution on
the individual level). Unlike in the vertical case, the bats
pointed their horizontal gaze (1) straight towards the target
(without any offset) even when they were not flying straight
towards the target (figure 2k, note that while the flight hori-
zontal angle-to-target (x) varied by up to 60° (between —35
and +25°) the horizontal gaze (1) only varied by 8°). More-
over, the bats kept an almost fixed zero head-roll (3+2.1°,
mean *s.d.) as was also reported by a previous study [26,27].

3. Discussion

Flapping flight is detrimental for sensing owing to the noise
that is induced by the constantly changing acceleration of the
body. Indeed, bats’ flapping introduced a substantial jitter in
their body-to-target angle (8), which oscillated up and down
in synchrony with the wingbeat (figure 1b). Despite this jitter,
the bats managed to maintain a fixed vertical gaze (a) relative
to a landing target with an error of only 6° (i.e. the mean
width of the vertical gaze distribution). They achieved this
by moving their head in phase with the oscillations of the
body. After locking on the target, the bats maintained a
fixed vertical gaze (@) independently of their flight-pitch
(w). We demonstrate that head stabilization could not be
achieved by an automatic gaze control mechanism (e.g.
simply oscillating the head at the wingbeat rate), and that it
probably requires both internal and external sensory feed-
back. We also show that bats stabilize their head in light
and dark with similar accuracy.

Several previous studies found that animals stabilize their
gaze during different tasks such as walking [2,6,9,15], run-
ning [28], flying [9-11,13], landing [14] and hovering [8,12],
but more relevant to our study, relative to a target, where it
has been shown that the fixation occurred after identifying
a target. Monkeys, for example, performed pitch and yaw
head rotations while scanning the environment, but kept a
steady gaze when they focused on a target [28]. In landing
experiments, it has been shown that, similar to our bats, love-
birds kept a steady gaze in all axes (pitch, yaw and roll)
relative to a target, but more often in the second half of the

flight, where there was a need for high precision during land- [ 5 |

ing [14]. Zebra finches used head saccades in order to adjust
their horizontal gaze while avoiding an obstacle and going
through a window [13]. All of the examples above are
based on a visual information, but to the best of our knowl-
edge, this is the first study showing that animals can do so
based on non-visual (in this case, acoustic) external sensory
information. For an animal that relies on active emission of
a sound beam for sensing, this might be crucial.

We hypothesize that the vestibular system together with
the neck proprioceptive sensors can provide internal inputs
for controlling vertical gaze (@), as has been shown in the
case of gaze stabilization in humans [1,2,29]. It would be
interesting to investigate the control algorithms executed by
the brain to stabilize the head [30] and to examine the per-
formance in a less predictable situation, for example, when
the bat must deal with an abrupt perturbation as a result of
a sudden wind blow [31].

After locking on the target, the bats directed their gaze (@)
45° below the target on average, maintaining a very fixed ver-
tical gaze () independent of the target’s elevation. This seems
like a suboptimal sensory strategy because most sound energy
does not impinge on the target. For comparison, a human hold-
ing a flashlight would point it straight towards the target.
Instead, the bats pointed a part of the beam that is near the
maximum vertical derivative of their beam to the target. This
strategy should increase the sensitivity to changes in the tar-
get’s elevation because when the elevation of the reflecting
object changed relative to the bat (for example, owing to chan-
ging flight-pitch), this would result in a large change in the
reflected energy over consecutive beams. Alternatively, if the
bat pointed the peak of its beam towards the target, a change
in elevation would not alter the reflected energy at all. In the
past, we have shown that Rousettus bats use the horizontal
maximum derivative of the beam in order to achieve maximum
sensitivity to changes in azimuth [32].

In the case of the horizontal beam, we have previously
shown [32] that bats further increased localization by steering
the beam alternately to the right and to the left of the object
(note that as bats steer the beam horizontally using their
tongue, this does not contradict our finding that horizontal
gaze is fixed to the target). We did not observe such an alternat-
ing beam steering in the vertical axis, and such a strategy
would probably be difficult to execute with the tongue.
However, note that the bats would still benefit from pointing
a large-derivative part of the beam, because even without
vertical alteration, they could estimate changes in target
elevation by comparing consecutive beams. How bats decipher
simultaneous intensity changes in both the vertical and the
horizontal angles of an object is an open question. As these
bats typically produce sound clicks in pairs (with longer
inter-pair intervals and shorter intra-pair intervals [33]), one
hypothesis would be that intra-pair intensity differences are
used to estimate azimuth while the inter-pair differences are
used to estimate elevation. Naturally, bats also use intra- and
inter-aural information to localize objects [34], so beam steering
only provides part of the necessary information.

Stabilizing the vertical gaze is not only important for con-
trolling the echolocation emission, it is also very important
on the reception level. Rousettus bats constantly move their
ears, supposedly in order to enhance echo localization [35],
and this is also known for many other bat species [36,37].
Such active hearing strategies would probably suffer great
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inaccuracies if the basis of the ears (i.e. the head) constantly
changed its vertical angle.

Interestingly, like human-engineered systems, bats solve
the problem of movement-based noise by stabilizing the
system at the acquisition level and thus acquiring data with less
noise rather than filtering the data post-acquisition. Similarly,
when imaging on-board an unstable platform such as a drone,
the preferred solution is to use a gimbal that compensates for
the jitter induced by the drone rather than to apply image correc-
tion algorithms post-acquisition. However, even after stabilizing
the head, there was still some angular jitter in the vertical gaze (@)
(which probably reflected actual jitter and not only our measure-
ment errors; figure 1b). Post-acquisition neural processing is
therefore probably necessary in order to achieve the very high
angular accuracy typically exhibited by bats [38,39].

The bats” inability to maintain a stable gaze when the
target was moving suggests that these bats did not evolve
an ability to track moving targets, which is reasonable when
considering their ecology. Many other bat species track and
intercept flying insects using an arsenal of active strategies to
do so [20,36]. It is intriguing to imagine how such bats stabilize
head movements when performing the rapid manoeuvres,
which are required for chasing an insect.

4, Material and methods
(a) Animals

Eight male R. aegyptiacus bats were captured in a cave in central
Israel. For identification, each bat’s fur was bleached with a differ-
ent pattern. The bats were held in a large cage (1 x 2 x 2.5 m) in the
Zoological garden at Tel Aviv University, Israel. The bats were kept
in reversed light cycle (light on: 19:00-08:00), in a temperature of
26° during their subjective day and 23° during their subjective
night. The bats’ diet included 100 g of diverse fruits (per bat,
daily). Water was available ad libitum. The bats were weighed
on a weekly basis to monitor their health.

(b) Experiments

Bats were trained to take off from the experimenter’s hands and
land on a 20 cm diameter styrofoam ball, which was mounted on
a 1 m high wooden pole covered with felt in order to reduce the
echoes and was positioned 2.5 m away from the release point.
Experiments took place in our acoustics flight room (5.5 x 4.5 x
2.5 m) which is acoustically isolated and anechoic. Experiments
were performed in darkness so that the bats would rely on
echolocation. Eight bats were flown in darkness (less than 107>
lux), and three of the eight bats were also flown in dim light
(approx. 1 lux) to examine whether there is a difference between
their performance in dark versus in light (electronic supplemen-
tary material, table S1). Moreover, a strong light was flashed
into the bats’ eyes just before each release to decrease its visual
sensitivity. In addition, in order to reduce the reliance on spatial
memory, we randomly moved the target, every few trials, ca
50 cm to the right or left, or changed the bats’ release point
along the starting line, also ca 50 cm to the right or left. The
bats were tracked using a commercial motion-capture system
(composed of 16 Raptor E 1280 x 1024 pixels cameras, and four
Raptor-12 4096 x 3072 pixels cameras, Motion-Analysis Corp.).
Motion was tracked at 200 frames s~' and with a spatial resol-
ution of less than 1 mm (electronic supplementary material,
figure S1C). To enable tracking, spherical reflective facial markers
(3X3 Designs Corp.) were glued to the bats using skin bond latex
cement (OTSO-BOND Montreal Ostomy Corp.). To track the
head and body’s vertical angle (pitch), two markers (2.4 mm)

were mounted along the head and two (6 mm) along the body, to
track the wings, one marker (2.4 mm) was mounted on the wrist
of each wing (electronic supplementary material, figure S1A).
In order to estimate the bats” horizontal gaze (azimuth) and roll,
we tracked the bats’ eyes (no markers added). In addition to
the tracking system, a high-speed monochromatic camera, 640 x
480 pixels recorded raw video of the flight at 200 fps (Basler,
acA1300-60gmNIR, Basler Corp.). The entire system was triggered
by an assistant before the bat took off the experimenter’s hand and
turned off after the bat landed on the target. A total of 370 trials
were collected for the eight bats with a minimum of five trials per
bat across conditions (an average of 46 trials per bat, note that not
all bats participated in all the conditions, see the electronic sup-
plementary material, table S1). Because the task we used was
very simple in terms of flight, the bats only had to fly 2.5m in a
straight line, we glued a 3.1 g, cross-shaped weight (23 mm high
and 22 mm wide) on the bat’s lower back in order to increase
jitter (we glued the cross using skin bond latex cement, OTSO-
BOND Montreal Ostomy Corp.). We used the cross in 31% of the
trials (it was only used in experiments in the dark not including
the beam reconstruction and the moving target experiments).

As a control to the effect of the weight on the bats, we ran 20
trials on average for each bat without weight (electronic supple-
mentary material, figure S10). Because there was no significant
difference in the bats’ vertical gaze (@) with and without the
weight (p>0.07 for each bat, two-sample Kolmogorov-Smirnov
test), we ended up pooling the data from the two conditions.

In addition, in order to examine the bats’ ability to maintain a
fixed vertical gaze (@), we challenged two bats with a moving
target. After the bat took off, the experimenter pulled the platform
up or lowered it down using a pulley system, the target was either
elevated by 0.5 m (an average speed of 0.7 ms™") or lowered by
0.5 m (an average speed of 0.5 m s™') while the bats were approach-
ing the target. The target was pulled up 0.37 s +0.29 after the bat
took off and stopped 0.49 s + 0.25 before the bat landed. The target
was pulled down 0.54 s +0.32 after the bat took off and stopped
0.06 s + 0.24 before the bat landed (mean + s.d. of all bats, 11 =2).

(c) Data processing and analysis

The three-dimensional data were reconstructed using the commer-
cial motion-capture software (CorTex 6.23, Motion Analysis).
Further analysis was performed in MarLas (Mathworks). Missing
tracking samples (segments of up to 25 ms, occurring, for example,
when the markers were blocked by the wings) were completed
using linear interpolation.

(d) Audio recordings and beam direction estimation
(see also the electronic supplementary material,
figure S8)

Audio was recorded in all trials with a single microphone (USG
Omnidirectional Knowles microphone, Avisoft Bioacoustics)
which was mounted on the landing target and was synchronized
with the motion-capture system. The microphone was sampled
by an A/D converter (USB-6218, National Instruments) sampling
at a rate of 51 kHz. The purpose of these recordings was only to
validate that the bats used echolocation and thus the low
sampling rate was sulfficient.

In a set of trials that aimed to estimate the vertical echolocation
beam, audio was recorded with a 12-wideband microphone array
using the Hm1216 AD converter, and USG Electret Ultrasound
Microphones (Avisoft Bioacoustics/Knowles FG). Here, 12 micro-
phones were spread vertically at the end of the flight room (behind
the landing target), they were 11 cm apart at the centre of the array
and 20 cm apart near the edges, two of the microphones (11-12)
were spread on the ground beneath the target, facing up, they
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were 10 cm apart, thus assuring very high angular resolution and
spanning most of the vertical axis of the room (electronic
supplementary material, figure S8). With this system, audio was
recorded at a sampling rate of 375 kHz.

(e) Statistical analysis (see also the electronic
supplementary material, table S1)

Statistical analyses were performed on the group level using paired
t-tests except for conditions where we had less than six bats. In those
cases, we ran the statistics per bat and corrected for multiple com-
parisons. In order to show that all bats responded similarly, we
also ran all statistical tests on the individual level, using the Benja-
mini-Hochberg FDR test to correct for multiple comparisons
[40,41]. Notably, all individuals were always significant.

To measure the individual jitter, we compared the standard
deviation of the vertical gaze (@) and the body-target angle (5)
across trials, we used paired, two-tailed, t-test, on the group level
and for each bat that participated (eight bats) 1 = 8.

In order to test if the distribution of body-target angles () is
wider than the vertical gaze (@) distribution (figure 1c), we esti-
mated the width at half height of the distributions and used a
paired, two-tailed, f-test for the group (n=38).

In order to test whether there was a difference between the
bats’ vertical gaze (@) under light and dark conditions (figure 1c),
we used the two-sample Kolmogorov-Smirnov test to compare
the two distributions of each of the three bats that participated in
both conditions.

In order to test the flight speed in dark versus light con-
ditions, we used a two-sample, two-tailed, t-test, for each of
the three bats that participated in both conditions.

In order to test the correlation between head body angle (y)
and the body pitch () (figure le), we used Spearman’s rank
correlation coefficient for each bat (six bats).

In order to test the change in the mean angle and the stan-
dard deviation of the vertical gaze (, before and after locking),
we used a paired, two-tailed, t-test, for the group (1 =8).
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