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Abstract
Sensory processing of environmental stimuli is challenged by head movements that perturb sensorimotor coordinate frames 
directing behaviors. In the case of visually guided behaviors, visual gaze stabilization results from the integrated activity of 
the vestibuloocular reflex and motor efference copy originating within circuits driving locomotor behavior. In the present 
investigation, it was hypothesized that head stabilization is broadly implemented in echolocating bats during sustained 
flight, and is temporally associated with emitted sonar signals which would optimize acoustic gaze. Predictions from these 
hypotheses were evaluated by measuring head and body kinematics with motion sensors attached to the head and body of 
free-flying Egyptian fruit bats. These devices were integrated with ultrasonic microphones to record sonar emissions and 
elucidate the temporal association with periods of head stabilization. Head accelerations in the Earth-vertical axis were 
asymmetric with respect to wing downstroke and upstroke relative to body accelerations. This indicated that inflight head 
and body accelerations were uncoupled, outcomes consistent with the mechanisms that limit vertical head acceleration 
during wing downstroke. Furthermore, sonar emissions during stable flight occurred most often during wing downstroke 
and head stabilization, supporting the conclusion that head stabilization behavior optimized sonar gaze and environmental 
interrogation via echolocation.
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Introduction

Successful animal navigation requires sensory monitoring 
of targets and obstacles in the environment, which can be 
compromised by head and body movements associated with 

locomotion. The sensorimotor mechanisms implemented 
during natural behaviors typically reference head-centric 
coordinate frames to achieve sensory gaze stabilization. The 
vestibulo-ocular reflex (VOR) is an important component 
of visual gaze stabilization, whereby inner ear vestibular 
receptors encode head kinematics leading to compensatory 
eye movements that stabilize visual targets on the retina (du 
Lac et al. 1995; Straka and Dieringer 2004). Mechanisms of 
head stabilization contribute to visual gaze stabilization dur-
ing ambulatory activity, thereby optimizing performance of 
the VOR (Shanidze et al. 2010; Goldberg and Cullen 2011; 
Dietrich and Wuehr 2019a; Dietrich et al. 2020). In birds, 
head movements are the predominant means of visual gaze 
stabilization (Land 2015). These movements can be particu-
larly well refined as demonstrated in a study showing that 
ultrafast head saccades were invoked for visual gaze stabi-
lization during rapid inflight direction reversal (i.e., “turn-
on-a-dime”) maneuvers executed by lovebirds (Kress et al. 
2015). The head saccades were initiated most often during 
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the start of the wing downstroke. The authors interpreted 
these findings to reflect the superposition of behaviors that 
impair vision (i.e., visual blurring during head movements, 
and occlusion of the lateral visual field by the wing down-
stroke), leaving the balance of the total wingbeat cycle with 
uncompromised vision (Kress et al. 2015). This behavior 
exemplifies active head movements supporting sensory gaze 
stabilization with a tendency to be temporally associated 
with a particular phase of the wingbeat cycle.

Comparable gaze stabilization mechanisms for other 
head-centric sensory modalities have also been investigated. 
Of particular interest are mechanisms of acoustic gaze sta-
bilization in bats that utilize biological sonar to probe their 
environment during flight to avoid obstacles, localize con-
specifics, and intercept prey (Ghose and Moss 2006; Sur-
lykke et al. 2009; Chiu et al. 2010). Direction control of the 
sonar beam is an example of an important effector compo-
nent of acoustic gaze stabilization utilized by bats employing 
laryngeal echolocation (Ghose and Moss 2003), as well as 
lingual echolocation, such as Egyptian fruit bats [Rouset-
tus aegyptiacus (Yovel et al. 2010, 2011; Lee et al. 2017)]. 
Absent from these previous investigations, however, were 
measurements of head kinematics and their role in acoustic 
gaze stabilization.

Eitan et al. (2019) recently investigated acoustic gaze sta-
bilization, using videographic analyses to measure inflight 
head and body movements. They found that head movements 
were strongly attenuated compared to the body center of 
mass during short flight segments in a target identification 
and landing task. This result revealed the uncoupling of 
head movements from oscillatory body movements asso-
ciated with wingbeats, and suggested the implementation 
of specific mechanisms for head stabilization (Eitan et al. 
2019). The authors provided evidence that head stabilization 
was highly refined as the bats approached a landing target, 
even while body movements were quite large. These findings 
suggest that echolocating bats may exhibit even more refined 
mechanisms than birds for inflight head stabilization dur-
ing landing. However, the relation between head and body 
movements during sustained flight has yet to be investigated.

Furthermore, Eitan et al. (2019) argued that bat head 
stabilization strongly depended upon mechanisms associ-
ated with echolocation-mediated target acquisition, and was 
not strictly driven by vestibular-mediated compensatory 
reflexes. However, the timing of sonar clicks with respect to 
head kinematics, fundamental to acoustic gaze stabilization, 
was not measured in their study. The present investigation 
bridges this gap by directly measuring the temporal relation-
ship between sonar click production and head kinematics in 
flying Egyptian fruit bats.

 The present investigation was undertaken to achieve two 
principal objectives. First, onboard motion sensors were 
used to measure head and body kinematics during sustained 

flight, extending the observations of Eitan et al. (2019) to 
an additional flight repertoire of the Egyptian fruit bat. Sec-
ond, the link between sonar emissions and head kinematics 
was established for this lingual echolocating species. It was 
hypothesized that Egyptian fruit bats control the timing of 
sonar clicks to optimize acoustic gaze stabilization. The spe-
cific prediction emerging from this hypothesis is that sonar 
clicks are temporally associated with the particular phase 
of the wingbeat cycle when head movements exhibit the 
greatest attenuation relative to body movements, revealing 
maximal head stabilization.

Methods

Animals

The data reported herein were collected from two Egyptian 
fruit bats (R. aegyptiacus), selected randomly from a small 
colony of healthy adult animals. The female and male sub-
jects were referred to as Blue and Red, and had body masses 
of 163 and 218 g, respectively. All experimental procedures 
involving animals were conducted at Johns Hopkins Uni-
versity and conformed to the protocol approved by the JHU 
institutional animal care and use committee. During the 
course of their training for this and another experiment, anal-
yses of a short flight task were made to evaluate their general 
flight characteristics. Blue and Red were trained to land on a 
target, and video records were obtained under infrared light 
as they flew across an empty flight room (without the motion 
tags used to monitor head and body kinematics; see below). 
Flight velocities and wingbeat frequencies were evaluated 
by offline tracking the subjects’ body and wing motion using 
DLTdv Hedrick Lab Matlab toolbox (Hedrick 2008). Four 
and five trials for Blue and Red, respectively, were ana-
lyzed (one trial for Blue was discarded due to artifacts in 
the recording). Mean flight velocities (± standard deviation) 
for Blue and Red were found to be 1.93 ± 0.66 m  s−2 and 
1.71 ± 0.36 m  s−2 (respectively), and wingbeat frequencies 
were 8.4 ± 1.73 Hz and 9.6 ± 1.6 Hz (respectively). These 
data from randomly selected subjects illustrate the similar-
ity in their flight characteristics despite differences in body 
mass.

Inflight head and body movements, as well as the animals’ 
sonar emissions, were recorded as they flew across a flight 
room (6 m × 6 m × 2.5 m) under infrared illumination. They 
were trained to locate and land on a roosting perch. Upon 
successful landing they were rewarded with banana and 
allowed to rest 1 minute before being retrieved and repeating 
the task. The animals were not food deprived during train-
ing, and as such this training required more than 1 month. 
Sessions lasted no longer than 30 min and the animals were 
monitored for any sign of discomfort or abnormality in their 
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flying. During training, bats flew perpendicular to the walls 
of the flight room. During testing with the motion tags (see 
below), bats were prompted to fly diagonally in the room to 
maximize each stable flight epoch. The trajectories to the 
landing platform were not uniform across trials.

Inflight kinematics and audio recording

Head and body kinematics during flight segments were 
recorded by motion tags (Fig.  1a) placed on the skull 
and interscapular region of the back, between the wings 
(Fig. 1b). The tags were attached with water-soluble theater 
glue [Hydro Mastix; Kryolan (Warnecke et al. 2018)] to 
the animal’s fur and removed after each session. The ani-
mals were not anesthetized during this procedure, but were 
hand-restrained by one investigator while another attached 
the tags. The size of the bat’s head and targeted interscapular 
region on the back enabled consistent placement through-
out the data collection trials. The motion tags, previously 
described in detail (Stidsholt et al. 2019), included a triaxial 

accelerometer, triaxial magnetometer (Kionix KX022) and 
an ultrasonic microphone (Knowles, FG-23329). They also 
included a 45mAh lithium-ion battery, on-board signal pro-
cessing, and 8 GB flash memory for data storage (Stidsholt 
et al. 2019). Each tag had a mass of 2.6 g, and collectively 
(5.2 g total load for both tags) represented 3.2% and 2.4% 
of the body masses for Blue and Red, respectively. These 
additional loads may require as much as 5% additional power 
to sustain flight, but would likely have minimal impact 
(i.e., < 2.5%) on maneuverability (< 2.5%; see Aldridge and 
Brigham 1988). These devices were used in a previous study 
of body kinematics and direction heading in the European 
(common) noctule (Nyctalus noctula; 26–30 g) and the big 
brown bat (Eptesicus fuscus; 14–18 g), for which no anoma-
lous effects of carrying the back-mounted tags on flight per-
formance were noted for short-term deployments (Stidsholt 
et al. 2019).

The triaxial accelerometers incorporated into the motion 
tags measured linear acceleration along the x, y, and z axes 
depicted by the orientation compass shown in Fig. 1a. These 

Fig. 1  Motion tag packages 
placed on head and back of 
two R. aegyptiacus subjects 
for recording inflight kinemat-
ics and sonar emissions. a The 
motion tag package was a sin-
gle-board device that included a 
triaxial accelerometer and ultra-
sonic microphone. The battery 
is also identified. Orientations 
of the three acceleration vec-
tors are shown by the compass 
(+ Gz projects out of the page 
toward reader). b Diagram of R. 
aegyptiacus showing approxi-
mate placement of head and 
body tags. The direction of Gx is 
shown to confirm orientation of 
the tags relative to body axes. c 
The filtered output of the ultra-
sonic microphone clearly shows 
the doublet pattern of tongue 
clicks emitted by R. aegyptia-
cus. The spectrogram of this 
emitted recorded segment is 
shown in (d), illustrating that 
the doublets are composed of 
audio frequencies exceeding 
100 kHz. Spectrogram intensity 
scale in units of dB/kHz
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measures are indicated by Gx, Gy, and Gz throughout the 
manuscript. Axis-specific acceleration measures from the 
motion tag attached to the head are represented as GxH, GyH, 
and GzH, while measures from the body motion tag are repre-
sented as GxB, GyB, and GzB. The motion tags were oriented 
on each animal to qualitatively align the Gx axis with the 
long axes of the animals’ bodies (Fig. 1a, b; see compass). 
The accelerometers featured 16-bit sampling at 1k samples/s 
for each channel, and onboard processing included a 250 Hz 
4-pole anti-aliasing filter. These data were downsampled 
offline to produce accelerometer measures at 100 samples/s.

Sonar tongue clicks emitted during flight were recorded 
by the ultrasonic microphone sampled at 187.5  kHz 
(Fig. 1a, c, d). Onboard processing of microphone record-
ings included a first stage 80 kHz 4-pole anti-aliasing filter, 
followed by a second filtering stage (i.e., 10 kHz, 1-pole 
high-pass filter) to reduce wind and wing noise. This pro-
cessing strategy was sufficient for recording the broadband 
clicks emitted by R. aegyptiacus that typically exhibit peak 
energy at approximately 35 kHz (Lee et al. 2017). This pre-
processed audio channel was then digitized at 16-bits and 
stored in flash memory. Further offline processing (described 
below) was implemented to unambiguously identify the 
ultrasonic tongue clicks emitted by the R. aegyptiacus sub-
jects (Fig. 1c, d).

Analyses of inflight head and body kinematics

Synchronizing head and body tags

To compare the acceleration data collected by head and body 
motion tags, it was necessary to temporally synchronize the 
recordings. This was achieved by presenting an external 
audio signal that could be recovered in the respective audio 
channels of each tag. The audio records from both motion 
tags were aligned on this recorded signal. The onboard 
microcontroller software implemented a 50 ms delay in 
recording data from the accelerometer, necessitating a cor-
responding time shift in the accelerometer data channels, but 
were otherwise temporally synchronized and sampled by the 
same onboard clock.

Selection and analysis of stable flight periods

An example of inflight body kinematic behavior of one R. 
aegyptiacus subject (Red) is shown in Fig. 2, illustrating for 
one subject the episodic periods of flight that was exhibited 
by both animals in the flight room. Among all flight episodes, 
those selected for analysis exhibited a minimum duration of 
1.6 s. The first and last 2–3 wingbeat cycles of each flight were 
omitted to avoid take-offs and landings, thereby identifying 
periods of sustained flight in the middle of each episode. The 
Matlab function findpeaks() was used to identify the peaks 

and troughs of head and body Gz for each flight epoch that 
conformed to specific criteria for minimum inter-peak/trough 
period (7 samples, or 0.07 s) and minimum magnitude (0.5g). 
Troughs were identified by inverting the acceleration epoch 
polarity and applying the findpeaks() function, in these cases 
utilizing a minimum magnitude of 0.2g. A total of 25 flight 
epochs were analyzed from each subject, producing a total of 
464 and 522 wingbeat cycles for Blue (47.1% of the total) and 
Red (52.9% of the total) subjects, respectively. These flight 
epochs were utilized for all analyses, including those of the 
temporal correlation of tongue click onset and Gz.

Accelerometer data

All accelerometer data used in the present analyses were cali-
brated by aligning the z axes of each motion tag parallel with 
Earth gravity, representing 9.8 m  s−2, and then converting to 
g (1g = 9.8 m  s−2) to produce axial acceleration of Gz for head 
and body tags (i.e., GzH and GzB). Acceleration data reflect the 
direct measures from each tag.

Estimation of GzH gain

Stabilization of the head during locomotion reflects attenua-
tion of head kinematics relative to body kinematics, the latter 
representing the “forcing function” to be attenuated for mul-
tisystem sensory gaze stabilization (Pete et al. 2015). The ini-
tial approach adopted to analyze head kinematics relative to 
body movements was initially based upon simply computing 
the magnitude difference between GzH and GzB at maximum 
wing downstroke and upstroke magnitudes. Though substan-
tial evidence is presented to the contrary, the interpretation 
of such Gz magnitude differences could be ambiguous due 
to the potential superposition of static head tilt and wingbeat 
oscillation (Fig. 4). Analyses of the three acceleration axes to 
produce a single Euclidean acceleration vector and reveal the 
contribution of head tilt to the modulation of GzH (i.e., through 
the effect of Earth gravity on GxH) was not possible due to the 
integration of flight acceleration along the GxH axis. To further 
confirm the independence GzH asymmetry from the influence 
of static tilt, GzH gain at peak downstroke and upstroke (i.e., for 
each inflight half-cycle). The magnitudes of peak and trough 
GzH and GzB for each wingbeat were computed as the differ-
ence between the maximum magnitude and the respective 
mean GzH or GzB for each respective flight epoch. GzH gains 
(re: GzB, in dB) for each inflight half-cycle were computed 
from the following equation:

Gain = 20 ⋅ log(GzH ⋅ G
−1
zB
).
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Analyses of inflight audio

Identification of tongue clicks

Audio recordings during the flight epochs selected for head 
and body kinematic analyses were analyzed for sonar emis-
sions. A 4-pole high-pass Butterworth filter (15 kHz corner 
frequency) was used to remove low frequency components 
not associated with R. aegyptiacus tongue clicks (Griffin 
et al. 1958). It was implemented in Matlab using the filt-
filt() function, a digital filter function that did not induce 
phase shifts or temporal delays in the resulting audio signal. 
Echolocation clicks emitted by the bats could then be read-
ily identified as high frequency transients in the recorded 
audio channel (Fig. 1c, d). The Matlab function findpeaks() 
was used to locate these transients in the audio recordings 

with interpeak times that ranged 16–28 ms and exceeded a 
minimum amplitude threshold of 0.75 Pa.

Head kinematics at click onset

Previous studies have suggested that inflight head stabilization 
behaviors in birds are executed to optimize visually guided 
flight (Kress et al. 2015; Land 2015). A comparable behavio-
ral paradigm in echolocating bats would be supported by the 
association of head stabilization with the onset of sonar emis-
sions to optimize acoustic gaze. To evaluate this association, 
we determined GzH and GzB magnitude at the onset of sonar 
emissions, represented by the first emission of the tongue click 
doublet. Since the sampling frequency of the acoustic record-
ing was orders of magnitude greater than that of the accel-
eration channels, GzH and GzB magnitudes at first click times 

a

b

Fig. 2  Laboratory flights comprised of short epochs. a Episodic 
flights of one R. aegyptiacus subject (Red) within the JHU flight 
room represented by modulation of GzB. Wing downstrokes resulted 
in an upward (antigravity) force that were greater than Earth gravity 
(9.8 m   s−2; dashed horizontal line), while wing upstrokes generated 
force vectors in the opposite direction. The flight periods labeled A 
and B highlight epochs immediately before and after periods marked 
A’ and B’, respectively, representing rest periods exhibiting markedly 
different GzB measures (+ 8.9 ± 0.69  m   s−2 and − 7.8 ± 0.64  m   s−2, 
respectively). Flight epochs A and B were further analyzed to dem-
onstrate the absence of sensor drift (see Supplemental Figure  1). 

The gray bars immediately above the abscissa denote the periods 
of rest between flight epochs (double asterisk denotes period where 
GzB = 0 m  s−2). The first epoch (yellow highlight) is shown at higher 
temporal resolution in (b). b Expanded temporal view of GzB high-
lighted flight epoch from (a). Within this epoch, a subsegment was 
selected for detailed analysis representing stable flight, avoiding short 
periods after takeoff and before landing. Acceleration magnitudes 
were converted to g (9.8 m  s−2/g). Maximum downstroke acceleration 
magnitudes (peaks) range from approximately 4 to 6g, while maxi-
mum upstroke acceleration magnitudes (troughs) range − 2 to − 4g 
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were determined by linear interpolation. This was achieved 
by estimating the acceleration magnitude at the precise click 
onset time using the Matlab function interp1() from measured 
acceleration values immediately before and after these emis-
sion times.

Statistical analyses

The statistical analyses in the present investigation consisted 
primarily of comparisons of measurement distributions shown 
as box-and-whisker plots representing medians, 25th and 75th 
percentiles (box), and the 2nd and 98th percentiles (whiskers).

Similar to the strategy utilized by Eitan et al. (2019) in their 
evaluation of the angles between flight direction (determined 
from body position) and target, and between head position 
and target, head stabilization behaviors were interpreted to be 
represented by the uncoupling of head and body accelerations 
along the z-axis (i.e., Gz) during portions of each wingbeat 
cycle. The present dataset utilized the distributions of head and 
body acceleration measures provided by the motion tags, from 
which temporally associated maxima in positive and negative 
values (i.e., acceleration peaks and troughs) were identified. 
Differences in GzH and GzB measures at the peaks and troughs 
were determined and produced new distributions providing 
an index to the uncoupling, from which changes in head and 
body kinematics were inferred. These distributions were com-
pared by computing the Kullback–Leibler divergence (DKL; 
Mackay 2003), representing a measure of the relative entropy 
between the two distributions. We then implemented boot-
strap resampling to produce a distribution of  106 DKL values 
computed from random association of peak and trough GzH 
and GzB measures. This provided the basis for determining the 
explicit probability that the empirical DKL value could have 
resulted randomly.

The general strategy described above was executed through 
evaluations of null hypotheses that the distributions subject to 
comparison were similar, which were achieved by determining 
the probability that the empirical DKL (i.e., computed from the 
empirical distributions) could have resulted from random boot-
strap sampling from the pertinent distributions of acceleration 
measures. That is, DKL values were computed from one mil-
lion randomly resampled distributions to generate null distri-
butions of DKL measures. The probabilities that the empirical 
DKL value could have been achieved from random resampling 
of acceleration measures were then determined and reported.

Results

Inflight Gz and identification of sustained flight

The brief, episodic flights typical for bats in a laboratory 
flight room are shown in Fig. 2a (e.g., Stidsholt et al. 2019). 

These data represent the calibrated recording of Gz from the 
body motion tag (GzB accelerometer axis orthogonal to the 
tag’s long axis; Fig. 1a). For the R. aegyptiacus subjects of 
the present study individual epochs ranged 1.6–4 s in dura-
tion. These oscillations are the result of wing downstrokes 
generating accelerations against Earth gravity (> 9.8 m  s−2), 
and upstrokes generating accelerations coincident with Earth 
gravity (< 9.8 m  s−2). Hence, the oscillations in GzB were a 
direct reflection of wingbeats, interspersed with brief peri-
ods in which the animal lands and rests (also depicted as the 
gray bars along the horizontal axis), often with the body in 
a nonorthogonal position relative to Earth gravity resulting 
in GzB measures < 1g. For example, when the z accelerom-
eter axis is orthogonal to Earth gravity GzB = 0 m  s−2 (e.g., 
double-asterisk-marked gray bar in Fig. 2a at approximately 
36–38 s).

Figure 2a demonstrates that measures of GzB during 
interflight rest periods exhibited acceleration levels that 
ranged between approximately 9.8 and − 9.8 m  s−2, which 
likely represented the heterogeneity in body positions when 
the animal landed. An alternative explanation was that it 
reflected sensor drift instability in the static measures of 
Gz (e.g., A’ and B’). To examine this possibility, GzB oscil-
lations during flight epochs immediately before and after 
rest periods during which static GzB measures were approxi-
mately 9.8 m  s−2 and − 9.8 m  s−2 (i.e., Fig. 2a, marked as 
A and B, respectively) were compared (Supplemental Fig-
ure 1). If sensor drift were the basis for differences in GzB 
during the interflight rest periods, it was expected that this 
would also result in a static offset in GzB during the flight 
measurements and would appear as a decrease in the median 
GzB of period B. This negative offset condition is exempli-
fied by the distribution modeled as boffset, implemented by 
uniformly applying an offset of − 9.8 m  s−2 to each value 
of the distribution in period b. Comparison of GzB during 
flight periods A and B demonstrated that they were similar, 
inferring that the rest period offset was independent of GzB 
measures during flight. However, comparison of GzB during 
period a and boffset inferred that an offset of only − 9.8 m  s−2 
resulted in a distribution dissimilar to the distributions in 
GzB during flight (p = 0.0012). These analyses support the 
conclusion that GzB heterogeneity during the interflight rest 
periods were not the result of sensor drift and measurement 
offset.

Figure 2b shows the highlighted flight segment from 
Fig. 2a (yellow) after expanding the time axis to illustrate 
GzB accelerations with each wingbeat. Most wingbeats show 
greater peak GzB acceleration during wing downstroke than 
upstroke, consistent with previous descriptions of the hetero-
geneous forces corresponding with each wingbeat half-cycle 
(Aldridge 1987; Hedenstrom and Johansson 2015). The 
shaded region exemplifies the sustained portion of the flight 
epoch selected for analysis of head and body kinematics that 
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excluded the onset and termination portions exhibiting more 
unstable accelerations associated with takeoff and landing. 
The analyzed flight epoch shown in Fig. 2b was approxi-
mately 3.4 s and included 28 wingbeat cycles. The mean 
period for these wingbeats was 0.121 s, corresponding to a 
mean frequency of 8.3 Hz. The median wingbeat period for 
each subject over all analyzed flight epochs was 0.12 s, simi-
lar to previously reported measurements for R. aegyptiacus 
(Yartsev and Ulanovsky 2013).

Heterogeneity in the peaks and troughs of GzH 
and GzB suggests kinematic uncoupling

The record of GzB in Fig. 2a illustrates that measurements 
of acceleration reflect both dynamic (i.e., due to wingbeats) 
and static (i.e., due to changes in orientation affecting Earth 
gravity sensing) forces to produce composite measurements 
of head and body acceleration along the Gz axis. We evalu-
ated GzH in the context of GzB for evidence that the head was 
either coupled or uncoupled from the body. Evidence that 
the head and body were consistently uncoupled over the 986 
wingbeat cycles in both subjects would strongly infer the 
implementation of specific behaviors to stabilize the head 
during flight.

The data in Fig. 3a, b demonstrate a consistent asymmetry 
in the peaks and troughs of GzH relative to GzB highlighted 
by the symbols marking these local (i.e., wingbeat cycle-
by-cycle) positive and negative maxima in Gz. That is, the 
differences between peak GzH and GzB appear to be greater 
than the differences between the troughs of GzH and GzB. 
These differences are illustrated by box-and-whisker plots in 
Fig. 3c, d, representing the distributions of all GzH and GzB 
measures at the acceleration peaks and troughs for Blue and 
Red subjects (respectively). These analyses confirm that the 
relationships demonstrated in the 2-s flight raw data (Fig. 3a, 
b) were consistently observed over the 986 wingbeat cycles 
of both subjects. In view of the similarities across each 
subject, these data were combined in Fig. 3e showing box-
and-whisker plots of the differences between GzH and GzB 
at the maxima and minima. These values were computed as 
the differences in absolute values between GzH and GzB for 
both trough and peak accelerations in each wingbeat cycle. 
The data show that the differences in GzH and GzB for peak 
maxima appear to be larger than the differences in trough 
GzH and GzB.

The peak and trough differences between GzH and GzB 
(Fig. 3e) were compared by computing DKL and using resa-
mpling analyses to evaluate whether this empirical value 
could have resulted from DKL values computed from ran-
domly resampled distributions of peak and trough differ-
ences in GzH and GzB. The results of this analysis are shown 
in Fig. 3f, where the distribution of DKL computed from  106 
randomly resampled distributions is shown as the histogram 

at left and the empirical DKL value is shown at the arrow-
head. This analysis demonstrates that the probability of the 
empirical DKL value arising from randomly sampled differ-
ence measures is less than  10–6, strongly inferring that the 
empirical DKL could not arise from random resampling of 
GzH and GzB magnitudes. This supports the conclusion that 
inflight peak GzH exhibited a greater difference from peak 
GzB compared to the differences in trough GzH and GzB. This 
finding demonstrates a consistent asymmetry between the 
differences between peak GzH and GzB, and trough GzH and 
GzB, strongly inferring that the factors underlying the differ-
ences are dissimilar. This could arise from head stabilization 
mechanisms leading to greater GzH attenuation during wing 
downstroke.

Insofar as the analyses of GzH and GzB differences at the 
maximum peaks and troughs demonstrated asymmetries 
that inferred a motor paradigm of inflight head stabilization, 
alternatives to this interpretation were explored through sim-
ple models that reconciled static head and body tilt. These 
alternative models led to evaluations of whether the differ-
ences in GzH and GzB could be reproduced by simulations of 
Gz modulated through wingbeat cycles and superimposing 
static tilts of head or body. The framework for interpreting 
relative head and body acceleration magnitudes along GzH 
and GzB axes is illustrated in Fig. 4, showing simple models 
of representative conditions in which head and body are cou-
pled (Fig. 4a–c). The relative head and body positions are 
depicted by the “stick” figures, and the motion tags are rep-
resented by the maroon and cyan rectangles affixed to head 
and body, respectively. In each case shown in Fig. 4, head 
and body accelerations are coupled throughout each wing-
beat cycle. Wingbeat-driven modulations of simulated GzH 
(sGzH, maroon) and GzB (sGzB, cyan) are modeled as 8 Hz 
sinewaves (0.125 s period) in the plots of Gz vs. time beneath 
each figure, with the magnitudes approximating empirical 
values (Fig. 3a, b). GzH and GzB amplitudes are biased by the 
head and body tag orientations relative to Earth gravity and 
the modulation through the wingbeat cycle.

Three conditions in which head and body kinematics are 
coupled are shown in Fig. 4a–c. The characteristic features 
of these conditions were the fixed relationships of accel-
eration magnitudes at peak and trough sGzH and sGzB. Fig-
ure 4a shows a representation of the condition in which head 
and body motion tags were orthogonal to Earth gravity and 
wingbeat modulation of Gz, resulting in comparable ampli-
tudes of sGzH (solid maroon sine) and sGzB (dashed cyan 
sine) at both maximum wing downstroke (peak) and wing 
upstroke (trough). In this condition, sGzH and sGzB were 
modulated symmetrically around 1g.

The condition represented in Fig. 4b is one in which 
the body tag was orthogonal (i.e., optimally oriented) to 
Earth gravity and wingbeat-generated acceleration along 
the Gz axis, but the head was pitched down relative to the 
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body. In this orientation, the head tag was not optimally 
oriented for Earth-vertical sensing and therefore the accel-
eration magnitudes were less than those registered by the 
body tags. This is depicted in the two maroon sinusoids 
representing 30° (solid sine) and 60° (dashed sine) nose-
down pitch. Additionally, however, each wingbeat-gener-
ated sGzH waveform was modulated about a reduced static 
magnitude due to the nose-down head pitch reflecting a 
static offset proportional to the cosine of the pitch angle 
(i.e., 0.87 and 0.5 for the 30° and 60° nose-down condi-
tion). Since head and body were coupled, the magnitudes 
in maximum downstroke and upstroke sGzH were similarly 

attenuated compared to sGzB, and modulated around the 
static offsets < 1g. This attenuation in sGzH would be simi-
lar in a nose-up head pitch.

The third example of head and body coupling (Fig. 4c) 
depicts the condition in which the head was orthogonal and 
optimally positioned to detect Earth gravity and the wing-
beat acceleration vectors in Gz, but the body was pitched 
(either up or down). As shown for head pitch in Fig. 4b, 
body pitch angles of 30° and 60° were simulated in Fig. 4c 
with comparable changes in sGzB magnitudes. In this con-
dition the modulation in sGzH exceeded sGzB, and the rela-
tive magnitudes modulated around static offset values were 

Fig. 3  GzH maxima associ-
ated with wing downstroke 
(peaks) and upstroke (troughs) 
were attenuated relative to 
corresponding GzB maxima, 
and exhibited peak and trough 
asymmetries. a, b Representa-
tive GzH and GzB for Blue (a) 
and Red (b) R. aegyptiacus 
subjects for two-second flight 
epochs, illustrating the identi-
fication of troughs (see marker 
legends in a) and peaks (see 
marker legends in b). These 
records illustrate that the dif-
ferences in GzH and GzB peaks 
are greater than the differences 
in GzH and GzB troughs. c, d 
The distributions of GzH and 
GzB peaks and troughs for Blue 
(c) and Red (d) subjects are 
represented as box-and-whisker 
plots, further illustrating that 
the differences between GzH and 
GzB peaks are greater than the 
differences between GzH and 
GzB troughs. e For each cycle, 
the differences in absolute 
values between trough and peak 
GzB and GzH measure were 
obtained, and the distribu-
tions of these differences are 
represented in box-and-whisker 
plots. f The DKL was determined 
for the empirical distributions 
(value at inverted triangle), and 
was compared to DKL values 
computed from  106 resampled 
distributions (histogram at left). 
This analysis indicates that the 
probability of obtaining the 
empirical DKL from random 
resampling the trough and peak 
differences is less than  10–6

a b

c d

e f
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similar to those shown in Fig. 4b. For the vast majority of 
the 986 wingbeat cycles analyzed in the present investiga-
tion, peak and trough GzB exceeded GzH, indicating that the 
condition illustrated in Fig. 4c was only rarely observed and 
therefore will not be further discussed.

The head and body kinematics simulated in Fig. 4b repre-
sented the condition resulting in sGzH modulation that, while 
attenuated relative to sGzB, was symmetric around a simi-
larly attenuated ambient gravity measurement (i.e., static 
offset < 1g). Despite the fact that the absolute magnitudes of 
sGzH at maximum downstroke and upstroke were similar, the 

offset modulation reduced the overall amplitude of sGzH at 
the peaks and troughs where the mean sGzH under the nose-
down pitch conditions was equivalent to the magnitude of 
the static offset (i.e., 0.87g and 0.5g for the 30° and 60° pitch 
conditions, respectively). This gave the appearance of asym-
metry when comparing GzH and GzB at the peaks and troughs 
(i.e., magnitude at maximum downstroke and upstroke), 
mimicking the inflight asymmetry exhibited by GzH and GzB 
illustrated in Fig. 3. Under these conditions, however, simu-
lated head and body kinematics were coupled and the asym-
metry in Gz magnitudes resulted from the static head pitch 

a b c

d e

Fig. 4  Model of head and body coupling, in which head tilt medi-
ated static offset in GzH resembles peak and trough GzH asymmetry, 
is not consistent with empirical distributions of GzH. The coupling 
of head and body kinematics results in fixed relationships between 
simulated GzH (sGzH) and GzB (sGzB) that depend upon the orienta-
tion of the motion tags relative to Earth-gravity and the wingbeat-
associated acceleration vector. a. Alignment of head and body tags 
normal to Earth gravity results in equal modulation of sGzH and sGzB. 
b. The coupling of head and body under conditions of body orthogo-
nal to Earth gravity and static head tilt (e.g., 30°, solid maroon sine, 
and 60°, dashed maroon sine) results in sGzB modulation around 1g 
and sGzH modulation around static offsets < 1g (i.e., proportional to 
tilt magnitude, illustrated by dashed horizontal line and filled area for 
60° tilt). Under these conditions, sGzH is always attenuated relative 

to sGzB, and the differences between sGzH and sGzB at the peaks and 
troughs are asymmetric, resembling that shown in Fig. 3. c The cou-
pled condition in which the head tag is orthogonal to Earth gravity 
but the body tag is tilted results in sGzB that is attenuated and offset 
from 1g. This condition was rarely observed in the inflight measures 
where GzH was greater than GzB. d, e Normalized cumulative histo-
grams of sGzB, sGzH (30°), and sGzH (60°) illustrate the prominent 
static offset under the 60° tilt condition. These data are replotted in e 
with a representative flight from the Red subject. Despite the fact that 
peak and trough sGzH (60°) are similar to peak and trough GzH (Red), 
the kinematic measures are clearly distinguished by the absence of 
static offset in GzH (Red). These data illustrate that inflight GzH is not 
consistent with the sGzH models
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giving the appearance of head stabilization when derived 
from raw Gz measurements alone. Consequently, asymme-
try based solely on GzH and GzB magnitude differences at 
the peaks and troughs may be ambiguous with respect to 
the interpretation regarding stabilization derived from these 
measurements. In the case of head and body coupling and 
the associated symmetric modulation, the asymmetry based 
upon magnitude differences resulted solely from the static 
offset due to nose-down pitch. Therefore, demonstration that 
empirical GzH was not associated with a similar static offset 
would eliminate the possibility that the empirical asymmetry 
resulted from the conditions similar to those depicted in the 
simulation (i.e., head–body coupling and static offset).

To further explore the static offset characteristic in modu-
lated head and body kinematics the simulated measures of 
Gz shown in Fig. 4b were plotted as normalized cumulative 
distributions in Fig. 4d that include sGzB (cyan, dashed), 
sGzH (30°) (maroon, solid), and sGzH (60°) (maroon, 
dashed). These data clearly illustrate the offsets associated 
with each sGzH measure as those associated with normalized 
frequencies of 0.5 for each distribution (sinusoidal mean 
and median). Notably, the offset associated with sGzH (60°) 
was 0.5, highlighted by the shaded box filling the space 
between 0.5 and 1g. The simulation corresponding to 30° 
tilt exhibited a more modest offset (0.87g) and exhibited 
larger amplitudes at the peaks and troughs (approximately 
− 1.7g and 3.4g).

While the static tilt models of sGzH modulation are dis-
tinguished by their offsets from 1g, inflight GzH for both 
Blue and Red did not exhibit comparable offset levels. This 
is exemplified in Fig. 4e, in which the normalized cumula-
tive distributions for sGzB and sGzH (60°) are plotted with 
inflight GzB (Red) and GzH (Red) for a representative flight 
of the Red subject. These plots demonstrate that the ranges 
of sGzB and GzB (Red), as well as the ranges for sGzH (60°) 
and GzH (Red), were very similar. Furthermore, sGzB and 
GzB (Red) exhibited Gz levels of approximately 1g at the 
normalized frequency of 0.5. Despite the fact that sGzH (60°) 
and GzH (Red) exhibited close to the same overall Gz range, 
GzH (Red) magnitude at the normalized frequency of 0.5 
was close to 1g (mean Gz = 0.82g for the entire flight epoch). 
These data show that GzH (Red) exhibited very small offsets, 
and therefore the magnitudes at the peaks and troughs were 
not consistent with a static offset. The magnitude asymme-
try is also apparent, where downstroke GzH (Red) measures 
(i.e., GzH > mean GzH) extended approximately 1.7g (approx. 
0.8–2.5g), while upstroke GzH measures extended approxi-
mately 2.3g (approx. 0.8 to − 1.5g). The range of mean 
GzH measures for all 50 flights between both subjects was 
0.71–1.08g (mean = 0.91g).

The distributions of GzH (Red) from sGzH (60°) were fur-
ther compared by computing the empirical DKL followed by 
resampling analyses (n =  106) to determine the probability 

that the distribution of GzH (Red) could have been derived 
by random sampling with sGzH (60°). It was determined that 
this probability was very low (p = 0.00299), further indicat-
ing that the underlying factors leading to GzH (Red) were not 
similar to those producing sGzH (60°).

Estimates of GzH gain confirm kinematic asymmetry 
and head stabilization

Asymmetries in the magnitudes of peak and trough GzH were 
further analyzed by computing the distributions of respec-
tive GzH gains for the 986 wingbeat cycles for both subjects 
(Fig. 5a). Overall, GzH gains at the wingbeat peaks were 
lower than at the troughs, where the distributions exhibited 
medians of − 13.57 dB and − 5.63 dB, respectively. These 
data indicated that GzH was smaller relative to GzB at the 
peaks compared to the relative GzH magnitude at the troughs. 
These distributions were compared by computing DKL for 
the empirical distributions, and then conducting resam-
pling analyses (n =  106) to determine the probability that the 
empirical value of DKL could have been derived by chance. 
The results of this analysis are shown in Fig. 5b, where the 
histogram reflects  106 values of DKL resulting from random 
resampling of GzH gains from both peak and trough distribu-
tions. The empirical DKL value (0.407) was well outside the 
range of  106 resampled DKL values, and therefore the prob-
ability that the empirical value could be derived from ran-
dom resampling was less than  10–6. This analysis confirms 
that GzH exhibits greater attenuation during wing downstroke 
and wing upstroke, resulting in the kinematic asymmetry.

Association of tongue click onset with head 
kinematics suggests relationship of acoustic 
probing with wingbeat cycle

The analyses of inflight head and body kinematics indicated 
that the R. aegyptiacus subjects exhibited head stabiliza-
tion behaviors during the downstroke phase of the wing-
beat cycle. One interpretation of this behavior is that it 
limits head movement during echolocation probing of the 
environment to stabilize inflight sensory gaze (Eitan et al. 
2019). If this is true, it might be expected that the prepon-
derance of tongue clicks were emitted during this period of 
the wingbeat cycle. To evaluate this possibility, recordings 
from the head tag ultrasonic microphone were analyzed to 
first identify the tongue click emissions, and then determine 
the precise time of first emission of the click-doublet. We 
then determined GzH and GzB at these times as illustrated 
in Fig. 6a, demonstrating identification of the tongue click 
onset [yellow diamonds superimposed on the acoustic 
recording, Pressure (Pa; axis at lower right) vs Time (s)] 
and GzH estimated at these times by interpolation. Of the 
50 flight epochs evaluated in both subjects (25 each), a total 
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of 525 click emissions were identified (i.e., Red: n = 197; 
Blue: n = 328). The distributions of GzH at click onset for 
both subjects are shown in Fig. 6b as box-and-whisker plots, 
illustrating that GzH was ≥ 1g at the time of the first click for 
approximately 75% of the clicks in both subjects. As shown 
in Figs. 2 and 6, GzH measures ≥ 1g correspond to wing 
downstroke, and therefore these data demonstrate that most 
(i.e., approximately 75%) of click onset times occurred dur-
ing wing downstroke. In view of the similarity in this behav-
ior in both subjects, the data were combined to produce a 
single distribution of first-click GzH measures (n = 525), for 
which the median was found to be 1.41g.

To further evaluate whether the association between 
GzH and first-click of a sonar doublet could be associated 
with head stabilization behavior, we tested the null hypoth-
esis that the median GzH from the combined 525 first-click 
events could have been derived from random association of 
click onset times and GzH. The distribution of GzH measures 
resulting from random resampling is shown in the histogram 
of Fig. 6c along with the median value from the empirical 
first-click GzH measures. This analysis demonstrates that 
the probability of obtaining the empirical median GzH (i.e., 
1.41g) from random associations of GzH and click onset was 
less than  10–6, supporting rejection of the null hypotheses. 
Note that the distribution of random GzH medians ranged 
from 1.0 to 1.3, reflecting the bias of inflight GzH > 1g. A 
comparable resampling analysis was also determined for GzB 
(not shown), producing a similar result as for GzH wherein 
the probability of deriving the empirical GzB median from 
a random association of GzB and click onset was less than 
 10–6 and supporting rejection of the null hypothesis. If the 
associations between GzH and GzB and click onset were not 

random, they must be due to underlying factors driving the 
associations.

Discussion

Echolocation probing during wing downstroke

Previous investigators have interpreted head stabilization 
behaviors during locomotion as the result of neural mecha-
nisms optimizing sensory gaze (Goldberg and Cullen 2011; 
Kress et al. 2015; Brooks and Cullen 2019; Dietrich and 
Wuehr 2019b; Eitan et al. 2019; Dietrich et al. 2020). If 
similar mechanisms apply to acoustic gaze stabilization dur-
ing echolocation, it would be expected that inflight emission 
of sonar signals would be temporally associated with periods 
of head stabilization. Data from the present study provide 
strong evidence for head stabilization in R. aegyptiacus dur-
ing wing downstroke where GzH > 1 (Figs. 3, 4). Further-
more, the onset of sonar doublets occurred during periods 
where GzH > 1, consistent with the implementation of head 
stabilization mechanisms to enhance acoustic gaze. Boot-
strap resampling analyses showed that the empirical distri-
bution of GzH at sonar click onset was not random (Fig. 6c; 
p <  10–6), supporting the hypothesis that bats stabilize their 
heads at the time of sonar emissions. These findings are, 
therefore, consistent with the notion that R. aegyptiacus 
execute behaviors to stabilize acoustic gaze during sustained 
flight.

The correlation between onset of echolocation emission 
and wingbeat has been established in many laryngeal echo-
locating species (Suthers et al. 1972; Jones 1994; Kalko 
1994; Wong and Waters 2001; Holderied and von Helversen 

Fig. 5  GzH gains (dB re: GzB) 
confirm asymmetry in head 
kinematics at maximum wing 
downstroke and upstroke. a 
Distributions of GzH gains at 
peak and trough, correspond-
ing to maximum downstroke 
and upstroke of 986 wingbeat 
cycles in both subjects, shown 
as box-and-whisker plots. The 
overall lower gains at wing-
beat peaks reflect the smaller 
GzH magnitude relative to the 
corresponding GzB magnitude. 
b Resampling analyses of DKL 
illustrate that the probability 
of computing the empirical 
DKL value (i.e., 0.407, inverted 
triangle) from random sampling 
of peak and trough GzH gains 
(histogram, n =  106) is less than 
 10–6

a b
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2003; Yartsev and Ulanovsky 2013; Falk et al. 2015). In 
laryngeal echolocators, emissions were coupled to expira-
tion and wing upstroke, and it was proposed that this may 
be driven by energy efficiencies (Suthers et al. 1972; Jones 
1994; Kalko 1994; Wong and Waters 2001; Holderied and 
von Helversen 2003). The coupling of wingbeat/respiration 
and call timing reduces the energetic costs of echolocation 
(Speakman and Racey 1991), even under flight conditions 
with high energy demands (Voigt and Lewanzik 2012). A 
more recent analysis provided evidence that high intensity 
echolocation calls can impose high metabolic demands (Cur-
rie et al. 2020), suggesting that energy efficiencies under 
these conditions may be derived by coupling sonar calls to 

expiration and wing upstroke. Yartsev and Ulanovsky (2013) 
previously showed that echolocation signal production was 
correlated with wingbeat in the Egyptian fruit bat, R. aegyp-
tiacus. However, because lingual echolocation in this species 
is not driven by respiration, it is unlikely that the coupling 
of echolocation signal production and wingbeat would offer 
any energetic advantage as may occur in laryngeal echolo-
cators. This rationale further supports the conclusion that 
the temporal correlation of sonar signal onset and wingbeat 
optimizes acoustic gaze stabilization in R. aegyptiacus.

a

b c

Fig. 6  Onset times of tongue clicks exhibit greater likelihood of 
occurring at GzH > 1 and the period of head stabilization. a Repre-
sentative record of GzH, GzB, and the associated audio recording of 
representative tongue click doublets. These data illustrate the identifi-
cation of tongue click onsets shown by the red-filled diamonds super-
imposed on first click of the doublets. The corresponding values of 
GzH at these times are identified by the inverted blue triangles. For 
the 14 identified onset times, 10 corresponded to GzH > 1g (71%). b 
The distributions of GzH at first click onsets for each of the R. aegyp-
tiacus subjects are shown as box-and whisker plots, illustrating the 

similarity in their distributions. c The data from both subjects were 
combined to test the null hypothesis that the median GzH value from 
all GzH measures corresponding to first click onset times could be 
derived from random association of onset time with GzH. The histo-
gram represents median GzH resulting from  106 resampled distribu-
tions of 525 random association between click onset and GzH. The 
empirical median is shown as the inverted triangle at approx. 1.41g, 
indicating the low probability (p <  10–6) that the empirical median 
could be medians computed from  106 random distributions
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Head stabilization may be dependent 
upon behavioral state

Through the present study direct measurements of GzH dem-
onstrated that sustained flight of R. aegyptiacus exhibited 
wingbeat cycle modulation of at least 3g (estimated from 
the difference in median peak and trough GzH, Fig. 3c, d). At 
wingbeat frequencies of approximately 8 Hz this GzH range 
corresponded to peak-to-peak displacements of approxi-
mately 8 mm. Eitan et al. (2019) reported that R. aegyptia-
cus exhibited dramatically attenuated inflight vertical gaze 
angles compared to body-target angles during approach to 
a landing target. They suggested that this represented head 
stabilization behaviors serving acoustic gaze optimization 
during a landing task. The data on vertical gaze angle (deter-
mined from continuous tracking of head position relative 
to the fixed target) did not appear to exhibit similar wing-
beat cycle modulation as body-target angle exhibited periods 
of very little deviation.

Despite the evidence of head stabilization in Egyptian 
fruit bats, revealed by video recording of head and body 
kinematics, data from the present investigation of sustained 
flight in the same species showed robust modulation of head 
acceleration phase-locked to body acceleration and wingbeat 
cycle (Figs. 3, 6). Therefore, it appears that head stabiliza-
tion during the target approach studied by Eitan et al. (2019) 
may be more refined than those exhibited during periods 
of sustained flight as shown in the present investigation. 
A direct comparison of the head displacement magnitudes 
under the two flight conditions was not feasible in view of 
the different measurement parameters obtained by Eitan 
et al. (2019) and the present study. Such a comparison would 
be invaluable to better understand heterogeneities in behav-
ioral state-dependent acoustic gaze stabilization.

Though the mechanisms of inflight head stabilization in 
bats have not been directly investigated, mechanical analy-
ses of head movement gain attenuation in whooper swans 
provided insight into how this may be achieved (Pete et al. 
2015). In these animals, head movements exhibited symmet-
ric attenuation relative to body movements, which was mod-
eled as a static gain reduction through the wingbeat cycle 
that could be achieved by neuromuscular tone-mediated 
modulation of neck stiffness. Though the morphology of 
head and body linkage is vastly different in bats compared 
to whooper swans, a simple extension of the neck stiff-
ness model may explain the asymmetries in R. aegyptiacus 
through differential modulation in phase with wing down-
stroke and upstroke. Further investigation will be required 
to test this possibility.

Could inflight kinematics be influenced by loads 
imposed by head‑ and body‑mounted tags?

The use of miniature body-affixed sensors to measure vari-
ous attributes of natural behaviors broadly expands the 
repertoire of documentable characteristics by enabling 
high resolution measurement capabilities unrestricted by 
either cabling or the limitations of video documentation. 
The potential disadvantage is that they impose additional 
loads to the experimental subjects, which could poten-
tially affect the behaviors under investigation. As previ-
ously noted, Stidsholt et al. (2019) found no evidence 
that adding a single 2.6-g motion tag influenced the flight 
characteristics of two bat species, Nyctalus noctule and 
Eptesicus fuscus, for which the tags added as much as 
20% of the animals’ body mass. Other investigations that 
implemented body-mounted tags on larger bats [Rhino-
poma microphyllum, 40–45 g, carried tags amounting 
to > 5% body mass (Cvikel et al. 2015); R. aegyptiacus, 
approx. 180 g, carried tags amounting to approximately 
12% body mass (Danilovich et al. 2015)] arrived at similar 
conclusions. Egert-Berg et al. (2018) tagged five species 
with devices (microphone and GPS) representing up to 
15% additional loads as well as lighter tags, and concluded 
that additional loading represented no deleterious effects 
on flight and foraging behavior. These data suggest that 
inflight behaviors of species investigated in the aforemen-
tioned studies were very robust to additional loads.

Despite the stability in general flight characteristics to 
modest passive loads, the potential impact of the 2.6-g head 
motion tag upon head kinematics measurements was further 
scrutinized. Although the present dataset was not sufficient 
to unequivocally exclude the possibility that the attenua-
tion in peak GzH during wing downstroke was influenced by 
load imposed by the motion tag, multiple lines of evidence 
suggested that any effect of passive head loading would be 
small. Non-instrumented R. aegyptiacus subjects exhibited 
robust head stabilization behaviors during target identifi-
cation and landing tasks in the dark and without any head 
load (Eitan et al. 2019). The findings of the present study 
under loaded conditions and sustained flight were consist-
ent with this result, and suggest that head stabilization is an 
integral component of natural acoustic gaze stabilization in 
R. aegyptiacus and not compromised by head- and body-
mounted instrumentation. Furthermore, estimates of head 
mass in R. aegyptiacus (obtained from cadaver specimens) 
indicated that it represented approximately 12% of total body 
mass, suggesting that head masses of the two subjects of 
the present study were 19 and 26 g (Blue and Red, respec-
tively). The 2.6-g motion tags, then, imposed relative loads 
of 13% and 10% of head mass in these subjects, respectively. 
It might be expected that, if the head tag imposed a perfor-
mance-challenging load to diminish GzH gain relative to GzB, 
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a concomitant effect on GzH phase would also have been 
observed, appearing as a consistent timing delay. Despite 
these loads, head acceleration remained tightly synchronized 
with body acceleration (i.e., time at maximum upstroke; see 
Fig. 3a, b), providing no indication of a phase shift consist-
ent with effects associated with the head load. Therefore, 
while an impact of the modest head and body loading on 
flight performance cannot be entirely excluded, the data 
available from the present investigation suggest that the 
loads did not impact the basic findings reported here.

Vestibular contribution to acoustic gaze 
stabilization

The neural mechanisms supporting sensory gaze stabiliza-
tion during locomotion are not completely understood. As 
described for visually dominant species, head stabilization 
mechanisms likely involve multisystem compensatory reflex 
circuits that include vestibular reflexes and efference copy 
from locomotor pattern generators (Straka and Chagnaud 
2017; Straka et al. 2018; Brooks and Cullen 2019; Dietrich 
et al. 2020). Previous investigations provided compelling 
evidence that efference copy (i.e., “copies” of spinal loco-
motor pattern generator activity projecting rostrally to CNS 
circuits serving sensorimotor integration) plays an important 
role in visual gaze stabilization in late stage larval Xenopus 
(Lambert et al. 2012; Chagnaud et al. 2015). These circuits 
not only drive compensatory oculomotor behavior in the 
principal plane of locomotor-associated head movements 
(Lambert et al. 2012), but also were found to suppress sen-
sory input representing locomotion-associated head move-
ments from the peripheral vestibular epithelia (Chagnaud 
et al. 2015). The precise mapping of active movement sup-
pression of peripheral vestibular input, however, may not 
generalize phylogenetically, as comparable suppression of 
afferent vestibular signaling during active movement was not 
found in primates (Brooks and Cullen 2014). Dietrich and 
Wuehr (2019a) recently reported data to potentially recon-
cile these differences, finding that during human ambulatory 
activity horizontal gaze remained dependent upon vestibular 
input while vertical gaze stabilization relied more on effer-
ence copy. The latter investigation supports the idea that 
gaze stabilization is “spatially tuned” to principal locomotor-
associated head movements requiring stabilization.

Aerial locomotion in R. aegyptiacus appears to be similar 
to terrestrial locomotion exhibited by bi- and quadrupeds 
in that both are associated with robust head movements 
in the Earth-vertical plane (i.e., Gz) (Dietrich and Wuehr 
2019a; L.F. Hoffman, unpublished data). Hence, it might 
be expected that a principal driver of head stabilization in 
R. aegyptiacus is efference copy of wingbeat spinal pattern 
generators. This would be consistent with the notion posited 
by Eitan et al. (2019) that enhanced stabilization behavior 

exhibited by R. aegyptiacus was not driven by compensa-
tory vestibular mechanisms. However, vestibular informa-
tion was shown to contribute to inflight obstacle navigation 
in echolocating bats (Horowitz et al. 2004). Furthermore, 
preliminary studies of the peripheral vestibular epithelia in 
R. aegyptiacus revealed cellular adaptations consistent with 
enhanced high-frequency coding capabilities by semicircular 
canal cristae compared to terrestrial rodents (L.F. Hoffman, 
unpublished data). Further investigation of the challenges 
in sensory integration during high-performance locomotor 
activity exhibited by bats in flight will advance our general 
understanding of the neural mechanisms underlying senso-
rimotor integration and acoustic gaze stabilization.
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