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SUMMARY

Mexican free-tailed bats (Tadarida brasiliensis) often return to their roosts in darkness or low-light conditions 

from high altitudes (>3 km) during steep, fast dives. We recorded 26 bats as they performed reentry dives to 

their canyon roost in New Mexico shortly after dawn and analyzed their sensorimotor behaviors. We tracked 

bats at altitudes up to 25.6 m above the ground; they dove at maximum speeds of 22.1 m/s (82.1 km/h), expe

rienced forces up to 9.2 g, and traversed distances of up to 6 m (∼60 body lengths) between receiving echoes 

from the ground. Bats adjusted their echolocation in a stereotyped pattern once the ground was within detec

tion range by decreasing signal duration, shortening interpulse intervals, and increasing signal end fre

quency. Our analyses suggest that bats receive relatively sparse echo information during dives and likely 

integrate this information with cognitive spatial maps and available visual cues to safely complete their 

high-speed roost reentry.

INTRODUCTION

Many animals dynamically adjust their movements to improve 

the acquisition of sensory information. For visually guided ani

mals, such as insects,1–3 birds,4 and most mammals,5,6

compensatory head or eye movements are used to separate 

translational from rotational optic flow, which aids in distance 

estimation and locomotion.7,8 Aquatic fish and invertebrates 

move appendages or entire bodies to facilitate the detection of 

odor cues (see review in Moore et al.9) or hydrodynamic flow 

fields (see review in Fish et al.10). Animals that use active sensing, 

such as electric fish and echolocating bats or odontocetes, 

modify not only their movements but also their emitted—and 

hence perceived—signals to improve signal detection in their 

environment.11–17

Bats often navigate and forage in complex, cluttered envi

ronments.18 In order to successfully navigate these environ

ments at high speeds without collisions, echolocating bats 

combine accurate sensory perception of their environment 

with motor outputs that are commanded in response to inte

grated sensory information. While echolocating, auditory 

feedback drives changes in vocal production, as bats modify 

their movements and subsequent vocal output on fast time 

scales in response to changes in sensory information.19–21

For example, bats that produce constant-frequency (CF) sig

nals employ Doppler-shift compensation, actively shifting the 

frequencies of their emitted signals according to flight speed 

to ensure that returning echoes fall within the narrow fre

quency range of their most sensitive hearing, thereby maxi

mizing their detection of echoes and prey wing flutter.22,23

Frequency-modulated (FM) bats do not use the same 

Doppler-shift compensation as CF bats; instead, they produce 

signals designed to be tolerant to Doppler effects24–28 and 

adjust the characteristics of their signals depending on target 

distance or environment.29–31 When tracking targets, bats 

adjust their flight based on individual echoes,32–34 typically us

ing information from the most recently returned echo to guide 

their movement.35,36 As bats approach objects, they shorten 

their call duration and interpulse interval (IPI),30,37—thereby 

increasing the rate at which they obtain sensory information 

while simultaneously avoiding pulse-echo overlap38–41; at 

the same time, the bandwidth of their FM pulses widens, facil

itating target discrimination and localization.

In certain contexts, bats do not actively modify the parameters 

of their echolocation based on individual received echoes but 

rather enter a stereotyped pattern of changing acoustic param

eters (APs). For example, when approaching a target, bats pre

dictably reduce the intensity of the emitted signal, irrespective 
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of target characteristics.38 When foraging, bats switch from 

searching to approaching prey in a consistent manner by 

reducing pulse duration and pulse interval,37 ending in a terminal 

buzz of many rapid signals that often continues even after the 

prey is manually removed or missed.21,39 When approaching wa

ter to drink, bats also use a stereotypical echolocation sequence, 

reducing the IPI during approach and ending with a buzz and a 

brief silent period before contact with the water.40 In both 

feeding and drinking scenarios, echolocation buzzes are pro

duced at rates faster than the bat’s auditory reaction time,21

providing evidence that bats are not responding to individual 

echoes.

Most studies describing bat sensorimotor dynamics examine 

behaviors performed over relatively short flight distances 

(<10 m) and at speeds less than 4 m/s.16,33,34,41 However, 

many bat species fly up to hundreds of kilometers nightly and 

reach speeds exceeding 30 m/s.42,43 The cave reentry behavior 

of free-tailed bats (genus Tadarida) is perhaps one of the most 

dramatic examples of high-speed flight and echolocation 

behavior. After nightly foraging, individuals return to their 

roosts in the morning from high altitudes,42,44 at steep 

angles and at speeds consistently above 14 m/s, even reaching 

44 m/s,42,43,45 as they locate their cave roost opening. During 

this high-speed flight, which may have evolved as an antipred

ator strategy, the wings are held tucked and open only intermit

tently to control speed and direction.46 Based on their reported 

flight speeds42,45 and typical signal characteristics during 

reentry,47 individuals may experience echoes Doppler-shifted 

by up to 5.7 kHz, which could result in substantial ranging er

rors.27 Furthermore, at these high speeds, if bats were producing 

calls with IPIs consistent with foraging search calls (250 ms48), 

they could travel up to 110 body lengths (∼11 m) between 

receiving consecutive auditory perceptual updates of their envi

ronment, leaving only a few hundred milliseconds to react to 

echoes returning from the fast-approaching ground (due to the 

relatively short detection range of their echolocation,49,50

<∼50 m; see supplemental information).

Given the extreme speeds observed during these high- 

speed entrance dives to their roost, we aimed to evaluate 

the sensorimotor strategies of wild Mexican free-tailed bats 

(T. brasiliensis) during this behavior. Using synchronized cam

era arrays and ultrasonic recordings, we reconstructed the 3D 

path of bats in flight and their biosonar behavior during the 

dives. From these data, we measured how bats adapt their 

echolocation behavior depending on height and speed and 

whether changes in flight trajectory or kinematics coincided 

with the reception of echoes. Our results demonstrate that, 

when returning to their roost at fast flight speeds, bats use a 

consistent, stereotyped echolocation and flight pattern to 

control their descent and avoid high-speed collisions with 

the ground. Additionally, bats travel large distances between 

receiving echo updates and do not change their flight 

behavior in response to individual echoes. This combination 

of stereotyped behavior and sparse auditory information sug

gests that bats do not rely solely on echolocation for their 

high-speed reentry dives but rather on a combination of inte

grated auditory, visual, and proprioceptive sensory cues, 

along with a learned cognitive map of the environment.

RESULTS

Flight trajectories

We reconstructed the 3D flight trajectories of 26 individual bats 

whose reentry was captured on video and used these recon

structed trajectories to calculate kinematic parameters of each 

bat’s flight (Table 1). All bats approached the cave and entered 

the recorded space from a similar northerly direction, as indi

cated by the initial tracking angle (θinitial = 2:75 ± 0:84◦, 

Figure 1A inset). Bats also consistently left the recorded space 

at a similar angle (θfinal = 3:38 ± 0:45◦), dipping below the hori

zon and out of the camera fields of view as they entered the 

canyon leading to the cave entrance. Overall, the trajectories 

of the bats were relatively straight within the recorded area 

(Figure 1B), as reflected in the high straightness index and low 

curvature measurements for the majority of bats’ trajectories 

(Table 1).

The height above the ground at which the bats were initially 

tracked ranged from 9.52 to 25.59 m (h = 13.69 m), and the 

maximum speeds reached by bats during tracking ranged from 

11.14 to 22.88 m/s (smax = 18.12 m/s), with average speeds be

tween 10.65 and 19.58 m/s (save = 16.45 m/s). Across bats, 

speed decreased as they approached the cave entrance 

(Figure 1C). The high flight speeds, combined with the slight cur

vature of flight trajectories, resulted in bats experiencing 

g-forces ranging between 2.56 and 9.21 g (g = 6.10 g).

Echolocation dynamics

Across all bats, we recorded a total of 186 echolocation calls 

during the period in which they were tracked via video. The 

emitted calls (corrected for atmospheric absorption and 

Doppler shift, STAR Methods) were FM downsweeps 

(Figure 1D), starting at an average of 41.8 ( ±4.7) kHz and 

ending at 25.9 ( ±1.8) kHz. IPI and call duration averaged 

160.8 ( ±51.1) and 8.99 ( ±2.2) ms, respectively. Based on the 

bats’ speed at the time of pulse emission and the peak fre

quency of their calls, echoes were Doppler-shifted upward by 

a mean of 3.0 ( ±0.6) kHz. We checked for collinearity of vari

ables prior to model fitting by calculating the matrix of correla

tion coefficients for the APs of the calls (Table S1). Start fre

quency, end frequency, and peak frequency were all strongly 

positively correlated (r > 0.65). Bandwidth was very strongly 

positively correlated with start frequency (r = 0.93) but only 

weakly positively correlated with end frequency (r = 0.34). 

Call duration was moderately negatively correlated with both 

end frequency (r = − 0.58) and peak frequency (r = − 0.51). All 

other correlations were weak (abs(r) < 0.38). As the bats ap

proached the cave, their speed decreased. Figure 2 shows 

how the measured APs varied with height and speed as the 

bats approached the cave entrance. Bats produced calls with 

durations well below the range of pulse-echo overlap, as call 

duration decreased with height (Figure 2A; r = 0.75, 

p < 0.001). IPI also decreased with decreasing height 

(Figure 2B; r = 0.21, p = 0.017) but not as consistently as call 

duration. The end frequency of the recorded signals increased 

as the bats decreased in height (Figure 2C; r = − 0.45, 

p < 0.001). These three signal parameters (duration, IPI, and 

end frequency) did not vary with speed as consistently as 
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they did with height (Figures 2D–2F; abs(r) values of 0.11–0.31). 

Bandwidth and peak frequency were also significantly corre

lated with height, but not with speed (Figure S2).

We built a series of autoregressive generalized linear models 

(GLMs) to describe the relationship between the APs of the 

bats’ calls and their height and speed as they approached 

the cave entrance. The results below focus on the models for 

the three most behaviorally relevant APs in this context: duration, 

IPI, and end frequency. Call duration is a highly flexible echolo

cation parameter. FM bats, such as T. brasiliensis, generally in

crease the duration of their calls when flying in open space to in

crease echolocation range,51 decrease call durations as they 

approach an object or surface to avoid temporal overlap be

tween received echoes and emitted calls.13,52 Similarly, IPI is 

an extremely flexible echolocation parameter that bats adjust 

in response to different environments or behavioral contexts, 

such as foraging and navigating through clutter.13,53,54 IPI trends 

are particularly important when approaching surfaces at high 

speeds, as an overly long IPI could cause a bat to collide with 

the surface before it has sufficient time to receive an informative 

echo and respond. End frequency is the most perceptually 

important frequency parameter for FM bats,55 and it shows the 

strongest relationship with the bats’ behavior in our data. The 

start frequencies at the top of an FM bat’s echolocation sweep 

are more susceptible to atmospheric absorption and travel 

significantly shorter distances than the lower frequencies of the 

sweep, which are also emitted in a broader beam than 

the higher frequencies.56,57 Accordingly, given the physical 

limitations of higher frequencies, FM bats appear to rely on the 

end frequencies of echoes for echo detection and distance 

perception, while higher echo frequencies are integrated as 

additional information to perceive more detail.55,58–60 Addition

ally, the acoustic recording of the call’s upper ‘‘start’’ frequency 

is heavily influenced by the distance from the bat, the direction

ality of the bat’s beam, and the properties of the micro

phone used.

Each GLM models an AP as it changes over multiple echoloca

tion calls k (APk). For each AP within each model, we considered 

the first autoregressive acoustic term APk-1 (i.e., the parameter’s 

value at the previous call), the lagged height (heightlag = heightk- 1), 

the change in height between calls (Δheight = heightk-heightk-1), 

the lagged speed (speedlag = speedk-1), and the change in speed 

Table 1. Summary of kinematic parameters for individual bats and across all individuals

Bat

Max tracked 

height Max speed Min speed Ave speed Max g

Straightness 

index Ave curvature Max curvature

Ave pitch 

angle

1 11.9 15.7 15.1 15.6 4.9 0.98 0.10 0.21 − 46.4

2 9.5 11.1 9.9 10.7 4.1 0.94 0.17 0.39 − 21.3

3 12.5 18.5 15.6 17.0 6.9 0.98 0.13 0.34 − 54.7

4 12.6 17.5 14.3 15.3 7.8 0.75 0.17 0.36 − 33.0

5 16.1 14.9 9.7 11.8 5.6 0.79 0.16 0.48 − 31.3

6 14.8 19.8 17.0 18.0 6.8 0.98 0.09 0.28 − 53.7

7 14.3 16.2 15.0 15.4 6.2 0.98 0.08 0.24 − 27.1

8 9.6 17.2 10.8 12.6 7.7 0.46 0.18 0.46 − 9.0

9 11.9 16.8 15.9 16.5 4.8 0.99 0.06 0.17 − 34.6

10 16.2 20.2 15.3 18.4 8.4 0.88 0.16 0.33 − 58.4

11 15.8 20.8 16.2 17.7 5.4 0.98 0.08 0.23 − 40.5

12 21.2 19.6 17.2 18.4 8.3 0.90 0.10 0.26 − 30.5

13 19.1 17.2 16.0 16.5 2.9 0.98 0.07 0.21 − 35.7

14 10.0 17.7 17.4 17.6 4.7 0.99 0.09 0.20 − 26.4

15 16.2 17.2 16.1 16.6 3.4 0.98 0.07 0.13 − 46.5

16 13.0 18.2 14.1 16.1 7.8 0.97 0.15 0.40 − 33.8

17 17.9 19.9 16.3 17.8 7.1 0.98 0.07 0.25 − 40.1

18 15.0 18.1 17.1 17.4 5.3 0.99 0.09 0.18 − 55.1

19 10.8 15.8 13.2 15.0 8.9 0.61 0.25 0.47 − 33.5

20 17.8 19.0 16.6 18.0 6.1 0.99 0.08 0.25 − 51.7

21 13.9 18.4 17.0 17.6 6.6 0.96 0.09 0.21 − 41.1

22 17.5 20.5 10.5 13.9 9.2 0.43 0.18 0.47 − 11.5

23 12.4 18.1 17.4 17.8 2.6 1.00 0.04 0.08 − 20.2

24 25.6 22.8 16.7 19.6 5.6 0.96 0.09 0.33 − 42.9

25 16.1 18.5 17.2 17.8 4.7 0.99 0.06 0.12 − 43.6

26 23.4 22.4 15.9 18.8 7.2 0.96 0.11 0.55 − 34.3

Mean 15.2 18.1 15.1 16.5 6.1 0.90 0.11 0.29 − 36.8

Height is reported in m, speed in m/s, and pitch angle in degrees relative to the horizon. See STAR Methods for a description of straightness index and 

curvature. Bold values indicate the mean values for each column.
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between calls (Δspeed = speedk-speedk-1). We included the au

toregressive term APk-1 to control for the nonindependence of 

consecutive calls, thereby capturing any stereotyped changes 

in the APs. We included the bat’s lagged height and speed (the 

speed and height of the bat at its previous pulse emission) to 

model the effects of sensory information received in the previous 

pulse’s echo, thereby capturing the effects of reactive feedfor

ward control. Finally, we included the bat’s instantaneous height 

and speed in the model to capture any predictive feedforward 

component of the behavior. We compared AICc values to deter

mine the models that best described the collected data; see 

supplemental information for these comparisons (Table S2), for 

confidence intervals for each model described below 

(Table S3), and for model results of other frequency parameters 

(Table S3).

For call duration (measured in ms), the best model is:

durationk = 1:06 + 0:71(durationk − 1) + 0:19
(
heightlag

)

+ 0:46(Δheight);

(Equation 1) 

which provides evidence that bats control the duration of each 

call such that (1) it depends in a stereotyped way on the dura

tion of the previous call, becoming approximately 30% shorter 

with every pulse; (2) it takes into account the most recent 

sensory information available on the bat’s height, becoming 

shorter the lower the bat’s observed height above the ground 

Figure 1. Summary of bat flight behavior 

during reentry 

(A) Compilation of cropped video frames from 

camera 4 showing one bat’s flight trajectory. The 

bat’s position in the first frame is circled in green, 

and its position in the last frame is circled in or

ange. Inset: polar histograms of the flight di

rections in which bats are traveling at the start and 

end of flight tracking. 

(B) Reconstructed 3D flight paths of all tracked 

bats, showing speed (color scale) and positions of 

echolocation call emissions (gray dots). Triangles 

indicate video camera positions, and the diamond 

indicates the position of the ultrasonic micro

phone. 

(C) Flight speed was highly correlated with bat 

height (individual bats represented by different 

color-shape combinations). 

(D) Waveform and spectrogram showing an 

exemplar of a recorded echolocation call. Echo

location calls are frequency-modulated (FM) sig

nals beginning around 41 kHz and sweeping 

downward to approximately 26 kHz.

(estimated effect size: 0.19 ms per m 

above ground); and (3) it has a predic

tive element with respect to the bat’s 

current height, becoming shorter the 

faster the bat approaches the ground 

between calls (estimated effect size: 

0.46 ms per m of descent). Although 

the change in height between pulses evidently depends on 

the bat’s dive speed and IPI, there was no strong evidence 

for a direct effect of speed on call duration.

Likewise, for IPIs (the time from the onset of one call to the 

onset of the next, in ms), the best model is:

IPIk = 77:09 + 0:44(IPIk − 1) + 4:18
(
heightlag

)

+ 24:04(Δheight):
(Equation 2) 

This model has a similar interpretation to the model for call 

duration (Equation 2). Specifically, bats command their IPI 

such that (1) it depends in a stereotyped way on the IPI of 

the preceding call, becoming approximately 56% shorter 

with each pulse; (2) it takes into account the most recent sen

sory information available on the bat’s height, becoming 

shorter the lower the bat’s observed height above the ground 

(estimated effect size: 4 ms per meter above ground); and (3) 

it has a predictive element with respect to the bat’s change in 

height, becoming shorter the faster the bat approaches the 

ground between calls (estimated effect size: 24 ms per meter 

of descent). There was no strong evidence for a direct effect 

of speed on IPI.

The best model for end frequency (‘‘End Freq,’’ measured in 

kHz) is:

End Freqk = 9:26 + 0:66(End Freqk − 1) − 0:08
(
heightlag

)

− 0:31(Δheight):

(Equation 3) 
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This model suggests that bats vary the end frequency of their 

calls such that (1) it depends in a stereotyped way on the end fre

quency of the previous call, decreasing by approximately one- 

third with every pulse; (2) it takes into account the most recent 

sensory information available on the bat’s height, becoming 

higher in frequency the lower the bat is observed above the 

ground (estimated effect size: 0.08 kHz per meter above ground); 

and (3) it has a predictive element with respect to the bat’s current 

height, becoming higher the faster the bat approaches the ground 

(estimated effect size: 0.31 kHz per meter of descent). There was 

no strong evidence for a direct effect of speed on end frequency.

Echo reception and flight kinematics

By combining 3D tracking of bats with the recorded echolocation 

signals, we were able to calculate the time and location at which 

each bat emitted each signal, when that signal reflected off the 

ground (the nearest large reflective surface), and when and 

where the bat received the ground echo (Figure 3A, see 

supplemental information). In general, bats did not alter flight ki

nematics during specific behavioral periods of producing pulses 

or receiving echoes (Figures 3B and 3C). There was no signifi

cant difference in mean curvature or pitch angle between the 

acoustic periods of emitting a call, waiting for an echo, receiving 

the first echo from the ground, and responding to the immediate 

ground echo while integrating additional echoes before produc

ing the next echolocation call (χ2(3) = 2.06, p = 0.560, χ2(3) = 

0.941, p = 0.82, respectively). Speed did significantly change 

as bats transitioned across acoustic phases (χ2(3) = 14.95, p = 

0.002), with mean speed significantly decreasing from emitting 

to waiting (Z = − 3.625, p < 0.001), waiting to receiving (Z = 

− 3.823, p < 0.001), and receiving to responding (Z = − 2.786, 

p = 0.005). These results are unsurprising, since bats consis

tently reduce speed over time as they approach the cave 

(Figure 1C). From the IPI and flight speed, we calculated an up

per limit of 6.1 m for the distance traveled between echolocation 

pulses, with this distance decreasing as bats approached the 

cave (Figure 3D). For a subset of recorded bats (N = 6), wingtips 

were sufficiently visible in the video of two or more cameras to 

allow reconstruction and tracking of the 3D wingtip positions 

and measurement of wingtip distance to visualize wing move

ment (see STAR Methods). Across this subset, wing openings 

coincided with decreases in acceleration, but we did not observe 

a coupling of sound emission or echo reception with wingbeat 

phase (Figure S3).

Figure 2. Changes in acoustic parameters across height and speed of N = 26 bats 

Points indicate individual echolocation calls. Solid lines show the linear regression for each panel’s data, with gray shading indicating smoothed 95% confidence 

intervals. Pearson’s r correlation values and p values are provided on each plot. 

(A) Call durations decrease as bats approach the cave opening, resulting in durations that remain below the limit of call-echo overlap (black line), defined as the 

time it would take for the reflected echo to return to the bat and potentially interfere with the emitted signal. Note that the longest call durations we observed would 

have resulted in call-echo overlap had they been emitted at the lowest heights at which bats were calling. 

(B) IPI values decrease with decreasing height. 

(C) Echolocation end frequencies increase as the bats approach the cave opening. 

(D–F) The same acoustic parameters do not vary as strongly with speed. Note that not all data points are independent, as each bat emitted a consecutive series of calls.
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To conceptualize the collision risk bats experience while trav

eling at such high speeds toward the ground, we calculated the 

time-to-contact (TTC) with the ground (the rim of the canyon) 

for each bat based on its height and speed at each echoloca

tion call emission. The calculated TTC also incorporates the air- 

travel time for the echolocation call to reflect back to the bat 

and the bat’s IPI values at that moment, representing the 

most delayed timing at which the bats might receive an echo 

reflected from the ground surface. Figure 3E shows the results 

of these TTC calculations (green points) along with trendlines 

based on bats’ average speeds, which show how the bats’ 

TTC is affected by sound travel time (solid lines) and different 

possible IPI values (dashed lines). This plot shows that, for 

the majority of the data we recorded, bats had less than 

500 ms of time between receiving echoes and reaching the 

ground surface. The gray dashed bar starting at 17 m indicates 

the lower range at which we estimate bats begin receiving 

perceivable echoes from the ground (see supplemental 

information for details on how we estimated echolocation 

range49,50).

Figure 3. Sensorimotor dynamics across acoustic phases and height 

(A) Illustration of the acoustic phases, as described in STAR Methods. 

(B) Composite images of video frames during reentry for one bat, with acoustic periods indicated by color (emitting, yellow; waiting, orange; receiving, pink; 

responding, purple). 

(C) Boxplots of speed (m/s, top), pitch angle (degrees, middle), and curvature (bottom) across acoustic phase. Boxplots show medians (center horizontal line), 

first and third quartiles (upper and lower box limit), and whiskers (vertical lines) representing data within 1.5 times the interquartile range; individual points indicate 

outlier data. Emit, emitting the call, Wait, waiting for the first echo to return, Rec., receiving the first echo from the ground, Resp., responding to the immediate 

ground echo and integrating additional echoes before producing the next echolocation call. Curvature and pitch angle did not significantly change across 

acoustic phases (χ2 tests, p > 0.05), whereas speed demonstrated a consistent reduction across acoustic phases (p < 0.01). 

(D) Calculated distances traveled by bats between pulse emissions in relation to their height (individual bats represented by different color-shape combinations). 

Bats traveled a maximum of 6.1 m (∼60 body lengths) between pulse emissions, with this distance decreasing as they approached the ground. 

(E) Estimated time-to-contact (TTC) with the ground based on bats’ heights and speeds. Plotted lines indicate TTC based on average bat speeds and heights 

(black line); TTC minus the estimated time for a sound to travel to the ground and back (blue line); and TTC minus sound travel time and either 100 ms (pink dashed 

line) or 300 ms (red dashed line), simulating the time at which a bat would receive an echo when using different IPIs. Green points indicate individual bats’ 

estimated TTC, accounting for sound travel time and their actual IPI. The shaded area represents the theoretical range at which echoes from the ground are first 

detectable; see supplemental results.49
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DISCUSSION

When returning to their roost from altitudes of several kilome

ters,44 T. brasiliensis fly at high flight speeds and steep angles 

aimed toward the ground. At the point where we began video 

tracking, bats had already begun decelerating, yet we docu

mented flight speeds exceeding 22 m/s (82 km/h) and g-forces 

up to 9 g—higher than previously observed in rapidly diving 

bats.61 It is likely that, outside of the space we were able to re

cord, these bats fly at even faster speeds and experience higher 

g-forces. For context, 9 g is what trained military pilots experi

ence during their most extreme maneuvers.62,63 Adult 

T. brasiliensis typically measure ∼10 cm in length,64 and the 

bats recorded here traveled up to 6.1 m between echolocation 

calls, meaning they could traverse more than 60 body lengths 

between receiving auditory updates on the environment ahead 

of them—roughly equivalent to a human swimmer opening their 

eyes once every 3.5 laps of an Olympic-length swimming pool. 

Considering the IPIs and travel time of their echolocation, as 

well as the short detection range of echolocation, bats were likely 

often less than 1 s away from colliding with the ground surface at 

high speed before they began receiving detectable echoes. 

Within the frequencies emitted by T. brasiliensis, the maximum 

detection range of a large flat surface (such as a meadow or field) 

ranges from approximately 17–53 m49 (see supplemental 

information), assuming on-axis reflection and maximum source 

amplitudes; in naturalistic contexts, the maximum detection 

range is likely even shorter. At the minimum estimated height 

of 17 m at which bats begin to detect echoes reflected off the 

ground, and based on the bats’ flight speeds and IPIs, most 

bats would have had less than 700 ms to react to echoes from 

the ground surface surrounding the canyon entrance (Figure 3E).

Given this feat of sensorimotor control and reaction time, one 

might expect bats to place great importance on the information 

contained in each echo, as they use that information to guide 

their motor behavior over the next 60 body lengths. Contrary to 

this expectation, we found that fast-diving bats do not signifi

cantly alter their flight trajectories in response to individual 

received echoes (Figure 3C) and instead modify their echoloca

tion in consistent patterns as they descend in height, with APs 

varying as a result of the previously emitted call, the bat’s instan

taneous height, and its change in height over time. We propose 

that the acoustic and locomotive behaviors of bats during cave 

reentry are ‘‘set’’ at altitudes higher than those at which we 

were tracking. Bats identify their target (ground and/or cave 

opening) and begin a stereotyped sensorimotor sequence, 

which, once initiated, proceeds in a predictable fashion, much 

like the terminal buzz emitted during foraging or drink

ing.21,37,39,40 Some acoustic components of this sensorimotor 

sequence, such as decreasing call duration to keep it below 

pulse-echo overlap (Figure 2A), presumably begin once the bat 

is within detection range of the ground. The ability to identify their 

target from heights outside echolocation range is likely aided by 

visual cues, as recordings were during the early dawn hours 

when ambient light was present.

The statistical models built to describe our collected data 

suggest that, when bats change their echolocation parameters 

while diving at fast speeds, they primarily do so in a stereotyped 

pattern that is modified according to the bat’s height and 

change in height over time. The observed relationship between 

echolocation parameters and the bats’ height may reflect the 

fact that echolocation is a relatively short-range sensory sys

tem. We recorded bats at a maximum height of 25.6 m, and 

they were generally already decelerating once they entered 

the recorded space. Given that bats were approaching their 

roost (and the recorded space) from higher altitudes and similar 

directions (Figure 1), we presume that at some point in their 

descent they transition from not detecting the ground with 

echolocation to detecting the ground with echolocation. For 

an echolocating bat, signal duration is one of the primary APs 

modified as a surface comes into detection range in order to 

avoid pulse-echo overlap. Correspondingly, we found that 

bats increasingly shortened their call durations as height 

decreased, maintaining durations below those that would result 

in pulse-echo overlap (Figure 2A). In contrast, the end fre

quencies of emitted signals increased as height decreased, 

with this relationship being most pronounced below 15 m 

(Figure 2C). A gradual increase in the end frequency of an FM 

sweep is a typical and stereotyped response to the appearance 

and approach of a reflective surface in many bat species,65,66

indicating that bats are responding to the perceived presence 

of the upcoming ground surface.

Another common echolocation adaptation that FM bats 

perform in response to approaching surfaces is a consistent 

decrease in IPI with decreasing surface distance in order to avoid 

pulse-echo overlap or pulse-echo ambiguity.54,58 This is also 

crucial when approaching a surface at high speed, as longer 

IPIs reduce the time a bat has to react to an approaching surface 

(Figure 3E). While IPI was somewhat dependent on the bats’ 

height (see Equation 2 in results), it varied with height much 

less than signal duration did, with many IPIs remaining above 

100 ms (relatively long values) even at heights below 5 m 

(Figure 2B). However, it is also known that bats significantly 

and consistently increase their IPI values when flying through 

well-learned spatial configurations,41,67–69 even when relying 

entirely on echolocation for sensory feedback (i.e., when visual 

information is not available). This likely explains why, in the cur

rent context, IPIs remained relatively long after the ground was 

within detectable range. The bats’ spatial memory of the environ

ment and learned flight paths into the cave—which they may 

navigate nightly for years—allows them to maintain low rates 

of calling despite their fast flight speeds and rapidly decreasing 

distance to the ground. Given that much of these bats’ naviga

tion back to their roost occurs at heights above which echoloca

tion can assist with terrestrial navigation, it is probable that this 

spatial understanding of the environment and safe flight paths 

is built up multi-modally, combining auditory cues with other 

sensory information such as visual and olfactory cues, and 

perhaps even social cues or learned behaviors.

Bats’ spatial memory capabilities, and the extent to which 

they underpin navigational abilities, have begun to be better un

derstood in recent years. Advances in tracking technology have 

allowed for short- and long-term studies of bats’ navigational 

skills, both on daily foraging routes70–73 and on longer migratory 

routes.74 Echolocating bats possess allocentric cognitive maps 

based on multiscale spatial encoding in the hippocampus,75,76
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which allow them to perform novel spatial shortcuts without 

prior experience.71,72 These cognitive maps are established 

quickly through teaching and exploration, with juvenile bats es

tablishing home ranges of several tens of square kilometers 

within 1–2 months of first leaving their natal roost.70,72

Over shorter distances, bats quickly adopt stereotypical flight 

paths and flight behaviors even through complex environ

ments,41,67,69,77 showing that they acquire cognitive representa

tions of spaces at multiple scales, which are then used to help 

successfully navigate around obstacles. Longer-range migra

tory routes may not be taught or strictly stereotyped across in

dividuals of a species; individual echolocating bats can take 

significantly different migratory routes based on environmental 

and energetic factors.74

Beyond the learned cognitive maps that bats acquire over 

time, it is also important to consider the roles of other sensory 

modalities during reentry flights. While the visual capabilities of 

echolocating bats are often underestimated (‘‘blind as a bat’’), 

recent work shows that echolocators, including T. brasiliensis, 

can perceive and respond to visual information—such as ultravi

olet light—to a greater extent than previously known,78–82 which 

can assist in long-range navigation even under cloud cover.83,84

Given the altitudes at which these bats forage (well beyond the 

range at which echolocation can assist with terrestrial naviga

tion) and the ambient light levels during their return to their roost 

at dawn, it is likely that vision plays a role in navigating back to 

the roost at dawn, identifying their target, and precisely coordi

nating their reentry dive. It is possible that we would have 

observed different sensorimotor behaviors had we also been 

able to record bats returning to this cave roost before dawn, 

when ambient light levels were significantly lower. Pre-dawn 

reentry dives were anecdotally observed by the authors, but 

our video recording equipment was unable to record at those 

lower light levels. Prior work exploring changes in echolocation 

behavior when visual information is present47 has shown that 

T. brasiliensis modulate echolocation parameters, such as dura

tion and bandwidth, in relation to ambient light when flying near 

roost entrances, but not when flying in open air. As our current 

context incorporates both of those environmental layouts 

(open air transitioning to a roost opening surrounded by acoustic 

clutter), we might expect to see an even stronger height-depen

dent modulation of APs in pre-dawn reentry dives than in the re

sults presented here. This previous study47 was unable to 

compare echolocation IPI values across ambient light levels, 

but this is another AP we might expect to differ significantly in 

pre-dawn conditions, especially considering the large distances 

we recorded bats traversing between individual echo updates 

(Figure 3D). In addition to vision, proprioceptive and airflow 

cues are important for the bats’ ability to control their motor 

behavior,85 particularly during high-speed descent and deceler

ation. Bat wings are covered with fine hairs that are sensitive to 

both direction and airflow speed,86–88 providing additional sen

sory input that must be integrated with information from other 

modalities to allow for successful navigation at high speeds.

Overall, our results indicate that returning T. brasiliensis iden

tify their roost entrance at high altitudes, likely via a combination 

of visual information and spatial memory, and approach it in ste

reotyped high-speed dives, during which echolocation parame

ters remain relatively constant until the ground is close enough to 

be detected. At that point, their echolocation changes in a pre

dictable fashion by decreasing signal duration and increasing 

end frequency. This roost reentry behavior is a dramatic example 

of high-speed, high-g flight, orientation and navigation, multi

modal sensory integration, and sensorimotor control in an 

active-sensing animal. While we determined that individual 

bats do not rely heavily on echolocation (especially on the basis 

of individual echoes) to control their sensorimotor behavior dur

ing cave reentry, they nonetheless adapt their echolocation to 

the current environment in consistent and perceptually relevant 

ways, such as decreasing call duration to avoid pulse-echo over

lap once they are within detectable range of the ground surface. 

This suggests that, although echolocation occurs at relatively 

low, stabilized rates in this context, it is adaptable and provides 

sensory information that would help the bat navigate any short- 

range obstacles or sudden changes in its environment. What re

mains less well understood is how bats integrate sensory infor

mation from multiple sources to successfully navigate back to 

their roost, localize it from high altitudes, and accurately dive to

ward it at speeds exceeding 82 km/h while controlling their 

descent and avoiding high-speed collisions with the ground. It 

is also unclear how much of an effect ambient light levels have 

on the sensorimotor interactions observed here; additional re

cordings using thermal imagery would be crucial for teasing 

apart the role of vision in these extreme behaviors. Future work 

linking acoustic recordings with kinematic parameters—either 

from longer-range 3D tracking or onboard sensors—is also 

needed to illuminate the strategies these bats utilize for high- 

speed flight over long distances.

Limitations of the study

One central limitation of this study is that data were only 

collected shortly after sunrise, as our video recording equipment 

required ambient light to track bats. The video recording setup 

also limited the distance and altitude at which bats could be 

tracked, either because distant bats were not captured in the 

frame of sufficient cameras for localization or because distant 

bats were too small in the video to be accurately localized. 

Another limitation is that we only analyzed instances in which a 

single bat was visible, as we lacked the equipment necessary 

to correctly assign echolocation calls produced by multiple 

bats to individual animals.
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STAR★METHODS

KEY RESOURCES TABLE

LOCATION AND DATA COLLECTION

We recorded individual Tadarida brasiliensis as they returned to their cave roost at the Jornada Cave, New Mexico, USA, which con

tained approximately 500,000 female bats and their nonvolant young.89 The cave is composed of a collapsed lava tube located on a 

flat basaltic lava field in the Chihuahuan desert ecoregion with short (<0.5 m tall) desert scrub. The source volcano is located 2 km at 

18◦ bearing and approximately 100 m elevation relative to the study cave. The cave opening is approximately 10 m in height and 15 m 

in width and located inside the canyon created by the collapsed lava tube.

METHOD DETAILS

Video recordings were made at dawn on 23/06/2018 (05:32–07:32) and 24/06/2018 (06:19–07:22) using four Panasonic Lumix DMC- 

FZ1000 compact digital cameras, each mounted on a tripod with a three-way Manfrotto head and recording 1920 × 1080-pixel video 

at 50 frames per second. We developed a calibration method in which the poses of cameras could be elucidated using information pro

vided by their mutual visibility; three of the four camera views were used to reconstruct the 3D positions of bats (see supplemental 

Materials S1). The specific orientation of the camera system meant that entries of bats arriving from any direction could be captured, 

however there was a bias for longer flight paths in bats arriving from the North and the East, the direction from which bats had previously 

been observed to return. The cameras were positioned above the canyon, so we recorded the trajectory of each bat until they dropped 

below the horizon to enter the cave. Bats were tracked for an average of 114 frames as they moved through the cameras’ field of view.

Acoustic recordings were made with an ultrasonic microphone (SMM-U1, Wildlife Acoustics) placed adjacent to one video camera 

at the edge of the canyon (Figure 1B) and oriented in the direction from which bats would return, recording at a sample rate of 

256 kHz. The microphone was visible in all video cameras for extraction of its 3D position. The microphone and video cameras 

were manually synchronized every 5 min throughout the recording period, and we verified no frame driftin the camera synchronization 

across each 5-min interval. By combining the acoustic and video recordings, we reconstructed the 3D locations at which bats 

emitted echolocation calls and additionally calculated the 3D locations at which they received an echo from the ground (the nearest 

large reflective surface; see supplementary materials S2 and Figure S1).

Video analysis

From the video footage, we manually identified 26 entry flights simultaneously visible in all four cameras in which only one bat was 

present and thus could be identified as the source of temporally coinciding echolocation calls. For each flight, the videos from the 

cameras were individually run through the MATLAB application DLTdv690 to determine X and Y coordinates for the center of 

mass of the bat in each frame, and spline interpolation was used to smooth the 3D flight path coordinates. The 3D position of the 

recording microphone was also determined by reconstructing the position of the microphone within the camera model using its 

2D coordinates in the views of cameras 2–4. Details on the generation of the camera model and reprojected pixel error can be found 

in supplementary Materials S1.

For each bat, we determined the following instantaneous kinematic parameters during reentry: speed, acceleration, curvature 

(calculated as the inverse of the radius of curvature in meters91), pitch angle relative to the horizon, and g-force. We determined 

the overall straightness index, defined as the ratio between the length of a straight line connecting the start and ending points of 

the bat compared to the actual length of the path traveled by the bat.92 Furthermore, for bats in which wingtips were clearly visible 

(N = 6), we determined the distance between wingtips to examine wing movement during flight.

Acoustic analysis

We mapped the acoustic data onto the trajectory data in a two-step process designed to match the start of each received echolo

cation call to the point on the trajectory closest to the time at which the call was actually emitted. As a first step, we used the 

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data and data processing code This paper https://doi.org/10.17605/OSF.IO/JCW9G

Software and algorithms

SPSS v26 IBM RRID:SCR_002865

MATLAB 2019 Mathworks RRID:SCR_001622

DLTd v6 Hedrick90 https://doi.org/10.1088/1748–3182/3/3/034001
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photogrammetric data to determine the bat’s distance to the ultrasonic microphone at the time the call was received. We used this 

distance to give a first-order approximation of the travel time between emitter and receiver, and hence a first estimate of the time at 

which the call was emitted. As a second step, we used the photogrammetric data to determine the bat’s distance to the ultrasonic 

microphone at our first estimate of the emission time. We then used this distance to give a second-order approximation of the travel 

time, and hence an improved estimate of the time at which the call was emitted. This method was sufficient to determine to 

within ±20 ms the point on the trajectory closest to the time at which the call was actually emitted, this stated accuracy corresponding 

to the sampling interval of the video recordings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each recorded call was corrected for atmospheric absorption and Doppler shift based on the speed of the bat and distance to the 

microphone.93–95 The peak frequency, start frequency (− 10 dB relative to peak), end frequency, duration, bandwidth, and interpulse 

interval (IPI) were also calculated for each echolocation signal. To investigate the separate effect of speed and height on pulse dura

tion, peak frequency, start and end frequency, bandwidth, interpulse interval, and responding time, we built a series of autoregressive 

generalized linear models (GLMs), with all statistics conducted in SPSS v. 26. We compared GLM performance using AICc values; 

see Supplementary materials for these comparisons (Table S2), for confidence intervals for each of the models described below 

(Table S3), and for model results of other frequency parameters (Table S3). We additionally simulated the results of each of our 

GLMs by using combinations of different starting values for each parameter and simulating how those affect subsequent acoustic 

parameters over the course of multiple sequential calls (Figures S4–S6).

In addition to extracting call parameters, we also calculated the time delay of received direct echoes as bats approached the cave 

by combining the acoustic data with the video data. Because the video data yielded a frame resolution of 20 ms, but the call durations 

were typically between 6 and 12 ms, we first used a linear spline technique in MATLAB to interpolate the locations at all times in be

tween the tracked frames on a 1 ms time step. We then assumed that the majority of the sound reflection would be made off of the 

ground below, because it is the largest and closest flat object near the bat that it is heading toward. We then used the position in 

which a call was made, combined with the law of reflection,96 and speed of the bat to determine the position and time when the 

bat’s flight would intersect any forward-facing echo (see supplementary section S2 for details).

To investigate how behavioral state affected flight kinematics, and thus determine if bats were altering flight path during periods of 

receiving echo information, we identified, based on the timing of call emission and received echoes, the following acoustic phases: (a) 

‘‘emitting,’’ defined as the period in which the bat is emitting the call, (b) ‘‘waiting,’’ defined as the period between the end of call 

emission at the start of echo reception; (c) ‘‘receiving,’’ defined as the period in which the bat is receiving the echo from the ground; 

(d) ‘‘responding,’’ defined as the period between when the bat has stopped receiving the ground echo but before next call emission. 

See Figure 3A for an illustration of these periods and supplemental materials for how the ground echo was calculated. We then 

compared the mean curvature, speed and pitch angle between the acoustic time phases using a Friedman test with post hoc 

Wilcoxon signed-rank tests and Bonferroni correction, resulting in a significance level set at p < 0.017. To understand how the 

changes in acoustic behavior during cave approach impact the sensory risk to a bat, we calculated distance traveled between pulses. 

The distance traveled between pulses was calculated by multiplying the IPI by the speed at the time of pulse emission.
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