Adaptive sonar call timing supports target tracking in echolocating bats
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ABSTRACT

Echolocating bats dynamically adapt the features of their sonar calls as they approach obstacles and
track targets. As insectivorous bats forage, they increase sonar call rate with decreasing prey distance,
and often embedded in bat insect approach sequences are clusters of sonar sounds, termed sonar
sound groups (SSGs). The bat’s production of SSGs has been observed in both field and laboratory
conditions, and is hypothesized to sharpen spatiotemporal sonar resolution. When insectivorous bats
hunt insects, they may encounter erratically moving prey, which increases the demands on the bat’s
sonar imaging system. Here, we studied the bat’s adaptive vocal behavior in an experimentally
controlled insect tracking task, allowing us to manipulate the predictability of target trajectories and
measure the prevalence of SSGs. With this system, we trained bats to remain stationary on a platform
and track a moving prey item, whose trajectory was programmed either to approach the bat, or to move
back and forth, before arriving at the bat. We manipulated target motion predictability by varying the
order in which different target trajectories were presented to the bats. During all trials, we recorded the
bat’s sonar calls and later analyzed the incidence of SSG production during the different target tracking
conditions. Our results demonstrate that bats increase the production of SSGs when target
unpredictability increases, and decrease the production of SSGs when target motion predictability
increases. Further, bats produce the same number of sonar vocalizations irrespective of the target
motion predictability, indicating that the animal’s temporal clustering of sonar call sequences to

produce SSGs is purposeful, and therefore involves sensorimotor planning.
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INTRODUCTION
Echolocating bats navigate and capture prey by producing ultrasonic signals and listening to echo
returns from objects in the environment (Griffin, 1958). Fundamental to echolocation is the bat’s
dynamic modification of sonar call parameters, such as pulse duration (PD), pulse intensity, pulse
interval (P1) and spectral content, in response to information carried by returning echoes (Griffin et al.,
1960; Moss and Surlykke, 2010; Simmons, 1979). In their natural habitats, bats often pursue evasive and
unpredictably moving insects in cluttered conditions, further complicating the task of localizing and
intercepting prey (Kalko and Schnitzler, 1989; Schnitzler and Kalko, 2001). We hypothesize that the bat’s
adaptive temporal patterning of sonar sounds sharpens its localization accuracy and allows it to
integrate information across sonar sequences to track unpredictably moving targets (Lewicki et al.,
2014; Moss and Surlykke, 2010).

Insectivorous bats reduce the interval between sonar calls as the distance to prey decreases
(Kalko and Schnitzler, 1989; Moss and Surlykke, 2001; Simmons et al., 1979), and embedded in foraging
call sequences are sonar sound groups (SSGs), which are defined as clusters of echolocation signals at
comparatively short and stable pulse intervals, flanked by signals at longer intervals (Kothari et al., 2014;
Moss and Surlykke, 2001; Moss et al., 2006). The production of SSGs is an adaptive sonar behavior that
has been reported in both laboratory and field studies of bat echolocation, in free-flying animals (Falk et
al., 2015; Kothari et al., 2014; Moss and Surlykke, 2001; Moss et al., 2006; Petrites et al., 2009; Sandig et
al., 2014; Surlykke and Moss, 2000; Wheeler et al., 2016) and those tracking moving prey from a
stationary position (Aytekin et al., 2010; Kothari et al., 2014). Past studies have shown that bats
temporally cluster echolocation calls to produce SSGs when they are engaged in tasks that require
higher spatio-temporal resolution. For example, in a laboratory study, Moss et al. (2006) reported that
big brown bats increased the production of SSGs when they captured insects in the vicinity of clutter;

and similarly, Falk et al. (2014) found that this species produced more SSGs as they foraged in an
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artificial forest, compared to an open room. Petrites et al. (2009) also reported that bats increased the
production of SSGs when navigating in highly cluttered environments. A related finding, reported by
Sandig et al. (2014), showed that bats performing a wire-avoidance task increased the production of
SSGs with increasing task difficulty. In a more recent study, Wheeler et al., (2016) reported that big
brown bats not only increased the number of SSGs, but also the number of sonar vocalizations
contained in each SSG, as they encountered greater clutter along their flight path. These observations
support the hypothesis that the bat’s production of SSGs serves to improve its spatio-temporal
resolution of objects (targets or obstacles) in the environment.

In the natural environment, bats frequently intercept free-flying, erratically moving prey
(Roeder, 1962; Roeder, 1967), a task which requires high spatio-temporal sonar resolution and the
integration of echoes over time to predict future target location. Unpredictable insect flight trajectories
create uncertainty about prey location, and it has been shown that bats tracking free-flying insect prey
produce SSGs (Ghose et al., 2009; Triblehorn et al., 2008), but past studies have not directly studied the
bat’s sonar behavior under conditions where target motion predictability is systematically manipulated.

To rigorously investigate whether SSGs are used by bats to localize unpredictably moving
targets, we designed an experiment that engages an animal in an insect-tracking task, while also
permitting precise control over the relative bat-target position and systematic manipulation of the
predictability in target trajectory over successive trials. We hypothesize that bats increase the

production of SSGs with increasing unpredictability of the target’s motion.
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MATERIALS AND METHODS
Experimental Setup and animal training
Four big brown bats (Eptesicus fuscus) were trained to rest on a platform and track a moving prey item
(mealworm). The experimental setup is described in detail in Kothari et al., 2014 and is presented briefly
here. A tethered insect food reward was suspended from a rectangular loop of fishing line, and its
motion was controlled using a rotary servo motor (Aerotech BMS60 brushless, slotless rotary servo
motor attached to an Ensemble MP10 motor controller), interfaced with custom Matlab software
(2012a) that controlled the velocity, acceleration, deceleration, and distance the target traveled (Figure
1a). Experiments were carried out under low-level, long wavelength illumination that precluded the
bat’s use of vision (Hope and Bhatnagar, 1979). This method engaged the bat in naturalistic sonar
tracking behavior, and it also allowed the experimenter precise control and repeatability over the
relative motion between the bat and target, which is not possible in free-flight experiments.

Bat sonar vocalizations were recorded using two Ultrasound Advice UM3 microphones (see
Pulse microphone and Echo microphone in Figure 1a) and were digitized using a National Instruments
(NI) A/D PCle card interfaced with Matlab (2012a). The triggering of the Aerotech Servo motors and the
start of the microphone recording were synchronized using a single TTL pulse generated via the Matlab-
Nl interface. Details regarding the initial training paradigm are also described in Kothari et al., 2014.
Briefly, individual bats were trained on single target motion tracking, wherein the target started at a
distance of 2.5 meters, accelerated at a rate of 7 m/s?, traveled a distance of 2 meters with constant
velocity of 4 m/s, mimicking the approximate flight velocity of a bat during the approach phase of insect
capture (Hayward and Davis, 1964), and then decelerated at a rate of 5 m/s2. The displacement and
velocity with respect to the stationary bat are shown in Figure 1b (blue trace). We refer to this motion as
Simple Motion (SM). Additionally, we introduced catch trials during the training (on about 10% of trials)

to the bat. In these catch trials, the target was suspended at the same initial position, but on another
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tether that was not connected to the motor system. When we initiated a catch trial trial, the motor was
active, but the target did not move. These catch trials were added to decouple the sounds of the
motors from the motion of the target. On such trials, bats either stop echolocating, or did not produce
any Pl changes in their calls, presumably because they received feedback that the target is not moving.
When data collection began, bats encountered new target motion trajectories, detailed below.
Experimental Design

Once the bat reliably tracked the tethered insect following the simple motion (SM) trajectory, two
novel types of target motion trajectories were introduced to the bat on the day of the experiment. We
refer to these target motion trajectories as Complex Motion 1 & 2 (CM1 and CM2, respectively). In the
novel complex motion trajectories the target first moved towards the bat, after which it oscillated back
and forth, before finally reaching the bat. The target displacement and velocities relative to the
stationary bat are shown in Figure 1b (CM1 — red, CM2 — black). The simple and two complex motion
trajectories were designed with the following criteria:

1) Initial target motion phase (Initial time window). The initial phase of target motion was
comparable across motion trajectory conditions. This phase is marked by the two dashed black lines in
Figure 1b. After the initial phase, the target motion paths diverged and followed pre-determined
trajectories, with the target approaching the bats directly in the SM trials, while oscillating back and
forth before arriving at the bat in the CM trials. By presenting the same initial trajectories across target
motion conditions, the bat’s echolocation behavior can be directly compared at the start of each trial for
SM and CM trajectories.

Trials were presented to the bat in a random order. We manipulated predictability of target
motion by repeating consecutively three SM trials at randomly chosen points during each session. Bats
were not cued when the sequence of SM trials would start or end. We hypothesized that during the

random presentation of trials, changes in target trajectory would evoke an increased production of
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SSGs. Further, consecutive repetition of the SM trials, target motions on which bats were already
familiar, would evoke fewer SSGs as the target trajectories would be more predictable. Figure 1c shows
five days of trial sequences that were presented to Bat C.

Trials were presented in a series of 20-30 per day (see Figure 1c for trial sequences presented to
Bat C). Each consecutive trial was generally started as soon as the bat intercepted and consumed the
mealworm reward.. It should be noted that bats were given no cue regarding which trial would be
presented (SM, CM1 or CM2). Further, as the initial target trajectory was similar for each of the motion
paths, bats would only be able to identify the trial type after the target traveled towards the bat for

approximately 1400 ms, referred to as the initial window (see Fig 1b).

2) Final target motion phase (Final time window). Figure 1d shows the motion trajectories aligned
with respect to when the target reached the bat. As illustrated in Figure 1d, the final motion phase for
each of the target trajectories was also designed to be comparable across trials. This target arrival
window is marked by the two dashed green lines in Figure 1d. By examining the target arrival window,
we could analyze how the bat’s sonar behavior changed as its familiarity with the complex trajectories

(CM1 and CM2) increased over a period of days.

Analysis techniques.

The digitized sonar vocalizations were analyzed and identified using custom written Matlab
(2012a) routines. Once the sonar calls were identified using the automatic routine, they were manually
verified and corrected for errors. Call parameters such as pulse interval (Pl), pulse duration (PD) and
pulse onset (PO) were computed from the identified and corrected calls. Measures of start and end call
frequency, sweep rate and bandwidth were not computed, as the frequency response of microphones

was not calibrated.
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Sonar sound groups (SSGs) were identified according to the following criteria: Two or more
vocalizations flanked by calls with larger Pl at the ends (a minimum of 1.2 times larger Pl). When three
or more calls occurred within a SSG, a PI stability criterion was also applied: Pl stability with 5%
tolerance with respect to the mean Pl of the SSG (Kothari et al., 2014; Moss et al., 2006). Figure 2 shows
an example trial sequence CM-SM1-SM2-SM3-CM-CM, with dashed black lines highlighting the initial
time window (identical motion phase), the trace in blue is the raw audio trace of the bats vocalizations,

and SSGs are identified with red horizontal lines.

RESULTS

Four big brown bats (Eptesicus fuscus) were trained to rest on a platform and track an insect
reward tethered from a fishing line and delivered via a pulley system to the bat, as shown in Figure 1a.
Once the bats reliably tracked the food reward in the Simple Motion (SM) target trajectory condition,
they were introduced to the two novel Complex Motion (CM1 and CM2) target trajectories on the day of
the experiment. Data was collected from Bats A and C, for 5 days, and from Bats B and D, for 6 days.

Bats increased the production of sonar sound groups when the presentation of target
trajectories changed across trials, but they produced the same average number of calls. Figure 2 shows
an example trial sequence when a bat was presented with a sequence of CM1-SM1-SM2-SM3-CM1-CM?2
target trajectories. By counting the number of SSG’s during the initial window of the SM1, SM2 and SM3
trial sequence, we can determine the effect of increasing target motion predictability upon the rate of
SSG production. Figure 2 illustrates that the bat reduced the production of SSGs (within the initial target
motion phase, indicated by two dashed black lines, see Materials and Methods) as the SM trajectory
was presented repeatedly to the bat over consecutive trials. The data show that as the SM trajectory

was repeated, and the predictability of the target’s trajectory over trials increased, the bat reduced the
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number of SSGs (shown in red). Further, the bat showed reduced SSG production for the CM2 trial that
followed a sequence of three SM trials, followed by an increase in SSGs on the subsequent CM1 trial.

To quantify changes in the production of SSGs across trials following a CM-SM1-SM2-SM3
sequence, Figure 3 shows a comparison of the mean number of SSGs produced in each of these trials.
Mean and s.e.m. values for all bats are summarized in Table 1. A 1-way repeated measures ANOVA
(MATLAB procedure anoval) compared number of SSGs, within the initial time window (indicated by the
dashed black lines in Figure 2), across all CM-SM1-SM2-SM3 trial sequences. All four bats showed a main
effect of trajectory condition on the number of SSGs. As the target trajectory repeated over sequential
presentation of SM trials, the mean number of SSGs decreased (p<10*), indicating that bats reduce the
number of SSGs as the predictability in target trajectory increased from SM1 to SM3. Post-hoc
comparisons were carried out between CM-SM1, CM-SM3 and SM1-SM3 using the Holm-Bonferroni
method, confirming that the bats significantly reduced the number of SSGs between CM-SM3 and SM1-
SM3 (p<0.001 for Bats A, B and C and p<0.05 for Bat D).

To investigate whether changes in the bat’s SSG production depended on repeating any target
trajectory (SM or CM), we also analyzed the times when CM trials were repeated consecutively. Here
CM could be either CM1 or CM2. We observed no statistical differences in SSGs produced by bats
presented with the trial sequence SM-CM-CM-CM (see Figure 4a). Here data have been combined across
bats by normalizing the number of SSGs produced in each sequence of SM-CM-CM-CM (to the first SM
trial). Further, we analyzed the number of SSGs produced by the bat in the CM trial immediately
following the sequential presentation of three SM trials (As shown in Figure 2). In other words, we
analyzed SSG production in the trial sequence CM-SM-SM-SM-CM (Here again, CM could be CM1 or
CM2). This analysis revealed that for the trial after the sequential SM presentations, the bat produced

fewer SSGs in the initial window of the CM trial (Figure 4b). Here data have been combined across bats
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by normalizing the number of SSGs produced in each sequence of CM-SM-SM-SM-CM (to the first CM
trial, and thus, the first column has the value 1).

We also investigated whether the bats produced more echolocation calls when target motion
trajectory changed (i.e. reduced predictability, indicated by the dashed black lines in Figure 2). Figure 53,
b, c and d shows the average number of sonar calls produced by all 4 bats (error bars are s.e.m.) in the
CM-SM1-SM2-SM3 trial sequence during the ‘initial window’ of the target trajectory (indicated by
dashed black lines, Figure 2). The average number of sonar calls produced during the initial time window
was not statistically different across the sequentially presented trials (1-way repeated measures
ANOVA, p>0.1). Thus, bats increased the production of SSGs when target trajectory changed from trial
to trial, but they did not change the average number of sonar calls produced.

Bats reduce production of sonar sound groups as target trajectory repeats over multiple days.

Figure 1d shows the distance of the target from the bat on the y-axis, and the SM and CM target
trajectories are aligned in the final approach of the food reward, with time 0 ms corresponding to when
the target reached the bat. This figure illustrates that the end trajectories of the complex motions (CM1
and CM2) are comparable to the SM, and this time window is marked by two dashed green vertical lines.
We refer to this as the final time window. In Figure 6, the SSG data analysis was restricted to the final
time window, when the target trajectories of the CM trials were identical. Figure 6 shows box plots of
the SSGs produced by the bats in the final time window for the CM1 and CM2 target trajectories, for the
first day (when the two complex target trajectories were first introduced to the bats), an intermediate
day (Day 3) and the last day of data collection (For bats A and C, last day was day 5 while for Bats B and
D, last day was day 6). All bats showed a reduction in the production of SSGs across days, as their

familiarity with the complex target trajectories increased.
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Further, we investigated whether the bats produced fewer sonar calls during the ‘final window’
(Figure 1d, green lines) as the bats tracked targets in repeated complex target motion trials, over a
period of days. We calculated the total number of calls produced by bats during the final window and
compared these over a period of days (Day 1, Day 3 and Last Day) and found no significant change in the
total number of calls (1-way repeated measures ANOVA, p>0.2) although the bats did show a trend of

reducing the production of SSGs over days (see Table 2).

Comparison of pulse duration and interval of sonar sound groups across test days

To investigate whether bats adapted pulse duration (PD) and/or pulse interval (PI) of calls over
repeated presentations of complex target trajectories, we compared the PD and Pl of calls within SSGs
for complex motion (CM1 and CM2) trajectories across days. Figure 6a and 6b shows the mean and
s.e.m. changes in PD and PI, respectively, with respect to target distance and across days (Day1, Day 3
and Last Day are plotted in red, blue and green respectively). Day 1 was the first day when the bats were
introduced to complex motion and Last Day was the final day of data collection. For bats A and C, the
last day was day 5 while for Bats B and D, the last day was day 6. To investigate if bats adapted the PD
and PI of SSGs across days and target distance we performed a 2-way repeated measure ANOVA. ‘Days’
and ‘target distance’ were included as the two main variables of the ANOVA. There was a significant
change in both PD and PI for target distance (p < 0.001) but no significant change was observed in these
call parameters (PD and PI) across days (p > 0.2). Additionally, no significant interaction effect was

observed (p > 0.4).
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DISCUSSION

When insectivorous bats pursue moving prey, they must precisely track changing target position
by processing information carried by sonar echoes. Accurate target localization is crucial for the bat’s
planning of subsequent motor behaviors, such as timing the production of sonar calls and the trajectory
of flight. Bats dynamically adapt sonar call parameters to extract task-relevant echo information from
the environment, and the temporal patterning of sonar calls (sonar sound groups - SSGs) is a component
of the bat’s adaptive vocal behavior. The production of SSGs has been recorded in echolocating bats in
the field and in the laboratory (Aytekin et al., 2010; Falk et al., 2014; Hiryu et al., 2010; Kothari et al.,
2014; Moss and Surlykke, 2001; Moss and Surlykke, 2010; Moss et al., 2006; Petrites et al., 2009; Sandig
et al., 2014; Surlykke et al., 2009; Wheeler et al., 2016). Insectivorous bats typically track moving prey,
often with erratic trajectories, and in this study we show that bats increase the production of SSGs when
target motion is unpredictable. Our results are consistent with the hypothesis that task demands for

spatial localization accuracy evoke temporal clustering of echolocation calls into SSGs.

Temporal patterning of sonar sounds may sharpen localization of unpredictably moving targets

Many insects have evolved erratic flight trajectories to evade predation by echolocating bats.
Insects that hear ultrasound, for instance, exhibit evasive flight maneuvers in response to echolocation
signals (Roeder, 1962; Roeder, 1967; Triblehorn and Yager, 2005). In the experiments presented here,
we experimentally manipulated the predictability of target trajectories presented to bats tracking
moving prey. Our results show that bats significantly increase the production of SSGs when the
unpredictability of target motion increases (Figure 3), consistent with the hypothesis that SSGs are used
by echolocating bats to increase spatio-temporal resolution of target position when demands for sonar

localization accuracy are high (Kothari et al., 2014; Kothari et al., 2018; Moss et al., 2006; Petrites et al.,
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2009; Sandig et al., 2014). These results raise the possibility that bats integrate echoes returning from

SSGs to aid target trajectory prediction and sensorimotor planning.

Bats reduce production of sonar sound groups as target trajectory repeats

On the first day of data collection, the bats were familiar with the simple motion (SM) target
trajectory, while complex motion trajectories (CM1 and CM2) were novel to the bat. The CM and SM
motion trajectories were designed to have nearly identical motion paths during their final approach
(final window indicated by two dashed green lines— Figure 1d). Our results (Figure 6) demonstrate that
as bats are exposed to the complex motion trajectories (both CM1 and CM2), over a period of days, they
reduce the production of SSGs during the more predictable and familiar trajectory in the final window,
which is common across all motion conditions (CM1, CM2 and SM). This result demonstrates that the
production of SSGs is modulated by target motion predictability.

Bats dynamically adjust pulse duration (PD) to avoid the overlap between incoming echoes and
the outgoing sonar call. Additionally, bats can also adjust the pulse interval (PI) of sonar calls to avoid
ambiguity of echo assignment over successive calls (Falk et al., 2015; Moss and Surlykke, 2001;
Schnitzler and Kalko, 2001; Wilson, W.W., and Moss, 2004). In our study, only the predictability of target
motion was manipulated across trials and days. Further, we found no significant change in either PD or
Pl as the predictability in the target motion increased (Figure 1c) across the SM1-SM2-SM3 target
trajectory presentations. Similarly, we also did not find any significant change in PD or Pl across days, as
the bats became more familiar with the novel complex motions (Figure 7), lending support to the

hypothesis that bats specifically increase SSG production when tracking unpredictably moving targets.
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SSGs: Created through control of temporal patterning or addition of calls?

Our results demonstrate that bats actively increase the production of SSGs as the target
unpredictability increases (Figure 3). Additionally, bats also decrease SSG production as they become
more familiar with complex target trajectories over a period of days (Figure 6). This raises the question
whether bats increase the number of sonar calls to produce SSGs (call addition), or temporally rearrange
calls to produce SSGs while producing the same number of sonar calls (temporal patterning)? Both
strategies are illustrated schematically in Figure 8:

1) Call Addition: By adding extra calls to a sonar call stream sonar sound groups could be produced.

2) Temporal Rearrangement: Here, the bat actively modifies the time of emission of the sonar calls

to group them into clusters of vocalizations.

The call addition strategy asserts that the unpredictability of CM target trajectories would evoke
more echolocation calls and, as a byproduct, more SSGs. If this were the case, the total number of sonar
calls produced by the bat would be greater in CM and SM1 trials, as compared to SM3. Our data (Figure
5) show that there is no statistically significant difference between the number of calls produced by the
bats during the initial phase of CM, SM1, SM2 or SM3.

The temporal rearrangement strategy suggests that the bats do not increase the number of
sonar calls to track an unpredictably moving target, but instead actively adjust the temporally patterning
of calls to produce SSGs. All bats in this study produced the same mean number of calls (Figure 5) in the
initial time window (indicated by the two black lines in Figure 2b), consistent with the temporal
rearrangement strategy. In other words, the data show that bats actively cluster their sonar calls to
produce SSGs. The temporal rearrangement strategy implies that SSGs have behavioral significance for

the bat tracking a target with an unpredictable trajectory. Moreover, to perform this behavior would
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involve sensorimotor planning, as information from previous calls is used to adjust the temporal
patterning of subsequent sonar calls to extract relevant information from the environment (Koblitz et

al., 2010; Moss and Surlykke, 2010; Ulanovsky and Moss, 2008).

Possible relevance temporal patterning of sonar calls for intercepting eared insects.

In some insect species, the temporal pattern of ultrasonic vocalizations produced by attacking
echolocating bats can provide acoustic cues to trigger evasive and unpredictable maneuvers, like diving
and erratic trajectories (Corcoran et al., 2009; Ghose et al., 2009; Roeder, 1962; Roeder, 1967;
Triblehorn and Yager, 2005). Foraging bats gradually decrease pulse interval as the distance to the insect
prey decreases (Moss and Surlykke, 2001; Schnitzler and Kalko, 2001; Simmons et al., 1979; Surlykke and
Moss, 2000), and Triblehorn et al (2005, 2008) found that the gradual decrease in pulse interval provides
insects with more time to trigger evasive responses and escape capture. However, in cases where bats
temporally pattern their sonar calls to create rapid changes in pulse intervals (SSGs) hearing insects may
delay the initiation of evasive maneuvers and escape rates would decrease. Ghose et al (2009) also
reported that bats produce SSGs while tracking erratically moving insects.

Does the production of SSGs benefit the echolocating bat as it forages for insect prey? Previous
work suggests that the bat’s temporal patterning of sonar calls influences the its probability of
successful insect capture (Ghose et al., 2009; Triblehorn and Yager, 2005; Triblehorn et al., 2008). Our
data suggest that actively producing SSGs also aids the bat with the important task of tracking an
unpredictably moving target.

Implications for range tuning of neurons in the auditory systems of echolocating bats.
Bats estimate target distance by measuring the time delay between sonar sound production and
the reception of echoes (Hartridge, 1945; Simmons, 1973). Neural representations of target range have

been studied by presenting pairs of sounds (mimicking the bats own call and the returning echo) to
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passively listening bats and recording from auditory neurons, which show pulse-echo (P/E) delay
facilitation and tuning for particular P/E delay pairs. Echo delay-tuned neurons have been characterized
in the auditory cortex (Hagemann et al., 2010; O’Neill and Suga, 1982; Schuller et al., 1991; Suga and
O’Neill, 1979), thalamus (Olsen and Suga, 1991; Yan and Suga, 1996) and mid-brain (Dear and Suga,
1995; Ehrlich et al., 1997; Portfors and Wenstrup, 1999; Valentine and Moss, 1997) of echolocating bats.

Delay tuning of neurons has been shown to be modulated by the temporal patterning and
repetition rate of pulse-echo pairs (Bartenstein et al., 2014; Hechavarria et al., 2013; O’Neill and Suga,
1979). The delay tuning curves become sharper/narrower for shorter pulse intervals, thus implying there
may be perceptual sharpening of range estimation. Our findings are consistent with the previous
proposals of Moss et al (2001, 2006) and Sandig et al (2014) that SSGs may serve to sharpen sonar range
perception in bats operating under challenging conditions. Preliminary data suggest the dependence of
echo delay tuning in the bat auditory midbrain on the stability of pulse intervals of P/E pairs, which
mimic sonar sound groups (Ulanovsky and Moss, 2008, see Figure 2). We believe that a critical test of
sonar image sharpening with SSG production would be the characterization of neural echo delay tuning
in the auditory system of an actively echolocating bat engaged in target tracking. To this point, (Kothari
et al., 2018) reported that representation of target depth in auditory neurons in the superior colliculus
of free-flying bats, sharpened when bats produced SSGs compared with single sonar calls.

In summary, our results demonstrate that echolocating big brown bats actively increase the
production of SSGs when target motion is unpredictable, and decrease the production of SSGs when the
motion is more predictable, thus supporting the hypothesis that temporal patterning of sonar calls
sharpens sonar resolution for tracking erratically moving targets. Further, our finding that bats produce
sonar sound groups without increasing the total number of calls suggests that this adaptive sonar

behavior involves sensorimotor planning.

=
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



ACKNOWLEDGEMENTS

We would like to thank the members of the Johns Hopkins Comparative Neural Systems and
Behavior lab (aka Bat Lab) for their valuable feedback on data analysis reported in this article, Dallas
DeFord for help with data preprocessing, and James Garmon of Psychological and Brain Sciences, JHU
for designing and fabricating various apparatus used during data collection. We wish to acknowledge the
following grants, which supported the research reported in this article: Human Frontiers Science
Program, RGP0040, LT000279/2016-L; ONR, N0O0014-12-1-0339 and N00014-17-1-2736; AFOSR FA9550-
14-1-0398, and NSF 1051460149 and 1734744 to C.F. Moss. C.F. Moss worked on this manuscript while
participating at the 2017 Kavli Institute for Theoretical Physics Workshop the Physics of Hearing: From
Neurobiology to Information Theory and Back, and was supported in part by the National Science

Foundation under Grant No. NSF PHY11-25915.

=
Q
=
O
(2]
>
C
©
S
©
()
i
Q
Q
O
O
<
[ ]
>
(@)}
O
Q
[a]
©
-
[
Q
£
=
()
(e
X
L
G
(o]
©
[
i
>
O
S


https://www.research.gov/research-portal/appmanager/base/desktop?_nfpb=true&_windowLabel=T25401636041262018817533&wsrp-urlType=render&wsrp-url=&wsrp-requiresRewrite=&wsrp-navigationalState=eJydzL0OgjAUhuGrwdH0j5aFjUhcHNCdHOtJ06Rpj7ZAvHsVLsDo9C3f847ZJsLWhXSFsNumXQJdRK0Y11IzxYUWjDcNN7WUowOi3GEBHwa8T5jL3j0gltyn*XirZFcJ-aMHh9E*V3w6H-7wRMFbKD7FNcKNVEapLyGwH-C*zx6XLfgCZF9S4A&wsrp-interactionState=&wsrp-mode=&wsrp-windowState=

BIBLIOGRAPHY

Aytekin, M., Mao, B. and Moss, C. F. (2010). Spatial perception and adaptive sonar behavior. J. Acoust.
Soc. Am. 128, 3788-98.

Bartenstein, S. K., Gerstenberg, N., Vanderelst, D., Peremans, H. and Firzlaff, U. (2014). Echo-acoustic
flow dynamically modifies the cortical map of target range in bats. Nat. Commun. 5, 4668.

Corcoran, A. J., Barber, J. R. and Conner, W. E. (2009). Tiger moth jams bat sonar. Science 325, 325-7.

Dear, S. P. and Suga, N. (1995). Delay-tuned neurons in the midbrain of the big brown bat. J.
Neurophysiol. 73, 1084-1100.

Ehrlich, D., Casseday, J. H. and Covey, E. (1997). Neural tuning to sound duration in the inferior
colliculus of the big brown bat, Eptesicus fuscus. J. Neurophysiol. 77, 2360-72.

Falk, B., Jakobsen, L., Surlykke, A. and Moss, C. F. (2014). Bats coordinate sonar and flight behavior as
they forage in open and cluttered environments. J. Exp. Biol. 217, 4356-4364.

Falk, B., Kasnadi, J. and Moss, C. F. (2015). Tight coordination of aerial flight maneuvers and sonar call
production in insectivorous bats. J. Exp. Biol. 218, 3678—3688.

Ghose, K., Triblehorn, J. D., Bohn, K., Yager, D. D. and Moss, C. F. (2009). Behavioral responses of big
brown bats to dives by praying mantises. J. Exp. Biol. 212, 693—703.

Griffin, D. R. (1958). Listening in the Dark: The acoustic orientation of bats and men. Yale University
Press, New Haven.

Griffin, D. R., Webster, F. A. and Michael, C. R. (1960). The echolocation of flying insects by bats. Anim.
Behav. 8, 141-154.

Hagemann, C., Esser, K.-H. and Késsl, M. (2010). Chronotopically organized target-distance map in the
auditory cortex of the short-tailed fruit bat. J. Neurophysiol. 103, 322—-33.

Hartridge, H. (1945). Acoustic control in the flight of bats. Nature 156, 692.

Hayward, B. and Davis, R. (1964). Flight speeds in western bats. J. Mammal. 45, 236-242.

Hechavarria, J. C., Macias, S., Vater, M., Voss, C., Mora, E. C. and K&ssl, M. (2013). Blurry topography
for precise target-distance computations in the auditory cortex of echolocating bats. Nat. Commun.
4,1-11.

Hiryu, S., Bates, M. E., Simmons, J. a and Riquimaroux, H. (2010). FM echolocating bats shift
frequencies to avoid broadcast-echo ambiguity in clutter. Proc. Natl. Acad. Sci. U. S. A. 107, 7048—
53.

Hope, G. M. and Bhatnagar, K. P. (1979). Electrical response of bat retina to spectral stimulation:
comparison of four microhiropteran species. Experientia 35, 1189-91.

Kalko, E. K. V. and Schnitzler, H.-U. (1989). The echolocation and hunting behavior of Daubenton’s bat,
Myotis daubentoni. Behav. Ecol. Sociobiol. 24, 225-238.

Koblitz, J. C., Stilz, P. and Schnitzler, H.-U. (2010). Source levels of echolocation signals vary in
correlation with wingbeat cycle in landing big brown bats (Eptesicus fuscus). J. Exp. Biol. 213, 3263—
8.

Kothari, N. B., Wohlgemuth, M. J., Hulgard, K., Surlykke, A. and Moss, C. F. (2014). Timing matters:
Sonar call groups facilitate target localization in bats. Front. Physiol. 5 MAY,.

Kothari, N. B., Wohlgemuth, M. J. and Moss, C. F. (2018). Dynamic representation of 3D auditory space
in the midbrain of the free-flying echolocating bat. Elife 7, e29053.

Lewicki, M. S., Olshausen, B. a., Surlykke, A. and Moss, C. F. (2014). Scene analysis in the natural
environment. Front. Psychol. 5, 1-21.

Moss, C. F. and Surlykke, A. (2001). Auditory scene analysis by echolocation in bats. J. Acoust. Soc. Am.
110, 2207.

Moss, C. F. and Surlykke, A. (2010). Probing the natural scene by echolocation in bats. Front. Behav.
Neurosci. 4, 1-16.

-
(e}
=
O
wn
=)
C
©
£
©
Q
e
Q
()
O
(8}
<<
L]
>
(@)}
o
Q
om
©
2
C
Q
£
=
()
o
X
Ll
G
o
©
[
=
=)
(]
e



Moss, C. F., Bohn, K., Gilkenson, H. and Surlykke, A. (2006). Active listening for spatial orientation in a
complex auditory scene. PLoS Biol. 4, e79.

O’Neill, W. E. and Suga, N. (1979). Target range-sensitive neurons in the auditory cortex of the
moustache bat. Science (80-. ). 203, 69—72.

O’Neill, W. E. and Suga, N. (1982). Encoding of target range and its representation in the auditory cortex
of the mustached bat. J. Neurosci. 2, 17-31.

Olsen, J. F. and Suga, N. (1991). Combination-sensitive neurons in the medial geniculate body of the
mustached bat: encoding of target range information. J. Neurophysiol. 65,.

Petrites, A. E., Eng, O. S., Mowlds, D. S., Simmons, J. A. and Delong, C. M. (2009). Interpulse interval
modulation by echolocating big brown bats (Eptesicus fuscus) in different densities of obstacle
clutter. J. Comp. Physiol. A. Neuroethol. Sens. Neural. Behav. Physiol. 195, 603—-17.

Portfors, C. V and Wenstrup, J. J. (1999). Delay-tuned neurons in the inferior colliculus of the
mustached bat: implications for analyses of target distance. J. Neurophysiol. 82, 1326-38.

Roeder, K. D. (1962). The behaviour of free flying moths in the presence of artificial ultrasonic pulses.
Anim. Behav. 10, 300-304.

Roeder, K. D. (1967). Turning tendency of moths exposed to ultrasound while in stationary flight. J.
Insect Physiol. 13, 873—888.

Sandig, S., Schnitzler, H.-U. H.-U. and Denzinger, A. (2014). Echolocation behaviour of the big brown bat
(Eptesicus fuscus) in an obstacle avoidance task of increasing difficulty. J. Exp. Biol. 217, 2876—
2884,

Schnitzler, H.-U. and Kalko, E. K. V. (2001). Echolocation by Insect-Eating Bats. Bioscience 51, 557.

Schuller, G., O’Neill, W. and Radtke-Schuller, S. (1991). Facilitation and Delay Sensitivity of Auditory
Cortex Neurons in CF - FM Bats, Rhinolophus rouxi and Pteronotus p.parnellii. Eur. J. Assoc. 3,
1165-1181.

Simmons, J. A. (1973). The resolution of target range by echolocating bats. Acoustical Society of
America.

Simmons, J. a (1979). Perception of echo phase information in bat sonar. Science 204, 1336-8.

Simmons, J. A., Fenton, M. B. and O’Farrell, M. J. (1979). Echolocation and pursuit of prey by bats.
Science 203, 16-21.

Suga, N. and O’Neill, W. E. (1979). Neural axis representing target range in the auditory cortex of the
mustache bat. Science 206, 351-353.

Surlykke, A. and Moss, C. F. (2000). Echolocation behavior of big brown bats, Eptesicus fuscus, in the
field and the laboratory. J. Acoust. Soc. Am. 108, 2419.

Surlykke, A., Ghose, K. and Moss, C. F. (2009). Acoustic scanning of natural scenes by echolocation in
the big brown bat, Eptesicus fuscus. J. Exp. Biol. 212, 1011-20.

Triblehorn, J. D. and Yager, D. D. (2005). Timing of praying mantis evasive responses during simulated
bat attack sequences. J. Exp. Biol. 208, 1867—76.

Triblehorn, J. D., Ghose, K., Bohn, K., Moss, C. F. and Yager, D. D. (2008). Free-flight encounters
between praying mantids (Parasphendale agrionina) and bats (Eptesicus fuscus). J. Exp. Biol. 211,
555-62.

Ulanovsky, N. and Moss, C. F. (2008). What the bat’s voice tells the bat’s brain. Proc. Natl. Acad. Sci. U.
S. A. 105, 8491-8.

Valentine, D. E. and Moss, C. F. (1997). Spatially selective auditory responses in the superior colliculus of
the echolocating bat. J. Neurosci. 17, 1720-33.

Wheeler, A. R., Fulton, K. A., Gaudette, J. E., Simmons, R. A., Matsuo, I. and Simmons, J. A. (2016).
Echolocating Big Brown Bats, Eptesicus fuscus, Modulate Pulse Intervals to Overcome Range
Ambiguity in Cluttered Surroundings. Front. Behav. Neurosci. 10, 1-13.

Wilson, W.W., and Moss, C. F. (2004). Sensory-motor behavior of free-flying FM bats during target

-
(e}
=
O
wn
=)
C
©
£
©
Q
e
Q
()
O
(8}
<<
L]
>
(@)}
o
Q
om
©
2
C
Q
£
=
()
o
X
Ll
G
o
©
[
=
=)
(]
e



capture. In Advances in the study of echolocation in bats and dolphins (ed. J. Thomas, C. F. M. and
M. V.), pp. 22-27. University of Chicago Press, Chicago.

Yan, J. and Suga, N. (1996). The midbrain creates and the thalamus sharpens echo-delay tuning for the
cortical representation of target-distance information in the mustached bat. Hear. Res. 93, 102—-10.

TABLES

Table 1. Reduction in sonar sound groups as predictability in target trajectory increases

sequentially from CM-SM1-SM2-SM3.

Mean number of sonar sound groups produced + SEM
™M Sm1 SM2 sm3
BatA 8.93+1.32 8.41+1.38 6.39+0.94 5.51+0.75
Bat B 5.44+1.15 4.78+1.03 2.78+0.97 1.778+0.59
Bat C 5.97+0.87 6.07+0.91 5.24+0.71 3.32+0.41
Bat D 4.5910.68 4.2740.72 3.61+0.48 3.02+0.39

Table 2. Number of sonar calls produced in final window for CM trials over a period of days

Mean number of sonar calls produced £ SEM
Day 1 Day 3 Last Day
Bat A 35.2243.78 37.8613.81 36.97+4.15
Bat B 35.62+3.58 34.24+3.17 36.4243.27
Bat C 31.00£2.11 33.33+2.34 35.3214.92
BatD 30.754+2.23 27.8612.58 29.01+2.73

=
Q
=
O
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Figures

a PULSE
MICROPHONE
ECHO PULSE

PC (CENTRAL &P © 2) TARGET
CONTROL SYSTEM) 125.c R—

O

&7

ROTARY MOTORS FOR
MOVING TARGETS

= Simple Motion d
e Complex 1 Motion

m— Complex 2 Motion

w
wn

A=
1 [Initial
. Window

Distance of target
from the bat (m)

Distance of target
from the bat (m)

o - * 2000 4000 6000 -6000 ~4000 -2000 * Final * 0

Time (ms) Window
Time (ms)

DAY1 | SM Ci1 C1 M. C1 C2 SM SM SM SM_SM_SM. C1 SM SM

DAY2 sM SM | SM' M C C c1/sM C2 C1/SM SM SM C1 C2 SM SM SM

DAY3 [SM SM C1 ‘sm 2 a [sm ISM' 2 1 2 SM

DAY4 [SM| sM cC1 | 2 aa a sm

SM! 2 c1 2 sm

C1SM SM SM|

DAYS SM 2 € sm c1 [SMUSMUSM 2 a

Trials on which the bat did not vocalize or flew off the platform
Valid CM trials
Valid SM trials

Figure 1. Experimental design. a. Bats are trained to rest on a platform and track an
approaching target (shown at the far end) suspended from a loop of monofilament wire. The
wire is connected with a motor via a pulley system. Microphones connected to A/D converters
(shown in green) are used to collect sonar calls of the bat. b. The displacement of the target,
with the x-axis denoting the time of each trial where zero indicating the start of the trial. The y-
axis is the distance of the target from the bat, so, when the target starts it is at 2.5 meters from
the bat. The simple motion (SM) and complex motion (CM1 and CM2) target motions are

shown in blue, red and black respectively. Each target motion has been slightly displaced to
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clearly display the overlap of the motions in the initial phase. c. All trial sequences from all
recorded sessions of Bat C. Green and red indicate valid SM and CM trials, respectively. Grey
indicates trials when the bat did not vocalize or flew of the platform. d. To demonstrate that
the final approach motions of the targets for each of the SM, CM1 and CM2 are identical, the
motion sequences have been redrawn according to when the target reaches the bat. Here, x-
axis is the trial time with zero indicating the time of arrival of the target at the bat. The y-axis is
the target distance from the bat. Here again, the target motions have been displaced to clearly

indicate the overlap of the final approach phase (indicated by the two green lines) of the target.
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Figure 2. Example trial sequence. The top panel shows the target displacement for each motion
(simple motion - SM; complex motion - CM1 and CM2) presented to the bat. In the SM (simple
motion) target motion trajectory, the target starts at 2.5 meters from the bat and travels with
uniform velocity to the bat. In the CM (complex motion) trajectories, the target first moved
towards the bat, after which it oscillated back and forth, before finally reaching the bat. X-axis is
the time and y-axis is the distance of the target from the bat. The black dashed lines, extending
throughout the figure indicate the initial time window of analysis where the target motions for
each motion trajectory are nearly identical. The panels below show an example trial sequence.
The raw audio recording at the microphone is shown in blue, with sonar sound groups (SSGs)
indicated in red. The trial sequence in this example is CM1, SM1, SM2, SM3, CM2 and CML1. It
can be seen that as the predictability in target motion decreases (down and across the repeated
SM motions), bats reduce the production of SSGs (red horizontal lines) within the initial time
window. The number of SSGs in the following CM2 trial are also reduced after which, in the
following CM1 motion, the bat produces more SSGs due to increased target motion

unpredictability.
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Figure 3. Bats reduce the production of sonar sound groups (SSGs) as target trajectory
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becomes more predictable. Panels a, b, c and d show the average number of SSGs produced by

all four bats when presented with the unpredictable complex target motion (CM1 or CM2)

followed by more predictable simple target motion (SM1, SM2 and SM3). The error bars

indicate s.e.m.
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Figure 4. Number of SSGs produced for different trial sequences. a. Number of SSGs produced
by the bats when three consecutive CM (here CM could be CM1 or CM2, randomly chosen)
trials were presented to the bats. For comparing number of SSGs produced per sequence across
bats, number of SSGs were normalized to the number of SSGs produced in the SM trial
preceding the three CM trials. b. Number of SSGs produced by the bats when a CM-SM-SM-

SM-CM sequence occurred. Here CM could be either CM1 or CM2, and randomly chosen. For
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comparing number of SSGs produced per sequence across bats, number of SSGs produced in
any trial of the sequence, was normalized to the number of SSGs produced in the first CM trial
of the sequence. For both a and b, data has been combined from all bats and only the initial

window was analyzed. The error bars indicate s.e.m.
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Figure 5. Bats produce the same number of calls in the initial time window, irrespective of
target motion unpredictability. Panels a, b, c and d show the average number of sonar calls
produced by all four bats within the initial time window (see Figure 2 — black lines) when
presented with unpredictable complex target motion (CM1 or CM2) followed by more

predictable simple target motion (SM1, SM2 and SM3). The error bars indicate s.e.m.
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Figure 6. Bats produce fewer sonar sound groups (SSGs) as familiarity with novel target
trajectories increases. Panels a, b, c and d show box plots of the number of SSGs produced by
all four bats in the final time window (see Figure 1d, indicated by two green lines) as their
familiarity with the novel complex motions (CM1 and CM2) increases over a period of days. On

the last day (day 6), Bat D only produced three SSGs in each trial, which is why there is only the
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Figure 7. Comparison of Pulse Duration (PD) and Pulse interval (Pl) of sonar sound groups as
bats learned a novel target trajectory. Panels a and b show a comparison of PD and Pl over a
period days as their familiarity with the novel complex target motions (CM1 and CM2)

increases.
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Figure 8. The call addition v/s temporal rearrangement strategies. This figure demonstrates

two ways in which bats can produce sonar sound groups (SSGs) in the same time interval
(shown in the top panel). The top panel shows a sequence of four calls produced by a bat. By
producing two extra calls, a bat could produce SSGs by adding calls (left bottom panel), while
SSGs could also be produced using the same number of calls by temporally rearranging the calls

(bottom right panel)
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