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point at which the bat showed <75% discrimination performance for two consecutive days. Error

bars indicate +£1 binomial standard deviation.

TABLE 1. Amplitude discrimination limits (ADL) and filtering settings for individual bats.
ADL describes the relative attenuation of the S- echo (relative to the S+ echo) at which that bat’s
discrimination performance fell below 75% correct. HP filter frequency was set at 15 kHz above
the terminal frequency (TF) of each individual bat’s echolocation calls, determined by averaging
the TF of all calls emitted throughout one trial in the baseline condition. LP filter frequency was
the same for all bats (70 kHz).
Bat M. Bat K. Bat F. Bat J. Bat G.

ADL (dB of S- attenuation) -3.0 -6.0 -3.0 -6.0 -4.5

Mean TF (kHz) 25.0 22.0 22.8 21.0 21.6

HP filter frequency (kHz) 40 37 37.8 37 37.6

LP filter frequency (kHz) 70 70 70 70 70

B. Statistical power

Due to state-mandated COVID-19 restrictions, we were unable to collect the full number of

planned trials from each bat across conditions. Table 2 outlines how many trials were collected
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382  in each condition from each bat, as well as the calculated statistical power achieved for each

383  condition across all bats (calculated using G*power 3.1 software, assuming a = 0.05). Power for
384  the baseline condition was calculated for a two-tailed exact binomial test comparing the baseline
385  proportion of successes to chance (0.50). Statistical power for each filtering condition was

386  calculated for a two-tailed exact binomial test comparing the proportion of successful trials in the
387  experimental condition to the proportion of successes in the baseline discrimination condition.
388  All calculations indicate that ensuing exact binomial tests have statistical power above 0.80 (P <
389  0.05).

390

391 TABLE 2. Number of trials achieved in each condition and corresponding statistical

392  power. Post hoc power analyses were conducted to ensure that exact binomial tests had

393  sufficient statistical power given the number of trials collected.

Condition Total # | Power # trials # trials | # trials | # trials # trials
of trials (BatM.) | (BatK.) | (BatF.) | (BatJ.) | (BatG.)

Baseline 750 1.0, p = 0.0445 150 150 150 150 150

S-HP 600 0.99, p=0.0464 | 150 0 150 150 150

S+ HP 436 1.0, p=0.0415 150 136 150 0 0

S-LP 350 0.99, p =0.0457 | 150 150 0 50 0

S+ LP 450 0.86,p=0.0448 | 150 0 150 0 150

394

395  C. Discrimination performance

396 Fig. 4 shows the performance of all bats in each of the discrimination conditions, as the

397  percentage of successful trials in each condition. All comparisons between conditions were

398  analyzed using two-tailed exact binomial tests. In the baseline amplitude discrimination

399  condition, in which bats responded to the stronger of two echoes (S+) at their specified ADL (see
400  Table 1), mean performance was 63.33% + 1.76%, significantly higher than chance (P < 0.001).

401  When S- was highpass filtered such that its lowest frequencies were removed, the bats’
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402  performance increased significantly to 76.33% + 1.74% (P < 0.001). When S- was unfiltered and
403 S+ was instead highpass filtered, such that the lowest frequencies of S+ were removed, the bats’
404  performance decreased significantly from baseline performance to 32.34% + 2.24% (P < 0.001),
405  despite the fact that S+ had a higher amplitude than S- in this condition. When S+ was left

406  unfiltered and S- was lowpass filtered to remove its highest frequencies, the bats’ performance
407  again improved significantly relative to baseline performance, to 73.71% + 2.35% (P < 0.001).
408  When S- was unmodified and S+ was instead lowpass filtered, performance relative to baseline
409  decreased significantly to 56.22% + 2.34% (p = 0.002).

410

411  FIG 4. Performance of all bats in amplitude discrimination task.

412  Baseline discrimination (grey bar) required responding to the stronger of two simultaneously-
413  presented echoes. An example echo spectrogram (black) lies horizontally above the plot, with
414  frequency in kHz plotted on the top axis and colored dashed lines indicating at what frequency
415  echoes were filtered (highpass filter values vary slightly by bat; see Table 1). Highpass filtering
416  (red shading; color online) removed the lower 15 kHz of echo frequencies, and lowpass filtering
417  (blue shading; color online) removed the upper end of frequencies. Green symbols (color online)
418  show performance of individual bats on each condition, and error bars indicate +£1 binomial

419  standard deviation. Performance relative to baseline increased or decreased predictably based on
420  the filtering of echoes. The pattern of results indicates that the upper and lower frequencies

421  contribute to echo identification in separate, doubly dissociated ways. Grey dashed lines

422 connecting columns indicate significance of exact binomial tests: ** = P <(0.001, * = P <0.01.
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425  IV.DISCUSSION

426  A. Amplitude discrimination performance is predictably affected by frequency filtering
427 As hypothesized, bats’ performance on the amplitude discrimination task on which they

428  were trained (respond to S+, the stronger of two simultaneously-presented echoes; Fig. 1) was
429  affected by the high- or lowpass filtering of the S+ and S- echoes. When S-, the weaker of the
430  two echoes, was highpass filtered, the bats’ mean discrimination performance increased from
431  63% to 76%. Attenuating the lower frequencies of an incoming echo drastically disrupts the bat’s
432 ability to perceive the precise delay (distance) of an ensonified target (Bates and Simmons, 2011;
433 Ming et al., 2021). In the current experiment, attenuating just the bottom 10-15 kHz of S-

434 resulted in an overall simpler S+/S- discrimination task for the bat and performance increased,

435  despite the fact that the S- echo still contained a majority of its bandwidth and the same amount
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436  of acoustic energy as in the baseline condition. When the S- echo was instead lowpass filtered,
437  mean discrimination performance also increased significantly, from 63% to 73%. Lowpass

438 filtering of FM2 of incoming echoes, using a variety of filtering methods, has been shown to

439  defocus the bat’s percept of echoes, making it difficult for them to determine the pulse-echo

440  delay of filtered echoes and abolishing any masking effect the echo may have had before

441  (Simmons et al., 2004; Stamper et al., 2009; Bates and Simmons, 2010; Bates et al., 2011). The
442  same performance effect was seen here, as the bats were significantly less likely to perceive S- as
443 the stronger of the two echoes when it was lowpass filtered (despite having the same amount of
444  acoustic energy as when unfiltered). However, performance increased less in this condition than
445  when S- was highpass filtered. This may be a result of the asymmetric perceptual roles of the
446  bat’s harmonics: while filtering of the higher frequencies mimics off-axis clutter and results in
447  defocusing of the bat’s sonar image, filtering the lower frequencies more drastically inhibits the
448  bat’s perception of incoming echoes. This is also seen in the bats’ performance when S+, the
449  higher amplitude echo, was highpass filtered. Mean performance decreased from 63% to 32%,
450  showing that the bats actually reversed which echo they responded to, walking towards the

451  weaker of the two echoes a majority of the time. The bats had a difficult time even perceiving the
452  presence of the S+ echo, despite the fact that it remained an overall stronger acoustic signal than
453  the S- echo. Anecdotally, the authors can report that all three bats that took part in that condition
454  generally chose the S- echo quickly and with no hesitation, despite the continued lack of rewards
455  for choosing that echo. These results once again highlight the disproportionate relevance of the
456  lowest frequencies of the bat’s wideband FM calls to the bat’s biosonar perceptual system. Bates
457  and Simmons (2010) found a similar reversal of discrimination performance when they highpass

458 filtered their S+ echo at 66 kHz, such that it only contained FM2. In the current task, it took a
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459  much smaller amount of highpass filtering (set at 37-40 kHz, removing only the lowest ~10-15
460  kHz) for the bats to reverse discrimination performance.

461 In the final permutation of filtering conditions, S+ was lowpass filtered at 70 kHz, resulting
462  ina significant decrease in mean performance from 63% to 56%. The decrease in performance
463  indicates that the bats had a harder time discriminating which echo was the stronger of the two. It
464  can be assumed that the S+ echo was perceptually defocused as a result of its lowpass filtering,
465  but this defocusing did not cause the bats to reverse performance to respond to S-, as when S+
466  was highpass filtered. Nonetheless, it became more difficult for the bats to decide which of the
467  two echoes was stronger. One possible explanation for this is that the perception of an object’s
468  size (partially a function of the reflected echo’s amplitude) also becomes defocused when

469  lowpeass filtered, along with the object’s perceived distance becoming blurred. This would result
470  in small differences in object size being more difficult to discriminate, as seen in the S+ lowpass
471  filtering condition. In this condition, the lowpass filtered S+ echoes were still recognized as

472  echoes of comparable amplitude (indicated by the bats’ performance not falling below 50%), but
473  the precise amplitude of the S+ echo may have been difficult for the bat to perceive, leading to
474  lower discrimination performance.

475 It is of interest to note that the bats’ performance increased and decreased on the amplitude
476  discrimination task following similar patterns as previous delay experiments, despite the fact that
477  spectral filtering of the echoes presumably disrupts the bat’s percept of the echo’s delay, not its
478  strength (i.e. its perceived size). This may be due to the fact that the echoes in the current task
479  were presented at a constant delay throughout training and the experiment. Filtering of echoes
480  affects the bats’ perception of that echo’s delay, which may make them less likely to respond to

481  that echo regardless of the echo’s amplitude. For example, the bats’ increased performance in the
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482  S-highpass condition (relative to baseline) may be due to additive perceptual effects: not only is
483  the S- echo slightly weaker than the S+ echo it has been trained to respond to, but now it also has
484  apoorly-defined delay of approximately 4.84 ms, whereas S+ still has the well-defined delay of
485  4.84 ms, which it has had throughout the bat’s training. Thus, S+ is easier to choose as the

486  correct echo because it is both stronger and has the precise delay the bat was trained to respond
487  to. A possible control for this would be to train the bats to discriminate two echoes with different
488  amplitudes but randomly variable delays, such that targets are presented within a certain range of
489  pulse-echo delay values, which is changed randomly across trials or days. This would ensure that
490  bats would learn to discriminate the two echoes based only on amplitude, without also inherently
491  learning to respond to the specific pulse-echo delay values the echoes are presented at (as they
492  may have in the current task). This would allow us to more precisely isolate the effects of

493  filtering on amplitude discrimination without the possible confound of the bats learning to

494  respond to specific pulse-echo delays (and thus not responding to echoes that do not have that
495  precise pulse-echo delay). Unfortunately, COVID-19 restrictions made running these further

496  controls not possible.

497  B. Clutter rejection mechanisms are versatile across perceptual contexts

498 These results highlight the flexibility of the big brown bat’s clutter rejection mechanisms,
499  which help them perceptually discriminate central target echoes from peripheral clutter echoes in
500 the cluttered foraging scenarios among foliage that big brown bats are likely to encounter (Bates
501  etal., 2011). When foraging among clutter, these bats will rapidly emit short, wideband FM calls
502  during their pursuit and capture of small flying insects (Griffin, 1958; Neuweiler, 2000), within
503  meters or centimeters of surrounding foliage. The big brown bat’s echolocation beam is about

504 110 degrees wide (-6 dB width; Hartley and Suthers, 1989), which results in the bat receiving a
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505  large number of echoes from all nearby surfaces to the front of the bat, not just the echoes from
506  whatever surface it is directly aiming at. This constitutes the bat’s perceptual clutter problem: the
507  bat must, quickly and accurately, perceive the precise location of an insect measuring no more
508 than 1-3 cm in size based on the weak echoes the insect reflects, while also receiving a cascade
509  ofrelatively stronger echoes created by surrounding foliage; these echoes may be offset from the
510 insect’s location by any number of degrees, and may have higher, lower, or identical pulse-echo
511  delays (from the bat’s perspective) as the insect echoes.

512 Importantly, not all frequencies of the bat’s FM calls are emitted with equal strength across
513  the bat’s echolocation beam. The higher frequencies are emitted most strongly within the central
514  60°, while the lower frequencies are emitted almost equally strongly across the entire

515  echolocation beam (Hartley and Suthers, 1989; Bates ef al., 2011). The result is that when a bat
516  echolocates a nearby object located directly ahead of it, the target returns an echo that contains
517  all of the frequencies in the bat’s original call. When a bat echolocates a nearby object that is
518 located off-center, it instead returns an echo with attenuated higher frequencies relative to the
519  low frequencies. This cue is very helpful for the bat, as psychophysical tasks have shown that
520 attenuated FM2 frequencies result in an echo whose delay cannot be easily resolved (Bates ef al.,
521  2011). Thus, objects that are ensonified by the center of the bat’s beam (such as an insect being
522  tracked), are well-resolved: the bat perceives its distance and location with a high degree of

523 accuracy. Objects that are ensonified by the periphery of the bat’s beam (such as foliage to the
524  side of the insect) reflect a lowpass filtered echo, which is still detectable but is defocused and
525  more difficult to resolve its precise delay; in this way, these peripheral echoes do not mask the

526  central object of interest, even if at similar pulse-echo delays and amplitudes.
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527 Previous studies, using a variety of temporal discrimination tasks, have shown the efficacy
528  ofthese clutter rejection mechanisms in defocusing lowpass filtered echoes so that the delay of
529  unfiltered echoes can be perceived with a high degree of accuracy (Moss and Schnitzler, 1989;
530  Simmons et al., 2004; Stamper et al., 2009; Bates and Simmons, 2010; Bates et al., 2011). Here,
531  we extended these techniques of high- and lowpass echo filtering to an amplitude discrimination
532 task and observed changes in discrimination performance that were in line with the conclusions
533  from previous studies: lowpass filtering of a “clutter” or “distractor” echo (S-) led to the bats

534  more successfully perceiving and choosing the “target” echo (S+), while highpass filtering either
535  led to better discrimination performance (if S- was highpass filtered) or a reversal in performance
536  (if S+ was highpass filtered). The current discrimination task the bats were trained on constituted
537  anew perceptual context that has not been tested before, wherein both echoes from either side
538  were presented simultaneously after every call, were spectrally identical, and had identical pulse-
539  echo delay. The pattern of performance in the current task indicates that the bats’ perceptual

540  clutter rejection mechanisms are adaptive not only when discriminating targets based on their
541  delay (i.e. distance), but also when discriminating targets based on their amplitude (i.e. their

542 size). Additionally, our results suggest that these clutter rejection mechanisms may not just

543  modify their perception of echo distance, but also their perception of object size (as a function of
544  echo amplitude).

545
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