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            Abstract
Most echolocating bats exhibit a strong correlation between body size and the frequency of maximum energy in their echolocation calls (peak frequency), with smaller species using signals of higher frequency than larger ones1,2. Sizeâ€“signal allometry or acoustic detection constraints imposed on wavelength by preferred prey size have been used to explain this relationship1,3. Here we propose the hypothesis that smaller bats emit higher frequencies to achieve directional sonar beams, and that variable beam width is critical for bats. Shorter wavelengths relative to the size of the emitter translate into more directional sound beams4. Therefore, bats that emit their calls through their mouths should show a relationship between mouth size and wavelength, driving smaller bats to signals of higher frequency. We found that in a flight room mimicking a closed habitat, six aerial hawking vespertilionid species (ranging in size from 4 to 21â€‰g, ref. 5) produced sonar beams of extraordinarily similar shape and volume. Each species had a directivity index of 11â€‰Â±â€‰1â€‰dB (a half-amplitude angle of approximately 37Â°) and an on-axis sound level of 108â€‰Â±â€‰4â€‰dB sound pressure level referenced to 20â€‰Î¼Pa root mean square at 10â€‰cm. Thus all bats adapted their calls to achieve similar acoustic fields of view. We propose that the necessity for high directionality has been a key constraint on the evolution of echolocation, which explains the relationship between bat size and echolocation call frequency. Our results suggest that echolocation is a dynamic system that allows different species, regardless of their body size, to converge on optimal fields of view in response to habitat and task.
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                    Figure 1: 
                        Sonar beam width decreases as emitter (bat) size increases relative to wavelength.
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Figure 2: 
                        Vertical and horizontal directionality in six species of vespertilionid bats.
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Figure 3: 
                        Directivity index for six species of vespertilionid bats with forearm lengths ranging from 32 to 54â€‰mm.
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Figure 4: 
                        Gape size estimated from skulls and from the piston model.
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        Editorial Summary
Why small bats hit high notes
The smaller the bat, the higher the frequency of its echolocation calls. Until now this scaling has been attributed either to the bat's size or to the supposition that smaller bats seeking finer prey will need to use higher frequencies to pick out smaller objects. But that doesn't explain why small bats emit such high-pitched squeaksâ€”up to 55 kHz, when 20 kHz would do the job, carry farther and take less effort to produce. Annemarie Surlykke and colleagues compare echolocation signals from six species of vespertilionid bat over a fivefold mass range. They show that the sizeâ€“frequency relationship is governed by the need to maintain a focused, highly directional beam. As sound beams narrow with increasing emitter size and signal frequency, smaller mouths impose a constraint that forces smaller bats to use higher frequencies to achieve a sufficiently narrow beam. Exceptions prove the rule: phyllostomid bats show a much weaker correlation between size and frequency, but they emit sounds through specialized nasal structures, not through the mouth, and noseleaf dimensions do not scale with body size.
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