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B 1 HEEkilm N R G ST () PAEEEIRGS. chinensis)*V; (b) HIFITIKW. a. sunameri)®?; (¢) BUIFIK(Phocoena phocoena)*,
(d) FEMIHEIK(T. truncatus)™; (e) /INETE(K. breviceps)™; () FIRIGE(Z. cavirostris)*; (g) FISWIE(G. macrorhynchus)™; (h) 65
(Delphinapterus leucas)*®)

Figure 1 Three-dimensional reconstructions of several odontocetes. (a) Indo-Pacific humpback dolphin (S. chinensis)[41]; (b) finless porpoise

(N. a. sunameri)®; (c) harbor porpoise (P. phocoena)*; (d) bottlenose dolphin (7. truncatus)”; (¢) pygmy sperm whale head (K. breviceps)™**;
(f) Cuvier’s beaked whale (Z. cavirostris)*¥'; (g) short-finned pilot whale (G. macrorhynchus)*; (h) beluga (Delphinapterus leucas)™*®)
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B 2 65 L R G B . () ANMEES(K. breviceps)™™; (b) SEIRAINIER(G. macrorhynchus)®); (c) KITITIK
(N. asiaeorientalis)™"; (d) ZRIEILIKWN. a. sunameri)™; (e) FHEITHFIK(S. chinensis)*'Y; (f) W) EIGIK(Delphinus delphis)*

Figure 2 Reconstruction of sound speed in a vertical section of odontocete’s sonar system. (a) Pygmy sperm whale head (K. breviceps)™**; (b) short-
finned pilot whale (G. macrorhynchus)™**'; (c) Yangtze river finless porpoise (N. asiaeorientalis)**'; (d) East Asian finless porpoise (N. a. sunameri)>?;
() Indo-Pacific humpback dolphin (S. chinensis)™*"’; (f) short-beaked common dolphin (Delphinus delphis)®>*
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Figure 3 Vibration models of sound sources and sound production mechanisms in odontocetes. (a) Sound production anatomy in the dolphin

[35]

(b) Sound production anatomy in the harbor porpoise (P. phocoena)™". (c) Phonic lips of three odontocete species’®'). (d) Videokymography images and
hydrophone signal in the nares of two dolphins during sound production!'”. (e) Striking model for phonic lips®®*!. (f) Schematic view of the underwater

part of the physical model of air-driven click production for odontocetes!®!)
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Figure 4 Sound propagation in the odontocetes’ biosonar system and the resulting beam patterns. (a) East Asian finless porpoise (N. a. sunameri)>2.
(b) Risso’s dolphin in three dimensions (Grampus griseus)™". (c) Transmitting beam patterns for the left-source, right-source, and dual-source cases of
the beluga whale (D. leucas)™®. (d) Relationships between the Biosonar Frequency and body mass, Sonar beam directivity index DI and body mass
across the odontocetes!®. NBHF: narrowband high-frequency; BB: broadband
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Figure 5 Acoustic properties of odontocetes’ clicks!®

1. (a) Sperm whales (P. macrocephalus); (b) beaked whales (Z. cavirostris); (c) harbor porpoise

(P. phocoena); (d) bottlenose dolphin (7. truncates); (e) spectrums of the echolocation clicks; (f) quality factor Qg (defined as the centroid frequency
divided by the root-mean-square bandwidth) as a function of click centroid frequency for on-axis biosonar signals
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Odontocetes biosonar: progress and prospect
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Odontocetes (toothed whales) have developed an exceptionally sophisticated biosonar system through millions of years of
evolution, enabling highly efficient navigation, foraging, and communication in acoustically complex underwater environments.
In particular, odontocete biosonar demonstrates outstanding detection capability in shallow-water regions, where artificial sonar
systems often experience severe degradation due to strong interface reverberation. The efficiency and robustness of this natural
sensing system provide a compelling biological paradigm for addressing fundamental challenges in underwater target detection,
localization, and recognition. Consequently, elucidating the mechanisms of odontocete biosonar is not only of central importance
to marine bioacoustics but also provides critical inspiration for the development of next-generation bionic acoustic technologies
relevant to maritime security and marine economy development.

This review synthesizes current research on odontocete biosonar from multiple perspectives, including anatomical
specialization, sound production, beam formation and control, signal characteristics, and sound reception pathways. The
exceptional performance of odontocete biosonar is attributed to a highly integrated and functionally specialized anatomical
architecture. Sound production originates at the phonic lips/dorsal bursae embedded within the nasal cavity, which serve as the
primary acoustic source. Surrounding tissues, such as the fatty melon and a series of air sacs, exhibit pronounced spatial
heterogeneity in acoustic impedance. This structural complexity facilitates acoustic coupling between the sound source and
surrounding tissues and contributes to effective beam shaping. Biosonar signals are generated through the vibration of the phonic
lips driven by pressurized airflow within the nasal system, and odontocetes exhibit a high degree of active control over this
process. By regulating air pressure and phonic lip tension, odontocetes can dynamically adjust key signal parameters, including
amplitude, inter-click interval, and frequency composition, thereby adapting biosonar emissions to varying environmental
conditions and task demands. Beyond sound generation, the coordinated interaction among the melon, air sacs, and skull enables
odontocetes to project highly directional forward acoustic beams. Increasing evidence suggests that beamwidth and beam
orientation can be actively modulated without head movement. This capability is likely achieved through muscular control of the
melon’s shape and changes in the volume and configuration of the air sacs, allowing real-time adjustment of acoustic radiation
patterns in response to target range. Sound reception in odontocetes is primarily mediated by the mandible and specialized fatty
tissues located in the lower jaw region. These tissues can form multiple distinct acoustic pathways that channel returning echoes
toward the tympano-periotic complexes. Such a multi-path reception architecture may enable the simultaneous extraction and
integration of temporal, spectral, and spatial information from echoes.

By reviewing the co-evolved mechanisms of sound production, dynamic beam control, and multi-path reception, this work
highlights how odontocete biosonar provides a biological blueprint for mitigating reverberation effects in shallow-water
environments. Future research should move toward integrative, mechanism-driven investigations that explicitly link biosonar
structure, acoustic function, and perceptual outcome. In particular, advancing our understanding of how dynamically
reconfigurable anatomical components, such as the air sacs and melon, collectively regulate sound radiation and beam patterns
under varying environmental and target conditions remains a critical priority. Equally important is elucidating how odontocetes
exploit sequences of biosonar signals and fuse information from distributed reception pathways to achieve robust target detection
and identification. Extending such studies to deep-diving species and extreme oceanic environments will further clarify the
adaptive limits of biosonar. Ultimately, translating these biological mechanisms into bionic sonar architectures and intelligent
sensing strategies will be essential for improving artificial sonar performance. Overall, this review bridges biological insight and
engineering application, providing a foundation for the development of next-generation bionic underwater acoustic sensing and
detection technologies.

odontocetes, biosonar, dynamic control, shallow water reverberation
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