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            Abstract
Odontocetes (toothed whales, dolphins and porpoises) hunt and navigate through dark and turbid aquatic environments using echolocation; a key adaptation that relies on the same principles as sonar1. Among echolocating vertebrates, odontocetes are unique in producing high-frequency vocalizations at the phonic lips, a constriction in the nasal passages just beneath the blowhole, and then using air sinuses and the melon to modulate their transmission2,3. All extant odontocetes seem to echolocate2,4; however, exactly when and how this complex behaviourâ€”and its underlying anatomyâ€”evolved is largely unknown. Here we report an odontocete fossil, Oligocene in age (approximately 28â€‰Myr ago), from South Carolina (Cotylocara macei, gen. et sp. nov.) that has several features suggestive of echolocation: a dense, thick and downturned rostrum; air sac fossae; cranial asymmetry; and exceptionally broad maxillae. Our phylogenetic analysis places Cotylocara in a basal clade of odontocetes, leading us to infer that a rudimentary form of echolocation evolved in the early Oligocene, shortly after odontocetes diverged from the ancestors of filter-feeding whales (mysticetes). This was followed by enlargement of the facial muscles that modulate echolocation calls, which in turn led to marked, convergent changes in skull shape in the ancestors of Cotylocara, and in the lineage leading to extant odontocetes.
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                    Figure 1: Holotype skull of Cotylocara macei (CCNHM-101), including cross-sections and bone density.


Figure 2: Holotype skull and dentition of Cotylocara macei (CCNHM-101).


Figure 3: Phylogeny supported by the present study, with evolution of echolocation and skull shape.
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Extended data figures and tables

Extended Data Figure 1 Images of the holotype skull of Cotylocara macei (CCNHM-101).
a, Parasagittal section of the skull generated from CT slices demonstrating the anatomical basis for klinorhynchy (downturned face and rostrum). Red lines follow the axis of the basicranial stem and the rostrum; together they form an angle of approximately 20Â°. This slice is situated <10 mm to the right of the median plane. Other slices, medial and lateral to this one, display similar angles. b, Medial view of the right dentary. Bo, basioccipital; Bs, basisphenoid; cc, cranial cavity; co, mandibular condyle; cp, coronoid process; ip, interparietal; mf, mandibular foramen; ms, surface for mandibular symphysis; Mx, Maxilla; Na, nasal; n-1, penultimate tooth; n-5, fifth from the last tooth; Pa, parietal; pf, postnarial fossa; Px, premaxilla; So, supraoccipital; xn, external bony nares.


Extended Data Figure 2 Petrosal and tympanic bones of the holotype skull of Cotylocara macei (CCNHM-101).
a, Ventrolateral view of right petrosal articulated with the rest of the skull. Anterior is towards the upper left corner. bâ€“d, Ventral, dorsal and lateral views of tympanic bulla. eâ€“h, Ventrolateral, dorsomedial, dorsolateral and ventromedial views of right petrosal (periotic). Scale bars are 1 cm. ap, anterior process; bc, basioccipital crest; ca, aperture for cochlear aqueduct; ch, cranial hiatus; ctp, caudal tympanic process; dc, dorsal crest; eam, external acoustic meatus; fc, proximal opening of facial canal; fer, fenestra rotunda; fp, falciform process of squamosal; fi, fossa incudis; fm, mallear fossa; fo, fenestra ovalis; gf, glenoid fossa; he, epitympanic hiatus; iv, involucrum; mf, median furrow; opp, outer posterior prominence; pap, paroccipital process; pc, pars cochlearis; pgp, postglenoid process; pp, posterior process; sf, fossa for stapedial muscle; smf, suprameatal fossa; spf, fossa for sigmoid process; tc, tympanic cavity; tf, articular facet for posterior process of tympanic; va, aperture for vestibular aqueduct; vlt, ventrolateral tuberosity.


Extended Data Figure 3 Postcrania of holotype of Cotylocara macei (CCNHM-101).
a, b, Posteromedial views of anterior left ribs. c, d, Middle left ribs. e, Posterior left rib. f, g, Middle right ribs. h, i, Axis vertebra (C2) in anterior and posterior views. j, Middle cervical (C3 or C4) vertebra in anterior view. k, Sixth cervical vertebra in anterior view. Scale bar for aâ€“g is 5 cm; those for hâ€“k are 1 cm.


Extended Data Figure 4 Holotype of skull of Cotylocara macei (CCNHM-101).
a, Dorsal view. b, Ventral view. Colours represent individual bones of the skull: turquoise,â€‰occipital; brown,â€‰nasals; grey,â€‰epoxy putty; light green,â€‰lacrimal; olive,â€‰sphenoid; orange,â€‰parietals; pink,â€‰premaxillae; purple, palatines (ventral side only); red, petrosals; light blue,â€‰frontals; dark blue,â€‰squamosals; yellow,â€‰maxillae; lime green,â€‰pterygoids; white,â€‰interparietal. alv, alveolus; an, antorbital notch; ap, anterior process of petrosal; apl, ascending process of lacrimal; apm, ascending process of maxilla; asf?, possible air sinus fossa; cc, cranial cavity; df, deep fossa within the broader periotic fossa; dif, dorsal infraorbital foramina; dta, anteriormost double-rooted tooth; dtp, posteriormost double-rooted tooth; ep, embrasure pit; fp, falciform process of squamosal; fw, frontal window; gf, glenoid fossa; gpf, greater palatine foramen; itc, infratemporal crest; nc, nuchal crest; npp, nasal process of premaxilla; pap, paroccipital process; pf, postnarial fossa; pgp, postglenoid process; plp, palatine process of premaxilla; pop, postorbital process of frontal; ppf, preorbital process of frontal; pr, postorbital ridge; rb, rostral basin; ps, palatine sulcus; rc, reconstructed tooth; rif, reentrant infraorbital foramen; spf, fossa for sigmoid process of tympanic; sqf; squamosal fossa; tif, thin lamina of frontal; vlt, ventrolateral tuberosity of petrosal; V3, path of mandibular division of trigeminal nerve; zy, zygomatic process. Boundaries between bones are based on external sutures and CT data. Synchondrosis between basioccipital and basisphenoid is completely closed, thus the boundary shown here is speculative. The frontalâ€“parietal suture is damaged and is our best interpretation. Scale bar is 5 cm.


Extended Data Figure 5 Fossae in the holotype skull of Cotylocara macei (CCNHM-101) that are likely to have been filled with air sinuses.
a, b, CT-generated model of skull in oblique dorsolateral view. c, d, Same as a, b, but from a more dorsal perspective, anterior is towards the lower left corner. Light blue, excavations of an air sinus that may be homologous to the inferior vestibule as well as the route by which it connected to the soft tissue nasal passages. Red, premaxillary air sinus. La, lacrimal; Mx, maxilla; Na, nasal; Pa, parietal; pf, postnarial fossa; Px, premaxilla; rb, rostral basin; So, supraoccipital; Sq, squamosal; zy, zygomatic process.


Extended Data Figure 6 Comparison between the relative densities of bones in the holotype skull of Cotylocara macei (CCNHM-101) and the modern bottlenose dolphin Tursiops truncatus (SDSNH 21212).
a, b, Dorsal and ventral views of a three-dimensional digital model of the holotype skull of Cotylocara macei (CCNHM-101), based on CT data. Densest bones are in bright orange, most porous bones are in purple, and reconstructed portions are in grey. Note the dense rostrum, the less dense bone flooring the rostral basin and postnarial fossae, and the density difference between the dorsal and ventral sides of the skull. c, d, Dorsal and ventral views of a three-dimensional digital model of Tursiops truncatus (SDSNH 21212). Note the porous bone in the premaxillary sac fossa and the similar densities of the dorsal and ventral sides of the skull. pf, postnarial fossa; psf, premaxillary sac fossa; Px, premaxilla; rb, rostral basin; SDSNH, San Diego Society of Natural History. CT scans of Tursiops were performed at the University of Texas High-Resolution X-ray CT Facility (data courtesy of T. Rowe). The voxel size for these data was 0.298 mm Ã— 0.298 mm Ã— 0.9 mm.


Extended Data Figure 7 Evolution of skeletal features likely associated with echolocation.
a, Skull of Georgiacetus vogtlensis in dorsal view: to the left are conditions of characters mapped in dâ€“h and to the right are the different possible character states for posterior migration of the maxilla (yellow) across all taxa. b, c, Skulls of Cotylocara macei and Simocetus rayi in dorsal view, the latter redrawn10, with their respective states for characters mapped in dâ€“h. dâ€“h, Evolution of characters that are likely to be associated with echolocation on our phylogenetic tree (Fig. 3). i, Summary of all changes detailed in dâ€“h with convergent characters in green and non-convergent changes in black; numbers refer to characters described in the Supplementary Information. In aâ€“f and h red is the primitive state, blue is the most derived state, and purple is an intermediate derived state. Shades of grey in g correspond to positions of the maxilla, as illustrated on the right side of a, with changes between character states (states 0 through 5) labelled below for clarity. Dashed terminal branches indicate that data are missing for that fossil taxon. Character evolution was inferred using parsimony on the entire phylogeny, although dâ€“i only include those taxa needed to convey the pattern of character evolution at the base of Odontoceti. All evolutionary reconstructions are unequivocal except for f, which is an ACCTRAN optimization. An alternative, but equally parsimonious reconstruction for f, is discussed in the Supplementary Information. An arrow in dâ€“i indicates where echolocation is inferred to have evolved based on its occurrence in bolded taxa: osteological evidence in Cotylocara macei and observational evidence in the crown group of Odontoceti. More details on the characters and their states can be found in the Supplementary Information.
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Early emergence of echolocation in whales
Echolocation is a distinctive feature of toothed whales or odontocetes, such as sperm whales, killer whales, dolphins and porpoises), but little is known about how and when the distinctive suite of anatomical characters associated with this ability evolved. A fossil skull of a new species of toothed whale living some 28 million years ago in what is now the eastern United States clarifies the picture. The skull documents an early stage in the evolution of echolocation, and suggests that echolocation evolved extremely early in the history of odontocetes, not long after they diverged from the ancestors of baleen whales.
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