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            Abstract
Maniraptora includes birds and their closest relatives among theropod dinosaurs1,2,3,4,5. During the Cretaceous period, several maniraptoran lineages diverged from the ancestral coelurosaurian bauplan and evolved novel ecomorphologies, including active flight2, gigantism3, cursoriality4 and herbivory5. Propagation X-ray phase-contrast synchrotron microtomography of a well-preserved maniraptoran from Mongolia, still partially embedded in the rock matrix, revealed a mosaic of features, most of them absent among non-avian maniraptorans but shared by reptilian and avian groups with aquatic or semiaquatic ecologies6,7,8,9,10,11,12,13,14. This new theropod, Halszkaraptor escuilliei gen. et sp. nov., is related to other enigmatic Late Cretaceous maniraptorans from Mongolia15,16 in a novel clade at the root of Dromaeosauridae17. This lineage adds an amphibious ecomorphology to those evolved by maniraptorans: it acquired a predatory mode that relied mainly on neck hyperelongation for food procurement, it coupled the obligatory bipedalism of theropods with forelimb proportions that may support a swimming function, and it developed postural adaptations convergent with short-tailed birds.
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                    Figure 1: H. escuilliei MPC D-102/109.[image: ]


Figure 2: Skull of H. escuilliei MPC D-102/109.[image: ]


Figure 3: H. escuilliei phylogenetic affinities and comparisons for its unique postcranial features.[image: ]


Figure 4: Morphometric analyses of aquatic adaptations in the Halszkaraptor forelimb.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Example of data processed with texture enhancement and metallic-inclusion correction algorithms.
a, Virtual section or the original dataset. b, Detail of a. c, Virtual section from the dataset corrected for metallic inclusions. d, Detail of c. Histograms along the blue and red lines demonstrate how metallic inclusions prevent adjusting the contrast to focus on the boneâ€“matrix contact. e, Virtual section along the longitudinal axis of the cranium on dataset corrected for metallic inclusions. f, Detail of e. g, Same virtual section as in e, on data processed with the texture enhancement algorithm. h, Detail of g. In the processed data (g, h), homogenous parts (for example, bone or plaster) appear dark and the sediment reveals features that were barely visible prior to processing (e, f).


Extended Data Figure 2 Sectional slices that illustrate the integrity of MPC-D102/109.
a, Detail of anterior end of neck and posterior half of skull that shows continuity of the craniocervical transition. b, Detail of neck and skull that shows continuity between bones and matrix. c, Detail of proximal caudal series that shows the glued crack that crosses both matrix and bone (arrow), which confirms continuity between the sacrum and tail. d, Selected series of slices that show the continuity of bones and matrix along main slab. e, Overview of MPC-D102/109 indicating the curved virtual slice along a polyline (materialized above a 3D rendering) with slices at 5 mm on each side of this line every 1 mm. The line follows the axial column in order to show the continuity of the vertebral series. Scale bar, 70 mm. The renderings are generated using scan data that have been corrected for the absorbing metallic oxide infilling.


Extended Data Figure 3 Cross-sectional slices that illustrate the integrity of the left manus in MPC-D102/109.
a, Overview of MPC-D102/109 that indicates the location (red line) of the virtual sample for the slice shown in b. b, Dorsoventral cross-section of p2-I, p1-II and mc III; referred elements were stabilized close to their original position as indicated by the proximity of p2-I (grey arrow) to a small splint of p2-I that remained in the matrix (white arrow). Coloured lines indicate transects shown in c (blue), d (green) and e (purple). c, Mediolateral cross-section of manus with restored p2-I (grey arrow) indicated. d, Mediolateral cross-section of manus with in situ splint of p2-I (white arrow) indicated. e, Ventromedialâ€“dorsolateral cross-section of manus with in situ splint of p2-I (white arrow) indicated. Scale bars, 20 mm. Sections in bâ€“e were extracted from the dataset with an isotropic voxel size of 53.58 Î¼m and volume reconstruction that followed a phase retrieval approach; b represents a single slice extracted from the digital volume and câ€“e were obtained through the thick-slab mode, with slab thickness set to 0.8 mm in â€˜Maximumâ€™ combine mode (VGStudio MAX 2.2.6, Volume Graphics).


Extended Data Figure 4 Cross-sectional slices reveal the consistent presence of a single line of arrested growth in the mandible and appendicular skeleton of MPC-D102/109.
a, Longitudinal sections of skull (left) and left mandibular ramus (right) of MPC-D102/109 that indicate the locations of the virtual samples for slices shown in b (blue) and c (red). b, Transverse section of left mandibular ramus. c, Longitudinal cross-section of left mandibular ramus in dorsoventral plane. d, Cross-section of left humerus at mid-shaft. e, Cross-section of right femur shaft. f, Cross-section of left femur shaft. g, h, Cross-sections of right tibia distal shaft. i, Cross-section of left tibia proximal shaft. j, Cross-section of right metatarsal IV proximal shaft. White arrows indicate lines of arrested growth (LAGs). Scale bars, 2 mm (aâ€“c), 0.8 mm (d), 1 mm (eâ€“h) and 0.9 mm (j). Sections in aâ€“c were extracted from the dataset with an isotropic voxel size of 2.25 Î¼m, and volume reconstruction that followed a phase retrieval approach, as single slices in VGStudio MAX 2.2.6. The section in d was extracted from the dataset with an isotropic voxel size of 2.2 Î¼m and volume reconstruction that followed a phase retrieval approach, and then recoded for improved contrast with the thick-slab mode set to 100 Î¼m in the â€˜minimumâ€™ combine algorithm of VGStudio MAX 2.2.6. Sections in eâ€“j were extracted from the dataset with an isotropic voxel size of 53.58 Î¼m and volume reconstruction that followed a phase retrieval approach, with the thick-slab mode set to 100 Î¼m in the â€˜minimumâ€™ combine algorithm of VGStudio 3.0.2.


Extended Data Figure 5 Histology of MPC-D102/109 left tibia and fibula.
a, Interpretative histological drawing of tibia and fibula. b, Photomicrograph under cross-polarized light of boxed area in a. c, Cortical bone of the tibia under cross-polarized light with lambda waveplate, which reveals a LAG. d, Cortical bone of the tibia under cross-polarized light with lambda waveplate; this cross-section shows clearly the sharp cementing line boundary between the innermost remodelled and the outermost primary cortex. e, Close-up of the boxed area in d, with primary parallel-fibred bone with predominantly longitudinal canals and one LAG (white arrow) indicated. The cementing line that separates the outermost primary from the innermost remodelled cortex lies directly below the LAG. In the remodelled cortex, woven-bone osteocyte lacunae are visible in the lower left corner. No outer circumferential lamellae are visible. f, Close-up of the boxed area in d, with remodelled bone (black arrow) indicated. Several of the secondary osteons are surrounded by woven-bone osteocyte lacunae. A patch of inner circumferential lamellae is visible in the lower left corner. In panels a and d, bâ€“f refer to their corresponding panels in the figure. Scale bars, 2 mm (a), 0.85 mm (b) and 0.35 mm (câ€“f).


Extended Data Figure 6 3D rendering of preantorbital part of the skull of MPC-D102/109.
a, Dorsal view. b, Palatal view. p11, 11th premaxillary tooth; m16, 16th maxillary alveolus. c, Semi-transparent left lateral view that shows dentition. d, Left lateral view. af, antorbital fossa; en, external naris; mr, maxillary recess; pms, premaxillo-maxillary suture. e, Semi-transparent right lateral view that shows dentition. f, Right lateral view. en, external naris; nf, neurovascular foramina. Scale bars, 3 mm.


Extended Data Figure 7 3D rendering of dentition of MPC-D102/109.
a, Premaxillary teeth in labial view. b, Premaxillary teeth in lingual view. c, Maxillary teeth in labial view. d, Maxillary teeth in lingual view. e, Maxillary teeth in basal view. f, Dentary teeth in lingual view. rt, replacement tooth. Scale bars, 1 mm.


Extended Data Figure 8 Comparison between synchrotron scan segmentations of the snouts of Crocodylus niloticus and H. escuilliei.
aâ€“f, Synchrotron scan segments that show the enlarged bony chambers that house the blood vessels and the rostral terminations of the maxillary branch of the trigeminal nerves (red) in the snouts of a two-year-old C. niloticus (a, b), a twenty-year-old C. niloticus (c, d) and H. escuilliei MPC-D102/109 (e, f). Dorsal (a, c, e) and lateral views (b, d, f) are shown. Scale bar, 1.5 mm (a, b, e, f), 10 mm (c, d).


Extended Data Figure 9 Strict consensus of the shortest trees found by the analysis of first dataset.
a, Non-paravian taxa. b, Paraves. Numbers adjacent to nodes indicate decay index values >1 calculated when Hulsanpes and Shanag were pruned. DROMAEOSAUR., Dromaeosauridae; EUDRO., Eudromaeosauria; HALSZKAR., Halszkaraptorinae; MICROR., Microraptorinae; UNENLAG., Unenlagiinae.


Extended Data Figure 10 Reduced strict consensus of the shortest trees found by the analysis of the second dataset.
a, Non-pennaraptoran taxa; b, Pennaraptora. Numbers adjacent to nodes indicate decay index values >1.
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        Editorial Summary
Dawn of the dino-duck
A dinosaur discovered in the Cretaceous period of Mongolia belongs to a new subfamily of bird-like dinosaurs, which may have taken to water. Andrea Cau and colleagues describe Halszkaraptor, a small theropod with a number of unusual, potentially amphibious features. Synchrotron scanning reveals a domed head, a long, swan-like neck, a beak-like snout and several other adaptations that suggest that it spent at least some time in the water. The researchers group the finding with two other hitherto enigmatic and fragmentary finds to produce a new dinosaur subfamily, the Halszkaraptorinae. This adds another string to the versatile bow of maniraptoran theropods, which comprise a wide range of highly diverse forms, including birds.
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