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            Abstract
Pterosaurs were the first vertebrates to evolve powered flight1 and comprised one of the main evolutionary radiations in terrestrial ecosystems of the Mesozoic era (approximately 252–66 million years ago), but their origin has remained an unresolved enigma in palaeontology since the nineteenth century2,3,4. These flying reptiles have been hypothesized to be the close relatives of a wide variety of reptilian clades, including dinosaur relatives2,3,4,5,6,7,8, and there is still a major morphological gap between those forms and the oldest, unambiguous pterosaurs from the Upper Triassic series. Here, using recent discoveries of well-preserved cranial remains, microcomputed tomography scans of fragile skull bones (jaws, skull roofs and braincases) and reliably associated postcrania, we demonstrate that lagerpetids—a group of cursorial, non-volant dinosaur precursors—are the sister group of pterosaurs, sharing numerous synapomorphies across the entire skeleton. This finding substantially shortens the temporal and morphological gap between the oldest pterosaurs and their closest relatives and simultaneously strengthens the evidence that pterosaurs belong to the avian line of archosaurs. Neuroanatomical features related to the enhanced sensory abilities of pterosaurs9 are already present in lagerpetids, which indicates that these features evolved before flight. Our evidence illuminates the first steps of the assembly of the pterosaur body plan, whose conquest of aerial space represents a remarkable morphofunctional innovation in vertebrate evolution.
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                    Fig. 1: Newly discovered and selected bones characterizing the lagerpetid body plan.[image: ]


Fig. 2: Key comparisons between pterosaur and lagerpetid cranial endocasts and skeletal elements.[image: ]


Fig. 3: Time-calibrated reduced strict consensus tree (after a posteriori pruning of Kongonaphon) focused on Pterosauria and Lagerpetidae.[image: ]
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                Data availability

              
              The data matrices for the phylogenetic analyses in NEXUS and/or TNT formats have been deposited in MorphoBank at http://morphobank.org/permalink/?P3773. Three-dimensional models of lagerpetid bones in STL format are available in MorphoSource at http://www.morphosource.org/Detail/ProjectDetail/Show/project_id/1095 under the following DOIs: https://doi.org/10.17602/M2/M157269, https://doi.org/10.17602/M2/M157271, https://doi.org/10.17602/M2/M157273, https://doi.org/10.17602/M2/M157275, https://doi.org/10.17602/M2/M157280, https://doi.org/10.17602/M2/M157282, https://doi.org/10.17602/M2/M157283 and https://doi.org/10.17602/M2/M157284. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Life reconstruction and three-dimensional reconstruction of the skull of the lagerpetid I. polesinensis (ULBRA-PVT059, holotype) with additions of cranial bones of other lagerpetids.
a–i, Images are shown in right lateral (a, f, i), anterior (b, g), posterior (c), ventral (d), dorsal (e) and anterodorsolateral (h) views. f–h, Images show transparent inferred bones to show the braincase and skull roof bones through them. Bones of I. polesinensis are indicated in yellow and those of K. kely (UA 10618, holotype), D. gregorii (TMM 31100-1334, referred specimen) and L. chanarensis (PVL 4625, referred specimen) in red, and inferred bones in light blue. Arrows indicate the anterior direction. Complete scale bar, 5 cm. Life and skull reconstruction by R. Nogueira.


Extended Data Fig. 2 Lagerpetid L. chanarensis (PVL 4625, referred specimen), three-dimensional reconstruction from the μCT scan of articulated dentaries and magnifications of dentary tooth crowns.
a–h, Images are shown in left lateral (a), right dorsolateral (b), ventral (c), dorsal (d), anterodorsal (e), apicolingual (f) and lingual (g, h) views. Horizontal arrows indicate the anterior direction (a–d, f–h) and diagonal arrows point to accessory cusps (f, h). a–e, Three-dimensional models based on μCT scan data. f, Scanning electron microscopy photograph. g, h, Binocular microscopy photographs. Scale bars, 5 mm (a–e), 0.2 mm (f) and 0.5 mm (g, h).


Extended Data Fig. 3 Additional images and comparisons between lagerpetids and pterosaurs.
a, Partial skull roof and braincase of the lagerpetid D. gregorii (TMM 31100-1334) in left lateral view. b, Right hemipelvis of the lagerpetid L. chanarensis (PVL 4619) in lateral view. c, Left hemipelvis and articulated proximal end of femur of the pterosaur Dimorphodon macronyx (NHMUK PV OR 41212, reversed) in lateral view. d, Right femur of the pterosaur D. macronyx (YPM 9182) in anterolateral view. Arrows indicate the anterior direction. Scale bars, 3 mm (a) and 5 mm (b–d).


Extended Data Fig. 4 Phylogenetic relationships of pterosaurs and lagerpetids among pan-archosaurs using discrete characters.
Strict consensus of the 280 most-parsimonious trees (tree length = 5,002; consistency index = 0.21431; retention index = 0.65014). Absolute (left) and GC (group present/contradicted) (right) bootstrap frequencies are indicated above each branch and Bremer support values are shown below each branch. The position of Scleromochlus in the secondary analysis is indicated with a dotted line.


Extended Data Fig. 5 Bremer support values in strict reduced consensus tree.
Strict reduced consensus of the same most-parsimonious trees of Extended Data Fig. 4 after a posteriori pruning of Spondylosoma, Dongusuchus and PVSJ 883 to avoid reduction of Bremer support values because of missing data in these taxa. Bremer support values are indicated on each branch.


Extended Data Fig. 6 Majority rule tree recovered from the unconstrained Bayesian phylogenetic analysis.
Branch colours indicate character state transition rates (that is, the evolutionary rates), numbers at the nodes indicate posterior probabilities, the thin black horizontal line segments indicate the 95% probability distribution of node ages, and dotted vertical lines indicate the boundaries between the Carboniferous, Permian, Triassic and Jurassic geological periods. Thick black vertical bars indicate polytomies and, as a result, transition rates could not be calculated.


Extended Data Fig. 7 Majority rule tree recovered from the constrained Bayesian phylogenetic analysis.
The topology of this tree has been constrained a priori after selecting randomly one of the most-parsimonious trees recovered after forcing the position of lagerpetids as the earliest branching dinosauromorphs in the maximum parsimony analysis. Branch colours indicate character state transition rates, the black horizontal line segments indicate the 95% probability distribution of node ages and the dotted vertical lines indicate the boundaries between the Carboniferous, Permian, Triassic and Jurassic geological periods. Posterior probabilities at the nodes are not shown because the topology is fully constrained.


Extended Data Fig. 8 Phylogenetic relationships of pterosaurs and lagerpetids among pan-archosaurs using discrete characters and the three-dimensional morphogeometric configuration of the inner ear.
Strict consensus tree generated from the 256 most-parsimonious trees (tree length = 4,927.67960; consistency index = 0.77624; retention index = 0.85756).


Extended Data Fig. 9 Single most-parsimonious tree found when analysing only the three-dimensional morphogeometric configuration of the inner ear and three-dimensional examples of how distances and angles were measured in the three-dimensional endosseous labyrinth models.
a, Tree rooted with T. buettneri. b, Three-dimensional model of the left endosseous labyrinth of Plateosaurus sp. (HMN R1937) in dorsolateral view. c, Labyrinth with reference plane for sectioning indicated. d, Landmark scheme for semicircular canal length measurements. e, Landmark scheme for asc circumference and labyrinth height measurements. f, Landmark scheme for labyrinth width measurements in ventral view on the reference plane. g, Landmark constellation explanation. asc, anterior semicircular canal; cc, common crus; enla, endosseous labyrinth; lsc, lateral semicircular canal; psc, posterior semicircular canal; ve, vestibule.


Extended Data Fig. 10 Single most-parsimonious tree found when analysing only the three-dimensional morphogeometric configuration of the inner ear and alternative rooting, and morphospace plot of archosauromorph labyrinths.
a, Tree rooted with M. browni. b, Landmark constellation explanation. c, Principal component (PC) analyses (n = 22 species) with variation in PC1 plotted against PC2 (showing deformations along PC1–PC2), in which grey dots are non-pan-avian archosauromorphs, pink dots are non-pterosauromorph pan-avians, garnet dots are pterosaurs and orange dots are lagerpetids.
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