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            Abstract
Secondary aquatic adaptations evolved independently more than 30 times from terrestrial vertebrate ancestors1,2. For decades, non-avian dinosaurs were believed to be an exception to this pattern. Only a few species have been hypothesized to be partly or predominantly aquatic3,4,5,6,7,8,9,10,11. However, these hypotheses remain controversial12,13, largely owing to the difficulty of identifying unambiguous anatomical adaptations for aquatic habits in extinct animals. Here we demonstrate that the relationship between bone density and aquatic ecologies across extant amniotes provides a reliable inference of aquatic habits in extinct species. We use this approach to evaluate the distribution of aquatic adaptations among non-avian dinosaurs. We find strong support for aquatic habits in spinosaurids, associated with a marked increase in bone density, which precedes the evolution of more conspicuous anatomical modifications, a pattern also observed in other aquatic reptiles and mammals14,15,16. Spinosaurids are revealed to be aquatic specialists with surprising ecological disparity, including subaqueous foraging behaviour in Spinosaurus and Baryonyx, and non-diving habits in Suchomimus. Adaptation to aquatic environments appeared in spinosaurids during the Early Cretaceous, following their divergence from other tetanuran theropods during the Early Jurassic17.
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                    Fig. 1: Osteohistology and ecological variation among amniotes, including the analysed spinosaurid taxa.[image: ]


Fig. 2: Relationship between midshaft density of femur, diameter and major lifestyle among amniotes including Spinosauridae.[image: ]


Fig. 3: Relationship between dorsal ribs density, diameter and major lifestyle among amniotes including Spinosauridae.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Comparative array of archosaurian femoral diaphysis included in the dataset.
Numerical values represent the bone density quantified for each taxon. Asterisks indicate femoral diaphysis that were retro-deformed before quantification of bone density due to taphonomic deformation and/or fragmentation present in the fossil.


Extended Data Fig. 2 Comparative array of non-avian and avian femoral diaphysis included in the dataset.
Numerical values represent the bone density quantified for each taxon.


Extended Data Fig. 3 Comparative array of avian and lepidosaur femoral diaphysis included in the dataset.
Numerical values represent the bone density quantified for each taxon.


Extended Data Fig. 4 Comparative array of amniote femoral diaphysis included in the dataset.
Numerical values represent the bone density quantified for each taxon.


Extended Data Fig. 5 Comparative array of mammalian femoral diaphysis included in the dataset.
Numerical values represent the bone density quantified for each taxon.


Extended Data Fig. 6 Comparative array of archosaurian dorsal rib cross sections included in the dataset.
Numerical values represent the bone density quantified for each taxon.


Extended Data Fig. 7 Comparative array of amniote dorsal rib cross sections included in the dataset.
Numerical values represent the bone density quantified for each taxon.


Extended Data Fig. 8
Bone density and femur diameter phylogenetic distribution plotted on the informal consensus tree used for discriminant analyses representing the phylogenetic relationships of the taxa included in our study.


Extended Data Fig. 9
Bone density and dorsal rib diameter phylogenetic distribution plotted on the informal consensus tree used for discriminant analyses representing the phylogenetic relationships of the taxa included in our study.


Extended Data Fig. 10 Qualitative comparison of bone compactness in selected skeletal elements between osteosclerotic spinosaurids and other non-avian dinosaurs.
Baryonyx and Spinosaurus possess dense, compact bone throughout the postcranial skeleton, namely in the neural spines, ribs, scapula, ilium, pubis, ischium, femur, and fibula. Increased bone density is found in postcranial elements of Spinosaurus as well; a reduced medullary cavity is present in the ribs, dorsal and caudal neural spines, manual phalanges, femur, tibia, and fibula. Abbreviations: bd=bone density.
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