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            Abstract
Adaptive radiations often follow the evolution of key traits, such as the origin of the amniotic egg and the subsequent radiation of terrestrial vertebrates. The mechanism by which a species determines the sex of its offspring has been linked to critical ecological and life-history traits1,2,3 but not to major adaptive radiations, in part because sex-determining mechanisms do not fossilize. Here we establish a previously unknown coevolutionary relationship in 94 amniote species between sex-determining mechanism and whether a species bears live young or lays eggs. We use that relationship to predict the sex-determining mechanism in three independent lineages of extinct Mesozoic marine reptiles (mosasaurs, sauropterygians and ichthyosaurs), each of which is known from fossils to have evolved live birth4,5,6,7. Our results indicate that each lineage evolved genotypic sex determination before acquiring live birth. This enabled their pelagic radiations, where the relatively stable temperatures of the open ocean constrain temperature-dependent sex determination in amniote species. Freed from the need to move and nest on land4,5,8, extreme physical adaptations to a pelagic lifestyle evolved in each group, such as the fluked tails, dorsal fins and wing-shaped limbs of ichthyosaurs. With the inclusion of ichthyosaurs, mosasaurs and sauropterygians, genotypic sex determination is present in all known fully pelagic amniote groups (sea snakes, sirenians and cetaceans), suggesting that this mode of sex determination and the subsequent evolution of live birth are key traits required for marine adaptive radiations in amniote lineages.
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                    Figure 1: 
                        Distribution of viviparity and GSD within amniotes.
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Figure 2: 
                        Posterior distributions of evolutionary transition rates between sex-determining mechanism and reproductive mode in extant amniote species.
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Figure 3: 
                        A specimen of 
                        Stenopterygius quadriscissus
                        , an extinct ichthyosaur from the Early to Middle Jurassic Period.
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        Editorial Summary
Extinct reptiles, sea and sex
Land vertebrates have returned to the sea many times over the ages. Modern seals and whales, as mammals, are live-bearing, and their sex is determined by genotype. But what of the many reptiles that once thronged the seas, such as the mosasaurs, ichthyosaurs and plesiosaurs? Sex determination might be environmentally or genotypically determined, and birth might be live, or through eggs. Based on phylogenetic analysis, Organ et al. propose that the sea-going reptiles of the past were not only live-bearers (which we know from the fossil record) but had genotypic sex determination. This would have freed them from the need to return to land to give birth (amniote eggs perish under water) and enabled their morphological transformation into highly evolved fish-like forms.
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