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U N C O R R E C T E D P R O O F Introduction

Background information

Vertebrate evolution has been many times punctuated by ecological transitions between terrestrial and aquatic (freshwater vs seawater) environments resulting in major radiation events: during the Late Devonian-Early Carboniferous, early tetrapods left and Gordon 1965;Gat 1984;[START_REF] Gat | The stable isotope composition of waters of the eastern Mediterranean Sea[END_REF]. Hypersaline lagoons or sabkhas (but also inland lakes, e.g. in East Africa) can also reach δ 18 O w values higher than + 2‰ (e.g., Gat and Levy 1978).

The δ 18 O w values of freshwaters mainly derive from those of meteoric waters (groundwater contributions being possible) whose ultimate source is seawater. Evaporation of seawater at low latitudes, distillation and cooling of the humid air mass during its transport towards high latitudes are responsible for the negative δ 18 O values of meteoric waters (Dansgaard 1964). At the global scale, the higher the latitude and altitude, the lower the δ 18 O values of rainfall and snow. These values are comprised between -6 and -2‰ at low latitudes and decrease down to about -15‰ at high latitudes, polar caps excluded. Oxygen isotope compositions of vertebrate biogenic apatite phosphate (δ 18 O p ) are linearly correlated with the oxygen isotope composition of their environmental waters [START_REF] Longinelli | Oxygen isotopes in mammal bone phosphate: a new tool for paleohydrological and paleoclimatological research?[END_REF][START_REF] Luz | Oxygen isotope variations in phosphate of biogenic apatites, III. Conodonts[END_REF]. Consequently, vertebrates living or ingesting different environmental waters will record in their bones distinct oxygen isotope compositions. Nonetheless, it is worth to note that physiological factors such as evaporative transcutaneous water loss and thermo-metabolism, which are species-specific, also impact the oxygen isotope compositions recorded in bioapatites (e.g. [START_REF] Kohn | Predicting animal δ18O: accounting for diet and physiological adaptation[END_REF][START_REF] Levin | A stable isotope aridity index for terrestrial environments[END_REF].

Sulphur isotope composition of vertebrate apatite

Sulphur isotope composition of sulphates (δ 34 S) is highly variable in modern aquatic environments. Marine environments have high and relatively uniform sulphate δ 34 S values close to + 21.0‰ (Böttcher et al. 2007). Most freshwater environments (e.g. rivers, lakes, ponds, precipitations) have comparatively lower sulphate δ 34 S values, ranging from -20.0 to + 20.0‰ [START_REF] Krouse | Sulphur isotopes in our environment[END_REF][START_REF] Kaplan | Stable isotopes of sulphur, nitrogen and deuterium in recent marine environments[END_REF]Nehlich 2015). It has been shown that the sulphur isotope composition of food is recorded in vertebrate organic tissues (e.g. muscles, hairs) or molecules (e.g. bone collagen) with low isotopic fractionation (+ 0.5‰ ± 2.4‰, Nehlich 2015), especially when compared to the oxygen isotopic system.

A recent study also measured very low sulphur isotope fractionation values between the collagen of sub-fossil red fox and that of its preys (ranging from -0.54 to + 0.03‰, with a mean analytical error of ± 0.4; [START_REF] Krajcarz | Prey-to-fox isotopic enrichment of 34S in bone collagen: implications for palaeoecological studies[END_REF]. Notably, this study further allows such low sulphur isotope fractionation to apply for carnivores.

Sulphur isotope analysis of vertebrate organic tissues is, therefore, particularly relevant to differentiate between freshwater and seawater environments. In particular, this method has been successfully used to determine the living environment exploited by 
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Oxygen isotope analysis

Bone apatite samples were treated following the wet chemistry protocol described by (Crowson et al. 1991) and slightly modified by [START_REF] Lécuyer | Thermal excursions in the ocean at the Cretaceous-Tertiary boundary (northern Morocco): δ18O record of phosphatic fish debris[END_REF]). This protocol consists in the isolation of phosphate (PO 4 3-) from apatite using acid dissolution and anion-exchange resin. For each sample, 30 mg of enamel powder was dissolved in 2 mL of 2 M HF overnight. The CaF 2 residue was separated by centrifugation, and the solution was neutralised by adding 2.2 mL of 2 M KOH. 2.5 mL of Amberlite™ anionexchange resin was added to the solution to separate the PO 4 3-ions. After 24 h, the solution was removed and the resin was eluted with 27.5 mL of 0.5 M NH 4 NO 3 . After (V-CDT), (Fourel et al. 2015;[START_REF] Goedert | High-precision 34S/32S measurements in vertebrate bioapatites using purge-and-trap EA-IRMS technology[END_REF]) to ensure that analytical conditions were optimal to perform sulphur isotope analyses of samples with low-S content.

The sample average standard deviation for δ 34 S measurements is 0.34‰ ± 0.34‰. Data are reported as δ 34 S in ‰ vs V-CDT.
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Results
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Oxygen isotope
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The different vertebrates analysed had oxygen isotope com-274 positions ranging from + 12.1 to + 24.2‰ V-SMOW (Online 275 Information 1; Fig. 1a), which mainly reflect the variability of 276 oxygen isotope compositions of environmental waters. On the Fig. 2 Reconstructed oxygen and sulphur isotope composition of the environmental waters (δ 18 O w , δ 34 S w ) of the modern vertebrates. For oxygen, the isotopic composition of water was calculated using published isotopic fractionation equations for different groups of vertebrates (Online Information 3). For sulphur, the isotopic composition of water is very close to that recorded in bone apatite (i.e., almost no isotopic fractionation) and was calculated using published values of sulphur isotope composition of bone apatite and associated environmental water measured in present-day vertebrates [START_REF] Goedert | Euryhaline ecology of early tetrapods revealed by stable isotopes[END_REF]; Online Information 4). Each data point represents a biologically independent animal (n = 64) and corresponds to the average value of five and three repeated measurements for oxygen and sulphur isotope analysis, respectively (see "Material and Methods"). Each dot is numbered according to the species it represents (cf. Table 1). Error bars of each individual data point are given in Table S2 andS3 . 2003[START_REF] Levin | A stable isotope aridity index for terrestrial environments[END_REF]Tütken et al. 2006;Amiot et al. 2015Amiot et al. , 2009Amiot et al. , 315 2010;;Pouech et al. 2014;[START_REF] Guy | Tooth oxygen isotopes reveal Late Bronze Age origin of Mediterranean fish aquaculture and trade[END_REF]. As illustrated by 316 our results, this analysis can be particularly useful to distin- 2008). Although the different vertebrates sampled come from different region of the world, it should be noted for instance that the Eurasian otter (Lutra lutra) and the Eurasian beaver (Castor fibre), both having a semi-aquatic lifestyle, have recorded lower oxygen isotope ratios in their bones than fully terrestrial mammals (Online Information 1 and Fig. 1a). This is also the case for the semi-aquatic mallard duck (Anas platyrhynchos), which recorded in its bones lower oxygen isotope ratios than the common buzzard (Buteo buteo) (Online Information 1 and Fig. 1). In the latter case, it is worthy to note that both specimens come from the same geographic area and therefore rely on environmental waters of comparable oxygen isotope compositions.

On the contrary, it can be used to detect desert lifestyle [START_REF] Lécuyer | Oxygen isotope compositions of reptile bones and teeth: a potential record of terrestrial and marine paleoenvironments[END_REF]. For instance, the horned desert viper (Cerastes cerastes) and the Kleinmann's tortoise (Testudo kleinmanni), had both recorded high oxygen isotope ratios in their bones.

Nonetheless, for low-latitude environments, oxygen isotope compositions of freshwater and marine environments can display significant overlap. Consequently, water oxygen isotope compositions recorded in vertebrate apatites may not always be a diagnostic tracer of their living environment (e.g.

Pouech et al. 2014).

Sulphur isotope composition

Compared to oxygen, sulphur isotopes have been less applied to question the ecology of extinct vertebrates, principally due to technical difficulties. Due to the large amplitude of natural isotopic variations, particularly observed between terrestrial and marine environments, it remains a particularly relevant environmental tracer (cf. Background information).

However, as discussed in the "Introduction" section, the 'sea spray' effect may complicate interpretation concerning the living environment of vertebrates for terrestrial environment located in the influenced of marine ones. Moreover, some freshwater settings may have sulphur isotope compositions close to that of marine environments. For instance, rivers draining basins in which marine evaporites are exposed may have elevated dissolved sulphate content (more than 200 mg/L for the Colorado River system (Shope and Gerner 2014)) and δ 34 S values (up to seawater-like 19.5‰ for the Mackenzie River system [START_REF] Hitchon | Hydrogeochemistry of the surface waters of the Mackenzie River drainage basin, Canada-III. Stable isotopes of oxygen, carbon and sulphur[END_REF]). Therefore, vertebrates living in such environments are expected to have high sulphur isotope compositions that could be misinterpreted as reflecting an aqueous environment at least submitted to some marine influences. Finally, vertebrate species living in aquatic environments submitted to the influences of both fresh and 
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The general picture we have of major ecological transitions 423 that took place during vertebrate evolution are incomplete and 424 potentially biased as it corresponds to the final stages of these 425 transitions. For instance, the colonisation of terrestrial environments by early tetrapods at the beginning of the Carboniferous gave rise to a wide evolutionary radiation of terrestrial tetrapods that are still present on lands today. Similarly, the multiple iterations of secondary adaptation to the aquatic environment are well illustrated by the numerous species of vertebrates belonging to different groups (crocodiles, snakes, turtles, lizards, birds and mammals), which live in present-day aquatic environments. All these vertebrates testify that different groups adapted to new environments from a common ancestor.

However, the way these major ecological transitions proceeded, especially during their early stages, is difficult to infer and often remained elusive. Indeed, morpho-functional adaptations to a specific environment can be diachronous with its effective use (exaptation); the diagnose of living environment of vertebrates from morpho-functional analysis is thereby limited. Therefore, the combined use of 18 O/ 16 O and 34 S/ 32 S ratios of skeletal apatite should be particularly promising and powerful to document major ecological transitions in the fossil record for any phylogenetic group of vertebrates. For instance, this method has already been successfully applied to determine the aquatic environment of some Devonian early tetrapods and their associated vertebrate fauna [START_REF] Goedert | Euryhaline ecology of early tetrapods revealed by stable isotopes[END_REF]. Furthermore, it could also help to precise the ecology of some present-day aquatic vertebrates and shed light on the modalities of transition between terrestrial and aquatic environments during the course of vertebrate evolution over the Phanerozoic. It is also worthy to note that this method has the potential to shed light on the ecology of numerous present-day vertebrates living in transitional environments, and for which the ecology remains unclear. 
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  aquatic environments and colonised terrestrial ones (Ahlberg and Milner 1994); during the Jurassic-Cretaceous, various 32 crocodylomorphs belonging to the thalattosuchians, the 33 pholidosaurids, the dyrosaurids and the eusuchians, radiated in 34 the marine environments (Martin et al. 2014); One hundred mil-35 lion years later, during the Cenozoic (Eocene), early cetaceans 36 also experienced a secondary adaptation to aquatic environments controlled by evaporation and condensation processes during 86 which isotopic fractionation takes place (Craig and Gordon 87 1965; Dansgaard 1964). Marine environments have relatively 88 uniform δ 18 O w values of 0 ± 1‰ except at high latitudes, where δ 18 O w values are lower, ranging from -3 to -1‰ due to mixing with ice melt, and at tropical latitudes where high evaporation rates result in positive δ 18 O w values ranging from + 1 to + 2‰, especially in closed tropical and subtropical seas like the Red Sea, the Dead Sea, Mediterranean Sea or Caribbean Sea (Craig
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  Figs. 1 and 2 were plotted using KaleidaGraph 4.5.3 software. Figures were drawn using Inkskape 0.92.3.

  4 h, 0.5 mL of NH 4 OH and 15 mL of an ammoniacal solution of AgNO 3 were added, and the samples were placed in a thermostated bath at 70 °C during 7 h, allowing the precipitation of silver phosphate (Ag 3 PO 4 ) crystals.When only a few mg of apatite powders could be collected, the wet chemistry procedure was adapted following(Bernard et al. 2009) for small sample weights (about 3 mg).Oxygen isotope compositions were measured using a high-temperature pyrolysis (Py) technique involving a VarioPYROcube™ elemental analyser (EA) interfaced in continuous flow (CF) mode to an Isoprime™ isotopic ratio mass spectrometer (IRMS) (EA-Py-CF-IRMS technique(Fourel et al. 2011;[START_REF] Lécuyer | High-precision determination of 18O/16O ratios of silver phosphate by EA-pyrolysis-IRMS continuous flow technique[END_REF]) at the Laboratoire de Géologie de Lyon (UMR 5276, Université Claude Bernard Lyon 1). For each sample, 5 aliquots of 300 μg of Ag 3 PO 4 were mixed with 300 μg of pure graphite powder and loaded in silver foil capsules. Pyrolysis was performed at 1450 °C. Measurements were calibrated against the NBS120c (natural Miocene phosphorite from Florida: δ 18 O = 21.7‰ (V-SMOW),[START_REF] Lécuyer | Thermal excursions in the ocean at the Cretaceous-Tertiary boundary (northern Morocco): δ18O record of phosphatic fish debris[END_REF] and the NBS127 (barium sulphate, BaSO 4 : δ 18 O = 9.3‰ (V-SMOW),[START_REF] Hut | Stable isotope reference samples for geochemical and hydrological investigations[END_REF]. Silver phosphate samples precipitated from standard NBS120c were repeatedly analysed (δ 18 O p = 21.6‰; 1σ = 0.4; n = 16) along with the silver phosphate samples derived from fossil bioapatites to ensure that no isotopic fractionation took place during the 29 ± 0.14‰. Data are reported as δ 18 O p in ‰ 243 values vs V-SMOW. 244 Sulphur isotope analysis 245 Sulphur isotope compositions were measured using a 246 VarioPYROcube™ elemental analyser in NCS combustion 247 mode interfaced in continuous-flow mode with an Isoprime 248 100™ isotope ratio mass spectrometer hosted by the plat-249 form 'Ecologie Isotopique' of the 'Laboratoire d'Ecologie des Hydrosystèmes Naturels et Anthropisés' (LEHNA, UMR 5023, Villeurbanne, France). For each bone apatite sample, 3 aliquots of 7 mg of bioapatite powder were mixed with 20 mg of pure tungsten oxide (WO 3 ) powder and loaded in tin foil capsules. Tungsten oxide is a powerful oxidant ensuring the full thermal decomposition of apatite sulphate into sulphur dioxide (SO 2 ) gas (Goedert et al. 2016). Measurements have been calibrated against the NBS127 (barium sulphate, BaSO 4 δ 34 S = + 20.3‰ (V-CDT), (Halas and Szaran 2001) and S1 (silver sulphide, Ag 2 S δ 34 S = -0.3‰ (V-CDT), (Robinson 1995) international standards. For each analytical run of bone samples, we have also analysed BCR32 samples as a compositional

Fig. 1

 1 Fig. 1 δ 18 O p and δ 34 S apatite values

  Fig.2Reconstructed oxygen and sulphur isotope composition of the environmental waters (δ 18 O w , δ 34 S w ) of the modern vertebrates. For oxygen, the isotopic composition of water was calculated using published isotopic fractionation equations for different groups of vertebrates (Online Information 3). For sulphur, the isotopic composition of water is very close to that recorded in bone apatite (i.e., almost no isotopic fractionation) and was calculated using published values of sulphur isotope composition of bone apatite and associated environmental water measured in present-day vertebrates[START_REF] Goedert | Euryhaline ecology of early tetrapods revealed by stable isotopes[END_REF]; Online Information 4). Each data point represents a biologically independent animal (n = 64) and corresponds to the average value of five and three repeated measurements for oxygen and sulphur isotope analysis, respectively (see "Material and Methods"). Each dot is numbered according to the species it represents (cf. Table1). Error bars of each individual data point are given in TableS2 and S3for oxygen and sulphur respectively. Results are given as variations in parts per mille from the ratio of 18 O/ 16 O in Vienna Mean Oean Water (‰ VSMOW) for oxygen and 34 S/ 32 S in Vienna Canyon Diablo Troilite (‰ VCDT) for sulphur. Species living in freshwater are represented by light blue dots; those living in seawater are represented by dark blue dots, and green dots are used for terrestrial species.(1): Crocodylus niloticus; (2): Crocodylus siamensis; (3): Gavialis gangeticus; (4): Crocodylus porosus; (5): Crocodylus suchus; (6): Crocodylus suchus; (7): Acrochordus

  to note that vertebrates which 283 live in both freshwater to seawater environment had interme-284 diate median δ 18 O p values (δ 18 O p = + 17.7‰, 1σ = 0.9, n = 6), 285 although the difference was only significant compared to con-286 tinental environments and not seawater ones (P = 0.01255 and 287 P = 0.1611, respectively). One exception concerns the horned 288 desert viper (Cerastes cerastes) and the Kleinmann's tortoise 289 (Testudo kleinmanni), which had both recorded high oxygen 290 isotope ratios in their bones due to their desert lifestyle. 291 Sulphur isotope 292 The different vertebrates analysed had sulphur isotope com-293 positions apatite (δ 34 S apatite ) ranging from + 1.1 to + 22.9‰ V-294 CDT (Online Information 1; Fig. 1b). On the whole, verte-295 brates living or foraging in marine environments had signifi-296 cantly higher δ 34 S values than those living or foraging in con-297 tinental (freshwater or terrestrial) environments (median 298 δ 34 S apatite = + 16.9‰, 1σ = 4.4, n = 18 vs δ 34 S apatite = + 299 10.4‰, 1σ = 4.4, n = 40; P = 0.0001357). This isotopic pat-300 tern reflects an almost systematic 34 S-enrichment of marine 301 environments compared to continental ones. It is again worth 302 to note that vertebrates living in freshwater to seawater envi-303 ronment had intermediate median δ 34 S apatite values (δ 34 S = + 304 13.8‰, 1σ = 6.0, n = 6), although the difference was not sig-305 nificant with that of continental or marine environments (P = 306 0.1063 and P = 0.5264). Sulphur isotope analysis of fossilised 307 apatite can, therefore, help to detect the presence or proximity 308 of seawater in the living environments of extinct vertebrates. of vertebrate biogenic apatite has 312 been widely applied to fossilised apatite of extinct vertebrates 313 to get information on their living environment (e.g. Clementz 314 et al
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  guish vertebrates living or foraging in marine environments 318 from those living or foraging in continental (freshwater or 319 terrestrial) ones (e.g. sharks: Gates Q6 2019; mosasaurs: Makádi 320 et al. 2012; coelacanths: Simon et al. 2003). 321 It can also be used to further differentiate aquatic or semi-322 aquatic lifestyle from a terrestrial one in the case of sympatric 323 vertebrates (e.g. Amiot et al. 2010). Indeed, terrestrial animals lose more water than semi-aquatic animals through transcutaneous evaporation or sweat. Water lost during this process as vapour is preferentially 16 O-enriched, resulting in a relative 18 O-enrichment of the residual body water (Cerling et al.

  like in estuaries, may record a sulphur isotope 376 composition in their bioapatite difficult to correctly interpret in 377 terms of living environment. 378 Combined oxygen and sulphur isotope composition 379 On the whole, the combined use of oxygen and sulphur isotope 380 compositions of bone apatite allows, in most cases, environmen-381 tal identification for the present-day vertebrates after the conver-382 sion of the measured δ 18 O and δ 34 S values of apatite into envi-383 ronmental water δ 18 O value and dissolved environmental sul-384 phate δ 34 S values using known isotopic fractionation equations 385 (Fig. 2; Online Information 3 and 4).386 The complementarity of these two isotopic systems lies in the 387 different abundance ratios of oxygen and sulphur, respectively, in 388 seawater and freshwater bodies. Indeed, oxygen is equally pres-389 ent (as H 2 O) in both marine and freshwater reservoirs whereas 390 sulphur content (as SO 4 2-) of seawater is generally 100 to 1000 391 higher than in freshwater (Fry and Chumchal 2011). 392 Consequently, sulphur isotopes will be particularly relevant to 393 detect the presence of seawater in the environment, even if only 394 a small quantity of seawater intrudes freshwater environment, 395 and oxygen isotopes will be relevant to quantify the amount of 396 freshwater in the environment, in particular in aquatic environ-397 ments where freshwater and seawater are mixing, like in deltas or 398 estuaries (Goedert et al. 2018). 399 Vertebrates living or foraging in marine environments tend to 400 have higher oxygen and sulphur isotope compositions recorded 401 in their bone apatite than those from freshwater and terrestrial 402 habitats. This rule is especially valid when we compare verte-403 brates of close phylogenetic affinity. For instance, the wild gha-404 rial (Gavialis gangeticus), living in freshwater streams, and the 405 two captive specimens of desert crocodiles (Crocodylus suchus), 406 kept in freshwater at the Zoo of Lyon, have recorded in their bone 407 apatite δ 18 O p and δ 34 S apatite values (+ 12.1‰ and + 15.9‰, + 408 14.5‰ and + 8.2‰, and + 13.9‰ and + 8.5‰, respectively) 409 lower than those measured in bones of the wild Nile crocodile 410 (Crocodilus niloticus; + 17.5‰ and + 20.1‰) and saltwater 411 crocodile (Crocodilus porosus; + 16.8‰ and + 16.3‰), both 412 known to undertake incursions in brackish waters to seawaters 413 (cf. Supplementary Information). Similarly, the sea otter 414 (Enhydra lutris), fully adapted to life in seawater, has higher 415 δ 18 O p and δ 34 S apatite values (+ 17.4‰ and + 18.1‰) than those 416 of the Eurasian otter (Lutra lutra) (δ 18 O p = + 14.0‰ and 417 δ 34 S = + 12.8‰), inhabiting freshwater environments. In a simi-418 lar way, the marine narwhal (Monodon monoceros) has higher δ 18 O p and δ 34 S apatite values (+ 17.0‰ and + 16.0‰) than those of 420 the South Asian river dolphin (Platanista gangetica; + 14.3‰ and + 10.2‰).

and methods 172 Sixty-four vertebrate bone apatite samples have been col- lected and analysed in this study (Online Information 1). 174 Samples were selected to encompass a broad ecological

  at the species and population levels (Fry 2002; Fry and 141 Chumchal 2011;[START_REF] Hesslein | Stable isotopes of sulphur, carbon, and nitrogen as indicators of trophic level and fish migration in the lower Mackenzie River basin, Canada[END_REF] Nehlich et al. 2013; 

		142	Trembaczowski 2011) or in archaeological studies to know if
		143	ancient human populations relied on freshwater or marine food
		144	resources (e.g. Bocherens et al. 2016). More generally, terrestrial
		145	environments (including freshwater ones) and animals living
		146	there have generally relatively low δ 34 S values compared to ma-
		147	rine environments. Nonetheless, it is worth to note that coastal or
		148	island environments may be substantially influenced by sulphate
		149	from marine environments, which can be redeposited as rain or
		150	aerosols (the so-called 'sea spray' effect) with sulphate δ 34 S
	Q2	151	values close to those of marine environment (+ 20.3‰; Nielsen
		152	1974; Norman et al. 2006). Consequently, the δ 34 S values of
		153	vertebrates living in those terrestrial environments submitted to
		154	sea spray effect can be relatively high and may complicate inter-
		155	pretation concerning the living environment.
		156	Due to technical difficulties, sulphur isotope analyses have
		157	been only applied to organic tissues that easily degrade after
		158	animal death and are rarely preserved in the fossil record. A
		159	new method has been recently developed to measure the sul-
		160	phur isotope ratios ( 34 S/ 32 S) of sulphate compound in calcium
		161	phosphate minerals (analytical precision equals 0.5‰ (1σ))
		162	with a low-S concentration (0.14% to 1.19%) such as verte-
		163	brate bioapatites (Fourel et al. 2015; Goedert et al. 2016).
		164	Previous results indicated that sulphur isotope compositions
		165	of environmental waters are recorded in vertebrate inorganic
		166	tissues (bone apatite) with low isotopic fractionation (0.8‰ ±
		167	0.8‰, n = 5; Goedert et al. 2018). Therefore, sulphur isotope
		168	analysis of bioapatite from extinct vertebrates can provide
		169	estimates of the salinity of their aqueous environments
		170	(Goedert et al. 2018).
		175	and taxonomic spectrum of vertebrates (crocodiles, snakes,
		176	turtles, mammals, birds, lizards, fish and amphibians). For
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