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 9 

During the Mesozoic and Cenozoic, four distinct crocodylomorph lineages colonized the 10 

marine environment. They were conspicuously absent from high latitudes, which in the 11 

Mesozoic were occupied by warm-blooded ichthyosaurs and plesiosaurs. Despite a 12 

relatively well-constrained stratigraphic distribution, the varying diversities of marine 13 

crocodylomorphs are poorly understood because their extinctions neither coincided with 14 

any major biological crises, nor with the advent of potential competitors. Here, we test 15 

the potential link between their evolutionary history in terms of taxic diversity and two 16 

abiotic factors, sea level variations and Sea Surface Temperatures (SST). Excluding 17 

Metriorhynchoidea, which may have had a peculiar ecology, significant correlations 18 

obtained between generic diversity and estimated Tethyan SST suggest that water 19 

temperature was a driver of marine crocodylomorph diversity. Being most likely 20 

ectothermic reptiles, these lineages colonized the marine realm and diversified during 21 

warm periods, then declined or became extinct during cold intervals.  22 

 23 

Crocodylomorphs today show relatively narrow temperature tolerances, and their 24 



geographic distribution, whether on land or in the sea, is limited by temperature range. They 25 

are essentially tropical to subtropical organisms (Alligator mississippiensis and Alligator 26 

sinensis being also known from warm-temperate zones) and their distribution in ancient 27 

environments is usually taken as an indication of tropical to subtropical temperatures1–3, a 28 

crucial adjunct to climate models for the Cretaceous and Cenozoic4. This assumption that 29 

crocodylomorphs are always tropical to subtropical indicators is based on their present 30 

distribution. Indeed, crocodylomorphs are unique among Mesozoic marine reptiles because 31 

some of them have living relatives. However, in the past, crocodylomorphs showed a far 32 

wider range of habitats and adaptations than seen among their modern counterparts. Most 33 

marine reptiles of the Mesozoic have no modern analogues, and processes affecting their rise 34 

and demise have been much debated in the context of covariation of palaeodiversity and 35 

sampling proxies5–7. The bias hypothesis (i.e. errors induced by human collection or 36 

geological preservation) was put forward as the main explanation for palaeodiversity variation 37 

in Mesozoic marine reptiles5. Closer analysis suggested differences in the fossil records of the 38 

shelf and deep ocean, and that shallow marine tetrapod diversity was better explained by the 39 

extent of flooded continental areas than by sampling error6. More recently, it has been 40 

proposed that the extended extinction of unrelated marine reptile clades over the early 41 

Cretaceous could equally be explained by climatic or biotic factors exclusive to a given 42 

clade7. Another possibility is that marine reptile diversity could indirectly result from global 43 

changes in ocean chemistry, deeply scrambling the biomass and the structure of trophic 44 

chains, thus impacting again the diversity at the top of the food chain. There is therefore no 45 

clear consensus about the role of extrinsic versus intrinsic factors on marine reptile 46 

palaeodiversity in the Mesozoic. 47 

In order to test the control of the two major factors, seawater temperature or sea-level 48 

variations, on the diversity of marine crocodylomorphs, we have established a diversity 49 



database (Supplementary data 1) of marine crocodylomorphs at the generic level using all 50 

published occurrences worldwide from the Early Jurassic to the Late Eocene and compared 51 

them to published sea-level curves and to an updated sea surface temperature (SST) curve 52 

established from the oxygen isotope composition of fish teeth. 53 

Our analyses recover significant support for the covariation of seawater temperatures 54 

and the generic diversity of marine crocodylomorphs, excluding metriorhynchoids. A possible 55 

interpretation of these findings is that the evolution of most marine crocodylomorphs depends 56 

on environmental temperatures due to their ectothermic physiology. On the other hand, the 57 

radiation of metriorhynchoids during cold SST intervals suggests a different ecological 58 

strategy for this lineage. 59 

 60 

Results 61 

Palaeodiversity. The stratigraphic ranges of marine crocodylomorphs across the studied time 62 

interval do not overlap, with the exception of marine eusuchians and Dyrosauridae, both of 63 

which appeared at the very end of the Cretaceous. No marine crocodylomorph has ever been 64 

reported from two intervals of the Cretaceous, the Hauterivian-Albian and the Coniacian-65 

Campanian. These gaps in the fossil record can be considered as true absences because marine 66 

deposits of these ages are abundant (PaleoDB data) and have yielded remains of other marine 67 

reptiles including ichthyosaurs, plesiosaurs or mosasaurs5, but have never yielded any 68 

crocodylomorphs. 69 

Thalattosuchians comprise the first marine radiation, with three genera recorded in the 70 

Toarcian, followed by a collapse in diversity during the Aalenian. This apparent peak is an 71 

artefact of preservation due to a typical Lagerstätte effect5, further expressed with the absence 72 

of record in the Aalenian, only recently recognized from new discoveries of other marine 73 

vertebrates8,9. A crocodylomorph assemblage containing both metriorhynchoids and 74 



teleosaurids existed at least since the Bajocian when the first alleged metriorhynchoids are 75 

recorded. From then, thalattosuchian diversity peaked in the Callovian with seven genera. A 76 

diversity drop is recorded between the Callovian and the Oxfordian. The metriorhynchoid 77 

burst in diversification took place during the Kimmeridgian-Tithonian interval, with five and 78 

seven genera recorded respectively. While metriorhynchoids flourished, the diversity of 79 

teleosaurids for this same interval dwindled to only two genera, Machimosaurus and 80 

Steneosaurus. No teleosaurid has been reported thereafter. Finally, metriorhynchoid diversity 81 

dropped in the Berriasian with two genera and the clade disappeared during the early 82 

Hauterivian10,11,12. Thalattosuchians have never been reported from younger rocks. 83 

 The present data compilation shows a gap in the record of marine crocodylomorphs 84 

from the early Hauterivian to the Cenomanian, when some pholidosaurids colonized the 85 

marine environment in the Cenomanian. They are not recorded after the Coniacian. 86 

 The last radiation of crocodylomorphs into the marine environment is Maastrichtian, 87 

with five genera of Dyrosauridae and two genera of gavialoid eusuchians. Both Dyrosauridae 88 

and gavialoids survived the end-Cretaceous events, Dyrosauridae becoming extinct some time 89 

during the Ypresian. On the other hand, eusuchians seem to have radiated successively again 90 

during the Eocene, Oligocene and Miocene, as gavialoids. 91 

 92 

Tests of correlation. In comparisons of different data treatments, Spearman rank correlation 93 

tests suggest some correlation of the palaeodiversity signal with the explanatory time series. 94 

Out of the five explanatory time-series, SST show the greatest number (7) of significant 95 

results for the correlation tests against the response variables (Table 1). This is closely 96 

followed by the data for sea level reconstruction by Miller et al.13, with five significant 97 

results. Then, the sea level estimate of Haq et al.14 shows only one significant correlation with 98 

the response variable. Finally, the two subsequent explanatory variables (PaleoDB marine 99 



formations and COSUNA formations) show non-significant correlations with the response 100 

variables. 101 

 There appears to be no good match when either raw crocodylomorph species diversity 102 

counts or phylogenetically corrected generic diversity counts are compared with SST. The 103 

tested relations remain unmatched when applying various data transformations (time-scaling, 104 

logarithmic, generalized differencing). 105 

 Significant correlations between SST and the response variables appear when 106 

metriorhynchoid crocodylomorphs are excluded from the diversity count (NM dataset). In 107 

terms of strength of correlation, Log10 (NMcroc) offers the best result, which is as good as the 108 

correlation coefficients recovered for the sea level estimate of the Miller et al.13 curve versus 109 

the response variables. Nevertheless, SST stands out from the sea level estimate of Miller et 110 

al.14 when the response variables are phylogenetically corrected, with four significant 111 

correlation coefficients (> 0.36) explained by SST, versus one significant correlation 112 

coefficient (0.405) for Miller sea level (Table 1). Noteworthy in the results are significant 113 

positive correlation coefficients obtained when considering SST or the sea level estimate of 114 

Miller et al.13 against generalized differences of the diversity dataset without 115 

metriorhynchoids (GD NMcroc and PC GD NMcroc in Table 1). 116 

 After correction with the Benjamini-Hochberg multiple comparisons and Bonferroni 117 

correction, we found that all significant correlations (Table 1) ceased to be significant. 118 

Perhaps the correction was too harsh, or at least any correlations that exist between the marine 119 

crocodylomorph fossil record and the putative physical drivers are weak. There are clearly 120 

problems with the time bins and palaeodiversity sample sizes used here. The temporal 121 

distribution of the fossil record of marine crocodylomorphs is not as resolved as that of the 122 

SST data. This means that variations in temperatures within these time bins cannot be 123 

compared to the evolution of diversity at a finer stratigraphic scale, simply because the 124 



stratigraphic distribution of the marine vertebrates can only be inferred using ghost ranges. 125 

Nevertheless, these results do not invalidate the simple observation that marine 126 

crocodylomorphs are present in the marine environment when warm SST prevail, but are 127 

absent when cold SST are recorded. These are discussed below. 128 

 129 

Discussion 130 

No significant correlation between marine crocodylomorph diversity and PaleoDB marine 131 

formations is observed, under any manipulation of the time series, therefore suggesting that 132 

the ups and downs in marine crocodylomorph diversity are not dominated by geological 133 

sampling, but indicate some aspects of the original diversity signal and ought to be explained 134 

by other external factors. The absence of significant correlation between marine 135 

crocodylomorph diversity and the metric for continental flooding (COSUNA) contrasts with 136 

previously published results, although it should be noted that the present diversity data sets 137 

are necessarily small. A strong negative correlation was found between non-flooded surface 138 

area and the taxic diversity of shallow environments6, a result predicted by the inverse 139 

relation between non-flooded surface area and the number of shallow marine habitats. As 140 

predicted by these results6, a positive and significant correlation would be expected in our 141 

results between COSUNA and marine crocodylomorph diversity, but this is not the case. Our 142 

dataset focuses on one group, marine crocodylomorphs, versus all marine reptiles in the case 143 

of Benson and Butler6, who lump marine crocodylomorphs among shallow marine tetrapods. 144 

Broad feeding scope and enhanced mobility in marine crocodylomorphs are strong indications 145 

that their diversity should not have been significantly influenced by habitat modification, 146 

despite significant modifications of the palaeogeography during the time under investigation. 147 

Moreover, because of their freshwater origin, marine crocodylomorphs were certainly able to 148 

live in freshwater drainages, as identified in some cases15, and could use the various food 149 



resources available in the freshwater habitat. The combined role of ecology, physiology or 150 

behaviour may therefore explain why marine crocodylomorph diversity does not show good 151 

correlation with continental flooding. Pierce et al.16 suggested that thalattosuchian extinction 152 

in the Early Cretaceous was driven by sea level fall. The present results show that marine 153 

crocodylomorph diversity is at least partly affected by sea level variations. It is indeed 154 

expected that coastal palaeogeography can be significantly modified by sea-level changes, 155 

resulting in the appearance of new habitats and marine barriers, differing in size and marine 156 

connection through time (e.g.17). How this is affecting crocodylomorph diversity is unknown 157 

but should be considered. Correlations computed on the total diversity dataset of marine 158 

crocodylomorphs with the sea level estimates are not significant. On the other hand, exclusion 159 

of metriorhynchoids from the dataset leads to five significant correlations with the sea level 160 

estimates of Miller et al.12 and a single significant correlation with the sea level estimates of 161 

Haq et al.14. These results underline that marine crocodylomorphs with varying adaptations 162 

for offshore (e.g., teleosaurids) or pelagic swimming (metriorhynchoids) may be affected 163 

differently by sea level variation. For instance, metriorhynchoid diversity alone seems to be 164 

affected by sea level variation of Miller et al. (Fig. 1B), but there is no correlation 165 

(Spearman’s rho = 0.577, p = 0.13), and perhaps the narrow temporal range (Pliensbachian-166 

Valanginian) prevents meaningful statistical testing. However, this hypothesis is unequally 167 

supported by the two available sea level datasets (the one from Miller et al.13 being 168 

incomplete from the Hettangian to Aalenian) and loses much support when the dataset is 169 

phylogenetically corrected (Table 1). While sea level variation might partly explain the 170 

diversity of marine crocodylomorphs, it is noteworthy that sea level is both influenced by 171 

global tectonic activity (tectonoeustasy) and the growth and decay of polar ice caps 172 

(glacioeustasy).  As the extension of the polar ice is ultimately controlled by global climate, a 173 

drop in sea level could be related indirectly to a drop in marine crocodylomorph diversity, but 174 



the underlying cause would be temperature change (Fig. 1C).  175 

 Although based on now obsolete diversity counts, strong evidence for the influence of 176 

climate on the evolution of crocodylomorphs has previously been detected4. It is expected that 177 

crocodylomorphs, as ectotherms, are affected by temperature changes; this is reflected in the 178 

marine environment by the temperature of their living medium (SST). No correlation between 179 

SST and total marine crocodylomorph diversity is observed (Table 1), a result drastically 180 

different when metriorhynchoids are excluded from the dataset (Table 1). In this case, 181 

significant correlations are observed both with and without phylogenetic correction. The 182 

average significant correlation value for SST is 0.380. Such a value implies that SST can only 183 

partially explain the diversity of some marine crocodylomorphs and suggests that, with the 184 

exclusion of metriorhynchoids, they were only able to colonize the marine environment when 185 

ambient temperatures were favourable. According to present knowledge of the fossil record, 186 

the marine environment was left vacant twice for several million years by crocodylomorphs, 187 

in the Hauterivian-Albian and Coniacian-early Campanian intervals. Possibly, the marine 188 

environment was not habitable. It is notable that crocodylomorphs colonised the marine 189 

environment at the beginning of warming phases, with Thalattosuchia in the Toarcian, 190 

Pholidosauridae in the Cenomanian and Eusuchia and Dyrosauridae in the Maastrichtian. On 191 

the other hand, some drops in crocodylomorph diversity correspond to temperature declines 192 

such as that of the Callovian affecting thalattosuchian diversity or the Valanginian-193 

Hauterivian boundary affecting metriorhynchoids. Concerning the extinction of 194 

Pholidosauridae in the Turonian and Dyrosauridae in the Ypresian, a clear match between 195 

SST and diversity is absent, even when considering fine-scale SST variations reconstructed 196 

using other proxies18,19. Among the considered marine crocodylomorph lineages, the 197 

metriorhynchoids clearly stand out with an explosive radiation at the end of the Jurassic, 198 

when SSTs continued to decrease. Comparatively, the other thalattosuchian group, the 199 



teleosaurids, did not radiate and even went extinct before the Berriasian. Metriorhynchoids 200 

appear to be morphologically different from any other marine crocodylomorphs, thus inviting 201 

discussion about physiological adaptations in these different lineages (see below). The 202 

statistical assessments retrieved in this study did not yield 1:1 correlations between SST and 203 

marine crocodylomorph diversity, and as discussed below other factors might be involved in 204 

the fluctuations in marine diversity. The aim of this study is not to prove that SST could 205 

solely account for evolutionary patterns in climate-sensitive lineages, but rather to stress the 206 

existence of a window of optimal temperatures in which these marine animals could thrive, as 207 

defended in earlier studies4. 208 

SST can be interpreted as a limiting factor, allowing crocodylomorphs to colonise new 209 

environments when temperatures become favourable; or preventing crocodylomorphs from 210 

widely thriving when temperatures fall. It is noteworthy that increasing marine water 211 

temperatures also boost both biomass and biodiversity, thus increasing the amount of 212 

resources for marine crocodylomorphs. Within that frame, other factors, including biotic ones 213 

could impede speciation. One factor coming to mind is competition for resources or territory 214 

among predators20. Illustrating this, the demise of Pholidosauridae, and then of Dyrosauridae 215 

might be paralleled with the rise of other large marine predators: mosasaurs in the mid-216 

Cretaceous or archaeocete marine mammals in the Paleogene. However, explaining the 217 

turnover of vertebrates by competition for resources or territory should take into account the 218 

body size factor. Body size is responsible for niche partitioning in large predators21 and it is 219 

unlikely that pholidosaurids or dyrosaurids might have been worried by the small size of the 220 

first mosasaurs and the first archaeocetes. Moreover, there are numerous instances of marine 221 

crocodylomorphs coexisting with other large marine reptiles7,9. Invoking competition for 222 

resources or territory appears therefore unlikely as an explanation for the demise of marine 223 

crocodylomorphs. Physiological specificities could represent other factors explaining the 224 



diversity pattern of marine crocodylomorphs. The prediction that ancient marine 225 

crocodylomorphs were sensitive to seawater temperature variation is partly but not entirely 226 

recovered in our results. That ancient marine crocodylomorphs were, as extant ones, 227 

ectotherms, would require a full match between SST evolution and patterns of radiation-228 

extinction of the different crocodylomorph groups. Of particular relevance to the recovered 229 

mismatch are Metriorhynchoidea, whose diversity does not match SST evolution. Indeed, the 230 

Metriorhynchoidea appeared to radiate in the pelagic environment when Teleosauridae died 231 

out and SST dropped at the end of the Jurassic. Whether metriorhynchoids retained 232 

ectothermic characteristics is questionable and unanswered but could equally be linked to 233 

drastic physiological changes such as reproductive strategies. Metriorhynchoidea display 234 

extreme adaptations to marine life, with hypocercal tails and paddle-like limbs22, the latter                                                                                                                                                                                                                                                                                                                                                                                                                                                                             235 

clearly not suited for land crawling. Extant crocodylomorphs need to come back onto land to 236 

lay eggs, but if this could not be achieved by metriorhynchoids, a whole suite of physiological 237 

adaptations would have been required, including live birth. As speculative as it may be, this 238 

could explain their explosive radiation after the Callovian-Oxfordian temperature drop and 239 

their survival after the end-Jurassic, while Teleosauridae drastically declined in diversity and 240 

then disappeared. Live birth was widespread among ichthyosaurs23 and has only recently been 241 

reported for plesiosaurs24 and mosasaurs25. In the first two groups, δ18O values of bone 242 

phosphate tissue support the hypothesis of body temperature regulation26. Whether 243 

metriorhynchoids had some sort of endothermic capability would be consistent with our 244 

results, also supported by their inferred hypercarnivorous diet27, fulfilling the high metabolic 245 

demand for protein. Although this remains to be tested (for example by analysing the δ18O 246 

composition of metriorhynchoid bone phosphate), an intermediate metabolism could explain 247 

both the delayed reaction to SST drops when teleosaurids disappeared, and also their demise 248 

at the Hauterivian-Valanginian boundary when SST may have dropped below 249 



metriorhynchoid tolerance. The temperature tolerance of metriorhynchoids would have been 250 

better suited for cold temperatures than that of other marine crocodylomorphs, but remained 251 

unparalleled to that of plesiosaurs and ichthyosaurs living in high-latitude cold 252 

environments28,29,30. No marine crocodylomorphs have ever been reported in these high-253 

latitude marine environments of the Jurassic and Cretaceous, whereas they were abundant in 254 

contemporaneous lower latitude assemblages. This provides support for the first assumption 255 

that marine crocodylomorphs were ectotherms, and therefore their capacity to diversify in the 256 

marine environment was ultimately constrained by the evolution of sea surface temperatures. 257 

 258 

Methods  259 

Diversity counts. Marine crocodilian diversity counts were assessed at species and genus 260 

level. Occurrences extend over the Hettangian to the Rupelian (Supplementary Data 1). To 261 

begin with, species counts were retrieved from the literature for the Dyrosauridae and the 262 

Eusuchia and updated from Benson et al.5 for the Thalattosuchia and Pholidosauridae. The 263 

species raw count was included in the statistical analysis and a second set of analyses 264 

excluded metriorhynchoids from the species count. In order to reduce taxonomic bias as much 265 

as possible, another set of data considered only genera. This is because, across the different 266 

lineages of marine crocodilians considered here, two have recently been revised in depth 267 

leading to a burst of previously overlooked species diversity33. Species diversity, and to a 268 

lesser extent generic diversity, are unbalanced when comparing recently revised groups such 269 

as metriorhynchoids or dyrosaurids, versus other groups such as the Teleosauridae, whose 270 

taxonomic content has not been revised recently34,35. Therefore, considering only genera in 271 

the dataset allows smoothing out diversity counts across different lineages. An additional 272 

approach was applied to this generic dataset for further refinement of the diversity: 273 

phylogenetic correction, superimposed on the stratigraphy by filling ghost ranges of genera 274 



(Supplementary Data 1). Phylogenetic corrections follows the topology recovered for 275 

Thalattosuchia33 and the topology recovered for Dyrosauridae36. Pholidosauridae (2 marine 276 

genera) are in comparison to Thalattosuchia and Dyrosauridae a relatively small marine 277 

radiation with a larger ancestral freshwater stock. For this reason, no phylogenetic correction 278 

could be applied here and only their ghost occurrence was added to the stratigraphic series. 279 

Finally, phylogenetic correction was not applied to marine Eusuchia due to their controversial 280 

phylogenetic relationships at the heart of the Gavialis/Tomistoma debate37. Therefore, only 281 

ghost ranges were added according to the stratigraphic distribution of taxa. 282 

Poorly known taxa from marginal setting. A number of problematic crocodilians were not 283 

included in the marine crocodilian diversity count because of uncertain taxonomic identity 284 

and limited occurrence at a single locality in a marginal marine setting. These taxa are: 285 

Aigialosuchus villandensis Persson, 195938 from the early Campanian of Blaksudden Ivö, 286 

which is fragmentary and may well have been washed out in marginal marine deposits 287 

together with dinosaurian teeth found in the same deposits. Moreover, according to the 288 

morphology described by Persson (1959), Aigialosuchus villandensis can be considered 289 

similar to contemporaneous freshwater eusuchians. Crocodileimus robustus Jourdan 186239 290 

from the Kimmeridgian of Cerin, France, possibly belongs to the Pholidosauridae but this has 291 

not been substantiated yet. Crocodileimus robustus occurs in a lagoonal mudstone and the 292 

presence of atoposaurids in the same locality points to episodes of continental wash out into 293 

this environment. Although Pholidosauridae diversified during the early Cretaceous, they 294 

were restricted to freshwater environments. The genus Anglosuchus from the Great Oolith 295 

(Bathonian) of Peterborough, UK has previously been referred to the Pholidosauridae40,41,42 296 

but these referrals have never been substantiated. The youngest teleosaurid was recorded from 297 

the Valanginian of southern France43. This specimen has recently been revised44 and now 298 



referred to a metriorhynchid. The youngest record of Teleosauridae is therefore Tithonian in 299 

age, no record being substantiated for this group in the Cretaceous. 300 

Seawater	  temperature	  curve	  establishment.	  Sea	  surface	  temperature	  curve	  for	  the	  301 

Hettangian	  –	  Rupelian	  interval	  has	  been	  established	  using	  both	  302 

published26,45,46,47,48,49,50,51,52,53	  and	  new	  oxygen	  isotope	  composition	  of	  fish	  teeth	  303 

recovered	  from	  European,	  American,	  North	  African	  and	  Middle	  East	  localities	  304 

corresponding	  to	  the	  Western	  Tethys	  realm	  (Supplementary	  Data	  1).	  In	  order	  to	  be	  305 

comparable,	  δ18Op	  values	  were	  all	  normalized	  to	  the	  most	  recently	  accepted	  value	  of	  306 

21.7‰	  for	  the	  international	  standard	  NBS	  120c54.	  Values	  with	  maximum	  resolution	  at	  307 

the	  substage	  level	  were	  selected	  and	  an	  average	  value	  for	  the	  whole	  stage	  was	  308 

calculated.	  Seawater	  temperatures	  were	  then	  computed	  using	  the	  Phosphate-‐water	  309 

temperature	  scale54	  assuming	  an	  average	  δ18O	  value	  of	  the	  ocean	  of	  -‐1‰:	   310 

   T(°C) = 117.4(±9.5) – 4.50(±0.43)*(δ18OPO4 – δ18OH2O) 311 

Statistical assessment. This dataset is then compared to the Sea Surface Temperature (SST) 312 

curve (Fig. 1A) based on the compilation of new and published δ18O values of fish tooth 313 

apatite phosphate recovered from low to mid-latitude localities, and to sea level (Fig. 1B), 314 

which was recalculated for each stratigraphic interval defined in Gradstein et al.31 along with 315 

the values obtained from Haq et al.14 (Hettangian-Rupelian) and Miller et al.13 (2005) 316 

(Bajocian-Rupelian). Marine crocodylomorph diversity is also confronted with another 317 

physical factor, which is a metric for continental flooding5 compiled from MACROSTRAT 318 

(COSUNA32). Finally, in order to test possible taphonomic bias on the diversity of marine 319 

crocodylomorphs, the number of marine geological formations was compiled from the 320 

Paleobiology Database (PaleoDB) and compared to the diversity dataset. The stratigraphic 321 

framework of Gradstein et al.31 is adopted here. We carried out a series of correlation tests to 322 

determine the relationship between marine crocodilian diversity and paleoclimate. We 323 



considered four forms of the diversity data, and for each of those, four variants on the data. 324 

 The time series of crocodilian diversity was presented in these four formats: (1) total 325 

species diversity; (2) phylogenetically corrected generic diversity, including ghost ranges; (3) 326 

total species diversity minus metriorhynchids; and (4) phylogenetically corrected generic 327 

diversity minus metriorhynchids. Phylogenetic correction is commonly done for studies of 328 

fossil vertebrates6,55: this consists of plotting a cladogram against geological time, and adding 329 

Lazarus taxa (genera with a range above and below a time bin of interest) and ghost ranges 330 

(minimal implied range at the base of a lineage implied by older fossils in the immediate 331 

sister group). 332 

 Each of the four data formats was further considered in four forms: (1) raw data; (2) 333 

time-corrected (total figures divided by durations of time bins); (3) logarithm (total data); and 334 

(4) generalized-differenced total data. These modifications were to allow all possible 335 

corrections for variable time bin duration, for any large-scale deviations from the mean 336 

(logarithm transformation), and to distinguish overall trend from bin by bin variations 337 

(generalized-differencing). 338 

 Pairwise tests of correlation were carried out between the response variables (diversity 339 

time series) and the various possible explanatory time series (the new SST data, the Miller sea 340 

level curve, the Haq sea level curve, PaleoDB marine formation counts, and COSUNA marine 341 

formation counts). Pearson, Spearman, and Kendall correlation coefficients and significances 342 

were calculated using R software v.2.14.1 (R Development Core Team, 2011), as in earlier 343 

studies56. Further, we recorded raw significance values, as well as those corrected for Type II 344 

statistical errors, using the False Discovery Rate (FDR) approach57, using an R script given in 345 

Benton et al.53, which runs numerous correlation tests with unadjusted and adjusted p values. 346 

 347 

References 348 



1. Berg, D. E. Krokodile als Klimazeugen. Geol. Rundsch. 54, 328–333 (1964). 349 

2. Estes, R. & Hutchison, H. J. Eocene lower vertebrates from Ellesmere Island, Canadian 350 

Arctic Archipelago. Palaeogeogr. Palaeoclim. Palaeoecol. 30, 325–347 (1980). 351 

3. Hutchison, J. H. Turtle, crocodylomorph, and champsosaur diversity changes in the 352 

Cenozoic of the north-central region of western United States. Palaeogeogr. Palaeoclim. 353 

Palaeoecol. 37, 149–164 (1982). 354 

4. Markwick, P. J. Fossil crocodylomorphs as indicators of Late Cretaceous and Cenozoic 355 

climates: implications for using palaeontological data in reconstructing palaeoclimate. 356 

Palaeogeogr. Palaeoclim. Palaeoecol. 137, 205–271 (1998). 357 

5. Benson, R. B., Butler, R. J., Lindgren, J. & Smith, A. S. Mesozoic marine tetrapod 358 

diversity: mass extinctions and temporal heterogeneity in geological megabiases affecting 359 

vertebrates. Proc. R. Soc. B Biol. Sci. 277, 829–834 (2010). 360 

6. Benson, R. B. & Butler, R. J. Uncovering the diversification history of marine tetrapods: 361 

ecology influences the effect of geological sampling biases. Geol. Soc. Lond. Spec. Publ. 362 

358, 191–208 (2011). 363 

7. Benson, R. B. & Druckenmiller, P. S. Faunal turnover of marine tetrapods during the 364 

Jurassic–Cretaceous transition. Biol. Rev. (2013). 365 

8. Maxwell, E. E., Fernández, M. S. & Schoch, R. R. First diagnostic marine reptile remains 366 

from the Aalenian (Middle Jurassic): a new ichthyosaur from southwestern Germany. 367 

PloS One 7, e41692 (2012). 368 

9. Vincent, P. et al. Marine vertebrate remains from the Toarcian–Aalenian succession of 369 

southern Beaujolais, Rhône, France. Geol. Mag. 150, 822–834 (2013). 370 

10. Hua, S., Vignaud, P., Atrops, F. & Clément, A. Enaliosuchus macrospondylus 371 

(Crocodylia, Metriorhynchidae) du Valanginien de Barret-le-Bas (Hautes Alpes, France): 372 

Un cas unique de remontée des narines externes parmi les crocodiliens. Géobios 33, 467–373 



474 (2000). 374 

11. Karl, H., Gröning, E., Brauckmann, C. & Knötschke, N. Revision of the genus 375 

Enaliosuchus Koken, 1883 (Archosauromorpha: Metriorhynchidae) from the Early 376 

Cretaceous of Northwestern Germany. Stud. Geol. Salmant. 42, 49–59 (2006). 377 

12. Debelmas, J. Sur la persistence du genre Dacosaurus dans le Néocomien de la Haute-378 

Provence. C. R. Acad. Sc. 244, 1238–1240 (1957). 379 

13. Miller, K. G. et al. The Phanerozoic record of global sea-level change. Science 310, 380 

1293–1298 (2005). 381 

14. Haq, B. U., Hardenbol, J. & Vail, P. R. Chronology of fluctuating sea levels since the 382 

Triassic. Science 235, 1156–1167 (1987). 383 

15. Martin, J. E., Buffetaut, E., Liard, R., Lauprasert, K. & Suteethom, V. A freshwater 384 

teleosaurid in the Late Jurassic of northeastern Thailand. in (Forrest, R.) 17–17 (2011). 385 

16. Pierce, S. E., Angielczyk, K. D. & Rayfield, E. J. Morphospace occupation in 386 

thalattosuchian crocodylomorphs: skull shape variation, species delineation and temporal 387 

patterns. Palaeontology 52, 1057–1097 (2009). 388 

17. Palumbi, S. R. Genetic divergence, reproductive isolation, and marine speciation. Annu. 389 

Rev. Ecol. Syst. 25, 547–572 (1994). 390 

18. Forster, A., Schouten, S., Baas, M. & Sinninghe Damsté, J. S. Mid-Cretaceous (Albian–391 

Santonian) sea surface temperature record of the tropical Atlantic Ocean. Geology 35, 919 392 

(2007). 393 

19. Hollis, C. J. et al. Early Paleogene temperature history of the Southwest Pacific Ocean: 394 

Reconciling proxies and models. Earth Planet. Sci. Lett. 349-350, 53–66 (2012). 395 

20. Martin, J. E. Surviving a potentially lethal injury. Bite mark and associated trauma in the 396 

vertebra of a dyrosaurid crocodylomorph. Palaios 28, 6–8 (2013). 397 

21. Farlow, J. O. & Pianka, E. R. Body Size Overlap, Habitat Partitioning and Living Space 398 



Requirements of Terrestrial Vertebrate Predators: Implications for the Paleoecology of 399 

Large Theropod Dinosaurs. Hist. Biol. J. Paleobiology 16, 21–40 (2003). 400 

22. Hua, S. & Buffetaut, E. in Anc. Mar. Reptil. (Callaway, J. M. & Nicholls, E. L.) 357–374 401 

(Academic Press, 1997). 402 

23. Böttcher, R. Neue Erkenntnisse über die Fortpflanzungsbiologie der Ichthyosaurier 403 

(Reptilia). Stuttg. Beiträge Für Naturkunde Ser. B Geol. Paläontologie 164, 1–51 (1990). 404 

24. O’Keefe, F. R. & Chiappe, L. M. Viviparity and K-selected life history in a Mesozoic 405 

marine plesiosaur (Reptilia, Sauropterygia). Science 333, 870–873 (2011). 406 

25. Caldwell, M. W. & Lee, M. S. Y. Live birth in Cretaceous marine lizards (mosasauroids). 407 

Proceedings of the Royal Society of London, B 268, 2397–2401 (2001). 408 

26. Bernard, A. et al. Regulation of body temperature by some Mesozoic marine reptiles. 409 

Science 328, 1379–1382 (2010). 410 

27. De Andrade, M. B., Young, M. T., Desojo, J. B. & Brusatte, S. L. The evolution of 411 

extreme hypercarnivory in Metriorhynchidae (Mesoeucrocodylia: Thalattosuchia) based 412 

on evidence from microscopic denticle morphology. J. Vertebr. Paleontol. 30, 1451–1465 413 

(2010). 414 

28. Kear, B. P. Marine reptiles from the Lower Cretaceous (Aptian) deposits of White Cliffs, 415 

southeastern Australia: implications of a high latitude, cold water assemblage. Cretac. 416 

Res. 26, 769–782 (2005). 417 

29. Sato, T. & Wu, X. A new Jurassic pliosaur from Melville Island, Canadian Arctic 418 

Archipelago. Can. J. Earth Sci. 45, 303–320 (2008). 419 

30. Angst, D., Buffetaut, E., Tabouelle, J. & Tong, H. An ichthyosaur skull from the Late 420 

Jurassic of Svalbard. Bulletin de la Société Géologique de France 181, 453–458. 421 

31. Gradstein, F. M., Ogg, J. G. & Schmitz, M. The Geologic Time Scale 2012, 2-volume set. 422 

(Elsevier, 2012). 423 



32. Peters, S. E. & Heim, N. A. The geological completeness of paleontological sampling in 424 

North America. Paleobiology 36, 61–79 (2010). 425 

33. Young, M. T., et al. The cranial osteology and feeding ecology of the metriorhynchid 426 

crocodylomorph genera Dakosaurus and Plesiosuchus from the Late Jurassic of Europe. 427 

PLoS One 7, e44985 (2012). 428 

34. Westphal, F. Zur systematik der deutschen und englischen lias-krokodilier. N. Jahrb. 429 

Geol. Paläeontol. Abh 113, 207–218 (1961). 430 

35. Adams-Tresman, S. M. The Callovian (Middle Jurassic) teleosaurid marine crocodiles 431 

from central England. Palaeontology 30, 195–206 (1987). 432 

36. Hastings, A. K., Bloch, J. I., Cadena, E. A. & Jaramillo, C. A. A new small short-snouted 433 

dyrosaurid (Crocodylomorpha, Mesoeucrocodylia) from the Paleocene of northeastern 434 

Colombia. J. Vertebr. Paleontol. 30, 139–162 (2010). 435 

37. Willis, R.E., McAliley, L.R., Neeley, E.D. & Densmore, L.D. Evidence for placing the 436 

false gharial (Tomistoma schlegelii) into the family Gavialidae: Inferences from nuclear 437 

gene sequences. Molecular Phylogenetics and Evolution 43, 787–794 (2007). 438 

38. Persson, P.O. Reptiles from the Senonian (U. Cret.) of Scania (S. Sweden). Ark. Mineral. 439 

Geol. 35, 431–478 (1959). 440 

39. Jourdan, C. Note sur deux fossils trouvés dans le calcaire de Cirin. Ann. Soc. Agric. Lyon, 441 

3ème série 6, 12 (1862). 442 

40. Owen, R. A history of British fossil reptiles: Cassell and Company Ltd, London (1884). 443 

41. Mook, C.C. Anglosuchus, a new genus of teleosauroid crocodilians. Am. Mus. Nov. 1217, 444 

1–2 (1942). 445 

42. Carroll, R.L. Vertebrate paleontology and evolution: WH Freeman and Company, New 446 

York (1988). 447 

43. Cornée, J-J. & Buffetaut, E. Découverte d’un téléosauridé (Crocodylia, Mesosuchia) dans 448 



le Valanginien supérieur du Massif d’Allauch (Sud-Est de la France). C. R. Acad. Sc. 288, 449 

1151–1154 (1979). 450 

44. Young, M. T., Andrade, M. B., Cornée, J-J., Steel, L., & Foffa, D. Re-description of  451 

 a putative Early Cretaceous “teleosaurid” from France, with implications for the survival 452 

of metriorhynchids and teleosaurids across the Jurassic-Cretaceous Boundary. Ann. 453 

Paléontol. doi.org/10.1016/j.annpal.2014.01.002 (2014). 454 

45. Billon-Bruyat, J.-P., Lécuyer, C., Martineau, F., & Mazin, J.-M. Oxygen isotope 455 

compositions of Late Jurassic vertebrate remains from lithographic limestones of western 456 

Europe: implications for the ecology of fish, turtles, and crocodilians. Palaeogeogr. 457 

Palaeoclim. Palaeoecol. 216, 359–375 (2005). 458 

46. Dera, G. et al. Climatic ups and downs in a disturbed Jurassic world. Geology 39, 215–459 

218 (2011). 460 

47. Héran, M.-A. Mammifères et climat  : reconstitutions paléoclimatiques du Cénozoïque 461 

d’Europe occidentale sur la base des faunes fossiles: PhD thesis, 349 p (2006). 462 

48. Kolodny, Y., & Raab, M. Oxygen isotopes in phosphatic fish remains from Israel: 463 

Paleothermometry of tropical Cretaceous and Tertiary shelf waters. Palaeogeogr. 464 

Palaeoclim. Palaeoecol. 64, 59–67 (1988). 465 

49. Kolodny, Y. & Luz, B. Oxygen isotopes in phosphate of fossil fish — Devonian to recent, 466 

in Taylor, H.P., O’Neil, J.R., and Kaplan, I.R. eds., Stable Isotope Geochemistry: a 467 

Tribute to Samuel Epstein, Geochemical Society, University Park, p. 105–119 (1991). 468 

50. Lécuyer, C., Grandjean, P., O’Neil, J.R., Cappetta, H. & Martineau, F. Thermal 469 

excursions in the ocean at the Cretaceous-Tertiary boundary(northern Morocco): δ18O 470 

record of phosphatic fish debris. Palaeogeogr. Palaeoclim. Palaeoecol. 105, 235–243 471 

(1993). 472 

51. Lécuyer, C., et al. Thermal evolution of Tethyan surface waters during the Middle-Late 473 



Jurassic: Evidence from δ18O values of marine fish teeth. Paleoceanography 18, 1076–474 

1091 (2003). 475 

52. Pucéat, E. et al. Thermal evolution of Cretaceous Tethyan marine waters inferred from 476 

oxygen isotope composition of fish tooth enamels. Paleoceanography 18, 1029 (2003). 477 

53. Pucéat, E. et al. Fish tooth δ18O revising Late Cretaceous meridional upper ocean water 478 

temperature gradients. Geology 35, 107–110 (2007). 479 

54. Lécuyer, C., Amiot, R., Touzeau, A. & Trotter, J. Calibration of the phosphate δ18O 480 

thermometer with carbonate–water oxygen isotope fractionation equations. Chem. Geol. 481 

347, 217–226 (2013). 482 

55. Barrett, P. M., McGowan, A. J. & Page, V. Dinosaur diversity and the rock record. Proc. 483 

R. Soc. B 276, 2667–2674 (2009). 484 

56. Benton, M. J., Ruta, M., Dunhill, A. M. & Sakamoto, M. The first half of tetrapod 485 

evolution, sampling proxies, and fossil record quality. Palaeogeogr. Palaeoclim. 486 

Palaeoecol. 372, 18–41 (2013). 487 

57. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and 488 

powerful approach to multiple testing. J. R. Stat. Soc. B (Methodological) 289–300 489 

(1995). 490 

 491 

Acknowledgments 492 

We thank S. Legendre and G. Suan for constructive discussions. M. Sakamoto provided 493 

technical insights on statistical assessments. JEM is funded by a Marie-Curie fellowship (FP7 494 

framework). RA is funded by the CNRS PICS program DINASIA.. 495 

 496 

Author contributions 497 

All authors collected, analysed the data and wrote the manuscript. 498 



Conflict of interest 499 

There is no conflict of interests. 500 



Figure captions 501 

Figure 1. Phylogenetically corrected generic diversity counts of marine 502 

crocodylomorphs. SST curve (A) and sea level curve of Miller et al. (2005)13 (B) plotted 503 

against geological time. SST and sea level curve of Miller et al. (2005)13 are compared (C), 504 

showing a close but imperfect co-variation.  505 

 506 

Table 1. Correlations of potential explanatory variables with different metrics 507 

representing marine crocodylomorph diversity through the Mesozoic and Paleogene. 508 

Spearman rank correlations. Spearman’s rho values are given, together with an indication of 509 

significance provided when p < 0.05. Abbreviations: All crocodiles, raw species diversity; All 510 

croc/time: raw species diversity corrected for time; Log10(allcroc), raw species diversity 511 

corrected for Log10; GD allcroc: raw species diversity corrected for generalized differenced; 512 

PC: phylogenetically corrected diversity; NM: No Metriorhynchoids. 513 

 514 

  SST Miller sea 
level 

Haq sea 
level 

PaleoDB 
marine 

formations 

COSUNA 
formations 

All crocodiles 0.067 0.169 -0.006 0.176 0.013 
All croc/time 0.239 0.203 0.183 0.255 0.196 
Log10(allcroc) 0.075 0.130 -0.023 0.137 -0.031 
GD allcroc 0.067 0.169 -0.006 0.176 0.013 
PC allcroc 0.078 0.116 -0.065 0.070 -0.093 
PC all croc/time 0.347 0.205 0.235 0.218 0.190 
PC 
log10(allcroc) 0.061 0.076 -0.104 0.024 -0.126 

PC GD allcroc 0.078 0.116 -0.065 0.070 -0.093 
NM crocodiles 0.366(0.0431) 0.443(0.0125) 0.242 0.145 0.138 
NM croc/time 0.253 0.466 0.331 0.203 0.298 
Log10(NMcroc) 0.430(0.0158) 0.397(0.0271) 0.230 0.031 0.071 
GD NMcroc 0.365(0.0431) 0.443(0.0125) 0.242 0.145 0.138 
PC NM 
crocodiles 0.367(0.0423) 0.321 0.126 0.014 -0.018 

PC NM 
croc/time 0.382(0.034) 0.405(0.0239) 0.369(0.0411) 0.205 0.274 



PC 
log10(NMcroc) 0.382(0.0338) 0.280 0.082 -0.080 -0.066 

PC GD NMcroc 0.367(0.0423) 0.321 0.126 0.014 -0.018 
TOTALS 
SIGNIF. 7 5 1 0 0 

TOTALS NEG. 0 0 6 1 7 
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