bioRxiv preprint doi: https://doi.org/10.1101/405621; this version posted March 14, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

1 Themulti-peak adaptive landscape of crocodylomor ph body size

2 evolution

6 Pedro L. Godoy'"", Roger B. J. Benson?, Mario Bronzati® & Richard J. Butler*

10

11

12 'School of Geography, Earth and Environmental Sciences, University of Birmingham, UK.
13 “Department of Earth Sciences, University of Oxford, UK.

14  SLaboratério de Paleontologia de Ribeirdo Preto, FFCLRP, Universidade de Sao Paulo, Ribeirdo
15  Preto, Brazil.

16

17 “corresponding author

18  Tcurrent address: Department of Anatomical Sciences, Stony Brook University, Stony Brook,
19 NY, 11794, USA

20

21

22

23

24

25

26


https://doi.org/10.1101/405621
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/405621; this version posted March 14, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

27  Abstract

28  Background: Little is known about the long-term patterns of body size evolution in

29  Crocodylomorpha, the > 200-million-year-old group that includes living crocodylians
30 and their extinct relatives. Extant crocodylians are mostly large-bodied (3—7 m)

31 predators. However, extinct crocodylomorphs exhibit a wider range of phenotypes, and
32 many of the earliest taxa were much smaller (< 1.2 m). This suggests a pattern of size
33 increase through time that could be caused by multi-lineage evolutionary trends of size
34 increase or by selective extinction of small-bodied species. In this study, we characterise
35  patterns of crocodylomorph body size evolution using a model fitting-approach (with
36  cranial measurements serving as proxies). We also estimate body size disparity through
37  time and quantitatively test hypotheses of biotic and abiotic factors as potential drivers
38  of crocodylomorph body size evolution.

39

40  Results: Crocodylomorphs reached an early peak in body size disparity during the Late
41  Jurassic, and underwent essentially continually decreases in disparity since then. A

42 multi-peak Ornstein-Uhlenbeck model outperforms all other evolutionary models fitted
43 to our data (including both uniform and non-uniform), indicating that the

44 macroevolutionary dynamics of crocodylomorph body size are better described within
45  the concept of an adaptive landscape, with most body size variation emerging after

46  shifts to new macroevolutionary regimes (analogous to adaptive zones). We did not find
47  support for a consistent evolutionary trend towards larger sizes among lineages (i.e.,

48  Cope’s rule), or strong correlations of body size with climate. Instead, the intermediate
49  to large body sizes of some crocodylomorphs are better explained by group-specific

50 adaptations. In particular, the evolution of a more aquatic lifestyle (especially marine)

51  correlates with increases in average body size, though not without exceptions.
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52

53  Conclusions: Shifts between macroevolutionary regimes provide a better explanation of
54  crocodylomorph body size evolution than do climatic factors, suggesting a central role
55  for lineage-specific adaptations rather than climatic forcing. Shifts leading to larger

56  body sizes occurred in most aquatic and semi-aquatic groups. This, combined with

57  extinctions of groups occupying smaller body size regimes (particularly during the Late
58  Cretaceous and Cenozoic), gave rise to the upward-shifted body size distribution of

59  extant crocodylomorphs compared to their smaller-bodied terrestrial ancestors.

60

61 Keywords: Crocodylomorpha, Crocodyliformes, body size evolution, adaptive

62  landscape, phylogenetic comparative methods, Ornstein—Uhlenbeck models.

63

64

65

66

67 Background

68  Body size influences many aspects of ecology, physiology and evolutionary history [1,
69 2,3,4,5, 6], and patterns of animal body size evolution are a long-standing subject of
70  macroevolutionary investigation (e.g., [7, 8, 9, 10, 11]). As a major focus of natural

71 selection, it is expected that significant variation should occur in the body size of

72 animals, although confined within biological constraints, such as skeletal structure,

73 thermoregulation and resource availability [4, 5, 12]. Furthermore, body size can often
74  Dbe easily measured or estimated from both fossil and modern specimens, and has

75  therefore been widely used in phenotypic macroevolutionary studies [5, 7, 8, 9, 11, 13,

76 14,15, 16, 17].
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77 With few exceptions (e.g., [18, 19]), previous studies of tetrapod body size

78  evolution have focused on mammals (e.g., [14, 15, 16, 20, 21, 22, 23, 24]) and

79  dinosaurs or birds (e.g., [25, 26, 27, 28, 29, 30, 31, 32, 33]). Little is known, however,

80  about other diverse and morphologically disparate clades. Among those,

81  Crocodylomorpha represents an excellent group for studying large-scale evolutionary

82  patterns, with a rich and well-studied fossil record covering more than 200 million

83  years, as well as living representatives [34, 35, 36]. Previous work has investigated

84  multiple aspects of crocodylomorph macroevolution, including spatial and temporal

85  patterns of diversity [35, 36, 37], as well as morphological variation, disparity, and

86  evolution, with a particular focus on the skull [38, 39, 40, 41, 42, 43, 44].

87 Nevertheless, studies quantitatively investigating macroevolutionary patterns of

88  body size in crocodylomorphs have been restricted to particular time periods (e.g.,

89  Triassic-Jurassic body size disparity [45]) or clades (e.g., metriorhynchids [46]),

90 limiting broader interpretations. For instance, the impact of environmental temperature

91  on the growth and adult body size of animals has long been acknowledged as an

92  important phenomenon [4] and has been considered to have a significant influence on

93  the physiology and distribution of crocodylians [47, 48]. There is also strong evidence

94  for climate-driven biodiversity patterns in the group (e.g., [36, 37]). Nevertheless, it

95  remains unclear whether extrinsic factors, such as temperature and geographic

96 distribution, have impacted long-term patterns of crocodylomorph body size evolution

97  [49].

98 Most of the earliest crocodylomorphs, such as Litargosuchus and

99  Hesperosuchus, were small-bodied animals (with estimated total lengths of less than 1
100  metre [50, 51]), contrasting with some giant forms that appeared later, such as

101 Sarcosuchus and Deinosuchus (possibly more than 10 metres long [52, 53]), as well as
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102  with the intermediate to large sizes of extant crocodylians (1.5-7 m [54, 55]). The

103  absence of small-bodied forms among extant species raises questions about what long-
104  term macroevolutionary process (or processes) gave rise to the prevalence of larger

105  body sizes observed in the present. Directional trends of increasing body size through
106  time (see [56]), differential extinction of small bodied taxa, or other factors, such as

107  climate- or environment-driven evolutionary change could explain this. However,

108  because patterns of body size evolution along phylogenetic lineages of

109  crocodylomorphs have not been characterised, its causes are unaddressed.

110

111 Model-fitting approach

112 Since the end of the last century, palaeontologists have more frequently used

113  quantitative comparative methods to investigate the tempo and mode of evolution along
114  phylogenetic lineages [57, 58, 59], including studies of body size evolution [5, 14, 27,
115 29, 15, 60]. More recently, numerous studies have employed a phylogeny-based model-
116  fitting approach, using a maximum-likelihood or Bayesian framework to identify the
117  best-fitting statistical macroevolutionary model for a given phylogenetic comparative
118  dataset [31, 33, 61, 62, 63, 64, 65]. Many of those works have tested the fit of a uniform
119  macroevolutionary model, with a single set of parameters applied across all branches of
120  aphylogeny (e.g., [46, 64, 66, 67]). Uniform models are important for describing many
121 aspects of phenotypic evolution and are often the null hypothesis in such studies.

122 However, if the dynamics of evolutionary trends vary in more complex ways through
123  time and space and among clades and environments [e.g., 68, 69, 70, 71, 72], then

124 uniform models might not be adequate to characterise this variation.

125 Because we aim to characterise variation in body size among many subgroups

126  inhabiting different environments and encompassing substantial variation in
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127  morphology, we approach the study of crocodylomorph body size evolution using non-
128  uniform models. We focus on the concept of a Simpsonian Adaptive Landscape [73,
129  74], which has proved to be a fruitful conceptual framework for characterizing

130  macroevolutionary changes, encompassing ideas such as adaptive zone invasion and
131 quantum evolution [71, 75, 76]. Macroevolutionary landscapes provide a conceptual
132 bridge for dialogues between studies of micro- and macroevolution, and have benefitted
133 from the subsequent advancements of molecular biology and genetics [77]. Within this
134  paradigm, uniform models primarily represent static macroevolutionary landscapes,

135  with unchanged peaks (or maximum adaptive zones [11]) persisting through long time
136 intervals and across the phylogeny [71, 74, 75].

137 Incorporating biological realism into statistical models of evolution is

138  challenging [78]. Many existing models are based on a Brownian motion (BM) process
139  resulting from random walks of trait values along independent phylogenetic lineages
140  [57, 75, 79]. Uniform Brownian motion has many interpretations. For example, it can be
141 used as a model of drift, or of adaptive evolution towards lineage-specific selective

142 optima that undergo random walks through time, and seems reasonable for describing
143 undirected and unconstrained stochastic change [57]. Elaborations of BM models

144 include the “trend” model, which incorporates a tendency for directional evolution by
145  adding a parameter p [80. The multi-regime “trend-shift” model has also been proposed,
146 in which the trend parameter (i) undergoes clade-specific or time-specific shifts (G.

147  Huntin [33]).

148 The Ornstein—Uhlenbeck (OU) process [58, 61, 64, 81, 82] is a modification of
149  Brownian motion that incorporates attraction (o) to a trait ‘optimum’ (6). OU models
150  describe the evolution of a trait towards or around a stationary peak or optimum value,

151  ata given evolutionary rate. Thus, multi-regime OU models can account for the
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152  existence of multiple macroevolutionary regimes (similar to adaptive zones, in the

153  Simpsonian Adaptive Landscape paradigm). Even though many OU-based models

154  typically require a priori adaptive hypotheses for inferring the trait optima of regimes
155  [61], more recent methods attempt to solve this problem by estimating location, values
156  and magnitudes of regime shifts without a priori designation of selective regimes [71,
157 78, 83]. In particular, the SURFACE method [83] aims to identify shifts in

158  macroevolutionary regimes, identified using AlCc (Akaike’s information criterion for
159  finite sample sizes [84]). Originally designated to identify “convergent” trait evolution
160  across phylogenetic lineages, the SURFACE algorithm makes use of a multi-peak OU-
161 model and can be a tool to determine heterogeneity of macroevolutionary landscapes
162  [33, 85, 86]. In this work, we employ a model-fitting approach, using non-uniform

163 macroevolutionary OU-based models (SURFACE), to characterize the adaptive

164  landscape of body size evolution in Crocodylomorpha. This represents the first

165  comprehensive investigation of large-scale patterns of body size evolution across the
166  entire evolutionary history of crocodylomorphs.

167

168  Methods

169  Proxy for body size

170  Extinct Crocodylomorpha are morphologically diverse, and frequently known from
171 incomplete remains. Therefore, precise estimation of their body sizes, and those of

172 comparable fossil groups, can be challenging (see [87, 88] for related considerations).
173 There are many methods and equations for estimating crocodylomorph body size (either
174  body mass or length) available in the literature. The most frequently used equations are

175  derived from linear regressions based on specimens of modern species, using both
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176  cranial [53, 89, 90, 91, 92, 93] and postcranial [94, 95] measurements as proxies, even
177  though some inaccuracy is expected (see Additional file 1 for further discussion).

178 We sought an appropriate proxy for studying body size across all

179  crocodylomorph evolutionary history that also maximised available sample size, to
180  allow as comprehensive a study of evolutionary history as possible. Thus, we decided to
181  use two cranial measurements as proxies for total body length: total dorsal cranial

182  length (DCL) and dorsal orbito-cranial length (ODCL), which is measured from the
183  anterior margin of the orbit to the posterior margin of the skull. By using cranial

184  measurements instead of estimated total body length, we are ultimately analysing

185  patterns of cranial size evolution in crocodylomorphs. Nevertheless, by doing this we
186  also avoid the addition of errors to our model-fitting analyses, since previous works
187  have reported problems when estimating total body length from cranial measurements,
188  particularly skull length (e.g., [46, 88, 96, 97]), as the equations were formulated using
189  modern species and different crocodylomorph clades are likely to have body

190  proportions distinct from those of living taxa (see Additional file 1). Furthermore, the
191  range of body sizes among living and extinct crocodylomorphs is considerably greater
192  than variation among size estimates for single species. Therefore, we expect to recover
193  the most important macroevolutionary body size changes in our analyses even when
194  using only cranial measurements. The use of ODCL, in addition to DCL, is justified as
195 itallows us to examine the sensitivity of our results to changes in proportional snout
196 length, as a major aspect of length change in crocodylomorph skulls results from

197  proportional elongation or shortening of the snout [98, 99, 100]. Also, more taxa could
198  be included in our analyses when doing so, because ODCL can be measured from some

199  incomplete skulls.
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200 The DCL dataset includes 219 specimens (representing 178 taxa), whereas the
201  ODCL dataset includes 240 specimens (195 taxa). In total, measurements from 118

202 specimens (83 taxa) were collected via first-hand examination from specimens, using
203  callipers and measuring tape. The remaining information was collected from the

204 literature (98 specimens) or photographs (21 specimens) supplied by other researchers,
205  and measurements were estimated using the software ImageJ (see Additional file 2 for
206  the complete list of sampled specimens). We used mean values in those cases where we
207  had cranial measurements for multiple specimens of the same taxon. For both the

208  model-fitting and correlation analyses, we used log-transformed skull measurements in
209  millimetres. However, to help us further interpret and discuss our results, total body
210 length was subsequently estimated using the equations presented by [91].

211

212 Phylogenetic framework

213 For the phylogenetic framework of Crocodylomorpha, the aim was to maximise taxon
214 inclusion and to use a phylogenetic hypothesis that best represents the current

215  consensus. We primarily used an informally modified version of the supertree presented
216 by Bronzati et al. [35], which originally contained 245 taxa. We added recently

217  published species, and removed taxa that have not yet received a formal description and
218  designation. Also, species not previously included in phylogenetic studies but for which
219  we had body size data were included based on the phylogenetic positions of closely

220 related taxa (see Additional file 1 for more information on the supertree construction).
221 Thus, our updated version of the supertree contains 296 crocodylomorph species, as
222 well as nine closely related taxa used as outgroups for time-scaling the trees (see

223 below).
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224 To accommodate major uncertainties in crocodylomorph phylogeny, we also
225  constructed two other supertrees, with alternative topologies, varying the position of
226  Thalattosuchia. Thalattosuchians are Jurassic—Early Cretaceous aquatic

227  crocodylomorphs, some of which were probably fully marine [101]. They have

228  classically been placed within Neosuchia, as the sister taxon of Tethysuchia [99].

229  Nevertheless, some authors have argued that this close relationship may result from the
230  convergent acquisition of longirostrine snouts in both groups [98, 102], and some recent
231 works have suggested alternative positions for Thalattosuchia, within or as the sister
232 group of Crocodyliformes (i.e., only distantly related to Neosuchia [100, 103, 104,

233 105]). Accordingly, to test the influence of uncertainty over the phylogenetic position of
234  Thalattosuchia, we performed our macroevolutionary analyses using three distinct

235  phylogenetic scenarios of Crocodylomorpha (Fig. 1). In the first, the more classic

236  position of Thalattosuchia was maintained (Thalattosuchia as the sister taxon of

237  Tethysuchia and within Neosuchia; as in the original supertrees of Bronzati et al. [34,
238 35]). In the two alternative phylogenetic scenarios, Thalattosuchia was placed as the
239  sister group of either Crocodyliformes (as non-crocodyliform crocodylomorphs),

240  following the position proposed by Wilberg [100], or Mesoeucrocodylia (as the sister
241  group of the clade formed by Neosuchia + Notosuchia in our topologies), following

242 Larsson & Sues [106] and Montefeltro et al. [104]. Discrepancies among competing

243 phylogenetic hypotheses do not concern only the “thalattosuchian problem” described
244  above. However, our decision to further investigate only the impact of the different

245  positions of Thalattosuchia is based on its high taxic diversity and the impact that its
246  phylogenetic position has on branch lengths across multiple parts of the tree, factors that
247  can substantially alter macroevolutionary patterns detected by our analyses.

248

10
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249  Time-scaling method

250  Calibration of the phylogeny to time [107] is a crucial step in comparative analyses of
251  trait evolution, and the use of different methods may impact upon the inference of

252 evolutionary models and the interpretation of results [108, 109]. As such, we decided to
253  use a tip-dating approach using the fossilised birth-death (FBD) model [110]. The FBD
254  method is a Bayesian total-evidence dating approach which uses a birth-death process
255  that includes the probability of fossilization and sampling to model the occurrence of
256  fossil species in the phylogeny and estimate divergence times (=node ages) [111, 112,
257 113, 114]. Information on occurrence times of all species in the supertree (=tip ages)
258  were initially obtained from the Paleobiology Database, but were then checked using
259  primary sources in the literature. Fossil ages were represented by uncertainty bounds of
260  their occurrences. We then generated an “empty” morphological matrix for performing
261  Bayesian Markov chain Monte Carlo (MCMC) analyses in MrBayes version 3.2.6

262 [115], following the protocol within the R package paleotree version 3.1.3 [116]. We
263 used our supertree topologies (with alternative positions of Thalattosuchia) as

264  topological constraints and set uniform priors on the age of tips based on the occurrence
265  dates information. We used a uniform prior for the root of the tree (for all three

266  topologies/phylogenetic scenarios), constrained between 245 and 260 Myr ago. This
267  constraint was used because the fossil record indicates that a crocodylomorph origin
268  older than the Early Triassic is unlikely [117, 118]. For each topology, 10,000,000

269  generations were used, after which the parameters indicated that both MCMC runs

270  seemed to converge (i.e., the Potential Scale Reduction Factor approached 1.0 and

271 average standard deviation of split frequencies was below 0.01).

272 For each topology, we randomly sampled 20 trees (henceforth: FBD trees) from

273  the posterior distribution after a burn-in of 25%. This resulted in 60 time-scaled,

11
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274  completely resolved crocodylomorph trees that were used in our macroevolutionary
275 model comparisons. Similar numbers of trees were used in previous work on dinosaurs
276  [33], mammals [24] and early sauropsids [87]. Analyses across these 60 trees allowed
277  us to characterise the influence of topological and time-scale uncertainty on our results.
278 Previous studies have demonstrated that time-calibration approaches can impact
279  phylogenetic comparative methods (e.g., [119]). Therefore, we also used other three
280  different time-scaling methods (minimum branch length, cal3 and Hedman methods).
281  Differently from the FBD tip-dating method, these three methods belong to the category
282  of a posteriori time-scaling (APT) approaches (sensu Lloyd et al. [120]), and were used
283 as a sensitivity analysis (see Additional file 1 for further details on the employment of
284  these methods). These additional time-scaling approaches were used only for our initial
285  model comparisons (see below). APT methods were performed in R version 3.5.1 [121],
286  using package paleotree [116] (mbl and cal3 methods) and the protocol published by
287  Lloyd et al. [120] (Hedman method). Results from macroevolutionary analyses using
288  these APT methods were similar to those using the FBD trees (see the “Results”

289  section) and are therefore not discussed further in the main text (but are included in

290  Additional file 1).

291

292  Macroevolutionary models

293  We applied a model-fitting approach to characterize patterns of body size evolution in
294  Crocodylomorpha, with an emphasis on evolutionary models based on the Ornstein-
295  Uhlenbeck (OU) process [33, 58, 61, 64, 83]. The first formulation of an OU-based

296  model was proposed by Hansen (1997), based on Felsenstein’s [81] suggestion of using
297  the Ornstein-Uhlenbeck (OU) process as a basis for comparative studies [61, 82]. OU-

298  based models (also known as “Hansen” models) express the dynamics of a quantitative

12
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299 trait evolving along the branches of a phylogeny as the result of stochastic variation
300 around a trait “optimum” (expressed as theta: 0), towards which trait values are

301  deterministically attracted (the strength of attraction is given by alpha: o). The constant
302 o describes the stochastic spread of the trait values over time (i.e., under a Brownian

303  motion process). Accordingly, the OU model can be formulated as:

304

305 dX(t)= o [6 — X(t)] dt + cdB(t)

306

307 This equation expresses the amount of change in trait X during the infinitesimal

308 time interval from ttot + dt. As expressed above, the formulation includes a term

309  describing trait attraction towards 6, which is the product of o and the difference

310  between X(t) and 6. The term odB(t) describes stochastic evolution in the form of

311 Brownian motion (BM), with random variables of mean zero and variance of dt (thus,
312 o is the rate of stochastic evolution). In this sense, if o is zero, the attraction term

313 becomes zero, and the result is evolution by BM as a special case of OU [33, 61, 64].
314  The OU model can also simulate trait evolution patterns similar to that observed under
315  other evolutionary models, such as BM with a trend incorporated, and “white noise” or
316  stasis [33, 58, 64]. Thus, examination of the fitted parameters of the OU model is

317  crucial for interpreting the mode of evolution [58, 61]. For example, the estimated

318  ancestral trait value (i.e., the value of 6 at the root of the tree) is given by the parameter
319  Z,. Also, by obtaining In (2)/a, we are calculating the time taken for a new

320  macroevolutionary regime to become more influential than the ancestral regime (i.e.,
321 how long it takes to 6 to be more influential than Z,). This parameter is often called the

322 phylogenetic half-life (or tos) [58].

13
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323 Among the methods that attempt to model adaptive evolution under the

324  framework of an Ornstein-Uhlenbeck process (e.g., [78, 82, 122]), the SURFACE

325  algorithm [83] estimates the fit of a non-uniform OU-based model by allowing shifts in
326 trait optima (6) among macroevolutionary regimes. SURFACE locates regime shifts
327  using stepwise AICc (Akaike’s information criterion for finite sample sizes [84, 123,
328  124]), with a forward phase (that searches for all regime shifts in the phylogeny) and a
329  backward phase (in which improvements of AICc scores merge similar regimes,

330 detecting “convergent” evolution). Although it allows 6 to vary among regimes,

331  SURFACE assumes fixed whole-tree values of o2 and o [83].

332 We compared the performance of two different OU-based models, one with a
333  single trait optimum or a single macroevolutionary regime (“OU model””) and another
334  non-uniform model with multiple regimes (“SURFACE model”). To test if other

335  macroevolutionary models could provide a better description of the observed patterns of
336 crocodylomorph body size evolution, we also compared the OU-based models with

337  other models. First, a uniform Brownian motion (BM model), which describes diffusive,
338  unconstrained evolution via random walks along independent phylogenetic lineages,
339  resulting in no directional trend in trait mean, but with increasing trait variance

340  (=disparity) through time [57, 62, 63, 64]. Second, the “early burst” (EB model; also
341 known as “ACDC model” [125]), in which the lineages experience an initial maximum
342  inevolutionary rate of change, that decreases exponentially through time according to
343  the parameter r [126]. This results in a rapid early increase in trait variance followed by
344  deceleration [125, 126].

345 We also fitted a uniform (single-regime) and non-uniform (multi-regime) trend-
346  like models. In the uniform “trend” model the parameter p is incorporated into the BM

347  model to describe directional multi-lineage increase or decrease in trait values through
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348  time in the entire clade [62, 63, 80]. Non-uniform “trend” models allow for shifts in the
349  parameter p, which can be explored in two different ways according to the non-uniform
350 trend models formulated by G. Hunt and presented in Benson et al. [33]: temporal shifts
351 in pacross all contemporaneous lineage (“time-shift trend models™), or shifts at specific
352 nodes of the tree, modifying p in the descendent clade (“node-shift trend models™). In
353  time-shift trend models, shifts to a new value of p occurs at time-horizons and are

354  applied to all lineages alive at that time. In node-shift trend models, values of u can vary
355  among contemporaneous lineages. In a similar approach to the forward phase of

356  SURFACE, the shifts in these non-uniform trend-like models are detected via stepwise
357  AICc. In both time-shift and node-shift models, the Brownian variance (¢°) is constant
358  across all regimes [33]. For our macroevolutionary analyses with the entire

359  crocodylomorph phylogeny, we fitted trend-like models that allowed up to three time-
360  shifts and 10 node-shifts to occur, given that analyses with more shifts are

361  computationally intensive and often receive significantly weaker support (following

362  results presented by Benson et al. [33]).

363

364  Initial model comparison

365  Our initial model comparison involved a set of exploratory analyses to test which

366  evolutionary models (SURFACE, OU, BM, EB and trend-like models) offered the best
367  explanation of our data, using log-transformed cranial measurements (for both DCL and
368  ODCL). To reduce computational demands, we used only one position of

369  Thalattosuchia (i.e., with the group positioned within Neosuchia). The aim here was to
370  compare the performance of the OU-based models, particularly the SURFACE model,
371  against the other BM-based evolutionary models, but also to evaluate possible

372 influences of the different time-scaling methods (we used four different approaches as a
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373 sensitivity analysis) and body size proxies. Maximum-likelihood was employed to fit
374  these models to our body size data and the phylogeny of Crocodylomorpha, and we

375  compared the AICc scores of each model.

376

377  Appraisal of spurious model support

378  Previous works suggested caution when fitting OU models in comparative analyses,
379  since intrinsic difficulties during maximume-likelihood fits can lead to false positives
380  and spurious support to overly complex models [e.g., 127, 128]. This issue may be

381  reduced when using non-ultrametric trees (as done here), as it improves identifiability of
382  the parameters of OU models [64, 127]. We also addressed this by using the

383  phylogenetic Bayesian information criterion (pBIC: proposed by Khabbazian et al. [72])
384  during the backward phase of model simplification in all our analyses (using the

385 implementation for SURFACE from Benson et al. [33]). The pBIC criterion is more
386  conservative than AlCc, in principle favouring simpler models with fewer regimes with
387  lower rates of false positive identification of regime shifts. Although these models were
388 fit using pBIC, they were compared to other models (such as BM, EM and trend-like
389  models) using AICc because pBIC is not implemented for most other models of trait
390 evolution.

391 Furthermore, to evaluate the influence of spurious support for complex OU

392  models, we simulated data under BM once on each of our 20 phylogenies, using the
393  parameter estimates obtained from the BM model fits to those phylogenies. We then
394 fitted both BM and SURFACE models to the data simulated under BM, and compared
395  several aspects of the results to those obtained from analysis of our empirical body size
396  data (using the ODCL dataset). Specifically, we compared delta-AlCc (i.e., the

397  difference between AICc scores received by BM and SURFACE models for each tree),
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398  the number of regime shifts obtained by SURFACE, and the values of o, obtained by
399 SURFACE. This allowed us to assess whether the results of SURFACE analyses of our
400  empirical data could be explained by overfitting of a highly-parameterised non-uniform
401  model to data that could equally be explained by an essentially uniform process.

402

403  Further SURFACE analyses

404  Our initial model comparisons provided strong support for the SURFACE model (see
405  the “Results” section). Subsequent analyses therefore focussed on SURFACE, which is
406  particularly useful because it identifies macroevolutionary regimes that provide a

407  simplified map of the major patterns of body size evolution in crocodylomorphs. This
408  second phase of analyses made use of all three alternative phylogenetic scenarios

409  (varying the position of Thalattosuchia) to test the influence of phylogeny in

410 interpretations of evolutionary regimes for body size in Crocodylomorpha. We fitted
411  SURFACE to 20 FBD trees, of each alternative topology, using body size data from the
412 ODCL dataset (our initial model comparisons indicated that both our size indices

413  yielded essentially identical results, and ODCL is available for more taxa). As before,
414  we performed our SURFACE analyses using pBIC [72] during the backward-phase of
415  the algorithm.

416

417  Clade-specific analyses with Notosuchia and Crocodylia

418  Two well-recognized crocodylomorph subclades, Notosuchia and Crocodylia, returned
419  arelatively high frequency of macroevolutionary regime shifts, representing an

420  apparently complex evolutionary history under the SURFACE paradigm. However, the
421 SURFACE algorithm fits a single value of o to all regimes, and therefore could

422  overestimate the strength of evolutionary constraint within regimes, and consequently
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423 miscalculate the number of distinct regimes within clades showing more relaxed

424  patterns of trait evolution. We investigated this possibility by fitting the initial set of
425  evolutionary models (SURFACE, OU, BM, EB and trend-like models) to the

426  phylogenies of these two subclades (using 50 FBD trees for each clade, sampled from
427  the posterior distribution of trees time-scaled with the FBD method) and their body size
428  data (using only the ODCL dataset, since it includes more species). Differently from
429  what was done for the entire crocodylomorph phylogeny, for Notosuchia we fitted

430  trend-like models with up to 2 time-shifts and 5 node-shifts, whereas for Crocodylia we
431  allowed up to 3 time-shifts and 7 node-shifts to occur, given that these two clades

432 include fewer species (70 crocodylians and 34 notosuchians were sampled in our ODCL
433 dataset) and fewer shifts are expected.

434 In addition, for these same clades, we also employed the OUwie model-fitting
435  algorithm [82], fitting different BM and OU-based models which allow all key

436  parameters to vary freely (since SURFACE allows only 6 to vary, whereas it assumes
437  fixed values of 6% and « for the entire tree). However, differently from SURFACE,

438  OUwie needs a priori information on the location of regime shifts in order to be

439  implemented. Thus, we incorporated the regime shifts identified by SURFACE into our
440  phylogenetic and body size data (by extracting, for each tree, the regime shifts from

441  previous SURFACE results) to fit four additional evolutionary models using the OUwie
442 algorithm: BMS, which is a multi-regime BM model that allows the rate parameter °to
443 vary; OUMV, a multi-regime OU-based model that allows ¢° and the trait optimum 6 to
444  vary; OUMA, also a multi-regime OU model, in which 6 and the constraint parameter o
445 can vary; and OUMVA, in which all three parameters (0, « and ¢°) can vary. Since

446  computing all these parameter estimates can be an intensively demanding task [82],

447  some of the model fits returned nonsensical values and were, therefore, discarded.
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Nonsensical values were identified by searching for extremely disparate parameter
estimates, among all 50 model fits (e.g., some model fits found o values higher than
100,000,000 and o lower than 0.00000001).

All macroevolutionary analyses were performed in R version 3.5.1 [121].
Macroevolutionary models BM, trend, EB, and OU with a single regime were fitted
using the R package geiger [122]. The SURFACE model fits were performed with
package surface [83]. Implementation of pBIC functions in the backward-phase of
SURFACE model fits, as well as the functions for fitting non-uniform trend-like
models, were possible with scripts presented by Benson et al. [33]. Simulated data
under BM (for assessing the possibility of spurious support to the SURFACE model)
was obtained with package mvMORPH [129]. The additional clade-specific model-
fitting analyses, using the OUwie algorithm, were implemented with the package

OUwie [130].

Correlation with abiotic and biotic factors

To test whether abiotic environmental factors could be driving the evolution and
distribution of body sizes in crocodylomorphs, we extracted environmental information
from the literature. As a proxy for palaeotemperature, we used 50 data from two
different sources. The dataset from Zachos et al. [131] assembles benthic foraminifera
isotopic values from the Late Cretaceous (Maastrichtian) to the Recent. The work of
Prokoph et al. [132] compiled sea surface isotopic values from a range of marine
organisms. Their dataset is divided into subsets representing palaeolatitudinal bands.
For our analyses, we used the temperate palaeolatitudinal subset, which extends from
the Jurassic to the Recent, but also the tropical palaeolatitudinal subset, which extends

back to the Cambrian. For the correlation analyses, we used 10 Myr time bins (see
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473 Additional file 1 for information on time bins), by taking the time-weighted mean §'%0
474  for data points that fall within each time bin. For the body size data used in the

475  correlation tests, we calculated maximum and mean size values for each time bin, using
476  both DCL and ODCL datasets. Correlations between our body size data and the proxies
477  for palaeotemperature were first assessed using ordinary least squares (OLS)

478  regressions. Then, to avoid potential inflation of correlation coefficients created by

479  temporal autocorrelation (the correlation of a variable with itself through successive
480  data points), we used generalised least squares (GLS) regressions with a first-order

481  autoregressive model incorporated (see e.g., [36, 133, 134, 135]). Furthermore, to test
482  the possible differential influence of temperature on marine versus continental

483  (terrestrial and freshwater) animals, we also created two additional subsets of our data,
484  one with only marine and another with only non-marine crocodylomorphs (ecological
485  information for each taxon was obtained from the PBDB and the literature, e.g., [36,
486  136)).

487 We also collected palaeolatitudinal data for every specimen in our dataset from
488  the Paleobiology Database (PBDB) and the literature, and tested the correlation between
489  these and our body size data (DCL and ODCL datasets). To test whether our body size
490  data is correlated with palaeolatitudinal data, we first applied OLS regressions to

491  untransformed data. Then, to deal with possible biases generated by phylogenetic

492  dependency, we used phylogenetic generalized least squares regressions (PGLS [137]),
493  incorporating the phylogenetic information from the maximum clade credibility (MMC)
494  tree, with Thalattosuchia placed within Neosuchia, obtained from our MCMC tip-dating
495  results. For this, branch length transformations were optimised between bounds using
496  maximum-likelihood using Pagel’s A [138] (i.e., argument A= “ML” within in the

497  function pgls() of the R package caper [139]). As for the correlation analyses between
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498  our body size data and palaeotemperature, we also analysed marine and only non-

499  marine taxa separately. To explore the effects of these two abiotic factors on the

500 distribution of body sizes at more restricted levels (temporal and phylogenetic), we
501  repeated our regression analyses using subsets of both ODCL and DCL datasets,

502 including body size data only for species of Crocodylia, Notosuchia, Thalattosuchia,
503 and Tethysuchia. For crocodylians, correlations with paleotemperature were restricted
504  to the Maastrichtian until the Recent (i.e., data from [131]).

505 We also explored the possible impact of clade-specific evolutionary transitions
506  between the environments on crocodylomorph body size evolution. For that, we

507  obtained ecological information for each taxon from the PBDB and the literature (e.g.,
508  [36, 136]), subdividing our body size data (from the ODCL dataset, since it included
509  more taxa) into three discrete categories to represent different generalised ecological
510 lifestyles: terrestrial, semi-aquatic/freshwater, and aquatic/marine. We then used

511  analysis of variance (ANOVA) for pairwise comparisons between different lifestyles.
512  We also accounted for phylogenetic dependency by applying a phylogenetic ANOVA
513  [140], incorporating information from the MCC tree with Thalattosuchia placed within
514  Neosuchia. For both ANOVA and phylogenetic ANOVA, Bonferroni-corrected p-
515  values (g-values) for post-hoc pairwise comparisons were calculated. Phylogenetic
516  ANOVA was performed with 100,000 simulations.

517 All correlation analyses (with abiotic and biotic factors) used log-transformed
518  cranial measurements (DCL or ODCL) in millimetres and were performed in R version
519  3.5.1 [121]. GLS regressions with an autoregressive model were carried out using the
520  package nlme [141], PGLS regressions used the package caper [139], whereas

521  phylogenetic ANOVA was performed using the package phytools [142].

522
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523  Disparity estimation

524  Important aspects of crocodylomorph body size evolution can be revealed by

525  calculating body size disparity through time. There are different methods and metrics
526  for quantifying morphological disparity (e.g., [143, 144, 145, 146]), and in the present
527  study disparity is represented by the standard deviation of log-transformed body size
528  values included in each time bin. We also plotted minimum and maximum sizes for
529  comparison. Our time series of disparity used the same time bins as for the correlation
530 analyses, with the difference that only time bins with more than three taxa were used for
531 calculating disparity (time bins containing three or fewer taxa were lumped to adjacent
532  time bins; see Additional file 1 for information on time bins). Disparity through time
533  was estimated based on the ODCL dataset (since it includes more taxa).

534

535 Results

536 Initial model comparison

537  Comparisons between the AICc scores for all the evolutionary models fitted to our

538  crocodylomorph body size data (Fig. 2a and b; see Additional file 1: Figures S5 for
539  results of the sensitivity analysis using different time-scaling methods) show extremely
540  strong support (i.e. lower AICc values) for the SURFACE model. This is observed for
541  both body size proxies (DCL and ODCL) and independently of the time-scaling method
542 used. All uniform models exhibit relatively similar AICc scores, including the OU

543  model with a single macroevolutionary regime, and all of these are poorly supported
544  compared to the SURFACE model. For trees calibrated with the FBD methods, all

545  trend-like models (i.e., either uniform or multi-trend models) received very similar

546  support, using both size proxies, and have AlCc values that are more comparable to the

547  set of uniform models than to the SURFACE model. Even the best trend-like model
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548  (usually the models with two or three node-shifts, which are shown as the “best trend”
549  model in Fig. 2a and b) have significantly weaker support than SURFACE, regardless
550 of the time-calibration method used (see Additional file 3 for a complete list of AlCc
551  scores, including for all trend-like models).

552

553  Appraising spurious support to the SURFACE model

554  SURFACE models were generally favoured by AICc compared to a single-regime BM
555  model for our simulated trait data, even though these data were simulated under BM.
556  This is consistent with previous observations of spurious support and high false positive
557  rates for SURFACE models based on stepwise AICc methods [127, 128]. Nevertheless,
558  our results indicate substantially stronger support for SURFACE models based on our
559  empirical data compared to that for the data simulated under BM (Fig. 2a and b).

560  Median delta-AlCc between SURFACE and BM models for the simulated data were
561  60.38, compared to 157.93 for the empirical data, and the distributions of these delta-
562  AlCc values are significantly different according to a Wilcoxon—Mann-Whitney test (p
563 < 0.001). Furthermore, the number of regime shifts detected and the values of a

564  estimated are significantly higher (p < 0.001) when using the empirical data (Fig. 2c-e;
565  median values of a estimated of 0.009 and 0.09, for simulated and empirical data,

566  respectively; median number of regimes detected: 17.5 compared to 24.5).

567 These results suggest that the support for SURFACE models as explanations of
568  our empirical data goes beyond that anticipated simply due to false positives expected
569  for these complex, multi-regime models [127]. Furthermore, the SURFACE model fits
570  represent a useful simplification of major patterns of body size evolution in a group, and
571  particularly the shifts of average body sizes among clades on the phylogeny. Thus,

572 although we acknowledge that some model fits might be suboptimal or could be
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573  returning some unrealistic parameter estimates, we use our SURFACE results to

574  provide an overview of crocodylomorph body size evolution that is otherwise lacking
575  from current literature.

576

577  Describing the body size macroevolutionary patterns in Crocodylomorpha

578  The use of alternative positions of Thalattosuchia (see the “Methods” section) allowed
579 us to further examine the impact of more significant changes to tree topologies on our
580 SURFACE results. In general, similar model configurations were found for all tree
581  topologies (Figs. 3, 4, and 5; see Additional file 4 for all SURFACE plots), with

582  numerous regime shifts detected along crocodylomorph phylogeny. However, simpler
583  model fits (i.e., with significantly less regime shifts) are relatively more frequent when
584  Thalattosuchia is placed as the sister group of Crocodyliformes. To further investigate
585 this, we recalibrated the same tree topologies with other time-scaling methods (i.e., mbl
586  and cal3 methods), and applied SURFACE to those recalibrated trees. Some of these
587  trees returned more complex models, with a greater number of regime shifts and better
588  pBIC scores. This indicates that some of the simpler model configurations might be
589  suboptimal, given that AIC procedures might face difficulties [147], which have

590 previously demonstrated for other datasets (e.g., in dinosaurs [33]).

591 Overall, most SURFACE model fits identified more than five main

592  macroevolutionary regimes (i.e., “convergent” regimes, identified during the backward-
593  phase of SURFACE), independently of the position of Thalattosuchia (Figs. 3, 4, and
594  5). Those are distributed along crocodylomorph phylogeny by means of numerous

595  regime shifts, usually more than 20. Trait optima values for these regimes varied

596  significantly among different crocodylomorph subclades and are described in detail

597  below. Overall, regime shifts are frequently detected at the bases of well-recognised
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598 clades, such as Thalattosuchia, Notosuchia and Crocodylia. Nevertheless, shifts to new
599  regimes are not restricted to the origins of these diverse clades, since many other regime
600  shifts are observed across crocodylomorph phylogeny, including regimes containing
601  only asingle species.

602 Our SURFACE results indicate an ancestral regime of small body sizes for

603  Crocodylomorpha, regardless of the position of Thalattosuchia (Figs. 3, 4, and 5). This
604 is consistent with the small body sizes of most non-crocodyliform crocodylomorphs

605  such as Litargosuchus leptorhynchus and Hesperosuchus agilis [50, 51]. The vast

606  majority of the model fits show trait optima for this initial regime (Z,) ranging from 60
607  to 80 cm (total body length was estimated only after the SURFACE model fits, based on
608  the equation from [91]; see the “Methods” section). Very few or no regime shifts are
609  observed among non-crocodyliform crocodylomorphs (Figs. 3, 4, and 5b). The possible
610  exception to this is in Thalattosuchia, members of which occupy large body sized

611  regimes (6 = 500-1000 cm), and which is placed outside Crocodyliformes in some of
612  our phylogenies (Fig. 5a). Regardless of the position of Thalattosuchia, the ancestral
613  regime of all crocodylomorphs (Z,) was inherited by protosuchids (such as

614  Protosuchus, Orthosuchus, and Edentosuchus) and some other non-mesoeucrocodylian
615  crocodyliforms (e.g., Shantungosuchus, Fruitachampsa, Schuanosuchus and

616  Gobiosuchus).

617 Mesoeucrocodylia and Hsisosuchus share a new evolutionary regime of slightly
618 larger body sizes (6 = 130-230 cm) in most model fits. This is usually located at the end
619  of the Late Triassic (Rhaetian), and the recovery of this shift is independent of the

620  phylogenetic position of Thalattosuchia (Figs. 3, 4, and 5). The regime that originates at
621  the base of Mesoeucrocodylia (6 = 130-230 cm) is often inherited by Notosuchia and

622  Neosuchia, even though many regime shifts are observed later on during the evolution
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623  of these two clades. Within Notosuchia, although some taxa inherit the same regime of
624  smaller sizes present at the base of the clade (6 = 130-230 cm), many regime shifts are
625  also observed (often more than four). Regime shifts to smaller sizes (6 = 60-100 cm)
626 are often seen in uruguaysuchids (including all Araripesuchus species), Anatosuchus,
627  Pakasuchus and Malawisuchus. Shifts towards larger sizes are seen among peirosaurids
628 (6 =210-230 cm) and, more conspicuously, in sebecosuchids and sometimes in the
629  armoured sphagesaurid Armadillosuchus arrudai (6 = 330-350 cm).

630 Independent regime shifts to much smaller sizes (6 = 40-60 cm) are present
631  among non-eusuchian neosuchians (excluding Thalattosuchia and Tethysuchia),

632  particularly in atoposaurids, Susisuchus, and Pietraroiasuchus, whereas shifts to larger
633  sizes (6 = 300-850 cm) are also detected, often in Paralligator major and in some

634  goniopholidids. Within both Tethysuchia and Thalattosuchia, most taxa occupy a

635  regime of relatively large body sizes (6 = 500-1000 cm). When these two clades are
636  sister taxa (Figs. 3 and 4) they usually inherit a same body size regime (6 = 500-550
637  cm), which originated during the Early Jurassic (Hettangian). In contrast, when

638  Thalattosuchia is placed as sister to Crocodyliformes or Mesoeucrocodylia (Fig. 5), the
639  regime shifts to larger sizes are often independent, and occur at the base of each clade
640  (also with 6 values around 500 cm) or later on during their evolutionary history (e.g.,
641  some model fits show Tethysuchia with regime shifts to larger sizes only at the base of
642  Dyrosauridae [0 =~ 500 cm] and the clade formed by Chalawan and Sarcosuchus [0 =
643  800-1000 cm]). Both groups also exhibit regime shifts to smaller sizes (6 = 100-150
644  cm) in some lineages, such as those leading to Pelagosaurus typus and Teleosaurus
645  cadomensis within Thalattosuchia, and Vectisuchus within Tethysuchia. Among

646  thalattosuchians, a conspicuous shift towards larger body sizes (6 = 800-1000 cm) is

647  frequently observed in the teleosaurid clade formed by Machimosaurus and
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648  Steneosaurus, whereas within Metriorhynchidae, a shift to smaller sizes (6 = 230-350
649  cm) is often detected in Rhacheosaurini.

650 Crocodylia is also characterized by a predominance of macroevolutionary

651  regimes of relatively large sizes, such as in Thalattosuchia and Tethysuchia. Indeed,

652  regimes of larges sizes are frequently associated with clades of predominantly aquatic or
653  semi-aquatic forms, although not strictly restricted to them. Regarding Crocodylia, a
654  Cretaceous regime shift is usually detected at the base of the clade (Figs. 3, 4, and 5),
655  changing from the macroevolutionary regime of smaller sizes (6 = 130-180 cm) found
656  for non-crocodylian eusuchians (such as hylaeochampsids and some allodaposuchids) to
657  aregime of larger trait optimum (6 = 280-340 cm). This same ancestral regime to all
658  crocodylians is inherited by many members of the clade, particularly within

659  Crocodyloidea and Gavialoidea. Although some model fits show Crocodylia inheriting
660  the same regime as closely related non-crocodylian eusuchians (more frequently when
661  Thalattosuchia is placed outside Neosuchia), shifts towards larger body sizes are seen in
662  members of Crocodyloidea and Gavialoidea, but they only occur later in time and arise
663  independently. In comparison to the other two main lineages of Crocodylia,

664  Alligatoroidea is characterized by a regime of lower trait optima values (6 = 210-230
665  cm), which frequently occurs as a Late Cretaceous shift at the base of the clade. But

666  Alligatoroidea is also distinct from the other two clades by exhibiting more regime

667  shifts, reflecting its great ecological diversity and body size disparity (ranging from very
668  small taxa, such as the caimanine Tsoabichi greenriverensis, to the huge Purussaurus
669  and Mourasuchus).

670
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Modes of body size evolution within Notosuchia and Crocodylia

The significant number of regime shifts that occur within both Notosuchia and
Crocodylia led us to more deeply scrutinise the modes of body size evolution in these
two clades. We therefore conducted another round of model-fitting analyses, initially
fitting the same evolutionary models (SURFACE, OU, BM, EB and trend-like models)
to subtrees representing both groups. In addition, we used the same regime shifts
identified by the SURFACE algorithm to fit four additional models using the OUwie
algorithm (BMS, OUMV, OUMA and OUMVA), which allow more parameters to vary,
but need regime shifts to be set a priori.

The results of these analyses indicate different modes of body size evolution
during the evolutionary histories of these two groups. In Crocodylia (Fig. 6; see
Additional file 3 for a complete list of AlCc scores), AlICc scores indicate a clear
preference for OU-based models, with highest support found for the SURFACE model,
but also strong support for the uniform OU model, as well as OUMA and OUMVA
models. The SURFACE algorithm frequently identified at least three main (i.e.
“convergent”) macroevolutionary regimes for crocodylians (with 6 values around 200,
350 and 750 cm, respectively), usually with o ranging from 0.02 to 0.2 and o* between
0.0007 and 0.02. When allowed to vary among regimes (i.e., in models OUMA and
OUMVA), ranges of both parameters increase significantly, with some model fits
displaying extremely unrealistic parameter values, which might explain the stronger
support found for SURFACE compared to these latter models. Even though the
relatively small number of taxa included in these analyses (i.e. N = 70) suggests caution
when interpreting the higher support for OU-based models [128], BM-based models

received consistently worse support than any of the four OU-based models mentioned
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above, even the best trend-like model (usually the one with the best AICc scores among
BM-based models).

Our results show a different scenario for Notosuchia, for which we found
comparable support for all evolutionary models analysed (Fig. 6). Among OU-based
models, slightly better AICc scores were found for the SURFACE model. However, this
model received virtually the same support as the BMS model, the best of the BM-based
models. BMS is a multi-regime BM model that allows the rate parameter (¢°) to vary,
and, as a is effectively set to zero, represents diffusive model of evolution. The support
found for this model might suggest a more relaxed mode of body size evolution in
notosuchians, which is consistent with the wide range of body sizes observed in the
group, even among closely-related taxa. Although OU-based models (including
SURFACE) are not favoured over other evolutionary models, we can use some
SURFACE model to further explore body size evolutionary patterns among Notosuchia.
For example, even though we sampled twice as many crocodylians (N = 70) as
notosuchians (N = 34), many SURFACE model fits found three main
macroevolutionary regimes for notosuchians, similar to what was found for Crocodylia
(although model fits with less regimes were more frequent for Notosuchia than
Crocodylia). For these, 6 values were usually around 80, 150 and 320 cm, with o
usually ranging from 0.008 to 0.05 and o between 0.0007 and 0.005. When the same
regimes detected by the SURFACE algorithm were used by the OUwie algorithm to fit
the BMS model, values of o rarely varied significantly from the range of whole-tree ¢°
estimated for the SURFACE model fits. The few exceptions were usually related to
regimes with unrealised 6 values, as in the case of the armoured sphagesaurid
Armadillosuchus arrudai (probably with more than 2 metres in total length, whereas

other sampled sphagesaurids reach no more than 1.2 m [148]), and sebecosuchians (top
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predators of usually more than 2.5 metres [97]), even though these values might still be
realistic when simulating trend-like dynamics (i.e., in a single lineage with extremely

disparate trait values [19, 57]).

The influence of palaeolatitude and palaeotemper ature
Most of the correlation analyses between our body size data and the different datasets of
the abiotic factors palaeotemperature and palaeolatitude yielded weak (coefficient of
determination R? usually smaller than 0.2) or non-significant correlations (see
Additional file 1 for all regressions and further results). This is consistent with the
distribution of crocodylomorph body size through time (Fig. 7), as well as with the
results from our macroevolutionary analyses, which found strong support for a multi-
regime OU model (SURFACE). This suggests that shifts between macroevolutionary
regimes (which we interpret as “maximum adaptive zones” sensu Stanley [11]) are more
important in determining large-scale macroevolutionary patterns of crocodylomorph
body size evolution than these abiotic factors, at least when analysed separately.
However, one important exception was found: a correlation between mean body
size values and palaeotemperatures from the Late Cretaceous (Maastrichtian) to the
Recent (data from [131]). Using either all taxa in the datasets or only non-marine
species, we found moderate to strong correlations (R? ranging from 0.376 to 0.635),
with higher mean body size values found in time intervals with lower temperatures (i.e.,
positive slopes, given that the 30 proxy is inversely proportional to temperature). The
correlation was present even when we applied GLS regressions with an autoregressive
model (Table 1), which returned near-zero or low autocorrelation coefficients (phi =
0.01-0.15). This suggests that temperature might have had an influence in determining

the body size distribution of crocodylomorphs at smaller temporal and phylogenetic
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747  scales. For this reason, we decided to further scrutinise the relationships between the
748  distribution of body sizes and these abiotic factors at these smaller scales, repeating our
749  regression analyses using only data for Crocodylia, Notosuchia, Thalattosuchia, and
750  Tethysuchia (see the “Methods” section).

751 These additional regressions corroborate the hypothesis that at least some

752 crocodylomorph subclades show a correspondence between body size and global

753  palaeotemperature. Although most of the regressions provided non-significant or

754  weak/very weak correlations (see Additional file 1 for all regression results), including
755 all regressions of body size on palaeolatitudinal data, both maximum and mean body
756  size values of Crocodylia are moderately to strongly correlated to palaeotemperature
757  through time (Table 2). The positive slopes and coefficients of determination (R?

758  ranging from 0.554 to 0.698) indicate that the lowest temperatures are associated with
759  the highest body size values in the crown-group. However, correlations with data from
760  other subclades (Notosuchia, Thalattosuchia and Tethysuchia) were mostly non-

761  significant, suggesting that this relationship between body size and temperature was not
762  a widespread pattern among all groups.

763
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772 Table 1. Regression results of mean values of body size values on palaeotemperature.

Dataset GLS OL S (untransformed)
ODCL Phi Intercept  Sope AlC R? Intercept  Slope AlC
. 0.055 -31.576 0.054  -33.557
h all -0. . : .
with all taxa 0.046 2.022 (0.002) 0.635 2.023 (0.003)
DCL Phi Intercept  Slope AlC R? Intercept  Slope AlC
. 0.081 -19.577 0.081  -21.575
with all taxa | 0.014 2.433 (0.011) 0.527 2.433 (0.01)
ODCL Phi Intercept  Sope AlC R? Intercept  Slope AlC
. 0.06 -24.96 0.06 -26.706
non-marine | -0.157 1.964 (0.007) 0.502 1.965 (0.013)
DCL Phi Intercept  Slope AlC R? Intercept  Slope AlC
. 0.07 -16.045 0.07 -18.272
non-marine -0.089 2.345 (0.027) 0.376 2.346 (0.034)

773 Results of GLS (with an autoregressive model) and OLS (untransformed data) regressions.

774  Mean body size represented by mean values of log-transformed cranial measurements (DCL and
775 ODCL), in millimetres. Data from both ODCL and DCL datasets was divided into subsets with
776  all crocodylomorphs or only non-marine species. N = 10 in all four subsets (number of time bins
777  analysed). Palacotemperature data from [131], represented by 5'°0 data from the Late

778  Cretaceous to Recent. Only significant correlations (p < 0.05) are shown.

779

780

781  Table 2. Regression results of maximum and mean crocodylian body size values on
782  palaeotemperature.

Dataset GLS OLS (untransformed)

Phi Intercept  Slope AlC R? Intercept  Slope AlC

ODCL 0.19 2.133 0.121 -11.989 | 0.554 2.124 0.127  -13.662

maximum size

(0.017) (0.008)

ODCL Phi  Intercept Slope AlC R*>  Intercept  Slope AlC

mean size -0.297 1.98 0.075  -29.953 | 0.698 1.987 0.07 -31.137
(0.0003) (0.001)

DCL Phi Intercept  Slope AlC R? Intercept  Slope AlC

maximum Size -0.215 2.618 0.165  -10.724 | 0.632 2.627 0.157  -12.355
(0.001) (0.003)

DCL Phi Intercept  Slope AlC R? Intercept  Slope AlC

. -0.235 2.386 0.105  -20.748 | 0.647 2.395 0.098  -22.325
mean size

(0.0007) (0.003)

783  Results of GLS (with an autoregressive model) and OLS (untransformed data) regressions.

784  Mean and maximum body size only for members of the crown-group Crocodylia, represented
785 by mean and maximum values of log-transformed cranial measurements (DCL and ODCL), in
786  millimetres. N = 10 in all four datasets (number of time bins analysed). Palaeotemperature data
787  from [131], represented by §'°0 data from the Late Cretaceous to Recent. Only significant

788  correlations (p < 0.05) are shown.
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789

790  Correlation between body size and habitat choice

791  We initially found a relationship between lifestyle (i.e., terrestrial, semi-

792  aquatic/freshwater, and aquatic/marine) and body size using ANOVA. However, a
793  phylogenetic ANOVA [140] returned non-significant results (Table 3). Phylogenetic
794  ANOVA asks specifically whether evolutionary habitat transitions are consistently
795  associated with particular body size shifts as optimised on the phylogeny. This indicates
796 that, although crocodylomorphs with more aquatic lifestyles (particularly marine

797  species) tend to be large-bodied, the evolutionary transitions between these lifestyle
798  categories were probably not accompanied by immediate non-random size changes.
799  Furthermore, the smaller body sizes of some aquatic or semi-aquatic lineages (e.g.,
800  atoposaurids, Tsoabichi and Pelagosaurus) show that adaptive peaks of smaller sizes
801 are also viable among aquatic/semi-aquatic species. This suggests that, even though
802  there seems to be an ecological advantage for larger-sized freshwater/marine

803  crocodylomorphs, the lower limit of body size in aquatic species was comparable to that
804  of terrestrial species.

805
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814  Table 3. Pairwise comparison between body size of crocodylomorphs subdivided into three
815 lifestyle categories.

I Phylo
Category M ean Std Std. Pa”W'S? t-value ANOVA ANOVA
Deviation Error | comparisons g-value
g-value
Terrestrial 1854 0223 00333 |rerestrid- 106 <0001 1
Freshwater
Semi-aquatic/ |, ;0 509 oopqo | TETEIA- g0 <0001 0.085
freshwater Marine
Aquatic/ 2263 0185 00261 | TTEMWAE — 1 pa07  <0001* 0412
marine Marine

816  Body size data from the ODCL dataset (log-transformed cranial measurement, in millimetres).
817  Number of species in each category: 45 (terrestrial), 100 (semi-aquatic/freshwater), and 50
818  (aquatic/marine). Results from ANOVA, without accounting for phylogenetic dependency, and
819  phylogenetic ANOVA [140] with 100,000 simulations. *Bonferroni-corrected p-values (g-
820  values) significant at alpha = 0.05

821

822

823  Discussion

824  The adaptive landscape of crocodylomor ph body size evolution

825  Crocodylomorph body size disparity increased rapidly during the early evolution of the
826  group, from the Late Triassic to the Early Jurassic (Hettangian—Sinemurian), which is
827  mostly a result of the appearance of the large-bodied thalattosuchians (Fig. 8b). After a
828  decline in the Middle Jurassic, body size disparity reaches its maximum peak in the Late
829  Jurassic, with the appearance of atoposaurids, some of the smallest crocodylomorphs, as
830  well as large teleosaurids (such as Machimosaurus). This increase in disparity may have
831  occurred earlier than our results suggest, given that Middle Jurassic records of

832  atoposaurids [149] could not be included in our analyses due to their highly incomplete
833  preservation.

834 Since this peak in the Middle/Late Jurassic, crocodylomorphs underwent an

835  essentially continuous decline in body size disparity, with some short-term fluctuations

836  related to the extinction or diversification of particular lineages. The Early Cretaceous
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witnessed the extinction of thalattosuchians, and a sharp decrease in disparity is seen
from the Berriasian to the Barremian (although this time interval is also relatively
poorly sampled in our dataset). A subsequent increase in disparity is seen in the Aptian,
probably reflecting the appearance of small-bodied crocodylomorphs (such as
susisuchid eusuchians). Nevertheless, this is followed by a continuing decline for the
remainder of the Cretaceous (in spite of the occurrence of highly disparate
notosuchians). The Cenozoic is also characterised by an overall decrease in disparity,
even though some short-term increases in disparity do occur, mostly related to the
presence of smaller-bodied crocodylians in the Palaeogene (such as Tsoabichi [150]).

We characterised the macroevolutionary patterns that gave rise to these patterns
of body size disparity through time, by performing comparative model-fitting analyses.
Our results indicate a strong support found for a multi-peak OU model (i.e., the
SURFACE model; Fig. 2a and b). Within the concept of adaptive landscape [73, 74,
75], we can interpret the SURFACE regimes, with different trait optima, as similar to
shifts to new macroevolutionary adaptive zones [11, 151]. Thus, the support found for
the SURFACE model indicates that lineage-specific adaptations related to body size
play an important role in determining the patterns of crocodylomorph body size
evolution. Our comparative model-fitting analyses also indicate that uniform OU
models, BM models, and both uniform and multi-regime trend models provide poor
explanations for the overall patterns of crocodylomorph body size evolution.

Our findings reject the hypothesis of long-term, multi-lineage trends during the
evolution of crocodylomorph body size. This is true even for Crocodylia, which shows
increases in maximum, minimum and mean body sizes during the past 70 million years
(Fig. 8a), a pattern that is classically taken as evidence for trend-like dynamics [56]. In

fact, explicitly phylogenetic models of the dynamics along evolving lineages reject this.
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862 We can also reject diffusive, unconstrained Brownian-motion like dynamics for
863  most of Crocodylomorpha, although Notosuchia might be characterised by relatively
864  unconstrained dynamics (Fig. 6). Single-regime (=uniform) models received poor

865  support in general, which might be expected for long-lived and disparate clades such as
866  Crocodylomorpha, which show complex and non-uniform patterns of body size

867  evolution (see [5, 11, 58, 61]). Although multi-regime trend-like models received

868  stronger support than uniform models for most phylogenies (Fig. 2a and b), multi-peak
869  OU models (SURFACE) received overwhelmingly still greater support. This suggests
870  that the macroevolutionary landscape of crocodylomorph body size evolution is best
871  described by shifts between phylogenetically defined regimes that experience

872  constrained evolution around distinct trait optima [61, 71, 75, 83].

873 The success of a multi-peak OU model indicates that, in general, a significant
874  amount of crocodylomorph body size variance emerged through pulses of body size
875  variation, and not from a gradual, BM-based dispersal of lineages through trait (body
876  size) space. These pulses, represented by regime shifts, represent excursions of single
877  phylogenetic lineages through body size space, resulting in the founding of new clades
878  with distinct body size from their ancestors. This indicates that lineage-specific

879  adaptations (such as those related to ecological diversification; see below) are an

880  important aspect of the large-scale patterns of crocodylomorph body size evolution.
881 This can also explain the weak support found for the early burst (EB) model in
882  our analyses. The early burst model attempts to simulate Simpson’s [73] idea of

883  diversification through “invasion” of new adaptive zones (niche-filling). It focuses on a
884  particular pattern of adaptive radiation, with evolutionary rates higher in the early

885  evolution of a clade and decelerating through time [126]. Other models have also been

886  proposed to better represent the concept of pulsed Simpsonian evolution (e.g., [152]).
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887  Our results show that, overall, the EB model offers a poor explanation for the evolution
888  of body size in crocodylomorphs, in agreement with previous works that suggested that
889  early bursts of animal body size receive little support from phylogenetic comparative
890  methods ([126], but see [153] for intrinsic issues for detecting early bursts from extant-
891  only datasets). However, rejection of an early burst model does not reject Simpson’s
892  hypothesis that abrupt phenotypic shifts along evolving lineages (“quantum evolution”)
893  results from the distribution of opportunities (adaptive zones, or unfilled niches).

894  Patterns of crocodylomorph body size evolution could still be explained by this “niche-
895  filling” process if opportunities were distributed through time rather than being

896  concentrated early on the evolution of the clade. This is one possible explanation of the
897  pattern of regime shifts returned by our analyses, and might be particularly relevant for
898 clades with long evolutionary histories spanning many geological intervals and

899  undergoing many episodes of radiation.

900 Bronzati et al. [35] examined variation in rates of species diversification among
901 clades using methods based on tree asymmetry. They found that most of crocodyliform
902  diversity was achieved by a small number of significant diversification events that were
903  mostly linked to the origin of some subclades, rather than via a continuous process

904 through time. Some of the diversification shifts from Bronzati et al. [35] coincide with
905  body size regime shifts found in many of our SURFACE model fits (such as at the base
906  of Notosuchia, Eusuchia and Alligatoroidea; Fig. 9). However, many of the shifts in
907  body size regimes detected by our analyses are found in less-inclusive groups (as in the
908  case of “singleton” regimes, that contain only a single taxon).

909

910
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911  Ecological diversification and itsimplications for crocodylomor ph body size

912  distribution

913  Ecological factors seem to be important for the large-scale patterns of body size in

914  crocodylomorphs. Many of the regime shifts to larger sizes detected by our SURFACE
915 analyses occur at the base of predominantly aquatic or semi-aquatic clades, such as

916  Thalattosuchia, Tethysuchia and Crocodylia (Figs. 3, 4, and 5), although small-bodied
917  aquatic/semi-aquatic clades also occur, such as Atoposauridae. Some terrestrial clades
918 also display relatively large sizes (such as sebecosuchians and peirosaurids, within

919  Notosuchia). However, most terrestrial species are small-bodied (Fig. 10b), including
920 many of the earliest crocodylomorphs (such as Litargosuchus leptorhynchus and

921  Hesperosuchus agilis [50, 51]; Fig. 10a), and are within body size regimes of lower

922  values of 6 (< 150 cm; Figs. 3, 4, and 5). In contrast, the regimes with the highest values
923  of 6 (> 800 cm) are almost always associated with aquatic or semi-aquatic

924  crocodylomorphs (e.g., the tethysuchians Sarcosuchus imperator and Chalawan

925 thailandicus, the thalattosuchians Machimosaurus and Steneosaurus, and the

926  crocodylians Purussaurus and Mourasuchus).

927 Previous studies have investigated a possible link between an aquatic/marine
928 lifestyle and larger body sizes in other animals, particularly in mammals (e.g., [17, 21,
929  24]). For instance, it has been previously shown that aquatic life in mammals imposes a
930  limit to minimum body size [24, 154] and relaxes constraints on maximum size [155].
931  Therefore, aquatic mammals (especially marine ones) have larger body sizes than their
932  terrestrial relatives [21, 156]. We document a similar pattern in crocodylomorphs (Table
933  3), although the phylogenetic ANOVA results revealed that changes in size are not

934  abrupt after environmental invasions (as also suggested by the diminutive size of some

935  semiaquatic lineages, such as atoposaurids and some crocodylians). Animals lose heat
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936 faster in water than in air (given the different rates of convective heat loss in these two
937  environments), and it has demonstrated that thermoregulation plays an important role in
938  determining the larger sizes of aquatic mammals [24, 154, 157]. Although mammals
939  have distinct thermal physiology to crocodylomorphs (which are ectothermic

940  poikilotherms), it has been reported that American alligators (Alligator mississippiensis)
941  heat up more rapidly than cool down, and that larger individuals are able to maintain
942  their inner temperature for longer than smaller ones [158]. Thus, given that both heating
943  and cooling rates are higher in water than in air [158], larger aquatic/semi-aquatic

944  animals could have advantages in terms of physiological thermoregulation. If extinct
945  crocodylomorphs had similar physiologies, this could provide a plausible explanation
946  for the larger sizes of non-terrestrial species.

947

948  Cope'srule cannot explain the evolution of larger sizes in Crocodylomorpha

949  Previous interpretations of the fossil record suggest a dominance of small sizes during
950 the early evolution of crocodylomorphs [45, 117], inferred from the small body sizes of
951  most early crocodylomorphs. Consistent with this, our SURFACE results revealed a
952  small-bodied ancestral regime for Crocodylomorpha (Z, between 66 and 100 cm),

953  which was inherited virtually by all non-crocodyliform crocodylomorphs. Larger non-
954  crocodyliform crocodylomorphs have also been reported for the Late Triassic (e.g.,

955  Carnufex carolinensis and Redondavenator quayensis, with estimated body lengths of
956  approximately 3 metres [159]), but the fragmentary nature of their specimens prevented
957 us from including them in our macroevolutionary analysis. Nevertheless, given the

958 larger numbers of small-bodied early crocodylomorphs, taxa like Carnufex and

959  Redondavenator probably represent derived origins of large body size and their

960 inclusion would likely result in similar values of ancestral trait optima (=2,).
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961 The small ancestral body size inferred for crocodylomorphs, combined with the
962  much larger sizes seen in most extant crocodylians and in some other crocodylomorph
963  subclades (such as thalattosuchians and tethysuchians), suggests a pattern of increasing
964  average body size during crocodylomorph evolutionary history. This idea is reinforced
965 by the overall increase in crocodylomorph mean body size through time, particularly
966 after the Early Cretaceous (Fig. 8a). The same pattern also occurs within Crocodylia
967  during the past 70 million years (Fig. 8a), as some of the earliest taxa (such as

968  Tsoabichi, Wannaganosuchus and Diplocynodon deponiae) were smaller-bodied (< 2m)
969  than more recent species, such as most extant crocodylians (usually > 3m). Cope’s rule
970 is most frequently conceived as the occurrence of multi-lineage trends of directional
971  evolution towards larger body sizes [7, 8, 11], and this can be evaluated using BM-

972  based models that incorporate a directional trend (parameter p [80]; see e.g., [33, 62]).
973 We find little support for trend-like models as a description of crocodylomorph
974  or crocodylian body size evolution. Therefore, we reject the applicability of Cope’s rule
975  to crocodylomorph evolution. This reinforces previous works suggesting that multi-
976 lineage trends of directional body-size evolution are rare over macroevolutionary time
977  scales [33, 67, 160, 161] (but see [19]). Furthermore, our SURFACE model fits indicate
978  that regime shifts towards smaller-bodied descendent regimes occurred approximately
979 as frequently (12-13 times) as shifts to regimes of larger body sizes (10-14 times; Fig.
980  11), when considering shifts that led to both clades containing multiple and single taxa.
981  Together, these results indicate that long-term increases in the average body size of

982  crocodylomorphs also cannot be explained either by multi-lineage trends of directional
983  evolution towards larger size, or by a biased frequency of transitions to large-bodied

984  descendent regimes.
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985 Instead, the apparent trend towards larger body sizes can be explained by
986  extinctions among small-bodied regimes. Crocodylomorph body size disparity
987  decreased gradually through the Cretaceous (Fig. 8b). This occurred due to the
988  decreasing abundance of small-bodied species. Despite this, our SURFACE model fits
989  mostly indicate the survival of clades exhibiting small-bodied regimes (6 <200 cm)
990 until approximately the end of the Mesozoic, (e.g., gobiosuchids, uruguaysuchids,
991  sphagesaurids, hylaeochampsids and some allodaposuchids; Figs. 3, 4, and 5). Many of
992  these small-bodied clades became extinct at least by the Cretaceous/Palaeogene (K/Pg)
993  boundary, resulting in a substantial reduction of small-bodied species. Further
994  reductions among the crown-group (Crocodylia) occurred by the Neogene, from which
995  small-bodied species are absent altogether (Figs. 3, 4, and 5).
996 This predominance of regimes of large sizes today results from the occurrence of
997 large body sizes in the crown-group, Crocodylia. Our SURFACE analyses focusing on
998  Crocodylia indicate ancestral body size regimes with relatively high values of 6 (Z,
999  between 220 and 350 cm). The shift to a larger-sized regime (when compared to
1000  smaller-bodied eusuchian regimes) probably occurred at the Late Cretaceous (Figs. 3, 4,
1001  and 5), and this same regime was inherited by many members of the clade
1002  (predominantly semi-aquatic species). During the Palaeogene, however, shifts to
1003  regimes of smaller sizes also occurred (such as in Tsoabichi greenriverensis,
1004  Diplocynodon deponiae and planocraniids), increasing total body size disparity (Fig.
1005  8b). The crocodylian body size distribution shifted upwards mainly during the latter part
1006  of the Cenozoic (from the Miocene; Fig. 8b), when even larger-bodied animals occurred
1007  (e.g., Purussaurus and Mourasuchus), combined with the disappearance of lineages of
1008  smallest species.

1009
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1010  Correlation of crocodylian body size with global cooling

1011 Our time series regressions demonstrate a moderate to strong correlation between

1012  crocodylian size and palaeotemperature (from the Late Cretaceous until the Recent;
1013  Table 2). This results from the upward-shift of the crocodylian body size distribution,
1014  coinciding with cooling global climates in the second half of the Cenozoic [131, 162].
1015  Even though this is an apparently counter-intuitive relationship, we do not interpret it as
1016  aresult of direct causation. Previous studies have shown that crocodylian species

1017  richness decreased with declining global temperatures of the Cenozoic [36, 37].

1018  Furthermore, the palaeolatitudinal ranges of both marine and continental

1019  crocodylomorphs have contracted as temperatures decreased (Fig. 7b; see also [36, 37]).
1020  Therefore, the temperatures experienced by evolving lineages of crocodylians are not
1021 equivalent to global average temperatures. We propose that the association between
1022  global cooling and increasing crocodylian body size results from a systematic reduction
1023  of available habits/niches (due to a more restricted geographical distribution), with

1024  differential extinction of smaller-bodied species. The hypothesis of selective extinction
1025 s also consistent with the decreasing in crocodylian body size disparity during the

1026  Cenozoic (Fig. 8b).

1027
1028  Body size sdlectivity and diversification across Mesozoic boundaries

1029  Numerous comparative studies have investigated a possible link between extinction risk
1030  and animal body size (e.g., [163, 164, 165, 166, 167]). For example, larger body sizes,
1031  in association with dietary specializations, might increase susceptibility to extinction in
1032 some animal groups, such as hypercarnivorous canids [168, 169]. On the other hand, the
1033  recovery of some animal clades after extinction events can also be associated with a
1034  subsequent increase in diversity and morphological disparity (e.g., Palaeogene

1035  mammals [14]), potentially leading to the exploration of new regions of body size space
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1036  (i.e., invasions of new body size regimes). Thus, although for some groups (and for
1037  some extinctions) body size might play an important role, this is evidently not a

1038  generalised pattern across all animals.

1039 For crocodylomorphs, little is known about possible influence of body size on
1040 differential extinction. In one of the few studies to quantitatively investigate this, Turner
1041 & Nesbitt [45], using femoral length as a proxy for total body size, recognized a drop in
1042  mean body size of crocodylomorphs across the Triassic-Jurassic (T-J) boundary. Our
1043  SURFACE results, however, indicate otherwise, as all Triassic crocodylomorphs are
1044  within a macroevolutionary regime of smaller sizes (6 < 100 cm) when Thalattosuchia
1045 s placed within Neosuchia (Fig. 3 and 4). In the other two phylogenetic scenarios, the
1046  origin of thalattosuchians (which are predominantly large-bodied animals) is placed
1047  either at the middle of the Late Triassic or closer to the T-J boundary (Fig. 5). However,
1048  as the first records of thalattosuchians only occur in the Early Jurassic, mean body size
1049  increases immediately after the boundary (Fig. 8a). The differences between our results
1050  and those found by Turner & Nesbitt [45] might be related to the distinct body size
1051  proxies used or to the different taxon sample used, as those authors also included non-
1052  crocodylomorph pseudosuchians in their analysis. In this context, we acknowledge that
1053  the inclusion in our analyses of larger non-crocodyliform crocodylomorphs, such as
1054  Carnufex carolinensis (~ 3 metres [159]), might change our results. Thus, at the

1055  moment we do not have empirical or statistical evidence to demonstrate selectivity of
1056  body sizes in crocodylomorphs during the end-Triassic extinction.

1057 The Early Jurassic was characterized by key events of crocodylomorph

1058  diversification [35] and an increase in morphological disparity [42], following the end-
1059  Triassic extinction. Similarly, our body size data suggests an increase in body size

1060  disparity after the T-J boundary (Fig. 8b). Although a decrease in disparity is observed
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1061  subsequently, this is probably due to the relatively few crocodylomorphs known for the
1062 latest Early Jurassic and the Middle Jurassic (Sinemurian—-Aalenian [36]). Subsequently,
1063  the diversification of thalattosuchians during the Late Jurassic, together with the

1064  occurrence of smaller- to intermediate-bodied neosuchians (such as atoposaurids and
1065  goniopholidids), created the greatest observed disparity of crocodylomorph body sizes
1066  during their evolutionary history (Fig. 8b).

1067 Recent studies [170, 171, 172] suggested that a combination of environmental
1068  perturbations occurred during the Jurassic-Cretaceous (J/K) transition, which might
1069  have led to the extinction of some tetrapod lineages. For crocodylomorphs the boundary
1070 is characterised by a decrease in marine diversity [36, 171, 172], highlighted by declines
1071  in thalattosuchian diversity, especially among teleosaurids, which suffered widespread
1072  extinction (except, apparently, at lower palaeolatitudes [173]). Nevertheless, Wilberg
1073 [43] did not find evidence for a substantial decrease in crocodylomorph cranial disparity
1074  across the J/K boundary. Similarly, our SURFACE results do not suggest dramatic

1075  changes in body size space exploration immediately before or after the J/K boundary
1076  (Figs. 3, 4, and 5), and there seems to be no defined body size selectivity across this
1077  boundary, as the multiple survivor crocodylomorph lineages were within regimes of
1078  very disparate optima values. Furthermore, the decrease in disparity observed in the
1079  middle of the Early Cretaceous (i.e., Valanginian—Barremian) is likely due to poor

1080  sampling [174], resulting in the scarcity of more completely preserved crocodylomorphs
1081  during these stages.

1082 The Late Cretaceous is marked by a remarkable fossil richness of notosuchians,
1083  in Gondwana [175, 176], and the diversification of eusuchian crocodylians [177].

1084  Notosuchia exhibits a wide range of body sizes (Fig. 10a), to some extent reflecting its

1085  remarkable diversity [36, 176] and morphological disparity [43, 44]. Our model-fitting
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1086  analyses using only notosuchian data suggest more relaxed modes of body size

1087  evolution in Notosuchia (Fig. 6), which is consistent with their high species richness
1088  and morphological disparity. This could be explained by a combination of intrinsic (i.e.,
1089  innovations and/or adaptations, such as a highly modified feeding apparatus [178, 179])
1090  and extrinsic factors (i.e., specific environmental conditions, such as the predominantly
1091  hot and arid climate of the Gondwanan landmasses occupied by notosuchians [36,

1092  175)).

1093 Even though our body size data show no specific pattern at the K/Pg boundary, a
1094  decline in body size disparity is present through the Late Cretaceous, combined with an
1095 increase in mean body size (Fig. 8), a pattern that generally continued through the

1096  Cenozoic (although with some short-term fluctuations). This supports the hypothesis
1097 that the K/Pg extinction had only minor impacts on crocodylomorphs [35, 36, 37, 43,
1098  181]. Although subsampled estimates of genus richness suggest a decline in terrestrial
1099  crocodylomorph diversity during the Late Cretaceous, this occurred prior to the K/Pg
1100  boundary, between the Campanian into the Maastrichtian, in both Europe and North
1101 America [36]. Indeed, several crocodylomorph subclades lost several species prior to
1102  the end of the Cretaceous (in particular notosuchians and non-crocodylian eusuchians
1103  [35, 36]; Figs. 3, 4, and 5), and multiple lineages within other groups, such as

1104  dyrosaurid tethysuchians and crocodylians, crossed the boundary with little change [37,
1105 180, 181] (Figs. 3, 4, and 5). Our data suggest a long-term pattern of selective

1106  extinctions of small-bodied crocodylomorphs, starting from the Late Cretaceous and
1107  continuing to the Recent. This may have resulted from a longstanding trend of global
1108  cooling [131, 162], resulting in more restricted geographical distributions, and reducing
1109  niche availability for crocodylomorphs. This is consistent with our SURFACE results

1110  (Figs. 3, 4, and 5), that show very few smaller-bodied regimes (6 < 150 cm) during the
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1111 Palaeogene and a complete absence after the Neogene. This pattern strikingly contrasts
1112 with that proposed for mammals, which may have experienced selectivity against larger
1113 bodied taxa across the K/Pg boundary [182], although an increase in body size occurred
1114  observed subsequently, during the Palaeogene [14, 15]. The pattern of survival in

1115  crocodylomorphs also differs from that suggested for squamates (lizards and snakes), in
1116  which small-bodied taxa show evidence of preferential survival [183].

1117

1118  Conclusions

1119  After an early increase (with the highest peak in the Late Jurassic), crocodylomorph
1120  body size disparity experienced sustained decline during virtually its entire evolutionary
1121 history. This disparity decrease is combined with an increase of average body size

1122 through time, with highest peaks in the Middle Jurassic and today. In particular, the
1123 increase in mean body size seen during the Cenozoic (mostly related to crocodylians)
1124  co-occurs with an overall decrease in global temperatures.

1125 To further characterise these patterns, we used comparative model-fitting

1126  analyses for assessing crocodylomorph body size evolution. Our results show extremely
1127  strong support for a multi-peak Ornstein-Uhlenbeck model (SURFACE), rejecting the
1128  hypothesis of evolution based on Brownian motion dynamics (including those

1129  representing the concept of Cope’s rule). This suggests that crocodylomorph body size
1130  evolution can be described within the concept of a macroevolutionary adaptive

1131 landscape, with a significant amount of crocodylomorph body size variance evolving
1132 from pulses of body size changes, represented by shifts between macroevolutionary
1133 regimes (similar to adaptive zones or “maximum adaptive zones” of Stanley [11]). This
1134 s reflected in the regime shifts frequently detected at the base of well-recognised and

1135  diverse crocodylomorph subclades such as Notosuchia, Thalattosuchia, and Crocodylia.
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1136 We did not find strong correlations between our body size data and abiotic
1137  factors, indicating that shifts between macroevolutionary regimes are more important
1138  for determining large-scale patterns of crocodylomorph body size than isolated climatic
1139  factors. However, at more refined temporal and phylogenetic scales, body size variation
1140  may track changes in climate. In the case of Crocodylia, a global cooling event might
1141 explain the long-term increases in body size, as a result of systematic reduction of
1142  available habits/niches (due to a more latitudinally-restricted geographical distribution
1143  during cooler global climates), with preferential extinction of smaller-bodied species.
1144 Shifts towards larger sizes are often associated with aquatic/marine or semi-
1145  aquatic subclades, indicating that ecological diversification may also be relevant, and
1146  suggesting a possible link between aquatic adaptations and larger body sizes in

1147  crocodylomorphs. These shifts to larger sizes, occurred throughout crocodylomorph
1148  evolutionary history, combined with the extinction of smaller-sized regimes,

1149  particularly during the Late Cretaceous and Cenozoic, explain the overall increase in
1150  mean body size, as well as the large-bodied distribution of extant crocodylians (all of
1151 which are aquatic or semi-aquatic) compared to smaller-bodied early taxa.

1152

1153

1154

1155

1156

1157

1158

1159

1160
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1161  Abbreviations

1162  Cranial measurements:

1163  DCL: dorsal cranial length
1164  ODCL: orbito-cranial length

1165  Evolutionary models:

1166  BM: Brownian motion

1167  EB: Early burst

1168  OU: Ornstein-Uhlenbeck

1169  BMS: multi-regime BM model that allows parameter 62 to vary

1170 OUMYV: multi-regime OU model that allows 6 and 62 to vary

1171 OUMA: multi-regime OU model in which 6 and a can vary

1172 OUMVA: OU model in which all three parameters (6, o and 62) can vary

1173  Model parameters:

1174  O: trait optimum of OU-based models

1175  «a: attraction parameter of OU-based models;

1176 ¢ Brownian variance or rate parameter of BM or OU-based models
1177  p: evolutionary trend parameter of BM-based models

1178  Zo: estimated trait value at the root of the tree of OU-based models

1179  Optimality criteria:

1180  AIC: Akaike’s information criterion

1181  AlCc: Akaike’s information criterion for finite sample sizes
1182  BIC: Bayesian information criterion

1183  pBIC: phylogenetic Bayesian information criterion

1184

1185
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1702 Figurelegends

1703

1704 Fig.1

1705  Simplified cladogram showing the phylogenetic relationships among crocodylomorphs
1706  and the alternative positions of Thalattosuchia (dashed red lines), following hypotheses
1707  proposed by [34, 35, 109, 113, 115]. Silhouettes are from phylopic.org.

1708

1709 Fig.2

1710  (aand b) Boxplots showing AlCc scores of the evolutionary models fitted to

1711 crocodylomorph phylogeny and body size data (using 20 trees time-calibrated with the
1712 FBD method). Results shown for two cranial measurements datasets: ODCL (a) and
1713 DCL (b). For the trend-like models, only the AlICc of the best model (“best trend”) is
1714  shown. See Additional files 1 and 3 for further results. (c-€) Comparative results of
1715  evolutionary models fitted to simulated data (under Brownian Motion) and our

1716  empirical body size data (using the ODCL dataset). Data was simulated for 20

1717  crocodylomorph time-scaled trees, and the same trees were used for fitting the

1718  evolutionary models. c A-AlCc is the difference between AICc scores received by BM
1719  and SURFACE models. d Number of regime shifts detected by the SURFACE

1720  algorithm. e Values of o estimated by the SURFACE algorithm. Results shown for
1721 simulated and empirical data.

1722

1723 Fig. 3

1724  SURFACE model fit (using pBIC searches in the backward-phase) of tree number 2
1725  among crocodylomorph topologies with Thalattosuchia placed within Neosuchia, using

1726  the ODCL dataset and time-calibrated with the FBD method. Attraction to unrealized
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1727  low or high trait optima are highlighted in blue and red, respectively. Model fits of trees
1728  sharing the same position of Thalattosuchia show very similar regime configurations,
1729  regardless of the dataset used (ODCL or DCL) and the time-calibration method (see
1730  Additional file 4 for all SURFACE plots).

1731

1732 Fig. 4

1733  (a) SURFACE model fit (using pBIC searches in the backward-phase) of tree number
1734 18 among crocodylomorph topologies with Thalattosuchia placed within Neosuchia,
1735  using the ODCL dataset and time-calibrated with the FBD method. Attraction to

1736  unrealized low or high trait optima are highlighted in blue and red, respectively. (b)
1737 Simplified version of a, with independent multi-taxon regimes collapsed to single
1738  branches.

1739

1740 Fig.5

1741 SURFACE model fits of trees time-calibrated with the FBD method, using the ODCL
1742  dataset. (a) Model fit of tree number 17 with Thalattosuchia as the sister group of
1743 Crocodyliformes. Some model fits of trees sharing this same position of Thalattosuchia
1744  show simpler model configurations, with significantly fewer regimes (see text for
1745  details and Additional file 4 for all SURFACE plots). (b) Model fit of tree number 18
1746  with Thalattosuchia as the sister group of Mesoeucrocodylia. (c and d) Simplified
1747  versions of a and b, respectively, with independent multi-taxon regimes collapsed to
1748  single branches.

1749

1750

1751
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Fig. 6
AlCc scores of all evolutionary models fitted to the phylogenies and body size data of
Crocodylia (top) and Notosuchia (bottom). For the trend-like models, only the AlICc of

the best model (“best trend”) is shown.

Fig. 7

Crocodylomorph body size through time, with colours representing different mono- or
paraphyletic (i.e., Crocodylomorph = non-mesoeucrocodylian crocodylomorphs,
excluding Thalattosuchia; Neosuchia = non-crocodylian neosuchians) crocodylomorph
groups. Body size represented by log:o ODCL (orbito-cranial dorsal length) in
millimetres. (a) Phenogram with body size incorporated into crocodylomorph
phylogeny. (b) Palaeolatitudinal distribution of extinct crocodylomorphs through time,
incorporating body size information (i.e., different-sized circles represent variation in

body size).

Fig. 8

(a) Crocodylomorph body size and palaeotemperature through time. Mean log;o ODCL
represented by dashed black line, shaded polygon shows maximum and minimum
values for each time bin. Continuous light green displays mean log;o ODCL values only
for Crocodylia. Palaeotemperature (5'°0) illustrated by red line (data from [132]). (b)
Body size disparity through time. Disparity is represented by the standard deviation of
logio ODCL values for each time bin (only time bins with more than 3 taxa were used
for calculating disparity). Error bars are accelerated bias-corrected percentile limits
(BCa) of disparity from 1,000 bootstrapping replicates. Asterisks mark the events of

largest interval-to-interval changes in disparity.
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1777

1778 Fig.9

1779  Summary of our SURFACE results combined with the crocodylomorph diversification
1780  shifts found by Bronzati et al. [35]. Nodes with diversification shifts are indicated by
1781  arrows, the colours of which represent distinct trait optima values (total body length in
1782  centimetres, after applying formula from [91]), of different body size regimes. Black
1783  arrows indicate nodes for which diversification shifts were identified, but no body size
1784  regime shift was found by any of our SURFACE model fits.

1785

1786  Fig. 10

1787 (@) Body size frequency distributions of different crocodylomorph groups (mono- or
1788  paraphyletic), constructed using the full set of 240 specimens in the ODCL dataset.
1789  Underlying unfilled bars represent values for all crocodylomorphs. Filled bars represent
1790  values for Crocodylia, Notosuchia, Thalattosuchia, non-mesoeucrocodylian

1791  crocodylomorphs (excluding thalattosuchians), Tethysuchia and non-crocodylian

1792  neosuchians (excluding tethysuchians and thalattosuchians). (b) Body size distributions
1793  of different crocodylomorph lifestyles, shown with box-and-whisker plots (on the left)
1794  and a mosaic plot (on the right). The 195 species from the ODCL dataset were

1795  subdivided into terrestrial, semi-aquatic/freshwater and aquatic/marine categories (N =
1796 45,100 and 50, respectively) based on the literature. Body size is represented by logio
1797  cranial length (ODCL, orbito-cranial length, in millimetres).

1798

1799 Fig. 11

1800  Distribution of regime shifts represented by the difference between descendant and

1801  ancestral regimes trait optima values (0) plotted against the 6 of the ancestral regime.
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1802  Large red circles represent shifts that led to clades containing multiple taxa, while

1803  smaller pink circles represent “singleton” regimes, containing only single taxa. Vertical
1804  dashed line indicates the ancestral regime for all crocodylomorphs (Zo), while horizontal
1805  dashed line can be used as a reference to identify regime shifts giving rise to larger

1806  (circles above the line) or smaller-bodied (circles below the line) descendants. Circles at
1807  the exact same position (i.e., shifts with the same 6 values for both ancestral and

1808  descendant regimes) were slightly displaced in relation to one another to enable

1809  visualization. This plot was constructed using the 6 values from trees with different
1810  positions of Thalattosuchia: (a) Tree number 2, with Thalattosuchia within Neosuchia;
1811  (b) Tree number 17, with Thalattosuchia as the sister group of Crocodyliformes; (c)
1812  Tree number 18, with Thalattosuchia as the sister group of Mesoeucrocodylia. 6 values

1813  in logio mm, relative to the cranial measurement ODCL (orbito-cranial dorsal length).
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The multi-peak adaptive landscape of cr ocodylomor ph body size evolution

Pedro L. Godoy, Roger B. J. Benson, Mario Bronzati & Richard J. Butler

Additional file 1

Supplementary methods

Proxy for total body length
Equations based on modern species, using either cranial (e.g., Webb & Messdl, 1978; Hall &

Portier, 1994; Sereno et al., 2001, Hurlburt et al., 2003; Platt et al., 2009; 2011) or postcranial
measurements (e.g., Bustard & Singh, 1977; Farlow et al., 2005), have predominantly been used
for estimating total body size of extinct crocodylomorph species. Although some of these
approaches have been claimed to work well when applied to extinct taxa (e.g., Farlow et al.,
2005), they are expected to be less accurate for extinct species that have different body
proportions to those of extant species (e.g., Pol et al., 2012; Young et al., 2011; 2016; Godoy et
al., 2016; but see Figure S1). An alternative approach that has been suggested is to use clade-
specific equations that are derived from regressions using fossil specimens with complete
skeletons preserved, such as the recently proposed equations for estimating body length in the
highly specialised marine clade Thalattosuchia (Y oung et al., 2011; 2016). Nevertheless, using
this approach for the entire Crocodylomorpha would require numerous different equations and,
consequently, complete specimens for all desired subclades.

Furthermore, Campione & Evans (2012) demonstrated a universal scaling relationship
between proximal (stylopodial) limb bone circumferences and the body masses of terrestrial
tetrapods. For instance, their equations, using both femur and humerus circumference, have been

applied to estimate body mass of fossil dinosaurs (e.g., Benson et al. 2014; 2018; Carballido et
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al., 2017). However, due to a historical neglect of crocodylomorph postcranial anatomy,
especially for Mesozoic taxa (Godoy et al., 2016), relatively less information is available on this
part of the skeleton. Based on data collected for the present study, total or partial skull lengths
(i.e., complete skulls or lacking only the snouts) can be measured in fossil specimens of
approximately 50% of crocodylomorph species, whereas femoral and humeral shaft
circumferences or lengths can only be measured in 35% of species. This greatly reduces the
number of taxa that can be sampled and limits the utility of using postcranial elements as a proxy
for body size. Similar problems exist for other methods, such asthe “Orthometric Linear Unit”
proposed by Romer & Price (1940) that uses dorsal centrum cross section (Currie, 1978), as well
as volumetric reconstructions (e.g., Colbert, 1962; Hurlburt, 1999; Motani, 2001; Bates et al .,
2009; Sdllerset al., 2012), since relatively compl ete postcranial specimens are required.

Thus, aiming for a proxy (or proxies) for total body size that could maximised sample
size (for a study encompassing the entire evolutionary history of Crocodylomorpha), we decided
to use two cranial measurements: total dorsal cranial length (DCL) and dorsal orbito-cranial
length (ODCL), which is measured from the anterior margin of the orbit to the posterior margin
of the skull. By using actual cranial measurements, rather than estimated total body length, we
avoid the addition of possible errors to our model-fitting analyses (Figure S1). Furthermore, the
range of body sizes among living and extinct crocodylomorphsis considerably greater than
variation among s ze estimates for single species. Therefore, we expect to recover the most
important macroevolutionary body size changes in our analyses even when using only cranial

measurements.
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Figure S1. Expected error for total body length estimated from cranial measurements. Real total body

length, measured from some complete fossil crocodylomorph specimens, is plotted against total length
estimated from the cranial measurements DCL (a) and ODCL (b) (equations from Hurlburt et al., 2003),

exemplifying the amount of error expected when using cranial measurements to estimate total body length

of crocodylomorphs. R? valueillustrates the strength of the correlation between real and estimated total

lengths. Colours represent different mono- or paraphyletic crocodylomorph groups. See Table S1 for

information on the specimens used for the construction of these plots.

Table S1. List of fossil specimens with complete skeleton preserved which data was used for creating

Figure S1 of the manuscript. “DCL” isthetotal length estimated using the cranial measurement dorsal
crania length, “ODCL” isthe total length estimated when using dorsal orbito-cranial length, and “Real

TL" isthereal total body length measured from the specimen. All measurementsin centimetres.

Species (specimen)

Shantungosuchus chuhsienensis (IVPP V 2484)
Alligatorellus beaumonti (BSPG 1937 | 26)
Diplocynodon ratelii (MNHN.F SG 13728ab)
Diplocynodon darwini (HLMD-Me 10262)
Platysuchus multiscrobiculatus (SMNS 9930)
Steneosaurus bollensis (SMNS 54063)
Steneosaurus leedss (NHMUK R 3806)

DCL
37.66
33.77
216.15
90.02
220.22
565.97
646.58

ODCL
N/A
35.72
254.74
81.86
334.08
545.90
698.01

Real TL Source of information

25
30
152
75
279
430
428

First-hand observation
First-hand observation
First-hand observation
First-hand observation
Young et al. (2016)
Young et al. (2016)
Young et al. (2016)
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Supertree construction and alter native topologies
The supertree used as the phylogenetic framework for the macroevolutionary analyses was
constructed using an informal approach. For such, we started with the MRP (matrix
representations with parsimony) supertree of Bronzati et al. (2015), and then used some recently
published phylogenetic hypotheses to create and updated version, by manually modifying the
tree using the software Mesquite (Version 3.51; Maddison & Maddison, 2018). For this updated
version, we added some taxa, removed others, and also changed the position of afew more,
always aiming to include as many species as possible (especially the ones for which we had body
Size data available), but also to incorporate more well-resolved relationships from recent studies.
The supertree presented by Bronzati et al. (2015) is restricted to Crocodyliformes, which
islessinclusive than Crocodylomorpha. Thus, we added non-crocodyliform crocodylomorphs
taxa following the phylogenetic hypotheses presented by Pol et al. (2013) and Leardi et al.
(2017). Within Crocodyliformes, asin Bronzati et al. (2015) and other recent studies (e.g.,
Andrade et al., 2011; Montefeltro et al., 2013; Pol et al., 2014; Turner & Pritchard, 2015;
Buscalioni, 2017), taxa classically associated to “Protosuchia” are paraphyletic arranged in
relation to Mesoeucrocodylia, with smaller subgroups displayed following Bronzati et al. (2015)
(but see below for differencesin this region of the tree in the alternative topologies).
Accordingly, Hsisosuchusis the sister-group of Mesoeucrocodylia (asin Clark, 2011, Pol et al.,
2014; Buscalioni, 2017) and the following groups represent taxa successively more distant to
Mesoeucrocodylia: Shartegosuchidae (following Clark 2011); an unnamed clade composed by
taxa such as Schuanosuchus and Shantungosuchus; an unnamed clade composed by
Zaraasuchus and Gobiosuchus (following Pol et al., 2014); Protosuchidae (following Clark

2011, Pol et al., 2014; Turner & Pritchard, 2015).
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Within Mesoeucrocodylia, Notosuchia corresponds to the sister group of all the other
mesoeucrocodylians (= Neosuchiain our topology), similar to what is presented by Andrade et
al. (2011), Pol et al. (2014), and Turner & Pritchard (2015). Y et, Notosuchia comprises forms
such as baurusuchids, sebecosuchians, peirosaurids, sphagesaurids, uruguaysuchids, and
Araripesuchus. The relationships among taxa within Notosuchia follow the general arrangement
presented by Pol et al. (2014).

One of the branches at the basal split of Neosuchia leads to a clade composed by
longirostrine forms, which includes Thalattosuchia and Tethysuchia (i.e. Dyrosauridae and
“pholidosaurids’). Arrangement between these groups (i.e. sister-group relationship between
Thalattosuchia and Tethysuchia) follows that recovered in the supertree of Bronzati et al. (2015).
Within Tethysuchia, “pholidosaurids’ are paraphyletic in relation to Dyrosauridae (also found in
Pol et al., 2014; Young et al., 2017 and Meunier & Larsson, 2017). Relationships among
Dyrosauridae follow Hastings et al. (2015). Relationships among thalattosuchians follow Y oung
(2014) and Herrera et al. (2015).

The sister-group of the longirostrine clade mentioned above contains Eusuchia and its
closest relatives such as Atoposauridae and Goniopholididae. The latter is depicted asthe sister
group of Eusuchia, whereas the former correspondsto the sister group of Eusuchia +
Goniopholididae. This arrangement follows that recovered in Pol et al. (2014) and Bronzati et al.
(2015). Regarding the internal relationships of Goniopholididae, we follow the hypotheses of
Martin et al. (2016) and Ristevski et a. (2018). For Atoposauridae, we follow the arrangements
presented by Tennant et al. (2016) and Schwarz et al. (2017). For Paralligatoridae and
Susisuchidae, we followed the phylogenetic hypotheses of Turner (2015) and Turner & Pritchard

(2015).
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In relation to non-crocodylian eusuchians, we mainly follow the topology of Bronzati et
al. (2015), with modifications to accommodate the arrangements proposed by Turner (2015) and
Turner & Pritchard (2015) within Paralligatoridae and Susisuchidae. Regarding the
interrelationships of the crown-group, as well as the position of Hylaeochampsidae +
Allodaposuchidae as the sister group of Crocodylia, we follow the topology of Narvaez et al.
(2015). For the relationships within the crown-group, we follow Brochu (2012), Brochu et al.
(2012), Scheyer et al. (2013) and Narvaez et al. (2015).

Additionally, two alternative topologies were also manually constructed, for testing the
impact of alternative positions of Thalattosuchia. The “longirostrine problem”, which mostly
concerns the position of Thalattosuchia, has been largely debated in phylogenetic studies of
Crocodylomorpha (e.g., Clark, 1994; Pol & Gasparini, 2009; Wilberg, 2015). Because of the
possible impact that a group like Thalattosuchia (i.e. of relatively old origin and many species
within it) can inflict in our model-fitting analyses, we built two alternative trees to test the effects
related to this phylogenetic uncertainty. Apart from the position of Thalattosuchia described
above (within Neosuchia), two main aternative scenarios for the position of the group within
Crocodylomorpha were proposed (see Wilberg, 2015). The first places Thalattosuchia as the
sister group of all other mesoeucrocodylians (= Notosuchia + Neosuchia) (e.g., Larsson & Sues,
2007; Montefeltro et al., 2013), and was depicted in one of our alternative topologies. The other
alternative topology places Thalattosuchia as the sister group of Crocodyliformes (following
Wilberg, 2015). Only the position of Thalattosuchia has been altered in these alternative
topologies. Relationships among other taxa, including the relationship among thalattosuchians,

were kept asin the first topology, described above.
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Additional time-scaling methods
For time-calibrating our trees, apart from the Bayesian tip-dating approach, we also used three

different a posteriori time-scaling (APT) methods: the minimum branch length (mbl), the cal3
and the extended Hedman methods. These methods were used only for the initial model
comparison.

For these methods, ages (first and last occurrence dates) wereinitially obtained from the
Paleobiology Database, but were then checked using primary sources in the literature (see
Additional file 6 for ages of al taxa). To accommodate uncertainties related to the ages of
terminal taxa (i.e., most taxon ages are based on single occurrences, known only within rather
imprecise bounds), we treated these first and last occurrences dates as maximum and minimum
possible ages and drew terminal dates for time-calibration from a uniform distribution between
these.

First, the mbl method (Laurin, 2004), which requires a minimum branch duration to be set
apriori, to avoid the presence of undesirable and unrealistic zero-length branches (Bapst, 20144,
b). For our analyses, the minimum of 1 Myr was set.

Second, the cal3 method, which is a stochastic calibration method that requires estimates
of sampling and diversification (branching and extinction) rates to draw likely divergence dates
under a birth—death-sampling model (Bapst, 2014; Lloyd et al., 2016). The fact that most
crocodylomorph taxa are singletons (i.e., very few genera or species have multiple occurrences
in different timeintervals) prevented us from directly calculating speciation, extinction and
sampling rates needed as inputs to the cal 3 method. Thus, when using this time-scaling method
for our analyses, we adopted the same rates estimated for dinosaursin Lloyd et al. (2016) (i.e.,
extinction and speciation rates = 0.935; sampling rate = 0.018), which used the apparent range-

frequency distribution of dinosaursin the Paleobiology Database for these estimates. Although
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essentially different from that of dinosaurs, the crocodylomorph fossil record is arguably
comparable enough to result in similar rates (i.e., in both groups, many species are based on only
single occurrences, having therefore no meaningful range data; Benson et al., 2018), and a
posteriori comparison to other time-scaling methods demonstrated that results were qualitatively
reasonable.

Finally, the extended Hedman method was proposed by Lloyd et al. (2016), and is
expansion of the approach presented by Hedman (2010). It is a probabilistic that uses the ages of
successive outgroup taxa relative to the age of the node of interest to date this node by sampling
from uniform distributions (Lloyd et al. 2016, Brocklehurst, 2017).

Since the input phylogenies (i.e., the three alternatives topologies of the supertree, see
above) were not completely resolved, we randomly resolved the polytomies, generating 20
completely resolved trees (the same number of trees was time-scaled with the FBD method) for
each alternative phylogenetic scenario (i.e., with different positions of Thalattosuchia). These
trees were then time-scaled using the three time-calibration methods. Time-scaling with the mbl
and cal3 methods were performed using the package paleotree (Bapst, 2012) in R version 3.5.1
(R Core Team, 2018), whilst the Hedman method was implemented also in R, using the protocol

published by Lloyd et al. (2016).
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Time bins used for time series correlations and disparity calculation

LOWER LIMIT (IN MYR) UPPER LIMIT (IN MYR)
7.246 0
15.97 7.246
23.03 15.97
33.9 23.03
40.4 33.9
48.6 40.4
55.8 48.6
61.7 55.8

66.043 61.7
70.6 66.043
84.9 70.6
94.3 84.9
99.7 94.3
112.6 99.7

125.45 112.6
136.4 125.45
1455 136.4
155.7 145.5
164.7 155.7
171.6 164.7
183 171.6
189.6 183
201.6 189.6
205.6 2016
2215 205.6
235 2215
242 235

252.3 242
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Supplementary results

FBD consensus trees
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Figure S2. Consensus tree (50% majority rule tree) of Crocodylomorpha, with
Thalattosuchia within Neosuchia. Node ages were inferred under afossilized birth-death
process, performing 10,000,000 generations of MCMC analyses. Blue bars indicate
95% Highest Posterior Density (HPD) time intervals.
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Figure S3. Consensus tree (50% majority rule tree) of Crocodylomorpha, with
Thalattosuchia as the sister group of Crocodyliformes. Node ages were inferred under a
fossilized birth-death process, performing 10,000,000 generations of MCMC analyses.
Blue bars indicate 95% Highest Posterior Density (HPD) time intervals.
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Figure $4. Consensus tree (50% majority rule tree) of Crocodylomorpha, with
Thalattosuchia as the sister group of Mesoeucrocodylia. Node ages were inferred under

afossilized birth-death process, performing 10,000,000 generations of MCMC
analyses. Blue bars indicate 95% Highest Posterior Density (HPD) time intervals.
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Initial model comparison using APT time-scaling methods
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Figure S5. AlCc scores of the evolutionary models fitted to crocodylomorph phylogeny and body size
data. Results shown for two cranial measurements datasets (ODCL in the left column and DCL in the
right one), aswell as using three different APT time-scaling (i.e., a posteriori) methods to time-calibrate
20 randomly resolved phylogenies of Crocodylomorpha: (a) mbl, (b) Hedman, and (c) cal3 methods. For
the trend-like models, only the AICc of the best model (“best trend”) is shown.
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Correlations with abiotic factors

Most of the regression analyses with body size and pal acotemperature data (Tables S3— S16)
revealed very weak or non-significant correlations. In some cases, we did find significant
correlations, but they were frequently inconsistent (i.e., correlations did not persist in both
ODCL and DCL datasets or were absent when accounting for serial autocorrelation using GLS).
The only conspicuous exception was found between mean body size values and
palaeotemperatures from the Late Cretaceous (M aastrichtian) to the Recent (and, in particular,
when using only taxa of the crown-group Crocodylia[Tables S8 and S9]).

A similar scenario was found for the correlation test between body size and paleolatitude
(Tables S17— S30), with very weak or non-significant correlations. Our phylogenetic regressions
of found some significant correlations, but in all cases the coefficient of determination (R%) was
very low (always smaller than 0.1), indicating that the correlation is very weak and only a small
proportion (less than 10%) of the body size variation observed can be explained by the

palaeolatitudinal data.
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Palaeotemperature

BBIBISEl Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using all speciesin the dataset) on the

pal aeotemperature proxies (520 data for tropical and temperate regions from Prokoph et al. (2008), and global 8*°0 data from Zachos et al.

(2008)). Possible correlation was analysed using generalised least squares (GLS) regressions, incorporating a first-order autoregressive model, as

well as ordinary least squares (OLS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha = 0.05.

Prokoph (Early Triassic -recent): tropical palaeotemperatures

Maximum size Mean size
N GLS OL S (untransformed) GLS OL S (untransformed)
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC QQJ
26 0.643 2.363 0.019 2565 | -0.004 | 2.438 0.063 11.94 0.741 1973 | -0.015 | -20.353 | 0.004 2.073 0.049 | -7.032 E
(0.75) (0.359) (0.685) (0.299) =
Prokoph (Early Triassic -recent): temper ate palaeotemper atur es é
Maximum size Mean size :?3_:
N GLS OL S (untransformed) GLS OL S (untransformed) §
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC 8
23 0.241 2428 | -0.015 | -15324 | -0.038 | 2426 | -0.017 | -16.034 | 0.412 2.067 0.011 | -2254 | -0.027 | 2.079 0.022 | -20.973
(0.729) (0.671) (0.755) (0.529)
Zachos (Late Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
N GLS OL S (untransformed) GLS OL S (untransformed)
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
10 0.347 2.34 0.045 | -9.539 | -0.016 | 2.346 0.039 | -10.306 | -0.046 | 2.022 | 0.055* | -31.576 | 0.635 2.023 | 0.054* | -33.557
(0.397) (0.383) (0.002) (0.003)
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Table S4. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using all species in the dataset) on the
pal aeotemperature proxies (520 data for tropical and temperate regions from Prokoph et al. (2008), and global 8*°0 data from Zachos et al.
(2008)). Possible correlation was analysed using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as

well as ordinary least squares (OLS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha= 0.05.

Prokoph (Early Triassic -recent): tropical palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.634 | 2909 | 0.048 | 11415 | 0.031 3.01 0106 | 2016 | 0723 | 2367 | -0.029 | -6.284 | -0.027 | 247 | 0035 | 7.111
(0.508) (0.19) (0.565) (0.564)

Prokoph (Early Triassic -recent): temper ate palaeotemper atur es
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.108 | 2.956 | -0.025 | -11.036 | -0.033 | 2958 | -0.022 | -12782 | 0505 | 2468 | -0.007 | -6.265 | -0.041 | 249 | 0.019 | -2.48
(0.57) (0.602) (0.888) (0.725)
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Zachos (L ate Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.265 2.9 0.049 | -19517 | 0.27 2.898 | 0.052 | -2096 | 0.014 | 2433 | 0.081* | -19577 | 0527 | 2433 | 0.081* | -21.575
(0.126) (0.07) (0.011) (0.01)
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Table S5. Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using only marine species in the dataset) on the
pal aeotemperature proxies (520 data for tropical and temperate regions from Prokoph et al. (2008), and global 8*°0 data from Zachos et al.
(2008)). Possible correlation was analysed using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as

well as ordinary least squares (OLS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha= 0.05.

Prokoph (Early Triassic -recent): tropical palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.56 2358 | -0.025 | -25542 | 0.201 | 2276 | -0.11* |-24.167 | 0014 | 2239 | -0.017 | -49.171 | -0.023 | 2239 | -0.017 | -51.167
(0.536) (0.035) (0.451) (0.448)

Prokoph (Early Triassic -recent): temper ate palaeotemper atur es
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.708 | 2423 | 0.079 | -23953 | -0.066 | 2398 | -0.002 |-16916 | 0.758 | 2273 | 0022 | -66.294 | -0.027 | 2273 | 0.011 | -56.901
(0.059) (0.955) (0.058) (0.463)
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Zachos (L ate Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
-0.143 | 2422 | -0.045 | -21.432 | 0.22 2417 | -0.042 | -23.261 | 0.627 | 2252 | -0.006 | -39.327 | -0.088 | 2241 | 0.005 | -38.084
(0.054) (0.096) (0.654) (0.617)
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Table S6. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using only marine species in the dataset) on the

pal aeotemperature proxies (520 data for tropical and temperate regions from Prokoph et al. (2008), and global 8*°0 data from Zachos et al.

(2008)). Possible correlation was analysed using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as

well as ordinary least squares (OLS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha= 0.05.
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Table S7. Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using only non-marine species in the dataset) on
the palaeotemperature proxies (§*°0 data for tropical and temperate regions from Prokoph et al. (2008), and global §'°0 datafrom Zachos et al.
(2008)). Possible correlation was analysed using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as

well as ordinary least squares (OLS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha = 0.05.

Prokoph (Early Triassic -recent): tropical palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.553 232 | 0043 | 4843 | 0011 | 2366 | 0.075 | 11.094 | 0.64 1.978 | 0029 | -21.012| 0.049 | 2023 | 0.065 | -11.564
(0.504) (0.264) (0.453) (0.142)

Prokoph (Early Triassic -recent): temper ate palaeotemper atur es
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0354 | 2291 | -0.065 | -6.825 | 0.022 | 2291 | -006 | 6129 | 0523 | 1.947 | -0.042 | -21.071 | -0.037 | 1.967 | -0.017 | -17.942
(0.232) (0.232) (0.299) (0.65)
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Zachos (L ate Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0209 | 2228 | 0068 | -0.829 | -0.011 | 2236 | 006 | -2397 | -0157 | 1.964 | 0.06* | -2496 | 0502 | 1.965 | 0.06* | -26.706
(0.366) (0.371) (0.007) (0.013)
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Table S8. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using only non-marine species in the dataset) on
the palaeotemperature proxies (§*°0 data for tropical and temperate regions from Prokoph et al. (2008), and global §'°0 datafrom Zachos et al.
(2008)). Possible correlation was analysed using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as

well as ordinary least squares (OLS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha = 0.05.

Prokoph (Early Triassic -recent): tropical palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0563 | 2753 | 0.024 | 15858 | -0.011 | 2.82 0.069 | 22285 | 0624 | 2339 | 0017 | -874 | -0018 | 2366 | 004 | 0.623
(0.763) (0.406) (0.725) (0.466)

Prokoph (Early Triassic -recent): temper ate palaeotemper atur es
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.317 276 | -0.071 | 5801 | 0003 | 2762 | -0.066 | 5997 | 0518 232 | -0.046 | -7.779 | -0.033 | 2335 | -0.027 | -4.075
(0.312) (0.309) (0.387) (0.6)
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Zachos (L ate Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
-0.083 | 2633 | 0095 | 0504 | 0104 | 2633 | 0096 | -1.426 | -0.089 | 2345 | 0.07* | -16.045| 0376 | 2.346 | 0.07* | -18.272
(0.172) (0.189) (0.027) (0.034)
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Table S9. Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using only crocodylian speciesin the dataset) on
the pal aeotemperature proxies (global §'°0 data from Zachos et al. (2008), from the Late Cretaceous to Recent). Possible correlation was analysed
using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, aswell as ordinary least squares (OLS)

regressions using untransformed data (assuming no seria correlation). * Significant at alpha = 0.05.

Zachos (Late Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)

10

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope AlC R? Int. Slope | AIC
0.19 2.133 0.121* | -11.989 0.554 2.124 0.127* | -13.662 | -0.297 1.98 0.075* | -29.953 | 0.698 1.987 0.07* -31.137
(0.017) (0.008) (0.0003) (0.001)

Table S10. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using only crocodylian species in the dataset) on

the pal aeotemperature proxies (global §'°0 data from Zachos et al. (2008), from the Late Cretaceous to Recent). Possible correl ation was analysed
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using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as well as ordinary least squares (OLYS)

regressi ons using untransformed data (assuming no serial correlation). *Significant at alpha = 0.05.

Zachos (Late Cretaceous - recent): global palaeotemperatures
Maximum size Mean size
GLS OL S (untransfor med) GLS OL S (untransfor med)

10

Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
-0.215 2.618 0.165* | -10.724 | 0.632 2.627 0.157* | -12.355 | -0.235 2.386 0.105* | -20.748 | 0.647 2.395 0.098* | -22.325
(0.001) (0.003) (0.0007) (0.003)
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Table S11. Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using only notosuchian species in the dataset)
on the pal acotemperature proxies (tropical 5'°0 data from Prokoph et al. (2008), from the Aptian to the Eocene). Possible correl ation was analysed
using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, aswell as ordinary least squares (OLS)

regressions using untransformed data (assuming no serial correlation). * Significant at alpha = 0.05.

Prokoph (Aptian - Eocene): tropical palaeotemperatures

Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed)
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope AlC R? Int. Slope | AIC
0.272 2114 -0.013 | -5.557 | -0.115 2118 -0.014 | -6.786 0.702 1.925 -0.029 | -11.724 | -0.122 1.957 -0.005 | -10.071
(0.812) (0.798) (0.472) (0.904)

Table S12. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using only notosuchian species in the dataset) on

the pal aeotemperature proxies (tropical 820 data from Prokoph et al. (2008), from the Aptian to the Eocene). Possible correl ation was anal ysed
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using generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, as well as ordinary least squares (OLYS)

regressi ons using untransformed data (assuming no serial correlation). *Significant at alpha = 0.05.

Prokoph (Aptian - Eocene): tropical palaeotemperatures

Maximum size Mean size
GLS OL S (untransfor med) GLS OL S (untransfor med)
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.06 2.622 -0.014 | -12.63 | -0.092 2.618 -0.017 | -14601 | 0.758 2.313 -0.055 | -6.073 | -0.123 | 2.355 -0.005 -3.54
(0.699) (0.64) (0.3) (0.928)

Japun a|qejrene apew si 1| ‘Ainadiad ul Juudaid ayy Aejdsip 01 asuadl| B AIxHolq pajuelb sey oym ‘1spunyioyine ayl si (mainai 1aad Aq palined
10U sem yaiym) Juudauid siy 1oy Jspjoy 1yBuAdod syl "6TOZ ‘v'T YdIeN paisod uoisian sIy) :T29507/T0TT 0T/b10 10p//:sdny :10p uudaid AxyHolq


https://doi.org/10.1101/405621
http://creativecommons.org/licenses/by/4.0/

Table S13. Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using only thalattosuchian speciesin the

dataset) on the palaeotemperature proxies (tropica §'°0 data from Prokoph et al. (2008), for the Jurassic). Possible correlation was analysed using
generalised least squares (GLS) regressions, incorporating afirst-order autoregressive model, aswell as ordinary least squares (OLS) regressions

using untransformed data (assuming no serial correlation). * Significant at apha = 0.05.

Prokoph (Jurassic): tropical palaeotemperatures

Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed) 2
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC E
0.809 2396 | -0.051 | -5.062 | 0.059 2.322 -0.11 | -2309 | -0.184 | 2224 | -0.038 | -10.311 | -0.09 2232 | -0.033 | -12.067 ;
(0.308) (0.292) (0.455) (0.509) é’
Prokoph (Jurassic): temper ate palaeotemper atur es %
Maximum size Mean size ;.:j
GLS OL S (untransformed) GLS OL S (untransformed) §
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.808 2.526 0.074 | -7.658 | 0.452 2.633 0152 | -6.096 | -0.369 | 2.366 | 0.082* | -22.184 | 0.778 2.369 | 0.086* | -23.214
(0.098) (0.058) (0.003) (0.005)
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Table S14. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using only thal attosuchian species in the dataset)
on the pal aeotemperature proxies (tropical 'O data from Prokoph et al. (2008), for the Jurassic). Possible correlation was analysed using
generalised least squares (GLS) regressions, incorporating a first-order autoregressive model, as well as ordinary least squares (OLS) regressions

using untransformed data (assuming no serial correlation). * Significant at apha = 0.05.

Prokoph (Jurassic): tropical palaeotemperatures

Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransformed) QQJ
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC E
0.661 2.856 -0.054 | -10.26 0.192 2.814 -0.088 | -9.432 | -0.124 2.727 -0.042 | -10.851 | -0.022 2.728 -0.041 | -12.753 ;
(0.176) (0.179) (0.391) (0.394) g
Prokoph (Jurassic): temper ate palaeotemper atures ?_,
Maximum size Mean size g
GLS OL S (untransformed) GLS OL S (untransformed) 2
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
0.553 2.995 0.07 -12.556 | 0.563 3.046 0.107* | -13.734 | 0.582 2.852 0.072 | -12.788 | 0.162 2.839 0.051 | -14.155
(0.069) (0.031) (0.056) (0.201)
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Table S15. Results of regressions of body size proxy (maximum and mean log-transformed ODCL, using only tethysuchian speciesin the dataset)
on the pal aeotemperature proxies (tropical 520 data from Prokoph et al. (2008), from the Late Jurassic to the Eocene). Possible correlation was
analysed using generalised least squares (GL S) regressions, incorporating a first-order autoregressive model, as well as ordinary least squares

(OLYS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha = 0.05.

Prokoph (L ate Jurassic — Eocene): tropical palaeotemperatures

Maximum size Mean size
GLS OL S (untransformed) GLS OL S (untransfor med) QQJ
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope AlC R? Int. Slope | AIC E
-0.554 2243 | -0.145* | -5113 0.138 2.288 -0.108 | -2.267 | -0.448 2.096 -0.154* | -15.18 0.493 2116 | -0.142* | -14.409 ;
(0.004) (0.115) (0.0002) (0.004) g
Prokoph (Late Jurassic — Eocene): temperate palaeotemper atures ?_,
Maximum size Mean size g
GLS OL S (untransformed) GLS OL S (untransfor med) 2
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope AlC R? Int. Slope | AIC
-0.223 2.276 -0.142 | -1.969 0.202 2.27 -0.15 -3.281 0.113 2.165 -0.129 -7.028 0.226 2.163 -0.127 | -8.891
(0.051) (0.069) (0.063) (0.057)
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Table S16. Results of regressions of body size proxy (maximum and mean log-transformed DCL, using only tethysuchian speciesin the dataset)

on the pal aeotemperature proxies (tropical 520 data from Prokoph et al. (2008), from the Late Jurassic to the Eocene). Possible correlation was

analysed using generalised least squares (GL S) regressions, incorporating a first-order autoregressive model, as well as ordinary least squares

(OLYS) regressions using untransformed data (assuming no serial correlation). * Significant at alpha = 0.05.

Prokoph (L ate Jurassic — Eocene): tropical palaeotemperatures

Maximum size Mean size
N GLS OL S (untransformed) GLS OL S (untransformed)
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
12 0.53 3.02 -0.004 | -11.772 | -0.061 2.993 -0.03 | -10.039 | 0.483 2.848 -0.045 | -10.28 0.075 2.814 -0.07 -0.441
(0.914) (0.559) (0.327) (0.198)
Prokoph (Late Jurassic — Eocene): temperate palaeotemper atures
Maximum size Mean size
N GLS OL S (untransformed) GLS OL S (untransformed)
Phi Int. Slope | AIC R? Int. Slope | AIC Phi Int. Slope | AIC R? Int. Slope | AIC
12 0.528 2941 -0.08 | -14.367 | 0.105 2941 -0.083 | -12.088 | 0.503 2.799 -0.105 | -12934 | 0.221 2.782 -0.114 | -11.507
(0.15) (0.16) (0.081) (0.069)
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Palaeol atitude

Table S17. Results of regressions of |og-transformed body length proxy (using all speciesin the ODCL
cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was analysed using
ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions. * Significant
at alpha=0.05.

N OLS PGLS

R? | Intercept Slope AlIC R? | Intercept Slope AlIC
195
0.013 2.13 -0.002 (0.059) | 43.284 | 0.003 1.77 -0.001 (0.194) | -39.972

Table S18. Results of regressions of log-transformed body length proxy (using all speciesin the DCL
cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was analysed using
ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions. * Significant
at alpha=0.05.

N OoLS PGLS

R* | Intercept Slope AlC R | Intercept Slope AlC
178
0.022 | 2595 |-0.004* (0.024) | 150.74]1 0.019 | 2.195 | -0.002* (0.034) | -19.379

Table S19. Results of regressions of log-transformed body length proxy (using only marine speciesin the
ODCL crania measurement dataset) on the palaeolatitudinal data. Possible correlation was analysed
using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions.
*Significant at alpha= 0.05.

N OoLS PGLS

R? | Intercept Slope AlC R? | Intercept Slope AlC

-0.019 | 2289 | -0.0008(0.739) | -21.925| 0.035 | 2.289 | -0.003(0.105) | -36.771
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Table S20. Results of regressions of log-transformed body length proxy (using only marine speciesin the
DCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was analysed using
ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions. * Significant
at alpha=0.05.

N OoLS PGLS

R? | Intercept Slope AlC R? | Intercept Slope AlC
43
0.014 | 2.873 |-0.002(0.211) | -28.625] -0.014 | 2.662 | 0.001(0.53) | -45.625

Table S21. Results of regressions of |og-transformed body length proxy (using only non-marine speciesin
the ODCL crania measurement dataset) on the palaeol atitudinal data. Possible correlation was anal ysed
using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions.
*Significant at alpha = 0.05.

N OLS PGLS

R? | Intercept Slope AIC R? | Intercept Slope AIC
147
0.037 2.09 -0.003* (0.01) | 14567 ] 0.028 | 1.836 | -0.002* (0.023) | -48.394

Table S22. Results of regressions of 1og-transformed body length proxy (using only non-marine speciesin
the DCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was analysed
using ordinary least squares (OLS) and phylogenetic generalised |east squares (PGLS) regressions.
*Significant at alpha= 0.05.

N OoLS PGLS

R* | Intercept Slope AlC R* | Intercept Slope AlC
135
0.036 | 2.508 | -0.005* (0.014) | 102.424]0.06 | 2.259 | -0.004* (0.002) | 13.242
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Table S23. Results of regressions of log-transformed body length proxy (using only crocodylian species
in the ODCL crania measurement dataset) on the palaeolatitudina data. Possible correlation was
analysed using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLYS)
regressions. *Significant at alpha = 0.05.

N OLS PGLS

R* | Intercept Slope AlC R* | Intercept Slope AlC
70

0.175| 2.265 | -0.004* (0.0001) | -49.408 | 0.034 | 2.194 | -0.002 (0.066) | -46.782

Table S24. Results of regressions of |og-transformed body length proxy (using only crocodylian species
in the DCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was anal ysed
using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions.
*Significant at alpha= 0.05.

N OLS PGLS

R? | Intercept Slope AlIC | R? | Intercept Slope AlC

0178 | 281 |-0.007* (0.0003) | 8.976]0.045| 2.744 |-0.004(0.05) | -6.629

Table S25. Results of regressions of |og-transformed body length proxy (using only notosuchian species
in the ODCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was
analysed using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLYS)
regressions. * Significant at alpha = 0.05.

N OoLS PGLS

R* | Intercept Slope AlC R* | Intercept Slope AlC

0.012| 1.849 |0.003(0.245) | -8.644]-0.031| 1.821 | -0.0001 (0.951) | -20.185
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Table S26. Results of regressions of 1og-transformed body length proxy (using only notosuchian species

in the DCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was anal ysed

using ordinary least squares (OLS) and phylogenetic generalised |east squares (PGLS) regressions.
*Significant at alpha= 0.05.

N OoLS PGLS
R* | Intercept Slope AlC R* | Intercept Slope AlC
30
-0.035 2.26 0.0002 (0.945) | 14.931] 0.035 | 2.274 | -0.005(0.162) | -4.677

Table S27. Results of regressions of log-transformed body length proxy (using only thal attosuchian
species in the ODCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was
analysed using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS)
regressions. * Significant at alpha = 0.05.

N OLS PGLS
R? | Intercept Slope AlC R? | Intercept Slope AlC
30
-0.019| 2115 | 0.004 (0.509) | -4.607 ] -0.035 | 2.156 | -0.0001 (0.977) | -19.849

Table S28. Results of regressions of log-transformed body length proxy (using only thal attosuchian
speciesin the DCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was
analysed using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLYS)
regressions. * Significant at alpha = 0.05.

N oLS PGLS
R | Intercept Slope AlC R* | Intercept Slope AlC
26
-0.004 | 2579 | 0.004(0.357) | -14.11110.01| 2.601 | 0.003(0.273) | -28.503
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Table S29. Results of regressions of 1og-transformed body length proxy (using only tethysuchian species
in the ODCL crania measurement dataset) on the palaeolatitudina data. Possible correlation was
analysed using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLYS)
regressions. *Significant at alpha = 0.05.

N OoLS PGLS
R* | Intercept Slope AlC R* | Intercept Slope AlC
16
0.251 | 2.468 | -0.009* (0.027) | -5.781 | 0.444 2.54 -0.012* (0.002) | -6.853

Table S30. Results of regressions of |og-transformed body length proxy (using only tethysuchian species
in the DCL cranial measurement dataset) on the palaeolatitudinal data. Possible correlation was anal ysed
using ordinary least squares (OLS) and phylogenetic generalised least squares (PGLS) regressions.

*Significant at alpha= 0.05.

N OLS PGLS
R? | Intercept Slope AlIC R? | Intercept Slope AlIC
14
-0.002 | 2.898 | -0.004(0.345) | -1.387] -0.084 | 2904 | 0.001(0.729) | -2.537
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