Predicting body length and assessing the shape of tail-propelled Mesozoic marine reptiles
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ABSTRACT
Body length is a crucial ecological predictor in vertebrates, yet total body length proxies have seldom been assessed for ancient marine top predators. Here, we test the strength of phylogenetic imputation and 23 linear measurements, sampling both broad skeletal regions and frequently fossilised elements (such as vertebral centra), in predicting the body length of the main clades of tail-propelled Mesozoic marine reptiles (Ichthyosauria, Mosasauridae, and pelagic thalattosuchians). We embed this marine reptile sample within a comparative framework with raptorial cetaceans, and analyse the evolution of body proportions in these clades. We find that trunk length and centrum dimensions are strong predictors of body length, opening up the possibility to build vast datasets of body length estimations for Mesozoic marine reptiles from minimal preserved remains. We provide body length calculation equations for all traits and all clades. Proxies fared much better and often had distinct slopes when applied clade-wide rather than when applied to the global dataset. We also show that body length in Mesozoic marine reptiles is more labile than their skeletal architectures, rendering phylogenetic imputation methods less effective than skeletal proxies for assessing body lengths. 


BACKGROUND
Since the Permian, numerous amniote lineages have independently radiated into aquatic habitats [1,2]. The constraints of the aquatic environment (salinity, light, viscosity) [3,4] have channelled the evolution of these independent replicates, producing classic cases of evolutionary convergence, notably between tail-propelled marine reptiles, cetaceans, teleosts, and sharks [5–8]. Despite convergences in body shape and limbs (transformed into flippers), tail-propelled Mesozoic reptiles have evolved a diversity of phenotypes and a wide range of body lengths [9–13]. These distinct body shapes and lengths directly influenced their swimming capabilities and the range of ecological niches they could colonise [9,12,14,15], as they do in modern cetaceans [e.g. 16]. However, the fossil record of ancient aquatic amniotes yields very few complete skeletons [17–19]. As a result, our understanding of the evolutionary dynamics of their body length is piecemeal, as are attempts to quantify disparity of body proportions [but see 20]. Therefore, methods to estimate body lengths are needed to overcome this gap. Here, we provide skeletal proxies for body length, test phylogenetic imputation, and discuss the evolution of body shapes among the three main clades of Mesozoic tail-propelled pelagic marine reptiles (ichthyosaurians, pelagic thalattosuchians, and mosasaurids), in a comparative framework with raptorial cetaceans.

MATERIAL AND METHODS
(a) Data sampling
We measured the total body length, skeletal regions (e.g., skull, postorbital region, tail) and elements that are often preserved isolated in the fossil record isolated (e.g., humerus, dorsal centrum) (Figures 1, S1) of 75 species belonging to the main clades of tail-propelled marine amniotes with a tail fluke (ichthyosaurians, mosasaurids, pelagic thalattosuchians, and raptorial cetaceans). This sampling restriction was made to ensure sensible comparisons, as these taxa share(d) the same general propulsion mechanism, and face(d) similar physical constraints when swimming. Twenty-four linear measurements (see Figures 1, S1, supplementary data) [21] were taken (i) on 3D surface scans using the measure tool in MeshLab [22], (ii) directly on specimens using a digital calliper, (iii) on first-hand photographs and figures from scientific literature using Image J [23], and (iv) from published measurements. We used a single specimen per species, and a single person gathered the measurements for each clade, so that each species has equal weight in driving correlations. When multiple specimens were available, we selected the specimen that maximised both total body length and completeness; we also restricted our sample to fully ossified specimens to remove the effect of allometric growth in juveniles. For mosasaurids, a few measurements were taken from skeletal reconstructions in the literature to increase the taxonomic sample; these reconstructions were recalibrated using 3D surface scans of the skull of the species. In addition to these measurements, we gathered temporal data from the literature and classified taxa into swimming categories (anguilliform, subundulatory, or thunniform; see supplementary data 1 for all metadata and linear measurements).

[bookmark: _Hlk194679681]We gathered phylogenetic trees from the literature and used a single most parsimonious tree, randomly selected for each clade. For Thalattosuchia, we used a ‘complete dataset’, implied weighting maximum parsimony tree [24]; for Mosasauridae, we used an implied weighting maximum parsimony tree [25]; for Ichthyosauria, we used an implied weighting maximum parsimony tree [26]; and for Cetacea, we used a median timescaled tree from the ‘safe’ analysis (Bayesian inference) [27]. Taxa absent from the original phylogenetic analyses were grafted onto the corresponding tree by forming a zero-length branch that is sister to the type species of the same genus. This was the case for: Chaohusaurus brevifemoralis, Aegirosaurus sp., Ichthyosaurus sp., and Mixosaurus sp. (Ichthyosauria); Mosasaurus beaugei, Mosasaurus lemonnieri, and Mosasaurus lemonnieri (Mosasauridae); and Dakosaurus sp. (Thalattosuchia). We also manually added species: for ichthyosaurians, we added Myobradypterygius hauthali as closely related to Caypullisaurus bonapartei [28]. For mosasaurids, we added Megapterygius wakayamaensis as a sister lineage to Plesiotylosaurus crassidens [29]. Finally, we updated attributions in taxon names: Lagenorynchus acutus instead of ‘Leucopleurus acutus’ and Pontoporia blainvillei instead of ‘Pontoporia blainvillii’ for cetaceans; Eonatator sternbergii instead of Eonatator sternbergi and Pannoniasaurus inexpectatus instead of ‘Pannoniasaurus osii’ for mosasaurids. When not present, we computed branch lengths for each clade by using a posteriori time-scaling (Minimum Branch Length algorithm; MBL=3) after pruning of taxa that were not present in our dataset. The temporal data is reported in supplementary data 1. Reading, manipulation, and treatment of the phylogenetic data used the ape v5.8 [30], phytools v2.3-11 [31], and paleotree v3.4.7 [32] packages in the R statistical environment v4.4.1 [33].

(b) Ternary diagrams
We analysed the evolution of body shapes by dividing the anteroposterior axis of the body into three functional poles: (i) skull + neck, notably involved in food prehension, (ii) trunk, and (iii) tail. We expect that variation in the relative lengths of these modules will have different locomotor implications, segregating serpentine, undulating taxa from compact, thunniform taxa [10]. An advantage of such a tripartite subdivision is that it can readily be visualised in a ternary diagram. We used the package ggtern v3.5.0 [34] to generate ternary morphospaces where convex hulls and occupation density can be plotted.

(c) Assessment of proxies
All measurements were log-transformed. We ran Ordinary Least Squares (OLS) and Phylogenetic Generalised Least Squares (PGLS, using phylolm v2.6.2 [35] with Pagel’s λ to model the covariance) regressions of skeletal measurements vs. body length. We used the coefficient of determination associated with the regression (R²) as well as the Akaike Information Criterion corrected for small sample sizes (AICc; [36]) to evaluate the strength of each body length proxy tested. We also visualised inter-proxy correlations via heatmaps. For both the OLS and PGLS analyses, we computed the number of usable specimens, the R2, the p-value, the standard error, the intercept, the slope, and the AICc for each clade and proxy. The slopes and intercepts (either from the OLS or the PGLS) of each trait provide a series of equations that can be used to estimate the total body length of fragmentary specimens. We then computed the same statistics for multivariate regressions, using pairwise combinations of three of the best traits for each clade, excluding large body regions (i.e. trunk and tail lengths).
	
Phylogenetic imputation is an approach that uses the distribution of observed body lengths in a phylogenetic tree to predict the body lengths in taxa where this information is missing [37,38]. We tested this method against some of the best proxies identified using the protocol described above. We first computed Pagel’s λ for each clade and then removed body length information for about 10% of the phylogeny tips (i.e. 4 for ichthyosaurians, 1 for mosasaurids, 1 for thalattosuchians), selected randomly, 1000 times. We used the R packages picante v1.8.2 [38] and Rphylopars v0.3.10 [39] to estimate the missing body lengths using a Brownian motion model; both yielded identical results. We then computed the absolute and relative difference between the estimated and measured body lengths, and visualised their distributions via histograms. We replicated the same procedure for three of the best skeletal proxies for each clade, focussing on the frequently fossilised axial skeleton.


RESULTS 
(a) Body proportions
Raptorial cetaceans exhibit a greater range of body proportions than tail-propelled Mesozoic marine reptiles (Figures 1c-e, 2a-c, S2), particularly in the trunk / tail ratio (Figure 1c-e), despite our sampling for cetaceans focussing on extant forms (plus two extinct archaeocetes). This is also reflected in the intercorrelation of their skeletal traits, which are universally high for tail-propelled Mesozoic marine reptiles when computed per clade and low when computed on the entire dataset (Figures 2, S2). Skull and limbs are the zones with the highest intercorrelation (Figures 2, S2). Most marine reptiles do not overlap in body proportions with raptorial cetaceans (Figure 1c,e) (p-value of Kruskal-Wallis tests on the trunk / tail ratio are <0.05 for all pairs except Ichthyosauria – Mosasauridae and Mosasauridae - Thalattosuchia); Thalattosuchia is the clade with body proportions that are most different from those of cetaceans, combining large skulls and short trunks (Figure 1c,e). As in Gutarra et al. [20], mosasaurids and Triassic ichthyosaurians occupy similar regions of the morphospace – unoccupied by cetaceans – centred around the following proportions: skull + neck: 20%, trunk: 35%, tail: 45%. Most members of two clades of derived ichthyosaurians with short hind fins (thunnosaurians + Leptonectidae) have a relatively larger skull + neck segment than mosasaurids, accounting for over 25% of the total length.

The trunk vs. tail axis seems to somewhat separate thunniform swimmers (relatively shorter tail) from anguilliform and subundulatory swimmers (relatively longer tail). However, placing a boundary is difficult: for example, 67% (20/30) of thunniform swimmers, 29% (11/38) of subundulatory swimmers, and 17% (1/6) of anguilliform swimmers have a trunk/tail ratio >0.9. A phylogenetic signal (Pagel’s λ = 0.67, p-value < 0.0001) is present. Indeed, all the cetaceans we sampled have a trunk longer than their tail, whereas this is true for only 22% (8/37) of the ichthyosaurians, and 0% for mosasaurids and thalattosuchians. We also confirm that thunniform swimmers have larger centra relative to their body length [8], although a phylogenetic signal (Pagel’s λ = 0.79, p-value < 0.0001) is clearly present here as well.

(b) Body length proxies
We report the R2 and its p-value, the AICc, the standard error, the intercept, and the slope for both OLS and PGLS regressions, as well as Pagel’s λ, for all traits and all focal clades (+ for marine reptiles as a whole and for the entire dataset) in Figure 2, tables 1, 2, supplementary data 2–14. Results from OLS, PGLS, and AICc demonstrate congruence (Figures 2, S3, Tables 1, supplementary data 2–14). Here, we do not exhaustively describe all these results, but focus our description on the most salient, overarching points. We find multiple lines of evidence that universal body length proxies do not seem to exist for tail-propelled marine reptiles: (i) while measurements that sample a large part of the skeleton (e.g. trunk length, tail length) are good overall predictors, all traits are clearly outperformed by their clade-wide counterparts for at least one clade (Figures 2, S3; supplementary data 2–14); (ii) six of the 24 proxies tested have statistically distinct slopes between clades (Figure 2, Tables 2, S1); (iii) the best proxies (besides trunk length) differ from clade to clade, regardless of the method used to assess proxy strength (OLS, PGLS, AICc; Figure 2, Table 1, supplementary data 2–14); (iv) proxies have clearly higher intercorrelations per clade than globally (Figures 2, S2).

	Most ichthyosaurian traits are strongly intercorrelated (Figure S2, mean R2 of inter-proxy correlations = 0.85), and many traits (except orbit size and postorbital length) are good proxies for body length; 8 of the total 23 have OLS R2 > 0.9 (six for PGLS R2). The best proxies for ichthyosaurian body lengths are trunk and tail lengths, as well as measurements linked to the appendicular skeleton, especially the shaft width of humeri and femora (Figure 2a). Multivariate regressions of body length against combinations of the mid-shaft width of propodials and dorsal centrum height result in R2>0.9, but were often not significant, especially for PGLS regressions; we interpret this as a result of being computed on fewer species than single proxies (supplementary data 10). Mosasaurids have more isometric skulls; the orbit dimensions are unexpectedly one of the best predictors of their body length. Trunk length, tail length, the height of dorsal centra, and the width of the femoral shaft are good predictors for all marine reptiles as well. Mosasaurids have the second lowest disparity of body proportions (mean R2 of inter-proxy correlations = 0.81) (Figure S3). Multivariate regressions of body length against combinations of the mid shaft width of femur, dorsal centrum height, and the orbit length results in R2>0.95, but about half not significant (supplementary data 12). For pelagic thalattosuchians, all metrics related to the limbs are mediocre predictors; the dimensions of the orbit, the width of dorsal centra, and the length of the trunk are among the best predictors of body length (Figure 2a, Figure S3). The mean R2 of their interproxy correlations = 0.77; it is even lower in cetaceans, with 0.53 (Figure S3). Multivariate regression of body length against a combination of skull length and caudal centrum length results in R2>0.97, but not significant, because very few species are available when multiple proxies are assessed jointly (supplementary data 14).

	Despite moderate to high phylogenetic signals (Pagel’s λ = 0.98, p-value<0.001 for ichthyosaurians; Pagel’s λ = 0.66, p-value=0.42 for mosasaurids; Pagel’s λ = 0.99, p-value=0.31 for thalattosuchians), phylogenetic imputation was often imprecise at estimating body lengths. Phylogenetic imputation usually overestimated body lengths: they were doubled (or more) ~9% of the time for ichthyosaurians and ~15% of the time for mosasaurids and thalattosuchians (Figure S4). Some taxa had their body lengths tripled or quadrupled when using phylogenetic imputation (Figure S4).


DISCUSSION
Body lengths and masses are known to have a strong phylogenetic signal in vertebrates in general [e.g. 40], but this has never been assessed thoroughly in Mesozoic marine reptiles. Such a strong phylogenetic signal is confirmed in the body lengths of ichthyosaurians and thalattosuchians (although not significant for the latter), but this signal is only moderate in mosasaurids. However, a strong phylogenetic signal does not necessarily mean that the trait has low variance along branches [37]. Our dataset, results (e.g. Figure S4), and the literature suggest that body length is labile in tail-propelled Mesozoic marine reptiles. Multiple cases of congeneric taxa with radically different dimensions are known (e.g. Chaohusaurus spp. and Leptonectes spp. among ichthyosaurians; Prognathodon spp. and halisaurines among mosasaurids [41–43]) (Figure S4). This phenomenon has not been studied extensively in marine reptiles. This is likely influenced by three independent factors: (i) buoyancy, permitting a wider range of body sizes compared to terrestrial ancestors, notably towards larger bodies [44,45]; (ii) body temperatures / endothermy, limiting minimal body length [45,46]; and (iii) the quality of the fossil record of large marine predators, which fluctuates across time, location, and phylogeny [47,48], resulting in an uneven, patchy sample of what may be subtle body length variations along the branches of the phylogeny. On the contrary, tail-propelled Mesozoic marine reptile clades appear individually constrained in their body proportions and skeletal architectures, as indicated by the distribution and intercorrelations of their skeletal traits (Figures 1, 2, S2). These two realities result in subpar performances of phylogenetic imputation on body lengths compared to imputation via skeletal proxies (see Results; Figure S4). For cetaceans, phylogenetic imputation (although using skeletal proxies to better inform the imputation) had greater potential, albeit less so for fossil species [45].

Therefore, skeletal proxies appear adequate to estimate the body length of Mesozoic marine reptiles. Generally, the idea that centrum dimensions can be a solid proxy for body length in amniotes stems from Romer & Price [49,50], but this trait has rarely been employed in marine reptiles. In the past, the body length of ichthyosaurians has been estimated using jaw length [44], humerus length [51,52], radius length [53], and dorsal centrum size [26]. Moreover, widely different methods have been employed to directly predict body mass in extinct marine reptiles: Gutarra et al. [54] modelled the body mass of ichthyosaurians using sculpted three-dimensional models, while Motani [55,56] devised a method that generates 3D body shapes using 2D outlines as starting data. However, these estimations of body mass, although commendable and more potent than total body length to infer the ecology of extinct animals, suffer from an inapplicability to most species of marine reptiles, which are known from incomplete skeletons and usually without soft tissue evidence [17,19]. Our results from 23 traits and trait combinations offer an alternative approach to body length and mass predictions from full skeletons. Large parts of the axial skeleton, such as trunk and tail lengths, are very good predictors, although each clade has slightly different slopes and intercepts (Figure 2; Tables 2, S1; supplementary data 2–14). For individual elements of the skeleton, the width of the femoral shaft and the height of dorsal centra are good-to-very-good predictors (again with distinct slopes and intercepts per clade). The frequency of these elements in the fossil record, sometimes found isolated in great numbers [e.g. 57], opens up the possibility of generating large databases of estimated body lengths of marine reptiles, which can then be used to assess biodiversity dynamics (e.g. [26]). Wherever possible, we recommend deriving body length of incomplete specimens using multiple traits, either separately or jointly, and providing either a mean or (preferably) a range of possible body lengths (see multiproxy equations in supplementary information 10, 12, 14) [e.g. 55]. Despite demonstrating superiority over phylogenetic imputation for Mesozoic marine reptiles, body length proxies remain simple models, and are therefore simplifications of the reality, overlooking the peculiar features of taxa. Caution is therefore always necessary when inferring body length from proxies [58].

	Our results provide a nuanced view of convergent evolution in tail-propelled marine amniotes. It is well established that tail-propelled marine amniotes have evolved convergently in their craniodental [59–62] and postcranial anatomy, as evidenced by their soft tissues [8,11,63] and anteroposteriorly-tapering Bauplan [9,15]. However, even textbook examples of convergence, such as early thunnosaurian ichthyosaurians and (longirostrine) delphinid cetaceans [9] differ in gross body proportions, as well as in the allometric relationships of their individual bones; this becomes even clearer when considering other marine reptile clades (thalattosuchians and mosasaurids) (Figures 1, 2, S3). This was already noted for some clades: the large relative head size of thalattosuchians [64], and differences in the axial skeleton organisation in tetrapods [65]. Trait intercorrelations suggest our focal clades each exhibit distinct evolutionary variability in their skeletal parts. These clade-wide specificities result in little interclade convergence, and might be one of the reasons for the wide distribution (and therefore substantial overlap) among the three swimming modes revealed by our dataset, and those of others [20]. Nevertheless, it is clear that these locomotor modes do not represent fundamentally distinct categories, but rather components of a continuous spectrum of axial swimming in amniotes, with few distinguishing criteria [12,20,66,67]. While we confirm a previous inference that thunniform swimmers seem to have relatively large centra compared to their body length [8], our results globally demonstrate that the return to the sea was not as deterministic in its selection on body shape as is sometimes portrayed.

CONCLUSIONS
For the first time, we test the strength of phylogenetic imputation and skeletal measurements in predicting the body length of tail-propelled marine reptiles (Ichthyosauria, Mosasauridae, and pelagic thalattosuchians), in a comparative framework with raptorial cetaceans. Even if traits that sample large proportions of the skeleton (e.g. trunk length, tail length) are good proxies for total body length, we show that universal predictors of body length are almost non-existent. Tail-propelled marine amniotes evolved distinct body plans, and therefore have distinct body-part to total-body-length relationships. We provide clade-wide equations to derive body length for each proxy through ordinary and phylogenetic generalised least-squares regressions.  We conclude that some bony elements of marine reptiles that are often found isolated (braincases, vertebral centra, propodials) can be strong predictors of body length. On the contrary, body length appears labile in tail-propelled Mesozoic reptiles, resulting in poor performance of phylogenetic imputation methods. This study opens up the possibility of building large databases of predicted total body lengths of ancient marine top predators in the future. 
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TABLES
Table 1. Phylogenetic signal (Pagel’s λ), statistical support (R2 of OLS, R2 of PGLS, AICc of PGLS) of each trait as a proxy for body length, for each clade of marine reptiles. See all other results (p-values, standard error, AICc for OLS), as well as results of multivariate regressions in supplementary data 2–14.
	 
	Ichthyosauria
	Mosasauridae
	Thalattosuchia

	 
	PagelLamda
	OLS R squared
	PGLS R squared
	AICc PGLS
	PagelLamda
	OLS R squared
	PGLS R squared
	AICc PGLS
	PagelLamda
	OLS R squared
	PGLS R squared
	AICc PGLS

	Skull Length
	0.9954
	0.8850
	0.8457
	-2.4141
	0.4482
	0.8917
	0.9022
	2.9431
	0.0001
	0.9180
	0.9066
	13.8583

	Snout Length
	0.9800
	0.8988
	0.8337
	3.3400
	0.3222
	0.8287
	0.8405
	10.1314
	0.0001
	0.9178
	0.9067
	13.8562

	Orbit mean diameter
	0.9225
	0.7975
	0.7061
	27.5138
	0.9999
	0.9209
	0.9116
	2.7721
	0.9999
	0.9990
	0.9988
	-32.5540

	Orbit Length
	0.8619
	0.7841
	0.7078
	25.3898
	0.9999
	0.8898
	0.9021
	6.0975
	0.9999
	0.9999
	0.9999
	-39.4279

	Orbit Height
	0.9356
	0.7482
	0.7753
	38.1066
	0.9999
	0.9097
	0.9105
	3.7711
	0.9999
	0.9935
	0.9921
	-26.8599

	Postorbital Length
	0.9999
	0.7187
	0.5216
	35.2621
	0.8046
	0.8204
	0.8402
	11.4869
	0.0001
	0.6437
	0.5622
	-15.7618

	Neck Length
	0.9583
	0.6500
	0.6641
	48.2932
	0.9358
	0.6559
	0.7160
	16.8042
	0.9999
	0.7506
	0.6651
	21.5228

	Trunk Length
	0.9404
	0.9688
	0.9681
	-33.9535
	0.6193
	0.9620
	0.9675
	-11.3690
	0.9999
	0.9952
	0.9927
	-1.4273

	Tail Length
	0.9990
	0.9762
	0.9747
	-46.4198
	0.2754
	0.9619
	0.9671
	-11.3049
	0.9999
	0.9695
	0.9655
	7.8926

	Dorsal Centrum Length
	0.8990
	0.8080
	0.7040
	14.9570
	0.0001
	0.8562
	0.8924
	3.9352
	0.9637
	0.8531
	0.8343
	17.3008

	Dorsal Centrum Height
	0.9999
	0.8293
	0.8123
	-0.7551
	0.5742
	0.9044
	0.9178
	5.3147
	0.9993
	0.8936
	0.8715
	28.6096

	Dorsal Centrum Width
	0.5021
	0.4834
	0.5384
	9.3522
	0.9999
	0.1110
	0.0865
	-14.5056
	NA
	NA
	NA
	NA

	Caudal Centrum Length
	0.9568
	0.8418
	0.7045
	18.9394
	0.8608
	0.8440
	0.8631
	9.6600
	0.9999
	0.9711
	0.9644
	8.0759

	Caudal Centrum Height
	0.9999
	0.7758
	0.7974
	1.8482
	0.9999
	0.8336
	0.8299
	9.6418
	0.9999
	0.9494
	0.9388
	11.3245

	Caudal Centrum Width
	0.9999
	0.7283
	0.8409
	10.8938
	0.0001
	0.8604
	0.8498
	30.5894
	NA
	NA
	NA
	NA

	Humerus Length
	0.9548
	0.9409
	0.8582
	-3.5392
	0.9999
	0.7505
	0.7239
	11.2343
	0.9999
	0.8003
	0.7377
	28.7212

	Humerus Mid Shaft Width
	0.9668
	0.9393
	0.9326
	-17.1233
	0.9999
	0.8814
	0.8852
	6.1235
	0.7794
	0.7866
	0.7799
	27.8449

	Forelimb Length
	0.9825
	0.9464
	0.9653
	-13.9194
	0.9999
	0.8871
	0.9011
	4.7749
	0.9999
	0.9035
	0.9015
	Inf

	Forelimb Max Width
	0.9165
	0.9122
	0.8709
	-2.2273
	0.4946
	0.6428
	0.6090
	20.8527
	0.9999
	0.9109
	0.9090
	Inf

	Femur Length
	0.9242
	0.8913
	0.8560
	4.6179
	0.9999
	0.7261
	0.6689
	15.2810
	0.9999
	0.8684
	0.8302
	17.4477

	Femur Mid Shaft Width
	0.9662
	0.9197
	0.9364
	-5.7518
	0.9999
	0.9248
	0.9313
	4.7725
	0.9999
	0.8803
	0.8446
	16.9148

	Hindlimb Length
	0.9474
	0.8704
	0.8595
	6.1284
	0.0001
	0.4360
	0.3844
	15.2514
	0.9999
	0.9091
	0.8991
	28.6082

	Hindlimb Max Width
	0.9603
	0.9310
	0.9357
	0.4386
	0.0001
	0.3834
	0.3562
	28.9692
	0.9999
	0.8772
	0.8705
	15.8196




Table 2. Equations to derive body length from each proxy (slope, intercept) under OLS and PGLS, for each clade of marine reptiles. See all other results (p-values, standard error, AICc for OLS) as well as results of multivariate regressions in supplementary data 2–14.
	 
	Ichthyosauria
	Mosasauridae
	Thalattosuchia

	 
	Intercept
	Slope
	Intercept phylo
	Slope phylo
	Intercept
	Slope
	Intercept phylo
	Slope phylo
	Intercept
	Slope
	Intercept phylo
	Slope phylo

	Skull Length
	2.17
	0.91
	1.75
	1.02
	2.47
	0.94
	2.27
	0.96
	2.06
	0.92
	2.04
	0.92

	Snout Length
	3.18
	0.79
	2.73
	0.90
	3.13
	0.92
	2.99
	0.94
	1.70
	1.06
	1.65
	1.06

	Orbit mean diameter
	3.04
	1.05
	2.60
	1.21
	4.30
	0.92
	4.50
	0.87
	5.36
	0.56
	5.36
	0.56

	Orbit Length
	2.90
	1.05
	2.88
	1.09
	4.28
	0.90
	4.22
	0.91
	5.14
	0.59
	5.14
	0.59

	Orbit Height
	3.51
	0.99
	3.34
	1.04
	4.76
	0.86
	4.90
	0.82
	5.64
	0.51
	5.64
	0.51

	Postorbital Length
	5.42
	0.59
	5.48
	0.48
	3.10
	1.04
	2.86
	1.08
	4.68
	0.60
	6.14
	0.28

	Neck Length
	5.03
	0.65
	4.96
	0.59
	1.20
	1.24
	0.73
	1.32
	1.55
	1.27
	2.59
	1.05

	Trunk Length
	1.13
	0.99
	1.17
	0.97
	1.67
	0.92
	1.48
	0.95
	2.10
	0.89
	2.08
	0.89

	Tail Length
	1.12
	0.97
	1.19
	0.94
	1.57
	0.90
	1.66
	0.89
	0.75
	1.00
	0.80
	0.99

	Dorsal Centrum Length
	4.87
	1.01
	5.50
	0.82
	4.12
	1.09
	4.14
	1.06
	4.96
	0.83
	5.06
	0.80

	Dorsal Centrum Height
	3.37
	1.20
	3.91
	1.12
	4.69
	1.07
	4.74
	1.05
	5.34
	0.81
	5.39
	0.79

	Dorsal Centrum Width
	4.25
	0.99
	5.85
	0.64
	6.09
	0.70
	6.67
	0.54
	NA
	NA
	NA
	NA

	Caudal Centrum Length
	5.07
	0.99
	5.17
	0.80
	4.78
	0.98
	4.60
	1.02
	4.71
	0.90
	4.70
	0.90

	Caudal Centrum Height
	5.07
	0.76
	5.29
	0.76
	5.47
	0.88
	5.60
	0.84
	5.26
	0.82
	5.25
	0.82

	Caudal Centrum Width
	4.79
	0.83
	4.66
	0.89
	5.29
	0.89
	5.38
	0.86
	NA
	NA
	NA
	NA

	Humerus Length
	3.41
	1.01
	3.81
	0.91
	4.82
	0.82
	4.75
	0.81
	5.53
	0.61
	5.70
	0.55

	Humerus Mid Shaft Width
	4.16
	0.98
	4.28
	0.93
	5.77
	0.71
	5.75
	0.72
	5.68
	0.77
	5.70
	0.76

	Forelimb Length
	2.58
	0.90
	2.65
	0.89
	4.18
	0.71
	4.31
	0.68
	4.39
	0.72
	4.39
	0.72

	Forelimb Max Width
	3.78
	0.89
	4.09
	0.82
	4.56
	0.75
	4.77
	0.70
	4.72
	0.82
	4.72
	0.82

	Femur Length
	4.34
	0.87
	4.61
	0.76
	4.00
	0.97
	4.04
	0.91
	3.13
	0.92
	3.50
	0.84

	Femur Mid Shaft Width
	4.88
	0.94
	4.80
	0.93
	5.90
	0.73
	5.85
	0.74
	5.59
	0.80
	5.75
	0.73

	Hindlimb Length
	4.16
	0.70
	4.10
	0.63
	4.37
	0.67
	4.33
	0.68
	2.03
	0.99
	2.15
	0.97

	Hindlimb Max Width
	4.41
	0.85
	4.19
	0.85
	6.43
	0.43
	6.36
	0.44
	3.76
	1.02
	3.88
	0.99





FIGURE CAPTIONS

Figure 1. (a) Illustration and distribution of the linear measurements used in this study, shown on a 3D model of Eurhinosaurus longirostris (Muséum National d’Histoire Naturelle, Paris, France; MNHN 1946 20). (b) Sampling of species per clade. (c) Ternary diagram of body proportions, per clade (dots + convex hulls), with point size proportional to total estimated body length. (d) Ternary diagram of body proportions, per swimming style (convex hulls + density of occupation). (e) Distribution (box & whisker plot + violin plot) of trunk/tail ratio, per clade. (f) Distribution (box & whisker plot + violin plot) of trunk/tail ratio, per swimming style.

Figure 2. (a–c). Heatmaps of trait intercorrelations for each of our focal clades (lower-left part of each square) vs trait intercorrelation for the global dataset (top-right part of each square). Black squares indicate trait pairs for which for which OLS could not be performed because of a lack of enough data. (d–i) Biplots of selected log-transformed traits versus (log) total body length, with PGLS regression line and PGLS R2, per clade. (j) AICc of the PGLS regression for each trait, per clade; the five best traits per clade are coloured.
