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Supplementary Note 1: phylogeny, specimen collection, and geometric morphometrics 
Squamate phylogenies, sources of phylogenetic data, and hypotheses for the origin of snakes 

To include a large dataset of squamate specimens, including extant, fossil, and embryonic taxa 

(see details below as well as Fig. 1 (main text) and Supplementary Fig. 1), we used a composite 

phylogenetic hypothesis based on the most recent molecular as well as combined molecular and 

morphological studies on squamate evolution1-5, as described in many other morphometric studies6-8. 

In short, the phylogenetic position of fossil taxa was first set based on the most-inclusive combined 

molecular and morphological phylogenetic analyses containing the highest number of phenotypic and 

molecular characters (691 morphological characters and 46 genes) for squamates3, and fossils were 

then incorporated into the nexus file containing a large number of extant species analyzed using 

molecular phylogenetics1,5. As extinct madtsoiid snakes were not included in the study by Reeder et 

al.3, we used other recent phylogenetic analyses that also combined phenotypic and genotypic 

characters to infere snake phylogeny2,4. Other published fossils such as Coniophis9, Najash10, and 

Tetrapodophis11 were not included in our study because of their highly incomplete skulls not suitable 

for global skull shape analysis (see also below). The phylogenetic positions of some fossils such as 

Dinilysia and mosasauroids are remarkably instable across previous studies, but are most commonly 

recovered as crown snake3 and sister group of crown snakes3,4, respectively, in the most recent 

combined molecular and morphological phylogenetic inferences (Supplementary Fig. 1), so we 

adopted these phylogenetic positions in our main morphometric analyses. Branch length information 

was not considered in analyses where fossil data were included, as branch lengths of fossils and extant 

species were not co-estimated in our composite phylogeny. For such analyses, another high-level 

phylogenetic tree containing fewer species but combining molecular, morphological, and fossil 

information was used3. Importantly, both several alternative composite hypotheses and different 

recent combined molecular and morphological phylogenetic trees2-4, including or not fossil data, 

mosasauroids, and branch length information, as well as with Dinilysia as sister-taxon to all extant 

snakes2, were also tested to increase the robustness of our study. 

 

Sampling, source of data, and quality control parameters 

All specimens used in this study are summarized in Supplementary Tables 1 and 2. Sources 

of data include 2D high-quality photographs of dry as well as cleared and alcian blue/alizarin red-
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stained (C&S) skulls, accurate drawings made by anatomists and taxonomists and published in highly 

respected publications and/or specialized book on squamate anatomy (see Supplementary Tables 1-

2), as well as 3D computed tomography (CT) scans. Specimens were sampled from published 

literature, the Digital Morphology Database (DigiMorph), reptile colonies at the University of 

Helsinki and Tropicario zoo (Finland), as well as from collections at different museums (Finnish 

Museum of Natural History, Finland; Museum für Naturkunde Berlin, Germany; Museum of 

Comparative Zoology at Harvard University, USA; American Museum of Natural History, USA). 

Newly produced high-resolution CT scans were generated at three different imaging facilities: 

University of Eastern Finland, Finland (Skyscan 1172 microCT); Museum für Naturkunde Berlin, 

Germany (Phoenix nanotom CT); University of Helsinki (Skyscan 1272 microCT and Phoenix 

Nanotom 180). Surface rendering of skulls and 3D segmentation of cranial bones were done using 

the software Amira 5.5.0 (Visualization Sciences Group). Newly produced 2D photographs of skulls 

were taken in our laboratory at the University of Helsinki and at the Museum für Naturkunde Berlin.  

We investigated patterns of skull shape disparity using 100 extant squamate species (125 

skulls) in our 3D analysis (Supplementary Tables 1-2). We further expanded our dataset to 326 

species (408 skulls) for the 2D analysis, by covering all major lineages of extant squamates 

(Supplementary Tables 1-2). This number of extant squamate species sampled represents 

approximately 3% of total Squamata, based on the total number of known extant species reported in 

the August 15th, 2016 version of the Reptile Database (http://www.reptile-database.org). In addition 

to skull data newly produced in this study, we performed extensive data mining across the vast 

literature on squamate skulls to add any published information. Our sampling covered most families 

and morphological transitions in lizards and snakes (see Fig. 1 and Supplementary Fig. 1), and only 

6 extant families1,5 (3 for snakes and 3 for lizards) could not be sampled because of scarce literature 

or rarity of samples in museum collections. In addition, we analyzed well-preserved lepidosaurian 

fossil skulls available from the literature, including 5 species related to snakes (7 skulls), 18 species 

related to lizards (19 skulls), and 1 outgroup species (Supplementary Fig. 1 and Supplementary Table 

1). Unfortunately, most snake fossils reported so far are highly fragmented or only represented by 

vertebral elements, thus hampering their inclusion in our study (see e.g., Fossilworks: 

http://fossilworks.org). Similarly, many lizard fossils are fragmented or crushed, thus limiting the 

sampling. For developmental studies, we traced the ontogenetic trajectories based on 84 embryos, 

including 51 lizard (36 species), 31 snake (18 species), and 2 Sphenodon punctatus (Sphenodontidae, 

outgroup) specimens. 

The last decades of research on squamate skull evolution produced a large range of 

morphological descriptions of adult skulls and a valuable photographic record of adult, embryonic, 

and fossil data positioned in standardized 2D lateral views. In complement to 3D analyses, we then 
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included these unique data in our study by conducting 2D analyses, with the goals of incorporing 

fossil data but also to better evaluate the high phenotypic diversity across different squamate families 

and lineages. This allowed us to perform a large-scale synthesis of skull shape diversity throughout 

squamates. Importantly, for the consistency of our data, we also tested for the correct lateral 

positioning of the skull in our 2D analyses by incorporating whenever possible more than one 

specimen per extant species or more than one reconstruction or original skull picture per squamate 

fossil, thus circumventing taphonomic problems or misinterpretations in reconstructed skulls. The 

accuracy and correct positioning of skulls in lateral view were further improved by controlling for 

shape outliers in the software MorphoJ v1.0612, and by comparing different sources of data (including 

2D and 3D skull information) for the same species and/or genus when available. In a very few species, 

we observed unexpected outliers because of skull mispositioning; these skull pictures were either 

excluded or recaptured after repositioning of the specimens in lateral view, thus improving the quality 

of our data. Finally, because of bone movements in open and closed mouth positions, only species 

with closed mouths were selected. Most importantly, we show here that the results and conclusions 

obtained from both 2D and 3D data converge. These quality and congruence checks ensured the 

quality of our datasets for morphometric investigations and, ultimately, the reliability of our results.  

 

Description of landmarks in 2D and 3D analyses and acquisition of shape data 

To describe skull shape variation, 61 and 20 landmarks were selected for 3D (Supplementary 

Fig. 2c-j and Supplementary Table 4) and 2D (Supplementary Fig. 2a-b and Supplementary Table 3) 

data, respectively. Because of the limited 3D information for squamate fossils, we only landmarked 

original photographs and reconstructions of well-preserved fossils in our 2D analysis. In addition, we 

only selected landmark points on embryonic skulls showing at least some ossification pattern in all 

cranial bones, thus ensuring homology throughout ontogeny. The earliest embryos landmarked were 

around mid-embryonic development after oviposition (20-30 days post-oviposition (dpo)), but the 

majority of collected embryos were at more advanced stages in the last 1/4 of development. The 

definition of our landmarks followed the terminology described previously for squamates13-17. We 

digitized the configuration of 3D and 2D landmarks using Amira 5.5.0 (Visualization Sciences 

Group) and TpsDig v2.1718, respectively. All data were scaled by voxel or pixel size in the respective 

3D and 2D software packages.  

 

Geometric morphometric methods for analysis of morphological variation 

We used geometric morphometrics to quantify shape variation in squamate skulls. In 

geometric morphometrics, shape is defined as all the geometric information that remains when 

position, scale, and rotational effects are removed from an object19. Data were scaled, translated, and 
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oriented via a generalized Procrustes analysis (GPA) superimposition method19,20. Scaling was done 

by calculating the centroid size, which is estimated as the square root of the sum of squared distances 

of each landmark from their centroid19. To describe the patterns of shape variation, we used 

covariance matrices of shape data after Procrustes superimposition to calculate the principal axes of 

shape variation with principal component analysis (PCA)21. This method summarizes the 

multidimensional shape data through independent orthogonal axes of main shape variation. The 

graphic ordination plot of two or more PC axes produces an empirical morphospace where observed 

data are scattered regarding their shape variations to the mean shape (0.0). The PCs are ordered by 

decreasing variance and the first two dimensions often account for most of the variance in the data. 

Because of the large shape variations in our dataset (Supplementary Figs 3 and 4), we further checked 

for deformation by performing a regression through the origin for distance in tangent space onto 

Procrustes distance (in radians) using the software tpsSmall v1.2922, and found it to be non-significant 

(correlations > 0.99; p-value < 0.0001). Importantly, the influence of size or evolutionary allometry 

was also tested using a multivariate regression analysis of independent-contrasts of shape (Procrustes 

coordinates) on size (centroid size; see details in part 2.4 below), and all our analyses were conducted 

before (original shape space) and after allometric correction23. Methods for estimation and graphical 

representation of shape variation using thin-plate spline interpolation function (TPS) have been 

described previously24,25. All the analyses described in this section were performed using the software 

package MorphoJ v1.0612. 

 

 

Supplementary Note 2: phylomorphospace and evolution of skull shape, size, and 

ecology 
Skull shape evolution and phylomorphospace 

We used both unweighted and weighted squared-change parsimony algorithms54, as implemented in 

MorphoJ v1.0612, to estimate skull shape and size evolution in a phylogenetic context. Importantly, 

all ancestral reconstructions were performed using different phylogenies allowing us to include 

different species numbers (277 species1, 147 species3, and 60 species2 species) and/or branch lengths 

and to address the phylogenetic uncertainty of some fossils such as Dinilysia2,3 and mosasauroids3,4 

(see above). Note that weighted squared-change parsimony is equivalent to maximum likelihood 

algorithms when branch lengths are included. Importantly, very similar morphospaces and skull shape 

predictions for both most recent common ancestor (MRCA) of crown snakes and MRCA of snakes 

and their sister group were obtained for all phylogenies tested, independently of the number of 

species, presence/absence of mosasauroids, and position of Dinilysia (as crown snake or sister-taxon 

to all extant snakes, see above), and none of the fossils used in this study were found near the 
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estimated ancestral skull shapes (see, e.g., Fig. 2). In addition, the skull shape of the MRCA of crown 

snakes was systematically recovered at negative PC2 values and PC1 positive values, where most 

fossorial snake and lizard species are distributed (see, e.g., Supplementary Fig. 5). We then generated 

a phylomorphospace (Fig. 3 and Supplementary Fig. 3) by plotting the phylogenetic tree onto the 

morphospace delimited by main PCs and characterized by a series of lines (phylogenetic branches) 

connecting the shape of the operational taxonomic units (OTUs) to their MRCA. The presence of a 

phylogenetic signal was calculated based on the Procrustes coordinates and residual shape for all 

specimens, using a multivariate K-statistic26 in the R-package geomorph v3.0.527 available on the 

CRAN package repository (https://cran.r-project.org/web/packages/). We obtained a significant 

phylogenetic structure in our data with (K-value=0.53; p-value=0.001) and without (K-value=0.85; 

p-value=0.001) allometric-correction. 

 

Ecological analysis 

Habitat preferences were gathered from published literature and/or reptile databases such as the IUCN 

Red List of Threatened Species, the Reptile Database, and the Global Invasive Species Database (see 

Supplementary Tables 1 and 2). Habitat preferences were first simplified into five main categories 

(aquatic, terrestrial, leaf-litter, fossorial, arboreal; see Supplementary Tables 1 and 2) and then plotted 

onto the morphospace generated from extant adult skulls (Fig. 4 and Supplementary Fig. 5). 

Interestingly, the morphospace already indicates that the skull shape of specialized fossorial lizards 

(Rhineuridae, Bipedidae, Trogonophiidae, Amphisbaenidae, Scincidae, Gymnopthalmidae, 

Dibamidae, Pygopodidae, and Anguidae) and fossorial snakes (Scolecophidia, Anomochilidae, and 

Uropeltidae) fits to a limited range of skull shapes at negative PC2 values, with only limited overlap 

with other ecologies when considering the two main PCs (Fig. 4 and Supplementary Fig. 5). As 

species share some part of their evolutionary history, they cannot be treated as independent data 

points. Thus, we conducted ecological analyses in a phylogenetic framework28 using the high-level 

phylogenies described above for extant species. We first tested if skull shape differed among habitat 

modes with MANOVAs and phylogenetic MANOVAs29 using the ‘aov.phylo’ function in the R-

package geiger v2.0.630 on the first 11 PCs (accounting for more than 90% of total shape variation). 

Simulations of new shape variables on the tree were performed under a Brownian motion-model 

(using 1000 simulations) to create an empirical null distribution against which the F-value from the 

original data could be compared. For MANOVA, we used Wilks’ statistic as a multivariate test. A 

large influence of ecology on skull shapes was observed before (nsim=1000, F=12.62, p-

value=0.0001) and after phylogenetic correction (nsim=1000, F=7.5, p-value=0.001), and post hoc 

pairwise comparisons revealed significant differences between the fossorial ecology and all other 

habitat modes (p-value=7.1e-6 for fossorial versus terrestrial; p-value=0.0009 for fossorial versus leaf 
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litter) as well as between the terrestrial and aquatic habitat modes (p-value=0.00102). We next used 

pairwise discriminant function analysis (DFA) to estimate the proportional chance of identifying 

correct ecologies based on shape parameters through a cross-validation prodedure31 in MorphoJ 

v1.06. The reliability of the discrimination was assessed by a leave-one-out cross-validation, also 

implemented in MorphoJ v1.06, which provides a parametric T-square test for the statistical 

difference between group means set a priori. By inspecting the habitat modes near the reconstructed 

MRCA of crown snakes and MRCA of snakes and their sister group (Fig. 4), we found that the mean 

shape of terrestrial lizard species was significantly different from other lizard ecologies such as 

arboreal (T-square=108.02; p-value=0.005), aquatic (T-square=118.30; p-value=0.009), and leaf 

litter (T-square=122.24; p-value=0.005). In addition, as expected from the morphospace, the mean 

skull shape of terrestrial lizards (or from other ecologies) was significantly distinct from that of 

fossorial lizards (T-square=1211.03; p-value<0.0001) or fossorial snakes (T-square=2967.03; p-

value<0.0001). Similarly, a fossorial or terrestrial ecology could be correctly assigned in 100% of the 

cases based on skull shape variables, in contrast to other ecologies. Importantly, to account for 

allometric effects, all those tests were also run using the size-corrected regression residuals. To 

quantify convergent evolution in the different ecological categories, the distance-based convergence 

measures C1-C4 were computed using the R-package convevol v1.1, as described in Stayton 201532. 

Significance was assessed in the same package using 1000 evolutionary simulations along the 

phylogeny according to a Brownian motion-model32. Coherent with the phylogenetic trends observed 

in the phylomorphospace, these analyses confirm the significant convergence of fossorial snake and 

lizard species (Supplementary Table 5). Finally, to predict the ecologies of the MRCAs of Toxicofera, 

snakes and their sister group, and crown snakes, a linear discriminant analysis (LDA) was performed 

on the PC scores of the generalized Procrustes superimposition using the “lda” function from the R-

package MASS v7.3-47 (Supplementary Table 6). A leave-one-out cross validation procedure 

removes one specimen at a time and predicts its classification using LDA function computed on all 

remaining specimens. At the end, a classification accuracy of the ecological category of each 

specimen is given by the percentage of specimens correctly assigned by the cross-validated LDA. 

Finally, the MRCAs relative to the origin and diversification of snakes are added to the analysis and 

assigned to an ecological category. Coherent with the morphospace (Fig. 4), these analyses predict 

with high confidence the fossorial origin of the MRCA of crown snakes and the terrestrial origin of 

the MRCA of snakes and their sister group (independently of the size correction). Importantly, and 

consistent with a surface-terrestrial-to-fossorial transition, the MRCA of Toxicofera was also 

predicted as terrestrial (55%; Supplementary Table 6). 
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Skull shape and ecology of fossils 

Snake fossils available in the literature are mostly represented by incomplete skull or vertebral 

fragments9,11,33. Good representative snakes with intact skull that could be included in our study 

include the well-preserved terrestrial/fossorial Dinilysia34,35 and two fairly well-preserved terrestrial 

Madtsoiidae (Wonambi36 and Yurlunggur37). The skull of Najash10, Coniophis9, and Kataria38 are too 

incomplete to be used in our study. The marine Simoliophiidae snakes Pachyrhachis39, Haasiophis40, 

and Eupodophis41 have crushed skulls, but precise reconstructions of the first two species were added 

to our analyses42,43. The terrestrial Sanajeh44 is also crushed and does not have any reconstruction. 

The back skull of Tetrapodophis amplectus, recently identified as a putative four-legged snake from 

the Early Cretaceous11, is also crushed and lacks the quadrate bone. Interestingly, while the skull 

shape of all analyzed snake fossils was found to be relatively similar (despite strong ecological 

differences), none of the fossils were positioned near our skull shape reconstructions for both MRCA 

of crown snakes and MRCA of snakes and their sister group (Fig. 3) in all phylogenies tested (see 

above). Fossil lizards were located in the cloud composed of non-fossorial species in the morphospace 

analysis (Supplementary Fig. 4), except for Sineoamphisbaena hexatabularis45, which showed 

extreme positive PC1 values, and the rhineurid fossils Spathorhynchus natronicus46 and 

Plesiorhineura hatcherii47, located in the specialized fossorial shape space (Supplementary Fig. 4); 

the latter data confirm the fossorial ecology of these fossils. The necrosaur Eosaniwa koehni48 as well 

as the two large marine lizards Mosasaurus hoffmanni49 and Plotosaurus bennisoni16 were located at 

extreme positive PC2 values (Supplementary Fig. 4).  

 

Skull size evolution in squamates 

Allometry, or shape changes associated with size variation, is a factor that can contribute 

substantially to the integration of morphological traits. As mentioned above, the influence of 

allometry was tested using a multivariate regression analysis of independent-contrasts of skull shape 

(Procrustes coordinates) on independent-contrasts of log-transformed centroid size50 (Supplementary 

Tables 7-8); statistical significance was assessed using a permutation test (10000 permutations) 

against the null hypothesis of total independence. Allometric tests were also adjusted for phylogenetic 

signal51 (see Results section of main text) based on phylogenetically independent contrasts28, which 

is equivalent to distance-based phylogenetic generalized least square (D-PGLS) regression52. As 

shown in Supplementary Table 9, allometric tests revealed significant correlations between shape and 

size both in our 2D and 3D datasets (p-values<0.0001). However, the multivariate regression accounts 

for only a small part of the total shape variation (less than 15% and 9% for 3D and 2D data, 

respectively; Supplementary Table 9), thus indicating that allometric corrections should have limited 

effect in the total inference of shape patterns. Residual scores were further used to verify its relevance 
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to the patterns of shape distribution within morphospace. Interestingly, shape changes were almost 

exclusively observed for some scolecophidian species along PC2 (and not PC1); with allometric 

correction, the latter species show increased PC2 values and slightly overlap with non-fossorial lizard 

species (Supplementary Fig. 7). Significance allometric association was also found by analyzing 

scolecophidians separately (p-value=0.019). Interestingly, those changes were not observed for 

alethinophidian snakes or for other fossorial species like amphisbaenians. These results indicate that 

allometry was important in the early evolution of snakes, as the allometric association increased 

approximately by 2-fold from lizards to snakes (Supplementary Table 9). Importantly, however, 

similar fossorial skull shapes were obtained by amphisbaenians through a process independent of 

allometry. This argues for an independent origin of fossoriality between those two groups, as also 

supported by phylogenetic studies1,3,53. As previously mentioned, the size-corrected regression 

residuals were also used in other analyses, including those testing for ecological patterns (see above). 

We further evaluated size diversification within squamates by estimating skull size evolution 

(centroid size) using unweighted squared-change parsimony algorithms54 in MorphoJ v1.06. 

Importantly, these studies revealed a consistent larger size of the MRCA of snakes and their sister 

group when compared to the MRCA of crown snakes, regardless of the dataset (2D or 3D, with or 

without lizards; see e.g., Fig. 5 and Supplementary Fig. 6), again indicating the importance of body 

size in the early evolution of snakes. In addition, while the MRCA of alethinophidian snakes and 

sister fossil taxa initially increased in size, alethinophidians later diversified into a broad range of 

sizes, ranging from secondarily minituarized Anomochilus (with size comparable to scolecophidian 

snakes) to large pythons and boas. 

 

 

Supplementary Note 3: Heterochrony and the origin of snakes 
Quantification of ontogenetic trajectories 

To better understand cranial ontogeny and the impact of heterochrony on skull evolution in 

snakes, we performed PCA and allometric analyses in a unique embryonic dataset covering 50% of 

squamate families (including some rare fossorial amphisbaenian and scolecophidian specimens), 

using similar methods as above. Ontogenetic trajectory vectors were then obtained by connecting 

younger-to-older specimens for each species (Supplementary Figs 8 and 9), and their geometric 

properties (path length, direction, angle) were quantified and compared based on the approach 

described by Collyer and Adams55,56, using the “trajectory.analysis” function in geomorph v3.0.5 

package27. This method allows the examination of phenotypic evolution as vectors of phenotypic 

change between two ontogenetic points, by comparing vectors across pairs of snakes and lizards. 

Small differences in the magnitude and direction of vectors between lizards and snakes would indicate 
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similar ontogenetic and evolutionary ontogenetic trajectories, a prerequisite for testing heterochrony 

hypotheses6,57,58. Procrustes distances between pairs of phenotypic trajectories were used to assess 

potential differences between lizard and snake species, and statistical significance was determined by 

a random permutation procedure of 1000 iterations (Supplementary Table 10).  Because of the large 

variation of embryonic character development and the difficulty of comparing squamate embryos at 

early and intermediate stages based on published staging tables (including the ‘standard event 

system’59), ontogenetic trajectories were only quantified between two equivalent points: late embryo 

(stage 10) and adult (Supplementary Fig. 8b). Indeed, the latest stage of snake and lizard development 

(stage 10, as defined in the model organism Boaedon fuliginosus60) is more easily identifyable based 

on external characters such as the presence of pigmented eyes, inverted hemipenes, and well-

patterned scales covering the body (including the dorsal aspect of the head)59,60. 

 

Testing of heterochrony hypotheses 

As both the angle and direction of trajectories were not statistically different in our dataset 

(Supplementary Figs 8 and 9 and Table 10), different heterochronic hypotheses were tested using 

multivariate regression of shape (Procrustes coordinates) onto log-centroid size as a proxy for 

developmental time6,57,58; the slope, length, and angle between descendent trajectories (snakes) in 

relation to ancestor trajectories (lizards) were then compared and quantified (Fig. 6a, Supplementary 

Fig. 10 and Supplementary Table 11) to predict global peramorphosis (acceleration: faster rate of 

development; hypermorphosis: delayed offset; predisplacement: earlier onset) or paedomorphosis 

(neoteny: slower rate of development; progenesis: earlier offset; postdisplacement: later onset) 

changes as described in the literature57,58. Strikingly, the steeper slope and angle (Supplementary 

Table 11) of snake ontogenetic trajectories, when compared to lizards (Fig. 6a and Supplementary 

Fig. 10b), indicates a faster rate of development in snakes and a global acceleration model. 

Importantly, to support that evolutionary scenario, we also confirmed the lack of significant 

differences in the duration of embryonic development in lizards and snakes (Supplementary Tables 

12-13) by comparing species with well documented incubation and/or gestation periods61,62, using 

analysis of variance (ANOVA). Because incubation times in oviparous species are nearly always 

reported as time to hatching after egg deposition, these times are not strictly comparable with 

gestation periods in viviparous species. Consequently, oviparous and viviparous species were 

analyzed both together and separately. Importantly, the temperature of egg incubation is also well 

known to affect the total duration of development in ectotherms such as squamates62, so only 

oviparous species with incubation temperatures around 30 +/- 10C were used. Finally, only one 

representative species per genus was used to get a more representative sample. In total, 128 different 

species across 19 and 8 families of lizards and snakes, respectively, could be used in this study 
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(Supplementary Table 12). The null hypothesis (no differences in developmental time in squamates) 

was tested by assessing the p-value. The validity of the global acceleration model was further tested 

by comparing the offset of ossification in the skull of late pre-hatchling lizard and snake embryos 

(stage 10), with the expectation that snake skulls would show a higher degree of ossification than 

those of lizards. For this study, we focused on the ossification pattern of the parietal and frontal bones, 

the last two bones to complete ossification in squamates and thus serving as an excellent proxy for 

developmental time63,64. We used a discrete, numerical scale approach to rank the degree of 

ossification of these bones based on the classification scheme already developed for lizards63,64, but 

by expanding ossification level details (Supplementary Table 14). Comparison of snake and lizard 

embryos (including species with strictly similar incubation periods like Pogona vitticeps, 

Crotaphopeltis hotamboia, Pantherophis guttatus, Boaaedon fuliginosus) confirmed our hypothesis 

of acceleration, as shown by the systematically more advanced ossification degree of both parietal 

and frontal bones in snakes, when compared to lizards (Fig. 6b and Supplementary Table 14). 

Especially, the parietal bone of lizard embryos shows a large unossified skull roof (fontanella) at 

stage 10 independently of the incubation/gestation periods of tested species, which is coherent with 

the observed late closure of this bone at post-embryonic stages63-65. Interestingly, the clear exceptions 

in our data are scolecophidian snakes that develop similarly to lizards and show largely unossified 

skulls at late developmental stages (Fig. 6b and Supplementary Table 14) or even at juvenile and 

adult stages (e.g., Myriopholis cairi and Indotyphlops braminus). These observations contrast with 

the expectation that the rate of ossification is similar in all snakes66, but are well coherent with 

previous reports showing that at least some scolecophidians never complete skull ossification15. The 

skull shape similarities between scolecophidians and lizards suggest that scolecophidians may have 

retained the ancestral rate of development found among lizards.  
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Supplementary Figure 1 | Composite phylogenetic tree of extant and fossil squamate species used 
in this study, adapted from the most inclusive and recent studies on squamate evolution1-5, and rooted 
using Sphenodontidae (tuatara). Dashed lines represent families not analyzed. Positions of sampled 
fossils and ontogenies are indicated by blue crosses and stars, respectively. See Supplementary Tables 
1 and 2 for a complete list of species. 
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Supplementary Figure 2 | 2D (a,b) and 3D (c-j) landmark points on the skull of the lizard 
Chalarodon madagascariensis (a, c, e, g, i) and the snake Loxocemus bicolor (b, d, f, h, j) in lateral 
(a-d), posterior (e, f), dorsal (g, h), and ventral (i, j) views. 
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Supplementary Figure 3 | Phylomorphospace of extant squamate species for which 3D data were 
available (with species names indicated, see also Supplementary Tables 1 and 2). The estimated 
lizard-to-snake transition took place between reconstructed internal nodes 2 and 3 (yellow nodes). 
Numbers in brackets indicate the percentage of variance explained by each of the critical PC axes. 
The bottom right cladogram represents a simplified phylogenetic tree of major lineages and ancestral 
nodes shown in the phylomorphospace. 
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Supplementary Figure 4 | Morphospace of extant and fossil squamate species for which 2D data 
were available. For the complete list of species (with given ID numbers) see Supplementary Tables 
1 and 2. 
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Supplementary Figure 5 | Morphospace of extant and fossil squamate species for which 2D data 
were available. Only Toxicofera fossils with known ecologies are shown. The color code for circles 
reflects different ecologies (see legend in bottom right corner), while the color code for numbers 
indicates lizard (black), scolecophidian (green), alethinophidian (red), fossil (blue), or tuatara 
outgroup (orange) species. For the complete list of species (with given ID numbers) see 
Supplementary Tables 1 and 2. 
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Supplementary Figure 6 | Centroid size variation (in mm) of 3D skulls from extant lizard, 
scolecophidian, and alethinophidian species. Names of species showing extreme centroid size values 
in the different groups are indicated. The estimated lizard-to-snake transition took place between 
reconstructed internal nodes 2 and 3 (yellow nodes), as indicated by the thick bold line. See the 
complete list of centroid sizes in Supplementary Tables 7 and 8. 
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Supplementary Figure 7 | Morphospace after allometry correction of extant squamate species for 
which 2D data were available. For the complete list of species (with given ID numbers) see 
Supplementary Tables 1 and 2. 
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Supplementary Figure 8 | Ontogenetic trajectories for all lizard and snake embryos for which 2D 
data were available (a) or only between stage 10 embryos and adults (b). Arrowheads in indicate the 
direction of shape change throughout ontogeny. ID numbers from specimens used in (b) can be found 
in Supplementary Tables 1 and 2. 
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Supplementary Figure 9 | Morphospace of squamate ontogenies for which 3D data were available 
(with species names indicated). For the complete list of species see Supplementary Tables 1 and 2. 
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Supplementary Figure 10 | Regression analysis of 2D shape (regression score) on log-centroid size 
for all squamate ontogenies (a), or only for ontogenies between stage 10 embryos and adults (b). ID 
numbers from specimens used in (b) can be found in Supplementary Tables 1 and 2. 
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Supplementary Table 1 | List of identifiers and classifiers for all lizard and outgroup species used 
in the study. Species are classified by family names. Legend: ID number; Group (lizard = L, snake = 
S, outgroup = O); Species name; Source (type of data and/or origin, including computed tomography 
(CT) scan, cleared and stained (C&S) skull, picture, and/or accurate drawing); Source reference 
(published, unpublished, or newly produced); Type (ex = extant species, fo = fossil); Family (reptile 
families); 3D analysis (species analyzed (Y=yes) or not (N=no) in the 3D data); Ecology (main 
ecologies of species: Aq=aquatic, SAq=semi-aquatic, M=marine, F=fossorial (species living and 
foraging underground), LL=leaf litter (terrestrial species living under vegetation layers or surface 
debris), T=terrestrial (species adapted for surface locomotion and foraging), TSax=terrestrial 
saxicolous (species living on or among rocks), Ar=Arboreal (species adapted for locomotion between 
tree branches or bushes), SAr=Semi-arboreal, ?=no ecological information); Ecology reference 
(reference number); Stage (ad=adult, j=juvenile, em(st10)=late (stage 10) embryo, em=early or 
intermediate embryo). New specimens produced by this work and embryonic specimens are 
highlighted with bold font and gray shading, respectively. 
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326 L Agama agama CT scan (Digimorph) 16 ex Agamidae No T 123,124 ad 

607 L Agama hispida CT scan (ZMB 25567) This work ex Agamidae Yes T 123,124 ad 

2324 L Bronchocela jubata Picture Savalli (unpublished) ex Agamidae No Ar 125 ad 

610 L Bronchocela jubata CT scan (ZMB 36897) This work ex Agamidae Yes Ar 125 ad 

242 L Calotes emma CT scan (Digimorph) 16 ex Agamidae No SAr 126,127 ad 

243 L Calotes versicolor Acurate drawing 120 ex Agamidae No Ar 53 em(st10) 

272 L Draco quinquefasciatus CT scan (Digimorph) 16 ex Agamidae No Ar 128 ad 

611 L Draco volans CT scan (LUOMUS 1346) This work ex Agamidae Yes Ar 128 ad 

296 L Hydrosaurus pustulatus Biolid picture repository Zuber (unpublished) ex Agamidae No SAq 129 ad 

2332 L Hypsilurus boydii Acurate drawing 122 ex Agamidae No Ar 126,130 ad 

2107 L Leiolepis belliana CT scan (Digimorph) 16 ex Agamidae No T 53,131,132 ad 

2108 L Leiolepis triploida CT scan (Digimorph) Digimorph (unpublished) ex Agamidae No T 133,134 ad 

2129 L Moloch horridus CT scan (Digimorph) Digimorph (unpublished) ex Agamidae No T 126 ad 

2151 L Physignathus cocincinus CT scan (Digimorph) 16 ex Agamidae No SAr 135 ad 

604 L Pogona barbata CT scan (ZMB 54559) This work ex Agamidae Yes T 126 ad 

2154 L Pogona vitticeps CT scan (Lab) This work ex Agamidae No T 126 ad 

2153 L Pogona vitticeps CT scan (Lab) This work ex Agamidae No T 126 em(st10) 

2337 L Pogona vitticeps CT scan (Lab PV144) This work ex Agamidae Yes T 126 em 

2336 L Pogona vitticeps CT scan (Lab PV106) This work ex Agamidae Yes T 126 em 

2249 L Saara hardwickii CT scan (Digimorph) Digimorph (unpublished) ex Agamidae Yes T 136,137 ad 

210 L Amphisbaena alba CT scan (Digimorph) 16 ex Amphisbaenidae No F 138,139 ad 

2350 L Amphisbaena caeca CT scan (AMNH 13237) This work ex Amphisbaenidae Yes F 138 em 

2243 L Amphisbaena darwinii C&S 50 ex Amphisbaenidae No F 138 ad 

211 L Amphisbaena darwinii C&S 50 ex Amphisbaenidae No F 138 em 

213 L Amphisbaena fuliginosa CT scan (Digimorph) 16 ex Amphisbaenidae No F 138 ad 

219 L Amphisbaena kingii CT scan (Digimorph) Digimorph (unpublished) ex Amphisbaenidae No F 138 ad 

2114 L Amphisbaena microcephalum CT scan (Digimorph) Digimorph (unpublished) ex Amphisbaenidae No F 138 ad 
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287 L Geocalamus acutus CT scan (Digimorph) Digimorph (unpublished) ex Amphisbaenidae No F 138 ad 

2124 L Loveridgea ionidesii CT scan (Digimorph) Digimorph (unpublished) ex Amphisbaenidae Yes F 138 ad 

2345 L Anguis fragilis CT scan (LUOMUS) This work ex Anguidae No T/LL 140 em(st10) 

2351 L Anguis fragilis CT scan (ZMB RE29) This work ex Anguidae Yes T/LL 140 em 

248 L Celestus enneagrammus CT scan (Digimorph) 16 ex Anguidea Yes T 53,141 ad 

2348 L Celestus costatus CT scan (MCZ R166783) This work ex Anguidae No T 53,141 em(st10) 

2359 L Diploglossus lessonae Acurate drawing 15 ex Anguidae No T 142,143 ad 

275 L Elgaria multicarinata CT scan (Digimorph) 16 ex Anguidea No T/LL 53,144 ad 

2374 L Elgaria multicarinata C&S (fineartamerica) Hanken (unpublished) ex Anguidae No T/LL 53,144 em 

2362 L Gerrhonotus infernalis CT scan (ZMB 1154) This work ex Anguidae Yes T 145 ad 

2363 L Gerrhonotus infernalis CT scan (AMNH 155913) This work ex Anguidae Yes T 145 em 

2140 L Pseudopus apodus CT scan (Digimorph) 16 ex Anguidea No T 146,147 ad 

217 L Anniella pulchra CT scan (Digimorph) 16 ex Anniellidae Yes F 148,149 ad 

226 L Bipes biporus CT scan (Digimorph) 16 ex Bipedidae No F 150 ad 

227 L Bipes canaliculatus CT scan (Digimorph) 16 ex Bipedidae No F 151 ad 

2352 L Bradypodion pumilum Acurate drawing 15 ex Chamaeleonidae No Ar 152 ad 

237 L Bradypodion pumilum C&S 67 ex Chamaeleonidae No Ar 152 em(st10) 

609 L Brookesia brygooi CT scan (Digimorph) 16 ex Chamaeleonidae Yes SAr 153 ad 

251 L Chamaeleo calyptratus CT scan (Digimorph) Digimorph (unpublished) ex Chamaeleonidae No Ar 153 ad 

255 L Chamaeleo laevigatus CT scan (Digimorph) 16 ex Chamaeleonidae No Ar 153 ad 

254 L Trioceros hoehnelii C&S 67 ex Chamaeleonidae No Ar 153 ju 

253 L Trioceros hoehnelii C&S 67 ex Chamaeleonidae No Ar 153 em(st10) 

252 L Trioceros hoehnelii C&S 67 ex Chamaeleonidae No Ar 153 em 

2356 L Chamaesaura anguina CT scan (ZMB 56421) This work ex Cordylidae No T 53,154 ad 

2349 L Chamaesaura anguina C&S (MCZ R173157) This work ex Cordylidae No T 53,154 em 

260 L Smaug mossambicus CT scan (Digimorph) 16 ex Cordylidae No TSax 53 ad 

225 L Basiliscus basiliscus CT scan (Digimorph) 16 ex Corytophanidae Yes SAq/SAr 53 ad 

261 L Corytophanes cristatus CT scan (Digimorph) 16 ex Corytophanidae No Ar 155,156 ad 

263 L Crotaphytus collaris CT scan (Digimorph) 16 ex Crotaphytidae Yes TSax 157 ad 

285 L Gambelia wislizenii CT scan (Digimorph) 16 ex Crotaphytidae Yes T 53 ad 

218 L Anolis carolinensis CT scan (Digimorph) 16 ex Dactyloidae No Ar 158 ad 

608 L Anolis sagrei CT scan (ZMB 537) This work ex Dactyloidae Yes Ar 159 ad 

269 L Dibamus novaeguineae Acurate drawing 68 ex Dibamidae No F 160 ad 

2357 L Dibamus novaeguineae CT scan (ZMB 33822) This work ex Dibamidae Yes F 160 ad 

2358 L Dibamus novaeguineae CT scan (ZMB 33822) This work ex Dibamidae Yes F 160 ju 

2245 L Saltuarius cornutus CT scan (Digimorph) 16 ex Diplodactylidae No Ar 161 ad 

2328 L Strophurus ciliaris CT scan (Digimorph) 16 ex Diplodactylidae No Ar 162 ad 

324 L Aeluroscalabotes felinus CT scan (Digimorph) 16 ex Eublepharidae No SAr 163 ad 

256 L Coleonyx variegatus CT scan (Digimorph) 16 ex Eublepharidae No TSax 164 ad 

279 L Eublepharis macularius CT scan (Digimorph) 16 ex Eublepharidae No TSax 165 ad 

293 L Hemitheconyx caudicinctus CT scan (Digimorph) Digimorph (unpublished) ex Eublepharidae No T 166 ad 

2272 L Aciprion formosum CT scan (Digimorph) 16 fo Fossil No T 167 ad 

2314 L Adamisaurus magnidentatus Picture 69 fo Fossil No T 71 ad 

5000 L Anguimorpha embryo CT scan 70 fo Fossil No ? 70 em 

2277 L Cryptolacerta hassiaca CT scan 53 fo Fossil No LL 53 ad 

2278 L Ctenomastax parva CT scan (Digimorph) 16 fo Fossil No T 71 ad 

2283 L Eosaniwa koehni Acurate drawing (reconstruction) 48 fo Fossil No T 48 ad 
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2285 O Gephyrosaurus bridensis Acurate drawing 43 fo Fossil No T 168 ad 

2286 L Globaura venusta Acurate drawing 71 fo Fossil No ? 169 ad 

2291 L Huehuecuetzpalli mixtecus Acurate drawing 72 fo Fossil  No ? 170 ad 

2295 L Mosasaurus hoffmanni Acurate drawing 49 fo Fossil  No M 171 ad 

2296 L Myrmecodaptria microphagosa Acurate drawing 71 fo Fossil  No ? 71 ad 

2297 L Myrmecodaptria microphagosa Fossil 71 fo Fossil  No ? 71 ad 

2301 L Parmeosaurus scutatus CT scan (Digimorph) 16 fo Fossil  No T? 71 ad 

2305 L Plesiorhineura hatcherii CT scan 47 fo Fossil  No F 47 ad 

2302 L Plotosaurus bennisoni CT scan (Digimorph) 16 fo Fossil  No M 16 ad 

2303 L Priscagama gobiensis Acurate drawing 73 fo Fossil  No T 71 ad 

2315 L Sineoamphisbaena hexatabularis Acurate drawing 45 fo Fossil  No F 45 ad 

2306 L Spathorhynchus natronicus Picture 46 fo Fossil  No F 46 ad 

2310 L Temujinia ellisoni Fossil 71 fo Fossil No T 71 ad 

2313 L Zapsosaurus sceliphros Picture 71 fo Fossil No T 71 ad 

2318 L Agamura persica CT scan 74 ex Gekkonidae No TSax 172 ad 

2290 L Bunopus tuberculatus Acurate drawing 74 ex Gekkonidae No T 173 ad 

2331 L Hemidactylus frenatus CT scan 74 ex Gekkonidae No T 174 ad 

2144 L Phelsuma lineata CT scan (Digimorph) 16 ex Gekkonidae No Ar 175 ad 

2339 L Ptenopus carpi CT scan 74 ex Gekkonidae No T 176 ad 

2167 L Rhacodactylus auriculatus CT scan (Digimorph) 16 ex Gekkonidae No Ar 177 ad 

288 L Broadleysaurus major CT scan (Digimorph) Digimorph (unpublished) ex Gerrhosauridae No TSax 53 ad 

259 L Cordylosaurus subtessellatus CT scan (Digimorph) 16 ex Gerrhosauridae No TSax 178 ad 

214 L Gerrhosaurus skoogi CT scan 75 ex Gerrhosauridae No T 179 ad 

215 L Gerrhosaurus skoogi CT scan 75 ex Gerrhosauridae No T 179 ju 

2247 L Tracheloptychus petersi CT scan (Digimorph) Digimorph (unpublished) ex Gerrhosauridae No T 53 ad 

2238 L Zonosaurus ornatus CT scan (Digimorph) 16 ex Gerrhosauridae No T 53 ad 

223 L Bachia bicolor Acurate drawing 76 ex Gymnophthalmidae No F 180 ad 

224 L Bachia bicolor Acurate drawing 76 ex Gymnophthalmidae No F 180 em(st10) 

245 L Calyptommatus nicterus Acurate drawing 77 ex Gymnophthalmidae No F 181 ad 

244 L Calyptommatus sp. C&S 78 ex Gymnophthalmidae No F 181 ad 

246 L Calyptommatus sinebrachiatus Acurate drawing 78 ex Gymnophthalmidae No F 77 em(st10) 

257 L Colobosaura modesta CT scan (Digimorph) 16 ex Gymnophthalmidae No LL 182 ad 

283 L Euspondylus acutirostris Acurate drawing 79 ex Gymnophthalmidae No LL 183 ad 

2138 L Nothobachia ablephara Acurate drawing 78 ex Gymnophthalmidae No F 181,182 ad 

2145 L Pholidobolus montium CT scan (Digimorph) 16 ex Gymnophthalmidae No T 184 ad 

2137 L Potamites ecpleopus Acurate drawing 80 ex Gymnophthalmidae No LL 182 ad 

2136 L Potamites ecpleopus Acurate drawing 80 ex Gymnophthalmidae No LL 182 ju 

2157 L Procellosaurinus tetradactylus C&S 78 ex Gymnophthalmidae No LL 182 ad 

2160 L Psilophthalmus paeminosus C&S 78 ex Gymnophthalmidae No LL 182 ad 

2162 L Ptychoglossus bicolor C&S 81 ex Gymnophthalmidae No LL 185 em(st10) 

2176 L Scriptosaura catimbau Acurate drawing 78 ex Gymnophthalmidae No F 181 ad 

2217 L Vanzosaura rubricauda C&S 82 ex Gymnophthalmidae No LL 182 ad 

2216 L Vanzosaura rubricauda Acurate drawing 78 ex Gymnophthalmidae No LL 182 em(st10) 

290 L Heloderma horridum CT scan (Digimorph) 16 ex Helodermatidae Yes T 186 ad 

291 L Heloderma suspectum CT scan (Digimorph) Digimorph (unpublished) ex Helodermatidae No T 187 ad 

2330 L Heloderma suspectum CT scan (Digimorph) Digimorph (unpublished) ex Helodermatidae No T 187 ju 

2257 L Hoplocercus spinosus C&S 83 ex Hoplocercidae No T 188 em(st10) 

276 L Enyalioides laticeps CT scan (Digimorph) 16 ex Hoplocercidae Yes Ar 189,190 ad 

234 L Brachylophus fasciatus CT scan (Digimorph) 16 ex Iguanidae Yes Ar 191 ad 
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264 L Ctenosaura pectinata CT scan (Digimorph) Digimorph (unpublished) ex Iguanidae No T/SAr 192 ad 

271 L Dipsosaurus dorsalis CT scan (Digimorph) 16 ex Iguanidae No T 193 ad 

2364 L Iguana iguana CT scan 118 ex Iguanidae No Ar 194 ad 

2259 L Iguana iguana C&S 83 ex Iguanidae No Ar 194 em 

2258 L Iguana iguana C&S 83 ex Iguanidae No Ar 194 em 

2234 L Ichnotropis capensis Picture (ZMB 13943) This work ex Lacertidae No T 195 ad 

299 L Lacerta viridis CT scan (Digimorph) 16 ex Lacertidae No T 196 ad 

298 L Lacerta agilis C&S 84 ex Lacertidae No T 196 em 

297 L Lacerta agilis C&S 84 ex Lacertidae No T 196 em 

2104 L Latastia longicaudata CT scan (Digimorph) Digimorph (unpublished) ex Lacertidae No T 197 ad 

2379 L Psammodromus algirus CT scan (LUOMUS 1198) This work ex Lacertidae No T 198 ad 

2184 L Takydromus formosanus CT scan (Digimorph) 16 ex Lacertidae No SAr 199 ad 

2237 L Takydromus sexlineatus CT scan (ZMB 14567) This work ex Lacertidae No SAr 199 ad 

2373 L Zootoca vivipara CT scan (ZMB 27791) This work ex Lacertidae Yes T 199 ad 

2239 L Zootoca vivipara C&S 65 ex Lacertidae No T 199 em 

2240 L Zootoca vivipara C&S 65 ex Lacertidae No T 199 em 

2103 L Lanthanotus borneensis CT scan (Digimorph) 16 ex Lanthanotidae Yes SAq 53 ad 

2106 L Leiocephalus barahonensis CT scan (Digimorph) 16 ex Leiocephalidae Yes T 200 ad 

2256 L Anisolepis longicauda C&S 83 ex Leiosauridae No T 201 em 

2109 L Leiosaurus catamarcensis CT scan (Digimorph) 16 ex Leiosauridae No T 202 ad 

2156 L Pristidactylus torquatus CT scan (Digimorph) 16 ex Leiosauridae Yes T 203 ad 

2214 L Urostrophus vautieri CT scan (Digimorph) 16 ex Leiosauridae No T 204 ad 

2372 L Urostrophus vautieri CT scan (ZMB RE28) This work ex Leiosauridae Yes T 204 em(st10) 

2119 L Liolaemus bellii CT scan (Digimorph) 16 ex Liolaemidae No T 205 ad 

2120 L Liolaemus scapularis C&S 85 ex Liolaemidae No T 205 em 

2150 L Phymaturus palluma CT scan (Digimorph) 16 ex Liolaemidae Yes TSax 206 ad 

249 L Chalarodon madagascariensis CT scan (Digimorph) 16 ex Opluridae Yes T 207 ad 

2141 L Oplurus cyclurus CT scan (Digimorph) 16 ex Opluridae No SAr 208 ad 

2143 L Petrosaurus mearnsi CT scan (Digimorph) 16 ex Phrynosomatidae No TSax 209 ad 

2244 L Phrynosoma platyrhinos CT scan (Digimorph) 16 ex Phrynosomatidae No T 210 ad 

2335 L Phrynosoma taurus CT scan (Digimorph) Digimorph (unpublished) ex Phrynosomatidae No T 210 em(st10) 

2174 L Sceloporus variabilis CT scan (Digimorph) 16 ex Phrynosomatidae No T 211 ad 

2205 L Uma scoparia CT scan (Digimorph) 16 ex Phrynosomatidae Yes T 212 ad 

2215 L Uta stansburiana CT scan (Digimorph) 16 ex Phrynosomatidae Yes T 213 ad 

2341 L Tarentola americana CT scan/Acurate drawing 86 ex Phyllodactylidae No TSax/Ar 214 ad 

605 L Tarentola mauritanica CT scan (ZMB 17966) This work ex Phyllodactylidae Yes TSax/Ar 214 ad 

2368 L Tarentola mauritanica CT scan (ZMB 5) This work ex Phyllodactylidae Yes TSax/Ar 214 em(st10) 

2367 L Tarentola mauritanica CT scan (ZMB 4) This work ex Phyllodactylidae Yes TSax/Ar 214 em 

2155 L Polychrus marmoratus CT scan (Digimorph) 16 ex Polychrotidae No Ar 215 ad 

2261 L Polychrus acutirostris C&S 83 ex Polychrotidae No Ar 215 em 

220 L Aprasia striolata Acurate drawing 87 ex Pygopodidae No F 216 ad 

267 L Delma borea CT scan (Digimorph) 16 ex Pygopodidae No LL 217 ad 

2116 L Lialis burtonis CT scan (Digimorph) 16 ex Pygopodidae No LL 218 ad 

2168 L Rhineura floridana CT scan (Digimorph) 16 ex Rhineuridae No F 219 ad 

2200 L Acontias aurantiacus Acurate drawing 88 ex Scincidae No F 88 ad 

2202 L Acontias cregoi Acurate drawing 88 ex Scincidae No F 88 ad 

2203 L Acontias lineatus Acurate drawing 88 ex Scincidae No F 88 ad 

2233 L Acontias meleagris CT scan (ZMB 14540) This work ex Scincidae No F 220 ad 
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321 L Acontias meleagris C&S 114 ex Scincidae No F 220 em(st10) 

329 L Amphiglossus splendidus CT scan (Digimorph) 16 ex Scincidae No LL 221 ad 

235 L Brachymeles gracilis CT scan (Digimorph) 16 ex Scincidae No LL 222,223 ad 

250 L Chalcides ocellatus CT scan (Digimorph) Digimorph (unpublished) ex Scincidae Yes T 224 ad 

2353 L Chalcides chalcides CT scan (ZMB HUB29) This work ex Scincidae Yes T 224 em(st10) 

2354 L Chalcides chalcides CT scan (ZMB HUB29) This work ex Scincidae Yes T 224 em 

2355 L Chalcides chalcides CT scan (ZMB HUB40A) This work ex Scincidae Yes T 224 em 

2329 L Egernia depressa Picture 89 ex Scincidae No TSax 225 ad 

280 L Eugongylus rufescens CT scan (Digimorph) 16 ex Scincidae No LL 226 ad 

2378 L Eulamprus quoyii CT scan (ZMB 43336) This work ex Scincidae Yes TSax 226 ad 

2361 L Eulamprus quoyii CT scan (ZMB RE37) This work ex Scincidae Yes TSax 226 em(st10) 

281 L Eumeces algeriensis CT scan (Digimorph) 16 ex Scincidae No T 227 ad 

282 L Eumeces schneideri CT scan (Digimorph) Digimorph (unpublished) ex Scincidae No T 228 ad 

292 L Hemiergis peronii C&S 90 ex Scincidae No T/LL 229 em 

2360 L Liopholis whitii CT scan (ZMB 29584) This work ex Scincidae No TSax 230,231 ad 

2122 L Liopholis whitii C&S 90 ex Scincidae No TSax 230,231 em(st10) 

2121 L Liopholis whitii C&S 90 ex Scincidae No TSax 230,231 em 

2127 L Mabuya sp. Acurate drawing 92 ex Scincidae No T/LL 232 ad 

2235 L Mochlus sundevalli Picture (ZMB 37312) This work ex Scincidae No T 233,234 ad 

2347 L Phoboscincus bocourti CT scan 93 ex Scincidae No T 235 ad 

2175 L Scincus scincus CT scan (Digimorph) 16 ex Scincidae No F 236 ad 

2182 L Sphenomorphus solomonis CT scan (Digimorph) 16 ex Scincidae No LL 237 ad 

2246 L Tiliqua scincoides CT scan (Digimorph) 16 ex Scincidae Yes T 238 ad 

606 L Tiliqua scincoides CT scan (ZMB 17061) This work ex Scincidae Yes T 238 ad 

2370 L Tiliqua nigrolutea CT scan (ZMB HUB1) This work ex Scincidae Yes T 238 em(st10) 

2189 L Trachylepis maculilabris Acurate drawing 92 ex Scincidae No T 239 ad 

2201 L Typhlosaurus braini Acurate drawing 88 ex Scincidae No F 88 ad 

2204 L Typhlosaurus vermis Acurate drawing 88 ex Scincidae No F 88 ad 

2177 L Shinisaurus crocodilurus CT scan (Digimorph) 94 ex Shinisauridae Yes SAq 240 ad 

2178 L Shinisaurus crocodilurus CT scan (Digimorph) 94 ex Shinisauridae No SAq 240 ju 

289 L Gonatodes albogularis CT scan (Digimorph) 16 ex Sphaerodactylidae No Ar 241 ad 

2342 L Teratoscincus przewalskii CT scan 74 ex Sphaerodactylidae No T 242 ad 

2180 O Sphenodon punctatus CT scan (Digimorph) Digimorph (unpublished) ex Sphenodontidae No T 243 ad 

2181 O Sphenodon punctatus CT scan (Digimorph) Digimorph (unpublished) ex Sphenodontidae No T 243 ju 

2376 O Sphenodon punctatus C&S 95 ex Sphenodontidae No T 243 em(st10) 

2375 O Sphenodon punctatus C&S 95 ex Sphenodontidae No T 243 em 

222 L Aspidoscelis tigris CT scan (Digimorph) 16 ex Teiidae No T 244 ad 

241 L Callopistes maculatus CT scan (Digimorph) 16 ex Teiidae No T 245 ad 

2365 L Kentropyx altamazonica CT scan (ZMB 69836) This work ex Teiidae Yes SAr 246 ad 

2366 L Kentropyx altamazonica CT scan (AMNH 73471) This work ex Teiidae Yes SAr 246 em(st10) 

2197 L Tupinambis teguixin CT scan (Digimorph) 16 ex Teiidae No T 247 ad 

2264 L Salvator merianae C&S 83 ex Teiidae No T 248 em 

2194 L Salvator merianae C&S 96 ex Teiidae No T 248 em 

2185 L Teius teyou CT scan (Digimorph) 16 ex Teiidae No T 249 ad 

270 L Diplometopon zarudnyi CT scan (Digimorph) 97 ex Trogonophiidae No F 250 ad 

2192 L Trogonophis wiegmanni CT scan (Digimorph) 16 ex Trogonophiidae No F 250 ad 

2152 L Plica plica CT scan (Digimorph) 16 ex Tropiduridae No Ar 251 ad 

2183 L Stenocercus guentheri CT scan (Digimorph) 16 ex Tropiduridae No T 252 ad 

2371 L Tropidurus torquatus CT scan (LUOMUS 1195) This work ex Tropiduridae Yes SAr 253 ad 
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2263 L Tropidurus sp. C&S 83 ex Tropiduridae No SAr 253 em 

2262 L Tropidurus sp. C&S 83 ex Tropiduridae No SAr 253 em 

2207 L Uranoscodon superciliosus CT scan (Digimorph) 16 ex Tropiduridae Yes SAr 254 ad 

2219 L Varanus acanthurus CT scan (Digimorph) 16 ex Varanidae Yes T/Ar 255 ad 

2220 L Varanus exanthematicus CT scan (Digimorph) 16 ex Varanidae No T 256 ad 

2221 L Varanus gouldii CT scan (Digimorph) Digimorph (unpublished) ex Varanidae No T 257 ad 

5001 L Varanus panoptes CT scan 98 ex Varanidae No T 190 em(st10) 

5003 L Varanus panoptes CT scan 98 ex Varanidae No T 190 em 

5002 L Varanus panoptes CT scan 98 ex Varanidae No T 190 em 

2222 L Varanus salvator CT scan (Digimorph) 16 ex Varanidae No SAq 258 ad 

262 L Cricosaura typica CT scan (Digimorph) Digimorph (unpublished) ex Xantusiidae No LL 259 ad 

2110 L Lepidophyma flavimaculatum CT scan (Digimorph) 16 ex Xantusiidae No TSax 260 ad 

2111 L Lepidophyma gaigeae CT scan (Digimorph) Digimorph (unpublished) ex Xantusiidae No TSax 190 ad 

2112 L Lepidophyma smithii CT scan (Digimorph) Digimorph (unpublished) ex Xantusiidae No TSax 260 ad 

2250 L Xantusia bezyi CT scan (Digimorph) Digimorph (unpublished) ex Xantusiidae No TSax 261 ad 

2225 L Xantusia henshawi CT scan (Digimorph) Digimorph (unpublished) ex Xantusiidae No TSax 262 ad 

2254 L Xenosaurus grandis CT scan (Digimorph) 16 ex Xenosauridae Yes TSax 263 ad 
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Supplementary Table 2 | List of identifiers and classifiers for all snake species used in the study (see 
legend in Supplementary Table 1). 
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109 S Acrochordus granulatus CT scan (ZMB 9444) This work ex Acrochordidae Yes Aq 264,265 ad 

75 S Acrochordus granulatus C&S  (MCZ R1648600) This work ex Acrochordidae No Aq 264,265 em(st10) 

1 S Acrochordus granulatus C&S 99 ex Acrochordidae No Aq 264,265 em 

5 S Anilius scytale CT scan (Digimorph) 16 ex Aniliidae No F 264,266 ad 

27 S Liotyphlops albirostris CT scan (Digimorph) 100 ex Anomalepididae Yes F 267,268 ad 

46 S Typhlophis squamosus CT scan (Digimorph) 100 ex Anomalepididae No F 269 ad 

81 S Anomalepis aspinosus Acurate drawing 15 ex Anomalepididae No F 270 ad 

65 S Anomochilus leonardi CT scan (Digimorph) 121 ex Anomochilidae Yes F 271 ad 

121 S Boa constrictor CT scan (ZMB 56461) This work ex Boidae Yes SAr 264,269 ad 

11 S Calabaria reinhardtii CT scan (Digimorph) 16 ex Boidae Yes LL 264,272 ad 

128 S Candoia superciliosa CT scan (ZMB 9466) This work ex Boidae Yes T 264 ad 

63 S Candoia carinata C&S (MCZ R166747) This work ex Boidae No T 273 em(st10) 

91 S Chilabothrus striatus Acurate drawing 15 ex Boidae No T 274 ad 

129 S Chilabothrus striatus CT scan (Digimorph) 16 ex Boidae Yes T 274 ad 

130 S Corallus hortulanus CT scan (ZMB 63744) This work ex Boidae Yes Ar 264,275 ad 

89 S Corallus ruschenbergerii Acurate drawing 15 ex Boidae No Ar 275,276 ad 

20 S Eryx colubrinus CT scan (Digimorph) 16 ex Boidae No T 277 ad 

139 S Eryx jaculus CT scan (ZMB 24284) This work ex Boidae Yes T 278,279 ad 

93 S Exiliboa placata Acurate drawing 15 ex Boidae No T? 280 ad 

88 S Lichanura trivirgata CT scan (Digimorph) 16 ex Boidae No T 264,281 ad 

26 S Lichanura trivirgata CT scan (Digimorph) 16 ex Boidae No T 264,281 ju 

48 S Ungaliophis continentalis CT scan (Digimorph) 16 ex Boidae Yes SAr 264,282 ad 

12 S Casarea dussumieri CT scan (Digimorph) 121 ex Bolyeriidae Yes LL/SAr 264,282 ad 

2 S Afronatrix anoscopus Ct scan 101 ex Colubridae No T/SAq 283 ad 

80 S Ahaetulla prasina Acurate drawing 15 ex Colubridae No Ar 284 ad 

4 S Amphiesma stolatum CT scan (Digimorph) 16 ex Colubridae No LL 285 ad 

112 S Arrhyton taeniatum CT scan (ZMB 6600) This work ex Colubridae Yes T 264 ad 

86 S Atractus erythromelas Acurate drawing 15 ex Colubridae No T 286 ad 

127 S Calamaria muelleri Picture (ZMB 14999) This work ex Colubridae No LL 287 ad 

14 S Coluber constrictor CT scan (Digimorph) 16 ex Colubridae No T 288,289 ad 

68 S Conophis lineatus Acurate drawing 102 ex Colubridae No T 264,290 ad 

131 S Coronella austriaca CT scan (ZMB 33449) This work ex Colubridae Yes LL 291 ad 

135 S Dasypeltis scabra CT scan (ZMB 59037) This work ex Colubridae Yes Ar 292,293 ad 

16 S Diadophis punctatus CT scan (Digimorph) 16 ex Colubridae No T 289,294 ad 

137 S Eirenis decemlineatus CT scan (ZMB 11046) This work ex Colubridae Yes T 295,296 ad 

138 S Eirenis rothii CT scan (ZMB 77659) This work ex Colubridae Yes T 295,297 ad 

173 S Farancia abacura Acurate drawing 103 ex Colubridae No Aq 289,298 ad 

174 S Pseudoeryx plicatilis Acurate drawing 103 ex Colubridae No Aq 298 ad 
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175 S Helicops leopardinus C&S 104 ex Colubridae No Aq 299 em 

21 S Heterodon platirhinos CT scan (Digimorph) 16 ex Colubridae No T 264 ad 

140 S Heterodon platirhinos CT scan (ZMB 13871) This work ex Colubridae Yes T 264 ad 

94 S Lampropeltis getula Acurate drawing 15 ex Colubridae No T 264,289 ad 

23 S Lampropeltis getula CT scan (Digimorph) Digimorph (unpublished) ex Colubridae Yes T 264,289 ad 

144 S Lampropeltis getula CT scan (Digimorph) Digimorph (unpublished) ex Colubridae Yes T 264,289 em(st10) 

147 S Lycodon aulicus CT scan (ZMB 1806) This work ex Colubridae Yes SAr 300,301 ad 

33 S Natrix natrix CT scan (Digimorph) 16 ex Colubridae No SAq 302 ad 

152 S Natrix natrix CT scan (ZMB 50818) This work ex Colubridae Yes SAq 302 ad 

151 S Natrix natrix CT scan (ZMB 28300) This work ex Colubridae Yes SAq 302 ad 

150 S Natrix natrix CT scan (ZMB 28224) This work ex Colubridae Yes SAq 302 ju 

148 S Natrix natrix CT scan (ZMB 18A) This work ex Colubridae Yes SAq 302 em 

149 S Natrix natrix CT scan (ZMB 18b) This work ex Colubridae Yes SAq 302 em 

153 S Nerodia sipedon CT scan (ZMB 37753) This work ex Colubridae Yes SAq 264,303 ad 

154 S Opisthotropis latouchii CT scan (ZMB 67308) This work ex Colubridae Yes SAq 304 ad 

55 S Pantherophis guttatus Picture (Flicker) Theil (unpublished) ex Colubridae No T 264,289 ad 

34 S Pantherophis guttatus CT scan (Lab) This work ex Colubridae Yes T 264,289 em(st10) 

157 S Pantherophis obsoletus CT scan (ZMB8402) This work ex Colubridae Yes SAr 264,305 ad 

156 S Pantherophis obsoletus CT scan (Lab) This work ex Colubridae No SAr 264,305 em(st10) 

18 S Pantherophis obsoletus C&S 117 ex Colubridae No SAr 264,305 em 

17 S Pantherophis obsoletus C&S 117 ex Colubridae No SAr 264,305 em 

155 S Pantherophis obsoletus C&S 117 ex Colubridae No SAr 264,305 em 

99 S Phyllorhynchus decurtatus Acurate drawing 15 ex Colubridae No T 289,306 ad 

164 S Scaphiodontophis annulatus CT scan (ZMB 64686) This work ex Colubridae Yes LL 264,307 ad 

165 S Sibynophis collaris CT scan (ZMB 28550) This work ex Colubridae Yes LL 300,308 ad 

42 S Sonora semiannulata CT scan (Digimorph) 16 ex Colubridae No LL 264,306 ad 

43 S Thamnophis marcianus CT scan (Digimorph) 16 ex Colubridae No SAq 309 ad 

44 S Trimorphodon biscutatus CT scan (Digimorph) 16 ex Colubridae No T 264,310 ad 

51 S Xenochrophis piscator CT scan (Digimorph) 16 ex Colubridae No T/SAq 300,311 ad 

132 S Cylindrophis melanotus CT scan (ZMB 14510) This work ex Cylindrophiidae Yes F 312 ad 

15 S Cylindrophis ruffus CT scan (Digimorph) 16 ex Cylindrophiidae No F 264 ad 

133 S Cylindrophis ruffus CT scan (MCZ R-172777) This work ex Cylindrophiidae Yes F 264 em(st10) 

108 S Acanthophis antarcticus CT scan (ZMB 38580) This work ex Elapidae Yes LL 313 ad 

84 S Aspidelaps scutatus Acurate drawing 15 ex Elapidae No T 314 ad 

69 S Dendroaspis polylepis Acurate drawing 105 ex Elapidae No SAr 315 ad 

143 S Hydrophis gracilis CT scan (ZMB 55909) This work ex Elapidae Yes Aq 316,317 ad 

142 S Hydrophis gracilis CT scan (AMNH 92707) This work ex Elapidae Yes Aq 316,317 em(st10) 

172 S Hydrops martii Acurate drawing 106 ex Elapidae No Aq 318 ad 

24 S Laticauda colubrina CT scan (Digimorph) 16 ex Elapidae No Aq 319,320 ad 

30 S Micrurus fulvius CT scan (Digimorph) 16 ex Elapidae No T 264 ad 

32 S Naja naja CT scan (Digimorph) 16 ex Elapidae No T 300,321 ad 

31 S Naja kaouthia C&S 119 ex Elapidae No T 300,321 em 

97 S Notechis scutatus Acurate drawing 15 ex Elapidae No T 322,323 ad 

71 S Oxyuranus scutellatus Picture (EOL) Matz (unpublished) ex Elapidae No T 323,324 ad 

90 S Parahydrophis mertoni Acurate drawing 15 ex Elapidae No M 320,325 ad 

161 S Pseudechis porphyriacus CT scan (ZMB 43283) This work ex Elapidae Yes T 326 ad 

56 S Dinilysia patagonica Picture 107 fo Fossil No ? 34 ad 

57 S Dinilysia patagonica Acurate drawing 34 fo Fossil No ? 34 ad 

58 S Haasiophis terrasanctus Acurate drawing 43 fo Fossil No M 43 ad 
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59 S Pachyrhachis problematicus Acurate drawing 40 fo Fossil No M 40 ad 

60 S Pachyrhachis problematicus 3D reconstruction 42 fo Fossil No M 42 ad 

61 S Wonambi naracoortensis Acurate drawing 36 fo Fossil No T 36 ad 

62 S Yurlunggur camfieldensis Picture 37 fo Fossil No T 37 ad 

22 S Homalopsis buccata CT scan (Digimorph) 16 ex Homalopsidae No SAq 327 ad 

601 S Homalopsis buccata CT scan (LUOMUS 1399) This work ex Homalopsidae Yes SAq 327 ad 

110 S Amblyodipsas unicolor CT scan (ZMB 77966) This work ex Lamprophiidae Yes F 328 ad 

83 S Aparallactus modestus Acurate drawing 15 ex Lamprophiidae No T 293 ad 

600 S Aparallactus modestus CT scan (ZMB 6910) This work ex Lamprophiidae Yes T 293 ad 

113 S Atractaspis boulengeri CT scan (ZMB 11040) This work ex Lamprophiidae Yes T 329 ad 

120 S Boaedon fuliginosus CT scan (ZMB 51392) This work ex Lamprophiidae Yes T 293 ad 

119 S Boaedon fuliginosus CT scan (Lab  LF50) This work ex Lamprophiidae Yes T 293 em(st10) 

118 S Boaedon fuliginosus CT scan (Lab LF48) This work ex Lamprophiidae Yes T 293 em 

117 S Boaedon fuliginosus CT scan (Lab  LF41) This work ex Lamprophiidae Yes T 293 em 

116 S Boaedon fuliginosus CT scan (Lab  LF35) This work ex Lamprophiidae Yes T 293 em 

136 S Duberria lutrix CT scan (ZMB 1566) This work ex Lamprophiidae Yes T 330 ad 

141 S Homoroselaps lacteus CT scan (ZMB 80398) This work ex Lamprophiidae No T 331,332 ad 

29 S Lycophidion capense CT scan (Digimorph) 16 ex Lamprophiidae No T 331 ad 

100 S Polemon collaris Acurate drawing 15 ex Lamprophiidae No LL 293 ad 

159 S Polemon gabonensis CT scan (ZMB 21142) This work ex Lamprophiidae Yes LL 293 ad 

160 S Prosymna ambigua CT scan (ZMB 78750) This work ex Lamprophiidae Yes T 333 ad 

168 S Psammophis sibilans CT scan (ZMB 66045) This work ex Lamprophiidae Yes T 334 ad 

35 S Psammophis sibilans C&S 108 ex Lamprophiidae No T 334 em 

163 S Pseudaspis cana CT scan (ZMB 15255) This work ex Lamprophiidae No T 331 ad 

95 S Epictia goudotii Acurate drawing 15 ex Leptotyphlopidae No F 267 ad 

25 S Leptotyphlops dulcis CT scan (Digimorph) 100 ex Leptotyphlopidae Yes F 289 ad 

107 S Myriopholis cairi Acurate drawing 15 ex Leptotyphlopidae No F 335 ju 

96 S Trilepida macrolepis Acurate drawing 15 ex Leptotyphlopidae No F 267 ad 

28 S Loxocemus bicolor CT scan (Digimorph) 16 ex Loxocemidae Yes F 155,264 ad 

111 S Aplopeltura boa CT scan (ZMB 5397) This work ex Pareatidae Yes Ar 336 ad 

158 S Pareas carinatus CT scan (ZMB 20533) This work ex Pareatidae Yes Ar 264,336 ad 

98 S Pareas margaritophorus Acurate drawing 15 ex Pareatidae No Ar 336 ad 

6 S Aspidites melanocephalus CT scan (Digimorph) 16 ex Pythonidae Yes T 323 ad 

70 S Liasis mackloti Acurate drawing 109 ex Pythonidae No SAq 337 ad 

64 S Liasis fuscus CT scan (MCZ R166753) This work ex Pythonidae No SAq 323 em 

126 S Malayopython reticulatus CT scan (ZMB 45800) This work ex Phytonidae Yes T 338 ad 

603 S Python bivittatus CT scan (ZMB 30906) This work ex Pythonidae Yes T 338 ad 

37 S Python molurus CT scan (Digimorph) 16 ex Pythonidae No T 273 ad 

101 S Python regius Acurate drawing 15 ex Pythonidae No T 293 ju 

38 S Python sebae Picture (Biolib) Suber (unpublished) ex Pythonidae. No T 293 ad 

39 S Python sebae C&S (picture) 110 ex Pythonidae. No T 293 em(st10) 

162 S Python sebae C&S (picture) 110 ex Pythonidae No T 293 em 

45 S Tropidophis haetianus CT scan (Digimorph) 16 ex Tropidophiidae Yes LL 339 ad 

78 S Acutotyphlops kunuaensis Acurate drawing 15 ex Typhlopidae No F 340 ad 

79 S Afrotyphlops punctatus Acurate drawing 15 ex Typhlopidae No F 340 ad 

102 S Ramphotyphlops lineatus Acurate drawing 15 ex Typhlopidae No F 340 ad 

74 S Ramphotyphlops braminus CT scan (Digimorph) Digimorph (unpublished) ex Typhlopidae Yes F 340 ju 

146 S Letheobia caeca CT scan (ZMB 23294) This work ex Typhlopidae Yes F 334 ad 

145 S Letheobia caeca CT scan (AMNH 134214) This work ex Typhlopidae Yes F 334 em(st10) 
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72 S Ramphotyphlops sp. Acurate drawing 15 ex Typhlopidae No F 340 ad 

47 S Typhlops jamaicensis CT scan (Digimorph) 100 ex Typhlopidae No F 340 ad 

169 S Typhlops richardi CT scan (ZMB 28590) This work ex Typhlopidae Yes F 340 ad 

166 S Typhlops richardi CT scan (AMNH 146788) This work ex Typhlopidae Yes F 340 em(st10) 

10 S Brachyophidium rhodogaster Picture 17 ex Uropeltidae No F 300 ad 

36 S Pseudotyphlops philippinus Acurate drawing 111 ex Uropeltidae No F 341 ad 

40 S Rhinophis blythii Picture 17 ex Uropeltidae No F 341 ad 

41 S Rhinophis homolepis Picture 17 ex Uropeltidae No F 341 ad 

104 S Uropeltis ceylanicus Acurate drawing 15 ex Uropeltidae No F 342 ad 

105 S Uropeltis ocellata Acurate drawing 15 ex Uropeltidae No F 343 ad 

49 S Uropeltis rubromaculatus Picture 17 ex Uropeltidae No F 344 ad 

50 S Uropeltis woodmasoni CT scan (Digimorph) 17 ex Uropeltidae Yes F 345 ad 

3 S Agkistrodon contortrix CT scan (Digimorph) 16 ex Viperidea No T 346 ad 

85 S Atheris squamigera Acurate drawing 15 ex Viperidae No Ar 347 ad 

66 S Azemiops feae Acurate drawing 15 ex Viperidae No T 347,348 ad 

114 S Azemiops kharini CT scan (ZMB 69985) This work ex Viperidae Yes T 347 ad 

115 S Bitis arietans CT scan (ZMB 16732) This work ex Viperidae Yes T 264,347 ad 

87 S Bitis nasicornis Acurate drawing 15 ex Viperidae No T 347 ad 

9 S Bothrops asper CT scan (Digimorph) 16 ex Viperidae No T 264,346 ad 

53 S Bothrops jararaca CT scan/Acurate drawing 112 ex Viperidae No T 346 ad 

7 S Bothrops jararaca CT scan/Acurate drawing 112 ex Viperidae No T 346 em(st10) 

54 S Bothrops jararaca CT scan/Acurate drawing 112 ex Viperidae No T 346 em 

8 S Bothrops jararaca CT scan/Acurate drawing 112 ex Viperidae No T 346 em 

125 S Bothrops jararacussu CT scan (ZMB 477490) This work ex Viperidae Yes T 346 ad 

124 S Bothrops jararacussu CT scan (ZMB 65523) This work ex Viperidae Yes T 346 em(st10) 

123 S Bothrops jararacussu CT scan (ZMB 65523) This work ex Viperidae Yes T 346 em 

122 S Bothrops jararacussu CT scan (ZMB 65523) This work ex Viperidae Yes T 346 em 

13 S Causus rhombeatus CT scan (Digimorph) 16 ex Viperidea No T 347 ad 

167 S Daboia russelii CT scan (ZMB 37714) This work ex Viperidae Yes T 347 ad 

134 S Daboia russelii CT scan (ZMB RE90) This work ex Viperidae Yes T 347 ju 

92 S Eristicophis macmahoni Acurate drawing 15 ex Viperidae No T 347 ad 

103 S Sistrurus miliarius Acurate drawing 15 ex Viperidae No T 346 ad 

106 S Vipera latastei Acurate drawing 15 ex Viperidae No T 347 ad 

73 S Xenodermus javanicus Acurate drawing 109 ex Xenodermatidae No Saq 349 ad 

52 S Xenopeltis unicolor CT scan (Digimorph) 16 ex Xenopeltidae Yes F 273 ad 
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Supplementary Table 3 | Definition of 2D landmark points (see also Supplementary Figure 2). 

Landmark 
number Bone/region Definition 

L1 Premaxilla 
Rostral tip of the premaxilla. The premaxilla is reduced in some species, including 
chameleons and many caenophidian snakes, so other views have been used to place this 
landmark in those groups 

L2 Premaxilla 

Posterior tip of the transverse process of the premaxilla. This landmark is usually in 
contact with the maxillary bone in lizards, and the contact point can be reduced or lost in 
snakes. The premaxilla is reduced in some species, including chameleons and many 
caenophidian snakes, so other views have been used to place this landmark in those groups 

L3 Maxilla Anteriormost tip of the maxilla 

L4 Nasal Tip of the lateral process of the nasal bone. This process is less prominent in snakes, 
because of reduced nasal bones and loosening of their sutures 

L5 Nasal Tip of the premaxillary process of the nasal bone 
       L6 Prefrontal Tip of the prefrontal lateral process in contact with the maxilla 

L7 Prefrontal Medial point of the postero-dorsal part of the prefrontal bone surrounding the optic region 
L8 Maxilla Posteriormost tip of the maxilla 
L9 Parietal Lateral edge of the fronto-parietal suture on the supraorbital process of the parietal bone 

L10 Parietal Most dorsal point of the parietal medial crest or tectum 

L11 Parietal Tip of the postero-dorsal process of the parietal bone (midline of the parietal). It can be 
bifurcated in lizards and snakes 

L12 Parietal 

Tip of the postparietal process (supratemporal process) of the parietal bone. The tip sticks 
out behind or above the quadrate bone or is located behind the supratemporal bone in 
lizards. In snakes, when present (lost in some fossorial groups), it is located rostrally or at 
the anterior part of the supratemporal bone 

L13 Parietal 

Inflection point on the ventro-lateral crest of parietal at the level of the prootic bone in 
lizards, and curvature of the posterior margin of parietal along the anterior parieto-prootic 
suture in snakes. The lateral wall downgrowth of parietal leads to an increased physical 
contact between parietal and prootic bones in both snakes and fossorial lizards. The 
homology of this landmark is ensured by the developmental characteristic of the 
trifurcated ossfication of parietal bone in lizards and snakes, and the topological position 
of the epipterygoid process and parietal downgrowth 

L14 Parietal 

Most ventral point of the descending lateral flanges of the parietal bone (downgrowth). In 
lizards, this landmark corresponds to the epipterygoid process of the parietal, which is 
located at the tip of the epipterygoid bone. The epipterygoid has been reduced (or lost) 
and replaced by the lateral wall of parietal in snakes and fossorial forms of lizards. During 
development of both snakes and lizards, the parietal start ossifying its lateral edges (as 
ossified lateral splints) before the tectum. Hence, the tip of the lateral downgrowth of 
parietal in snakes is homologous to the epipterygoid process of parietal in lizards 

L15 Quadrate Antero-ventral tip of the mandibular condyle of the quadrate bone (in lateral view) 

L16 Quadrate Inflection point on the antero-dorsal curvature of the cephalic condyle anterior margin of 
the quadrate bone (in lateral view) 

L17 Quadrate Inflection point on the postero-dorsal curvature of the cephalic condyle posterior margin 
of the quadrate bone (in lateral view) 

L18 Quadrate 

Inflection point on the posterior curvature of the central pillar of the quadrate bone 
between the cephalic and mandibular condyles (adjusted relative to landmarks L5 and 
L7). This forms the posterior edge of the quadrate conch in lizards (showing large 
variation in curvature and depth). Several alethinophidian snakes show a similar trend, 
especially the fossorial forms, but this curvature becomes gradually reduced in 
caenophidian snakes 

L19 Quadrate Postero-ventral tip of the mandibular condyle of the quadrate bone (in lateral view) 

L20 Basioccipital 
Most posterior point of the basioccipital bone. In snakes, it can be covered by the quadrate 
bone or the jaw in lateral view; in those cases, other views have been used to ensure 
correct placement of this landmark 
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Supplementary Table 4 | Definition of 3D landmark points (see also Supplementary Figure 2). 

Landmark 
number Bone/region Definition 

L1 Premaxilla Tip of the nasal process of the premaxilla (or ascending process of the premaxilla)  

L2 Premaxilla Rostral tip of the premaxilla 
L3 Premaxilla Tip of the transverse process of the premaxilla along the external dorsal margin 

L4 Premaxilla Medial point of the incisive process (lizards) or vomerine process (snakes) of 
premaxilla  

L5 Premaxilla Inflection point on the curvature between the nasal and transverse processes of the 
premaxilla 

L6 Maxilla Dorsal tip along the rostral margin of the premaxillary process of maxilla 
L7 Maxilla Dorsal tip along the posterior margin of the ectopterygoid process of maxilla 
L8 Maxilla Ventral tip along the rostral margin of the premaxillary process of maxilla 
L9 Maxilla Ventral tip along the posterior margin of the ectopterygoid process of maxilla 
L10 Premaxilla Tip of the transverse process of the premaxilla along the medial margin 
L11 Prefrontal Medial tip of the frontal process of the prefrontal 
L12 Prefrontal Lateral tip of the frontal process of the prefrontal along the orbital margin 
L13 Prefrontal Tip of the prefrontal lateral foot process 
L14 Prefrontal Rostral tip of the prefrontal outer wall 

L15 Nasal 
Posterior tip of the medial margin of the nasal bone, usually located at the 
intersection point between the suture of the nasal and frontal bones. The contact 
between these bones has been increasingly reduced during snake evolution 

L16 Nasal 
Posterior tip of the lateral margin of nasal bone facing prefrontal and frontal bones, 
usually located at the intersection point between the suture of nasal, prefrontal, and 
frontal bones 

L17 Nasal Tip of the premaxillary process of the nasal bone on the lateral side (nearest tip at 
the end of the curvature along the rostral margin of nasal bone) 

L18 Nasal Tip of the premaxillary process of the nasal bone 
L19 Nasal Posteromedial tip of the medial process of the nasal bone 
L20 Frontal Medial point of intersection of the fronto-parietal suture on the frontal bone 
L21 Frontal Lateral tip of the fronto-parietal suture on the frontal bone 

L22 Frontal 
Anterior tip of the lateral margin of frontal bone facing nasal and prefrontal bones, 
usually located at the intersection point of the suture between nasal, prefrontal, and 
frontal bones 

L23 Frontal 
Tip of the fronto-nasal suture at the base of the olfactory process of the frontal bone. 
In lizards, these two bones are commonly separated by the nasal process of 
premaxilla 

L24 Frontal Most postero-ventral point of the crista cranii of the frontal bone facing the parietal 
bone 

L25 Parietal Medial tip of the groove between the parietal bifid supraoccipital processes. The 
groove between the processes is fused in some species, where it colocalizes with L26 

L26 Parietal 

Tip of the parietal bifid supraoccipital process in contact with the supraoccipital 
bone. In some lizard and snake species, this process is highly reduced but its base 
can still be identified, especially its medial position and the region of contact between 
parietal and supraoccipital bones 

L27 Parietal Tip of the postparietal process (supratemporal process) of the parietal bone 
L28 Parietal Lateral tip of the fronto-parietal suture on the parietal bone 
L29 Parietal Medial point of intersection of the fronto-parietal suture on the parietal bone 
L30 Parietal Most anterior point of the ventral edge of the parietal downgrowth 
L31 Parietal Most posterior point of the ventral edge of the parietal downgrowth 

L32 Supraoccipital 
Antero-lateral tip of the supraoccipital-prootic suture. When bones are fused, the 
limits of the supraoccipital can still be identified by a distinctive elevation of its 
margin 
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L33 Supraoccipital 
Postero-lateral tip of the supraoccipital-paroccipital suture. When bones are fused, 
the limits of the supraoccipital can still be identified by a distinctive elevation of its 
margin 

L34 Supraoccipital Base of the processus ascendens of supraoccipital (lizards) or antero-medial tip of 
supraoccipital (snakes) 

L35 Opisthotic Ventral end of the opisthotic-prootic suture on the dorsal margin of the fenestra 
ovalis (identifiable even if bones are fused)  

L36 Opisthotic Inflection point on the posterior curvature of fenestra ovalis 

L37 Opisthotic Dorsal end of the opisthotic-prootic suture on the ventral margin of the fenestra 
ovalis (identifiable even if bones are fused) 

L38 Opisthotic Most ventral point along the opisthotic-prootic margin at the intersection or near the 
pterygoid suture 

L39 Exoccipital Most ventral point of the occipital condyle 
L40 Exoccipital Most dorsal point of the occipital condyle 
L41 Exoccipital Lateral end of the exoccipital margin facing the foramen magnum 

L42 Exoccipital 
Inflection point on the curvature of excoccipital bone along the border of the foramen 
magnum. It can be fused with the supraoccipital in fossorial forms and in some 
lizards, but the extremity can still be clearly identified  

L43 Exoccipital Intersection point between exoccipital, paraoccipital, and supraoccipital bones. 
These bones are often fused, but the extremities are still identifiable 

L44 Exoccipital Most posterior medial point of the basioccipital condyle 
L45 Exoccipital Most lateral point of the basioccipital condyle 
L46 Exoccipital Inflection point on the ottocipital side of the basioccipital condyle 
L47 Exoccipital Tip of the spheno-occipital tubercle 
L48 Basioccipital Antero-medial tip of the suture between basiooccipital and parabasisphenoid bones 
L49 Parabasisphenoid Tip of the sagittal crest 

L50 Parabasisphenoid Tip of the basipterygoid process. In snakes, this process is lost but its topological 
position is located at the level of the vidian canal opening 

L51 Quadrate Latero-ventral tip of the mandibular condyle of the quadrate 
L52 Quadrate Inflection point on the curvature of the mandibular articular surface of the quadrate 
L53 Quadrate Ventro-medial tip of the mandibular condyle of the quadrate 
L54 Quadrate Dorso-medial tip of the adductor crest of the quadrate or tympanic crest 

L55 Quadrate Dorsal tip of the quadrate pillar or middle of the quadrate blade in Caenophidian 
snakes where the pillar is less visible or lost 

L56 Quadrate Tip of the cephalic condyle of the quadrate, dorso-ventrally contiguous to the medial 
mandibular condyle 

L57 Pterygoid Most dorsal point of the suture between the pterygoid and palatine bones, on the 
pterygoid side 

L58 Pterygoid Most ventral point of the suture between the pterygoid and palatine bones, on the 
pterygoid side 

L59 Pterygoid Most dorsal point on the posterior tip of the quadrate process of pterygoid 
L60 Pterygoid Most ventral point on the posterior tip of the quadrate process of pterygoid 
L61 Prefrontal Most posterior point of the prefrontal medial foot process 
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Supplementary Table 5 | Convergence metrics and associated p-values for each ecology. Significant 
values for fossorial ecology are highlighted with bold font. 
 
Main ecology   C1 p-value C2 p-value C3 p-value C4 p-value 

Aquatic   0.026 0.937 0.007 0.936 0.013 0.940 <0.001 0.504 

Arboreal   0.031 0.964 0.008 0.979 0.015 0.953 <0.001 0.374 

Fossorial   0.094 <0.001 0.029 0.001 0.044 0.001 0.005 <0.001 

Leaf litter   0.0689 0.085 0.0208 0.130 0.032 0.102 0.002 0.014 

Terrestrial   0.034 0.996 0.009 1.000 0.0156 0.996 <0.001 0.004 
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Supplementary Table 6 | Prediction of ancestral ecologies (for MRCAs of Toxicofera, crown snakes, 
and snakes and their sister group) from shape parameters using linear discriminant analysis (LDA). 
 

Main ecology  MRCA Toxicofera MRCA snakes and their sister 
group MRCA crown snakes 

Aquatic  0.032 0.058 0.011 

Arboreal  0.307 0.137 0.010 

Fossorial  <0.001 <0.001 0.820 

Leaf litter  0.114 0.104 0.0070.054  

Terrestrial  0.547 0.700 0.105 
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Supplementary Table 7 | List of centroid size and log-centroid size values (in mm) for all lizard, 
snake, and outgroup species used in the 2D analysis. Snake species are highlighted in grey. ID 
numbers are as in Supplementary Tables 1 and 2. 

ID Species Family Centroid Size Log-Centroid Size 

107 Myriopholis cairi Leptotyphlopidae 4.042717219 1.396917045 

74 Indotyphlops braminus Typhlopidae 4.922809608 1.593879426 

95 Epictia goudotii Leptotyphlopidae 5.161971507 1.641318581 

27 Liotyphlops albirostris Anomalepididae 6.518526108 1.874648293 

46 Typhlophis squamosus Anomalepididae 6.520241545 1.874911422 

169 Typhlops richardi Typhlopidae 7.152085062 1.967403931 

102 Ramphotyphlops lineatus Typhlopidae 7.360355693 1.996108259 

220 Aprasia striolata Pygopodidae 7.529181412 2.018786326 

146 Letheobia caeca Typhlopidae 8.085468139 2.090068393 

96 Trilepida macrolepis Leptotyphlopidae 8.175145787 2.10109855 

41 Rhinophis homolepis Uropeltidae 8.264898067 2.112017398 

2157 Procellosaurinus tetradactylus Gymnophthalmidae 8.573899749 2.148722676 

25 Rena dulcis Leptotyphlopidae 8.90497586 2.186610206 

2138 Nothobachia ablephara Gymnophthalmidae 8.910367814 2.187215522 

2204 Typhlosaurus vermis Scincidae 8.925808828 2.188946949 

2357 Dibamus novaeguineae Dibamidae 9.143316831 2.213023211 

2160 Psilophthalmus paeminosus Gymnophthalmidae 9.174654033 2.216444686 

244 Calyptommatus sp. Gymnophthalmidae 9.844005253 2.286862666 

2201 Typhlosaurus braini Scincidae 9.899966809 2.292531405 

65 Anomochilus leonardi Anomochilidae 10.65572872 2.366097655 

78 Acutotyphlops kunuaensis Typhlopidae 11.54710005 2.446434328 

2203 Acontias lineatus Scincidae 11.57620551 2.448951743 

2217 Vanzosaura rubricauda Gymnophthalmidae 11.58536431 2.449742604 

143 Hydrophis gracilis Elapidae 11.89149136 2.475823133 

10 Brachyophidium rhodogaster Uropeltidae 11.98473992 2.483634167 

138 Eirenis rothii Colubridae 12.04635212 2.488761886 

287 Geocalamus acutus Amphisbaenidae 12.05113611 2.489158938 

226 Bipes biporus Bipedidae 12.387584 2.516694681 

49 Uropeltis rubromaculatus Uropeltidae 12.48583877 2.524595104 

47 Typhlops jamaicensis Typhlopidae 12.535832 2.528591103 

262 Cricosaura typica Xantusiidae 12.6156231 2.534935975 

270 Diplometopon zarudnyi Trogonophiidae 12.67733421 2.539815691 

50 Uropeltis woodmasoni Uropeltidae 12.97770699 2.563233039 

131 Coronella austriaca Colubridae 13.04347992 2.568288386 

259 Cordylosaurus subtessellatus Gerrhosauridae 13.08270402 2.571291054 

2200 Acontias aurantiacus Scincidae 13.25620193 2.584465513 

223 Bachia bicolor Gymnophthalmidae 13.37756539 2.59357908 

219 Amphisbaena kingii Amphisbaenidae 13.40842093 2.595882937 

40 Rhinophis blythii Uropeltidae 14.24831057 2.656638343 

2243 Amphisbaena darwinii Amphisbaenidae 14.43500711 2.669656306 

217 Anniella pulchra Anniellidae 14.48978726 2.673444074 

100 Polemon collaris Lamprophiidae 14.57285857 2.679160797 

227 Bipes canaliculatus Bipedidae 14.7803338 2.6932975 
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2202 Acontias cregoi Scincidae 14.84292176 2.697523103 

160 Prosymna ambigua Lamprophiidae 15.32081548 2.729212393 

267 Delma borea Pygopodidae 15.40045498 2.734397053 

127 Calamaria muelleri Colubridae 16.20223424 2.785149149 

79 Afrotyphlops punctatus Typhlopidae 16.8985434 2.827227429 

235 Brachymeles gracilis Scincidae 17.48394749 2.861283174 

2175 Scincus scincus Scincidae 17.53321136 2.864096874 

257 Colobosaura modesta Gymnophthalmidae 17.65239376 2.870871398 

42 Sonora semiannulata Colubridae 17.73102992 2.875316207 

2233 Acontias meleagris Scincidae 17.76886005 2.87744749 

2 Afronatrix anoscopus Colubridae 18.1497816 2.898658527 

136 Duberria lutrix Lamprophiidae 18.41953075 2.913411555 

2237 Takydromus sexlineatus Lacertidae 18.78394626 2.933002583 

2114 Amphisbaena microcephalum Amphisbaenidae 19.09685645 2.949523738 

2331 Hemidactylus frenatus Gekkonidae 19.11625856 2.950539206 

99 Phyllorhynchus decurtatus Colubridae 19.12704502 2.951103303 

2145 Pholidobolus montium Gymnophthalmidae 19.13985348 2.951772731 

86 Atractus erythromelas Colubridae 19.24288057 2.957141152 

16 Diadophis punctatus Colubridae 19.5014095 2.970486745 

289 Gonatodes albogularis Sphaerodactylidae 19.61402724 2.976244986 

2373 Zootoca vivipara Lacertidae 19.65808911 2.978488913 

141 Homoroselaps lacteus Lamprophiidae 20.0353096 2.997496197 

83 Aparallactus modestus Lamprophiidae 20.04165891 2.997813053 

2192 Trogonophis wiegmanni Trogonophiidae 20.43166843 3.017086071 

137 Eirenis decemlineatus Colubridae 20.69864207 3.030068097 

2250 Xantusia bezyi Xantusiidae 21.09141993 3.048866319 

2168 Rhineura floridana Rhineuridae 21.11985205 3.050213454 

2127 Mabuya sp. Scincidae 21.23489553 3.055645844 

2215 Uta stansburiana Phrynosomatidae 21.24171081 3.05596674 

139 Eryx jaculus Boidae 21.31969002 3.05963106 

154 Opisthotropis latouchii Colubridae 21.51227038 3.068623488 

2290 Bunopus tuberculatus Gekkonidae 21.56552096 3.071095787 

2225 Xantusia henshawi Xantusiidae 21.67055872 3.075954598 

90 Parahydrophis mertoni Elapidae 21.83838766 3.083669323 

158 Pareas carinatus Pareatidae 21.94332304 3.088462904 

93 Exiliboa placata Boidae 22.6002151 3.117959424 

2235 Mochlus sundevalli Scincidae 22.66091737 3.120641739 

2184 Takydromus formosanus Lacertidae 22.70274673 3.122485918 

110 Amblyodipsas unicolor Lamprophiidae 22.7640872 3.125184171 

164 Scaphiodontophis annulatus Colubridae 22.79871826 3.126704318 

68 Conophis lineatus Colubridae 22.84725871 3.128831141 

2189 Trachylepis maculilabris Scincidae 22.95777878 3.133656824 

256 Coleonyx variegatus Eublepharidae 23.6600915 3.163789726 

112 Arrhyton taeniatum Colubridae 23.66361201 3.16393851 

165 Sibynophis collaris Colubridae 23.67237745 3.16430886 

106 Vipera latastei Viperidae 23.970496 3.176823741 

135 Dasypeltis scabra Colubridae 24.04241643 3.179819622 

113 Atractaspis boulengeri Lamprophiidae 24.04383783 3.17987874 
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2182 Sphenomorphus solomonis Scincidae 24.04434353 3.179899773 

85 Atheris squamigera Viperidae 24.09317425 3.181928574 

2137 Potamites ecpleopus Gymnophthalmidae 24.35577777 3.192769102 

2234 Ichnotropis capensis Lacertidae 24.58266848 3.202041661 

2356 Chamaesaura anguina Cordylidae 24.82279871 3.211762534 

2342 Teratoscincus przewalskii Sphaerodactylidae 25.32930726 3.231962115 

248 Celestus enneagrammus Anguidea 25.46184622 3.237181105 

98 Pareas margaritophorus Pareatidae 26.08187342 3.261240568 

132 Cylindrophis melanotus Cylindrophiidae 26.49867668 3.277094795 

104 Uropeltis ceylanicus Uropeltidae 26.58284156 3.280265954 

2129 Moloch horridus Agamidae 26.81419899 3.28893156 

29 Lycophidion capense Lamprophiidae 26.86960609 3.290995763 

2111 Lepidophyma gaigeae Xantusiidae 26.92364187 3.293004781 

2329 Egernia depressa Scincidae 27.20939791 3.303562425 

2244 Phrynosoma platyrhinos Phrynosomatidae 27.56872957 3.316682144 

2144 Phelsuma lineata Gekkonidae 27.64143084 3.319315765 

281 Eumeces algeriensis Scincidae 27.94314989 3.330172085 

147 Lycodon aulicus Colubridae 28.08704883 3.335308574 

2119 Liolaemus bellii Liolaemidae 28.12085844 3.336511594 

2247 Tracheloptychus petersi Gerrhosauridae 28.23284592 3.340486049 

214 Gerrhosaurus skoogi Gerrhosauridae 28.29293907 3.342612271 

111 Aplopeltura boa Pareatidae 28.87249411 3.362889381 

249 Chalarodon madagascariensis Opluridae 28.98704558 3.366849026 

329 Amphiglossus splendidus Scincidae 29.1639033 3.372931756 

213 Amphisbaena fuliginosa Amphisbaenidae 29.49098012 3.384084458 

2106 Leiocephalus barahonensis Leiocephalidae 30.39030889 3.414123771 

58 Haasiophis terrasanctus Fossil 30.84967481 3.429126209 

272 Draco quinquefasciatus Agamidae 31.11754892 3.437771934 

2371 Tropidurus torquatus Tropiduridae 31.14898965 3.43878181 

159 Polemon gabonensis Lamprophiidae 31.38641461 3.446375144 

108 Acanthophis antarcticus Elapidae 31.44084503 3.448107845 

12 Casarea dussumieri Bolyeriidae 31.45005665 3.448400784 

66 Azemiops feae Viperidae 31.46357767 3.448830612 

2205 Uma scoparia Phrynosomatidae 31.84101706 3.460755303 

45 Tropidophis haetianus Tropidophiidae 31.87713808 3.461889078 

2150 Phymaturus palluma Liolaemidae 31.97950511 3.465095232 

109 Acrochordus granulatus Acrochordidae 32.11569773 3.469344936 

4 Amphiesma stolatum Colubridae 32.32221127 3.475754649 

2112 Lepidophyma smithii Xantusiidae 32.57297471 3.483482948 

2360 Liopholis whitii Scincidae 32.90342135 3.493576645 

84 Aspidelaps scutatus Elapidae 32.93736078 3.4946076 

218 Anolis carolinensis Dactyloidae 33.58042811 3.513943401 

2174 Sceloporus variabilis Phrynosomatidae 33.62340191 3.51522231 

120 Boaedon fuliginosus Lamprophiidae 33.66353921 3.516415329 

20 Eryx colubrinus Boidae 33.93920392 3.524570804 

2318 Agamura persica Gekkonidae 34.41301115 3.538434724 

250 Chalcides ocellatus Scincidae 34.84896603 3.551023468 

2352 Bradypodion pumilum Chamaeleonidae 34.88305702 3.552001239 
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2183 Stenocercus guentheri Tropiduridae 34.94406027 3.553748505 

36 Pseudotyphlops philippinus Uropeltidae 35.40711688 3.566912842 

2143 Petrosaurus mearnsi Phrynosomatidae 35.48639626 3.569149419 

2359 Diploglossus lessonae Anguidae 36.02895876 3.584323025 

2328 Strophurus ciliaris Diplodactylidae 36.09995347 3.586291576 

128 Candoia superciliosa Boidae 36.76033428 3.604419391 

2214 Urostrophus vautieri Leiosauridae 37.1656044 3.615383721 

88 Lichanura trivirgata Boidae 37.63009403 3.627804103 

103 Sistrurus miliarius Viperidae 37.70038585 3.629670329 

2310 Temujinia ellisoni Fossil 38.14016566 3.641267944 

153 Nerodia sipedon Colubridae 38.21765839 3.64329767 

299 Lacerta viridis Lacertidae 38.37273246 3.647347115 

70 Liasis mackloti Pythonidae 38.52998025 3.651436646 

140 Heterodon platirhinos Colubridae 38.54140469 3.65173311 

2341 Tarentola americana Phyllodactylidae 38.81687566 3.658855092 

30 Micrurus fulvius Elapidae 39.0111948 3.663848651 

69 Dendroaspis polylepis Elapidae 39.15033918 3.667409086 

2378 Eulamprus quoyii Scincidae 39.43266669 3.674594577 

13 Causus rhombeatus Viperidea 39.66611078 3.68049719 

2110 Lepidophyma flavimaculatum Xantusiidae 40.17678436 3.693289325 

130 Corallus hortulanus Boidae 40.55027027 3.702542446 

2379 Psammodromus algirus Lacertidae 40.62498859 3.70438336 

285 Gambelia wislizenii Crotaphytidae 40.7331828 3.707043062 

151 Natrix natrix Colubridae 40.76345488 3.707785966 

2103 Lanthanotus borneensis Lanthanotidae 40.93182246 3.711907816 

282 Eumeces schneideri Scincidae 41.20388992 3.718532667 

222 Aspidoscelis tigris Teiidae 41.27664951 3.720296953 

271 Dipsosaurus dorsalis Iguanidae 41.46843138 3.724932448 

3 Agkistrodon contortrix Viperidea 41.9533692 3.736558744 

92 Eristicophis macmahoni Viperidae 41.95407588 3.736575589 

2238 Zonosaurus ornatus Gerrhosauridae 42.02862378 3.738350905 

2303 Priscagama gobiensis Fossil 42.47942991 3.749019957 

2272 Aciprion formosum Fossil 42.56040991 3.750924476 

55 Pantherophis guttatus Colubridae 42.59959879 3.751844835 

168 Psammophis sibilans Lamprophiidae 42.72938507 3.754886859 

2362 Gerrhonotus infernalis Anguidae 43.21185028 3.76611477 

11 Calabaria reinhardtii Boidae 43.22358503 3.766386296 

73 Xenodermus javanicus Xenodermatidae 43.56610927 3.774279538 

161 Pseudechis porphyriacus Elapidae 43.89437344 3.781786144 

279 Eublepharis macularius Eublepharidae 44.02926879 3.784854613 

125 Bothrops jararacussu Viperidae 44.0353777 3.784993349 

326 Agama agama Agamidae 44.46689982 3.794745088 

2141 Oplurus cyclurus Opluridae 44.58581051 3.797415658 

280 Eugongylus rufescens Scincidae 45.26957567 3.812635188 

15 Cylindrophis ruffus Cylindrophiidae 46.30722616 3.835298021 

293 Hemitheconyx caudicinctus Eublepharidae 47.11183195 3.852524179 

2156 Pristidactylus torquatus Leiosauridae 47.87061505 3.868501852 

2109 Leiosaurus catamarcensis Leiosauridae 48.12615491 3.87382579 
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51 Xenochrophis piscator Colubridae 48.52924397 3.882166585 

324 Aeluroscalabotes felinus Eublepharidae 48.67156081 3.885094893 

2108 Leiolepis triploida Agamidae 48.73650055 3.886428247 

14 Coluber constrictor Colubridae 49.25681049 3.897047642 

91 Chilabothrus striatus Boidae 49.37997739 3.899545026 

2254 Xenosaurus grandis Xenosauridae 49.49724797 3.901917071 

275 Elgaria multicarinata Anguidea 49.50939263 3.902162402 

2185 Teius teyou Teiidae 49.55443351 3.903071732 

43 Thamnophis marcianus Colubridae 49.84945615 3.909007587 

2116 Lialis burtonis Pygopodidae 50.25104376 3.917031318 

157 Pantherophis obsoletus Colubridae 50.52596059 3.922487275 

2313 Zapsosaurus sceliphros Fossil 51.2109616 3.935953603 

28 Loxocemus bicolor Loxocemidae 51.35090245 3.938682511 

2365 Kentropyx altamazonica Teiidae 51.6203072 3.943915146 

242 Calotes emma Agamidae 51.76979816 3.946806932 

44 Trimorphodon biscutatus Colubridae 51.8774035 3.94888331 

2155 Polychrus marmoratus Polychrotidae 52.517299 3.96114262 

2151 Physignathus cocincinus Agamidae 52.63911007 3.963459381 

2324 Bronchocela jubata Agamidae 52.6685566 3.964018628 

2207 Uranoscodon superciliosus Tropiduridae 52.80940651 3.966689328 

167 Daboia russelii Viperidae 53.19484332 3.973961462 

210 Amphisbaena alba Amphisbaenidae 53.79630499 3.985204784 

5 Anilius scytale Aniliidae 53.91183612 3.987350048 

2219 Varanus acanthurus Varanidae 54.20170653 3.992712394 

52 Xenopeltis unicolor Xenopeltidae 54.49371709 3.998085412 

263 Crotaphytus collaris Crotaphytidae 54.56542392 3.999400421 

23 Lampropeltis getula Colubridae 55.30936936 4.012942322 

241 Callopistes maculatus Teiidae 55.67762304 4.019578325 

2177 Shinisaurus crocodilurus Shinisauridae 55.78559152 4.02151562 

24 Laticauda colubrina Elapidae 55.96825382 4.024784634 

276 Enyalioides laticeps Hoplocercidae 57.56048387 4.052836288 

80 Ahaetulla prasina Colubridae 58.38132122 4.066995997 

174 Pseudoeryx plicatilis Colubridae 59.32847187 4.083089324 

234 Brachylophus fasciatus Iguanidae 59.5169983 4.086261957 

255 Chamaeleo laevigatus Chamaeleonidae 59.97867747 4.093989123 

2107 Leiolepis belliana Agamidae 60.05281788 4.095224473 

2167 Rhacodactylus auriculatus Gekkonidae 61.12973896 4.112998474 

121 Boa constrictor Boidae 61.46496126 4.118467277 

22 Homalopsis buccata Homalopsidae 61.8046213 4.12397814 

2152 Plica plica Tropiduridae 62.37962162 4.133238645 

173 Farancia abacura Colubridae 62.51781695 4.135451587 

260 Smaug mossambicus Cordylidae 62.8080192 4.14008276 

87 Bitis nasicornis Viperidae 63.34711993 4.148629443 

101 Python regius Pythonidae 64.93741882 4.173424019 

2245 Saltuarius cornutus Diplodactylidae 66.51090769 4.19736596 

48 Ungaliophis continentalis Boidae 66.70800946 4.200325028 

32 Naja naja Elapidae 66.84263847 4.202341177 

71 Oxyuranus scutellatus Elapidae 69.47330091 4.240942519 
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2104 Latastia longicaudata Lacertidae 69.63460489 4.243261641 

163 Pseudaspis cana Lamprophiidae 70.38265072 4.253946794 

261 Corytophanes cristatus Corytophanidae 73.3818659 4.295676846 

2140 Pseudopus apodus Anguidea 74.82056953 4.315092841 

2249 Saara hardwickii Agamidae 74.90681764 4.31624491 

59 Pachyrhachis problematicus Fossil 78.29453153 4.360477761 

172 Hydrops martii Elapidae 79.1490637 4.371332957 

2283 Eosaniwa koehni Fossil 79.42037353 4.374754929 

2347 Phoboscincus bocourti Scincidae 81.98786322 4.406571227 

225 Basiliscus basiliscus Corytophanidae 82.09441784 4.407870022 

97 Notechis scutatus Elapidae 82.83227889 4.416817827 

89 Corallus ruschenbergerii Boidae 84.33299192 4.434773152 

288 Broadleysaurus major Gerrhosauridae 84.86515941 4.441063637 

2332 Hypsilurus boydii Agamidae 85.79372313 4.451945847 

296 Hydrosaurus pustulatus Agamidae 88.06515147 4.478076898 

2154 Pogona vitticeps Agamidae 88.24270148 4.48009099 

6 Aspidites melanocephalus Pythonidae 89.87152053 4.498381101 

291 Heloderma suspectum Helodermatidae 91.90563032 4.520762293 

115 Bitis arietans Viperidae 94.50463594 4.548648891 

2221 Varanus gouldii Varanidae 95.09626028 4.554889645 

2220 Varanus exanthematicus Varanidae 98.47402083 4.589792765 

2180 Sphenodon punctatus Sphenodontidae 99.9007719 4.604177412 

53 Bothrops jararaca Viperidae 99.97932028 4.604963367 

251 Chamaeleo calyptratus Chamaeleonidae 101.2351204 4.617445736 

9 Bothrops asper Viperidae 101.7491856 4.622510821 

290 Heloderma horridum Helodermatidae 109.3080896 4.694170405 

2246 Tiliqua scincoides Scincidae 111.2689017 4.711949809 

126 Malayopython reticulatus Phytonidae 112.1977758 4.720263169 

2197 Tupinambis teguixin Teiidae 116.8030538 4.760489216 

264 Ctenosaura pectinata Iguanidae 118.2822063 4.773073348 

37 Python molurus Pythonidae 134.110865 4.898666809 

38 Python sebae Pythonidae 139.7387546 4.939774641 

2364 Iguana iguana Iguanidae 159.1266168 5.069700217 

57 Dinilysia patagonica Fossil 160.7608513 5.079917865 

62 Yurlunggur camfieldensis Fossil 193.2347434 5.263905737 

61 Wonambi naracoortensis Fossil 205.3190031 5.324564882 

2222 Varanus salvator Varanidae 218.8341312 5.388314051 

2302 Plotosaurus bennisoni Fossil 723.4586027 6.584043326 

2295 Mosasaurus hoffmanni Fossil 1953.282648 7.577266645 
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Supplementary Table 8 | List of centroid size and log-centroid size values (in mm) for all lizard, 
snake, and outgroup species used in the 3D analysis. Snake species are highlighted in grey. ID 
numbers are as in Supplementary Tables 1 and 2. 

ID Species Family Centroid Size Log-Centroid Size 

74 Indotyphlops braminus Typhlopidae 9551.349558 9.164437739 

27 Liotyphlops albirostris Anomalepididae 11257.28968 9.328771169 

25 Rena dulcis Leptotyphlopidae 16074.59583 9.684995406 

169 Typhlops richardi Typhlopidae 16289.85948 9.698298075 

146 Letheobia caeca Typhlopidae 17539.81607 9.772228779 

2357 Dibamus novaeguineae Dibamidae 17757.32125 9.784553175 

65 Anomochilus leonardi Anomochilidae 19612.60076 9.883927534 

160 Prosymna ambigua Lamprophiidae 22432.38898 10.01826113 

50 Uropeltis woodmasoni Uropeltidae 23040.15549 10.04499386 

138 Eirenis rothii Colubridae 23256.5797 10.05434337 

143 Hydrophis gracilis Elapidae 24077.86277 10.08904814 

217 Anniella pulchra Anniellidae 24821.56684 10.11946818 

131 Coronella austriaca Colubridae 24886.32728 10.12207383 

136 Duberria lutrix Lamprophiidae 31237.70624 10.34938118 

600 Aparallactus modestus Lamprophiidae 33623.83861 10.42299058 

2373 Zootoca vivipara Lacertidae 34239.51599 10.44113569 

2215 Uta stansburiana Phrynosomatidae 36890.75511 10.51571626 

137 Eirenis decemlineatus Colubridae 38492.11459 10.55820868 

159 Polemon gabonensis Lamprophiidae 38545.12897 10.55958501 

112 Arrhyton taeniatum Colubridae 39562.44847 10.58563568 

154 Opisthotropis latouchii Colubridae 39623.08006 10.58716706 

110 Amblyodipsas unicolor Lamprophiidae 39778.38556 10.59107897 

139 Eryx jaculus Boidae 39932.31318 10.59494113 

135 Dasypeltis scabra Colubridae 40031.04245 10.59741049 

609 Brookesia brygooi Chameleonidae 41217.60895 10.62662085 

109 Acrochordus granulatus Acrochordidae 42132.92488 10.64858478 

608 Anolis sagrei Dactyloidae 42689.39029 10.6617057 

113 Atractaspis boulengeri Lamprophiidae 43698.67906 10.68507315 

164 Scaphiodontophis annulatus Colubridae 43724.54974 10.685665 

158 Pareas carinatus Pareatidae 43894.36207 10.68954116 

165 Sibynophis collaris Colubridae 45007.23072 10.71457844 

248 Celestus enneagrammus Anguidea 45071.78018 10.71601161 

12 Casarea dussumieri Bolyeriidae 46826.29742 10.75420023 

111 Aplopeltura boa Pareatidae 47025.86335 10.75845301 

249 Chalarodon madagascariensis Opluridae 48713.29743 10.79370732 

45 Tropidophis haetianus Tropidophiidae 48772.53169 10.79492256 

147 Lycodon aulicus Colubridae 49157.97947 10.80279446 

2106 Leiocephalus barahonensis Leiocephalidae 50045.45031 10.82068688 

2205 Uma scoparia Phrynosomatidae 52330.64381 10.8653374 

114 Azemiops kharini Viperidae 52431.58513 10.86726446 

48 Ungaliophis continentalis Boidae 53386.62222 10.88531547 

601 Homalopsis buccata Homalopsidae 53498.18649 10.88740303 

132 Cylindrophis melanotus Cylindrophiidae 53668.74242 10.89058603 
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2371 Tropidurus torquatus Tropiduridae 53788.92569 10.89282288 

611 Draco volans Agamidae 55554.12694 10.92511308 

2150 Phymaturus palluma Liolaemidae 55918.24788 10.93164604 

605 Tarentola mauritanica Phyllodactylidae 56633.32772 10.94435292 

128 Candoia superciliosa Boidae 59208.51989 10.98882073 

250 Chalcides ocellatus Scincidae 62285.2042 11.03947918 

607 Agama hispida Agamidae 62432.52764 11.04184169 

108 Acanthophis antarcticus Elapidae 62492.96196 11.04280922 

140 Heterodon platirhinos Colubridae 63013.217 11.05109978 

2365 Kentropyx altamazonica Teiidae 63532.47667 11.0593065 

2103 Lanthanotus borneensis Lanthanotidae 65537.94238 11.09038453 

120 Boaedon fuliginosus Lamprophiidae 65946.97516 11.09660629 

285 Gambelia wislizenii Crotaphytidae 66098.46832 11.09890085 

2378 Eulamprus quoyii Scincidae 67431.99919 11.11887495 

11 Calabaria reinhardtii Boidae 69160.63714 11.14418715 

130 Corallus hortulanus Boidae 69864.25539 11.15430943 

610 Bronchocela jubata Agamidae 70174.78485 11.15874434 

151 Natrix natrix Colubridae 73522.01902 11.20534022 

125 Bothrops jararacussu Viperidae 74155.40682 11.21391826 

28 Loxocemus bicolor Loxocemidae 74417.58527 11.21744755 

2362 Gerrhonotus infernalis Anguidae 74676.02482 11.22091437 

168 Psammophis sibilans Lamprophiidae 74700.22937 11.22123844 

161 Pseudechis porphyriacus Elapidae 75704.78851 11.23459669 

2156 Pristidactylus torquatus Leiosauridae 77860.54261 11.26267459 

153 Nerodia sipedon Colubridae 78751.49054 11.27405248 

2207 Uranoscodon superciliosus Tropiduridae 83006.87669 11.32667874 

52 Xenopeltis unicolor Xenopeltidae 85189.57272 11.35263432 

2254 Xenosaurus grandis Xenosauridae 85625.87789 11.35774283 

263 Crotaphytus collaris Crotaphytidae 86085.00793 11.36309055 

2219 Varanus acanthurus Varanidae 87373.3877 11.37794603 

604 Pogona barbata Agamidae 89639.03812 11.4035462 

167 Daboia russelii Viperidae 90083.91889 11.40849695 

606 Tiliqua scincoides Scincidae 91337.39322 11.42231555 

157 Pantherophis obsoletus Colubridae 91469.71091 11.42376317 

23 Lampropeltis getula Colubridae 92986.43672 11.44020892 

2177 Shinisaurus crocodilurus Shinisauridae 94642.08746 11.45785756 

121 Boa constrictor Boidae 96404.05245 11.47630352 

234 Brachylophus fasciatus Iguanidae 98701.10458 11.49985142 

276 Enyalioides laticeps Hoplocercidae 100289.8867 11.51582014 

115 Bitis arietans Viperidae 116517.4568 11.66579638 

225 Basiliscus basiliscus Corytophanidae 122608.8829 11.71675475 

2249 Saara hardwickii Agamidae 124348.729 11.73084523 

6 Aspidites melanocephalus Pythonidae 142763.1384 11.86894216 

291 Heloderma suspectum Helodermatidae 159630.2429 11.98061544 

603 Python bivittatus Pythonidae 192889.284 12.16987165 

126 Malayopython reticulatus Phytonidae 202721.0409 12.21958613 
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Supplementary Table 9 | Allometric test. The percentage of shape predicted by size in both 2D and 
3D analyses (using lizards and snakes together or separately) is highlighted in bold. 

 Total Sum of Squares (SS) Predicted SS  Residual SS % predicted 

Lizards and snakes (2D) 2.69 0.16 2.53 6.06 
Lizards and snakes (3D) 8.26 1.23 7.02 14.94 
Lizards (2D) 1.38 0.07 1.32 4.76 
Snakes (2D) 1.34 0.11 1.23 8.40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

45 
 

 Supplementary Table 10 | Phenotypic analysis of ontogenetic trajectories between two points (stage 
10 embryo and adult, see Supplementary Figure 8) in snake (S) versus lizard (L) species. The analysis 
assesses for differences in path length and angle of trajectories. 
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1) Ontogenetic lengths 
 
*Observed lengths: 
         L                  S  

   0.109     0.111  

 
*Pairwise absolute differences between lengths: 
                L                             S 

L        0.000      0.002 

S        0.002     0.000 

 
*Size effect: 
                L                             S 

L         0.000      0.066 

S         0.066      0.0000 

 
*p-values: 
           L      S 

L      1.00  0.94 

S      0.94 1.000 

 

2) Ontogenetic angles 
 
*Pairwise angles (in degrees): 
                L                             S 

L        0.000      43.683 

S        43.683     0.000 

 
*Size effect: 
                L                             S 

L         0.000      0.859 

S         0.859      0.000 

 
*p-values: 
           L      S 

L      1.00  0.65 

S      0.65 1.00 
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Supplementary Table 11 | Angles, lengths, and slopes of pooled snake and lizard ontogenetic 
trajectories (between stage 10 embryo and adult, see Supplementary Figure 10) from the regression 
of shape on log-centroid size. 
 

Regression analysis 

  Slope Length Angle 

 n Mean St Dev Mean St Dev Mean St Dev 

Lizards 

Snakes 

16 0.06 0.05 0.74 0.35 3.24 2.56 

13 0.19** 0.07 0.92 0.41 10.58** 3.65 

** p-value (t-test) < 0.01 
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Supplementary Table 12 | List of post-oviposition incubation periods for oviparous lizard (L) and 
snake (S) species (only one representative species per genus) at similar temperature (30 +/- 10C). 
Snake species are highlighted in grey. 

Group Species Temperature (°C)* Duration (days)* Family 

L Acanthocercus atricollis 30 75 Agamidae 

L Agama impalearis 30 54 Agamidae 

L Calotes versicolor 30 37 Agamidae 

L Chlamydosaurus kingii 29.5 62.5 Agamidae 

L Ctenophorus decresii 30.5 59 Agamidae 

L Draco spilopterus 29 36 Agamidae 

L Hydrosaurus amboinensis 30 78.5 Agamidae 

L Paralaudakia caucasia 30 72 Agamidae 

L Leiolepis guttata 30 64 Agamidae 

L Phrynocephalus mystaceus 30 61 Agamidae 

L Physignathus cocincinus 30 101 Agamidae 

L Pogona vitticeps 30 60 Agamidae 

L Trapelus mutabilis 30 61 Agamidae 

L Tympanocryptis tetraporophora 30 48 Agamidae 

L Uromastyx acanthinura 30 99.5 Agamidae 

L Pseudopus apodus 30 52 Anguidae 

L Chamaeleo africanus 30 183 Chamaeleonidae 

L Furcifer antimena 30 360 Chamaeleonidae 

L Basiliscus basiliscus 30 98 Corytophanidae 

L Laemanctus longipes 30 64 Corytophanidae 

L Crotaphytus collaris 30 86 Crotaphytidae 

L Gambelia wislizenii 30 60 Crotaphytidae 

L Anolis bimaculatus 30 43 Dactyloidae 

L Coleonyx brevis 30 70 Eublepharidae 

L Hemidactylus mabouia 30 60 Eublepharidae 

L Chondrodactylus angulifer 30 85 Gekkonidae 

L Geckolepis typica 30 45 Gekkonidae 

L Hemidactylus brookii 30 55 Gekkonidae 

L Homopholis mulleri 30 80 Gekkonidae 

L Lepidodactylus lugubris 30 100 Gekkonidae 

L Lygodactylus pictus 30 78 Gekkonidae 

L Pachydactylus tsodiloensis 30 49 Gekkonidae 

L Phelsuma borbonica 30 64 Gekkonidae 

L Stenodactylus sthenodactylus 30 80 Gekkonidae 

L Uroplatus phantasticus 30 61 Gekkonidae 

L Broadleysaurus major 30 77 Gerrhosauridae 

L Neusticurus bicarinatus 30 86 Gymnophthalmidae 

L Heloderma horridum 30 170 Helodermatidae 

L Conolophus subcristatus 30 105 Iguanidae 

L Ctenosaura bakeri 29.5 90.5 Iguanidae 

L Cyclura collei 29.5 85 Iguanidae 

L Iguana delicatissima 30 119.5 Iguanidae 

L Sauromalus ater 29.5 83.5 Iguanidae 

L Gallotia galloti 30 90 Lacertidae 

L Lacerta agilis 29.5 34 Lacertidae 
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L Darevskia armeniaca 30 55 Lacertidae 

L Archaeolacerta bedriagae 30 40 Lacertidae 

L Dinarolacerta mosorensis 30 19 Lacertidae 

L Dalmatolacerta oxycephala 30 49 Lacertidae 

L Parvilacerta parva 30 33 Lacertidae 

L Omanosaura jayakari 30 94 Lacertidae 

L Podarcis muralis 30 27 Lacertidae 

L Teira dugesii 30.5 51 Lacertidae 

L Timon lepidus 30 88 Lacertidae 

L Petrosaurus thalassinus 29.5 56 Phrynosomatidae 

L Phrynosoma asio 30 80.5 Phrynosomatidae 

L Sceloporus scalaris 30 44 Phrynosomatidae 

L Uta stansburiana 30 47 Phrynosomatidae 

L Asaccus platyrhynchus 30 48 Phyllodactylidae 

L Ptyodactylus hasselquistii 30 85.5 Phyllodactylidae 

L Tarentola mauritanica 30 90 Phyllodactylidae 

L Polychrus marmoratus 30 133 Polychrotidae 

L Ctenotus taeniolatus 30 40 Scincidae 

L Bassiana duperreyi 30 29 Scincidae 

L Eumeces algeriensis 30 47 Scincidae 

L Lampropholis guichenoti 30 27.5 Scincidae 

L Morethia adelaidensis 30 29 Scincidae 

L Scincus scincus 29.4 64 Scincidae 

L Gonatodes albogularis 30 72 Sphaerodactylidae 

L Saurodactylus mauritanicus 30 60 Sphaerodactylidae 

L Teratoscincus microlepis 30 75 Sphaerodactylidae 

L Tupinambis teguixin 30 171 Teiidae 

L Varanus bengalensis 30 170 Varanidae 

S Calabaria reinhardtii 30.5 37.5 Calabariidae 

S Boiga dendrophila 30 92 Colubridae 

S Hemorrhois hippocrepis 30 66 Colubridae 

S Coniophanes fissidens 30 53 Colubridae 

S Coronella girondica 30 51 Colubridae 

S Dasypeltis scabra 30 90 Colubridae 

S Dipsas articulata 30 85 Colubridae 

S Orthriophis cantoris 30 102 Colubridae 

S Pantherophis guttatus 30 60 Colubridae 

S Farancia abacura 30 57 Colubridae 

S Gonyosoma oxycephalum 30 115 Colubridae 

S Heterodon nasicus 30 59 Colubridae 

S Lampropeltis getula 30 75 Colubridae 

S Erythrolamprus poecilogyrus 30 93 Colubridae 

S Liopholidophis dolicocercus 30 59 Colubridae 

S Coluber flagellum 30 79 Colubridae 

S Natrix matrix 30 63 Colubridae 

S Philodryas patagoniensis 30 59 Colubridae 

S Pituophis lineaticollis 30 68 Colubridae 

S Ptyas mucosa 30 60 Colubridae 

S Rhabdophis tigrinus 30 47 Colubridae 

S Rhinocheilus lecontei 30 68 Colubridae 
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S Sonora semiannulata 30 56 Colubridae 

S Spalerosophis diadema 30 84 Colubridae 

S Spilotes pullatus 30 56 Colubridae 

S Telescopus fallax 30 71 Colubridae 

S Thrasops jacksonii 30 84.5 Colubridae 

S Aspidelaps scutatus 30 67 Elapidae 

S Bungarus caeruleus 29.5 60 Elapidae 

S Cacophis squamulosus 30 74 Elapidae 

S Demansia vestigiata 30 67 Elapidae 

S Dendroaspis angusticeps 30 107 Elapidae 

S Naja haje 30 77 Elapidae 

S Oxyuranus scutellatus 30 71.5 Elapidae 

S Pseudechis australis 30 68 Elapidae 

S Pseudonaja modesta 30 61 Elapidae 

S Vermicella intermedia 30 59 Elapidae 

S Boaedon fuliginosus 30 60 Lamprophiidae 

S Malpolon monspessulanus 30 60 Lamprophiidae 

S Xenocalamus transvaalensis 30 55 Lamprophiidae 

S Pareas carinatus 30 62 Pareatidae 

S Aspidites melanocephalus 30 58 Pythonidae 

S Bothrochilus albertisii 30 68 Pythonidae 

S Leiopython albertisii 30 60 Pythonidae 

S Simalia boeleni 30 71 Pythonidae 

S Liasis fuscus 30 52 Pythonidae 

S Morelia amethistina 30.5 85 Pythonidae 

S Python curtus 30.5 65.5 Pythonidae 

S Malayopython reticulatus 30 87.5 Pythonidae 

S Anilios australis 29.5 58 Typhlopidae 

S Cerastes cerastes 30 48 Viperidae 

S Lachesis muta 30 61 Viperidae 

S Macrovipera lebetina 30 42 Viperidae 

S Pseudocerastes fieldi 30 17 Viperidae 

S Xenopeltis unicolor 30 76 Xenopeltidae 

* mean value of temperature and/or number of days 
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Supplementary Table 13 | Analysis of variance (ANOVA) of the embryonic period (incubation 
period, see Supplementary Table 12) in lizards and snakes. 

Duration of development 

 df Sum Square Mean Square F-value P(>F) 

Group 

Residuals 

1 2160 2160.4 1.51 0.22 

126 179990 1428.5   
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Supplementary Table 14 | Discrete character coding of the ossification levels of both frontal and 
parietal bones in stage 10 snake and lizard embryos. Increasing score number (0-3) and grayscale 
intensity reflect more advanced ossification level (see legend and 3D rendered skull examples of 
analyzed species with their associated skull bone ossification color codes). New specimens produced 
by this work are highlighted in bold.  

Group Family Last stage of development** 
Ossification 

of frontal* 

Ossification 

of parietal* 
Reference 

Outgroup Sphenodontidae Sphenodon punctatus 3 2 Howes and Swiknertok 190195 

Lizard Agamidae Pogona vitticeps 0 0 This work 

Lizard Anguidae Anguis fragilis 1 0 This work 

Lizard Anguidae Celestus costatus 2 2 This work 

Lizard Chamaleonidae Chamaeleo hoehnelii 1 0 Rieppel 199367 

Lizard Gymnophthalmidae Nothobachia ablephara 3 0 Roscito & Rodrigues 201277 

Lizard Gymnophthalmidae Calyptommatus sinebrachiatus 1 0 Roscito & Rodrigues 201277 

Lizard Gymnophthalmidae Vanzosaura rubricauda 1 0 Roscito 201078 

Lizard Iguanidae Iguana iguana 0 0 Lima 2015113 

Lizard Leiosauridae Anisolepis longicauda 0 0 Guerra-Fuentes 200683 

Lizard Leiosauridae Urostrophus vautieri 3 2 This work 

Lizard Liolaemidae Liolaemus scapularis 2 1 Lobo et al. 199585 

Lizard Phyllodactylidae Tarentola mauritanica 1 0 This work 

Lizard Scincidae Liopholis whitii 1 0 Hugi et al. 201091 

Lizard Scincidae Eulamprus quoyii 1 0 This work 

Lizard Scincidae Acontias meleagris 3 2 Brock 1941114 

Lizard Scincidae Chalcides chalcides 2 1 This work 

Lizard Scincidae Tiliqua nigrolutea 3 2 This work 

Lizard Teiidae Kentropyx altamazonica 0 1 This work 

Lizard Tropiduridae Tropidurus sp 0 0 Guerra-Fuentes 200683 

Lizard Varanidae Varanus panoptes 3 3 Werneburg et al. 201598 

Snake Achrocordidae Acrochordus granulatus 3 3 Rieppel & Zaher 200199 

Snake Boidae Candoia carinata 3 3 This work 

Snake Cylindrophiidae Cylindrophis ruffus 3 3 This work 

Snake Colubridae Lampropeltis getula 2 2 Digimorph 

Snake Colubridae Crotaphopeltis hotamboia 2 2 Brock 1929115 

Snake Colubridae Pantherophis obsoletus 3 3 This work 

Snake Colubridae Pantherophis guttatus 3 3 This work 

Snake Elapidae Hydrophis gracilis 3 3 This work 

Snake Elapidae Naja h. haje 3 2/3 Khannoon & Evans 2015116 

Snake Lamprophiidae Boaedon fuliginosus 3 2 This work 

Snake Pythonidae Python sebae 3 3 Boughner et al. 2007110 

Snake Typhlopidae Letheobia caeca 0 0 This work 

Snake Typhlopidae Typhlops richardi 0 0 This work 

Snake Viperidae Bothropoides jararaca 3 3 Polachowski & Werneburg 2013112 
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