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Supplementary Information Text

Institutional and Fieldwork Abbreviations

AMNH (FARB) American Museum of Natural History (Fossil Amphibians, Reptiles, Birds
Collection), New York, NY, U.S.A.

CAS California Academy of Sciences, San Francisco, CA, U.S.A.

CM Carnegie Museum of Natural History, Pittsburgh, PA, U.S.A.

FLMNH Florida Museum of Natural History, Gainesville, FL, U.S.A.

FMNH Field Museum of Natural History, Chicago, IL, U.S.A.

FRIM Forest Research Institute, Kepong, Malaysia

IGM Geological Institute, Mongolian Academy of Sciences, Ulaan Bataar, Mongolia

LACM Los Angeles County Museum, Los Angeles, CA, U.S.A.

MAE Mongolia-AMNH Expedition

MCZ Museum of Comparative Zoology, Cambridge, MA, U.S.A.

MNHN Muséum national d’Histoire naturelle, Paris, France

NHMUK Natural History Museum, London, U.K.

ROM Royal Ontario Museum, Toronto, Canada

TNHC Texas Memorial Museum, Austin, TX, U.S.A.

UCMP University of California Museum of Paleontology, Berkeley, CA, U.S.A.

UMMZ University of Michigan Museum of Zoology, Ann Arbor, MI, U.S.A.

USNM National Museum of Natural History, Washington, DC, U.S.A.

UTA University of Texas at Arlington, Arlington, TX, U.S.A.

YPM Yale Peabody Museum, New Haven, CT, U.S.A.

ZFMK Zoologisches Forschungsmuseum Alexander Koenig, Bonn, Germany

ZMB Zoological Museum of Berlin, Berlin, Germany

ZPAL Institute of Paleobiology, Warsaw, Poland

Taxonomic Sampling

To sample the taxonomic and phylogenetic breadth of Squamata efficiently, we assessed the taxonomic
coverage of existing scan data from DigiMorph (digimorph.org) representing 129 extant species and
supplemented with scans of 45 additional extant taxa from Museum fiir Naturkunde (Berlin, Germany),
Museum for Comparative Zoology (Cambridge, MA, USA), and Morphosource to fill gaps in sampling at
our targeted level. When the taxonomic name specified on a specimen was absent or mismatched in the
phylogenetic tree, the name was replaced with updated nomenclature in accordance with The Reptile
Database (reptile-database.org) or with the closest relative sampled in the tree (SI Appendix, Table S2).
We ensured that the sampled specimens exhibited sufficient somatic maturity and all regions of interest.
Accordingly, specimens with cranial osteoderms inseparable from skull bones, even with CT data, were
removed from sampling (e.g., Anguis, Gerrhonotus, Gerrhosaurus, Ophiodes, Ophisaurus, Podarcis).
The sex of the specimens was not considered.

For extinct groups, we surveyed the existing literature and online databases (primarily
DigiMorph) to identify fossil skulls of squamates that are complete, fully articulated, and minimally
deformed. Three-dimensional (3-D) skull reconstructions were created from surface and CT data of fossil
specimens that are potentially suitable for the study. Newly scanned specimens for this study included
Carusia intermedia (IGM 3/17), Ctenomastax parva (IGM 3/62), Dyticonastis rensbergeri (UCMP
76881), Eosaniwa koehni (FMNH XXXVI1/57), Estesia mongoliensis (AMNH FARB 29072), Gambelia
corona (LACM 42880), Globaura venusta (IGM 3/164), Helodermoides tuberculatus (CMNH 51344),
Hymenosaurus clarki (1GM 3/53), Isodontosaurus gracilis (IGM 3/84), Listromycter leakeyi NHMUK R
8292), Lophocranion rusingense (NHMUK R 8293), Peltosaurus granulosus (AMNH FARB 42193),
Phrynosomimus asper (IGM 3/181), Platecarpus coryphaeus (SMF R417), Plotosaurus bennisoni



(UCMP 32778), Polyglyphanodon sternbergi (USNM 16588), Priscagama gobiensis (MAE 98-154),
Pyramicephalosaurus cherminicus (IGM 3/130), and Slavoia darevskii (ZPAL MgR-1.112). uCT data of
Hyporhina antiqua (YPM 11390) and Spathorhynchus fossorium (USNM 26318) were taken from a
previous study (1). Of the specimens scanned, only seven of the specimens exhibited adequate
preservation and preparation to collect coordinate data for the study: Estesia, Gambelia, Hyporhina,
Plotosaurus, Polyglyphanodon, Slavoia, and Spathorhynchus. The final dataset analyzed in this study
comprises a total of 181 taxa, with 109 extant non-snake squamate species, 65 snake species, and seven
fossil squamate taxa (Table S2).

Scan Data

To enable efficient sampling of skull reconstructions, the scan data were collected from multiple sources
(see ‘Source’ in Table S2). Specimens from DigiMorph (digimorph.org) were scanned with an ACTIS
scanner at the High-Resolution X-ray Computed Tomography Facility at the University of Texas at
Austin, with the exception of Anelytropsis papillosus and Liotyphlops albirostris which were scanned at
Ambherst College using a Skyscan 1172 desktop p-CT scanner (Bruker microCT, Kontich, Belgium).
Author A.H. imaged specimens using the X-Tek scanner (X-tek Systems, Ltd., Amherst, NH, U.S.A.) at
Harvard University. At Museum fiir Naturkunde, specimens were scanned using a Phoenix nanotom X-
ray|s (General Electric, Boston, MA, U.S.A.). Some fossil specimens were scanned at the Microscopy and
Imaging Facility at the American Museum of Natural History. Furthermore, a Go!SCAN surface scanner
(Creaform, Lévis, Canada) was used to digitize a few of the fossil specimens. The scanning parameters
differ across specimens from attempts to optimize the quality of the scans for individual specimens.
Although variation in scan resolution (and contrast for CT imaging) could introduce slight differences in
resulting reconstructions, and thereby coordinate data, we considered such differences to be
inconsequential relative to the total variation in skull shape across squamates.

3-D Reconstructions

VGStudio MAX (Volume Graphics, Heidelberg, Germany) was used to segment and create skull
reconstructions for specimens scanned at the High-Resolution X-ray CT Facility at The University of
Texas at Austin, Amherst College, and Museum fiir Naturkunde. Data of specimens scanned at Muséum
national d’Histoire naturelle and the American Museum of Natural History were segmented in Avizo (FEI
Visualization Sciences, Burlington, MA, USA). VXElements (Creaform, Lévis, Canada) was used to
process surface scan data recorded with Go!SCAN scanners and virtually stitch separate partial scans
taken from multiple sides (e.g., dorsal, ventral). In all cases, the resulting skull reconstructions were
exported as PLY files.

Next, we imported the PLY files into GeoMagic Wrap (3D Systems, Rock Hill, South Carolina,
USA) and prepared the 3-D skull reconstructions for the landmarking procedure. First, small holes, such
as foramina, were virtually filled by removing 1-2 polygon-wide rim of the hole and creating a surface
across the rim with the ‘Tangent mode’ of the ‘Fill Hole’ tool. We employed this mode for filling holes
because it does not modify the surrounding polygons (‘Curvature’ mode) while creating surfaces that
conform to the configuration of surrounding polygons (contra ‘Flat’ mode). After all small holes were
filled, small, isolated components were removed. Lastly, we used the ‘QuickSmooth’ function to make
the polygons more uniform in size. The processed reconstructions were then centered at the centroid and
exported as a PLY file.

Coordinate Data
The general protocol for collection of coordinate data follows Felice and Goswami (2). A.W. collected

landmark data only from specimens in visually neutral poses, where the articular surfaces and their
outlines are immediately adjacent to each other (see ‘Within-Landmark Analyses’). Detailed guidelines



for the procedure will be described in a future publication. Here, we describe aspects of the protocol that
are particularly relevant to this study.

We used the program Landmark Editor (3) (http://graphics.idav.ucdavis.edu/research/EvoMorph) to
virtually place landmarks and curve semi-landmarks that define and outline skull regions determined a
priori (Table S1). Evolutionarily homologous (Type I) landmarks were sampled to the extent possible.
However, due to the considerable phylogenetic and morphological breadth of the study, we adopted more
functional definitions for many regions that are applicable across squamates. At this step, liberal sampling
of curve semi-landmarks was collected in order to accurately follow the contours of regions (Fig. Sla).
Although the program is equipped with tools to place surface semi-landmarks, we elected to perform a
semi-automated procedure to place surface semi-landmarks on skull models, as described below. After
the placement of landmarks and curve semi-landmarks, the x, y, z coordinate data were exported as PTS
files.

We used available packages and code to subsample curve semi-landmarks and place surface semi-
landmarks in R (4). Because curve semi-landmarks were liberally sampled in Landmark Editor,
subsampling algorithm employed by Botton-Divet and colleagues (5) was used to sample far fewer
numbers of semi-landmarks along each path defined by dozens of existing semi-landmarks (Fig. S1b).
The amount of subsampled curve semi-landmarks for each curve was chosen to generally match the
density of surface semi-landmarks for that region (Table S1).

For the placement of surface semi-landmarks, we used the placePatch function in the Morpho R
package v2.5.1 (6). This function places surface (patch) semi-landmarks by fitting a template with surface
semi-landmarks and the same configuration of landmarks and curve semi-landmarks onto the coordinate
data of each specimen that consists of landmarks and curve semi-landmarks. The position of the surface
semi-landmarks is determined through a thin-plate spline method. To prevent the surface semi-landmarks
from being placed within a mesh (e.g., an internal anatomical structure, reverse side of external surface),
the user specifies an ‘inflate’ value to temporarily shift each surface semi-landmark along its normal to
the specified magnitude and subsequently ‘deflate’ until the point contacts a mesh surface.

During the course of the study, we found several factors critical to the success of the placePatch
function. First, for studies with morphologically disparate specimens, a simple geometric representation
of the skull and its partitions perform better as a template than using actual or mean skull shape. As such,
a 360 x 360 uniform-vertex sphere was created in Meshlab (7) and bisected in Blender (Stitching Blender
Foundation, Amsterdam, Netherlands) to create a hemispheric template mesh. The mesh, in PLY format,
was then imported into Landmark Editor to manually place the same configuration of landmarks and
curve semi-landmarks as on meshes of actual specimens (Fig. Slc,d). In addition, we placed semi-
landmarks with consistent density within each region of the template to be mapped on specimen meshes
as surface semi-landmarks.

Second, the accuracy of patching improved through stepwise application of the placePatch
function, instead of patching all surface semi-landmarks altogether. This approach allows the fitting of
template landmarks and semi-landmarks on actual specimens to occur within one or few regions, rather
than enforcing the entire landmark and curve semi-landmarks configuration of the template onto that of
the specimens. In some cases, however, an error occurred for largely unknown reasons when attempting
to patch within a single region. For these situations, we discovered that patching two or three regions
together resolved the issue (e.g., use of landmarks and curve semi-landmarks of the basioccipital and
occipital condyle to patch surface semi-landmarks on the basioccipital).

Third, some bones partially cover other regions of interest in various taxa. This results in the patching
algorithm placing surface semi-landmarks on adjacent bones rather than the region of interest. For
example, patching procedure led to spurious placements of surface semi-landmarks on the dorsal part of
the quadrate bone that overlies the squamosal and supratemporal bones in snakes and non-snake
squamates (hereby ‘lizards’), respectively. Likewise, the function often placed surface semi-landmarks for
the basioccipital region on the pterygoid and palatine in snakes. To rectify this issue in non-snake
squamates, we created skull models with the dorsal portion of the quadrate bone virtually removed for
accurate patching of the underlying squamosal while maintaining the patching of the jaw joint. For



snakes, we constructed similar models for patching the supratemporal, as well as another set of skull
meshes without the pterygoid and palatine for patching the basioccipital region. This approach allowed
the surface semi-landmarks to be inflated upon fitting the template onto the skull reconstructions without
being ‘deflated’ onto another bone.

Lastly, accurate patching required multiple, user-specified ‘inflate’ values across partitions and taxa
due to two main reasons. First, the ‘inflate’ argument in the placePatch function corresponds to unit
size. As such, multiple ‘inflate’ values were needed to accommodate the spectrum of size differences that
exist in our taxonomic sampling (centroid size range: 47.0 —4381.2 mm). Second, the large
morphological variation exhibited by each region necessitated varying ‘inflate’ values for accurate
placement of surface semi-landmarks. Without altering the “inflate” values, running the placePatch
function resulted in surface semi-landmarks outside of the region of interest (e.g., high inflation relative to
the size of the specimen and region) or on the underside of the mesh surface due to insufficient ‘inflate’
values. Although the use of a single ‘inflate’ scheme across all specimens is desired, we prioritized the
accuracy of landmark placement to minimize the loss of biologically meaningful morphometric data.

With these considerations, we performed the placePatch function with the following parameters:
ray=TRUE, tol=0, and relax.patch=FALSE. After patching of surface semi-landmarks, we
used the retroDeformMesh function in the Morpho R package (6) to retrodeform the coordinate
points and model of Estesia (AMNH 29072), which exhibits shearing. The retrodeformation was based on
the bilateral relationships of landmarks, and the semi-landmarks were translated with the transformation
of the landmarks. While Schlager and colleagues (8) recommend the use of semi-landmarks for the
retrodeformation procedure, we found that the use of only landmarks yielded visually more accurate
results possibly due to their overall stronger evolutionary and geometric equivalence compared to curve
and surface semi-landmarks. The accuracy and precision of different approaches to retrodeformation will
likely differ across datasets.

Shape Data

Once surface semi-landmarks were mapped to specimen meshes, the right-sided coordinate data were
mirrored, creating dummy left-sided coordinates (Fig. Sle). This was done to prevent artifacts of aligning
one-sided landmark data, where variation among midline points become exaggerated (9, 10). We utilized
the mirrorfill function in the paleomorph R package (11) to mirror the left-sided curve and
surface sliding semi-landmarks based on the bilateral relationships of the landmarks and the median plane
defined by the midline landmarks. The mirrored coordinate data were then subjected to a sliding curve
and surface semi-landmark alignment within each dataset (i.e., snakes, lizards, extant, combined) under
the criterion of minimizing total bending energy. We used the s1ider3d function in the Morpho R
package (6) to slide the left-sided semi-landmarks that are projected onto the mesh surfaces after each
iteration to ensure that their positions are informed by the actual specimens. Parameters specified for the
sliding procedure are the following: tol=1e-30, recursive=TRUE, iterations=3,
initproc=TRUE, bending=TRUE, stepsize=0.1. This function outputs a coordinate dataset
with slid semi-landmarks that restores the (centroid) size of specimens in the given coordinate data. We
then performed Procrustes analysis to extract centroid size and shape data using the gpagen function in
the geomorph R package (12, 13) on the slid coordinate data. The landmarks and sliding semi-
landmarks on the left-side were then removed (Fig. S1f).

Given the high disparity and mean rates in mobile elements (Fig. 4; SI Appendix, Fig. S6), additional
variation from tissue fixation of mobile elements must be considered despite our efforts to sample only
specimens in neutral poses. Two potential approaches for mitigating this factor is to standardize the
orientation across joints and to analyze shape data that have been aligned locally within each module.
Although these measures may be suitable for studies with a narrow taxonomic scope, they would
confound real biological differences in the relative positions of these mobile elements. In addition, there
is a good correspondence in shape variation between globally and locally aligned shape data (S7



Appendix, Table S12). The latter approach to shape analysis would lead to variance being incomparable
across modules due to creation of separate shape spaces. Because of these reasons, we performed analyses
on globally aligned coordinate data collected from specimens in visually neutral poses. We also anticipate
that the variation from fixation of mobile elements is proportionately small relative to the large
interspecific variation in skull shape and bone position.

Phylogenetic Tree

For comparative phylogenetic analyses, we constructed a time-calibrated phylogeny based on published
phylogenetic trees and fossil occurrence data. For extant taxa, we used the published time-calibrated tree
of squamates (14). We pruned the extant phylogeny to include only sampled taxa. Extinct taxa were
incorporated into the extant phylogeny manually using the equal-branching method (15) based on mean
age as reported in the Paleobiology Database (paleobiodb.org) and published systematic work. The
phylogenetic placement of fossil specimens to immediate taxonomic group was primarily based on a
comprehensive squamate phylogeny proposed by combined molecular and morphological data (16), with
placement of Hyporhina antiqua and Spathorhynchus fossorium based on the phylogeny of rhineurids put
forward by Hipsley and Miiller (1). It should be noted, however, that the phylogenetic placement of
mosasaurs and Slavoia within Squamata remains unclear. Mosasaurs have been placed as sister group to
Varaniformes and more derived than Shinisauridae (17), sister group to Scleroglossa (18), or more closely
related to Serpentes (19-21). With regard to overall skull shape, the mosasaur Plofosaurus resembles
varanoid taxa, including Varanus, Heloderma, and Estesia (Fig. S2) although whether this morphological
affinity reflects evolutionary history cannot be determined due to the possibility of convergence.
Likewise, Slavoia darevskii Sulimski 1984 from the Cretaceous of Mongolia has been problematic to
place phylogenetically (22). For the present study, we adopt the phylogenetic hypothesis of Reeder and
colleagues (16) with an understanding that a consensus will likely be established for the phylogenetic
relationship of these taxa in the future. Nevertheless, the impact of sampled fossil taxa on pattern of
covariation, variance, and evolutionary rates tends to be restricted to the extinct lineage. For instance, the
analysis infers elevated rates of evolution on the branches leading to extinct taxa (Fig. 3a) while inferred
rates remain similar for other branches when compared to the extant-only dataset (Fig. S5a). As such,
altering the phylogenetic positions of some fossil taxa is expected to yield consistent results for squamates
overall. Additionally, we performed analysis of cranial integration (‘Combined Dataset (Alternative
Topology)” in Table S7) and estimated rates (Fig. S5Sn—s) on an alternative topology where the mosasaur
Plotosaurus is placed as sister group to varanids, Polyglyphanodon is placed as sister group to Teiidae
and Gymnophthalmidae, and Estesia is placed as sister group to helodermatids (17). As anticipated, these
analyses yielded very similar results to the original topology. One difference is that the evolutionary rate
analysis supported OU model as the most likely model for the combined dataset, instead of BM+A model.
Nevertheless, the distribution of rates across the squamate phylogeny is nearly identical. Therefore, the
overall results and conclusions are robust to inclusion, removal, and phylogenetic placement of fossil
taxa.

Evolutionary Rates

We used BayesTraits V3 (23) (http://www.evolution.rdg.ac.uk/) to infer the rates of shape evolution along
each branch and identify notable shifts in rate while considering various evolutionary models. Ideally,
shape evolution should be evaluated with a full set of Procrustes coordinates but currently available
methods do not allow model fitting with high-dimensional continuous data (24). Thus, we performed
separate principal components (PC) analysis on the lizard, snake, extant, and combined datasets and
within each module to extract PC axes that account for 95% of the variation (Table S3). Then, the PC
scores were multiplied by 1000 to prevent underflow during analysis. For each PC shape dataset, we
evaluated the fit of five evolutionary models: Ornstein-Uhlenbeck, Brownian motion (BM), and BM with
delta, kappa, and lambda transformations. The analyses were run with ‘independent contrasts’ to make the



computational time more feasible than using generalized least-squares method with Markov chain Monte
Carlo algorithm for parameter space search. Additional parameters include variable rates (‘varrates’) to
estimate a separate rate of evolution for each branch and 500 stones with 10,000 iterations each for
efficient estimation of marginal likelihoods (25). Analyses of skull shape data (i.e., lizard, snake, extant,
combined datasets) consisted of 5,500,000 iterations, with the first 500,000 iterations removed as burn-in,
to accommodate the more complex shape variation and larger number of PC axes. Within-module
analyses comprised 1,010,000 iterations, with the first 10,000 iterations removed as burn-in.

Functions in the BTRtools package (https://github.com/hferg/btrtools) were used to process the
output files from BayesTraitsV3. Comparisons among the five evolutionary models was based on Bayes
Factor. To construct rate through time plots, the phylogenetic tree was subdivided into one-million-year
time bins and the mean rate calculated across all branches in the time bin. Calculations of mean
evolutionary rates across the skull and modules were based on full shape space using the
compare.multi.evol.rates in the geomorph R package based on BM model of evolution (26). Assuming
the same evolutionary model allows for standard comparison of mean rates across modules.

Ecological and Life History Traits

Trait data were collected for extant taxa from existing literature (Table S5). While ecological traits are
often difficult to define categorically, we used the following definitions:

Locomotion:

e Ground dweller/swimmer: species that spend time in water and on the ground lacking evidence
for clear preference for either.

e Ground dweller/digger: species that spend time locomoting on the ground and that regularly dig.

e Ground dweller/climber: species that spend both times locomoting on the ground and climbing on
tree or rocks lacking evidence for clear preference for either.

e Climber: species that spend the majority of their time climbing in trees or on rocks.

e Swimmer: species spending majority of their time swimming.

e Ground dweller: species that spend the most part of their time locomoting on the ground, but
occasionally climb, swim or dig.

e Digger: species that spend the most part of their time digging or locomoting in burrow.

e Litter dweller: species that spend the most part of their time locomoting in litter.

e Climber/glider: species that spend the majority of their time climbing in trees and gliding from
one tree to another.

Habitat:

e Terrestrial: species that spend the most part of their time on the ground, but occasionally climb,
swim or dig.

e Fossorial: species that spend the majority of time on burrows.

e Semi-fossorial: species that spend the majority of time on the ground, but regularly dig burrows
or dig to find food.

e Aquatic: species that spend the most of their time in water to forage, escape, disperse.

e Semi-aquatic: species that spend both times in water and on the ground without a clear preference
for either.

e Arboreal: species that spend the majority of their time in trees.

e Semi-arboreal: species that spend both time in trees and on the ground without a clear preference
for either.

e Semi-aquatic/Semi-fossorial: species that spend times on the ground, but regularly dig burrows or
dig to find food as well as foraging and disperse in water.



e Terrestrial saxicolous: species that spend both times on rocky environment and on the ground
without a clear preference.

e Saxicolous: species that spend the majority of their time on rocky environment.

e Leaf litter: species that spend the majority of their time on the leaf litter.

Diet:
e Invertivore: species that mainly eat invertebrate prey.
e Carnivore: species that mainly eat vertebrate prey.
e Herbivore: species that mainly eat plants.
e Omnivore: species that eat vertebrate and invertebrate prey in addition to feeding on a variety of

fruits, eggs, and other foods.

Reproductive mode:
e Opviparous: species that lay eggs.
e Viviparity: species that retain developing eggs inside the maternal body (either reproductive tracts
or body cavity) giving birth to a free-living newborn. Due to only few taxa in the category,
ovoviviparous species were considered to be viviparous.

For reproductive mode, we analyzed viviparous and oviparous taxa although we acknowledge that
viviparity in squamates is characterized as a continuum (27). However, detailed information reflecting the
reproductive spectrum is not known for many squamate taxa. Therefore, we relied on categories recorded
across squamates in previously published literature and have been used in previous studies.

We plotted mean evolutionary rates for each trait value and partition to visualize any large-scale
patterns (Fig. S6). To test for significant predictors of skull shape, we performed phylogenetic generalized
least squares (PGLS) analyses on full shape data and trait data using the procD.pgls function in
geomorph (Table S6). Some of the more complex categories (“Ground dweller/Swimmer/Digger” and
“Swimmer/Climber/Ground dweller”) were assigned as a “generalist” because they were represented by
one or two species. However, other categories with multiple assignments were used in our analyses
because our high-density morphometric approach, compared to traditional morphometric data, has the
capacity to reveal subtle shape differences among these complex categories. Combining these discernible
ecological differences into one category (i.e., “generalist”) would likely obfuscate genuine signal in our
data. Ideally, we would perform analyses that account for overlap of ecological trait categories but
existing methods (e.g., PGLS analysis) cannot currently account for this issue. A solution is to analyze
percentages of habitat occupation or stomach content types, but adequately detailed data are not available
for most squamate taxa.

Cranial Integration

To assess the degree of cranial integration, we employed existing computational tools that are robust to
high-dimensional morphometric data. Lizard, snake, extant-only, and combined extant and extinct
datasets were subjected to EMMLI, a maximum-likelihood approach, and analysis based on covariance-
ratio (CR) with and without phylogenetic correction of the data. For non-phylogenetically informed
analyses, CR and EMMLi generated mostly congruent results. In lizards, relatively high correlation and
covariation exist between the frontal and parietal, jugal and jaw joint, supra-otoccipital, basioccipital, and
occipital condyle, and pterygoid and palatine. Snakes show elevated covariation and correlation between
the occipital elements (i.e., supra-otooccipital, basioccipital, occipital condyle) and, in contrast with
lizards, between the jaw joint with supra-otoccipital, pterygoid, and occipital condyle. The extant dataset
shows high covariation and correlation between the jaw joint and basioccipital, jaw joint and pterygoid,
basioccipital and pterygoid, and occipital elements. Although there are some differences between results
from CR and EMMLI, the general patterns are consistent.



Despite recent methodological efforts to mitigate statistical issues related to high-dimensional data
(“curse of dimensionality” (24, 28)), analysis of such phenotypic data remains challenging. As such, the
robustness of statistical results based on high-dimensional datasets requires evaluation. To assess the
reliability of the pattern of correlation among regions, we performed EMMLIi on datasets subsampled to
10% of the total landmark + sliding semi-landmark dataset for 100 iterations, with a minimum of five
landmarks retained for each module. We further analysed the landmark-only dataset with the same
partitions, with the exception of the occipital condyle, which was defined by only two landmarks. The
correlation patterns for both subsets are consistent with the results from the full dataset (Fig. S9),
supporting that the cranial modules identified in this study are robust to dataset dimensionality.

With the characterization of highly disparate morphologies, another potential issue with the shape
data is that Procrustes alignment may artifactually spread the variance across the entire skull, such that
comparisons of Procrustes coordinates deviate from biological signal. For instance, analysis of modularity
and within-partition variation in this study are based on shape coordinates from single, global alignment
of the entire skull. As such, the differences in Procrustes coordinates could be due to changes in relative
position of the partition to the rest of the skull and not necessarily due to changes in shape within the
partition. To optimize the interpretability of results by retaining the spatial relationships of landmark
points, we did not perform analyses on Procrustes coordinates from separate, local alignments within each
region or module (29). Nevertheless, the effect of this artifact must be addressed. First, the use of high-
dimensional morphometric data with sliding semi-landmarks that densely captures the morphology of
structures across the skull will mitigate the “Pinocchio effect” (30), where variance in isolated landmark
points positioned at the extremes of structures (e.g., anterior tip of the rostrum) is redistributed across
other landmark points. Yet, certain regions, such as the jaw joint, may be susceptible to the alignment
artifact. To evaluate its impact, we performed a two-block partial least squares analysis (31) within each
module to confirm the correspondence between globally and locally aligned datasets. With the exception
of the jugal, all partitions showed correlation coefficients R > 0.7 and P < 0.001 (Table S12). In addition,
changes in relative position of partitions is biologically meaningful information that we want to
characterize in our analyses.
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Table S1. Landmark (LM), curve semi-landmarks (curve sLLMs), and surface semi-landmark
(surface sLMs) scheme used in this study. LMs and sLM on the jugal and surface sLMs on the
pterygoid and palatine were removed for snake and pooled squamate datasets. Combined extant and
extinct dataset includes premaxilla, maxilla, frontal, parietal, and supra-otoccipital partitions.

Partition No. surface sSLMs | LM Landmark definition No. curve sLMs
Premaxilla 39 1 Right anterior-most median point of premaxilla 1-2: 10
2 Right posterior-most median point of premaxilla 2—3:10
3 Right dorsal point on ventral premaxilla-maxilla suture 354:5
4 Right ventral point on ventral premaxilla-maxilla suture 4-1:10
Nasal 42 5 Right anteromedial-most point of nasal 5—6: 10
6 Right posteromedial most point of nasal 6—7: 10
7 Right posterolateral most point of nasal 7—8: 10
8 Right anterolateral point that meets the naris 8§->5:10
Maxilla 92 9 Right premaxilla-maxilla-naris junction on maxilla 9—-10: 10
10 | Right posteromedial point of the maxilla 10—11: 20
11 | Right posterior-most point of the maxilla 11-12: 20
12 | Right anteroventral point of maxilla-nasal suture 12—>13:5
13 | Right anterodorsal point of maxilla-nasal suture 1359: 10
Jugal 31 14 | Right anterior jugal-orbital margin junction 14—15: 20
15 | Right posterodorsal point of the jugal 15—>16: 20
16 | Right posterior-most point of jugal 16—14: 20
Frontal 86 17 | Right anteromedial point of frontal 17—-18: 10
18 | Right posterior medial-most point of frontal 18—19: 10
19 | Right posterolateral point of frontal meeting parietal 19—20: 10
20 | Right anterolateral corner of frontal 20—17: 10
Parietal 34 21 | Right anterior median point of parietal 21-22:20
22 | Right posterior median point 22—23: 10
23 | Right posterolateral point 23—24: 20
24 | Right anterolateral point meeting frontal 24—-21: 10
Squamosal 19 25 | Right anterior-most point 25-26: 10
26 | Right posterodorsal (medial) most point 26—27: 10
27 | Right posteroventral (lateral) most point 27—25: 10
Jaw Joint 18 28 | Right anteromedial point of mandibular articular process 28—29:5
29 | Right posterolateral point of mandibular articular process 29—-30: 5
30 | Right posteromedial point of mandibular articular surface 30—->31:5
31 | Right anterolateral point of mandibular articular surface 31528:5
Supra- 67 32 | Right dorsal median point of supraoccipital 32—33: 10
Otooccipital 33 | Right dorsal median point of foramen magnum 33-534: 10
34 | Right ventral median point of foramen magnum (basion) 34—-35: 10
35 | Right ventrolateral most point of oto-basioccipital suture 35536: 10
36 | Right ventral otoccipital-squamosal junction 36—32: 20
Basioccipital 58 37 | Right median basioccipital-occipital condyle junction 37-38: 20
+ 38 | Right anterior-most median point of (basi)sphenoid 38—39: 10
Basisphenoid 39 | Right medial sphenoid-pterygoid junction or process 39—-40: 20
40 | Right postero-lateral most point of oto-basioccipital suture 40—-37: 10
Pterygoid 39 41 | Right medial anteroventral point of pterygoid 41—-42: 10
42 | Right posterior-most point of pterygoid 42—-43: 20
43 | Right lateral anteroventral point of pterygoid 43—-41: 20
Palatine 33 44 | Right posteroventro-medial point of palate 44—45: 10
45 | Right posteroventro-lateral point of palate 45—46: 20
46 | Right medial ventral palate-maxilla junction 46—47: 10
47 | Right lateral ventral palate-maxilla junction 47—-44: 20
— 48 | Right ventral premaxilla-tooth row junction —
Occipital 22 — | = 34-37:5
condyle 37-534: 10
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Table S2. List of specimens sampled in this study. Taxonomic designation based on Zheng and Wiens (14). Source signifies whether the skull
reconstructions are based on computed tomography (CT) data from the Digital Morphology (DigiMorph) database (digimorph.org), surface data
collected by Go!Scan scanner, MorphoSource (morphosource.org), computed tomography (CT) data collected by authors of this study (i.e., Herrel
CT by A. H., Miiller CT by J. M., and MfN CT by A.W. at Museum fiir Naturkunde). ‘Original label’ indicates the original taxonomic assignment

given to the specimen. ‘Mirrored’ denotes reconstructions that were left-right mirrored due to damage or missing bones on the right side.
Sphenodon was not included in analyses with the exception of morphospaces.

Higher Taxon Family Genus species Specimen No. Source Original label Mirrored
Rhynchocephalia Sphenodontidae Sphenodon punctatus YPM 9194 DigiMorph
Iguania Dactyloidae Anolis carolinensis FMNH 242298 DigiMorph
Iguania Polychrotidae Polychrus marmoratus FMNH 42501 DigiMorph
Iguania Leiosauridae Urostrophus vautieri FMNH 83576 DigiMorph
Iguania Leiosauridae Pristidactylus torquatus FMNH 206964 DigiMorph
Iguania Leiosauridae Leiosaurus catamarcensis CM 65003 DigiMorph
Iguania Corytophanidae Basiliscus basiliscus FMNH 165622 DigiMorph
Iguania Corytophanidae Corytophanes cristatus FMNH 69227 DigiMorph
Iguania Crotaphytidae Crotaphytus collaris FMNH 48667 DigiMorph
Iguania Crotaphytidae Gambelia wislizenii YPM 14380 DigiMorph
Iguania Crotaphytidae Gambelia corona’ LACM 42880 Go!Scan
Iguania Iguanidae Amblyrhynchus cristatus MCZ R123791 Herrel CT
Iguania Iguanidae Ctenosaura pectinata Chris Bell Private DigiMorph
Iguania Iguanidae Conolophus subcristatus MCZ R123792 Herrel CT
Iguania Iguanidae Brachylophus fasciatus FMNH 210158 DigiMorph
Iguania Iguanidae Dipsosaurus dorsalis YPM 14376 DigiMorph
Iguania Hoplocercidae Enyalioides laticeps FMNH 206132 DigiMorph
Iguania Hoplocercidae Morunasaurus annularis USNM 200767 DigiMorph
Iguania Opluridae Oplurus cyclurus YPM 12861 DigiMorph .
Iguania Opluridae Chalarodon madagascariensis YPM 12866 DigiMorph
Iguania Phrynosomatidae Phrynosoma platyrhinos TNHC 18496 DigiMorph
Iguania Phrynosomatidae Sceloporus variabilis FMNH 122866 DigiMorph
Iguania Phrynosomatidae Petrosaurus mearnsi FMNH 8431 DigiMorph
Iguania Phrynosomatidae Uma scoparia FMNH 1203 DigiMorph
Iguania Phrynosomatidae Uta stansburiana FMNH 213914 DigiMorph
Iguania Leiocephalidae Leiocephalus barahonensis USNM 260564 DigiMorph L. barohonensis



Higher Taxon Family Genus species Specimen No. Source Original Label Mirrored
Iguania Liolaemidae Liolaemus bellii MCZ 125659 DigiMorph
Iguania Liolaemidae Phymaturus palluma FMNH 209123 DigiMorph
Iguania Tropiduridae Plica plica FMNH 81451 DigiMorph
Iguania Tropiduridae Stenocercus guentheri FMNH 27674 DigiMorph
Iguania Tropiduridae Uranoscodon superciliosus YPM 12871 DigiMorph .
Iguania Agamidae Leiolepis belliana USNM 205722 DigiMorph U. aegyptius
Iguania Agamidae Uromastyx aegyptia FMNH 78661 DigiMorph
Iguania Agamidae Draco quinquefasciatus FMNH 221322 DigiMorph
Iguania Agamidae Agama agama FMNH 47531 DigiMorph
Iguania Agamidae Calotes emma FMNH 252264 DigiMorph
Iguania Agamidae Pogona vitticeps ROM 22699 DigiMorph
Iguania Chamaceleonidae Brookesia brygooi FMNH 260015 DigiMorph Rhampholeon brevicaudatus
Iguania Chamaceleonidae Rieppeleon brevicaudata FLMNH H65355 MorphoSource R. brevicaudatus
Iguania Chamaeleonidae Chamaeleo calyptratus TNHC 62768 DigiMorph
Gekkota Eublepharidae Eublepharis macularius CM 67524 DigiMorph
Gekkota Eublepharidae Aeluroscalabotes felinus FMNH 146141 DigiMorph
Gekkota Eublepharidae Coleonyx variegatus YPM 14383 DigiMorph Phyllurus cornutus
Gekkota Carphodactylidae Saltuarius cornutus FMNH 57503 DigiMorph
Gekkota Carphodactylidae Nephrurus levis YPM 12868 DigiMorph
Gekkota Gekkonidae Gekko gecko FMNH 186818 DigiMorph
Gekkota Gekkonidae Phelsuma lineata FMNH 260100 DigiMorph
Gekkota Gekkonidae Uroplatus lineatus ZMB 70059 MIN CT
Gekkota Gekkonidae Lygodactylus picturatus ZMB 1553 MfN CT Cyrtodactylus
Gekkota Gekkonidae Hemidactylus frenatus ZMB 8568 MIN CT
Gekkota Gekkonidae Hemidactylus mabouia ZMB 15541 MIN CT Hemidactylus mabuia
Gekkota Gekkonidae Gehyra multilata ZMB 21420 MIN CT
Gekkota Gekkonidae Ptychozoon kuhlii MCZ R166275 Herrel CT P. kuhli
Gekkota Diplodactylidae Strophurus ciliaris FMNH 215488 DigiMorph Diplodactylus ciliaris
Gekkota Diplodactylidae Rhacodactylus auriculatus CAS 205486 DigiMorph
Gekkota Sphaerodactylidae Gonatodes albogularis FMNH 55929 DigiMorph .
Gekkota Sphaerodactylidae Teratoscincus przewalskii CAS 171013 DigiMorph
Gekkota Pygopodidae Delma borea USNM 128679 DigiMorph
Gekkota Pygopodidae Lialis burtonis FMNH 166958 DigiMorph
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Higher Taxon Family Genus species Specimen No. Source Original Label Mirrored
Scincomorpha Scincidae Acontias percivali YPM 12687 DigiMorph
Scincomorpha Scincidae Acontias plumbeus ZMB 3936 MIN CT Typhlosaurus aurantiacus
Scincomorpha Scincidae Feylinia polylepis FMNH 120968 DigiMorph
Scincomorpha Scincidae Eugongylus rufescens FMNH 142306 DigiMorph
Scincomorpha Scincidae Sphenomorphus solomonis CAS 110021 DigiMorph
Scincomorpha Scincidae Tiliqua scincoides FMNH 57518 DigiMorph
Scincomorpha Scincidae Scincopus Jasciatus YPM 12689 DigiMorph Eumeces fasciatus
Scincomorpha Scincidae Scincus scincus YPM 12686 DigiMorph
Scincomorpha Scincidae Brachymeles gracilis FMNH 52642 DigiMorph
Scincomorpha Scincidae Amphiglossus splendidus FMNH 72807 DigiMorph
Scincomorpha Scincidae Trachylepis quinquetaeniata YPM 12688 DigiMorph Mabuya quinquetaeniata
Scincomorpha Cordylidae Smaug mossambicus YPM 12670 DigiMorph Cordylus mossambicus
Scincomorpha Cordylidae Chamaesaura anguina ZMB56421 Miiller CT .
Scincomorpha Cordylidae Platysaurus capensis YPM 12669 DigiMorph P. imperator
Scincomorpha Gerrhosauridae Cordylosaurus subtesselatus FMNH 74082 DigiMorph
Scincomorpha Gerrhosauridae Zonosaurus ornatus YPM 12671 DigiMorph
Scincomorpha Xantusiidae Cricosaura typica USNM 547842 DigiMorph
Scincomorpha Xantusiidae Xantusia vigilis LACM 123671 DigiMorph
Amphisbaenia Amphisbaenidae Amphisbaena fuliginosa FMNH 195924 DigiMorph
Amphisbaenia Amphisbaenidae Monopeltis capensis ZMB 25441 Miiller CT M. anchieta
Amphisbaenia Amphisbaenidae Chirindia swynnertoni FMNH265233 Miiller CT C. rondoense
Amphisbaenia Amphisbaenidae Geocalamus acutus FMNH 262014 DigiMorph
Amphisbaenia Blanidae Blanus cinereus MCZ R29967 Herrel CT
Amphisbaenia Bipedidae Bipes biporus CAS 126478 DigiMorph
Amphisbaenia Rhineuridae Rhineura Sfloridana FMNH 31774 DigiMorph
Amphisbaenia Rhineuridae HyporhinaT antiquofr YPM 11390 Miiller CT
Amphisbaenia Rhineuridae Spazthorhynchus-r ﬁ)ssoriumT USNM 26318 Miiller CT
Amphisbaenia Trogonophiidae Diplometopon zarudnyi FMNH 64429 Miiller CT .
Amphisbaenia Trogonophiidae Trogonophis wiegmanni FMNH 109462 DigiMorph
- - Slavoia® darevskiil ZPAL MgR-1.112 GolScan
Lacertoidea Lacertidae Gallotia galloti ZMB955 Miiller CT
Lacertoidea Lacertidae Atlantolacerta andreanskyi ZFMKS8751 Miiller CT
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Higher Taxon Family Genus species Specimen No. Source Original Label Mirrored
Lacertoidea Lacertidae Takydromus sexlineatus FMNH 255513 DigiMorph T. ocellatus
Lacertoidea Lacertidae Holaspis guentheri MCZ 35520 Herrel CT
Lacertoidea Lacertidae Nucras tessellata MCZ R17359 Herrel CT N. tesselata
Lacertoidea Lacertidae Lacerta viridis YPM 12858 DigiMorph
Lacertoidea Teiidae Teius teyou FMNH 10873 DigiMorph
Lacertoidea Teiidae Ameiva ameiva MCZ 131787 Herrel CT
Lacertoidea Teiidae Callopistes maculatus FMNH 53726 DigiMorph
Lacertoidea Teiidae Tupinambis teguixin FMNH 22416 DigiMorph
Lacertoidea PolyglyphanodontidaeT PolyglyphanodonT sternbergiT USNM 16588 Go!Scan
Lacertoidea Gymnophthalmidae Alopoglossus copii ZMB 9986 MIN CT
Lacertoidea Gymnophthalmidae Bachia flavens ZMB 8585 MIN CT B. cophias .
Lacertoidea Gymnophthalmidae Gymnophthalmus leucomystax ZMB 28660A MIN CT
Lacertoidea Gymnophthalmidae Pholidobolus montium FMNH 197865 DigiMorph
Lacertoidea Gymnophthalmidae Colobosaura modesta USNM 341978 DigiMorph

Anguimorpha Anguidae Elgaria multicarinata FMNH 23601 DigiMorph

Anguimorpha Diploglossidae Celestus enneagrammus FMNH 108860 DigiMorph

Anguimorpha Anniellidae Anniella pulchra FMNH 130481 DigiMorph

Anguimorpha Shinisauridae Shinisaurus crocodilurus FMNH 215541 DigiMorph

Anguimorpha Xenosauridae Xenosaurus grandis FMNH 123702 DigiMorph

Anguimorpha Helodermatidae Heloderma horridum TNHC 64380 DigiMorph

Anguimorpha — Estesial mongoliensisT AMNH FARB 29072 Go!Scan

Anguimorpha Varanidae Varanus salvator FMNH 35144 DigiMorph

Anguimorpha Lanthanotidae Lanthanotus borneensis YPM 6057 DigiMorph
Mosasauria Mosasauridae’ Plotosaurus' bennisoni' UCMP 32778 DigiMorph

- Dibamidae Dibamus novaeguineae ZMB5027A Miiller CT D. martensii
-- Dibamidae Anelytropsis papillosus FMNH 100410 DigiMorph

Typhlopoidea Leptotyphlopidae Rena dulcis TNHC 60638 DigiMorph Leptotyphlops dulcis .

Typhlopoidea Anomalepididae Liotyphlops albirostris FMNH 216257 DigiMorph

Typhlopoidea Typhlopidae Indotyphlops braminus MCZ R-182621 DigiMorph Liotyphlops braminus

Typhlopoidea Typhlopidae Afrotyphlops schlegelii ZMB 6884 MIN CT Rhinotyphlops schlegelii

Booidea Anomochilidae Anomochilus leonardi FRIM 0026 DigiMorph
Booidea Cylindrophiidae Cylindrophis ruffus FMNH 60958 DigiMorph,



Higher Taxon Family Genus species Specimen No. Source Original Label Mirrored
Booidea Aniliidae Anilius scytale USNM 204078 DigiMorph
Booidea Xenopeltidae Xenopeltis unicolor FMNH 148900 DigiMorph
Booidea Loxocemidae Loxocemus bicolor FMNH 104800 DigiMorph
Booidea Lamrophiidae Lycophidion capense FMNH 58322 DigiMorph
Booidea Lamrophiidae Boaedon fuliginosus FMNH 62248 DigiMorph Lamprophis fulginosus
Booidea Pythonidae Python molurus TNHC 62769 DigiMorph
Booidea Pythonidae Aspidites melanocephalus FMNH 97055 DigiMorph
Booidea Boidae Candoia carinata ZMB 14571 Miiller CT
Booidea Boidae Boa constrictor FMNH 31182 DigiMorph .
Booidea Boidae Epicrates cenchria USNM 59918 DigiMorph E. striatus
Booidea Boidae Eryx colubrinus FMNH 63117 DigiMorph
Booidea Boidae Lichanura trivirgata YPM 12869 DigiMorph
Booidea Boidae Ungaliophis continentalis UTA 50569 DigiMorph
Booidea Calabariidae Calabaria reinhardtii FMNH 117833 DigiMorph C. reinhardii
Booidea Tropidophiidae Trachyboa boulengeri FMNH 131266 DigiMorph
Booidea Tropidophiidae Tropidophis haetianus TNHC 64040 DigiMorph
Booidea Bolyeridae Casarea dussumieri UMMZ 190285 DigiMorph
Booidea Xenophidiidae Xenophidion schaeferi ZMB 50534 Miiller CT
Acrochordoidea Acrochordidae Acrochordus granulatus FMNH 201350 DigiMorph

Colubroidea Xenodermatidae Xenodermus Jjavanicus FMNH 158613 DigiMorph

Colubroidea Viperidae Azemiops feae FMNH 218627 DigiMorph

Colubroidea Viperidae Bothrops asper FMNH 31162 DigiMorph

Colubroidea Viperidae Trimeresurus albolabris ZMB 33921 MIN CT

Colubroidea Viperidae Lachesis stenophrys UMMZ H-76715 MorphoSource

Colubroidea Viperidae Agkistrodon contortrix FMNH 166644 DigiMorph

Colubroidea Viperidae Bitis arietans ZMB 16732 Miiller CT

Colubroidea Viperidae Causus rhombeatus FMNH 74241 DigiMorph

Colubroidea Viperidae Daboia russelii FMNH 121477 DigiMorph

Colubroidea Lamprophiidae Aparallactus modestus ZMB6910 Miiller CT

Colubroidea Lamprophiidae Atractaspis irregularis FMNH 62204 DigiMorph

Colubroidea Lamprophiidae Calliophis bivirgata ZMB 29637A Miiller CT

Colubroidea Lamprophiidae Micrurus Sfulvius FMNH 29479 DigiMorph .

Colubroidea Lamprophiidae Laticauda colubrina FMNH 202810 DigiMorph
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Higher Taxon Family Genus species Specimen No. Source Original Label Mirrored
Colubroidea Lamprophiidae Drysdalia coronoides ZMB 4702A Miiller CT
Colubroidea Lamprophiidae Langaha madagascariensis ZMB 14371 Miiller CT
Colubroidea Homalopsidae Enhydris enhydris ZMB 33627 MIN CT .
Colubroidea Homalopsidae Homalopsis buccata FMNH 259340 DigiMorph
Colubroidea Pareatidae Pareas hamptoni FMNH 128304 DigiMorph
Colubroidea Colubridae Sibynophis collaris ZMB 4964 MIN CT S. germinatus
Colubroidea Colubridae Grayia smithii ZMB 24321 Miiller CT
Colubroidea Colubridae Afronatrix anoscopus FMNH 179335 DigiMorph
Colubroidea Colubridae Coluber constrictor FMNH 135284 DigiMorph
Colubroidea Colubridae Sonora semiannulata FMNH 26876 DigiMorph
Colubroidea Colubridae Trimorphodon biscutatus FMNH 42171 DigiMorph
Colubroidea Colubridae Lampropeltis getula FMNH 95184 DigiMorph
Colubroidea Colubridae Elaphe dione MNHN 1909-69 Miiller CT
Colubroidea Colubridae Pseudoxenodon bambusicola ZMB 65459 Miiller CT
Colubroidea Colubridae Prosymna meleagris ZMB 78750 Miiller CT P. ambigua
Colubroidea Colubridae Psammophis sibilans ZMB 66045 Miiller CT
Colubroidea Colubridae Amphiesma stolatum FMNH 169627 DigiMorph
Colubroidea Colubridae Xenochrophis flavipunctatus FMNH 179132 DigiMorph
Colubroidea Colubridae Regina grahami ZMB 49380 Miiller CT R. grahamae
Colubroidea Colubridae Thamnophis marcianus FMNH 26260 DigiMorph
Colubroidea Colubridae Natrix natrix FLMNH 1917.6.22.1 | MorphoSource
Colubroidea Colubridae Diadophis punctatus FMNH 244371 DigiMorph
Colubroidea Colubridae Heterodon platirhinos FMNH 194529 DigiMorph
Colubroidea Colubridae Uromacer oxyrhynchus ZMB 28564 Miiller CT
Colubroidea Colubridae Philodryas olfersii ZMB 2609 Miiller CT .
Colubroidea Colubridae Imantodes cenchoa FMNH 57616 DigiMorph
Colubroidea Colubridae Dipsas variegata ZMB 1818 Miiller CT
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Table S3. The number of principal component axes (No. PCs) encompassing >95% of shape variation and marginal log-likelihoods for
evolutionary models. The models of trait evolution evaluated include Brownian Motion (BM), Ornstein-Uhlenbeck (OU), §, k, and A models.
Gray cells indicate evolutionary model supported by Bayes Factor.

Dataset No. PCs BM Oou ) K A

Combined 25 -18490.9 -18438.9 -18504.3 -18520.3 -18446.0
Extant 31 -21825.4 -21764.2 -21791.9 -21825.0 -21761.4
Lizard 32 -14055.9 -13993.0 -14043.6 -14052.0 -13999.5
Snake 25 -7050.0 -7030.4 -7045.7 -7037.4 -7036.3
Premaxilla 6 -4045.6 -4031.6 -4033.0 -4038.5 -4028.3
Nasal 7 -4170.0 -4349.4 -4167.1 -4178.6 -4156.2
Maxilla 9 -6695.7 -6696.2 -6694.5 -6706.3 -6688.5
Jugal 6 -2595.9 -2592.0 -2594.5 -2591.0 -2589.5
Frontal 7 -5072.2 -5056.7 -5060.9 -5068.3 -5046.6
Parietal 10 -6882.7 -6873.8 -6881.4 -6892.9 -6857.9
Squamosal/Supratemporal 6 -3908.3 -4037.1 -3887.4 -3897.5 -3897.1
Jaw Joint 3 -2303.4 -2305.0 -2300.8 -2305.3 -2302.1
Supra-otooccipital 13 -8297.4 -8250.9 -8291.2 -8304.8 -8244.0
Basioccipital 6 -3925.6 -3916.9 -3924.6 -3929.0 -3915.9
Occipital condyle 2 -1304.6 -1305.5 -1300.3 -1302.0 -1298.7
Pterygoid 7 -4450.5 -4435.8 -4435.5 -4448.9 -4423.9
Palatine 10 -5653.8 -5655.6 -5655.6 -5661.3 -5652.3
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Table S4. Disparity and mean evolutionary rates across modules for the lizard, snake, extant, and combined datasets. Disparity, as
measured by Procrustes variance (uncorrected) and mean evolutionary rate (%) under Brownian motion model.

Partition Disparitycombined | Disparityextant | Disparityiizara | Disparitysake | G combined O extant O lizard G snake
Premaxilla 0.0016 0.0008 0.0006 0.0007 6.584¢-8 3.476e-8 2.818¢-8 4.309¢-8
Nasal — 0.0009 0.0006 0.0009 — 2.941e-8 2.042¢-8 4.400e-8
Maxilla 0.0068 0.0036 0.0015 0.0039 1.073e-7 5.877e-8 2.703¢-8 1.067¢-7
Jugal — — 0.0024 — — — 4.973¢-8 —
Frontal 0.0037 0.0022 0.0019 0.0010 7.573e-8 4.128¢-8 3.810e-8 4.156¢-8
Parietal 0.0038 0.0027 0.0024 0.0011 1.021e-7 6.812¢-8 6.894¢-8 5.709¢-8
Squamosal/Supratemporal — 0.0017 0.0013 0.0009 6.929¢-8 7.531e-8 6.226¢-8 8.990e-8
Jaw Joint — 0.0042 0.0097 0.0030 — 1.799¢-7 6.304¢-8 3.418e-7
Supra-otoccipital 00029 0.0014 0.0015 0.0012 3.247¢-8 2.518e-8 4.910e-8
Basioccipital — 0.0029 0.0011 0.0014 — 3.675¢-8 2.232¢-8 6.005¢-8
Occipital condyle — 0.0004 0.0006 0.0032 — 3.036¢-8 2.511e-8 4.694¢-8
Pterygoid — 0.0021 0.0012 0.0017 — 8.482¢-8 3.664¢-8 1.458e-7
Palatine — 0.0010 0.0010 0.0010 — 4.876¢-8 2.378¢-8 8.455¢-8
Total 0.0188 0.0240 0.0170 0.0172 4.203¢-7 5.867¢-7 4.117e-7 8.898¢-7

19



Table SS. Ecological and developmental traits of sampled taxa. Note that ovoviviparous taxa were considered viviparous in MANOVA.

Species

Habitat

Locomotion

Diet

Reproductive mode

Reference

Acontias percivali

Aeluroscalabotes
felinus

Agama agama

Alopoglossus copii

Amblyrhynchus
cristatus

Ameiva ameiva

Amphiglossus
splendidus

Amphisbaena
fuliginosa

Fossorial

Semi-
arboreal

Terrestrial
saxicolous

Leaf litter

Semi-aquatic

Terrestrial

Leaf litter

Leaf litter

Digger

Climber

Ground
dweller/climber

Litter dweller

Ground
dweller/swimmer

Ground dweller

Litter dweller

Litter dweller

Invertivore

Invertivore

Invertivore

Invertivore

Herbivore

Invertivore

Invertivore

Invertivore

Viviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous
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Anelytropsis
papillosus

Anniella pulchra

Anolis carolinensis

Atlantolacerta
andreanskyi

Bachia flavescens

Basiliscus basiliscus

Bipes biporus

Blanus cinereus

Brachylophus
fasciatus

Brachymeles
gracilis

Fossorial

Fossorial

Arboreal

Terrestrial

Leaf litter

Semi-

arboreal

Fossorial

Fossorial

Arboreal

Leaf litter

Digger

Digger

Climber

Ground dweller

Litter dweller

Ground

dweller/climber

Digger

Digger

Climber

Litter dweller

Unknown

Invertivore

Invertivore

Invertivore

Invertivore

Omnivore

Invertivore

Invertivore

Omnivore

Invertivore

Oviparous

Viviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Ovoviviparous
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Callopistes
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Calotes emma
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enneagrammus

Chalarodon
madagascariensis

Chamaeleo
calyptratus
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Litter dweller

Ground dweller

Climber
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Ground dweller
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Invertivore
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Invertivore

Oviparous

Oviparous

Oviparous

Viviparous

Oviparous

Oviparous
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Chamaesaura
anguina
Chirindia
swynnertoni

Coleonyx variegatus

Colobosaura
modesta

Conolophus
subcristatus

Cordylosaurus
subtessellatus

Smaug
mossambicus
Corytophanes
cristatus

Cricosaura typica

Terrestrial

Fossorial

Terrestrial

Leaf litter

Terrestrial

Terrestrial

Terrestrial
saxicolous
Arboreal

Leaf litter

Ground dweller

Digger

Ground dweller

Litter dweller

Ground dweller

Ground dweller

Ground
dweller/climber
Climber

Litter dweller

Invertivore

Invertivore

Invertivore

Invertivore

Herbivore

Unknown

Invertivore

Invertivore

Invertivore

Viviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Ovoviviparous

Oviparous

Viviparous
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Crotaphytus collaris

Ctenosaura
pectinata

Hemidactylus
frenatus

Delma borea

Dibamus
novaeguineae

Strophurus ciliaris

Terrestrial

Semi-
arboreal

Arboreal

Terrestrial

Fossorial

Arboreal

Ground dweller

Ground
dweller/climber

Climber

Ground dweller

Digger

Climber

Invertivore

Herbivore

Invertivore

Invertivore

Omnivore

Invertivore

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous
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Dipsosaurus
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quinquefasciatus

Elgaria
multicarinata

Enyalioides laticeps

Eublepharis
macularius

Eugongylus
rufescens
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Arboreal

Leaf litter

Semi-
arboreal
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Leaf litter
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Ground dweller

Climber/glider

Litter dweller
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dweller/climber

Ground dweller

Litter dweller

Invertivore
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Invertivore

Invertivore

Invertivore

Invertivore
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Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous

Oviparous
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Gallotia galloti

Gambelia wislizenii

Gehyra mutilata

Gekko gecko

Geocalamus acutus

Gonatodes
albogularis

Gymnophthalmus
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Terrestrial

Fossorial

Terrestrial
saxicolous

Terrestrial

Arboreal

Arboreal

Fossorial

Semi-
arboreal
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Ground dweller
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Ground dweller

Ground dweller

Climber

Climber
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dweller/climber

Ground dweller
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Invertivore
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Table S6. R? from phylogenetically corrected MANOVA for each partition and trait ('P < 0.05; “P < 0.01; "“P < 0.001).

Lizard Dataset
Partition Diet Habitat Locomotion Reproductive mode
Premaxilla 0.071" 0.188™ 0.159" 0.008
Nasal 0.068" 0.191™ 0.200"" 0.004
Maxilla 0.043 0.169™" 0.142" 0.010
Jugal 0.030 0.190™ 0.166™" 0.021
Frontal 0.036 0.228" 0205 0.007
Parietal 0.016 0.139" 0.117" 0.004
Squamosal 0.035 0.119" 0.118" 0.022
Jaw joint 0.075" 0.169" 0.123" 0.004
Supra-otoccipital 0.031 0.173™ 0.167° 0.020"
Basioccipital 0.040 0.202" 0.1817 0.021"
Pterygoid 0.037 0.166™" 0.147 0.009
Palatine 0.042 0.204™ 0.200" 0.007
Occipital condyle 0.032 0.219™ 0.216™ 0.038"
Whole skull 0.039 0.176™" 0.158" 0.012

Snake Dataset
Partition Diet Habitat Locomotion Reproductive mode
Premaxilla 0.011 0.161 0.162 0.013
Nasal 0.018 0.178" 0.178" 0.032
Maxilla 0.014 0.148 0.148 0.020
Frontal 0.023 0.159 0.159 0.019
Parietal 0.032 0.245™ 0.245™ 0.020
Supratemporal 0.049" 0.225" 0.225" 0.017
Jaw joint 0.053" 0.173 0.173 0.028
Supra-otoccipital 0.062" 0.224™ 0.224™ 0.010
Basioccipital 0.034™ 0.141 0.141 0.010
Pterygoid 0.084" 0.221° 0.221° 0.020
Palatine 0.020 0.189" 0.189" 0.011
Occipital condyle 0.087" 0.172 0.172 0.019
Whole skull 0.038" 0.181"" 0.181" 0.021
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Table S7. Between-partition covariance ratios (upper triangle), between-partition correlations (bottom triangle), and within-partition
correlations (diagonal) across partitions after correcting for phylogenetic structure. Values calculated using phylogenetically-informed
modularity.test inthe geomorph R package (12, 13) and EMML1 (32), respectively.

Lizard Dataset
Premaxilla | Nasal | Maxilla | Jugal | Frontal | Parietal | Squamosal | Jaw Joint Supra- Basioccipital | Pterygoid | Palatine | Occipital
otoccipital condyle
Premaxilla 0.84 0.625 | 0.744 ] 0.503 | 0.533 | 0.464 0.635 0.594 0.475 0.549 0.507 0.464 0.338
Nasal 0.31 0.68 0.701 | 0.594 | 0.596 0.477 0.462 0.480 0.514 0.468 0.520 0.627 0416
Maxilla 0.35 0.21 0.54 0.789 | 0.738 0.645 0.699 0.631 0.695 0.685 0.649 0.658 0.652
Jugal 0.10 0.16 0.31 0.81 0.661 0.617 0.693 0.639 0.727 0.548 0.617 0.649 0.711
Frontal 0.26 0.29 0.16 0.12 0.76 0.798 0.583 0.500 0.782 0.713 0.594 0.580 0.783
Parietal 0.16 0.06 0.08 0.14 0.35 0.62 0.561 0.519 0.755 0.671 0.596 0.506 0.708
Squamosal 0.05 0.09 0.11 0.16 0.05 0.08 0.82 0.561 0.662 0.645 0.501 0.485 0.522
Jaw Joint 0.12 0.09 0.17 0.29 0.13 0.19 0.36 0.98 0.610 0.509 0.651 0.540 0.497
Supra-otoccipital 0.07 0.09 0.08 0.16 0.16 0.18 0.15 0.18 0.54 0.785 0.590 0.604 0.860
Basioccipital 0.11 0.08 0.11 0.12 0.20 0.16 0.07 0.18 0.31 0.59 0.647 0.618 0.768
Pterygoid 0.08 0.12 0.15 0.11 0.09 0.19 0.13 0.42 0.13 0.15 0.64 0.819 0.584
Palatine 0.16 0.15 0.21 0.15 0.05 0.11 0.05 0.16 0.06 0.11 0.41 0.65 0.650
Occipital condyle 0.08 0.05 0.10 0.27 0.38 0.31 0.09 0.07 0.45 0.49 0.09 0.07 0.95
Snake Dataset
Premaxilla | Nasal | Maxilla | Frontal | Parietal | Supratemporal | Jaw Joint Supra- Basioccipital | Pterygoid | Palatine Occipital
otoccipital condyle
Premaxilla 0.85 0.647 | 0.509 0.384 0.513 0.462 0.502 0.530 0.389 0.483 0.462 0.400
Nasal 0.34 0.74 0.596 0.608 0.569 0.520 0.528 0.506 0.453 0.547 0.574 0.478
Maxilla 0.26 0.34 0.74 0.632 0.637 0.564 0.387 0.611 0.580 0.529 0.539 0.544
Frontal 0.14 0.31 0.21 0.82 0.599 0.442 0.245 0.404 0.470 0.427 0.570 0.397
Parietal 0.14 0.15 0.19 0.39 0.62 0.623 0.679 0.800 0.571 0.696 0.539 0.662
Supratemporal 0.12 0.13 0.16 0.04 0.19 0.78 0.682 0.671 0.560 0.664 0.467 0.581
Jaw Joint 0.05 0.15 0.22 0.10 0.36 0.27 0.99 0.832 0.575 0.818 0.416 0.783
Supra-otoccipital 0.18 0.10 0.20 0.13 0.35 0.36 0.59 0.73 0.620 0.789 0.505 0.886
Basioccipital 0.14 0.12 0.20 0.13 0.18 0.30 0.41 0.44 0.61 0.723 0.586 0.616
Pterygoid 0.15 0.20 0.30 0.13 0.27 0.24 0.60 0.37 0.40 0.81 0.705 0.769
Palatine 0.18 0.26 0.30 0.15 0.13 0.12 0.15 0.12 0.20 0.49 0.70 0.482
Occipital condyle 0.18 0.08 0.19 0.26 0.23 0.24 0.67 0.69 0.51 0.45 0.18 0.97
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Extant Dataset

Premaxilla | Nasal | Maxilla | Frontal | Parietal | Supratemporal | Jaw Joint Supra- Basioccipital | Pterygoid | Palatine Occipital
otoccipital condyle
Premaxilla 0.82 0.682 | 0.597 0.578 0.599 0.653 0.642 0.533 0.561 0.679 0.443 0.253
Nasal 0.26 0.69 0.721 0.562 0.562 0.570 0.692 0.531 0.672 0.712 0.551 0.323
Maxilla 0.20 0.22 0.67 0.643 0.596 0.536 0.692 0.590 0.818 0.741 0.488 0.469
Frontal 0.27 0.27 0.15 0.77 0.882 0.694 0.602 0.599 0.716 0.689 0.431 0.526
Parietal 0.13 0.06 0.08 0.35 0.60 0.730 0.696 0.634 0.703 0.754 0.425 0.485
Supratemporal 0.08 0.10 0.07 0.05 0.09 0.78 0.661 0.671 0.650 0.734 0.477 0.353
Jaw Joint 0.11 0.03 0.22 0.06 0.18 0.14 0.99 0.646 0.842 0.930 0.522 0.397
Supra-otoccipital 0.16 0.10 0.10 0.14 0.16 0.18 0.28 0.57 0.581 0.612 0.531 0.793
Basioccipital 0.12 0.07 0.10 0.17 0.10 0.11 0.15 0.29 0.55 0.870 0.466 0.399
Pterygoid 0.13 0.14 0.23 0.06 0.15 0.10 0.51 0.14 0.15 0.71 0.573 0.349
Palatine 0.10 0.18 0.28 0.06 0.09 0.05 0.19 0.08 0.12 0.47 0.72 0.449
Occipital condyle 0.21 0.08 0.11 0.36 0.21 0.10 0.38 0.49 0.43 0.19 0.12 0.94
Combined Dataset

Premaxilla Maxilla Frontal Parietal Supra-otoccipital
Premaxilla 0.80 0.713 0.498 0.539 0.543
Maxilla 0.23 0.64 0.701 0.646 0.509
Frontal 0.23 0.17 0.77 0.867 0.748
Parietal 0.13 0.07 0.29 0.50 0.782
Supra-otoccipital 0.21 0.07 0.26 0.21 0.60

Combined Dataset (Alternative Topology)

Premaxilla Maxilla Frontal Parietal Supra-otoccipital
Premaxilla 0.80 0.712 0.493 0.535 0.541
Maxilla 0.23 0.64 0.702 0.648 0.510
Frontal 0.23 0.17 0.77 0.867 0.748
Parietal 0.13 0.07 0.29 0.50 0.781
Supra-otoccipital 0.21 0.07 0.27 0.22 0.61

45




Table S8. Between-partition covariance ratios (upper triangle), between-partition correlations (bottom triangle), and within-partition
correlations (diagonal) across partitions based on phylogenetically naive analyses. Values calculated using modularity.test inthe

geomorph (12, 13) R package and EMML1 (32), respectively.

Lizard Dataset

Premaxilla | Nasal | Maxilla | Jugal | Frontal | Parietal | Squamosal Jaw Supra- Basioccipital | Pterygoid | Palatine | Occipital

Joint | otoccipital condyle
Premaxilla 0.81 0.600 | 0.690 | 0.400 | 0.505 0.447 0.574 0.488 0.442 0.509 0.454 0.404 0.332
Nasal 0.31 0.77 0.678 | 0.571 | 0.583 0.476 0.650 0.496 0.488 0.478 0.530 0.622 0.432
Maxilla 0.31 0.21 0.54 0.816 | 0.766 0.696 0.701 0.658 0.730 0.740 0.678 0.693 0.717
Jugal 0.13 0.18 0.27 0.79 0.728 0.685 0.706 0.719 0.798 0.686 0.663 0.685 0.788
Frontal 0.20 0.39 0.23 0.17 0.80 0.838 0.619 0.598 0.845 0.814 0.642 0.657 0.854
Parietal 0.15 0.11 0.16 0.15 041 0.62 0.591 0.584 0.779 0.737 0.647 0.581 .0.751
Squamosal 0.07 0.10 0.09 0.23 0.10 0.12 0.85 0.610 0.662 0.671 0.558 0.548 0.596
Jaw Joint 0.10 0.12 0.17 0.42 0.07 0.20 0.35 0.98 0.754 0.657 0.675 0.597 0.689
Supra-otoccipital 0.08 0.13 0.15 0.29 0.29 0.26 0.19 0.33 0.62 0.887 0.654 0.669 0.942
Basioccipital 0.12 0.12 0.13 0.21 0.25 0.20 0.08 0.22 0.36 0.59 0.697 0.705 0.905
Pterygoid 0.12 0.23 0.21 0.15 0.24 0.23 0.16 0.26 0.21 0.19 0.69 0.836 0.647
Palatine 0.16 0.31 0.23 0.18 0.21 0.17 0.15 0.16 0.18 0.17 0.53 0.73 0.705
Occipital condyle 0.13 0.26 0.16 0.29 0.59 0.41 0.17 0.36 0.57 0.52 0.30 0.32 0.97

Snake Dataset

Premaxilla | Nasal | Maxilla | Frontal | Parietal | Supratemporal | Jaw Joint | Supra-otoccipital | Basioccipital | Pterygoid | Palatine | Occipital

condyle
Premaxilla 0.85 0.632 | 0.520 0.373 0.534 0.500 0.508 0.547 0.431 0.509 0.458 0.437
Nasal 0.34 0.74 0.591 0.624 0.577 0.544 0.572 0.509 0.446 0.550 0.557 0.473
Maxilla 0.26 0.34 0.74 0.600 0.625 0.555 0.375 0.572 0.571 0.506 0.545 0.489
Frontal 0.14 0.31 0.21 0.82 0.567 0.440 0.309 0.398 0.439 0.344 0.540 0.380
Parietal 0.14 0.15 0.19 0.39 0.62 0.656 0.665 0.754 0.588 0.693 0.525 0.596
Supratemporal 0.12 0.13 0.16 0.04 0.19 0.78 0.710 0.711 0.595 0.692 0.471 0.633
Jaw Joint 0.05 0.15 0.22 0.10 0.36 0.27 0.99 0.883 0.675 0.852 0.432 0.851
Supra-otoccipital 0.18 0.10 0.20 0.13 0.35 0.36 0.59 0.73 0.714 0.827 0.517 0.931
Basioccipital 0.14 0.12 0.20 0.13 0.18 0.30 0.41 0.44 0.61 0.774 0.602 0.712
Pterygoid 0.15 0.20 0.30 0.13 0.27 0.24 0.60 0.37 0.40 0.81 0.689 0.799
Palatine 0.18 0.26 0.30 0.15 0.13 0.12 0.15 0.12 0.20 0.49 0.70 0.497
Occipital condyle 0.18 0.08 0.19 0.26 0.23 0.24 0.67 0.69 0.51 0.45 0.18 0.97
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Extant Dataset

Premaxilla | Nasal | Maxilla | Frontal | Parietal Squamosal/ Jaw Joint Supra- Basioccipital | Pterygoid | Palatine Occipital
Supratemporal otoccipital condyle
Premaxilla 0.81 0.664 | 0.590 0.578 0.596 0.643 0.589 0.511 0.561 0.652 0.432 0.324
Nasal 0.32 0.78 0.718 0.544 0.545 0.568 0.687 0.489 0.669 0.708 0.559 0.342
Maxilla 0.24 0.29 0.70 0.632 0.596 0.532 0.670 0.562 0.819 0.732 0.506 0.469
Frontal 0.21 0.26 0.21 0.75 0.879 0.666 0.483 0.637 0.695 0.601 0.470 0.612
Parietal 0.19 0.10 0.23 0.43 0.68 0.717 0.620 0.611 0.699 0.710 0.444 0.506
Supratemporal 0.07 0.07 0.13 0.09 0.11 0.85 0.633 0.612 0.648 0.714 0.496 0.386
Jaw Joint 0.11 0.09 0.36 0.25 0.38 0.22 0.99 0.640 0.808 0.926 0.544 0.477
Supra-otoccipital 0.12 0.13 0.15 0.18 0.18 0.16 0.28 0.57 0.563 0.569 0.550 0.906
Basioccipital 0.14 0.18 0.25 0.21 0.19 0.12 0.52 0.31 0.67 0.857 0.493 0.442
Pterygoid 0.15 0.23 0.31 0.22 0.27 0.21 0.62 0.14 0.34 0.72 0.585 0.375
Palatine 0.09 0.20 0.17 0.12 0.08 0.19 0.17 0.10 0.14 0.39 0.71 0.506
Occipital condyle 0.15 0.18 0.09 0.41 0.23 0.14 0.33 0.52 0.40 0.13 0.16 0.96
Combined Dataset
Premaxilla Maxilla Frontal Parietal Supra-otoccipital

Premaxilla 0.80 0.703 0.533 0.558 0.578
Maxilla 0.28 0.69 0.686 0.644 0.530
Frontal 0.15 0.22 0.75 0.877 0.788
Parietal 0.13 0.20 0.37 0.59 0.800
Supra-otoccipital 0.18 0.15 0.32 0.31 0.61
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Table S9. Regression coefficients (R*) from least-squares regression analysis of within-partition correlation (p), disparity, and mean

evolutionary rates under Brownian motion model ("P < 0.05; “'P < 0.01;
analyses. Rate has been corrected by number of landmarks within partitions.

dedkk

P <0.001). p values are from phylogenetically informed EMMLi

Dataset p o disparity p oc rate disparity o rate p oc corr. disparity | corr. disparity oc rate
Combined (N =15) 0.114 0.387 0.700 0.309 0.984™"
Extant (N = 12) 0.002 0.243 0.481" 0.232 0.969™"
Lizard (N =13) 0.086 0.127 0.286 0.205 0.857"
Snake (N=12) 0.013 0.259 0.400" 0.258 0.995™
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Table S10. Results from performing LaSEC with 100 iterations on individual cranial partitions of the extant squamate dataset. Values for
Fit=0.9, 0.95, and 0.99 denote the median number of randomly subsampled landmarks at these fit values. Fixed-only column indicates the degree
of fit (0 to 1) between datasets with only fixed landmarks to the respective full high-dimensional coordinate data.

Dataset Number of Landmarks Fit=0.90 Fit=0.95 Fit=0.99 Fixed-only
Premaxilla 78 15 23 49 0.713
Nasal 86 15 25 54 0.664
Maxilla 162 16 27 74 0.696
Jugal 94 13 20 51 0.645
Frontal 130 14 25 66 0.721
Parietal 98 16 28 64 0.647
Squamosal 52 17 25 43 0.452
Jaw joint 42 20 27 38 0.484
Supra- otoccipital 132 30 55 90 0.597
Occipital condyle 37 22 27 34 —
Basioccipital 122 14 26 66 0.805
Pterygoid 53 14 21 39 0.421
Palatine 64 16 23 45 0.457
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Table S11. The effect of phylogenetic signal (Ky.), allometry, and evolutionary allometry on skull and partition shapes ("P < 0.05; P <

Tk

0.01; P <0.001). Partition shape of combined datasets were used for premaxilla, maxilla, frontal, parietal, and supra-otoccipital.
Dataset Kmult Rzallometry Rzevolutionary allometry
Combined 0.723"" 0.094™" 0.055™""
Extant 0.889""" 0.079™" 0.071""
Lizard 0.699"" 0.183™" 0.058™"
Snake 1.050™" 0.107"" 0.117"
Premaxilla 0.634™ 0.0817"" 0.066""
Nasal 0.701""" 0.035"" 0.010
Maxilla 0.817" 0.043™"" 0.032"
Jugal 0.953™" 0.191°" 0.067"""
Frontal 0.714™ 0.144™ 0.072""
Parietal 0.721""" 0.093™"" 0.0417""
Squamosal/Supratemporal 0.803™" 0.039™" 0.025"
Jaw Joint 1.364™" 0.082""" 0.160""
Supra-otoccipital 0.606™" 0.159™" 0.092""
Basioccipital 1.378°" 0.069™" 0.101™"
Occipital condyle 0.783™" 0.432"" 0.300™"
Pterygoid 1.028"™" 0.033™ 0.076""
Palatine 0.619"" 0.058""" 0.024™
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Table S12. Correlation coefficient (R) from two-block partial least squares analysis across partitions based on shape data from globally

aligned skull data and within-partition generalized Procrustes alignment (‘P < 0.05; “'P < 0.01;

two.b.pls function in the geomorph R package (12, 13).

ek

‘P <0.001). Analysis performed using the

Premaxilla | Nasal | Maxilla Jugal Frontal | Parietal Squamosal/ Jaw Supra- Occipital Basioccipital + Pterygoid | Palatine
Supratemporal Joint otoccipital condyle Basisphenoid
0.786™" | 0.783™" | 0.774™" | 0.594™ | 0.871"" | 0.855™*" 0.911™* 0.701"* 0.783"* 0.860""" 0.877°* 0.768"" | 0.686™"
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a Place discrete & curve landmarks b Subsample curve semi-landmarks (o3 Template hemisphere

Procrustes alignment of

Remove left coordinate landmarks
mirrored coordlnate data

Snake Data
12 partitions

h Combined Data
5 partitions

Fig. S1. Procedure used in this study for collecting high-dimensional coordinate data. a, virtual
placement of landmarks and curve semi-landmarks in the program Landmark Editor to delineate
anatomical partitions (3). b, Subsampling of curve semi-landmarks (yellow points) in R by adapting code
from ref. (5). ¢, Template mesh with equivalent landmarks and curve semi-landmarks with surface semi-
landmarks placed in similar densities within each partition (blue points). d, Use of placePatch
function in the Morpho (6) R package to semi-automatically map surface semi-landmarks within
partitions (blue points) onto 3-D mesh of actual specimens using thin plate spline method based on
positions of landmarks (red points) and curve semi-landmarks (yellow points) on the template mesh and
specimens. e, Mirroring of primarily right-sided coordinate data onto the left side prior to Procrustes
alignment to avoid artifact originating from aligning one-sided data of bilaterally symmetric structures (9,
10). f, Removal of left-sided coordinate data (with the exception of occipital condyle digitized on the left
side) after Procrustes alignment. g, Landmark scheme for snake dataset on skull of Sonora semiannulata
(FMNH 26876) in dorsal and ventral views. h, Landmark scheme for combined dataset on skull of the
mosasaur Plotosaurus bennisoni (UCMP 32778) in dorsal and lateral views.
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Fig. S2. Morphospace constructed from first two principal components (PC) of skull shape. a, PC2
vs PC1 plot of combined dataset with taxonomic labels. b, PC2 vs. PC1 plot of extant-only dataset with
taxonomic labels. Shapes along PC axes represent those at maximum and minimum scores in respective
PC axes to illustrate shape changes associated with PC axes (top, dorsal view; bottom, lateral view).
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Fig. S3. Morphospace constructed from first three principal components (PC) of skull shape. a, PC3
vs PC1 plot of combined dataset with taxonomic labels. b, PC3 vs. PC2 plot of combined dataset with
taxonomic labels. Shapes along PC axes represent those at maximum and minimum scores in respective
PC axes to illustrate shape changes associated with PC axes (top, dorsal view; bottom, lateral view).
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Fig. S4. Disparity (Procrustes variance) through geologic time across modules. For ease of
comparing temporal dynamics, Procrustes variance is corrected by the number of landmarks and sliding
semi-landmarks within each module.
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Palatine Combined Dataset (Alternative Topology)
(A model) (OU model)
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Supra-otoccipital (Alternative Topology)
(A model)

Fig. S5. Estimated rates of cranial shape evolution mapped on time-calibrated phylogeny of
squamates under the best-supported models of trait evolution. a, Evolutionary rates of overall skull
shape of extant dataset under A model. b, Evolutionary rates of overall skull shape of lizard dataset under
OU model. ¢, Evolutionary rates of overall skull shape of snake dataset under OU model. d, Evolutionary
rates of nasal of extant dataset under A model. e, Evolutionary rates of maxilla of combined dataset under
A model. f, Evolutionary rates of jugal of lizard dataset under A model. g, Evolutionary rates of frontal of
combined dataset under A model. h, Evolutionary rates of parietal of combined dataset under A model. i,
Evolutionary rates of squamosal (supratemporal) of extant dataset under & model. j, Evolutionary rates of
supra-otoccipital of combined dataset under A model. k, Evolutionary rates of basioccipital of extant
dataset under A model. 1, Evolutionary rates of occipital condyle of extant dataset under A model. m,
Evolutionary rates of palatine of extant dataset under A model. n, Evolutionary rates of overall skull shape
of combined dataset with alternative topology under OU model. o, Evolutionary rates of premaxilla of
combined dataset with alternative topology under A model. p, Evolutionary rates of maxilla of combined
dataset with alternative topology under A model. q, Evolutionary rates of frontal of combined dataset with
alternative topology under A model. r, Evolutionary rates of parietal of combined dataset with alternative
topology under A model. s, Evolutionary rates of supra-otoccipital of combined dataset with alternative
topology under A model. Color gradient on branches indicates rate of shape evolution as indicated by
histogram. Color of circular band denotes taxonomic group as specified in Fig. 2. Rates estimated using
BayesTraitsV3 (23). Time-calibrated tree based on Zheng & Wiens (14) and occurrence data from
Paleobiology Database (paleobiodb.org).
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MRS, oS

Fig. S6. Procrustes variance and rate within landmarks for the lizard, snake, and combined
datasets. Landmarks on skull reconstruction in dorsal (top left), ventral (top right), and lateral (bottom)
views indicating mean evolutionary rates in lizards (a) and snakes (b). Landmarks on skull reconstruction
of Plotosaurus bennisoni (UCMP 32778) in dorsal and lateral views colored by Procrustes variance (c)
and mean evolutionary rates (d) of combined dataset. Warmer colors indicate greater values.
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Ancestral Snake

dorsal

anterior

ventral ventral

c Ancestral Squamate (Combined Dataset)
GG ]

lateral dorsal

Fig. S7. Estimated ancestral skull shape of (a) crown-group squamates; (b) snakes, in lateral, dorsal,
and ventral views; (¢) combined dataset with five partitions. Colors correspond to partitions as specified
in Fig. 1a of the main text.
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Fig. S8. Mean evolutionary rate of each partition colored by trait values in (a) lizards and (b)
snakes. Mean evolutionary rates calculated from the lizard and snake datasets using the
compare.multi.evol.rates function in geomorph R package (12). Abbreviations: BO,
basioccipital; FR, frontal; MX, maxilla; N, nasal; OC, occipital condyle; PAR, parietal; PL, palatine;
PMX, premaxilla; PT, pterygoid; QD, jaw joint of the quadrate; SO, supra-otoccipital; SQ, squamosal
(supratemporal).
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Fig. S9. Network diagram showing the strength of correlation within and between cranial partitions based
on EMMLi analysis with only fixed (left) and subsampled (right) landmarks. The thickness of the lines
and size of the circles are concomitant with the strength of between- and within-partition correlations,
respectively. Note the general congruence of the results to that of the full shape data reported in the
manuscript, where strong correlation was observed between supra-otoccipital-basioccipital and parietal-
palatine (occipital condyle was excluded from fixed landmark-only analysis because the two fixed
landmarks defining the region are part of other regions (i.e., supra-otoccipital, basioccipital)). In snakes,
the quadrate has greater correlations with occipital elements, as reported in the manuscript. Strong
correlation between the frontal and parietal in lizards, as reported in the manuscript, but greater
correlation observed in fixed-only analysis may be due to exaggerated correlation from shared border.
Abbrevations: bo, basioccipital; fr, frontal; jg, jugal; mx, maxila; ns, nasal; oc, occipital condyle;

par, parietal; pl, palatine; pt, pterygoid; qd, jaw joint on quadrate; so, supra-otoccipital; sq,
squamosal/supratemporal.
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Fig. S10. Bivariate plots of disparity, mean evolutionary rate, and within-partition trait correlation

(pwimin)- 2, lizard dataset; b, snake dataset; ¢, extant dataset; d, combined dataset. Disparity and mean
rates are corrected by the number of landmarks and sliding semi-landmarks in the partition.
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Fig. S11. Landmark and sliding semi-landmark sampling plots from performing LaSEC (33) on
extant data for each partition. These plots indicate how iteratively subsampled data converge to the
pattern of shape variation in the full shape data as landmark and sliding semi-landmark sampling is
increased by one each time. Bold line indicates median ‘fit” value, as measured by Procrustes sum of

squares. Note that for many partitions, 10-25 landmarks and sliding semi-landmarks are required to reach

a plateau (stationarity) in the characterization of shape variation.
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