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d Landmark

humber Definition Brain region
1-2 Anterior-most extent of the olfactory bulb T
3-4 Lateral-most extent of the olfactory bulb T
5-6 Anterolateral margin of the cerebral hemisphere T
7-8 Lateral-most extent of the cerebral hemisphere T
9-10 Ventral-most extent of the cerebral hemisphere T
11-12 Dorsal-most extent of cerebral hemisphere T
13-14 Posterolateral-most extent of the cerebral hemisphere T
15-16 Posterodorsal-most extent of cerebral hemisphere T
17-18 Maximal curvature point along the posterodorsal edge of T
cerebral hemisphere between landmarks 15-16 and the
mid-sagittal plane
19 Anterior-most extent of diencephalon D
20 Optic chiasm, mid-sagittal plane D
21-22 Lateral-most extent of the diencephalon D
23 Ventral-most extent of diencephalon, mid-sagittal plane D
24 Infundibulum, mid-sagittal plane D
25 Habenular commissure, mid-sagittal plane D
26 Mesencephalic flexure, mid-sagittal plane D, M, M.O.
27-28 Ventral-most extent of tectum mesencephali M
29-30 Lateral-most extent of tectum mesencephali M
31-32 Anterolateral-most extent of tectum mesencephali M
33-34 Dorsal-most extent of tectum mesencephali M
35-36 Posterior-most extent of tectum mesencephali M
37-38 Posterior-most extent of torus semicircularis M
39 Ventral-most extent of medulla oblongata M.O.
40-41 Lateral-most extent of medulla oblongata M.O.
42 Maximal curvature point along the mid-sagittal plane of M.O.
the ventral medulla oblongata, between landmarks 39
and 43
43 Ventral-most extent of medulla oblongata in M.O.
correspondence of foramen magnum
44-45 Lateral-most extent of medulla oblongata in M.O.
correspondence of foramen magnum
46 Dorsal-most extent of medulla oblongata in M.O.
correspondence of foramen magnum
47 Dorsal-most (lizard) or posterior-most (snake) extent (o}
of cerebellum, homologous points as derived from
embryonic medial upper rhombic lip, mid sagittal plane
48-49 Maximal curvature point along the cerebellar edge (o}
lateral to landmark 47
50-51 Maximal curvature point along the cerebellar edge C
below landmarks 48-49
52-53 Inflection point along the cerebellar edge below C
landmarks 50-51
54-55 Maximal curvature point along the cerebellar edge C
// below landmarks 52-53
“ " 66" 4 56-57 Dorsal-most extent of the lateral cerebellar peduncle [}
64 66" 65 65
58-59 Lateral-most extent of the lateral cerebellar peduncle
Telencephalon (T) Mesencephalon (M
P M P (M) 60 Maximal convexity/concavity point on the cerebellar C
Cerebellum (C) pial §uﬁace, mldl-sagmal p!ane A
61 Maximal convexity/concavity point on the cerebellar C
ventricular surface, mid-sagittal plane
62*-63*  Ventral-most extent of the lateral cerebellar peduncle C
64*-65*  Ventral-most extent of the medial cerebellar peduncle (o}
66* Ventral-most extent of the cerebellar pial surface, mid- C

sagittal plane

Medulla oblongata (M.O.) *Present only on isolated cerebellum reconstructions

Diencephalon (D)

Supplementary Fig. 1: Definition of 3D anatomical landmarks. a, Position of 3D anatomical landmarks on the
whole brain of the lizard Agama agama in dorsal (top left panel), ventral (top right), and lateral (bottom) views. b,
Position of 3D anatomical landmarks on the isolated cerebellum of Agama agama in pial surface (left panel) and
lateral (right) views. ¢, Schematic representation of the whole-brain of Agama agama highlighting the five major
regions used for landmarking. d, Table showing the definition of 3D anatomical landmarks with associated number
(see a, b) and brain region (see c).
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Supplementary Fig. 2: Phylomorphospace and landmark-free geometric morphometric methods. a, b, Plots
of 2D phylomorphospace (with species names indicated) showing the cerebellar (a) and whole-brain (b) shape
distribution of snakes (coloured squares) and lizards (coloured circles) with different locomotor modes (see colour
code in a). Numbers in brackets indicate the percentage of variance explained by each of the PC axes, and 68%
confidence ellipses are shown for each locomotor mode. Ancestral character estimation for each internal node was
performed using squared-change parsimony, based on the most inclusive phylogenetic study available for extant
squamates (see Methods), and branch lengths were derived from estimated divergence times. Asterisks in (a) mark
individuals belonging to the Scincidae family. ¢, d, Plots of 3D morphospace obtained using landmark-free Shape-
Works (¢) and GPSA (d) methods, showing the cerebellar (¢) and whole-brain (d) shape distribution of snakes
(coloured cubes) and lizards (coloured spheres) with different locomotor modes (see colour code in a). Numbers in
brackets indicate the percentage of variance explained by each of the PC axes. The PC2 axis in (d) was inverted for
better comparison with landmark-based geometric morphometric methods.



Supplementary Table 1: List of anatomical criteria, habitat modes, and movement types used to define the main

locomotor categories for all squamate species (see Methods for descriptions of categorization)

Groups Species Families Anatomical features Habitat modes Movement types Locomotor modes References - * - + Ty
source number size
. Ablepharus L Slightly reduced forelimbs, Facultative Slow lateral Limbless or limb-reduced
Lizard kitaibelii Scincidae elongated body burrower undulation facultative burrower 1-4 MS 3GD) 8.993
Lizard Acontias Scincidae Limbless, clongated body, Burrower Modified concertina Limbless burrower 5-7 MS 3(3D) 8.9-13.6
meleagris cylindrical skull or rectilinear
Lizard Agama agama Agamidae Intact limbs Terrestrial Q;?;SE ;:adlal Quadrupedal terrestrial 5 FS 1(3D) 19.7
Lizard Amph.lsbaena Amphisbaenidae Limbless, elongated body, Burrower Modified concertina Limbless burrower 3,5,6,8,9 MS, FS 3(3D) 10.4-11.4
scutigerum cylindrical skull or rectilinear T
. . e . . Facultative Slow lateral Limbless or limb-reduced
Lizard Anguis fragilis Anguidae Limbless, elongated body burrower undulation facultative burrower 2-5,10 MS 2 (3D) 16.3-17.2
Lizard An.ol” . Dactyloidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 5 FS 2 (IHC) 16.1-21.0
carolinensis
. Bachia e Strongly reduced limbs, Facultative Slow lateral Limbless or limb-reduced
Lizard flavescens Gymnophthalmidac clongated body burrower undulation facultative burrower 2-4,11,12 MS 1 3D) 126
. . . Quadrupedal arboreal .
. Basiliscus . . Aerial/Semi- X N Quadrupedal facultative 3
Lizard vittatus Corytophanidae Intact limbs arboreal w1thbfi:il(11|;?nvc bipedal/acrial 5,13 FS (BDHCTR) 23.9-35.8
Lizard | Blanus cinereus Blanidac Limbless, elongated body, Burrower Modified concertina Limbless burrower 569 MS 2(3D) 7883
cylindrical skull or rectilinear e
Lizard B’;j;;’;fuﬁa" Chamaeleonidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 5 MS 1 (3D) 12.7
Lizard Chalcfdes Scincidae Strongly reduced limbs, Facultative Slow latgral Limbless or limb-reduced 2.4.12.14 MS 2(3D) 13.4-13.9
chalcides clongated body burrower undulation facultative burrower T
. Chalcides . Strongly reduced Facultative Slow lateral Limbless or limb-reduced
Lizard sepsoides Scincidae forelimbs, elongated body burrower undulation facultative burrower 2-4,12,15 MS 1G3D) o8
Lizard Ziizzr:: Chamaeleonidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 16 FS 4 (3D;TR) 24.2-29.3
Lizard Dasia olivacea Scincidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 17 FS 1(3D) 22.8
Lizard Draco volans Agamidae Intact limbs Aerial/Arboreal Q.uadrupeda{ arburejal Quadn.lpedal facgltanve 5,13 MS 2 (3D) 18.0-21.0
with facultative aerial bipedal/aerial ’
Lizard Eublepha.ris Eublepharidae Intact limbs Terrestrial Quadrup§dal Quadrupedal terrestrial 5 FS 1(3D) 17.6
macularius terrestrial
Lizard Gekko gecko Gekkonidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 18 FS 1 (3D) 29.7
. Hemiergis R Strongly reduced Facultative Slow lateral Limbless or limb-reduced X .
Lizard quadrilineata Scincidae forelimbs, elongated body burrower undulation facultative burrower 2-4,19.20 FS 3 BD;IHC) 3.5:69
. Lepidothyris . . . Quadrupedal . 4
Lizard fernandi Scincidae Intact limbs Terrestrial terrestrial Quadrupedal terrestrial 21 FS (3D:IHC:TR) 23.0-24.1
Lizard L“; ‘ffg::;gim Gekkonidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 22 FS 1(3D) 9.5
Lizard Melanoseps Scincidae Limbless, elongated body, Burrower Modified concertina Limbless burrower 2-523 FS 3 (3D;IHC) 9.8-10.4
loveridgei cylindrical skull or rectilinear i
. Ophiodes . Limbless (vestige Facultative Slow lateral Limbless or limb-reduced
Lizard fragilis Anguida hindlimb), elongated body burrower undulation facultative burrower 2-4,16,24 MS 13D) 159
Lizard Pgh;jj;z;a Gekkonidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 5 FS 1(3D) 20.2
Lizard Plesu:odon Scincidae Intact limbs Terrestrial Quadrup_edal Quadrupedal terrestrial 25 MS, FS 3(3D) 9.7-12.2
marginatus terrestrial
Pogona Quadrupedal 8
Lizard o8 Agamidae Intact limbs Terrestrial P Quadrupedal terrestrial 5 ES (3D;LS;IHC; 19.9-22.8
vitticeps terrestrial R)
. Pseudopus . . . . Limbless multi-habitat 5
Lizard apodus Anguidae Limbless, elongated body Terrestrial Lateral undulation lateral undulation 2-5,26 MS, FS (3D:IHC:TR) 16.8-17.5
. Rieppeleon . .
Lizard ! Chamaeleonidae Intact limbs Arboreal Quadrupedal arboreal Quadrupedal arboreal 27 FS 2(3D) 12.0-15.4
brevicaudatus
Lizard iig:ﬁ;’:ﬂy Lacertidae Intact limbs Semi-arboreal Quadrupedal arboreal Quadrupedal arboreal 5 FS 3(3D) 12.9-13.6
Lizard Tem@scmws Gekkonidae Intact limbs Terrestrial Quadrup§dal Quadrupedal terrestrial 28 MS 1 (3D) 12.8
scincus terrestrial
. Quadrupedal arboreal .
Lizard Tropidurus Tropiduridae Intact limbs Semi-arboreal with facultative Quadrupedal facultative 5,29 MS 1(3D) 185
torquatus . bipedal/aerial ’
bipedal
Boaedon .. . . . Limbless multi-habitat 6
Snake fuliginosus Lamprophiidae Limbless Terrestrial Lateral undulation lateral undulation 4,5,30,31 FS (DILS:THC) 11.9-12.9
Snake Cerastes Viperidae Limbless Terrestrial Sidewinding Limbless multi-habitat 30-32 Ms 1(3D) 122
cerastes other movements
Chrysopelea . . . . Limbless multi-habitat 4
Snake ornata Colubridae Limbless Aerial/Arboreal Lateral undulation lateral undulation 13,33 MS, FS (3D:HC:TR) 21.0-21.4
Dasypeltis - . . ; § - Limbless multi-habitat 4
Snake cansi Colubridae Limbless Arboreal Arboreal concertina other movements 4,530,31 FS (3D;IHC:TR) 9.4-9.8
Snake Dend.relaphts Colubridae Limbless Arboreal Arboreal concertina Limbless multi-habitat 4,5,30,31 MS 2 (3D) 13.6-15.5
pictus other movements Y
Snake Epicrat.ex Boidae leblgss .(VSStlglal Terrestrial Rectilinear Limbless multi-habitat 3435 FS 3 (3D;IHC) 25.8-28.0
cenchria hindlimb) other movements i
. . Limbless (vestigial Facultative Slow lateral Limbless or limb-reduced .
Snake Eryx colubrinus Boidae hindlimb) Burrower undulation facultative burrower 36,37 FS 3 (HC;TR) 106-11.8
" . Limbless (vestigial Facultative Slow lateral Limbless or limb-reduced
Snake Eryx jaculus Boidae hindlimb) Burrower undulation facultative burrower 36,37 MS 3GD) 9.5-12.2
Snake Hydrophis Elapidac Limbless Aquatic Lateral undulation Limbless multi-habitat 4,538 Ms 3(3D) 17.0-17.9
platurus lateral undulation 7
Snake Pantherophis Colubridae Limbless Terrestrial Lateral undulation Limbless multi-habitat 34,39 FS 4 (3D;TR) 13.5-18.0
guttatus lateral undulation >
. . Limbless (vestigial . o Limbless multi-habitat 22,30,31,3 3
Snake Python regius Pythonidae hindlimb) Terrestrial Rectilinear other movements 5 FS (3DIHC;TR) 25.2-26.0
Snake Xerot,.whlogs Typhlopidae . lebless (ves!1g1al Burrower Modified concertina Limbless burrower 5,6,40,41 MS, FS 4 (3D) 5.6-6.3
vermicularis hindlimb), cylindrical skull or rectilinear e

*Source of specimens: MS=Museum specimen; FS=Freshly dissected sample
TTotal number of specimens analyzed and their experimental destination: 3D=3D models; LS=light-sheet microscopy; IHC=immunohistochemistry; TR=transcriptome
*Size range (snout to atlanto-occipital junction length, mm) of individuals analyzed




Supplementary Table 2: Estimation of phylogenetic signal using a multivariate K-statistic

Partition Kmuit p-value’
Whole-brain 0.6903 < 0.001
Cerebellum (20 landmarks) 0.5753 < 0.001
Cerebellum (15 landmarks) 0.5684 < 0.001
Telencephalon 0.7118 < 0.001
Diencephalon 0.5653 < 0.001
Mesencephalon 0.5486 < 0.001
Medulla oblongata 0.6188 < 0.001

“p-values from permutation tests (10,000 permutation rounds).



Supplementary Table 3: Phylogenetic ANOVA for the whole brain and each brain subdivision

Partition Effect df’ Sst MS* Rsq F z p-value$
Locomotion 6 0.0020 0.0003 0.1724 1.1455 -0.8931 0.8076
Whole-brain Residuals 33 0.0095 0.0003
Total 39 0.0115
Locomotion 6 0.0069 0.0011 0.3411 2.8473 2.4326 0.0046
Cerebellum (20 landmarks) Residuals 33 0.0133 0.0004
Total 39 0.0202
Locomotion 6 0.0064 0.0011 0.3111 2.4835 1.8066 0.0333
Cerebellum (15 landmarks) Residuals 33 0.0141 0.0004
Total 39 0.0205
Locomotion 6 0.0018 0.0003 0.1645 1.0830 -0.8382 0.7932
Telencephalon Residuals 33 0.0093 0.0003
Total 39 0.0111
Locomotion 6 0.0027 0.0004 0.1692 1.1197 -0.7952 0.7861
Diencephalon Residuals 33 0.0132 0.0004
Total 39 0.0158
Locomotion 6 0.0029 0.0005 0.1828 1.2306 -0.6429 0.7356
Mesencephalon Residuals 33 0.0128 0.0004
Total 39 0.0156
Locomotion 6 0.0012 0.0002 0.1759 1.1741 -0.6857 0.7524
Medulla oblongata Residuals 33 0.0055 0.0002
Total 39 0.0067

‘df, degree of freedom.
1SS, sum of squares.
*MS, mean squares.

$Significant values (p-values < 0.05) from permutation tests (10,000 permutation rounds) are bolded.



Supplementary Table 4: Pairwise differences from phylogenetic ANOVA for the cerebellum

Cerebellum (20 landmarks)

Locomotor modes” Lbu* Llu¥ Lo* Lfbu* Qtet Qar* Qft
Lbu# - 2.7962 3.0696 2.3137 3.4003 4.0491 3.4467
Llu* 0.0075 - -1.0082 1.6509 3.1285 4.3841 2.5178
Lo* 0.0039 0.8441 - 2.5676 4.0765 5.1116 3.2212
Lfbu# 0.0216 0.0627 0.0132 - 1.5889 3.3251 1.5789
Qte? 0.0016 0.0048 0.0005 0.0482 - -0.2062 -0.4417
Qar* 0.0004 0.0002 0.0001 0.0023 0.5385 - -0.6233
Qft 0.0016 0.0147 0.0023 0.0707 0.6429 0.7119 -

Cerebellum (15 landmarks)

Locomotor modes” Lbu# Llu* Lo* Libu# Qte* Qar* Qff

Lbu¥ - 3.4763 4.0718 2.6734 1.1893 4.1564 3.4188
Llu¥ 0.0017 - -1.0066 1.8128 2.9312 3.8768 2.2307
Lot 0.0001 0.8444 - 2.9502 4.0798 4.6832 3.0239
Lfbu¥ 0.0116 0.0470 0.0060 - 1.4608 3.1970 1.4151
Qtet 0.0037 0.0069 0.0004 0.0831 - 0.7254 0.2213
Qar* 0.0005 0.0004 0.0003 0.0035 0.2253 - 0.6463
Qft 0.0022 0.0259 0.0046 0.0898 0.5527 0.7227 -

"Effect sizes (Z-scores) and associated p-values are indicated in upper and lower off-diagonal cells, respectively.
*Significant Z-score values (p-values < 0.05) from permutation tests (10,000 permutation rounds) are bolded.
*Locomotor modes: limbless or limb-reduced burrower (Lbu); limbless or limb-reduced multi-habitat lateral undulation (LIu); limbless or limb-reduced multi-habitat other

movements (Lo); limbless or limb-reduced facultative burrower (Lfbu); quadrupedal terrestrial (Qte); quadrupedal arboreal (Qar); quadrupedal facultative bipedal/aerial
(Qf).



Supplementary Table 5: Convergence metrics for the cerebellum in groups with lizard and snake

species
Locomotor . . . .
modes C1 p-value c2 p-value C3 p-value C4 p-value
Lbut 0.1302 0.0100 0.0425 0.0020 0.0636 0.0120 0.0062 0.0090
Lfbu® 0.1328 0.0050 0.0310 0.0110 0.0557 0.0130 0.0046 0.0360
Llut 0.0106 0.8671 0.0016 0.0905 0.0046 0.8911 0.0002 0.9271

"Significant values (p-values < 0.05) from 1,000 evolutionary simulations are bolded.
fLocomotor modes: limbless or limb-reduced burrower (Lbu); limbless or limb-reduced facultative burrower (Lfbu); limbless or limb-reduced multi-habitat lateral
undulation (Llu).



Supplementary Table 6: Pairwise comparisons of regression slopes

Pairwise comparisons Difference in slopes 95% LCIt 95% UCI* p-unadjusted p-adjusted $
Llu vs Lbu® -1.21236 -2.10731 -0.31741 0.00986 0.16762
Lo vs Lbu" -1.26428 -1.83239 -0.69618 0.00010 0.00200

Lfbu vs Lbu® -1.42205 -1.96521 -0.87889 0.00001 0.00021
Qf vs Lbu” -1.16252 -2.27650 -0.04853 0.04146 0.66336
Qar vs Lbu’ -1.07856 -1.61019 -0.54694 0.00030 0.00570
Qte vs Lbu’ -1.01544 -1.55070 -0.48019 0.00061 0.01098
Lo vs LIu" -0.05192 -0.91460 0.81076 0.90249 1.00000
Lfou vs Llu® -0.20969 -1.05615 0.63677 0.61490 1.00000
Qf vs LIu 0.04984 -1.23951 1.33919 0.93727 1.00000
Qar vs LIu 0.13379 -0.70531 0.97290 0.74572 1.00000
Qte vs LIu* 0.19691 -0.64450 1.03833 0.63450 1.00000
Lfbu vs Lo -0.15777 -0.64593 0.33039 0.51233 1.00000
Qf vs Lo’ 0.10177 -0.98646 1.18999 0.84906 1.00000
Qar vs Lo 0.18572 -0.28958 0.66102 0.42916 1.00000
Qte vs Lo 0.24884 -0.23052 0.72819 0.29576 1.00000
Qf vs Lfbu” 0.25954 -0.81588 1.33495 0.62401 1.00000
Qar vs Lfbu’ 0.34349 -0.10170 0.78867 0.12484 1.00000
Qte vs Lfbu" 0.40661 -0.04291 0.85612 0.07433 1.00000
Qar vs Qf° 0.08395 -0.98569 1.15359 0.87308 1.00000
Qte vs Qf 0.14707 -0.92437 1.21851 0.78006 1.00000
Qte vs Qar’ 0.06312 -0.37239 0.49863 0.76814 1.00000

*Locomotor modes: limbless or limb-reduced burrower (Lbu); limbless or limb-reduced multi-habitat lateral undulation (Llu); limbless or limb-reduced multi-habitat other
movements (Lo); limbless or limb-reduced facultative burrower (Lfbu); quadrupedal terrestrial (Qte); quadrupedal arboreal (Qar); quadrupedal facultative bipedal/aerial
(Qf).

195% Lower confidence interval value

#95% Upper confidence interval value

SSignificant p-values corrected with the Holm-Bonferroni method



Supplementary Table 7: Pairwise differences from Johnson-Neyman procedure

Significant pairwise comparisons Inferior limit whole-brain (mm3) Superior limit whole-brain (mm3)
Lbu vs LIu® 1.9485 5.5906
Lbu vs Lo 1.4025 6.7946

Lbu vs Lfbu’ 1.4933 6.8042
Lbu vs Qf° 0.7187 8.2505
Lbu vs Qar’ 2.4225 6.8277
Lbu vs Qte 1.9117 7.4338
Llu vs Lo 0 6.7546
Llu vs Lfbu’ 0 7.6275
Llu vs Qf 0 5.1481
Llu vs Qar’ 0 4.0219
Llu vs Qte’ 0 4.0140
Lo vs Lfbu’ 0 12.2831
Lo vs Qf 0 8.4762
Lo vs Qar’ 0 7.8398
Lo vs Qte” 0 6.8677
Lfbu vs Qf 0 9.6744
Lfbu vs Qar’ 0 7.7932
Lfbu vs Qte’ 0 7.1022
Qf vs Qar’ 0 11.8409
Qf vs Qte’ 0 11.0250
Qar vs Qte’ 0 11.9008

‘Locomotor modes: limbless or limb-reduced burrower (Lbu); limbless or limb-reduced multi-habitat lateral undulation (LIu); limbless or limb-reduced multi-habitat other
movements (Lo); limbless or limb-reduced facultative burrower (Lfbu); quadrupedal terrestrial (Qte); quadrupedal arboreal (Qar); quadrupedal facultative bipedal/aerial
(Qf).

fRegions of non-significance are indicated based on plot in Fig. 3a.



Supplementary Table 8: One-way ANOV As showing 3D-digitizing errors relative to individual

differences
Data Effect SS Mst dff F p-value
Shape whole-brain Individual 3.0188 0.0004 6864 1576.21 <0.0001
Shape cerebellum (20 landmarks) Digitizing error 4.9885 0.0024 2067 1550.60 <0.0001
Centroid size whole-brain Individual 4819022511.22 123564679.77 39 965295.92 <0.0001
Centroid size cerebellum (20 landmarks) Digitizing error 316898949.39 8125614.09 39 457550.17 <0.0001

*SS, sum of squares.
tMS, mean squares.
*df, degree of freedom.
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