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ARTICLE

The ecological origins of snakes as revealed by
skull evolution
Filipe O. Da Silva1, Anne-Claire Fabre2, Yoland Savriama1, Joni Ollonen1, Kristin Mahlow3, Anthony Herrel2,

Johannes Müller3 & Nicolas Di-Poï 1

The ecological origin of snakes remains amongst the most controversial topics in evolution,

with three competing hypotheses: fossorial; marine; or terrestrial. Here we use a geometric

morphometric approach integrating ecological, phylogenetic, paleontological, and

developmental data for building models of skull shape and size evolution and developmental

rate changes in squamates. Our large-scale data reveal that whereas the most recent

common ancestor of crown snakes had a small skull with a shape undeniably adapted

for fossoriality, all snakes plus their sister group derive from a surface-terrestrial form with

non-fossorial behavior, thus redirecting the debate toward an underexplored evolutionary

scenario. Our comprehensive heterochrony analyses further indicate that snakes later

evolved novel craniofacial specializations through global acceleration of skull development.

These results highlight the importance of the interplay between natural selection and

developmental processes in snake origin and diversi� cation, leading� rst to invasion of a new

habitat and then to subsequent ecological radiations.

DOI: 10.1038/s41467-017-02788-3 OPEN

1Program in Developmental Biology, Institute of Biotechnology, University of Helsinki, 00014 Helsinki, Finland.2 Département Adaptations du vivant, UMR
7179 C.N.R.S/M.N.H.N., 75231 Paris Cedex 5, France.3 Museum für Naturkunde, Leibniz Institute for Evolution and Biodiversity Science, 10115 Berlin,
Germany. Correspondence and requests for materials should be addressed to N.D.-P. (email:nicolas.di-poi@helsinki.� )

NATURE COMMUNICATIONS|  (2018) 9:376 |DOI: 10.1038/s41467-017-02788-3|www.nature.com/naturecommunications 1

12
34

56
78

9
0(

):
,;

http://orcid.org/0000-0002-3313-3016
http://orcid.org/0000-0002-3313-3016
http://orcid.org/0000-0002-3313-3016
http://orcid.org/0000-0002-3313-3016
http://orcid.org/0000-0002-3313-3016
mailto:nicolas.di-poi@helsinki.fi
www.nature.com/naturecommunications
www.nature.com/naturecommunications


A century of anatomical and phylogenetic studies have
established that snakes evolved from lizards1,2, these two
groups forming together one of the most-specious clades

of terrestrial vertebrates—the squamate reptiles. In addition, the
evolution and development of the limb and axial skeleton have
been recently assessed in snakes, suggesting a correlation between
limb loss and body elongation3–8. However, studies assessing the
early ecological and evolutionary origins of snakes have so far
largely focused on discrete morphological differences, and the
adaptive role of skull shape development in the origin and
diversi� cation of snakes remains to be tested at large scale. The
interplay between development and natural selection in driving
morphological skull disparities associated with the lizard-to-snake
transition remains poorly understood. Therefore, in this study, we
performed a large-scale and integrative geometric morphometric
analysis of skull bones across squamates to help clarify the
ecological and evolutionary origins of snakes.

Con� icting ecological hypotheses for early snakes, including
aquatic9–11, terrestrial12–14, fossorial15–18, or even multiple
habitats19, have been proposed based on cladistic analysis of
discrete traits. Central to this debate are the paucity of intact well-
preserved snake fossils16–19, the dif� culty of deciphering squa-
mate phylogenetics20–24, sampling variability and incomplete-
ness8–11,13–26, and incompatible morphological character coding
when convergence is expected9,10,12–20,26. In addition, ancestral
ecologies have been typically hypothesized based on sister clades
of snakes only, without formal ancestral character state esti-
mates8–20,25,26. Recently, modern phylogenetic comparative
methods have been developed to estimate the ecological state of
snake ancestors23, but with a limited taxon sampling that
hampered the phylogenetic signal. Similarly, investigations of the
evolution of discrete ossi� cation sequences in skull development
could not discern between different ancestral ecological
scenarios27.

The analysis of morphological data using complementary
geometric morphometric approaches has the potential to shed
light on these issues28. In support of that, the comparison of the
inner-ear shape in a limited number of snake species has already
been used in the context of snake origins29,30, and recent geo-
metric morphometric studies integrating ecological and/or
developmental data revealed new insights into skull evolutionary
specializations in several lizard and snake radiations31–34. The
diversity in cranial structure of squamates is remarkable and
appears tightly linked to functional and constructional demands
within speci� c clades of lizards or snakes34–39, suggesting that
large-scale comparisons of skull shape and size across the whole
of Squamata could offer a holistic framework to address the
ecological origin of snakes. Equally, cranial shape associated with
ontogeny and heterochronic processes—changes in the timing
and/or rate of developmental events—have been implicated
in cranial evolution at different taxonomic levels in
squamates27,31,40–42 and other major vertebrate lineages such as
mammals and archosaurs43,44. Thus far, studies tackling the
evolutionary origin of snakes have largely ignored morphometric
and ontogenetic information, as well as the importance of
developmental mechanisms for understanding the ecological
origins of snakes.

Here we performed a large-scale and integrative characteriza-
tion of skull shape evolution in squamates, by covering all major
groups of lizards and snakes, using a geometric morphometric
approach integrating developmental, embryological, ecological,
phylogenetic, and paleontological data. We hypothesized that
skull shape and size are linked to particular habitat features;
hence, ancestral snake ecologies could be inferred from skull
shape parameters. In complement, and to formally test the
recently revived hypothesis that snake skulls evolved by

heterochrony27,40,45, we quanti� ed ontogenetic skull shape
variation by analyzing multivariate ontogenetic trajectories in a
unique data set of squamate embryos. Strikingly, our data reveal
that while the most recent common ancestor (MRCA) of crown
snakes had a small skull with a shape fully adapted to a fossorial
lifestyle, all snakes plus their sister group evolved from a terres-
trial form with non-fossorial or non-leaf-litter behaviors, thus
indicating a surface-terrestrial-to-fossorial scenario at the origin
of snakes. In addition, we demonstrate that the unique skull
features of modern snakes later evolved by peramorphosis
through global acceleration in the rate of craniofacial develop-
ment during embryogenesis. This set of results demonstrates the
importance of the relationships between skull form, function, and
development in the major ecological radiations of snakes to
different habitats, and provides a new framework to understand
the origin and evolutionary history of snakes.

Results
Exceptional skull shape variation in squamates. Our principal
component analysis (PCA) performed on Procrustes coordinates
of skulls from a large data set of adult squamate species (302 and
91 species for two-dimensional (2D) and three-dimensional (3D)
data, respectively; Fig.1, Supplementary Fig.1, and Supplemen-
tary Note1) generated a morphospace de� ned by two principal
components, PC1 and PC2, which together account for more
than 60% of the total shape variation in both 2D and 3D analyses
(Fig.2a and Supplementary Figs3 and4). Importantly, these two
PCs provide the best approximation for the total skull shape
variance, as other subsequent PCs explain<10% of the total
variation, and our systematic comparisons of 2D and 3D data
con� dently indicated similar skull shape changes between and
within lineages of lizards and snakes (see below and Supple-
mentary Notes1 and2). Remarkably, as re� ected by the separated
distribution of most snake and lizard species at negative and
positive values, respectively, PC1 clearly distinguishes snakes
from lizards (Fig.2a); the only exceptions to this pattern are
putative convergent morphologies located between positive
PC1 and negative PC2 values, which include specimens from
independent lineages such as scolecophidians (all families),
alethinophidians (Uropeltidae, Aniliidae, Anomochilidae, and
Cylindrophidae families), and legless lizards from all major
lineages. Wireframes displaying skull shape variations along the
two main PC axes further indicate that PC1 positive values are
associated with both a more� attened snout and an expanded
skull roof (Fig.2b, left panel), as exempli� ed by the formation of a
prominent crest on the parietal bone at extreme values (Fig.2a).
A mirrored pattern of skull shape is observed toward negative
PC1 values, where the braincase is dorsally compressed and the
snout enlarged, accentuating a cylindrical shape typical of mod-
ern snakes (Figs.1k–m and 2b). Interestingly, lizards display
greater shape variation along the PC2 axis, with most species
being scattered along positive values that characterize a triangular
skull shape (Figs.1b, e, f and2a) with an enlarged ocular region, a
tall braincase, a highly reduced parietal wall, and a robust snout
derived from the expansion of both maxillary and nasal bones
(Fig.2b, right panel). At negative PC2 values, the parietal region
completely encases the midbrain with a lateral downgrowth, and
several modi� cations such as the compression of the ocular
region and the strong posterior extension of both braincase and
pre-maxilla regions make the general skull shape more cylindrical
(Figs.1d, g, j and2b). Notably, the latter morphological changes
are typical characteristics of the putative convergent forms
described above. Other major skull shape changes present both in
lizards and snakes include the shortened quadrate bone along its
dorso-ventral axis at negative PC2 values, a condition also found

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02788-3

2 NATURE COMMUNICATIONS|  (2018) 9:376 |DOI: 10.1038/s41467-017-02788-3|www.nature.com/naturecommunications

www.nature.com/naturecommunications


c

f

g

h

i

j

k

l

m

d

e

ba

Dibamia

Sphenodontidae

Scincoidea (c)

Iguania (f)

Gekkota (b)

Anguimorpha (e)

Lacertoidea (d)

Anomalepididae

Dinilysia

Aniliidae

Tropidophiidae (h)

Bolyeriidae

Anomochilidae

Cylindrophiidae (j)

Uropeltidae

Acrochordidae

Xenodermatidae

Pareatidae

Haasiophis 

Pachyrhachis 

Pythonidae (k)

Loxocemidae

Xenopeltidae

Lamprophiidae

Elapidae

Colubridae (m)

Homalopsidae

Viperidae (l)

Boidae (i)

Leptotyphlopidae

Typhlopidae (g)

Wonambi

Yurlunggur

100%

86%

100%

100%

78%

100%

100%

95%

1

4

2

3

Toxicofera

88%

Serpentes

Alethinophidia

Alethinophidian snakes

Scolecophidian snakes

Ontogeny

Fossil taxa

Fossil embryo

Lizards

Outgroup

Key internal nodes

Plotosaurus

Mosasaurus

†

†

††††

†††

† †

†

†

†

†

†

†

†

†††††††

†

†

Fig. 1Phylogeny and skull diversity of squamates.a Simpli� ed phylogenetic hypothesis used in this study, adapted from the most inclusive and recent
molecular21, 64 as well as combined molecular and morphological phylogenetic studies on squamate evolution22–24, and rooted using Sphenodontidae
(tuatara). Major extant squamate lineages (lizards, black color; scolecophidians, green; alethinophidians, red), tuatara (orange), and fossil genera (blue)
are indicated by the same color code throughout the entire manuscript; similarly, the same number code is used for all key internal nodes relative to the
origin and diversi� cation of snakes (1, MRCA of Toxicofera; 2, MRCA of snakes and their sister group; 3, MRCA of crown snakes; 4, MRCA of
Alethinophidia). The percent of extant families collected at a particular branch is shown for major lineages. The positions of sampled fossils and ontogenies
are indicated by blue crosses and stars, respectively. (b–m) 3D-rendered adult skulls of selected representative squamates at indicated position in the
phylogenetic tree:Aeluroscalabotes(b), Acontias(c), Leposternon(d), Varanus(e), Iguana(f), Letheobia(g), Tropidophis(h), Boa(i), Cylindrophis(j), Python
(k), Bitis(l), Boaedon(m)
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in convergent morphologies (Figs.1d, g, j and2b), and the dif-
ferent curvature and projection of the quadrate ventral articular
surface along PC1 values (Fig.1b, f for lizards and Fig.1g, j for
snakes).

Reconstruction of ancestral snake skull shapes. To investigate
the morphological transitions in patterns of phylomorphospace
occupation, we estimated the evolution of skull shape with both
unweighted and weighted squared-change parsimony algo-
rithms46 in a phylogenetic context, using a main topological
hypothesis integrating fossil data and compiled from the most
recent and inclusive molecular as well as combined molecular and
morphological phylogenetic studies on squamate evolution
(Fig.1, Supplementary Fig.1, and Supplementary Notes1 and2).
Importantly, several alternative composite hypotheses as well as
different recent combined molecular and morphological phylo-
genetic trees22–24 were also tested to include different species
numbers and/or branch length information but also to address
the phylogenetic uncertainty of some fossils such as Dinilysia22–24

and mosasauroids22,24 (Supplementary Notes1 and 2). This
phylomorphospace approach clearly shows phylogenetic trends,
as indicated by the minimal overlap of branches from major
lineages, and suggests the convergent evolution of several snake

and lizard species from different families toward positive PC1 and
negative PC2 values (Fig.3). As expected from these observations,
a signi� cant phylogenetic signal was identi� ed using a multi-
variateK-statistic47 (K-value= 0.53;p-value= 0.001; Supplemen-
tary Note 2), but the relatively lowK-value indirectly indicates
that the phylogenetic relatedness is not the only factor affecting
shape evolution, thereby further implying the existence of con-
vergent shape patterns (Fig.3 and Supplementary Fig.3). Inter-
estingly, in all tested phylogenetic hypotheses, the positions of our
reconstructed MRCAs of Toxicofera (Figs.1 and 3, node 1),
snakes and their sister group (Figs.1 and 3, node 2), and crown
snakes (Figs.1 and3, node 3) indicate a lizard-to-snake transition
proceeding along the PC2 axis (see also Supplementary Fig.3 and
Supplementary Notes1 and 2), thus re� ecting the importance of
increased skull encasing and cylindrical skull shape in early snake
evolution (Fig.2). Unexpectedly, however, none of the tested
well-preserved Cretaceous skull fossils, including marine
(Pachyrhachisand Haasiophis)9,15, terrestrial (Yurlunggur and
Wonambi)12,14, or terrestrial/burrowing (Dinilysia)26,29 species
were found near these estimated ancestral skull shapes (Fig.3,
Supplementary Fig.4, and Supplementary Note2), indicating that
they are not fully representative of the early snake skull shape.
Instead, as also recently proposed by others15–17,30, such fossils
likely represent specialized evolutionary offshoots of the initial
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Fig. 2Principal component analysis of skull shape variation in extant adult squamate species.a Plot of principal component (PC) scores showing the skull
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snake diversi� cation. Similarly, extinct mosasaur and extant
varanid lizard species (Supplementary Note2), which are both
classically recovered or a priori assigned as the ancestral lineage
from which snakes evolved9,10,23, are located distant from the
estimated MRCAs. Finally, our phylomorphospace analysis
indicates that scolecophidians radiated from a less-specialized
skull shape (Fig.3 and Supplementary Fig.3), as also supported
by recent morphological and genomics data17,29,48. This indicates
that these snakes are also not the best representative of the
ancestral skull condition, even though closer to it than any other
tested species. Hence, the ancestral skull shape of snakes cannot
be directly inferred from the shape found in the aforementioned
extant and extinct lineages.

Ecological origins of snakes. Skull morphology is well known to
be affected by different selective pressures such as feeding per-
formance, diet, and behavior34,38,39, but habitat specializations
are also expected to be of major in� uence36. To assess the eco-
logical origin of snakes, we explored potential relationships
between skull shape and habitat preference, by plotting speci� c
ecologies upon shape distribution in the phylomorphospace.
Interestingly, our data indicate cranial shape differences among
ecological groups (Fig.4a and Supplementary Fig.5) and a sig-
ni� cant in� uence of ecology on skull shapes even after correcting
for phylogeny (Supplementary Note2). Notably, a discrete area

containing all fossorial lizard and snake species clearly separates
from other ecologies at negative PC2 values (Fig.4a and Sup-
plementary Fig.5), and distance-based convergence measures
from Stayton49 support the signi� cant cranial convergence of
such fossorial taxa (Supplementary Table5 and Supplementary
Note 2). In addition, both post hoc pairwise comparisons and
discriminant function analysis (DFA) con� rmed signi� cant shape
differences between some ecological groups, in particular between
the fossorial ecology and all other habitat modes (Supplementary
Note2), indicating that shape parameters can be con� dently used
to estimate ancestral ecologies. Based on the positioning of the
reconstructed MRCA of crown snakes and MRCA of snakes and
their sister group inside and outside the fossorial cluster,
respectively, we hypothesized that the two MRCAs would have a
different habitat mode (Fig.4a). Effectively, using linear DFA and
a cross-validation procedure to predict ancestral ecologies (Sup-
plementary Note2), we recovered with high con� dence the fos-
sorial ecology (82% of likelihood) of the MRCA of crown snakes
and the non-fossorial (>99.9%) but terrestrial (70%) origin of the
MRCA of snakes and their sister group (Supplementary Table6).
To better visualize cranial morphologies associated with both
MRCAs, the closest species in multidimensional shape space were
warped toward each corresponding ancestral node using the thin-
plate spline (TPS) method (Fig.4b). Consistent with a surface-
terrestrial-to-fossorial transition, the MRCA of crown snakes
shows a more pronounced cylindrical skull shape with
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Fig. 3 Origin and diversi� cation of skull morphology in snakes. Phylomorphospace created by projecting the squamate phylogeny presented in Fig.1onto
the morphospace delimited by the� rst two PC axes. For clarity, only Toxicofera specimens are shown. Ancestral character estimation for each internal
node was performed using squared-change parsimony, and branch lengths were derived from estimated divergence times. The position of lizard and snake
fossils (with species names indicated for specimens already proposed to be at the origin of snakes) is shown by blue squares and blue dots, respectively,
and key ancestral nodes are numbered and colored as in Fig.1. The estimated lizard-to-snake transition took place between nodes 2 and 3 (yellow nodes),
as indicated by the thick bold line. The bottom right cladogram represents a simpli� ed phylogenetic tree of the major Toxicofera lineages (including fossil
families, with colors as in Fig.1) and the ancestral nodes shown in the phylomorphospace
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