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Abstract

Aim: Limb-reduced squamates are a convenient model system to investigate macroevolu-
tionary trends in morphology. Here, we provide morphological, ecological and literature
data on all known species of limb-reduced skinks (Scincidae) and their relatives, represent-
ing one of the most diverse and widely distributed groups of limb-reduced squamates.
Location: Global.

Taxon: Skinks (Reptilia, Squamata: Scincidae). Limb-reduced forms.

Methods: Morphological data were sourced from the primary literature, spanning a
period of over 150years. Linear body measurements were averaged across all values
in the literature, preserving proportionality to body length. For digits and presacral
vertebrae, we used maximum recorded counts. Ecological and biogeographical data
were sourced from habitat assessments in the primary literature, online databases
and field guides. Literature data were sorted according to type of study. To exemplify
the applicability of the database, we used Markov-chain ordered models to estimate
the evolutionary frequency of limb reduction and loss in skinks.

Results: We find evidence of limb reduction and loss in a total of 394 species world-
wide, representing ~23% of all skink species, and ~30% of genera. The distribution
of limb-reduced and limbless forms differs from that of fully limbed forms, as they
are present in all biogeographic realms with the almost complete exclusion of the
Americas. We estimate that limb reduction evolved more than 50 times in skinks, and
that loss of at least one limb pair evolved at least 24 times.

Main conclusions: The dataset captures a broad spectrum of morphological and ecological
variation in a large, globally distributed taxonomic group. It establishes a widely applicable
definition of limb reduction based on limb proportions as a reference for future studies.
Such an extensive collection of morphological and ecological data can pave the way for
investigations of dramatic morphological transitions and their ecological drivers at a global

and local scale.

KEYWORDS
ancestral reconstructions, ecology, limb loss, limb reduction, literature data, lizards,
morphology, skinks
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1 | INTRODUCTION

Lizards are one of the most widespread and highly successful groups
of terrestrial vertebrates (Pianka & Vitt, 2003; Rodda, 2020). A shift
towards limb-reduced, snake-like body shapes is common across
lizard evolutionary history, having occurred in more than 25 squa-
mate lineages (Brandley et al., 2008; Gans, 1975; Greer, 1991). Some
groups (e.g., snakes, Caldwell et al., 2015; Hsiang et al., 2015; am-
phisbaenians, Miiller et al., 2011; and dibamids, Lee, 1998), evolved
limbless, elongated forms early in their evolutionary history. Most
limb-reduced squamates, however, evolved more recently, and many
extant species display intermediate forms that can illuminate the
evolutionary steps that make these large morphological transitions
possible (Brandley et al., 2008; Skinner, 2010; Skinner et al., 2008;
Skinner & Lee, 2009). Skinks (Squamata: Scincidae) are considered
one of the most highly diverse groups of lizards (Pianka & Vitt, 2003),
and show wide variation in body shapes (Greer, 1991). They also
show high incidence of limb reduction and body elongation, includ-
ing many intermediate forms. Even within genera, one can find di-
vergent morphological patterns (e.g., the presence of fully limbed,
limb-reduced and limbless species [e.g., in Chalcides] or the loss of
hindlimbs vs. forelimbs) that hint that these evolutionary transitions
are independent (Bergmann & Morinaga, 2019; Brandley et al., 2008;
Camaiti et al., 2021; Gans, 1975; Greer, 1991; Miralles et al., 2015).
Studies focusing on morphological variation in limb-reduced
squamates, especially skinks, have been largely based on direct
measurements of museum specimens. Specimen availability can
present problems for analyses of multiple taxa originating in dif-
ferent continents, or for rare taxa poorly represented in museum
collections. Relying on published data can alleviate the prob-
lems caused by lack of accessible specimens to measure. Here,
we aim to provide a tool to consistently examine morphological
variation in limb-reduced skinks. To this end, we assembled a
dataset of morphological traits and ecological data of the world's
limb-reduced skinks, based on published sources. Our literature
dataset includes more than 800 sources written over more than
250years, giving us an in-depth perspective over the knowledge
and gaps thereof on limb-reduced skink species. Making these
morphological, ecological and literature datasets widely avail-
able will benefit global investigations of the biogeographical
factors involved in the evolution of limb reduction, contributing
newly linked integrated data to our understanding of limb reduc-

tion and its ecological associations in various clades.

2 | MATERIALS AND METHODS

2.1 | Data collection

Data are provided in a tabular form for ease of analysis. The litera-
ture survey on limb-reduced skinks was conducted using resources
from the Reptile Database (Uetz et al., 2021) for all species of

limb-reduced skinks and their congeners. To assess whether a taxon
fell within our definition of a limb-reduced species (see below), we
surveyed the descriptions and diagnostic keys of skinks at the genus
and species levels. We used the taxonomy of the Reptile Database
(Uetz et al., 2021 [May]) and gathered data from the literature,
field guides, and internet resources, including previously compiled
datasets. We also searched Google Scholar (http://scholar.google.
com/; Google Inc.) for the terms ‘snake-like’, ‘limb-reduced’, ‘reduce-
limbed’, ‘short-limbed’, ‘limbless’, ‘limb reduction’, ‘elongated’ and
‘elongation’, in combination with skink generic names. A detailed
table of contents for all is included in Appendix S1.

2.2 | Data fields and metadata
The morphological and ecological dataset (Appendix S2) includes
the following fields:

1. Species: Binomial as provided by Reptile Database (Uetz et al.,
2021).

2. Higher taxon: For skinks, subfamilial classification from Pyron et
al. (2013). The genus Brachymeles was treated as a monophyletic
clade, as it is not included in the Scincinae by the more recent
phylogeny of Zheng and Wiens (2016). For non-skinks included
for comparative purposes, we used familial classification.

3. Snout-vent length (SVL): Mean body length measured from tip of
the snout to the cloaca (this and all other measurements are in mm).

4. Forelimb length (FLL): Mean length of the forelimb stretched at
a right angle to the body wall, from the back of the axilla to the
longest digit.

5. Hindlimb length (HLL): Mean length of the hindlimb stretched at
aright angle to the body wall, from the groin to the longest digit.

6. Tail length (Tal): Length of the tail from the vent to the tip of the
tail. When tails were reported as regenerated (or when supplied
measurements were clearly too short to be original) they were
not considered for averaging.

7. Head length (HdL): Mean head length measured from the snout
to the back of the ear. When measured from images in which the
ear opening is absent (as is common in limb-reduced fossorial
lizards: Greer, 2002) or not drawn, we considered tip of snout
to end of the parietal scales to be a proxy for head length (as in
Amey et al., 2019). When only skulls were figured we measured
head length from the tip of the snout to the end of the stapedial
bone (this was done only for the species Sepsiscus pluto: Greer &
Cogger, 1985).

8. Number of fingers (digits of the manus): Maximum number of
fingers recorded. Cases of single specimens with abnormal
numbers of digits were excluded. When the limbs are digit-less
stumps, more recent sources are given preference because older
sources often confuse lack of digits with monodactyly.

9. Number of toes (digits of the pes): Same as above but with toes
on the hindlimbs.
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10. Number of presacral vertebrae (PSVn): The maximum number
of vertebrae from the neck (included) to the sacrum (excluded)
recorded in the literature.

11. Limb length disparity: An index consisting of the logarithm of
the ratio between hind and forelimb lengths (adding 1 to both

to include species lacking one or both pairs of limbs), formulated
(HLL+ 1)
(FLL+ 1)
of limbs is compared to the other. A value of O represents limbs

as In

It describes how differentially developed one pair

of equal lengths—positive values represent longer hindlimbs and
negative values represent longer forelimbs.

12. Limb status: Whether a species is fully limbed, limb-reduced or
limbless. We considered species with forelimbs <15% of the
SVL and/or hindlimbs <20% of the SVL to be limb-reduced, and
species with no external traces of limbs (including nubs, stumps
or tubercles) to be limbless. We used these criteria rather than
loss of digits because a significant proportion of taxa with four
‘long’ limbs are characterised by digit loss (e.g. Carlia, and outside
of lizards, Equus), while some short-limbed elongated taxa (e.g.,
Anepischetosia) are characterised by no digit losses at all (Camaiti
et al., 2021; Greer, 1991). We chose the arbitrary cut-offs of 15%
(for forelimbs) and 20% (for hindlimbs) of SVL as we observed that
virtually all species characterised by losses of digital elements and/
or increased presacral vertebrae counts fall within those bounds.
We did not score the genus Tiliqua as limb-reduced despite fall-
ing within these criteria because they do not conform to the body
type of limb-reduced skinks. Tiliqua have laterally enlarged bod-
ies and large heads, with four stout pentadactyl limbs that are
clearly far removed from the adoption of locomotory strategies
and morphologies of limb-reduced skinks in the proper sense (see
Greer, 1989). By comparison, limb-reduced lizards tend to have
narrow bodies and miniaturised heads (Rieppel, 1984).

13. Substrate: substrate ecology derived from the literature, in-
cluding the categories ‘sand’, ‘sandy soil’, ‘soil’ and ‘humus’, on a
scale that goes from the substrates that are poorest in organic
matter and thus friable (‘sand’), to the ones that are richest
in organic matter (‘humus’). Additional categories are ‘terres-
trial’, referring to strictly non-fossorial species, and ‘grass’,
indicating species whose substrate is thick vegetation (i.e.
grass-swimmers). These were compiled based on field guides,
published conservation assessments, and the primary litera-
ture for each species, following the precedent established by
Stepanova and Bauer (2021). It must be noted that this classifi-
cation cannot be considered as a substitute to a precise micro-
habitat assessment for each species. Since a vast majority of
sources are vague or imprecise in their descriptions of species'
habitats (and how those habitats are used), this classification is
merely intended as an indicative summary of the known sub-
strate associations of taxa.

14. Habitat notes:

composition.

Notes regarding habitat and substrate
15. Habitat source: Literature source for habitat and substrate data.
16. Insular endemicity: Whether a species' distribution is restricted

to islands or archipelagos.
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17. Biogeographic realm: Biogeographic areas of species' distribu-
tions, based on the definition by Olson and Dinerstein (1998).
Distribution data based on Reptile Database (Uetz et al., 2021).

In Appendix S3, we provide metadata for the raw morphological
data for each taxon. This includes linear body measurements, and digits
and presacral vertebrae numbers. These metadata include the original
literature sources for each datum, with the values used for the final
dataset highlighted. It also includes the reference list for the morpho-
logical and habitat data for species included for comparative purposes.
An associated dataset cataloguing the literature on limb-reduced spe-
cies is included in Appendix S4. It includes the following fields:

1. Species: As in Dataset A.

2. Higher taxon: As in Dataset A.

3. External descriptions: Studies based on external morphological
characters.

4. Traditional internal descriptions: Studies based on methods such
as osteological and myological descriptions of skeletons and
stained specimens.

5. Radiographs: Studies based on X-ray projection of internal ana-
tomical features (e.g., bones).

6. 3D-imaging: Studies based on X-ray computed tomography (CT
scanning).

7. Phylogeny: Published molecular phylogenies and phylogeny-
based comparative studies. Does not include squamate-wide

phylogenetic assessments.

The reference list for the sources included in both datasets (in-
cluding all references for morphological data in the main dataset) is
provided in Appendix S5.

2.3 | Technical validation

The same types of data are often presented differently in different
sources. We therefore scored traits according to the following protocol:
(1) for digit and presacral vertebrae counts, we used the highest num-
ber reported. We chose maximum over average measurements to avoid
having counts not expressed as integers, for the convenience of analy-
sis; (2) for other measurements, we calculated an average of all values in
the literature. When a study included averages of measurements for the
highest number of specimens measured for that species, we used that
value instead of calculating our own. Whenever available, we prioritised
the use of measurements taken directly from museum specimens, of
which we had an available sample from Australian museum collections
(Museum and Art Gallery of the Northern Territory, Western Australia
Museum, Museums Victoria). To preserve the average proportions of
body parts relative to SVL, variables were divided by the SVL of each
specimen prior to averaging, then multiplied by the weighted average
SVL of all specimens. This proved necessary especially when data for
variables other than SVL were available only for a few specimens or a
single specimen. There are clear limitations of this method, as it may
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introduce allometric biases and assumes linearity in the intraspecific
variation of body proportions. However, we believe the use of this
method is justified, since our dataset was constructed with the inten-
tion of data completeness, to include as many complete measurements
as possible for the highest number of species, to achieve our aim of
comparisons among species rather than intraspecific examination.

When measurements were only available from images, we ex-
tracted measurement data from the images that included a scale bar
(or with known proportions from the text). This was common for head
lengths, which are often not reported in original descriptions, but made
available by the inclusion of photos and lateral and dorsal head illus-
trations. In the cases of species where limb lengths are not reported
and limbs are described as minute but still prominent (i.e., clearly visi-
ble) (Pygomeles bracconnieri and Typhlacontias brevipes) we considered
them to be 2% of the average SVL, as in similar species, where such
measurements are reported (18 species), they fall between 1 and 3
percent of SVL. When limb lengths were not reported because they
are present as spurs, stumps, nubbins, styles, tubercles or single scales,
we considered them to be of zero length, but we still scored the spe-
cies as ‘limb-reduced’ because limbs are not fully absent.

Two hundred and twelve fully limbed species for which mea-
surements were available were added for comparative purposes,
although they are unrelated to limb-reduced or limbless taxa. We in-
cluded at least one representative species for each known genus of
skink (as of The Reptile Database, November 2020) when measure-
ments were available. In the interest of practicality, given the high

number of taxa involved, for these species we used mensural data

(a)
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reported for a single specimen from a single study instead of averag-
ing across multiple specimens. When available, presacral vertebrae
numbers for these species were also recorded from a single source.
Sources were chosen for their completeness in the presented mea-
surements, and as such they were in most cases represented by orig-
inal species descriptions (i.e., usually of the holotype).

3 | RESULTS AND EXAMPLES OF DATA USAGE

The data presented herein can be used for several types of analyses
involving the morphology and ecomorphology of limb-reduced lizards.

Here we present some preliminary observations based on the data.

3.1 | Taxonomic distribution of limb-reduced forms
in Scincidae

The family Scincidae includes at least 1732 species (Reptile
Database, Uetz et al., 2021), divided in seven subfamilies (plus
Brachymeles; Zheng & Wiens, 2016). We find evidence of limb
reduction and body elongation in 51 skink genera, representing
31.1% of the 164 extant genera (Uetz et al., 2021). Our dataset
includes 606 species, of which 394 are limb-reduced or limbless
skinks. These 394 species represent approximately 22.7% of all
known skink species. The relative proportion and number of limb-

reduced and limbless species varies across skink groups (Figure 1).

(b)
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FIGURE 1 (a)Stacked bar chart showing the percentages of fully limbed, limb-reduced and limbless species across the eight main clades
of skinks; (b) stacked bar chart showing the number of fully limbed, limbless and limb-reduced species across the eight main clades of skinks.
Species indicated with NA lack data to determine their limb reduction status.
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The Scincinae and Sphenomorphinae have the highest number of
limb-reduced and limbless species, followed by the Philippine genus
Brachymeles, the Acontinae (a clade including only limbless taxa)
and the Lygosominae. The remaining subfamilies (Eugongylinae,
Mabuyinae, Egerniinae) have very few limb-reduced species, and
no limbless species (Figure 1).

3.2 | Biogeography of limb-reduced skinks

Skinks are present on every continent except Antarctica, in habitats
ranging from deserts to tropical rainforests (Chapple et al., 2021). The
distribution of limbless and limb-reduced forms differs from that of fully
limbed skinks (Figure 2). The Afrotropical (particularly South Africa and
Madagascar) and the Australasian (only Australia) biogeographic realms
are especially species-rich (respectively, 40.6% and 31.2% of limb-
reduced species inhabit these realms), followed by the Indomalayan
(27.7% of limb-reduced species, with scattered areas of richness in
India, Indonesia, Southeast Asia and Philippines) and Palearctic (5.8%
of limb-reduced species) (Figure 2). No limb-reduced skinks inhabit
South America, and a single species (Plestiodon reynoldsi) inhabits North
America. The evolution of limb-reduced forms in these continents might
have been hindered by the presence of established limb-reduced com-
petitors such as gymnophthalmids, amphisbaenids and anguimorphs in
South America, and amphisbaenids, anguimorphs and dibamids in North
and Central America (Pianka & Vitt, 2003).

Insular endemics represent approximately 30.3% of the limb-
reduced and limbless skink species. Madagascar is home to seven
distinct genera of Scincinae that have independently evolved
limb reduction (Andreone & Greer, 2002; Miralles et al., 2015).
Sri Lanka and the Philippines each have a single lineage of skink
(Nessia and Brachymeles, respectively) that radiated into several
forms with varying degrees of limb reduction (Siler et al., 2011;
Smith, 1935).

Richness

fully-limbed species
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3.3 | Using the dataset to determine the
evolutionary frequency of skink limb reduction

Historically, reconstructions of the number of independent in-
stances of limb reduction and loss in skinks has been complicated,
as different methods and alternative definitions of what constitutes
limb reduction have been used. Greer (1991) used a broad defini-
tion of limb reduction—that is, loss of limb bones, including phalan-
ges—to identify a total of 25 instances of limb reduction in skinks,
but without a phylogenetic framework to support this estimation.
Subsequent studies have used phylogenetic comparative methods
to obtain more accurate reconstructions based on phylogenies.
Wiens et al. (2006) identified 14 independent instances of the evo-
lution of limb reduction in skinks (not stated explicitly, but mapped
on a phylogeny in a figure), defining species as limb-reduced based
on a combination of limb and tail proportions and numbers of digits.
Skinner (2010), and Skinner et al. (2008), found 27 instances of limb
reduction in the genus Lerista alone, defining limb reduction based
on the loss of digits only, but did not extend their analysis to other
scincid clades. Finally, Bergmann and Morinaga (2019) reconstructed
a total of 31 independent instances of limb reduction in skinks based
on digit loss (not stated explicitly, but mapped on one of their main
figures; however, several taxa are excluded from their analysis).

We used ancestral reconstructions of discrete character histories
to determine how many times the limb-reduced and limbless body
shapes have evolved in our dataset, and how often limbs have been
lost in skinks. Our definition of limb reduction is based on the rela-
tive length of limbs to SVL (see above). To estimate how many times
limb-reduced and limbless body shapes have evolved in skinks, we em-
ployed a variation of the methods for ancestral character estimation
from Brandley et al. (2008) and Bergmann and Morinaga (2019). These
methods use Markov-chain models that estimate transitions between
discrete character states using maximum likelihood (Pagel, 1999).

We coded species as limbless and as limb-reduced according to the

7
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FIGURE 2 World maps showing the distribution and richness of (a) fully limbed skink species and (b) limb-reduced and limbless skink
species. Richness and distribution data modelled after de Oliveira Caetano et al. (2022).
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definition used for our dataset. We coded as fully limbed all remaining
skink species included in the phylogeny by Zheng and Wiens (2016).
Limbless species were coded as character state 1, limb-reduced ones
as 2, and fully limbed species as 3. All models considered treated limb
status as an ordered character, as to become limbless a species must
necessarily first become limb-reduced (Bergmann & Morinaga, 2019;
Brandley et al., 2008; Camaiti et al., 2021).

We also set out to estimate the number of independent losses

of limbs. Loss of both limb pairs was coded as character state O,

PER L
33 3 @}% % L [

A
a‘%

|

loss of only one pair of limbs as 1, and retention of both limbs as
2. The extended dataset used for these analyses is included in
Appendix Sé.

The phylogeny by Zheng and Wiens (2016) was used to prune the
dataset and to map ancestral reconstructions. A strict, directional
Dollo model (Bergmann & Morinaga, 2019; Dollo, 1893) was used
for both estimations, allowing no reversions from a limb-reduced
or limbless state for the first analysis, and no reversion from loss

of one or both limb pairs in the second analysis. This was justified

;
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FIGURE 3 Phylogenetic tree (from Zheng & Wiens, 2016) mapped with transitions to limb reduction and limblessness, reconstructed
using a maximum likelihood approach (simmap) and implementing a strict Dollo model allowing no reversions from a limbless or limb-reduced
state. Node support is indicated within the percentage pies of posterior probabilities mapped at each node (only when there is character

state uncertainty).
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by our focus on estimating only an indicative number of indepen- also be argued that transitions towards a more reduced state will be
dent transitions, without going into the merit of whether such tran- more likely than the reverse due to the accumulation of correlated
sitions are reversible or not, as this was beyond the scope of our sets of changes that would need to be reversed as well (Dollo, 1893;
study. The question of reversibility of limb reduction is still far from Galis et al., 2010). For these reasons, a restricted model not allowing
settled (Bergmann & Morinaga, 2019; Galis et al., 2010; Kohlsdorf reversions was used in both analyses.

et al., 2010; Skinner, 2010), also due to issues in the methodology The extended dataset (Appendix S6) was pruned of taxa absent
used. Ancestral character estimations based exclusively on the dis- from the phylogeny with the ‘treedata’ function, and models were
tributions of character states at the tips of tree branches have been fitted using the ‘fitDiscrete’ function. All of the above was performed
found to be biased by the lack of consideration of heterogeneity in in the R package ‘geiger’ (2.0.7: Pennell et al., 2014). The ‘make.sim-
the rate of character evolution across clades (King & Lee, 2015), a map’ function (package ‘phytools’, 0.7.70: Revell, 2012) was used to
method whose implementation is not yet fully possible with the in- fit the models to the phylogeny, simulating character histories based
struments we had available. From a developmental standpoint it can on the models and the tip states of the tree.
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FIGURE 4 Phylogenetic tree (from Zheng & Wiens, 2016) mapped with transitions to limb loss, reconstructed using a maximum likelihood
approach (simmap) and implementing a strict Dollo model allowing no reversions from a loss of one or both pairs of limbs. Node support is
indicated within the percentage pies of posterior probabilities mapped at each node (only when there is character state uncertainty).
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To account for uncertainty in the posterior probabilities recon-
structed at the nodes of the tree, when counting the number of in-
dependent transitions between states, only character states with a
posterior probability higher than 75% were considered to be highly
supported for that node. Nodes with lower probability were consid-
ered to be indicative of one or the other possible character states in
our low and high estimates.

To extend our estimation beyond the taxa present in the phy-
logeny, we also considered limb-reduced and limbless taxa in our
main dataset, as several genera and single species lack associated
phylogenetic information. Each genus was taken to represent an
independent instance of limb reduction/loss. In some cases, phylo-
genetic information from other sources (not Zheng & Wiens, 2016)
was associated with taxa, which helped inform our estimation. This
information and the sources used are included in Appendix S7.

Accounting for uncertainties in character probabilities in the
reconstructed nodes, we find 53-57 independent evolutionary in-
stances of limb reduction and loss in skinks (Figure 3). When counting
limb-reduced or limbless clades from our dataset that were not in-
cluded in the phylogeny of Zheng and Wiens (2016), under the as-
sumption that each non-sampled clade represents a single event of
loss, we estimate limb reduction and loss to have evolved 67-71 times
(Appendix S7a).

Loss of at least one limb pair in skinks occurred at least 24 times
independently (Figure 4), rising to a range of 36-41 when counting
clades absent from the phylogeny (Appendix S7b). With the sole ex-
ceptions of the genera Voeltzkowia (s.s., two out of three species) and
Jarujinia, which have completely lost their hindlimbs but maintained
some of their forelimbs, all remaining instances are of loss of forelimbs
only. Skinks in lineages represented in the phylogeny completely lost
both pairs of limbs 17-22 times (Figure 4), rising to 25-32 times when
also counting clades not included in the phylogeny (Appendix S7b).

4 | SUGGESTIONS FOR FUTURE STUDIES

Future studies are likely to benefit from this dataset, given its focus
on providing as much morphological data as possible on limb-reduced
and limbless skinks, and on their environmental and biogeographical
context. As this dataset constitutes the first global data collection
focused on limb-reduced skinks, studies could benefit from such
a convenient model system by linking morphological variation and
species' distributions. Moreover, the specific relationships between
habitat and morphology in limb-reduced taxa have only seldom been
explored (Brandley et al., 2008; Wiens & Slingluff, 2001), and rarely
beyond the distinction between surface-dwelling and underground
lifestyles (e.g., Grizante et al., 2012, for gymnophthalmids). The
habitat and morphological data provided herein could represent an
important basis to investigate these associations in an ecomorpho-
logical, as well as biogeographical, framework. At the same time, our

tabulation reveals the incomplete and often vague nature of the data

that are available for (micro)habitat and ecologies of many species,
indicating topics requiring better descriptions in the future.

The literature dataset associated with the main dataset could
instead prove useful to identify the gaps in knowledge regarding
limb-reduced skinks and their closest relatives, given it identifies the
areas of study, as well as the taxa, that have received little to no
attention during the history of herpetological studies.

To conclude, we recommend that this dataset be used to explore
and further our understanding of the evolution of limb reduction in
skinks, which by extension will inform us about the rules and trends
of morphological evolution across terrestrial vertebrates, and how
these are associated with the surrounding environment.

ACKNOWLEDGMENTS

We wish to thank Andressa Duran for permission to use lizard men-
sural data collected from Australian Museum collections within
the scope of her PhD project. This project was supported by the
Holsworth Wildlife Research Endowment (Equity Trustees Charitable
Foundation & the Ecological Society of Australia), the Monash-
Museums Victoria Robert Blackwood scholarship (to M.C.), an
Australian Research Council Linkage Project grant (LP170100012; to
D.G.C. and A.R.E.), an Australian Research Council Future Fellowship
grant (FT200100108, to D.G.C), a Discovery Early Career Researcher
Award (DECRA: DE180100629, to C.A.H.), and a Royal Society grant
(RGF\EA\181082, funding A.S.). We also wish to thank the anony-
mous reviewer for our paper, and Dr. Harith Farooq, for reviewing

our manuscript. No permits were required to conduct this research.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The authors confirm that the data supporting the findings of this
study are available within the article and its supplementary materials.

ORCID
Marco Camaiti " https://orcid.org/0000-0002-7388-4586
https://orcid.org/0000-0002-4078-4693
Christy A. Hipsley "= https://orcid.org/0000-0002-5740-9363
Mark N. Hutchinson "= https://orcid.org/0000-0003-2910-1983
Shai Meiri "= https://orcid.org/0000-0003-3839-6330

Rodolfo O. Anderson "= https://orcid.org/0000-0002-7220-0621
https://orcid.org/0000-0002-3265-7715

https://orcid.org/0000-0002-7720-6280

Alistair R. Evans

Alex Slavenko
David G. Chapple

REFERENCES

Amey, A. P., Couper, P. J., & Worthington Wilmer, J. W. (2019). Two
new species of Lerista bell, 1833 (Reptilia: Scincidae) from North
Queensland populations formerly assigned to Lerista storri Greer,
McDonald and Lawrie, 1983. Zootaxa, 4577(3), 473-493.

Andreone, F., & Greer, A. E. (2002). Malagasy scincid lizards: Descriptions
of nine new species, with notes on the morphology, reproduction



CAMAITI ET AL.

and taxonomy of some previously described species (Reptilia,
Squamata: Scincidae). Journal of Zoology, 258(2), 139-181.

Bergmann, P. J., & Morinaga, G. (2019). The convergent evolution of
snake-like forms by divergent evolutionary pathways in squamate
reptiles. Evolution, 73(3), 481-496.

Brandley, M. C., Huelsenbeck, J. P., & Wiens, J. J. (2008). Rates and pat-
terns in the evolution of snake-like body form in squamate reptiles:
Evidence for repeated re-evolution of lost digits and long-term per-
sistence of intermediate body forms. Evolution, 62(8), 2042-2064.

Caldwell, M. W,, Nydam, R. L., Palci, A., & Apesteguia, S. (2015). The old-
est known snakes from the middle Jurassic-lower cretaceous pro-
vide insights on snake evolution. Nature Communications, 6(1), 1-11.

Camaiti, M., Evans, A. R,, Hipsley, C. A., & Chapple, D. G. (2021). A fare-
well to arms and legs: A review of limb reduction in squamates.
Biological Reviews, 96(3), 1035-1050.

Chapple, D. G,, Roll, U., Bhm, M., Aguilar, R., Amey, A. P., Austin, C.
C., & Meiri, S. (2021). Conservation status of the world's skinks
(Scincidae): Taxonomic and geographic patterns in extinction risk.
Biological Conservation, 257, 1-21.

Dollo, L. (1893). The laws of evolution. Bulletin de la Société Belge de
Géologie, de Paléontologie et d'Hydrologie, 7, 164-166.

Galis, F., Arntzen, J. W,, & Lande, R. (2010). Dollo's law and the irrevers-
ibility of digit loss in Bachia. Evolution, 64(8), 2466-2476.

Gans, C. (1975). Tetrapod limblessness: Evolution and functional corol-
laries. American Zoologist, 15(2), 455-467.

Greer, A. E. (1989). The biology and evolution of Australian lizards. Surrey
Beatty and Sons.

Greer, A. E. (1991). Limb reduction in squamates: Identification of the
lineages and discussion of the trends. Journal of Herpetology, 25(2),
166-173.

Greer, A. E. (2002). The loss of the external ear opening in Scincid lizards.
Journal of Herpetology, 36(4), 544-555.

Greer, A. E., & Cogger, H. G. (1985). Systematics of the reduce-limbed
and limbless skinks currently assigned to the genus Anomalopus
(Lacertilia: Scincidae). Records of the Australian Museum, 37(1),
11-54.

Grizante, M. B., Brandt, R., & Kohlsdorf, T. (2012). Evolution of body
elongation in gymnophthalmid lizards: Relationships with climate.
PLoS One, 7(11), e49772.

Hsiang, A. Y., Field, D. J., Webster, T. H., Behlke, A. D., Davis, M. B.,
Racicot, R. A., & Gauthier, J. A. (2015). The origin of snakes:
Revealing the ecology, behavior, and evolutionary history of early
snakes using genomics, phenomics, and the fossil record. BMC
Evolutionary Biology, 15(1), 1-22.

King, B., & Lee, M. S. (2015). Ancestral state reconstruction, rate hetero-
geneity, and the evolution of reptile viviparity. Systematic Biology,
64(3), 532-544.

Kohlsdorf, T., Lynch, V. J., Rodrigues, M. T., Brandley, M. C., & Wagner,
G. P. (2010). Data and data interpretation in the study of limb evo-
lution: a reply to Galis et al. on the reevolution of digits in the lizard
genus Bachia. Evolution, 64(8), 2477-2485.

Lee, M. S. (1998). Convergent evolution and character correlation in bur-
rowing reptiles: Towards a resolution of squamate relationships.
Biological Journal of the Linnean Society, 65(4), 369-453.

Miralles, A., Hipsley, C. A., Erens, J., Gehara, M., Rakotoarison, A., Glaw,
F., & Vences, M. (2015). Distinct patterns of desynchronized limb
regression in Malagasy scincine lizards (Squamata, Scincidae). PLoS
One, 10(6), €0126074.

Mudller, J., Hipsley, C. A., Head, J. J., Kardjilov, N., Hilger, A., Wuttke, M.,
& Reisz, R. R. (2011). Eocene lizard from Germany reveals amphis-
baenian origins. Nature, 473(7347), 364-367.

de Oliveira Caetano, G. H., Chapple, D. G., Grenyer, R., Raz, T.,
Rosenblatt, J., Tingley, R., B6hm, M., Meiri, S., & Roll, U. (2022).
Automated assessment reveals extinction risk of reptiles is widely
underestimated across space and phylogeny. bioRxiv. https://doi.
org/10.1101/2022.01.19.477028

9

E e

Olson, D. M., & Dinerstein, E. (1998). The global 200: A representation
approach to conserving the Earth's most biologically valuable
ecoregions. Conservation Biology, 12(3), 502-515.

Pagel, M. (1999). Inferring the historical patterns of biological evolution.
Nature, 401(6756), 877-884.

Pennell, M. W,, Eastman, J. M., Slater, G. J., Brown, J. W., Uyeda, J. C,,
FitzJohn, R. G., & Harmon, L. J. (2014). Geiger v2. 0: An expanded
suite of methods for fitting macroevolutionary models to phyloge-
netic trees. Bioinformatics, 30(15), 2216-2218.

Pianka, E. R., & Vitt, L. J. (2003). Lizards: Windows to the evolution of diver-
sity (vol. 5). University of California Press.

Pyron, R. A., Burbrink, F. T., & Wiens, J. J. (2013). A phylogeny and re-
vised classification of Squamata, including 4161 species of lizards
and snakes. BMC Evolutionary Biology, 13(1), 1-54.

Revell, L. J. (2012). Phytools: An R package for phylogenetic comparative
biology (and other things). Methods in Ecology and Evolution, 3(2),
217-223.

Rieppel, O. (1984). Miniaturization of the lizard skull: Its functional and
evolutionary implications. In Symposia of the Zoological Society of
London (vol. 52, pp. 503-520). : Oxford University Press.

Rodda, G. H. (2020). Lizards of the world: Natural history and taxon ac-
counts. Johns Hopkins University Press.

Siler, C. D., Diesmos, A. C., Alcala, A. C., & Brown, R. M. (2011). Phylogeny
of Philippine slender skinks (Scincidae: Brachymeles) reveals un-
derestimated species diversity, complex biogeographical relation-
ships, and cryptic patterns of lineage diversification. Molecular
Phylogenetics and Evolution, 59(1), 53-65.

Skinner, A. (2010). Rate heterogeneity, ancestral character state re-
construction, and the evolution of limb morphology in Lerista
(Scincidae, Squamata). Systematic Biology, 59(6), 723-740.

Skinner, A., & Lee, M. S. (2009). Body-form evolution in the scincid liz-
ard clade Lerista and the mode of macroevolutionary transitions.
Evolutionary Biology, 36(3), 292-300.

Skinner, A., Lee, M. S., & Hutchinson, M. N. (2008). Rapid and repeated
limb loss in a clade of scincid lizards. BMC Evolutionary Biology, 8(1),
1-9.

Smith, M. A. (1935). Reptilia and Amphibia. Vol Il. Sauria. Taylor & Francis.

Stepanova, N., & Bauer, A. M. (2021). Phylogenetic history influences
convergence for a specialized ecology: Comparative skull morphol-
ogy of African burrowing skinks (Squamata; Scincidae). BMC ecol-
ogy and evolution, 21(1), 1-53.

Uetz, P., Freed, P., Aguilar, R., & Hosek, J. (eds.) (2021). The reptile da-
tabase. Retrieved 15 January 2021 from http://www.reptile-datab
ase.org

Wiens, J. J., Brandley, M. C., & Reeder, T. W. (2006). Why does a trait
evolve multiple times within a clade? Repeated evolution of snake-
like body form in squamate reptiles. Evolution, 60(1), 123-141.

Wiens, J. J., & Slingluff, J. L. (2001). How lizards turn into snakes: A phylo-
genetic analysis of body-form evolution in anguid lizards. Evolution,
55(11), 2303-2318.

Zheng, Y., & Wiens, J. J. (2016). Combining phylogenomic and super-
matrix approaches, and a time-calibrated phylogeny for squamate
reptiles (lizards and snakes) based on 52 genes and 4162 species.
Molecular Phylogenetics and Evolution, 94(Pt. B), 537-547.

BIOSKETCH

Marco Camaiti is a herpetologist interested in the evolution
of vertebrate diversity, with a focus on repeated and dramatic
transitions in the morphology of squamates. His current re-
search topics include investigating several aspects of the evolu-
tion of limb reduction in skinks, and how it relates to functional

adaptations to different environments. He also makes use of




CAMAITI ET AL.

10
=Lwiey

computerised-tomography (CT) scanning techniques to visualise
and compare the internal anatomies of lizards.
Author contributions: M.C., D.G.C. and A.R.E.: Concept/design;
M.C.: data collection; data analysis; drafting of the manuscript.
D.G.C,A.R.E, C.A.H,S.M,R.O.A,, M.N.H. and A.S.: critical revi-
sion of the manuscript; M.C. and S.M.: figures.

SUPPORTING INFORMATION

Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Camaiti, M., Evans, A. R., Hipsley,
C. A., Hutchinson, M. N., Meiri, S., Anderson, R. O.,
Slavenko, A. & Chapple, D. G. (2022). A database of the
morphology, ecology and literature of the world's
limb-reduced skinks. Journal of Biogeography, 00, 1-10.
https://doi.org/10.1111/jbi.14392




	A database of the morphology, ecology and literature of the world's limb-­reduced skinks
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Data collection
	2.2|Data fields and metadata
	2.3|Technical validation

	3|RESULTS AND EXAMPLES OF DATA USAGE
	3.1|Taxonomic distribution of limb-­reduced forms in Scincidae
	3.2|Biogeography of limb-­reduced skinks
	3.3|Using the dataset to determine the evolutionary frequency of skink limb reduction

	4|SUGGESTIONS FOR FUTURE STUDIES
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


