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Abstract

Armored skin resulting from the presence of bony dermal structures, osteoderms, is an exceptional
phenotype in gekkotans (geckos and flap-footed lizards) only known to occur in three genera:
Geckolepis, Gekko, and Tarentola. The Tokay gecko (Gekko gecko LINNAEUS 1758) is among the best-
studied geckos due to its large size and wide range of occurrence, and although cranial dermal bone
development has previously been investigated, details of osteoderm development along a size gradient
remain less well-known. Likewise, a comparative survey of additional species within the broader Gekko
clade to determine the uniqueness of this trait has not yet been completed. Here, we studied a large
sample of gekkotans (38 spp.), including 18 specimens of G. gecko, using X-rays and high-resolution
computed tomography for visualizing and quantifying the dermal armor in situ. Results from this
survey confirm the presence of osteoderms in a second species within this genus, Gekko reevesii GRAY
1831, which exhibits discordance in timing and pattern of osteoderm development when compared
with its sister taxon, G. gecko. We discuss the developmental sequence of osteoderms in these two
species and explore in detail the formation and functionality of these enigmatic dermal ossifications.
Finally, we conducted a comparative analysis of endolymphatic sacs in a wide array of gekkotans to
explore previous ideas regarding the role of osteoderms as calcium reservoirs. We found that G. gecko
and other gecko species with osteoderms have highly enlarged endolymphatic sacs relative to their
body size, when compared to species without osteoderms, which implies that these membranous
structures might fulfill a major role of calcium storage even in species with osteoderms.
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1 INTRODUCTION

Acquisition of mineralized integumentary structures — osteoderms — has occurred independently
several times in multiple vertebrate lineages (Vickaryous & Sire, 2009). Osteoderms may form as a
continuous or patchy layer of osseous tissue in the dermis (Vickaryous & Sire, 2009), and are
developed in representatives of most major tetrapod lineages (both extinct and living; Hill, 2005; Moss,
1969; Romer, 1956) including frogs (e.g., Batista et al., 2014; Campos, Da Silva, & Sebben, 2010; Ruibal
& Shoemaker, 1984), dinosaurs (e.g., Curry Rogers, D'emic, Rogers, Vickaryous, & Cagan, 2011; Farlow,
Thompson, & Rosner, 1976), leatherback turtles (in contrast to other Testudines; Chen, Yang, &
Meyers, 2015), crocodilians (e.g., Seidel, 1979; Sun & Chen, 2013), lizards (e.g., Broeckhoven,
Diedericks, & Mouton, 2015; Broeckhoven, El Adak, Hui, Van Damme, & Stankowich, 2018;
Broeckhoven, Mouton, & Hui, 2018; Stanley, Paluh, & Blackburn, 2019), xenarthrans (e.g., Chen et al.,
2011; Krmpotic et al., 2015; Vickaryous & Hall, 2006), the fossil Eocene elephant shrew Pholidocercus
(von Koenigswald & Storch, 1983), and mice of the genus Acomys (Kraft, 1995; Niethammer, 1975).



Among squamates, osteoderms have been reported in representatives of almost every major lizard
clade (Broeckhoven, du Plessis, Minne, & Van Damme, 2019; Camp, 1923; Conrad, 2008; Estes, de
Queiroz, & Gauthier, 1988; Evans, 2008; Gadow, 1901; Gao & Norell, 2000; Moss, 1969; Schmidt,
1912), including iguanians (e.g., de Queiroz, 1987; Schucht, Riihr, Geier, Glaw, & Lambertz, 2019;
Siebenrock, 1893), gekkotans (e.g., Levrat-Calviac, 1986; Levrat-Calviac & Zylberberg, 1986; Paluh,
Griffing, & Bauer, 2017; Scherz, Daza, Kohler, Vences, & Glaw, 2017; Vickaryous, Meldrum, & Russell,
2015; Villa, Daza, Bauer, & Delfino, 2018), scincoideans (e.g., King, 1964; Krause, Evans, & Gao, 2003;
Oliver, 1951; Paluh & Bauer, 2017), lacertoideans (e.g., Arnold, 1989; Barahona & Barbadillo, 1998;
Bellairs & Kamal, 1981; Costantini, Alonso, Moazen, & Bruner, 2010; Read, 1986; Siebenrock, 1894),
and anguimorphs (e.g., Bever, Bell, & Maisano, 2005; Bhullar & Bell, 2008; Conrad, Head, & Carrano,
2014; Maisano, Bell, Gauthier, & Rowe, 2002; McDowell & Bogert, 1954; Zylberberg & Castanet, 1985).
Despite this diverse representation however, osteoderms can be inconsistently expressed within
clades, even within the same genus (e.g., Abronia, Good & Schwenk, 1985; Varanus, Erickson, De
Ricgles, De Buffrénil, Molnar, & Bayless, 2003; and Gekko, Vickaryous et al., 2015). Varanids are a
particularly contrasting group; for instance, species can exhibit conspicuous osteoderms (Varanus
[Megalania)] priscus [prisca], Erickson et al., 2003; Varanus komodoensis OUWENS 1912, Maisano,
Laduc, Bell, & Barber, 2019), or lack these dermal structures completely (the vast majority of species
within the genus Varanus; Auffenberg, 1981; Erickson et al., 2003).

Gekkota, the likely sister clade to all other squamates (Burbrink et al., 2019; Simoes et al., 2018), is a
highly diverse group with over 1,900 species (Bauer, 2013; Conrad, 2008; Uetz, Freed, & Hosek, 2019).
Despite the high species-richness however, osteoderms have only evolved in three genera of
gekkotans, each representing an independent derivation: within the phyllodactylid genus Tarentola
(Bauer & Russell, 1989; Levrat-Calviac, 1986; Levrat-Calviac & Zylberberg, 1986; Loveridge, 1947; Otto
& Coburg, 1909; Parker & Taylor, 1942; Vickaryous et al., 2015; Villa et al., 2018) and two gekkonid
genera, Gekko (specifically, G. gecko LINNAEUS 1758; Daza, Mapps, Lewis, Thies, & Bauer, 2015;
Vickaryous et al., 2015) and Geckolepis (Paluh et al., 2017; Schmidt, 1911, 1912). Likely due to their
independent origins, osteoderms in these genera are different in morphology. In the case of Tarentola,
the osteoderms even develop a special kind of tissue called osteodermine (Vickaryous et al., 2015).
Although discovery of osteoderms in the genus Geckolepis was based on early reports in an
unidentified specimen (Schmidt, 1911, 1912), until recently it had been a matter of contention as to
whether these structures were indeed true osteoderms (Bauer & Russell, 1989; Paluh et al., 2017;
Vickaryous et al., 2015). Geckolepis also represents a unique situation since a large portion of the skin
in these geckos can be lost at once, degloving the body by an extensive avulsion (Angel, 1942; Paluh et
al., 2017; Scherz et al., 2017).

The type genus of the family Gekkonidae, the genus Gekko, is undergoing reorganization (Wood et al.,
2019) involving division into new subgenera and subsumption of two other genera into Gekko. In
contrast to Geckolepis and Tarentola, where osteoderms have been documented across the respective
genera, osteoderms in Gekko are only known to occur in Gekko gecko. However, it is only in recent
years that works have begun to describe the ontogenetic development of gecko osteoderms in detail
(e.g., Vickaryous et al., 2015), and confidently confirmed osteoderms in additional species (Paluh et al.,
2017). In light of this, and with the enhanced ability to visualize the patterning of osteodermal
structures in situ using high-resolution computed tomography (HRCT) methods (e.g., Maisano et al.,



2019), the timing seems apt to reconsider osteoderm presence and development within the revised
Gekko genus. We have obtained morphological data for a broad taxonomic sampling of species across
the Gekko group that allows us to explore in detail the occurrence of these rare integumentary
elements within this group.

Osteoderms may contribute to a variety of possible functions, including playing a role in protection,
locomotion, thermoregulation, and even calcium mineral storage (e.g., Broeckhoven, du Plessis, & Hui,
2017; Buchwitz, Witzmann, Voigt, & Golubev, 2012; Dacke et al., 2015; Farlow, Hayashi, & Tattersall,
2010). Although work is still progressing to understand the complexity of the roles of osteoderms, the
distribution and form of these structures across the body may provide some clues. G. gecko possesses
another structure that is presumed to play a role in calcium storage, the endolymphatic sacs.
Endolymphatic sacs are gland-like, contain calcareous substances, and are typically located in the
cranial vault, proximal to the brain (e.g., Bauer, 1989; Kluge, 1967; Whiteside, 1922). Although the full
function of the endolymphatic system remains to be determined, it has been hypothesized to be
involved in aspects of inner ear pressure regulation, sound transmission, protection of the central
nervous system, and storage of calcium for both reproductive functions and for bone formation (Bauer,
1989; Kluge, 1967; Mangione & Montero, 2001). In certain iguanids, agamids, chameleons, and several
gekkotans, the endolymphatic sacs are expanded to the point that they protrude anteriorly from the
cranial vault and/or posteriorly to lie on either side of the neck (Bauer, 1989; Kluge, 1967). In G. gecko
the extracranial endolymphatic sacs are particularly enlarged (Kluge, 1967), and we suspect this may
serve for calcium storage not only to supply extra material for both reproductive functions and for
bone formation, but additionally for osteoderm production. As a first step in investigating the
possibility of a relationship between these structures, we also measured the size of extracranial
endolymphatic sacs in a broad sampling of geckos to quantify the relationship between osteoderm
presence and size of endolymphatic sacs.

The ontogenetic development of osteoderms in G. gecko was previously described by Vickaryous et al.
(2015) together with geckos of the genus Tarentola. Previously, the ontogenetic development of the
skull was studied in G. gecko, but as this work was based on skeletonized specimens, the osteoderms
were not included (Daza et al., 2015). In this article, we had three broad aims and used HRCT-images to
document in further detail the development of osteoderms in a series of postnatal individuals of
different size of the species G. gecko. This imaging technique allows us to: (a) visually document in
detail the distribution of osteoderms in this species, and the sequence of development of these
elements in the body. The new data also facilitates: (b) the description of the morphological variation
of individual osteoderms in situ. Finally, we: (c) compare the proportion of the extracranial
endolymphatic sacs in the species G. gecko with those of other species with and without osteoderms in
order to determine whether these additional ossifications are correlated with the size of these calcium-
rich structures.

2 MATERIALS AND METHODS

2.1 Imaging techniques
We used two methods to study bony elements: digital X-rays and HRCT. Digital X-rays were taken at
the Division of Amphibians and Reptiles and Ichthyology X-ray facility at the Museum Support Center of



the National Museum of Natural History, Smithsonian Institution. We used an X-ray system with a
KevexTM PXS10-16 W X-ray source and Varian Amorphous Silicon Digital X-Ray Detector PaxScanH
4030R set to 130 kV at 81 mA. For each X-ray, linear and pseudofilm filters were used. The HRCT scans
were obtained at the University of Texas HRXCT Facility (UTCT) using a FeinFocus Microfocal source NSI
scanner (Garbsen, Germany), operating at variable kV and mA values, with no X-ray prefilter. Three
specimens were scanned simultaneously using a helical continued CT Scan. Volume renderings were
obtained using Avizo Lite version 2019.2 (Thermo Fisher Scientific, 2019). TIFF-images from 3D-
renderings were used herein for descriptions and comparisons. In addition, the individual X-rays of the
premaxillary-nasal suture, fronto-nasal suture, fronto-parietal suture, and the cervical region were
used for a more detailed assessment of the morphology and development of the osteoderms in
different regions of the skull. A web-deliverable version of the resulting visualizations is available at
Morphosource.

2.2 Specimen source

Specimens from the group of Indopacific geckos were obtained from preserved formalin-fixed,
ethanol-preserved museum specimens (Table S1). We concentrated our sampling on the genus Gekko
as recently revised (Wood et al., 2019) and included representatives from five of the seven Gekko
subgenera proposed, in addition to some closely related genera, Lepidodactylus and Luperosaurus. We
examined a total of 100 specimens, covering 38 species. The species G. gecko was represented by 18
specimens, seven of which were CT-scanned and 11 were Xrayed. The specimens span a range of body
sizes, with snout-vent lengths (SVL) from 42.3 to 176.7 mm. These specimens of G. gecko were used
here as a proxy for the different stages of development, as a means to assess osteoderm development
throughout ontogeny (Table 1). The SVLs, skull-lengths (SL), and extracranial endolymphatic areas were
measured from X-rays in ImageJ v1.8.0 (Rasband, 2018). Sex was indicated where possible for
specimens examined in this study. For many specimens, this information was available from online
museum databases. Where it was not available, we determined sex of males by presence of cloacal
bones (Carphodactylidae, Diplodactylidae, Eublepharidae, Gekkonidae, and Phyllodactylidae; following
the review by Russell, Vickaryous, and Bauer (2016), or hemibacula in Aristelliger (Sphaerodactylidae),
and/or females by the presence of eggs (gravid Sphaerodactylidae and other families).

For HRCT-scanned specimens of G. gecko, we calculated the same measurements, as well as
osteoderm volumes using the measuring tool in Avizo. To estimate the volume of the osteoderms,
these elements were segmented in Avizo and the number of voxels occupied was used as a measure of
volume; volume values were regressed against SVLs to determine changes in volume with body size.
For the endolymphatic area analysis, we initially followed the same approach as Lamb et al. (2017) to
compare the area of the endolymphatic sacs in geckos in relation to SVL. We assessed the disparity of
endolymphatic sac area among 164 samples across 113 gecko species with and without osteoderms
(Table S2) using phylogenetic generalized least squares analysis (PGLS; Grafen, 1989; Martins &
Hansen, 1997; Symonds & Blomberg, 2014) and a multilocus, ultrametric phylogeny. For the
phylogenetic analysis, sequences of the 16S, ACM4, CMOS, ND2, PDC, RAG-1, and RAG-2 genes were
downloaded from GenBank (https://www.ncbi.nlm.nih.gov/genbank) for all available species with
accompanying endolymphatic sac measurements (Table S3). Sequences were aligned using MAFFT
v7.429 (Katoh & Standley, 2013), and a partitioning and model scheme identified using PartitionFinder
v2.1 (Lanfear, Frandsen, Wright, Senfeld, & Calcott, 2016), considering all genes and codon positions as



potentially different partitions. The best-fitting partitioning scheme and models were used to produce
a maximum likelihood (ML) tree estimate in IQ-TREE v1.5 (Nguyen, Schmidt, von Haeseler, & Minh,
2015). A preliminary ultrametric tree was then estimated under Penalized Likelihood in the package
“ape” v5.3 (Paradis & Schliep, 2018) in R v3.5.1 (http://www.R-project.org; R Core Team, 2012), which
was then used as a starting tree for a finalized ultrametric phylogeny estimated in BEAST v1.10.4
(Suchard et al., 2018). The BEAST analysis used the same partitions as the ML analysis and was
implemented as four parallel runs of 100 million generations, sampling every 10,000 generations. The
first 15 million generations of each run were discarded as burn-in, with the final consensus tree
generated from the combined output of the four runs (Figure S1). When more than one individual was
measured per species, we used the largest specimen in the analysis. Comparative analyses were
conducted in R with the packages “geiger” v2.0.6.2 (Harmon, Weir, Brock, Glor, & Challenger, 2008)
and “ape.”

3 RESULTS

3.1 Occurrence of osteoderms

Cephalic osteoderms were only found in large specimens of the species G. gecko, and in one specimen
assignable to G. reevesii GRAY 1831 (Table 1). The minimum sized individual in which we detected the
presence of osteoderms was a G. gecko of 98.8 mm SVL. Of the 38 species examined, only five
additional species exceed this minimum SVL—Gekko mindorensis TAYLOR 1919, G. petricolus TAYLOR
1962, G. reevesii, G. siamensis GROSSMANN & ULBER 1990, and G. smithii GRAY 1842 —yet osteoderms
were not detected in any of our HRCT or X-ray scans from these specimens either (Table S1). These
new data suggest that the presence of osteoderms in the group of Indopacific geckos occurs only in
large specimens of large species (i.e., at least 98.8 mm SVL; G. gecko, G. reevesii), as the majority of the
specimens sampled where no osteoderms were found were <98.8 mm in SVL (Figure 1). The maximum
sized individual of G. gecko we measured in this work was from Burma and had an SVL of 176.7 mm
(USNM 564836; Figure 2), approaching the largest reported values for this species, 176.0-178.0 mm
(Bauer, 2013; Russell & Bauer, 1987).



TABLE 1 List of Gekko spp. specimens discussed in this study that were scanned using high-resolution computed tomography (HRCT),
including snout-vent lengths (SVL), skull lengths (SL), the region of the body that osteoderms were observed (x), and the total volume of

osteoderms
Osteoderms

Specimen number SVL SL Nasals Frontal | Parietal | Nape | Jaw | Gular | Postcranial | Volume of osteoderms

(mm) (mm) (mm3)
Gekko gecko
FMNH 261847 (®) | 61.7 19.1 - - - - - |- X 1.7E-02
FMNH 261849 () | 98.8 273 |- X X X - |- X 313
FMNH 258696 (@) [ 102.0 |29.0 |- X X X - |- X 67.4
FMNH 266245 (@F) 113.4 31.6 - X X X - - X 108.2
YPM HERR 010083 138.0 34.8 X X X X X X X 531.9
(&)
FMNH 236071 (@F) 143.3 38.0 X X X X - - X 387.2
SHSVMH-0001-2014 | 167.0 46.1 X X X X X X X 884.0
(&)
Gekko reevesii
YPM HERR 016062 131.4 34.9 - X X X - X X 61.9

(@)




FIGURE 1 Box plot of the snout-vent length (SVL) in mm of specimens sampled. Gray area indicates the
size range where osteoderms were detected in species of the genus G. gecko and G. reevesii. Note that
only a few species were represented by specimens within this range
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FIGURE 2 Gekko gecko, digital X-ray of the largest specimen included in this study (Snout-vent length
[SVL] 176.7 mm, USNM 564836 [@])

FIGURE 3 Gekko gecko, osteoderm growth trajectory and volume in specimens observed using high-
resolution computed tomography (HRCT). Specimens: (a) FMNH 261847 (), (b) FMNH 261849 (), (c)
FMNH 258696 (), (d) FMNH 266245 (@F), (e) YPM HERR 010083 (@F), and (f) FMNH 236071 (@F), are

displayed in a developmental progression from smallest (a) to largest (f). The osteoderms are rendered
in green to distinguish them from the rest of the skeleton
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3.2 | Pattern of development of osteoderms in Gekko gecko

The smallest HRCT specimen (SVL61.7 mm, SL 19.1 mm, FMNH 261847, @) shows characteristics of
immature specimens, such as paired parietals and nasals (Daza et al., 2015); partially ossified pectoral
girdle, pelvic girdle, and tarsal elements; and nonossified carpal, and epiphyses of long bones.
Osteoderms were not present within this specimen (Figures 3a, 4a, and 5a). Osteoderms were visible in
slightly larger HRCT (and X-ray) specimens (Figures 3 and 6). Onset of osteoderm development
occurred at the same size range in both males and females of G. gecko, and there was no obvious
sexual dimorphism in osteoderm volume or distribution. Sexual dimorphism in this species in general
has also been noted to be minimal (Fitch, 1981). To simplify the description of the osteoderm
development, we describe the distribution of osteoderms for each specimen ordered by increasing
size, followed by a brief comment on visible changes to the skeleton.

FIGURE 4 Gekko gecko, transverse cross-section tomogram at the level of the frontoparietal suture of
the specimens: (a) FMNH 261847 (), (b) FMNH 261849 (€), (c) FMNH 258696 (), (d) FMNH 266245
(@), (e) YPM HERR 010083 (@#), and (f) FMNH 236071 (@)




FIGURE 5 Gekko gecko, midsagittal cross-section tomogram of the specimens: (a) FMNH 261847 (),
(b) FMNH 261849 (), (c) FMNH 258696 (), (d) FMNH 266245 (&), (€) YPM HERR 010083 (@#), and
(f) FMINH 236071 (@)

SVL 98.8 mm, SL 27.3 mm (FMNH 261849, @, Figures 3b, 4b, and 5b). The osteoderms in this
specimen appear as scattered condensations overlying the prefrontal, orbits, frontal, parietal,
squamosal, supraoccipital, and on top of the temporal region; yet there are still several spaces free of
osteoderms. The osteoderms extend posteriorly to the level of the atlas. Individual osteoderms are
ring-shaped with a void space in the center (Figure 3b).

The nasals and parietals have started to fuse together and although epiphyses and metaphyses are still
cartilaginous, they are starting to show some of the carpal, tarsal, and elbow and knee sesamoid
elements. The wrist of the specimen shows two bones, the ulnare (proximal to the ulna) and the
centrale, located in the middle of the wrist (Figure 3b). In the elbow and knee joints, there are
epiphyseal ossification centers, and in the ankle, there are four elements: the astragalocalcaneum, two
distal tarsals (3 and 4), and the metatarsal V (Figure 3b).

SVL 102.0 mm, SL 29.0 mm (FMNH 258696, @, Figures 3c, 4c, and 5c). Despite the similar body size
between this specimen and the previous one, there are striking differences between them in both
osteoderm volume and ossification. In this specimen, the osteoderms are more densely packed,
forming a continuous armor that covers the same bones, in addition to the postorbitofrontal. The
osteoderms cover the entire surface of these bones with no exposure of the surface except for the
anterior portion of the frontal, which remains exposed. The cephalic shield covers the orbits (eyes)
more extensively and descends laterally and extends posteriorly to cover the level of the third cervical
vertebra.

The nasals and parietals still show ongoing fusion (Daza et al., 2015), the epiphyses and metaphyses
are still cartilaginous, showing two bones in the wrist (ulnare and centrale). The elbow and knee joints
show additional ossification centers and epiphyses, and in the ankle the same four elements are
observed as in the previous specimen.



SVL 113.4 mm, SL 31.6 mm (FMNH 266245, @7, Figures 3d, 4d, and 5d). At this size, the specimen
shows additional concentration of osteoderms on top of the temporal area and the entire surface of
the postorbitofrontal, following a neat pattern around the orbit. The osteoderms form a continuous
structure similar to a helmet, completely covering the mandibular fossa when viewed in dorsal view
and overlying the entirety of the squamosal. The layer of osteoderms appears to be denser than in
smaller specimens. Some of the individual osteoderms still have a void space in the center.

The epiphyses and metaphyses still show signs of being cartilaginous, but they display an increasing
number of ossification centers near the long bones in the elbow (5), wrist (4), and knee (~4). Major
changes in the ankle are concentrated on the epiphyses of the tibia and fibula.

SVL 138.0 mm, SL 34.8 mm (YPM HERR 010083, @7, Figures 3e, 4e, and 5e). The osteoderms in this
stage also cover the snout, including the entire frontal, nasals, prefrontal, and a large portion of the
facial process of the maxilla, and some independent patches additionally cover the side of the
posterior process of the maxilla. The osteoderms reach the limit between the premaxilla and the
nasals. On the lateral side, the osteoderms extend more laterally covering the entire temporal region
(including the entire lateral side, and forming a bony shield behind the orbit), and even reaching the
eminence of the coronoid. Osteoderms are also present on the lateral side of the jaw, partially
covering the dentary, and a large patch is present on the mental and chin area. The osteoderm shield
extends posteriorly to the level of the fifth cervical vertebra, where there is an isolated row of large
conical osteoderms.

FIGURE 6 Gekko gecko, osteoderm growth trajectory and volume in specimens observed using digital
X-rays. Numbers in parentheses after specimen numbers are snout-vent lengths (SVLs) in mm: (a)

USNM 318728 (122.2, ), (b) USNM 512854 (126.4, @), (c) USNM 564835 (131.5, @), (d) USNM
512855 (136.6, §), (e) USNM 512857 (137.5, ), (f) USNM 573671 (138.3, ), (g) USNM 564838
(144.9, @), (h) USNM 512856 (152.3, @F), (i) USNM 564837 (158.7, @), (j) USNM 564836 (176.7, )

The epiphyseal plate and ossification centers are entirely fused, indicating skeletal maturity (Maisano,
2002). The elbow, wrist, knee, and ankle joints are also completely ossified. There is a sesamoid on the
proximal side of the radius, and the fabella sesamoid is observed on the posterior side of both knees.



SVL 143.3 mm, SL 38.0 mm (FMNH 236071, G/, Figures 3f, 4f, and 5f). Although this specimen is
slightly larger than the previous one (YPM HERR 010083), it shows a lower volume of osteodermes. It
has a similar distribution of osteoderms to the previous specimen but does not have osteoderms in the
lower jaw region. The snout is also extensively covered by osteoderms, although these elements are
scattered over the top of the nasals and the nasal-premaxilla suture.

The osteoderm distribution on the dorsal part of the skull in this specimen is similar to that of
specimen YPM HERR 010083, except that the snout retains some spaces without osteoderms. In
addition, specimen FMNH 236071 has osteoderms on the tip of the facial process of the maxilla and
only a small spot on the posterior part of this process. Although FMNH 236071 is larger than YPM HERR
010083, the former does not exhibit osteoderms in the gular region.

FIGURE 7 Gekko gecko, details of the osteoderms of the largest high-resolution computed tomography

(HRCT) specimen (SHSVMH-0001-2014, @) showing individual variation of the osteoderms at different
regions of the skull
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SVL 167.0 mm, SL 46.1 mm (SHSVMH-0001-2014, @7, Figure 7). Specimen SHSVMH-0001-2014 was
illustrated previously (Daza et al., 2015); we have here produced images in all views to better illustrate
the position of the osteoderms. We also use this specimen to describe the individual variation of
osteoderms in this species. The osteoderms in this specimen cover virtually the entire surface of the
cranium and portions of the jaw; the ascending nasal process of the premaxilla is covered, leaving only
the labial margin of the maxilla exposed.

Individual osteoderm variation of the cephalic osteoderms: In specimen SHSVMH-0001-2014, the
differentiation in the osteoderms is more marked, both in size and shape; osteoderms vary in size
depending on the area of the head or body where they are formed. The smallest osteoderms are those
along the midrow of the skull from the nasal region to anterior portion of the parietals, the ones
forming the chin patch and the ones scattered on the gular region. The largest osteoderms are located
in the temporal region, and they enlarge as they approach the posterior border, especially the ones
forming the free occipital row. Some of the largest osteoderms still preserve the void space in the



middle (e.g., those of the occipital row). Osteoderms are arranged in an interlocking pattern similar to
puzzle pieces, and the majority are either tubercular or doughnut shaped. The osteoderms associated
with the supralabial and infralabial scales tend to be more irregular and elongated, almost rectangular.
There is a line of slim and elongated osteoderms surrounding the upper margins of the brille (Figure 7).

We observed that in G. gecko, osteoderm volume increases linearly along the body size gradient
(Figure 8), and the relationship between size and volume shows positive allometry, as defined by the
equation with an allometric coefficient higher than 10 (y = 10.777x - 20.428). This data indicates that
osteoderm volume increases rapidly with respect to body length (SVL), which is consistent with the
pattern described. Once the osteoderms overlay certain areas of the skull (i.e., frontal, parietals) the
individual dermal structures begin to expand and fill the space between them and within their central
void spaces.

FIGURE 8 Increase in osteoderm volume in Gekko gecko along a body-size gradient, with data from
samples presented in Figure 3. Log-transformed snout-vent length (SVL) in mm, log-transformed
osteoderm volume measured in cubic mm
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FIGURE 9 Gekko reevesii, details of the osteoderms of the High-Resolution Computed Tomography scan

(specimen: YPM HERR 016062, ). The osteoderms are rendered in green to distinguish them from the
rest of the skeleton

3.3 Osteoderms in Gekko reevesii

One of the specimens studied (YPM HERR 016062, €, SVL 131.4 mm, SL 34.9 mm, Figure 9) was
assignable to the species Gekko reevesii from southern China, representing a second species where
these structures are found. The pattern of osteoderm distribution in this species is different to the one



seen in the series of G. gecko. The osteoderms in this specimen, which has a skull length comparable
with YPM HERR 010083, appear to present a less dense layer. Contrary to YPM HERR 010083,
osteoderm distribution is similar to the skeletally immature specimens of G. gecko (e.g., FMNH
261849), although the osteoderms are more concentrated on the palpebral region, and are very
scattered on top of the frontal, postorbitofrontal, parietal, supraoccipital, and the temporal region.
One major difference is that despite the lower volume of osteoderms compared with G. gecko of
similar size, this species displays osteoderms in the chin area, which tend to be developed in much
later stages in G. gecko.

FIGURE 10 Plot of log-transformed endolymphatic sac area (mm2) against log(x + 1)-transformed
snout-vent length (SVL, mm), with fitted lines from a phylogenetic generalized least squares (PGLS)
model that includes the presence/absence of osteoderms as treatment. Gecko species with
osteoderms tend to have larger endolymphatic sac area, and similar slopes with different intercepts
are consistent with different phenotypic optima
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3.4 Do endolymphatic sac proportions vary with presence of osteoderms?

Gecko species with osteoderms have larger endolymphatic sacs than gecko species without
osteoderms, taking into account SVL (Figure 10). PGLS results support that the models for
endolymphatic sac area of geckos with or without osteoderms have similar slopes but the slopes have
different intercepts. The PGLS model with osteoderms as treatment (endolymphatic sac area ~In[SVL] +
osteoderms) received moderately stronger support than the model without treatment (endolymphatic
sac area ~In[SVL], AAIC = 7.13). These findings imply that the extracranial endolymphatic sacs tend to
be larger in gecko species with osteoderms than in species without osteoderms.

4 DISCUSSION

4.1 Onset of osteoderm development

Previously, osteoderms were considered to be absent from the hatchling stage (SVL <80.0 mm) to less
than 111.5 mm SVL, which was the stage at which the first appearance of osteoderms was noted in G.
gecko (Vickaryous et al., 2015). In our sampling, we noticed the presence of osteoderms in even
smaller specimens (98.8 mm SVL). It is clear that these structures develop before the onset of skeletal
maturity.



In both Gekko species where the presence of osteoderms was observed, the timing of appearance of
these elements (based on comparison of similar sized specimens) is asynchronous to previous reports
(Vickaryous et al., 2015). The development of osteoderms in G. gecko can be described in three main
stages: (a) In skeletally immature specimens, osteoderms appear overlying the posterior portion of the
frontal bone, palpebral region, parietals, supraoccipital, and the temporal region (Figures 3b—d, 4b—d,
and 5b—d). (b) In young adults, the osteoderms extend further toward the snout region, entirely
covering the frontal bone, nasals, premaxilla, maxilla, and prefrontal (Figures 3f, 4f, and 5f). (c) In the
last stage, specimens are skeletally mature and develop osteoderms covering the entire dorsal surface
of the cranium and extending to the labial side of the jaw and chin areas (Figures 3e, 4e, 5e, and 7). In
the second and third stages, there is a noticeable incremental increase in osteoderm volume, to the
point where spaces between individual elements are filled out.

Previously, it was described that individuals around the SVL of 111.5 mm (comparable to the first
stage) have osteoderms restricted to the frontal bone and orbits, and no postcranial osteoderms
(Vickaryous et al., 2015). We found here that osteoderms also covered the parietals,
postorbitofrontals, supraoccipital, and the temporal region. It is possible that the HRCT-method better
reveals the more posterior osteoderms compared to clear and staining. Our results are congruent with
the Vickaryous et al. (2015) study where they further report the appearance of osteoderms covering
most of the head (except the rostral-most tip) in slightly larger individuals (SVL 116.2 mm), and found
no evidence of osteoderms beneath the supralabial scales, and only some mineralization subadjacent
to the infralabials and across the gular region, and in the tubercles dorsal to the pectoral girdle.
Vickaryous et al. (2015) described that in specimens larger than 121.9 mm SVL (equivalent to the
second stage), most, if not all, of the dorsal surface of the head (excluding the supralabial scales) is
completely reinforced with osteoderms, including the gular region, and within dermal stroma of the
tubercular scales across the trunk and limbs. Postcranial osteoderms in the trunk or limbs were not as
evident as cephalic osteoderms in the full body HRCT-datasets, and were instead observed as scarcely
and randomly distributed, small and irregularly shaped osteoderms, most similar in form to those seen
in the gular region. These few osteoderms were observed infrequently scattered in both dorsal and
ventral surfaces of the trunk and limbs in all specimens, including the juvenile specimen which showed
no cranial osteoderms (FMNH 261847, see Table 1), but were so small that most do not display in the
HRCT volume renderings, in contrast to the cranial osteoderms. These discrepancies between this
study and that of Vickaryous et al. (2015) may be attributed to the resolution of the scans and the size
of these structures.

The species G. reevesii is the sister species of G. gecko and the two species were long considered to be
conspecific (Rosler et al., 2011). Based on the single available specimen of this species, it appears that
the osteoderms may develop in a slightly different pattern to those in G. gecko, similar to observations
of variation in timing and patterns of osteoderm accumulation in different species of Tarentola
(Vickaryous et al., 2015). The specimen of G. reevesii studied measured 131.4 mm SVL; considering that
this species attains a maximum of at least 173.0 mm SVL (Résler et al., 2011), and the degree of
ossification of the epiphyses and joint elements, we estimate this specimen to be a young adult.
However, it already displays osteoderms in the chin region, prior to an increase in the osteoderm
volume, and to development of these elements over the snout and jaw. A more detailed study of G.
reevesii, including more specimens, is needed to corroborate this asynchronous ossification pattern. At



this point, we cannot conclude whether this species develops similar volume of osteoderms in the skull
as G. gecko. Likewise, we lack complete data on osteoderm development for other extremely large
species of the subgenus Gecko (e.g., G. albofasciolatus GUNTHER 1867, G. nutaphandi BAUER,
SUMONTHA, & PAUWELS 2008, G. verreauxi TYTLER 1865), and for some species we are lacking
specimens near the maximum size limit (e.g., G. smithii; Rosler et al., 2011); although none of the three
adult specimens of G. siamensis or G. smithii included in this study have osteoderms. It would seem
that large size may facilitate the appearance of the cephalic osteoderms in the genus Gekko; an
analogous association between large size and the occurrence of parafrontal bones was reported in the
Old World radiation of sphaerodactylid geckos (Griffing, Daza, DeBoer, & Bauer, 2018).

4.2 Comments on the distribution and functionality of osteoderms in geckos

Among the three gekkotan genera that exhibit osteoderms, different patterns of osteoderm
distribution are observed. In terms of body coverage, osteoderms in Geckolepis (Gekkonidae)
superficially resemble the body armor developed in skinks, where the whole body is covered by large,
overlapping cycloid scales (except in the chin area); although the microstructure of the osteoderms in
Geckolepis differ substantially from skinks in that they are much thinner, more pliable, and also
ephemeral structures that are easily shed during regional integumentary loss (Paluh et al., 2017). The
genus Tarentola (Phyllodactylidae) has been shown to exhibit osteoderms in multiple species (T.
americana GRAY 1831, T. annularis GEOFFROY SAINTHILAIRE 1827, T. chazaliae MOCQUAD 1895, T.
crombiei DIAZ & HEDGES 2008, T. mauritanica LINNAEUS 1758, T. neglecta STRAUCH 1887; Levrat-
Calviac, 1986; Levrat-Calviac & Zylberberg, 1986; Vickaryous et al., 2015), representative of all four
subgeneric clades within this genus (Carranza, Arnold, Mateo, & Geniez, 2002; Carranza, Arnold,
Mateo, & Lépez-Jurado, 2000). Different species studied across Tarentola have been shown to display
differential degrees of osteoderm development, however, these structures are still more permanent
than in Geckolepis and are developed in the cranial and postcranial regions (Vickaryous et al., 2015).
The osteoderms of Tarentola are more dense around the skull, and may overly the lower jaw and the
chin region (Vickaryous et al., 2015). When these structures are developed in the postcranium of
Tarentola, in cleared and stained preparations they appear as scattered structures in the dorsal region
of the body (Vickaryous et al., 2015), however, they form an almost continuous layer of dermal bone
comprised of thousands of tiny isolated elements (Avallone, Tizzano, Cerciello, Buglione, & Fulgione,
2018); the discrepancy in the degree of covering reported in these two studies is likely attributed to
sexual, ontogenetic, and geographical differences. Osteoderms in the genus Gekko (Gekkonidae) are
more similar to those of Tarentola spp. and other squamates in terms of permanency and morphology
(juxtaposed, polygonal; Parker & Taylor, 1942).

A diversity of functions have been proposed for osteoderms including roles in protection (Broeckhoven
et al., 2017; Moss, 1969; Vickaryous et al., 2015), locomotion (Buchwitz et al., 2012; Buchwitz & Voigt,
2010; Dilkes & Brown, 2007; Frey, 1988; Seidel, 1979), calcium mineral storage (Curry Rogers et al.,
2011; Dacke et al., 2015; Klein, Scheyer, & Titken, 2009), and thermoregulation (Farlow et al., 1976;
Farlow et al., 2010; Seidel, 1979), or a combination of these functions (Broeckhoven et al., 2017). For
example, Broeckhoven et al. (2017) provided evidence for a functional tradeoff between strength and
thermal capacity of osteoderms in two species of girdled lizards.



Considering reinforcement of the integument, a body armor covering can not only serve as an
antipredator defense but can also act to prevent intraspecific aggression, as well as protect against
dangerous prey commonly encountered by some of the armored gecko species (Vickaryous & Sire,
2009). Geckolepis osteoderms have been inferred to function more as thermoregulation structures or
deposits of labile calcium for eggshell formation (Paluh et al., 2017). On the other hand, extreme
shedding, such as observed in Geckolepis (Paluh et al., 2017; Schmidt, 1911, 1912), could be also
interpreted as an antipredator strategy that might trick the hunter; shedding a large amount of
hardened integument could work in a similar way to other antipredator strategies, such as tail
autotomy, which is a widespread strategy among squamates (Hofstetter & Gasc, 1969; McConnachie &
Whiting, 2003), being developed in 13 families (Stanley et al., 2019). The protective nature of
osteoderms is consistent with large specimens of G. gecko being capable of preying upon vertebrates,
in addition to invertebrates, that have the potential to injure their heads (e.g., birds, geckos, rodents,
and snakes; Bucol & Alcala, 2013; and see review in Daza, Herrera, Thomas, & Claudio, 2009).
Furthermore, to kill large prey items G. gecko is known to exhibit the peculiar behavior of smashing
their heads and the prey against the substrate, hence the cephalic shield may offer additional
protection (Bucol & Alcala, 2013). In cordylid lizards, osteoderms increase skin toughness, serving as an
antipredator strategy by withstanding bite forces of mammalian predators; however, predation by
snakes and thermoregulation might cause variation in defensive morphology (Broeckhoven et al.,
2015). A similar conclusion can be drawn for the species G. gecko, as they are also preyed upon by
snakes (e.g., Golden tree snake, Chrysopelea ornata—Shaw, 1802; Babu, Shihan, Debbarma, &
Debbarma, 2018).

The pattern of osteoderm distribution in G. gecko, limited to the head with scattered small elements
on the dorsal side of the trunk, argues against any physiological role (thermoregulation, water loss),
and to some extent protection against some predators/prey, although some protection might be
offered against direct strikes to the head by conspecifics or prey. Males of G. gecko are known for
being territorial and aggressive (Henkel & Schmidt, 1995; Marcellini, 1977; Seufer, 1991), especially
when defending their eggs and offspring (Petzold, 2007). In G. gecko, restriction of the osteoderm layer
to predominantly form a cephalic shield over the dorsal surface of the head could relate to such
agonistic behaviors (Vickaryous et al., 2015). The osteoderm distribution pattern in G. gecko differs
considerably from the pattern seen in heavily armored lizards (e.g., cordylids and gerrhosaurids), which
in fact display a wide range of different combinations of areas covered (Stanley, 2013), including: (a)
full-body covering (e.g., Broadleysaurus major DUMERIL 1851, Ouroborus cataphractus BOIE 1828,
Smaug giganteus SMITH 1844), (b) head, limbs, and tail covered (e.g., Pseudocordylus transvaalensis
FITZSIMONS 1943), and (c) body covering reduced or absent and tail covered (e.g., Platysaurus
ocellatus BROADLEY 1962). Tail cover is important for cordylids and gerrhosaurids considering that
some of them use crevices as retreats, oftentimes leaving the tail exposed. In the case of geckos,
where the tail is commonly shed, development of caudal osteoderms seems certainly ineffective since
it would be a wasted investment of energy and calcium; nevertheless, they can be present in the tail
(e.g., in Tarentola).

The idea that these dermal structures might work as additional deposits of calcium has been proposed
(Paluh et al., 2017), and could be similar to how alligators may source calcium from osteoderms for
eggshell production (Dacke et al., 2015). Alternatively, calcareous materials are produced in the



endolymphatic apparatus of all vertebrates (Whiteside, 1922), and in some geckos and iguanians the
endolymphatic sacs become greatly enlarged, forming protruding structures extracranially (Kluge,
1967). These structures are found mainly in the neck and sometimes anterior to the braincase, which
extend via a foramen that opens from the anterior semicircular canal (pathway of the accessory
endolymphatic duct, Conrad & Daza, 2015). It seems plausible that, at least in geckos and iguanians,
the endolymphatic sacs are supplying all the calcium necessary for egg production (Bauer, 1989; Kluge,
1967; Lamb et al., 2017). In the sphaerodactylid gecko Gonatodes antillensis LIDTH DE JEUDE 1887 it
has been shown that females develop larger endolymphatic sacs than males, and that gravid females
have slightly larger endolymphatic sacs than nongravid females (Lamb et al., 2017). Kluge (1967)
illustrated an adult male and female specimen of G. gecko, highlighting that males lack extracranial
endolymphatic sacs, while in females these structures appear very enlarged. In our sampling, we found
that these sacs were also present in males, but frequently are smaller than in females (Figure 6, Table
S2).

Considering the results of the analysis of endolymphatic sac areas as an approximation of the size of
these structures, it seems that for its size, Gekko gecko, along with other gecko species with
osteoderms, has proportionally larger endolymphatic sacs compared to geckos without osteoderms
(Figure 10). Given the rare occurrence of osteoderms across gekkotans however (three small clades),
even with unlimited species sampling it may remain impossible to draw strong conclusions about the
relationship between endolymphatic sac size and osteoderms. Furthermore, size of endolymphatic sacs
is highly variable among geckos, including differences among species or families (e.g., sacs tend to be
absent in diplodactylids, likely because this family lay leathery rather than hard-shelled eggs), between
sexes, stage of reproductive cycle in females, and availability of calcium in diet (e.g., captive animals).
Given this variability and that our sampling only included a few individuals per species, we recommend
considering this a preliminary analysis and interpreting these results with caution until more accurate
approaches are applied to study these structures in depth (e.g., diffusible iodine-based contrast-
enhanced computed tomography [DiceCT], detailed dissections, vital staining of the calcium, or
postmortem staining of large sample sizes for many species). Despite the limitations of these data, our
analysis suggests that in geckos with osteoderms, the endolymphatic sacs might have a dual function
as a source of calcium, not only for egg production, but also for the extra bone material. We propose
that osteoderms represent structures that require rather than provide calcium resources and would
predict that if the opposite were the case, the endolymphatic sacs in geckos with osteoderms would be
more likely to be reduced in size compared to the body size.

5 CONCLUSIONS

Despite our broad species sampling, osteoderms were only confirmed in two sister taxa (G. gecko and
G. reevesii), therefore, these dermal structures are a synapomorphy for this clade of geckos.
Osteoderms in other geckos, since they occur in quite divergent clades, and due to their overall
differences in permanence (Geckolepis), morphology (Tarentola), and spatial distribution (both), are
independently acquired and nonhomologous.

Although these structures are homologous in the two species of the group of Indopacific geckos, we
found disparity between these two species in the timing of development of the osteoderms. A more



detailed assessment of the development of this trait is required in G. reevesii, including additional
specimens of varying size, in order to better understand the developmental discordance.

In G. gecko and G. reevesii, osteoderms are likely to reinforce the integument, especially in large
specimens that might be more exposed to agonistic behavior of conspecifics or large prey items, as a
consequence of increase in diversity of dietary items during ontogeny. With current data, we cannot
conclude if the osteoderms in G. gecko function as calcium reservoirs, however, our data implies that
increased auxiliary structures (i.e., extracranial endolymphatic sacs) in gecko species with osteoderms
possibly fulfill this function. Conclusively determining the final storage area of calcium could be done
experimentally by feeding captive geckos with calcium isotopes and tracking the pathway of calcium
accumulation in the body.
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