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Abstract

Osteoderms, bone plates in the skin, are widely but discontinuously distributed
across the phylogeny of tetrapods. This and their pronounced morphological dispar-
ity has inspired many hypotheses on possible osteoderm functions. Most of these
have not been systematically studied or summarised based on the published dispa-
rate literature. We provide here a comprehensive overview of the current state of
knowledge in this field with a focus on extant non-avian reptiles. We also discuss
functions in other extant osteoderm-bearing taxa and those inferred from the fossil
record. The hypotheses are categorised into protection, lifestyle and locomotion,
physiology, and visual functions. A comprehensive overview of future directions in
this field is provided. With this review, we hope to encourage future research to
investigate the functional aspect of osteoderms. This might inspire biomimetics and
shed light on the role that osteoderm expression may have played in shaping
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present-day biodiversity.
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Introduction

One of the most consequential phases in vertebrate evolution-
ary history is the transition from an aquatic to a terrestrial life-
style in early tetrapods. Conquering such a fundamentally new
part of the biosphere required a large array of morphological
modifications, including to the integumentary system
(Clack, 2012). The integumentary system is comprised of the
skin with its derivatives, and it forms the essential boundary
between an organism and its external environment
(Leach, 1961; Marshall, 1960; von Goethe, 1817). A com-
monly overlooked feature of the integument is its propensity to
form mineralizations or bones (Main et al., 2005; Zylberberg
& Wake, 1990). These integumentary bones are commonly
referred to as osteoderms (Gadow, 1901). Their formation can
result from direct metaplastic processes in the skin or through
cell-mediated intramembranous ossification (Dubansky &
Dubansky, 2018; Francillon-Vieillot et al., 1989; Haines &
Mohuiddin, 1968; Hill, 2006; Vickaryous & Sire, 2009; Zyl-
berberg & Castanet, 1985). A combination of both processes
may be common, in which osteoderms initially form in the

absence of differentiated osteoblasts via the direct transforma-
tion of the pre-existing connective tissue (de Buffrénil & Zyl-
berberg, 2021; Vickaryous & Hall, 2008; Vickaryous &
Sire, 2009). After this early metaplasia, osteoderms are subse-
quently remodelled through normal osteoblastic osteogenesis
(de Buffrénil &  Zylberberg, 2021; Dubansky &
Dubansky, 2018). Different thereof, the turtle carapace is
derived in large parts from endoskeletal elements in its early
development (Hirasawa et al., 2013), but dermal tissue is inte-
grated via metaplastic ossification in later stages (Scheyer
et al., 2007, 2008; also supported by supplementary fig. S2B
in Lyson et al., 2013). However, in many respects, the underly-
ing ontogenetic and developmental processes deserve further
investigation (Vickaryous & Sire, 2009).

In the existing body of literature, there seems to be no
unambiguous consensus as to which structures qualify as
osteoderms (and which do not). They are defined as superficial
dermal ossifications that form part of the tetrapod integumen-
tary skeleton (Francillon-Vieillot et al., 1989; Romer, 1956;
Vickaryous & Sire, 2009). Structures such as postorbitofrontal,
parafrontal and supraorbital bones form in deeper layers but
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may have been mistaken for osteoderms in the past (Bauer &
Russell, 1989; Boulenger, 1887; Camp, 1923; Campbell, 1974;
Gauthier et al., 2012; Griffing et al., 2018). Other contentious
cases comprise mineralized scale hinges and osteoderms that
are devoid of actual bone tissue (Gauthier et al., 2012; Vickar-
yous et al., 2022). Our understanding is further complicated by
the lack of a consistent and comprehensive catalogue of osteo-
derm expression on a lower taxonomic level, which renders
systematic investigations difficult.

Osteoderms are widely but discontinuously distributed across
tetrapod phylogeny, and they exhibit a pronounced morpholog-
ical disparity. This has inspired many hypotheses on possible
osteoderm functions over the course of the past 170 years.
These hypotheses can be broadly categorized into protection,
lifestyle and locomotion, physiology and visual functions
(Fig. 1). Many of the hypotheses have not been systematically
studied or summarized based on the published disparate litera-
ture. We provide here a comprehensive overview of the current
state of knowledge in this field based on data on extant
non-avian reptiles. We complement this with data on other
extant osteoderm-bearing taxa. For the extinct groups, we dis-
cuss functions that have been inferred from the fossil record.
This can be done with a certain degree of confidence through
comparative approaches and extant phylogenetic bracketing
(Witmer, 1995). With this review, we hope to encourage future
research to investigate the functional aspect of osteoderms in
extant taxa. This can be of interest as a basis for new biomi-
metic materials (e.g. Yang et al., 2013), but also shed light on
the role that osteoderms may have played in the past and what
impact they may have had on shaping present-day biodiversity.

Osteoderm origins, occurrence and
structure

Bony dermal scales (not to be confused with epidermal keratin
scales) are virtually ubiquitous in ‘fish’. Why then do verte-
brate osteoderms require separate consideration? The origins of
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the integumentary skeleton can be traced back to the exoskele-
tons of Ordovician agnathans (Denison, 1968; Janvier, 2015;
Sansom et al., 2005; Sire et al., 2009) and the rhombic scales
found in the stem-Osteichthyes (Vickaryous & Sire, 2009). In
the Devonian, early stem-tetrapods such as Acanthostega and
Ichthyostega retained many piscine features, including a ventral
covering of comparatively thin scales (Janvier, 1996;
Romer, 1956). Thus, dermal scales clearly predate osteoderms
(Sanchez et al., 2021). They were retained in some early tetra-
pods but lost in most crown lineages (Mondéjar-Fernandez
et al., 2014; Mondéjar-Fernandez & Janvier, 2021). As an
exception, they persisted in temnospondyls and, till present
day, in caecilians — albeit in a structurally simplified form
(Mondéjar-Fernandez & Janvier, 2021; Witzmann, 2011; Zyl-
berberg et al., 1980). In addition to scales, several temnospon-
dyls evolved osteoderms with different microstructural
organizations and developmental origins, suggesting convergent
evolutionary pathways (de Buffrénil et al., 2016; Sanchez
et al, 2021; Witzmann & Soler-Gijén, 2010). Nonetheless, a
deep homology may underlie the repeated acquisition of osteo-
derms in tetrapods, in which the integument expresses an
(often latent) structural propensity to form mineralizations or
bones (Hill, 2006; Main et al., 2005; Vickaryous & Hall, 2008;
Zylberberg & Wake, 1990). Therefore, both dermal scales and
osteoderms may be considered structurally derived forms of an
ancestral feature.

From a developmental perspective, the elasmoid scales
found in most bony fish are of mesodermal origin (Mongera &
Niisslein-Volhard, 2013). However, they represent a highly
derived scale type (Mongera & Niisslein-Volhard, 2013). In
carly-diverging lineages of bony fishes, neural crest cells give
rise to the osteoblasts of the scales, as exemplified in sturgeon
(Stundl et al., 2023; Tew, 2023). It can be argued that this
may be the ancestral state. Likewise, tetrapod osteoderms are
hypothesized to develop from neural crest cells (Krmpotic
et al., 2021; Moss, 1969; Sire et al., 2009; Smith & Hall, 1990;
Vickaryous & Sire, 2009). However, experimental data remains
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Figure 1 Schematic overview of proposed osteoderm functions. For references, see text chapters.
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limited (e.g. Cebra-Thomas et al., 2013; Clark et al., 2001;
Gilbert et al., 2007; Goldberg et al., 2020). Moreover, develop-
mental mechanisms may not be uniform throughout the tetra-
pod tree of life. This has been demonstrated in Alligator
mississippiensis, whose osteoderms are formed from mesoder-
mal tissue (Dubansky & Dubansky, 2018). Ultimately, the
developmental origin of tetrapod osteoderms and ‘fish’ scales
remains to be fully understood, and neither ontogeny nor evo-
lutionary history appear to provide a clear and reasonable dis-
tinction between these structures. Given that tetrapods are
nested within vertebrates, it may be necessary to think of
osteoderms as a subcategory or derivative of dermal scales
sensu lato.

After most crown-tetrapods lost their dermal scales, sturdier
osteoderms became the dominant integumentary mineralizations
(Sanchez et al., 2021; Vickaryous & Sire, 2009; Witzmann &
Soler-Gijon, 2010). Osteoderms consolidated the dense integu-
ment of Carboniferous tetrapods, such as the Temnospondyli
(Witzmann, 2009). This may have provided a better resistance
against water loss and mechanical damage such as abrasion
during locomotion on land (Witzmann, 2009). In early Permian
amphibians, such as Cacops and Dissorophus, osteoderms may
not only have provided protection from water loss, but also
facilitated terrestrial locomotion by strengthening the vertebral
column (Berman et al., 1985; Coldiron, 1974; DeMar, 1966,
1968). Thus, osteoderms may have played a key role as a ter-
restrial modification in these early tetrapods.

Subsequently, osteoderms are believed to have been lost
many times across different tetrapod lineages and retained in
others (Williams et al., 2021). Therefore, they occur widely
but inconsistently across the vertebrate phylogeny. They are
found in various extant and extinct amphibian lineages (Ber-
man et al, 1985; Coldiron, 1974; DeMar, 1966, 1968;
Francillon-Vieillot et al., 1989; Leydig, 1857, 1868; Quinzio &
Fabrezi, 2012; Ruibal & Shoemaker, 1984; see Fig. 2). In the
extant Mammalia, osteoderms are found in armadillos
(Hill, 2006; Krmpotic et al., 2015, 2021; Maden et al., 2023;
Vickaryous & Hall, 2006; see Fig. 2) and in the spiny mice
Acomys (Maden et al., 2023; Niethammer, 1975; see Fig. 2).
They were also mentioned in pangolins (e.g. Janis
et al., 2020). However, to our best knowledge, conclusive evi-
dence for osteoderms in this group has yet to be presented
(e.g. Kawashima et al., 2015; Wang et al., 2016). Other calci-
fied integumentary structures in extant mammals that deserve
further investigation include the tubercles found in the skin of
porpoises (Behrmann, 1996; Burmeister, 1869; Ginter
et al., 2011; Kiikenthal, 1889). In the extinct Mammalia, osteo-
derms occur in xenarthrans, namely in armadillos (Wolf, 2007,
2008; Wolf et al., 2012) and ground sloths (Hill, 2006), but
also in representatives of cetaceans (Abel, 1901; Anony-
mous., 1855; Miiller, 1853; von Koenigswald & Storch, 1983)
and a hedgehog-like creature from the Eocene Messel pit (von
Koenigswald & Storch, 1983).

Osteoderms are more common in reptiles. With the excep-
tion of birds (Hendrickx & Bell, 2021; Maden et al., 2023),
they are expressed in all major archelosaurian clades, namely
in crocodylians (English, 2018a; Leydig, 1857; Schmidt, 1914;
see Fig. 2), turtles (Bellairs, 1970; Chen, Yang, et al., 2015;
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Leydig, 1857; Zangerl, 1969; see Fig. 2) and various lineages
of non-avian dinosaurs (Hendrickx et al., 2022; Main
et al., 2005; Vidal et al.,, 2017). Among extant lineages, the
greatest diversity of osteoderms — in terms of shape, distribu-
tion and expression — is found in non-serpent squamate reptiles
(Vickaryous & Sire, 2009; Williams et al., 2021; see Fig. 3).
Only recently, osteoderms were first described in snakes,
namely in sand boas of the family Erycidae (Frydlova
et al., 2023; see Fig. 3).

If extinct groups are considered, the disparity and grades of
expression of osteoderms is likely largest among various Meso-
zoic marine reptiles. The Triassic, c. 252-200 million years
ago, represents a time in Earth’s history where many armoured
forms inhabited aquatic habitats. These included hupesuchians
(e.g. Carroll & Zhi-Ming, 1991; Chen, Motani, et al., 2015),
placodont sauropterygians (Rieppel, 2000; Wang et al., 2019),
saurosphargids (e.g. Li et al, 2011, 2014; Wolniewicz
et al, 2023) and non-archosaurian archosauriforms (Li
et al., 2016).

Also non-marine Triassic clades exhibited a spectacular
osteoderm cover, such as the pseudosuchian Aectosauria and
Phytosauria (de Ricgles et al., 2021). A Triassic taxon that
approached modern cordylid or egernine lizards in terms of its
impressive amount of osteoderms is Eusaurosphargis dalsassoi
(Scheyer et al., 2017), with osteoderms on the vertebrae, shoul-
der and ribs, ossicles along the limbs, and laterally arranged
leaf-like osteoderms between the ribs and gastralia. In other
taxa such as pareiasaurs from the Permian (Lee, 1997) and
later in the ankylosaurian dinosaurs, osteoderm coverage could
be quite extensive both on the postcranial skeleton and the cra-
nial region, up to the development of a disk-like bony eyelid
(Coombs, 1972). However, it remains unresolved if this hyper-
trophied palpebral is an osteoderm in the strict sense.

Osteoderms are highly polymorphic. They comprise struc-
tures as massive as stegosaur back plates, which could exceed
a meter in height (Revan, 2011), minute vermiform or palmate
osteoderms in annelid worm lizards that are reduced to a diam-
eter of 50 micron (Ebel et al, 2020a), and everything in
between. They may be undivided or compound — that is each
osteoderm may be represented by a single unit or several smal-
ler, fused plates (Camp, 1923; Estes et al., 1988; Greer, 2007;
Hoffstetter, 1962; Otto, 1909; Schmidt, 1911). They may be
arranged in an overlapping, imbricating manner or in loose
association — and they can be partially fused with the underly-
ing endoskeletal bones (Bhullar & Bell, 2008; Camp, 1923;
Erickson et al., 2003; Levrat-Calviac & Zylberberg, 1986; Mai-
sano et al., 2019; McDowell & Bogert, 1954; Smith, 1935;
Vickaryous et al., 2015; Zylberberg & Castanet, 1985).

Microscopically, osteoderms are often characterized by a
system of fine canals that may harbour blood vessels, nerves,
adipose tissue and pigment cells (Kerbert, 1877; Kirby, 2020;
Leydig, 1857, 1868; Otto, 1909; Schmidt, 1912; Smith, 1935;
Strahm & Schwartz, 1977). In certain distantly related squa-
mates, the osteoderms are capped with (possibly non-
homologous) dense avascular tissue (Canei & Nonclercq, 2021;
de Buffrénil et al., 2011; de Buffiénil, Sire, et al., 2010; Mal-
iuk et al, 2024; Marghoub et al., 2022; Vickaryous
et al,, 2015). In other cases, the entire osteoderm may be
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Figure 2 Examples of osteoderm-bearing taxa in non-squamate tetrapods. Volume rendering (Scatter HQ) with VGSTUDIO MAX 2024.1 (RRID:
SCR_ 017997) from micro-computed tomography (uCT; Martinez & Harvard Museum of Comparative Zoology, 2019; Rockhold et al., 2019;
Sridhar et al., 2018; Stanley & Yale Peabody Museum, 2018; Stanley & Yale Peabody Museum, 2019; Stanley & Florida Museum of Natural

History, 2018). Osteoderms highlighted in magenta.

(nearly) avascular, such as in the geckos Geckolepis and Taren-
tola, the anguimorph lizard Heloderma, the extinct protero-
champsid Archosauriformes and in certain anurans (Cerda
et al, 2015; de Buffrénil & Houssaye, 2021; Levrat-
Calviac, 1986; Moss, 1969; Ruibal & Shoemaker, 1984; Vick-
aryous et al., 2022; Willan, 2024). However, this trait is not
universal to anuran osteoderms, as the vascularized osteoderms
of Beelzebufo from the Late Cretaceous demonstrate (Evans
et al, 2014). Anuran osteoderms may be co-ossified and
exhibit surface sculpturing. Their numerous dermal glands are
embedded in a layer of connective tissue between the osteo-
derms and the epidermis (Ruibal & Shoemaker, 1984). In
mammals, hair follicles and glands are either embedded in

bulbous osteodermal pits, such as in armadillos (Hill, 2006), or
hair emerges from follicles sandwiched underneath the overlap-
ping osteoderms, as in spiny mice (Maden et al., 2023).

Protective functions

Most intuitively, osteoderms are associated with protective
functions, and they are often also referred to as dermal armour
(Broeckhoven et al., 2015; Frydlova et al., 2023). Osteoderms
have been shown to distribute a locally applied load to a larger
region, thus potentially decreasing damage to the underlying
tissue (Yang et al., 2013). Moreover, like chain mail, their hier-
archical structure with collagen fibres joining rigid units
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Figure 3 Examples of osteoderm-bearing squamate reptiles. Volume rendering (Scatter HQ) with VGSTUDIO MAX 2024.1 from micro-computed
tomography (Anderson et al., 2018; Gray & Florida Museum of Natural History, 2023; Sibert, Gage, & Yale Peabody Museum, 2018; Stanley &
Florida Museum of Natural History, 2020, 2021, 2022a, 2022b, 2022c). Limb orientation was modified in B. perarmata to clarify osteoderm

positions. Osteoderms highlighted in magenta.

provides flexibility without significantly sacrificing strength
(Yang et al., 2013). Nonetheless, robust data that could demon-
strate a specific protective function of osteoderms remains sur-
prisingly limited, and the significance of this function may be
highly variable throughout ontogeny (Kirby, 2020).

Protection from predation

One of the most studied interspecific interactions is predation
(Jorgensen & Fath, 2008). A possible protective function of
osteoderms from predation has widely been discussed in the
literature. Covered by keratinous scales, the enlarged plate- and
puptent-shaped osteoderms on tortoise and extinct terrestrial

turtle limbs (sometimes referred to as limb ossicles), are a
good example for this. They protect the animals’ more vulnera-
ble areas on the limbs (Petrozzi et al., 2020, on Centrochelys
sulcata), neck, and tail when completely withdrawn back into
the shell (Baur, 1888; Scheyer et al., 2015; see Fig. 2).
Similarly, a protective function from predation was broadly
considered for thyreophoran dinosaurs (e.g. Scheyer &
Sander, 2004 and references therein). The back plates in Stego-
saurus, however, likely provided little resistance to the bite of
their typical predators (de Buffrénil et al., 1986; Main
et al., 2005). The comparatively thin cortex and pronounced
vascularization rather support alternative functions such as for
display or thermoregulation (Farlow et al., 1976; Hayashi
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et al., 2010, 2012). This may also be the case for ankylosaurid
osteoderms (Hayashi et al., 2010, 2012). Here, however, it has
also been proposed that structural fibres strengthen the rela-
tively brittle bone to protect it from breakage and penetration
by predator teeth (Scheyer & Sander, 2004). For the sauropod
titanosaurs, it has been shown that their osteoderms tend to
hollow out over the course of their ontogeny, thus providing
little protection from predation (Rogers & D’Emic, 2012; Silva
et al., 2022). However, finite element analysis (FEA) suggests
that they might have served this purpose at earlier ontogenetic
stages, when osteoderms were more compact, proportionally
larger and more closely arranged (Marinho, 2007; Marinho &
Iori, 2011; Silva et al., 2022). In the early Permian amphibians
Cacops and Dissorophus, osteoderms were long thought to
provide protection against predators (Berman et al., 1985;
Case, 1915; DeMar, 1968; Romer, 1947). However, more
recent publications focus on a function in locomotion (e.g.
Dilkes, 2009; Dilkes & Brown, 2007).

In extant tetrapods, a protective function from predation has
been suggested for the osteoderms in the scincoid lizard Ouro-
borus cataphractus, which theoretically can withstand bites
from several mongoose species (Broeckhoven et al., 2015).
This seems to come at the cost of a reduced agility since the
morphological requirements for a rapid escape and armoured
defence appear to be incompatible: heavily armoured species
have been found to be bulky, have short legs and run more
slowly than less armoured species (Losos et al., 2002). It is
noteworthy that, in many cases, ontogeny speaks against a pro-
tective function from predation. While being most vulnerable
as juveniles, many taxa only express their full osteoderm cover
in later developmental stages (e.g. Broeckhoven, de Kock,
et al., 2017; de Queiroz, 1987; Vickaryous & Hall, 2008).

In scincid lizards, osteoderms form a coat of overlapping
bone over the entire body, making their skin hard, impervious
and difficult to hold (Greer, 2007; Robertson & Coventry, 2019;
Shine, 1991). While not providing much protection against
larger predators, their osteoderm cover may still protect them
from piercing structures such as invertebrate chelicerae and
vertebrate teeth (Greer, 2007). In particular, the co-occurrence
of such dermal armour with the presence of venomous preda-
tors has been discussed (Youngman et al., 2021). Accordingly,
snakes such as Pseudonaja may have co-evolved short and
stiff fangs for the penetration of scincid intra-osteodermal
spaces (Fry, 2015). This may be true in comparison with the
long, flexible fangs of Oxyuranus, which are best suited for
penetrating mammalian fur (Fry, 2015). However, further study
is required to explore if this pattern is consistent in the Elapi-
dae as a whole. Skinks are just one of their typical prey items
and short fangs are found in various elapid taxa (Berkovitz &
Shellis, 2017; Watharow, 2011).

Another modification in response to osteoderm-reinforced
prey may be the hinged or jointed teeth that occur in other
skink-eating snakes (Greer, 2007; Savitzky, 1981; Shine, 1991;
Watson, 1993), such as Scaphiodontophis and Sibynophis
(Savitzky, 1981; Vitt & Caldwell, 2014), and convergently in
the ecologically equivalent pygopodid gekkotan Lialis (Patchell
& Shine, 1986; Pianka & Vitt, 2003). It has been proposed
that, when a tooth hits an osteoderm, it folds and thus allows
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other teeth to penetrate between scales and obtain a firm grip
on the prey (Pianka & Vitt, 2003). This mechanism has been
suggested to prevent tooth breakage in the process of predation
(Savitzky, 1981).

Beyond load distribution and protection from penetration,
osteoderms can reinforce spikes and keels that deter predators or
complicate prey removal from a burrow (e.g. Chapple, 2003;
Maliuk et al., 2024; Stanley et al., 2016). A special case of an
anti-predator strategy is phragmosis, the closing of a burrow by
means of modified body parts (Wheeler, 1927). Outside of amni-
otes, it is encountered in various unrelated taxa such as ants, ter-
mites, arachnids and anurans (Holldobler & Wilson, 1990; Jared
et al.,, 2005; Paluh et al., 2020; Schmidt, 1955; Wheeler, 1927;
Wheeler & Holldobler, 1985). Within amniotes, the osteoderm
cover can support phragmotic behaviour. One such case is found
in the Pygmy blue tongue skink Tiliqgua adelaidensis
(Greer, 2007). Different from other related taxa, these animals
back into their tightly fitting burrows (Milne & Bull, 2000).
When a predator tries to enter, the skink presents the heavy
cephalic osteoderms to the intruder (Hutchinson et al., 1994).
Phragmosis is also employed by the pink fairy armadillo Chla-
myphorus truncatus while blocking the burrow entrance with its
pelvic buckler osteoderms (Krmpotic et al., 2024; Schmidt, 1955).
Likewise, cordylid lizards use their osteoderm-bearing tails to
block access to the body while hiding in crevices (Cooper
et al., 2000). In sand boas, caudal osteoderms are believed to
provide protection from attacks on their exposed tail while enter-
ing burrows headfirst (Frydlova et al, 2023). A contrasting
example of a functional interaction between body armour and
shelter can be found in the pancake tortoise Malacochersus tor-
nieri. Their bony shell is reduced and flexible, which likely aids
their unique way of wedging themselves into cracks and cre-
vasses for shelter (Mautner et al., 2017).

Another peculiar protection strategy regards the spiny mice
Acomys, which employ skin-shedding and tail-sheathing as a
defence against predation (Maden et al., 2023). This tear-away
defence might be enhanced by their caudal osteoderms
(Niethammer, 1975), preventing predators from piercing
through the skin and seizing the underlying unsheddable tissue
(Maden et al., 2023). A similar escape mechanism, utilizing a
highly fragile integument with osteoderms, has been reported
for the Madagascar fish-scaled gecko, Geckolepis (Paluh
et al., 2017). Lastly, osteoderms can also reinforce structures
used as active defensive weapons, like a Stegosaurus’ thagomi-
zer or ankylosaurid tail clubs, with a modern analogue in
Smaug giganteus and Varanus acanthurus (Arbour, 2009;
Arbour & Zanno, 2020; Carpenter, 1998; Carpenter
et al., 2005; Fogel, 2000; Murphy et al., 2019).

Protection from conspecific attacks

Osteoderms may also provide protection from conspecific
attacks (English, 2018b). For certain species, sexual dimor-
phism and ontogenetic development support this hypothesis.
For an example, osteoderms are expressed on the trunks of
male cordylid lizard around the time of sexual maturity when
agonistic intraspecific encounters occur, in which males bite
each other’s bodies (Broeckhoven, de Kock, et al., 2017).
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Sexual dimorphism in cordylid osteoderm microanatomy might
also hint at a protective function from their powerful mating
bites (Broeckhoven & du Plessis, 2022; Fogel, 2003). In the
gekkotan Tarentola, it has been proposed that the temporal
sequence of their osteoderm expression reflects the typical
aggressive intraspecific interactions that have been observed in
high population densities, strong territoriality in the males and
maternal protectivity over the clutch (Vickaryous et al., 2015).
Likewise, the comparatively restricted distribution of osteo-
derms in Gekko gecko, which are mostly confined to the dorsal
regions of the head and trunk, is thought to relate to their ste-
reotypical agonistic behaviour (Vickaryous et al., 2015). Also
damage patterns on osteoderms of well-preserved ankylosaur
fossils were used to point at conspecific attacks (Arbour
et al., 2022; Arbour & Zanno, 2020). The same might be true
for large, tail club-carrying glyptodont mammals, extinct rela-
tives of the armadillos (Alexander et al, 1999; Jusufi
et al., 2023). Explicit tests of this hypothesis remain rare,
however.

Other protective functions

As a special case of protection against intraspecific attacks,
osteoderms have been proposed to be expressed in response to
highly combative prey in the diet of certain gekkontans. For
example, the skin of Tarentola is reinforced with an osteoderm
cover, rendering it almost impenetrable to steel injection nee-
dles and thus possibly also to the sting of combative prey such
as scorpions (Hoofien, 1962). A function in defence against
combative prey has also been proposed for the caudal osteo-
derms of sand boas (Frydlova et al., 2023). These snakes enter
rodent burrows to feed on their brood, and their tail is exposed
to attacks from the parent when trying to protect their litter
(Hoyer, 1974).

Another often overlooked aspect of protection is that against
the inanimate environment. For instance, the ventral armour in
caimans is said to protect them from being injured by rocks in
the fast-running streams which they inhabit (Bellairs, 1970).
Ventral osteoderms, which might provide protection from abra-
sion, are also found in sand boas (Frydlova et al., 2023). Like-
wise, abrasion resistance during belly-dragging may play a role
in the osteoderm expression especially in larger, short-limbed
lizards such as skinks and cordylids (in preparation).

Lifestyle and locomotion

Burrowing

Lifestyle and locomotion can be drivers for osteoderm expres-
sion (Greer, 2007). However, there is little consensus on
whether or how osteoderm expression might correlate with fos-
soriality, that is a burrowing lifestyle (Kirby, 2020). It has been
proposed that osteoderms serve as reinforcement of the skull
in fossorial species (Westheide & Rieger, 2015). This is consis-
tent with FEA results suggesting that the squamate cranial
osteoderm cover relieves the underlying bone from mechanical
stress (Xue et al., 2017). An opposite effect on cranial kinesis

Review of osteoderm function

may underlie the reduction of the cranial osteoderm cover in
certain rock-dwelling lacertid lizards as an adaptation to hiding
in crevices (Arnold, 1973, 1998; Armold et al., 2007).

A positive correlation with a head-first burrowing lifestyle
may be supported by the occurrence of dermal mineralizations
in various fossorial and semi-fossorial squamate reptiles, such
as in the Anniellidae (Coe & Kunkel, 1906), the Anguidae
(Kirby et al., 2020; Zylberberg & Castanet, 1985) and the
Scincidae (Miralles et al., 2015; Rieppel, 1981). The latter
family underwent 19 independent acquisitions of a head-first
burrowing lifestyle over the past 40 million years (Ebel
et al.,, 2020b). At the same time, scincid lizards exhibit less
pronounced fossorial modifications in their skull roof structure
than other head-first burrowing squamates (Ebel et al., 2020b).
It thus stands to reason that their heavily co-ossified cephalic
osteoderms with their skull may add to its rigidity for their
head-first burrowing lifestyle (Heyer, 1972).

However, osteoderms are conspicuously reduced or absent in
other highly specialized burrowing clades (Bellairs, 1970). A
reduction has been reported in certain burrowing scincids
(Smith, 1935) and the Anniellidae (Bhullar & Bell, 2008), and
they are presumably absent in the Amphisbaenia, the Dibami-
dae and the Pygopodidae (Camp, 1923; Gadow, 1901). More-
over, it has been proposed that the absence of osteoderms in
serpents [sic] might be indicative of their fossorial origin (Bel-
lairs, 1970). This proposed incompatibility of a pronounced
osteoderm cover with a fossorial lifestyle is thought to result
from impaired flexibility (Williams et al., 2021) — a notion
consistent with Losos et al. (2002), who propose that a heavy
body armature makes rapid locomotion difficult due to the
added mass and inflexibility.

The difficulty here is that lifestyle and locomotion are often
inseparable from the respective defence and escape strategies.
We might think of them as a two-dimensional continuum
between (1) long-limbed sprinters in open terrain, (2) limbless
litter-swimmers and burrowers and (3) short-limbed, slow mov-
ing taxa with heavy body armour (Fig. 4). It stands to reason
that category [1] and [3] are mutually exclusive: Their escape
and defence strategies dictate that short-limbed taxa express a
heavy body armour, while it may be reduced or absent in
long-limbed sprinters (Bonine & Garland, 1999; Kohlsdorf
et al, 2001; Losos et al., 2002; Melville & Swain, 2000;
Zamora-Camacho et al., 2014). Taxa in category [2], however,
follow a different approach. Their limbs are reduced or absent,
and they may or may not express an osteoderm cover (as dis-
cussed above). To some degree, they may exhibit reduced
speed and flexibility (Camacho et al., 2022). However, they
neither necessarily need to be fast nor heavily armoured since
they tend to escape into nearby refuges, such as leaf-litter, tall
grasses and burrows (Foster et al., 2015). Therefore, this part
of the continuum may be much less subject to the selective
pressures that render strategies [1] and [3] mutually exclusive.
This possibly allows a greater disparity in osteoderm expres-
sion and explains the contrasting views on the relationship
between osteoderm expression and a burrowing lifestyle. The
interpretation is further hampered by the fact that fossoriality
correlates with small size (e.g. Ebel et al., 2020b) while, at the
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+

Surface-terrestrial,
long-limbed & fast,
unarmoured

Fossoriality

<
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Fossorial,
may or may not
be armoured .-

Surface-terrestrial,
short-limbed & slow,
heavily armoured

Limb length & speed vs. body armour

Figure 4 Hypothesized continuum between different escape strategies and osteoderm expression in squamates. [1] long-limbed sprinters in
open terrain, [2] limbless litter-swimmers and burrowers and [3] short-limbed, slow moving taxa with heavy body armour. Gradient represents

the absence (white) or presence (black) of osteoderms.

same time, osteoderm reduction has been attributed to minia-
turization (Bhullar & Bell, 2008).

Outside of the Squamata, osteoderms have been proposed to
contribute to burrowing in the early Permian amphibians
Cacops and Dissorophus and in armadillos (Abel, 1912, 1919).
Likewise, the rigid carapace of turtles may have initially been
linked to burrowing rather than protection (Lyson et al., 2016).
Caecilians, a highly derived form of fossorial amphibians,
exhibit mineralized dermal scales (Williams et al., 2021; Zyl-
berberg et al., 1980). However, these structures are more flexi-
bly associated with the dermal tissue than is the case with
osteoderms in the strict sense (Williams et al., 2021; Zylber-
berg & Wake, 1990), and thus provide little insight into a pos-
sible correlation between osteoderm expression and a fossorial
lifestyle. Accordingly, the functional interpretation of osteo-
derms in burrowing taxa remains difficult.

Swimming and flight

Specific lifestyles and types of locomotion may require endo-
skeletal modifications. For an example, larger birds rely on
their light-weight pneumatic bones for flight (Alexander, 2015).
Likewise, bone compaction (osteosclerosis) and bone hyper-
plasy (pachyostosis) in sirens aid the passive control of buoy-
ancy in these aquatic tetrapods (de Buffrénil, Canoville,
et al., 2010). Hard tissue structure is, therefore, often diagnos-
tic for such lifestyles (e.g. Laurin et al., 2011). It is reasonable
to assume that these trends may also regard the dermal skele-
ton, including the osteoderms.

A pronounced osteoderm cover has been reported in presum-
ably less agile swimmers such as the extinct teleosaurids (Hua
& de Buffrénil, 1996). Other such taxa include the extinct pla-
codonts (Rieppel, 2002; Scheyer, 2007). Here, the mass of the
osteodermal shield may act as a ballast and thus facilitate the
passive maintenance of their position in coastal waters (Hua &
de Buffrénil, 1996; Scheyer & Sander, 2009). On the other
hand, a reduction of the osteodermal shield may be attributed
to the acquisition of more efficient locomotion at sea (Hua &

de Buffrénil, 1996). Taxa with highly derived marine modifica-
tions, such as ichthyosaurs, plesiosaurs, metriorhynchid croco-
dylians (Kirby, 2020) and mosasaurs (Camp, 1923; Conrad
et al., 2014) are devoid of osteoderms. A different form of
aquatic modification can be found in the leatherback sea turtle.
Their osteoderms form ridges along the carapace (Delfino
et al., 2013; Deraniyagala et al., 1930). These are thought to
enhance the hydrodynamic flow (Bang et al., 2016; Chen,
Yang, et al., 2015).

Aerial locomotion comes with weight-associated constraints
(Glaeser et al., 2017). It stands to reason that an osteoderm
cover may be incompatible with these. Although a pronounced
osteoderm cover is typical of many flightless archosaurs
(Kirby, 2020), all pterosaurs, birds and possibly their extinct
paravian relatives are devoid of osteoderms (Hendrickx &
Bell, 2021). Consistent with this, a reduced osteoderm cover
can also be found in the arboreal-gliding lacertid genus Holas-
pis (Arnold, 2002; Vanhooydonck et al., 2009), but not in their
non-gliding lacertid sister-taxa Gastropholis and Adolphus
(Ebel et al, 2020a; Pandelis & Long, 2018; Pyron
et al., 2013).

General biomechanics

In crocodylians, osteoderms have been proposed to aid in loco-
motion as an exoskeletal attachment for tendons. According to
Seidel (1979), the epaxial myoseptal tendons insert on the
osteoderms and thus serve as an anchor in the skin to promote
lateral undulations. Moreover, there are tight connections
between the vertebral processes and the transverse osteoderm
rows that cover the intervertebral joints (Frey, 1988a; Salisbury
& Frey, 2000). This connection is relatively immobile, thus
functionally turning the inter-osteodermal joints into accessory
vertebral joints as part of a self-carrying bracing system, the
so-called paravertebral shield (Frey, 1988b). A similar trunk
bracing system may have convergently evolved in various
extinct tetrapods, such as the Chroniosuchidae (Buchwitz
et al, 2012) and the Dissorophidaec such as Dissorophus
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multicinctus, and Cacops aspidephorus (DeMar, 1966;
Dilkes, 2009; Dilkes & Brown, 2007). In the latter, vertebral
lateral flexibility has been proposed to be reduced due to
osteoderm fusion with the neural spines and an extensive over-
lap between the characteristic =~ V-shaped osteoderms
(Dilkes, 2009). Osteoderms can thus functionally be considered
part of the musculoskeletal apparatus in these cases and possi-
bly an adaptation for a terrestrial lifestyle (Coldiron, 1974;
DeMar, 1966, 1968).

In other cases, osteoderms may have an opposite effect on
locomotion. For instance, in scincid lizards, osteoderm thick-
ness has been proposed to negatively correlate with their agil-
ity (Greer, 2007). Consistent with this, Losos et al. (2002)
argue that a heavy body armature makes rapid locomotion dif-
ficult due to the added mass and inflexibility. Likewise,
osteoderm-bearing taxa appear to invest more energy in their
locomotion than non-osteoderm-bearing taxa (Farley & Emsh-
willer, 1996). An explanation may be that osteoderms make
the skin both less flexible and heavier and, therefore, limb and
body movements less efficient (Greer, 2007). It, therefore,
remains difficult to provide a universal functional interpretation
of osteoderm expression in the context of general locomotion.

Last, we address a non-locomotion-related aspect that has
recently been identified in scincid lizards. Their cranial osteo-
derms have been demonstrated in FEA and in vivo to contrib-
ute to the biomechanics of the skull (Marghoub et al., 2023;
Xue et al., 2017). By carrying load during the process of bit-
ing, strain exerted on the skull was found to be reduced by
both fused or loosely attached cranial osteoderms (Marghoub
et al.,, 2023). This entirely new aspect to osteoderm biome-
chanics might lead to a re-evaluation of osteoderm functions in
future studies.

Physiological functions

Thermoregulation

In ecto-poikilothermic vertebrates, the osteoderm cover may be
involved in thermoregulation. For an optimal heat exchange,
these animals should be equipped with a large number of
superficial blood vessels controllable through dilation and con-
striction (Seidel, 1979). On the other hand, this condition may
require some form of protection from external mechanical
damage (Seidel, 1979). A cover of vascularized osteoderms
meets both requirements (Seidel, 1979). Consistent with this,
thermographic imaging has shown for basking caimans, croco-
diles and alligators, that their osteoderms are involved in heat
collection (Clarac & Quilhac, 2019; Farlow et al., 2010). The
osteoderm cover has been proposed to have played a role in
the crocodylian transition from endothermy to ectothermy
(Clarac & Quilhac, 2019). However, more recent studies could
neither detect a clear lifestyle signal in the osteoderm vascular-
ization of crocodiles (Clarac et al., 2020), nor could they con-
firm significant temperature differences that relate to osteoderm
expression (Inacio Veenstra & Broeckhoven, 2022). The direct
contribution of osteoderms to thermoregulation thus remains a
controversial topic.

Review of osteoderm function

Osteodermal surface ornamentation may be a modification in
the context of thermoregulation (Legendre et al., 2016; Sey-
mour et al., 2004). However, this and other micro-anatomical
traits may merely co-occur with an extensive peripheral vascu-
lar network and thus not directly contribute to heat exchange
(Clarac et al., 2017). Indeed, skin vascularization has been
reported to be more pronounced in regions that cover osteo-
derms than in those without (Clarac & Quilhac, 2019). More-
over, ornamentation and a high degree of vascularization may
be a natural concomitant of crocodile osteoderm physiology
(Clarac et al., 2019; Farlow et al., 2010). Throughout crocodile
life history, osteoderms are repeatedly remodelled (de
Buffrénil, 1982) for purposes such as calcium mobilization
(Dacke et al., 2015) and lactic acid buffering (Jackson
et al., 2003). It is thus possible that the necessary vasculariza-
tion underlying these processes may allow some degree of heat
exchange (Farlow et al.,, 2010) without having evolved under
selective pressure specifically for this function.

While all these considerations traditionally focus on radiative
heat loss or gain, stegosaurs may have employed their dermal
bony plates along the back and tail as counter-current heat
exchangers for heat dissipation through convection (Farlow
et al., 2010). These animals might have controlled the effect
through input blood flow rate, shunts and body orientation
with respect to the wind (Farlow et al., 2010). Seidel (1979)
even proposed that stegosaur back plates may have been mov-
ably controlled by their epaxial musculature. However, histo-
logical studies have found the internal osteoderm
vascularization in stegosaurs to be likely insufficient for ther-
moregulation (de Buffrénil et al., 1986; Main et al., 2005).
Some morphological traits that can be interpreted in the con-
text of a rich vascularization may merely be constructional
artefacts that transmitted the blood supply during growth and
were simply retained (Main et al., 2005). Instead, their thermo-
regulation might have relied on a superficial cover with highly
vascularized skin (de Buffrénil et al., 1986; Farlow
et al., 2010). The concept of thermoregulation through con-
trolled blood circulation in appendages is common in amniotes
(Farlow et al., 2010). Therefore, stegosaur back plates might
be viewed as an equivalent to elephant ears with an accessory
role in cooling (Farlow et al., 2010; Main et al., 2005). Like-
wise, ankylosaur osteoderm microanatomy may imply that
these structures played more than just a defensive role and
possibly aided in thermoregulation (Hayashi et al., 2010).

Thermoregulation has also been proposed to act as a selec-
tive pressure on the osteoderm morphology in squamates
(Broeckhoven et al., 2015; Paluh et al., 2017). In scincid liz-
ards, the osteoderms are covered with a fine reticulating system
of blood vessels that can be dilated or constricted under central
neurological control for thermoregulation (Drane &
Webb, 1980; Greer, 2007; Hammel et al., 1967). Beyond these
vessels, osteodermal canals also harbour pigment cells that
might enhance heat uptake (Drane & Webb, 1980; Ker-
bert, 1877; Leydig, 1868; Otto, 1909). Moreover, osteoderms
provide protection to the associated subcutaneous arteries
(Drane & Webb, 1980). In cordylid lizards, investigations of
bone microanatomy, thermal conductivity and penetration force
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have shown that there is a functional trade-off between protec-
tion and thermoregulation (Broeckhoven, du Plessis, &
Hui, 2017). However, in contradiction to previous proposals, it
appears that their osteoderm cover provides insulation against
extreme temperatures due to its low thermal conductivity
(Broeckhoven, du Plessis, & Hui, 2017; Broeckhoven, du Ples-
sis, Roux, et al.,, 2017). Our own data confirm an according
effect on passive heating and cooling rates (in preparation).
Thermal insulation has also been proposed as a function for
osteoderms in armadillos, which contain large cavities filled
with adipose tissue (Krmpotic et al., 2015). A universal inter-
pretation of osteoderm expression in the context of thermoreg-
ulation thus remains difficult.

Calcium metabolism

Like endoskeletal elements, the vertebrate integumentary skele-
ton may play a role in mineral homeostasis (Moss, 1972; Sei-
del, 1979). There are indications for a significant blood supply
to the osteoderms over a physiologically significant time scale
(Farlow et al., 2010). In crocodiles, breeding females show
considerable osteoderm remodelling, accompanied by an
increased plasma calcium (Kofron, 1990) and subsequent
increased  osteoderm  porosity (Dacke et al, 2015
Tucker, 1997). This indicates that crocodylian osteoderms may
act as a store for calcium that is mobilized for the formation
of the egg shell (Dacke et al., 2015; Klein et al., 2009). Simi-
larly, the highly porous and ornamented dorsal shield in dwarf
crocodylians is presumed to buffer the dietary calcium defi-
ciency that they encounter in various equatorial forest niches
(Clarac et al., 2024). A function in calcium storage has also
been proposed for squamates (Paluh et al., 2017). For instance,
female Ouroborus have denser osteoderms, a trend that might
be driven by reproductive needs (Broeckhoven & du Ples-
sis, 2022). In titanosaurs, an according role may be supported
by the fact that their osteoderms tend to hollow out over the
course of their lifetime (Rogers & D’Emic, 2012; Vidal
et al.,, 2017). Calcium sequestration may also have played a
role in the osteoderm expression of the Triassic amphibian
Gerrothorax to counteract episodes of osmotic stress (Witz-
mann & Soler-Gijén, 2010). However, this interpretation
remains conjectural (Sanchez et al., 2021).

On the other hand, it has been argued that osteoderms may
not provide calcium resources, but instead consume them
(Laver et al., 2020; Williams et al., 2021). The authors base
this on the observation that the extracranial endolymphatic sacs
tend to be larger in gecko species with osteoderms than in spe-
cies without them (Laver et al., 2020). These structures contain
calcareous materials (Whiteside, 1922) and have thus been pro-
posed to act as a calcium storage (Laver et al., 2020).

Lactate sequestration, pH regulation and gas
exchange

Carbonate buffering (Jackson & Heisler, 1982) and lactate
sequestration (Jackson, 1997) are considered important physio-
logical functions of mineralized tissues in organisms that
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undergo repeated anoxic acidosis, such as turtles. From the
shell, the sequestered lactate can then be shuttled back into the
plasma during recovery and metabolized to increase the ener-
getic efficiency of this process (Warren & Jackson, 2008). In
caimans, which frequently face severe lactic acidosis in violent
underwater struggles while overwhelming their prey, it has
been shown that their osteoderms account for up to 10% of
the overall buffering and sequestration capacity (Jackson
et al.,, 2003). It has also been proposed that bone ornamenta-
tion is a result of the resorption and remodelling processes
associated with buffering (de Buffrénil, 1982). The degree of
bone ornamentation may thus correlate with certain lifestyles
and physiologies that lead to frequent hyperkapnia and lactic
acidosis (Janis et al., 2012).

A physiological constraint of pronounced dermal armour
may be its disadvantage in terms of cutaneous gas exchange.
This could have played a role in the osteoderm expression of
some extinct dissorophoid temnospondyls, and ‘microsaur’,
lysorophian and aistopod lepospondyls (Witzmann, 2016). Also
reptiles perform a part of their gas exchange through the skin
(Feder & Burggren, 1985). However, this process is thought to
be largely restricted to the more permeable regions of the inter-
scalar spaces, which are devoid of osteoderms (Feder &
Burggren, 1985). Historically, the pronounced vascularization
in squamate osteoderms was interpreted as a network of air-
filled canals and thus associated with their dermal respiration
(Blanchard, 1861). However, the hypothesis has been refuted
by demonstrating that these canals are filled with soft tissue
(Leydig, 1868; Otto, 1909).

Water retention

It is presumed that reptilian scales and armour contribute to
water retention in arid environments (Greer, 2007; Rutland
et al., 2019; Witzmann, 2009). Surface evaporation through the
skin has been shown to account for up to 70% of water loss
in agamid lizards and geckos (Dawson et al., 1966). However,
the skin in osteoderm-bearing skinks is only half as hydrated
as that of squamates without an osteodermal cover (Khalil &
Abdel-Messeih, 1962a), probably due to the proportionally
larger amount of mineralized tissue (Greer, 2007, Khalil &
Abdel-Messeih, 1962b). For example, the skink Ctenotus labil-
lardieri loses only a comparatively small proportion of water
cutaneously (Dawson et al., 1966). Scincid osteodermal cavi-
ties are also filled with adipose tissue (Otto, 1909), which may
act as a barrier against water loss. Adipose tissue has also been
found in the osteoderms of the chameleon Brookesia (Schucht
et al., 2020) and in armadillos (Krmpotic et al., 2015). More-
over, a correlation between osteoderm expression and the arid-
ity of the environment has been found in cordylid lizards
(Broeckhoven, El Adak, et al., 2018; Broeckhoven, Mouton,
et al, 2018). This qualifies water retention as one of the
best-supported functions that have been proposed for squamate
osteoderms. Outside of amniotes, water retention through
osteoderms may have played a role in the Early Permian
amphibians Cacops and Dissorophus (Berman et al., 1985;
DeMar, 1966, 1968).
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Other physiological functions

In addition to the bone marrow of the endoskeleton, squamates
may employ tissue in their osteodermal cavities for haemato-
poiesis, the production of red blood cells (Kirby, 2020;
Moss, 1969; Schucht et al., 2020; Weiss & Wislocki, 1956). A
possible functional constraint arising from a pronounced osteo-
derm cover is that it may limit the ability to expand the body
in the context of feeding and respiration (Leenders, 2019).

Visual functions

Osteoderms may be employed in intraspecific agonistic, deter-
rent or sexual display and interspecific deterrent display (Main
et al., 2005). An intraspecific display function has been pro-
posed for ankylosaurid and stegosaur osteoderms (de Buffrénil
et al., 1986; Hayashi et al., 2010; Main et al., 2005). The
occurrence of two discreet morphs in stegosaur back plates
may support a sexual display function (Saitta, 2015). More-
over, the large plates of Stegosaurus, seen from a lateral view,
might have made the animal appear larger to predators or
rivals (Main et al., 2005). The visual effect might have also
been embellished by pumping blood into the plates causing
them to blush (Carpenter, 1998). However, this explanation is
difficult to test and leaves those stegosaurids unconsidered that
were equipped with smaller plates or only with spikes (Main
et al., 2005).

Other visual functions of osteoderms may comprise orna-
ment and camouflage (Albertson et al., 2009). Ornaments are
by definition decorative rather than wuseful (Heacock
et al.,, 2009). Camouflage has been discussed for chameleons,
in which their spiky dorsolateral projections and osteoderms
might facilitate crypsis to avoid predation (Schucht
et al,, 2020). However, this remains largely unexplored and
there is little reason to believe that crypsis is harder to achieve
with non-mineralized structures. On the other hand, chame-
leons exhibit bone-based fluorescence through transparent win-
dows in their epidermis (Protzel et al., 2018). It may thus be
possible that superficially embedded osteoderms contribute to
this effect in Brookesia, which presently is the only known
chamaeleonid with osteoderms (Schucht et al., 2020). How-
ever, since the function of bone-based fluorescence remains
unknown, it may rather be considered an epiphenomenon.

Future directions in osteoderm
research

Firstly, we would like to note that the more recent histological
findings (Vickaryous et al., 2022, 2023; Willan, 2024) may call
for a clarification of the general definition of an osteoderm as
a basis for future studies. Osteoderms are highly polymorphic
on different structural levels, and neither ontogeny nor evolu-
tionary history appear to provide a clear and reasonable dis-
tinction from other dermal hard tissue. We deem it possible
that other terms (such as ‘dermal mineralizations’) may better
reflect the diversity of calcified tissue that comprise the verte-
brate integumentary skeleton. This would also allow us to

Review of osteoderm function

broaden our perspective towards dermal hard tissue structures
of diverse composition, organization, ontogenetic origin and
evolutionary history.

For osteoderms in the traditional sense, the existing body of
literature proposes a vast array of different functions. However,
the majority of these have never been systematically investi-
gated, and the functional framework, and thus the selective
pressures underlying osteoderm expression, remains elusive.
The current state of research implies a possible
multi-functionality of osteoderms and trade-offs between differ-
ent roles (Williams et al., 2021) — such as protection versus
thermoregulation (Broeckhoven, du Plessis, & Hui, 2017) or a
heavy armour versus rapid escape (Losos et al., 2002). Beyond
this, sexual selection may be a driving factor for squamate
osteoderm expression in those taxa that exhibit a pronounced
sexual dimorphism (Broeckhoven, de Kock, et al., 2017). It
thus stands to reason that osteoderm expression may depend
on the interplay and trade-offs between a combination of these
and other factors that remain to be explored (Williams
et al., 2021).

By their very nature, it is difficult to study functional
aspects in extinct taxa. Extant taxa that have been studied fail
to fully represent the diversity of osteoderm forms and struc-
tures found in the fossil record. Of the proposed functions, lac-
tate sequestration, locomotor support and thermoregulation
have been studied most comprehensively. This work has
focused on turtles and crocodylians (Williams et al., 2021),
neither of which are particularly taxonomically or ecologically
diverse (Bour, 2008; Martin, 2008). This limits the informative
value when used as model systems for general inferences.

In crocodylians, recent studies have found osteoderm histol-
ogy and ornamentation to be diagnostic for specific lifestyles,
which allows functional inferences and offers a new tool for
palacoecological  reconstructions (de Aradjo Sena &
Cubo, 2023; Pochat-Cottilloux et al., 2023). Beyond this, the
thermoregulation hypothesis remains subject of ongoing discus-
sions (Inacio Veenstra & Broeckhoven, 2022). With the
mouse-like Deomyinae as an emerging mammalian model sys-
tem, new light has been shed on the cellular and molecular
basis of osteoderm development (Maden et al., 2023). In future
studies, comparisons with reptilian osteoderms may improve
our understanding of their evolution and possible constraints
for their expression in mammals (Krmpotic et al., 2021; Maden
et al., 2023). In the Cingulata, there have been recent advances
in the use of osteoderm morphology and histology as taxonom-
ically informative traits, both for extinct and extant representa-
tives (Krmpotic et al, 2015; Magalhaes et al, 2022;
Salgado-Ahumada et al., 2023; Scarano et al., 2020). While
ongoing research has started to disentangle the functional
selective pressures underlying the osteoderm expression in this
group, the possible impact of behavioural and morphological
variations between the species remains to be studied (Krmpotic
et al., 2015; Stapp, 2022).

By far the greatest diversity of osteoderms in terms of
shape, distribution and expression is found in squamate reptiles
(Vickaryous & Sire, 2009). Here, the most thoroughly studied
group are the Cordylidae with the following findings: (1) a
possible protective function from violent intraspecific behaviour
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is supported by evidence from the ontogeny (Broeckhoven, de
Kock, et al.,, 2017), (2) a possible correlation of their osteo-
derm expression with predation pressure could only be par-
tially be backed up with evidence (Broeckhoven et al., 2015;
Broeckhoven, El Adak, et al.,, 2018; Broeckhoven, Mouton,
et al., 2018) and 3) a correlation of their osteoderm expression
with the aridity of the environment has been demonstrated
(Broeckhoven, El Adak, et al., 2018; Broeckhoven, Mouton,
et al., 2018).

While this research provided valuable new insight, and
despite the appeal of cordylids as a model system, these find-
ings remain to be confirmed in a broader taxonomic frame-
work. Other functional hypotheses remain entirely anecdotal
and should, therefore, be tested in future research. Where pos-
sible, effort should be made to distinguish between adaptive
and secondary exaptive roles. A comprehensive overview,
including our current state of knowledge and future perspec-
tives, is presented in Table 1.

R. Ebel et al.

An exploration of osteoderm function in vivo and using
museum specimens could provide additional insights into the
structure~function relationships. By using strain gauges, the
role of osteoderms in protective function could be studied
(Kéver et al., 2022). Indeed, by measuring the deformation of
the osteoderms in response to an external load, one could test
the idea that thicker osteoderms deform less and provide a
stiffer external surface better suited to resist external forces.
Moreover, one could test the differences between compound
versus single osteoderms and their role in shock absorption or
load distribution. Recent studies using transducer biting have
suggested that osteoderms carry load during biting (Marghoub
et al., 2023), but whether this is reflected into in vivo behav-
iours such as feeding remains to be tested. In that case, cra-
nial osteoderms might function in load distribution during the
manipulation and crushing of hard objects. XROMM studies
using biplanar videofluoroscopy of marked osteoderms could
provide further insights into whether osteoderms structure and

Table 1 Hypothesis overview with state of research and future directions. For references, see text chapters

Functional hypothesis

What is known

Future perspectives

Osteoderms provide protection
from predation

Osteoderms provide protection
from conspecifics

Osteoderms provide protection
from combative prey

Osteoderms provide protection
from environment

Osteoderms contribute to
burrowing
Osteoderm impair burrowing

Osteoderms contribute to
buoyancy regulation

Osteoderms contribute to
hydrodynamics

A pronounced osteoderm
cover is incompatible with
aerial locomotion

Osteoderms are part of a
self-carrying bracing system

A heavy osteoderm cover
results in slower movement

Osteoderms contribute to skull
biomechanics

Proposed for a variety of extant and extinct taxa.
Penetration force tests indicate that Ouroborus
cataphractus osteoderms can withstand mongoose
bites

Proposed for a variety of extant and extinct taxa.
Supported by ontogeny in cordylids and the gecko
Tarentola

Proposed for the gecko Tarentola and sand boas

Proposed for caimans and short-limbed lizards

Proposed for osteoderm-bearing head-first burrowers.
Supported by FEA

Proposed for non-osteoderm-bearing head-first
burrowers

Proposed mostly for extinct marine reptiles, but also
for the marine iguana

Confirmed for the osteodermal ridges on the carapace
of leatherback sea turtles by means of flow
measurements

Osteoderms are absent in highly derived lineages
with aerial locomotion

Has been proposed for extant crocodylians and the
extinct Chroniosuchidae and Dissorophidae
Has been demonstrated in cordylid lizards

Has been demonstrated by FEA and in vivo in scincid
lizards

Test for a correlation in an extant model system, such
as squamate reptiles. Biomechanical modelling for
a range of extinct and extant taxa and their typical
predators

Test for a correlation in a larger model system, such
as squamate reptiles. Biomechanical modelling for
a range of extinct and extant taxa

Test for a correlation in a model system, such as
squamate reptiles. Biomechanical modelling for a
range of taxa and their typical prey

Test for a correlation (qualitative or quantitative)
between the ventral osteoderm cover and limb
length in a model system, such as squamate
reptiles

Test for a correlation (qualitative or quantitative) in a
model system, such as squamate reptiles. Simulate
burrowing strain with and without osteoderms
using validated FE models

Test with computational buoyancy simulations

Test in other organisms for which this may apply
using 3D prints or computational models (CFD)

Test in aerodynamic simulations for extant and extinct
flying taxa with and without added weight

Test using biomechanical simulations

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole,
using an appropriate comparative framework (i.e.
using phylogenetically informed analyses)

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole,
both during transducer biting and feeding
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Table 1 Continued.
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Functional hypothesis

What is known

Future perspectives

Osteoderms serve radiative
thermoregulation

Osteoderms serve convective
thermoregulation

Osteoderms serve passive
thermoregulation

Osteoderms serve as a
calcium store

Osteoderms serve carbonate
buffering and lactate
sequestration

Osteoderms impact cutaneous
gas exchange

Osteoderms serve water
retention in arid
environments

Osteodermal cavity tissue
serves the production of red
blood cells (haematopoiesis)

Air-filled osteodermal canals
facilitate dermal respiration

Osteoderm are employed for
inter- & intraspecific display

Osteoderms serve an
ornamental function

Osteoderms serve camouflage

Osteoderms provide protection
from predation

Osteoderms provide protection
from conspecifics

Osteoderms provide protection
from combative prey

Osteoderms provide protection
from environment

Osteoderms contribute to
burrowing
Osteoderm impair burrowing

Osteoderms contribute to
buoyancy regulation

Has been demonstrated with thermographic imaging
in crocodylians, but more recent research could not
replicate this

Has been proposed for stegosaur back plates

Thermal insulation has been proposed for armadillos,
and shown for Ouroborus lizards in simulations,
also supported by low in vivo cooling rates

Proposed for cordylid lizards, titanosaurs and
vertebrates in general. Supported by calcium shift
from osteoderms to plasma in breeding female
crocodiles

Inferred from observations in other hard tissues. In
caimans, osteoderms were shown to account for
up to 10% their buffering and sequestration
capacity

Proposed for early tetrapods

The osteoderm-bearing skink Ctenotus has been
shown to lose comparatively little water
cutaneously. A correlation between osteoderm
expression and aridity has been found in cordylid
lizards

Haematopoietic cells were found in the osteodermal
cavities of reptiles and armadillos

Proposed for scincid lizards
Proposed for thyreophoran dinosaurs

Proposed without reference to a specific taxonomic

group
Proposed for chameleons

Proposed for a variety of extant and extinct taxa.
Penetration force tests indicate that
O. cataphractus osteoderms can withstand
mongoose bites

Proposed for a variety of extant and extinct taxa.
Supported by ontogeny in cordylids and the gecko
Tarentola

Proposed for the gecko Tarentola and sand boas

Proposed for caimans and short-limbed lizards

Proposed for osteoderm-bearing head-first burrowers.
Supported by FEA

Proposed for non-osteoderm-bearing head-first
burrowers

Proposed mostly for extinct marine reptiles, but also
for the marine iguana

Resolve controversy. Investigate in a larger taxonomic
framework, such as squamate reptiles, using both
in vitro (passive properties) and in vivo testing (role
of vascular network)

There is no extant analogue for which to test this.
Simulate convective heat exchange in a model

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole,
using in vitro measurements

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole.
Conduct experimental studies using in vivo uCT in
females before, during and after being gravid

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole

Quantify cutaneous gas exchange in extant frogs with
and without osteoderms

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole

Test significance of their contribution and investigate
systematically

It has been shown that the canals in question are not
actually air-filled

Test hypothesis in an extant model group, such as
squamate reptiles

By their very nature, ornaments are decorative rather
than useful

Show that osteoderms contribute to camouflage and
explore if this can be replicated other squamate
reptiles

Test for a correlation in an extant model system, such
as squamate reptiles. Biomechanical modelling for
a range of extinct and extant taxa and their typical
predators

Test for a correlation in a larger model system, such
as squamate reptiles. Biomechanical modelling for
a range of extinct and extant taxa

Test for a correlation in a model system, such as
squamate reptiles. Biomechanical modelling for a
range of taxa and their typical prey

Test for a correlation (qualitative or quantitative)
between the ventral osteoderm cover and limb
length in a model system, such as squamate
reptiles

Test for a correlation (qualitative or quantitative) in a
model system, such as squamate reptiles. Simulate
burrowing strain with and without osteoderms
using validated FE models

Test with computational buoyancy simulations
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Table 1 Continued.
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Functional hypothesis

What is known

Future perspectives

Osteoderms contribute to
hydrodynamics

A pronounced osteoderm
cover is incompatible with
aerial locomotion

Osteoderms are part of a
self-carrying bracing system

A heavy osteoderm cover
results in slower movement

Osteoderms contribute to skull
biomechanics

Osteoderms serve radiative
thermoregulation

Osteoderms serve convective
thermoregulation

Osteoderms serve passive
thermoregulation

Osteoderms serve as a
calcium store

Osteoderms serve carbonate
buffering and lactate
sequestration

Osteoderms impact cutaneous
gas exchange

Osteoderms serve water
retention in arid
environments

Osteodermal cavity tissue
serves the production of red
blood cells (haematopoiesis)

Air-filled osteodermal canals
facilitate dermal respiration

Osteoderm are employed for
inter- & intraspecific display

Osteoderms serve an
ornamental function

Osteoderms serve camouflage

Confirmed for the osteodermal ridges on the carapace
of leatherback sea turtles by means of flow
measurements

Osteoderms are absent in highly derived lineages
with aerial locomotion

Has been proposed for extant crocodylians and the
extinct Chroniosuchidae and Dissorophidae
Has been demonstrated in cordylid lizards

Has been demonstrated by FEA and in vivo in scincid
lizards

Has been demonstrated with thermographic imaging
in crocodylians, but more recent research could not
replicate this

Has been proposed for stegosaur back plates

Thermal insulation has been proposed for armadillos
and shown for Ouroborus lizards in simulations,
also supported by low in vivo cooling rates

Proposed for cordylid lizards, titanosaurs and
vertebrates in general. Supported by calcium shift
from osteoderms to plasma in breeding female
crocodiles

Inferred from observations in other hard tissues. In
caimans, osteoderms were shown to account for
up to 10% their buffering and sequestration
capacity

Proposed for early tetrapods

The osteoderm-bearing skink Ctenotus has been
shown to lose comparatively little water
cutaneously. A correlation between osteoderm
expression and aridity has been found in cordylid
lizards

Haematopoietic cells were found in the osteodermal
cavities of reptiles and armadillos

Proposed for scincid lizards
Proposed for thyreophoran dinosaurs
Proposed without reference to a specific taxonomic

group
Proposed for chameleons

Test in other organisms for which this may apply
using 3D prints or computational models (CFD)

Test in aerodynamic simulations for extant and extinct
flying taxa with and without added weight

Test using biomechanical simulations

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole,
using an appropriate comparative framework (i.e.
using phylogenetically informed analyses)

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole,
both during transducer biting and feeding

Resolve controversy. Investigate in a larger taxonomic
framework, such as squamate reptiles, using both
in vitro (passive properties) and in vivo testing (role
of vascular network)

There is no extant analogue for which to test this.
Simulate convective heat exchange in a model

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole,
using in vitro measurements

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole.
Conduct experimental studies using in vivo pCT in
females before, during and after being gravid

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole

Quantify cutaneous gas exchange in extant frogs with
and without osteoderms

Investigate systematically in a larger taxonomic
framework, such as squamate reptiles as a whole

Test significance of their contribution and investigate
systematically

It has been shown that the canals in question are not
actually air-filled

Test hypothesis in an extant model group, such as
squamate reptiles

By their very nature, ornaments are decorative rather
than useful

Show that osteoderms contribute to camouflage and
explore if this can be replicated other squamate
reptiles

anatomy (i.e. single versus compound, with or without cap-
ping layer, etc...) is directly related to overall body mobility.

with thermocouples and measuring heating and cooling rates
both in vivo and in vitro, one could test hypotheses concern-

This data could be used to test for a trade-off between loco- ing the active or passive role of osteoderms in
motion and protection. Finally, by instrumenting osteoderms thermoregulation.
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Squamate lizards offer a tremendous taxonomic and ecologi-
cal diversity, but also a pronounced disparity in osteoderm
form and presumed functions. Their repeated independent
acquisition of osteoderms renders them an ideal model system
to rigorously test evolutionary and functional hypotheses in a
comparative phylogenetic framework. We propose that future
comprehensive, systematic research into squamate osteoderm
function may elucidate these aspects in extant taxa. Not only
could this provide the basis for new biomimetic materials, but
also shed light on the role that osteoderms may have played in
the past and what impact they had on shaping present-day
biodiversity.
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