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ABSTRACT:

Błaszczeć, P. and Antczak, M. 2025. The histology and function of the dermal armour of the aetosaur 
Stagonolopeis olenkae Sulej, 2010 (Archosauria, Pseudosuchia) from Krasiejów (SW Poland). Acta Geologica 
Polonica, 75 (1), e38.

Microscopic observations of the bone tissues of osteoderms covering an animal’s body can provide an insight 
into its lifestyle and ontogeny as well as reveal the function of the armour. In the case of the aetosaur Stagonolepis 
olenkae Sulej, 2010 from the locality of Krasiejów, to date only the paramedian osteoderms have been analysed 
and compared to other taxa within Pseudosuchia Zittel, 1887. This study examines ten disarticulated plates from 
different parts of the body of S. olenkae: paramedian, lateral, ventral and appendicular osteoderms. The armour 
of S. olenkae has a diploe structure composed of layers of external and basal cortex surrounding an internal 
cancellous core. In the basal layer of the osteoderms, bundles of Sharpey’s fibres and skeletochronological 
structures are present. The internal structures of the osteoderms indicate extensive remodelling processes, and 
the weak vascularization and bone tissues that constitute the plates – lamellar bone and parallel-fibred bone 
– suggest considerable mechanical resistance. Elements of the armour’s osteology adapted to distribute and 
reduce mechanical stress might provide confirmation of the protective function of the armour as well.
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INTRODUCTION

Osteoderms are mineralized structures formed 
within the dermis, usually in the form of bony 
plates of various shapes, sizes and ornamentation 
(Vickaryous and Hall 2008). They can function as 
mechanical protection (Broeckhoven et al. 2015), re-
duce the buoyancy of aquatic organisms (Houssaye 
2009), assist in thermal regulation of ectothermic 
organisms, participate in lactic acid buffering in 
hypoxic conditions (Clarac et al. 2018), store cal-
cium in reproductively active females (Dacke et al. 
2015), or fulfil several functions at the same time 

(Seidel 1979; Nasoori 2020). Histological analysis of 
tissues that constitute them allows their function to 
be determined (Broeckhoven et al. 2017; du Plessis 
et al. 2018; Clarac et al. 2019; Pochat-Cottilloux et 
al. 2022).

Aetosaurs (Archosauria: Pseudosuchia) were a 
group of armoured quadrupedal medium- to large-
sized (Small 1985; Heckert and Lucas 1999; Desojo 
et al. 2013) archosaurs (Nesbitt 2011). During the 
Late Triassic (Carnian to Rhaetian), they lived almost 
throughout Pangea, with fossils found in North and 
South America, Africa, Europe and India (Heckert 
and Lucas 1999; Desojo et al. 2013). Initially de-
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scribed as herbivores, after analysis of the structure 
and mechanics of the skull and the forelimbs (Small 
2002; Desojo and Vizcaíno 2009; Sulej 2010; Dróżdż 
2018; Taborda et al. 2021), they were recognised as 
omnivores who used their snout and strong limbs to 
excavate underground stems and insects (Sulej 2010; 
Antczak 2012). An extensive bony armour was a dis-
tinctive feature of aetosaurs, whose back and abdomen 
from the back of the head to the tip of the tail were 
covered by columns of often interlocking osteoderms. 
Occasionally, appendicular osteoderms also covered 
the limbs (Desojo et al. 2013; Parker 2016; Dróżdż 
2018; UOPB collection, personal observations).

To date, the histology of aetosaur osteoderms has 
been studied several times, but with a primary fo-
cus on selected elements of the armour or compar-
ing the microstructure of single osteoderms within 
Aetosauria or with other archosaurs. A more detailed 
description was performed twice – for the species 
Aetosauroides scagliai Casamiquela, 1960 (Cerda et 
al. 2018) and Coahomasuchus chathamensis Heckert, 
Fraser and Schneider, 2017 (Hoffman et al. 2018). 
In the case of Stagonolepis olenkae, a histological 
description was performed only for the paramedian 
osteoderms (Scheyer et al. 2014; Cerda et al. 2018), 
but a detailed characterization of the bone tissues 
of the entire armour of this aetosaur has never been 
provided. Additionally, a description of the tissues 
constituting the osteoderms of S. olenkae will pro-
vide insight into the possible function of the dermal 
armour. It is theorized that the dermal armour of ae-
tosaurs provided a protection against predators (Dzik 

and Sulej 2007; Dróżdż 2018; Keeble and Benton 
2020), but this has not yet been confirmed by more 
thorough analyses (Drymala et al. 2021).

GEOLOGICAL SETTING

Krasiejów is a village located in Opole Voivo
deship (Upper Silesia, SW Poland) and situated 
geologically on the south-eastern edge of the Fore-
Sudetic Homocline (Text-fig. 1). The abandoned 
post-mining clay pit is an outcrop of Upper Triassic 
fine-grained sedimentary rocks: siltstones, mud-
stones and claystones, with less frequent sandstones 
and calcareous nodules (Bodzioch and Kowal-Linka 
2012; Szulc and Racki 2015; Szulc et al. 2015a, b).

Within the site, three units have been distinguished, 
consisting of two, upper and lower, bone-bearing 
beds (Gruszka and Zieliński 2008; Bodzioch and 
Kowal-Linka 2012; Szulc and Racki 2015; Szulc et al. 
2015b). Aetosaur bones and osteoderms can be found 
in this section of the outcrop. The lower bonebed is 
the richest, an accumulation of mostly disarticulated 
remains of Temnospondyli (such as Metoposaurus 
Lydekker, 1890 and Cyclotosaurus Fraas, 1889); the 
pseudosuchian archosaurs Parasuchus Lydekker, 
1885 (Phytosauria), Stagonolepis Agassiz, 1844 
(Aetosauria), Polonosuchus Brusatte, Butler, Sulej 
and Niedźwiedzki, 2009 (Rauisuchia), and the ave-
metatarsalian archosaur Silesaurus Dzik, 2003 
(Dinosauriformes?) (Dzik et al. 2000; Sulej and 
Majer 2005; Dzik and Sulej 2007; Brusatte et al. 

Text-fig. 1. Geological setting of the study area (after Bodzioch and Kowal-Linka 2012).
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2009; Bodzioch and Kowal-Linka 2012; Teschner et 
al. 2022). Numerous microfossils in the form of iso-
lated teeth and scales of different groups of fishes are 
also present, as well as tetrapod teeth, including cy-
nodonts and basal theropods (Kowalski et al. 2019).

However, the so-called lower bone-bearing hori-
zon is not homogenous (Text-fig. 2) and may not rep-
resent a single deposition event. A palaeovertisoil 
represented by a red mudstone in the form of several 
thin layers occurs at the base of the section (Gruszka 
and Zieliński 2008). Above it, grey mudstones with 
rhizoids, gyrogonites, bivalve moulds and faecal 
pellets are noted, interpreted as marsh sediments 
(Bodzioch et al. 2018), and the fossil remains found 
there, including small fish remains (author obser-
vation) and single large bones of Stagonolepis and 
Metoposaurus are most probably autochthonous, ex-
cept perhaps for small lenses with microfossil ac-
cumulations interpreted as the outwash of paleosoil 
(Szulc 2005; Kowalski et al. 2019). As a result of ero-
sion, the upper layer of marsh sediments is discontin-
uous and covered with red mudstones and claystones. 
Although no sedimentary structures can be seen 
within this layer, the lower part is abundant in fossils 
of amphibians and reptiles, and yet aetosaur remains 
are less common. In the middle part of this unit, dis-
persed pedogenic grains are noted. Above this layer, 
an assemblage of microfossils occurs (Kowalski et al. 
2019). The abundance of remains, their random as-
semblage and the preferred orientation of larger fos-
sils may indicate their accumulation as a result of a 
catastrophic debris flow event (Bodzioch and Kowal-
Linka 2012; Jewuła et al. 2019). Isotopic dating by 
Konieczna et al. (2015) indicates clastic material sup-
ply from the Bohemian Massif. The top section of the 
bone-bearing horizon consists of a layer of numerous 
unionid bivalve moulds and a carbonate layer with 
bivalve shells and rare bones (distinct in the quarry 
profile, although only a few centimetres thick). An 
increased amount of barite suggests an evaporation 
event (Bodzioch and Kowal-Linka 2012).

Such an interpretation suggests that at least some 
aetosaurs lived at the exact place of the finding (articu-
lated limbs are not uncommon in the marsh sediment). 
Some of the findings (from the upper part of the bone-
bed) may be allochthonous (transported by the sheet 
flood) and represent different aetosaur populations 
(Bodzioch and Kowal-Linka 2012; Bodzioch 2015).

The outcropping sediments have been dated to the 
Late Carnian based on faunal comparison with other 
Upper Triassic sites (Dzik et al. 2000; Dzik and Sulej 
2007; Lucas 2015, 2020), but lithostratigraphic, sedi-
mentological, geochemical and palynological analyses 

suggest a succession of facies typical of the Middle 
Norian (Gruszka and Zieliński 2008; Środoń et al. 
2014; Fijałkowska-Mader 2015; Szulc et al. 2015a, b; 
Jewuła et al. 2019).

Among the first remains discovered at the 
Krasiejów site were skull fragments, long bones and 
11 osteoderms belonging to a Stagonolepididae aeto-
saur (Dzik et al. 2000). Based on the ornamentation 
of the osteoderms, they were assigned to Stagonolepis 
robertsoni Agassiz, 1844 (Dzik and Sulej 2007; Lucas 
et al. 2007). Further material from the Krasiejów lo-
cality – including a skull roof with neurocranium, 
complete nasals, premaxillae, maxilla with teeth and 
squamosal – compared with S. robertsoni resulted in 
the description of a new species Stagonolepis olen­
kae Sulej, 2010. The taxonomy of the aetosaur from 
Krasiejów is disputed (Lucas et al. 2007), and ana-
tomical differences between S. olenkae and S. rob­

Text-fig. 2. Schematic stratigraphical position of the lower 
bone-bearing horizon of the Krasiejów site (after Kowalski et al. 

2019).
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ertsoni may be explained by ontogeny or sexual di-
morphism; S. olenkae could also represent a local 
variation (Antczak 2016a).

Stagonolepis olenkae is one of the largest archo-
saurs found in the Krasiejów deposits – it is second in 
size only to the rauisuchian Polonosuchus silesiacus 
Brusatte, Butler, Sulej and Niedźwiedzki, 2009 (Sulej 
2005). The aetosaur’s armour may have provided a 
form of defence against attacks by predators such as 
the rauisuchian P. silesiacus (Dzik and Sulej 2007; 
Sulej 2010).

The paramedian osteoderms of Stagonolepis 
are rectangular, with a width-to-length ratio of ap-
proximately 2.5:1 (Heckert and Lucas 2000; Parker 
2018), distinctly ornamented, with a radial pattern of 
grooves and pits radiating from an eminence located 
at the posterior margin of the plate. The paramedian 
and ventral elements have an anterior bar overlapping 
the preceding plate in the column. The lateral osteo-
derms tend to be rectangular in shape and, depending 
on the row, may be flat or equipped with a pointed 
keel at the medial edge. Their angulation is more 
pronounced than that of the paramedian osteoderms. 
The appendicular osteoderms are rhomboidal (Parker 
2003).

MATERIALS AND METHODS

The material studied includes 10 osteoderms of 
the aetosaur Stagonolepis olenkae from different 
parts of the lower bonebed from Krasiejów and these 
were taken from the collection at Opole University 
(UOPB3645–3649, UOBS00148, 02174, 02258, 02395, 
02876). Their position on the animal’s body was de-
termined based on their osteological features (as de-
scribed by Parker 2003) (Text-fig. 3). For a complete 
insight into the microstructure of the armour, the para-
median, lateral, ventral and appendicular osteoderms 

(Text-figs 4, 5) were analysed. All osteoderms were 
photographed and measured before sectioning.

The osteoderms were prepared manually and 
chemically with the use of a 30% hydrogen perox-
ide solution. The thin sections were prepared at the 
Institute of Geology, Adam Mickiewicz University in 
Poznań, using the standard methods for the prepara-
tion of palaeohistological thin sections (Chinasamy 
and Raath 1992). Due to their high degree of brit-
tleness, the osteoderms were coated with a layer of 
Araldite 2020 A and B two-component epoxy ad-
hesive. Planned sections were made using a Struers 
Discoplan-TS laboratory saw and a WS 20A wire saw. 
The thin sections were then pre-sanded manually, us-
ing circular motions, with carborundum powders of 
600 and 1200 grit. Any residual powder was removed 
by bathing in an ultrasonic cleaner. The prepared frag-
ments were bonded to the glass slides using Araldite 
2000 adhesive. The thin sections were ground with a 
Logitech PM5 grinder to a thickness of 60–80 µm and 
then manually polished with a 1200 grit carborundum 
powder again. Data on osteoderm location (parame-
dian, lateral, ventral, appendicular), and the measure-
ments and planes of sectioning are compiled in Table 1.

Microscope observations (Text-fig. 6) were carried 
out under transmitted ordinary and polarized light us-
ing a Leica M205 C stereo microscope with a polariza-
tion filter attachment and Leica LAS software.

OBSERVATIONS

Paramedian osteoderms (UOPB3645, UOPB3646, 
UOBS02876, UOBS02258)

External cortex. The external cortex is composed 
of a lamellar bone or parallel-fibred bone of a vari-
able thickness which ranges from 0.7–1 mm for pits 
and grooves to about 1–2.5 mm for ridges, depending 

Text-fig. 3. Stagonolepis reconstruction and explanation of osteoderm division based on the location in the body (after Parker 2016; reconstruc-
tion of Stagonolepis drawn by S. Górnicki).
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on the ornamentation feature. Evidence of intensive 
bone resorption and deposition processes (Text-figs 
7A, B, 8D, 9F, rl) is present, especially around the or-

namentation structures and anterior bar. The cortex 
is vascularized primarily by vascular canals, primary 
osteons and scattered secondary osteons (Text-figs 

Text-fig. 4. Paramedian osteoderms UOPB3645 (A), UOPB3646 (B), UOBS02876 (C) and UOBS02258 (D) of Stagonolepis olenkae Sulej, 
2010 in external view with anterior bar edge located towards the bottom of the picture (A1, B1, C1, D1); posterior edge view (A2, B2, C2); 
osteoderms in lateral view with anterior bar edge located towards the right margin of the picture (A3, B3, C3, D2). Scale bar equals to 20 mm.
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Text-fig. 5. Ventral UOBS00148 (A), UOBS02395 (B) UOBS02174 (C), lateral UOPB3647 (D), UOPB3649 (E) and appendicular UOPB3648 
(F) osteoderms of Stagonolepis olenkae Sulej, 2010. Ventral elements: external view with anterior bar edge located towards the bottom of the 
picture (A1, B1, C1); posterior edge view of ventral osteoderms (B2, C2); lateral view with anterior bar located towards the right margin of the 
picture (B3, C3). Lateral osteoderms: external view with anterior edge located towards the bottom of the picture (D1, E1); posterior edge view 
(D2, E2); lateral view with anterior edge located towards the right margin of the picture (D3, E3). Appendicular osteoderm: external view (F1); 

posterior edge view (F2), lateral view (F3). Scale bar equals to 20 mm.
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7A, B, 8C, 9E). Specimen UOBS02258 shows a struc-
ture resembling a drifting secondary osteon (Robling 
and Stout 1999) – a radially arranged secondary os-
teon that changed its position towards the core of the 
osteoderm during growth. The secondary osteon pos-
sibly opened up onto the dorsal bone surface within 
an ornamentation valley just above the structure. The 
valley was filled with a compact cortex of the later 
growth stages, leading to an ornamentation pattern 
shift during ontogeny (Text-fig. 8D).

Internal core. The internal core is formed by an 
extensive structure of trabeculae composed of the 
lamellar bone (Text-figs 7C–E, 8A, 9A). The thicker 
trabeculae show the sporadic trabecular osteons with 
a diameter reaching 500 µm, and the total thickness 
of the concentric lamellae reaches 130 µm.

Basal cortex. The basal cortex is formed by ei-
ther a lamellar-zonal bone composed of parallel-
fibred bone with a varying degree of collagen fibre 
organisation (UOBS02258) or parallel-fibred bone 
with growth marks. The collagen fibres are mostly 
parallel to the cross-sectional plane of the thin sec-
tion and form bright stripes under polarized light 
(Text-figs 7E, 8B, F, 9A, D, 10A). The basal cortex 
is sparsely vascularized by scattered irregular vascu-
lar channels parallel to the longer axis of the osteo-
derm forming elongated channels (Text-fig. 7F) or 
small concentrations thereof; their count decreases 
towards the periosteum. The exception is specimen 
UOBS02258, which has the most vascularized basal 
layer of all four paramedian osteoderms analysed. 
In addition, Sharpey’s fibres are also found forming 
dense and tightly packed coarse bundles (Text-figs 
7F, 10B: ShF). The basal cortex of the paramedian 

osteoderms can reach a thickness of 1 to 3 mm. One 
thin section of specimen UOBS02876 shows an area 
where its basal cortex is thinnest, reaching about 0.5 
mm (Text-fig. 9C). Skeletochronological structures 
are also visible: 6 to 8 alternating zones of rapid and 
decreased bone growth can be traced (Text-fig. 9B), 
which is most prominent near the posterior edges of 
the osteoderms. Two cycles of bone growth can be 
seen in specimen UOBS02258, formed as zones of 
a sparsely organised parallel-fibred bone (isotropic 
under polarized light and characterised by round la-
cunae), and wide annuli from a parallel-fibred bone 
with a higher degree of organisation: anisotropic, 
with flattened and elongated lacunae aligned to the 
direction of collagen fibres (Text-fig. 8B, F). Both 
cycles are separated by rest lines (Text-fig. 8E, F). In 
addition, rusty-red iron oxide accumulations – pseu-
domorphing pyrite – are present in the trabeculae and 
fractures of one of the osteoderms analysed.

Lateral osteoderm (UOPB3647, UOPB3649)

External cortex. The areas of bone remodelling 
the external cortex are composed of a lamellar bone 
or parallel-fibred bone (especially in the keeled re-
gion) with collagen fibres finer than those of the 
analogous tissue of the basal cortex. Its thickness 
reaches approximately 1 mm. The external cortex 
is mostly vascularized by simple vascular channels 
(most abundant in the anterior part of the osteoderm), 
secondary osteons and sparse primary osteons. The 
keeled region shows erosion cavities exceeding 2 mm 
in length and extending to the internal core of the 
specimen (Text-fig. 10C).

Specimen no. Element Width 
[cm]

Length 
[cm]

Plane of 
sectioning

UOPB3645 (Text-fig. 4A1–A3) large, thick paramedian osteoderm fragment with damaged anterior bar 9.8 6.7 parasagittal, 
transversal

UOPB3646 (Text-fig. 4B1–B3) paramedian osteoderm fragment with less prominent ornamentation and 
damaged dorsal eminence 10.5 5.9 parasagittal, 

transversal

UOBS02876 (Text-fig. 4C1–C3) paramedian osteoderm fragment with prominent ornamentation and 
well-preserved dorsal eminence (knob) and anterior bar 9.0 6.2 parasagittal, 

transversal

UOBS02258 (Text-fig. 4D1–D2) paramedian osteoderm fragment with less prominent ornamentation and 
well-preserved anteromedial process 7.4 5.2 parasagittal

UOBS00148 (Text-fig. 5A1) flat, thin ventral osteoderm fragment 6.2 6.2 –

UOBS02395 (Text-fig. 5B1–B3) flat, square-shaped ventral osteoderm with prominent ornamentation 4.7 4.7 –

UOBS02174 (Text-fig. 5C1–C3) flat, trapezoidal ventral osteoderm 5.6 4.2 parasagittal

UOPB3647 (Text-fig. 5D1–D3) keeled lateral osteoderm 3.1 3.9 parasagittal

UOPB3649 (Text-fig. 5E1–E3) keeled lateral osteoderm 4.0 3.5 –

UOPB3648 (Text-fig. 5F1–F3) rhomboidal appendicular osteoderm without ornamentation 5.5 3.1 oblique

Table 1. List of specimens used in the study.
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Internal core. The cancellous bone of the internal 
core is composed of thick trabeculae and present al-
most throughout the entire thin section: mostly in the 

posterior part of the osteoderm and in the keel region. 
Towards the anterior margin of the osteoderm, the 
cancellous bone is minimal and gradually disappears. 

Text-fig. 6. Osteoderm microstructure of Stagonolepis olenkae Sulej, 2010: paramedian UOPB3645 (A), UOPB3646 (B), UOBS02876 (C), 
UOBS02258 (D), ventral UOBS02174 (E), lateral UOPB3647 (F), and appendicular UOPB3648 (G) elements. Scale bar equals to 10 mm.
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Text-fig. 7. Stagonolepis olenkae Sulej, 2010 paramedian UOPB3645 osteoderm histology. A, B, F – ordinary light; C, D, E – polarized 
light. Abbreviations: CB – cancellous bone; LB – lamellar bone; PFB – parallel-fibred bone; po – primary osteons; rl – resorption line; ShF – 

Sharpey’s fibres; so – secondary osteons, vc – vascular canals.
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Text-fig. 8. Stagonolepis olenkae Sulej, 2010 paramedian UOBS02258 osteoderm histology. A, C, E – ordinary light; B, D, F – polarized light. 
The arrows indicate the rest lines. Abbreviations: an – annulus; CB – cancellous bone; DO – drifting osteon; ec – erosion cavities; hPFB – 
parallel-fibred bone with a high degree of organisation; lPFB – parallel-fibred bone with a low degree of organisation; LB – lamellar bone; ; 

LZB – lamellar-zonal bone; rl – resorption line; so – secondary osteons; zo – zones.
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Text-fig. 9. Stagonolepis olenkae Sulej, 2010 paramedian UOPB3646, UOBS02876 osteoderm histology. A, D, E, F – polarized light; B – or-
dinary light; C – polarized and ordinary light. Arrows indicate the start of subsequent cycles of bone growth. Abbreviations: CB – cancellous 

bone; PFB – parallel-fibred bone; rl – resorption line; so – secondary osteons.
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Text-fig. 10. Stagonolepis olenkae Sulej, 2010 paramedian UOBS02876 (A, B) and lateral UOPB3647 (C–F) osteoderm histology. A, D, 
F – polarized light; B, E – ordinary light; C – ordinary and polarized light. Arrows indicate the start of subsequent cycles of bone growth. 

Abbreviations: ec – erosion cavity; PFB – parallel-fibred bone; rl – resorption line; ShF – Sharpey’s fibres; vc – vascular canals.
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In the anterior part of the specimen, the only structures 
of secondary bone remodelling are secondary osteons 
(often with very thick lamellae – with a total thickness 
reaching 130 µm) and erosion cavities. The trabeculae 
consist of lamellar bone and reach a thickness of up to 
300 µm. Sparse trabecular osteons are also present.

Basal cortex. The basal cortex is composed of 
parallel-fibred bone with growth marks. Coarse bun-
dles of Sharpey’s fibres are abundant and occur along 
the entire length of the basal layer. The Sharpey’s 
fibres insert at a moderate angle of 40º into the cortex 
and reach a thickness of up to 8 µm (Text-fig. 10D, 
ShF). Numerous similar collagen structures with a 
single orientation can be also observed and their high 
density resembles Sharpey’s fibre bone as described 
by Vickaryous and Hall (2006). These thick fibres 

form massive bundles and are parallel to the surface 
of the osteoderm and sometimes extend to the can-
cellous core (Text-fig. 10D, E). Skeletochoronologic 
structures are also traceable (a minimum of seven 
growth cycles; Text-fig. 10F).

Ventral osteoderm (UOBS00148, UOBS02174, 
UOBS02395)

External cortex. The external cortex is composed 
of a lamellar bone with traces of bone erosion and 
deposition in the regions of the surface ornamenta-
tion and at the anterior bar. The cortex is vascular-
ized by primary and secondary osteons occurring 
mostly in clusters, especially around the ornamenta-
tion ridges (Text-fig. 11B). These clusters resemble 

Text-fig. 11. Stagonolepis olenkae Sulej, 2010 ventral UOBS02174 (A, B) and appendicular UOPB3648 (C, D) osteoderm histology. A, C – po-
larized and ordinary light; B – polarized light; D – ordinary light. Arrows indicate the start of subsequent cycles of bone growth. Abbreviations: 

CB – cancellous bone; PFB – parallel-fibred bone; ShF – Sharpey’s fibres.
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the Haversian substitutional front (sensu Mitchell and 
Sander 2014), extending from the internal region to 
the external cortex of the osteoderm.

Internal core. The trabeculae are absent, and the 
only structures of secondary bone remodelling pres-
ent are secondary osteons and erosion cavities, often 
of considerable size – reaching up to 1 mm in length 
and 0.4 mm in width (Text-fig. 11B).

Basal cortex. The basal cortex is composed of a 
weakly vascularized parallel-fibred bone reaching a 
thickness up to 0.8 mm. Approximately five growth 
cycles separated by rest lines can be traced in the 
basal layer. Sharpey’s fibres are also present, includ-
ing in the area of the osteoderm margin, although 
these are not as dense as in the paramedian or lateral 
osteoderms (Text-fig. 11A).

Appendicular osteoderm (UOPB3648)

External cortex. The external cortex of the appen-
dicular osteoderm is the thinnest of all the osteoderms 
studied, reaching a thickness of up to c. 0.3  mm, 
which is the result of extensive bone remodelling. The 
external cortex consists of a parallel-fibred bone with 
a low degree of organisation and devoid of growth 
marks. Lacunae are round and chaotically arranged 
(Text-fig. 11C). Due to the structural arrangement, 
skeletochronological structures are absent. The basal 
cortex is composed of the same tissue and structures.

Internal core. The cancellous interior consists of 
a well-developed network of secondary trabeculae 
composed of a lamellar bone and arranged concen-
trically. The trabeculae occupy a significant volume 
of the osteoderm and show signs of bone remodelling 
in the form of resorption lines; sparse osteons are also 
present (Text-fig. 11D). The structures of the trabecu-
lar bone vary in size, from thinner trabeculae of about 
40 µm to larger ones reaching even more than 200 µm.

CONCLUDING REMARKS

Based on the microscopic observations and the 
histological description of the osteoderms, it appears 
unlikely that the armour had a thermoregulatory 
function in contrast to temnospondyl amphibians, for 
example (Seidel 1979; Grigg and Seebacher 2001; 
Witzmann et al. 2010; Antczak and Bodzioch 2018) 
or extant crocodilians (Clarac and Quilhac 2019; 
Handy et al. 2019). Dermal sculpture in pseudosu-
chians is formed by resorption and redeposition – pit 
excavation with ridges being remnants of the origi-
nal surface of the bones (Buffrénil 1982; Cerda and 

Desojo 2011; Buffrénil et al. 2014; Clarac et al. 2015; 
Cerda et al. 2018). This allows for a high reduction 
of the mass of the bones while maintaining their 
strength (Rinehart and Lucas 2013; Antczak 2016b). 
Although ornamentation increases the surface of the 
bone (Rinehart and Lucas 2013), the elements of the 
armour seem to be very weakly vascularized to effec-
tively help regulate the animal’s body temperature or 
to serve acidosis buffering. Such a role is suggested 
for dermal bones and osteoderms of early tetrapods 
or semi-aquatic pseudosuchians, where the vascular 
networks in dermal bones ornamentation are denser 
than in the overlying dermis (Janis et al. 2012; Clarac 
et al. 2018). The hypothesis about the integration of 
the bone and dermis is also unlikely. The dermal 
armour of S. olenkae was probably not covered by 
skin, as there are no thick Sharpey’s fibres visible 
in the external cortex. The osteoderm could be su-
perimposed by epidermal keratinous scales, as is 
the case with extant crocodilians (Vickaryous and 
Hall 2008) or turtles (Scheyer 2007). Osteoderms of 
Stagonolepis, that is, of a fully terrestrial animal with 
poor vascularization, might help to minimise the 
loss of water in the arid environment of subtropical 
Pangea, as described for some anuran skull sculpture 
(Seibert et al. 1974). Co-ossification of dermal bones 
with integument or the covering of the external body 
surface with bone reduce water loss through skin 
(Witzmann et al. 2010).

More importantly, the collagen fibre organisation 
of lamellar bone forming the trabeculae of the can-
cellous core and the layers of the external cortex 
provides considerable mechanical resistance (Weiner 
et al. 1999; Keaveny et al. 2004; Razi et al. 2020). 
The combination of the dense compact layers and 
porous core of the diploe forms the durable yet light-
weight structure of the osteoderms (as was found i.e., 
for the glyptodont Glyptotherium arizonae Gidley, 
1926 according to Plessis et al. 2018 or in turtle shell 
as characterised by Scheyer 2007). In addition, nu-
merous bundles of collagen (Sharpey’s) fibres in the 
internal cortex and cancellous core (although not as 
dense as the structural fibres described by Scheyer 
and Sander 2004 in ankylosaur osteoderms) could 
further strengthen the structure of the dermal armour 
(Scheyer 2007).

Mechanical resistance in some parts of the armour 
could also be enhanced by particular elements of os-
teoderm osteology. Clarac et al. (2019) found that 
osteoderms possessing eminences in the form of a 
dorsal keel reduced stress more efficiently in the case 
of an attack in a vertical trajectory than osteoderms 
lacking such structures. The dorsal osteoderms of 
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the aetosaur Stagonolepis olenkae (paramedian and 
lateral elements) display such eminences – they seem 
to have been adapted to withstand this type of attack. 
Ventral and appendicular armour does not have such 
prominent eminences and is less vulnerable to di-
rect attacks. Clarac et al. (2019) examined also the 
influence of the ornamentation of the osteoderms of 
selected representatives of Pseudosuchia (including 
the aetosaur Aetosaurus sp.). According to Clarac et 
al. (2019), the ornamentation is supposed to reduce 
the resistance of the armour elements, but their study 
treats the osteoderms as a uniform structure, without 
modelling its diploe structure or taking into consid-
eration the durability of the individual bone-building 
tissues. The osteoderm of Aetosaurus sp. examined 
by Clarac et al. (2019) is characterised by the highest 
stress endured due to an external attack of all the 
osteoderms studied. It is also much thinner than the 
armour elements of Stagonolepis olenkae. Therefore, 
the published results cannot be applied to other mem-
bers of the Aetosauria clade.

We suggest further experimental stress testing, 
supported by 3D modelling and simulations of the 
forces acting on the armour during a hypothetical 
predator attack, which could provide greater cer-
tainty regarding the armour’s function.

Additionally, the presence of Sharpey’s fibres in 
the thin section of the lateral osteoderm could repre-
sent the remains of collagen fibres originating from 
the surrounding dermis and incorporated into the 
developing bone (as indicated in Sharpey’s fibre bone 
by Vickaryous and Hall 2006). Although these fibres 
are dermal in nature, their formation does not seem 
to have a metaplastic origin. Unlike the structural 
fibres (Scheyer and Sander 2004), the dense bun-
dles observed in the lateral osteoderm of S. olenkae 
are completely absent in the secondary bone tissue. 
Structural fibres have been traced in aetosaur osteo-
derms several times (Scheyer et al. 2014; Cerda et al. 
2018), but the S. olenkae osteoderms analysed seem 
to lack any potential signs of metaplasia, e.g., possi-
bly due to bone remodelling.

The growth pattern of the UOBS02258 osteoderm 
differs from the typical annuli-zone sequence (with 
thick fast-growth zones separated by thin zones of 
slowed growth – Francillon-Vieillot et al. 1990). The 
observed growth marks reveal a gradual increase in 
the thickness of both skeletochronological structures 
towards the outer cortex, but each consecutive an-
nuli is thicker than its corresponding zone. Such a 
growth pattern is not uncommon for the Late Triassic 
fauna from Krasiejów. In their study, Teschner et al. 
(2022) focused on the histology of selected S. olenkae 

humeri. Several growth cycles are characterised by 
annuli thicker than the proceeding zones; lines of 
arrested growth (LAGs) are also absent, and subse-
quent cycles can be separated by sporadic rest lines. 
According to the authors, the unusual growth pat-
tern could be influenced by the relatively moderate 
climate of Late Triassic Krasiejów, without extreme 
fluctuations between the wet and dry seasons, corre-
sponding to the climatic conditions proposed by other 
researchers (e.g., Jewuła et al. 2019).
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