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Comparative bone histology of two G

thalattosaurians (Diapsida: Thalattosauria):
Askeptosaurus italicus from the Alpine Triassic
(Middle Triassic) and a Thalattosauroidea indet.
from the Carnian of Oregon (Late Triassic)
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Abstract

Here, we present the first bone histological and microanatomical study of thalattosaurians, an enigmatic group
among Triassic marine reptiles. Two taxa of thalattosaurians, the askeptosauroid Askeptosaurus italicus and one

as yet undescribed thalattosauroid, are examined. Both taxa have a rather different microanatomy, tissue type,

and growth pattern. Askeptosaurus italicus from the late Anisian middle Besano Formation of the southern Alpine
Triassic shows very compact tissue in vertebrae, rib, a gastralium, and femora, and all bones are without medullary
cavities. The tissue shows moderate to low vascularization, dominated by highly organized and very coarse parallel-
fibred bone, resembling interwoven tissue. Vascularization is dominated by simple longitudinal vascular canals,
except for the larger femur of Askeptosaurus, where simple vascular canals dominate in a radial arrangement. Growth
marks stratify the cortex of femora. The vertebrae and humeri from the undescribed thalattosauroid from the late
Carnian of Oregon have primary and secondary cancellous bone, resulting in an overall low bone compactness.

Two dorsal vertebral centra show dominantly secondary trabeculae, whereas a caudal vertebral centrum shows
much primary trabecular bone, globuli ossei, and cartilage, indicating an earlier ontogenetic stage of the specimens
or paedomorphosis. The humeri of the thalattosauroid show large, simple vascular canals that are dominantly radi-
ally oriented in a scaffold of woven and loosely organized parallel-fibred tissue. Few of the simple vascular canals

are thinly but only incompletely lined by parallel-fibered tissue. In the Oregon material, changes in growth rate are
only indicated by changes in vascular organization but no distinct growth marks were identified. The compact bone
of Askeptosaurus is best comparable to some pachypleurosaurs, whereas its combination of tissue and vascularity

is similar to eosauropterygians in general, except for the coarse nature of its parallel-fibred tissue. The cancellous bone
of the Oregon thalattosauroid resembles what is documented in ichthyosaurs and plesiosaurs. However, in contrast
to these its tissue does not consist of fibro-lamellar bone type. Tissue types of both thalattosaurian taxa indicate rather
different growth rates and growth patterns, associated with different life history strategies. The microanatomy reflects
different life styles that fit to the different environments in which they had been found (intraplatform basin vs. open
marine). Both thalattosaurian taxa differ from each other but in sum also from all other marine reptile taxa studied
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so far. Thalattosaurian bone histology documents once more that bone histology provides for certain groups (i.e.,
Triassic Diapsida) only a poor phylogenetic signal and is more influenced by exogenous factors. Differences in lifestyle,
life history traits, and growth rate and pattern enabled all these Triassic marine reptiles to live contemporaneously

in the same habitat managing to avoid substantial competition.

Keywords Triassic marine reptiles, Microanatomy, Tissue type diversity, Coarse parallel-fibred tissue, Globuli ossei, Life

style

Introduction

Thalattosauria are a group of Middle to Late Triassic
marine reptiles with controversially discussed phyloge-
netic relationships within Diapsida (Druckenmiller et al.,
2020; Scheyer et al., 2017). They are rare faunal compo-
nents in the western Tethys and eastern Pacific realms
but they are very common in the eastern Tethys. Finds
from the Southern Hemisphere are lacking. Thalatto-
saurians lived in a wide array of habitats, from intraplat-
form basins and nearshore environments to the open sea.
However, near-shore records are rare, e.g., the Muschel-
kalk deposits from the Germanic Basin lack them. Tha-
lattosaurians have a small or secondarily closed upper
temporal fenestra, elongate neural spines, stout and short
limbs, and a long powerful, laterally compressed swim-
ming tail. They can be divided into two major clades,
Askeptosauroidea and Thalattosauroidea (summarized
in Druckenmiller et al., 2020). The Askeptosauroidea are
restricted to the Tethyan realm and show the long snout
and piercing teeth of a typical fish eater or are, in the case
of Endennasaurus, edentulous. Thalattosauroidea are
known from the Pacific and western and eastern Tethyan
realms. They display a remarkable morphological dis-
parity in their feeding apparatus (i.e., elongation and/or
ventral curvature of the premaxilla) and dentition (i.e.,
pointed teeth and crushing teeth), indicating a special-
ized diet (Rieppel et al., 2005). The increasing specializa-
tion in feeding strategies and the accompanied restricted
ecological role may have contributed to the eventual
extinction of the group (Druckenmiller et al., 2020),
accompanied in a long-term perspective by the loss of
intraplatform habitats. Compared to other contempora-
neous marine reptile clades such as Sauropterygia and
Ichthyosauria, thalattosaurians are far less abundant in
individual numbers and diversity (except for the Xiaowa
Formation in Guizhou, China).

Bone histology provides insights into metabolism and
physiology of extinct taxa based on the deposited bone
tissues and inferred growth rates (e.g., Bakker, 1980; Buf-
frénil et al., 2021a; Montes et al., 2007; Padian & Horner,
2004; Padian et al., 2004; Ricqles, 1983, 1992;). From the
preserved growth record, growth patterns and life his-
tory strategies can be deduced (e.g., Buffrénil & Castanet,
2000; Griebeler & Klein, 2019; Klein & Griebeler, 2018;

Klein et al., 2015; Kohler et al., 2012). Bone microstruc-
ture (bone compactness [BC]=trabecular/spongious vs.
compact organization) that includes the presence and
size of a medullary cavity or region and a remodeling
zone as well as vascular density, allow insights on the
lifestyle of the organism (e.g., Canoville & Laurin, 2010;
Dumont et al., 2013; Houssaye et al., 2010, 2014; Klein
et al., 2016; Quemeneur et al., 2013) and its habitat pref-
erences (Ricqlés & Buffrénil, 2001).

Bone histology was so far studied in the following
Triassic marine reptile groups: in ichthyosaurs (Hous-
saye et al., 2014, 2018; Kolb et al,, 2011; Nakajima et al.,
2014), in a variety of Sauropterygia (Hugi, 2012; Hugi
et al.,, 2011; Klein, 2010; Klein & Griebeler, 2016, 2018;
Klein et al., 2015, 2016; Krahl et al., 2013; Sander, 1990,
2021; Sander & Wintrich, 2021; Scheyer & Klein, 2021;
Scheyer et al., 2021; Wintrich et al., 2017), and in tany-
stropheids (Jaquier & Scheyer, 2017; Spiekmann et al.,
2020). The different groups display a very high microana-
tomical and histological diversity that reflects differences
in lifestyle, life history traits, and growth rate, enabling
them—notably in the Middle Triassic—to live contem-
poraneously in the same habitats (e.g., Houssaye et al.,
2016; summarized in Buffrénil et al., 2021b; Klein et al.,
2016, 2022). This diversity spans from fast growing fibro-
lamellar tissue in a primary cancellous periosteal organi-
zation in ichthyosaurs (summarized in Sander, 2021), a
thick cortex of fast-growing radial fibrolamellar bone in
plesiosaurs (summarized in Sander & Wintrich, 2021),
and a primary fast-growing spongious tissue in some pla-
codonts to slowly deposited and very compact lamellar-
zonal tissue in other placodonts (summarized in Scheyer
& Klein, 2021). Eosauropterygians (e.g., pachypleurosaurs
and nothosaurs) usually have rather compact bone and
tissue types that can be summarized as lamellar-zonal
(summarized in Klein & Surmik, 2021; Scheyer et al.,
2021). Despite the overall high diversity in bone micro-
structure and tissue types observed across groups, within
group variability differs substantially. Ichthyosaurs and
plesiosaurs show a rather uniform histology, whereas in
Triassic Sauropterygia, habitat and environmental condi-
tions have a high influence on microanatomy and histol-
ogy (summarized in Scheyer & Klein, 2021; Scheyer et al.,
2021; Klein et al., in 2016, 2022), resulting in a certain
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histological and microanatomical variety. When com-
pared to modern reptiles (Castanet, 2000), most Meso-
zoic marine reptiles generally show higher growth rates,
as is also described for marine mammals (White, 2011).
Although Ichthyosauria, Plesiosauria, Pachypleuro-
sauria, Nothosauria, and Placodontia can be roughly
distinguished at the group level by the combination of
microanatomical and histological data, neither are inde-
pendent indicators for phylogenetic relationships alone,
as was pointed out before (e.g., Ricqlés et al., 2008). Tha-
lattosaurians are the only major Triassic marine reptile
group that has not been studied histologically so far.

In the focus of our study are the thalattosaurians Askep-
tosaurus, a basal Askeptosauroidea (e.g., Druckenmiller
et al.,, 2020), and a yet unnamed thalattosauroid (Metz,
2019). Askeptosaurus was first erected by Nopsca (1925),
investigated by Kuhn (1952) and Kuhn-Schnyder (1960,
1971), and later revised by Miiller (2002, 2005). It has a
long, straight, and bluntly terminating snout and a strong
swimming tail making up more than half of its body
length. Askeptosaurus could reach body sizes of about
3 m. Three more thalattosaurians have been described
and named from the western Tethys: the thalattosauroids
Hescheleria ruebeli (Rieppel et al., 2005) and Clarazia
schinzi (Rieppel, 1987), both from the same strata and
locality as Askeptosaurus, and the askeptosauroid Enden-
nasaurus acutirostris from the Norian of Italy (Zorzino
Limestone in Lombardia) (Miiller et al., 2005). Askepto-
saurus is restricted to the middle Besano Formation (late
Anisian) of the famous UNESCO world heritage locality
Monte San Giorgio, Switzerland/Italy. The Besano For-
mation was deposited in an intraplatform basin, which
had stagnant and calm water (Furrer, 2003). Between the
continent and the Monte San Giorgio basin, a lagoon was
situated, while the Tethys Ocean was in the south (Furrer,
1995).

The thalattosaurian material from the Brisbois Mem-
ber of the Vester Formation in central Oregon, USA, was
found in a nodule containing—besides other faunal ele-
ments—mainly disarticulated remains of a minimum of
seven conspecific thalattosaurian individuals. The mate-
rial was described in a Master’s thesis (Metz, 2019),
with a publication being currently finalized elsewhere.
The Brisbois Member represents a heterogenous marine
sequence in the Vester Formation, which was deposited
in a collisional marine foredeep basin between two island
arcs off the west coast of North America (Metz, 2019).
The biostratigraphy of the nodule was determined based
on the association of the thalattosaurian material with
specimens of the ammonoid Tropites sp., indicating a late
Carnian age. Based on a wide suite of cranial and post-
cranial morphological features, the thalattosaurian mate-
rial from the Brisbois Member represents a new taxon,
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provisionally regarded as a basal member of the Thalatto-
sauroidea (Metz, 2019). The total body length of the spe-
cies is estimated at about 4-5 m.

Aim

Here we present novel data on bone histology and micro-
anatomy of thalattosaurians. The histology of femorsa,
tail vertebrae, a rib, and a gastralium of Askeptosaurus
italicus from the Besano Formation (late Anisian) of two
localities at Monte San Giorgio (Switzerland) and humeri
and vertebrae of a thalattosauroid from the late Carnian
Brisbois Member of the Vester Formation (Oregon, USA)
were studied. The sample of Askeptosaurus includes two
different-sized individuals.

Materials

Two tail vertebrae, a rib, three femora, and one gastra-
lium were sampled from two thalattosaurian specimens
(Table 1) from two localities in the middle Besano For-
mation (late Anisian) at Monte San Giorgio assigned to
Askeptosaurus italicus (PIMUZ T 4839 from Cava Tre
Fontane and PIMUZ T 4840 from Valle Stelle, Min-
erale del Sasso 1) (Miiller, 2002, 2005). Both specimens
are incomplete, each consisting of the posterior trunk
region (i.e., posterior dorsals and ribs, sacral region and
hindlimbs) and a fairly complete, characteristically long
and powerful tail. The preserved part of PIMUZ T 4839
measures about 2 m (femur length 12 cm), and that
of PIMUZ T 4840 about 1.4 m (femur length 8.5 cm).
PIMUZ T 4839 _vert_a is a caudal vertebra from the mid-
dle part of the tail, whereas PIMUZ T 4839_vert_b is a
caudal from a more posterior position in the tail. Both
vertebrae were cut transversely. The rib sample (PIMUZ
T 4839) is from the proximal part of a posterior dorsal
rib. The sampled gastralium (PIMUZ T 4840) is a lateral
gastral element from the posterior trunk region. The rib
and the gastralium were cut perpendicularly to their long
axis. The three femora (PIMUZ T 4839, PIMUZ T 4840)
were sampled at midshaft. The vertebrae are heavily
affected by sediment compaction in mediolateral direc-
tion, whereas the femora, the rib, and the gastralium are
less compacted.

From the Brisbois thalattosauroid, one mid-dorsal cen-
trum (MNCH F71616), one posterior dorsal centrum
(MNCH F70662), and one mid-caudal centrum (MNCH
F64330, Fig. 2.16 in Metz, 2019), as well as two humeri
(MNCH F64270 and MNCH F64316, Fig. 2.18 in Metz,
2019) were sampled. The centra are not among the larg-
est centra known (compare Metz, 2019: Table 2.4 with
Table 1 this study). The two sampled humeri are 8.1
and 7.1 cm long, which is with 101% somewhat longer
and with~90% somewhat smaller than another known
humerus (MNCH F64309, at 7.9 cm). The morphology of
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Table 1 Material included in this study. The material of Askeptosaurus italicus is from the locality of Monte San Giorgio (middle Besano
Formation, late Anisian). The material of the thalattosauroid (Thalattosauria indet.) from Oregon, USA, comes from the Brisbois Member
of the Vester Formation and is of late Carnian age

Taxon Bone Comment
Askeptosaurus italicus
PIMUZ T 4839 Right femur Cross section
(large individual) 12 cm long
Left femur Cross section

PIMUZ T 4840
(small individual)

Thalattosauria indet.
MNCH F71616

MNCH F70662

MNCH F64330

not measured because incompletely preserved

Centrum of anterior tail vertebra
(PIMUZ T 4839_vert_a)

Centrum of posterior tail vertebra
(PIMUZT 4839_vert_b)

Rib

Right femur
85cm
Gastralium

Middle dorsal centrum

2.1 cm length, 2.85 cm height, 3.28 cm width
Posterior dorsal centrum

1.8 cm length, 2.55 cm height, 3.1 cm width
Middle caudal centrum

1.91 cm length, 3.1 cm height, 3.11 cm width

Transverse section
centrum very compacted

Transverse section
centrum very compacted

Cross section
Cross section

Cross section

Transverse section

Sagittal section

Sagittal section
Figure 2.16 in Metz, 2019

MNCH F64316 Left humerus Core sample
8.1 cm long Transverse section
Figure 2.18 in Metz, 2019
MNCH F64270 Humerus Core sample
7.1 cm long Longitudinal section/cut
obliqually

this material was studied by Metz (2019). The material is
three-dimensionally preserved and shows little crushing.
An overview of the sampled thalattosaurian material and
measurements are given in Table 1.

Methods

Due to the preservation of fossils in the strongly com-
pacted black shales of Monte San Giorgio, the specimens
are rather flattened and bones to be sampled needed to be
encapsulated and thus stabilized with Technovit ®3040 (°
Heraeus-Kulzer). Then, a slice was cut out with a Dremel
tool with a diamond-studded blade. After extraction,
vertebrae were cut transversely and long bones perpen-
dicular to their long axis at midshaft. Because the tissue
of the two Askeptosaurus italicus specimens is affected
by diagenesis and thus relatively poorly preserved, from
each femur, two or three thin sections were made from
around the midshaft region and were ground to different
thicknesses. Thicker thin sections reveal a better growth
record, whereas in thinner sections, tissues are easier to
assess.

From the Oregon thalattosauroid, only one section
was produced from each of the three centra. The mid-
dle dorsal centrum was cut transversely, and the poste-
rior dorsal and middle caudal centrum were cut sagittally.
The humeri were sampled by core drilling (Sander 2000)
across the entire midshaft, from dorsal to ventral, thus
sampling the greater part of the midshaft cross section
without compromising shape information. The core of
MNCH F64316 then was cut to provide a partial trans-
verse section of the bone at midshaft, and the other core
(MNCH F64270) to provide a partial longitudinal sec-
tion of the midshaft region of the bone. All sections were
processed into petrographic thin sections using stand-
ard methods (Klein & Sander, 2007). Histological termi-
nology follows Francillon-Vieillot et al. (1990). The thin
sections were studied under a Leica DM2500LP polar-
izing microscope. Digital photomicrographs were taken
with a Zeiss Axio Imager Al petrographic microscope
equipped with a Panasonic Lumix DMC-G70 camera in
the Institute of Geosciences, Department of Mineralogy,
University of Bonn, and a Leica DM 2500 M compound
microscope equipped with a Leica DFC 420 digital
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camera. Overview images were obtained by scanning the
thin sections with an Epson V740 PRO high-resolution
scanner.

Histological description

Askeptosaurus italicus

Vertebrae

The transverse sections of the two sampled caudal ver-
tebrae of Askeptosaurus italicus (PIMUZ T 4839_vert_a
&_b) are highly laterally compressed. The original mor-
phology of the centra is collapsed, resulting in a thin,
elongated rod-like shape of the vertebral sections
(Fig. 1A). In addition, numerous large parallel and smaller
intercalated cracks run in a roughly lateromedial direc-
tion across the entire vertebrae. Those cracks are wid-
ened and filled by an opaque (i.e., black) mineral phase
(Fig. 1A-G). Furthermore, isolated patches of opaque
mineral growth also occur in the periosteal and endosteal
tissue (Fig. 1A-G). The transition (i.e., neurocentral
suture) between centrum and neural arch cannot be iden-
tified. The heavily compressed centrum still allows the
identification of a rather thin compacta that encompasses
a formerly spongious area. that The spongious region
consists of (now collapsed) secondary trabeculae made
of lamellar bone permeated by rare local patches of calci-
fied cartilage (Fig. 1C). The slender neural spine is com-
pressed as well, but the original, more compact structure
is better preserved here than the spongious structure of
the centrum (Fig. 1B). A rhombic medullary region filled
by endosteal bone is surrounded by an avascular and
highly organized coarse parallel-fibred tissue (Fig. 1A, B).
The rest of the compact cortex consists of a poorly vas-
cularized to avascular coarse parallel-fibred tissue that is
locally less (Fig. 1E) or more strongly organized (Fig. 1G).

(See figure on next page.)
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The collagenous scaffolding of the parallel-fibred bone is
so coarse and thick that it locally forms a honeycomb-like
pattern due to the crossing of the single thick collagen
fibers (Fig. 1E). Locally, Sharpey’s fibers enter the cortex
at high angles, and the opaque mineral phase basically
follows this arrangement (Fig. 1D, F, G) (see Konietzko-
Meier & Sander, 2013 for similar diagenetically affected
fibers). Only very few small, mainly longitudinal primary
osteons (Fig. 1F) and simple longitudinal vascular canals
are identified. The latter as well as osteocyte lacunae are
largely obscured by the opaque mineral phase (Fig. 1F,
G). The cortex is in general less organized in PIMUZ T
4839_vert_b when compared to PIMUZ T 4839_vert_a.
However, the latter shows a lesser amount of calcified
cartilage. Due to the heavily compacted shape of the
vertebrae, overall vertebral compactness cannot be esti-
mated. In the outer cortical layer, bone compactness is
nearly 100%.

Rib

The rib sample (PIMUZ T 4839) is also compressed
and has an oblong oval cross section (Fig. 1H). Patches
of opaque mineral phases are scattered across the sec-
tion (Fig. 1H). Cracks running through the section are
enlarged by the opaque mineral phase (Fig. 1H, J). The
centrally located medullary region is filled by dense
endosteal bone and small patches of calcified cartilage.
The region is now very compact; if it was originally more
cancellous remains unclear (Fig. 1J). The periosteal tis-
sue is also very compact and consists of poorly organ-
ized parallel-fibred tissue in the inner cortex and more
highly organized parallel-fibred tissue in the outer half
(Fig. 1J). The tissue is made of a thick and coarse colla-
genous scaffolding of the parallel-fibred tissue, locally

Fig. 1 Histology of vertebra (A-G), rib (H, J) and gastralium (1, K, L) of Askeptosaurus italicus. A, Transverse section of laterally compressed tail
vertebra (PIMUZ T 4839_vert_a) in polarized light. B, Detail of neural spine displaying a medullary region filled by endosteal lamellar bone

and surrounded by well and poorly organized coarse parallel-fibered bone of the periosteal region in polarized light. C, Collapsed trabecular
structure of the inner centrum (PIMUZ T 4839_vert_a) consisting of endosteal lamellar bone (white/bright areas) and patches of calcified cartilage
(some marked by arrows) in polarized light. The dark black spots are diagenetically initiated opague mineral phases. D, Detail of medullary region
and cortex of the tail vertebra (PIMUZ T 4839_vert_a) in polarized light. Dimension/extension of thin periosteal cortex indicated by double headed
arrows. Single headed arrows indicate direction of Sharpey’s fibers (in bright grey/whitish and black, the latter are overgrown by opaque mineral
phases). E, Detail of periosteal cortex of the tail vertebrae (PIMUZ T 4839_vert_a) in polarized light depicting coarse parallel-fibred tissue showing
mainly in the upper left half a honeycomb structure of the thick and coarse scaffold of the parallel-fibred bone. F, Detail of periosteal cortex

with primary osteons (arrows) of the tail vertebrae (PIMUZ T 4839_vert_a) in polarized light. G, High magnification of the periosteal cortex of the tail
vertebra (PIMUZ T 4839_vert_a) with higher organized and less coarse parallel-fibred tissue in polarized light. The arrow marks Sharpey’s fibers.

H, Cross section of the rib of PIMUZ T 4839 in polarized light. Note the dense central medullary region filled by endosteal bone and the nearly
avascular, compact periosteal cortex consisting of coarse parallel-fibred bone. I, Cross section of the gastralium of PIMUZ T 4840 in normal light.
Note the compact avascular tissue and the accumulations of osteocyte lacunae. J, Detail of rib tissue (endosteal and periosteal) in polarized light
as marked with the rectangle in H). Note the coarse parallel-fibred tissue and the simple vascular canals obscured by opagque mineral phases

(in black). K, Detail of gastral tissue of PIMUZ T 4840 in polarized light. Note the different degree of organization of the coarse parallel-fibred

tissue in polarized light. The arrow marks the direction of Sharpey’s fibers. L, Enlargement of tissue of the gastralium in polarized light. Note

the coarse parallel-fibred tissue and Sharpey’s fibers and the dense accumulations of osteocytes. The arrow marks the direction of Sharpey’s fibers.
Abbreviations: eb, endosteal lamellar bone; ipo, incompletely lined primary osteons, hclp honeycomb-like pattern, hpfb highly organized coarse
parallel-fibred bone, ppfb poorly organized coarse parallel-fibred bone, mr medullary region, Shf Sharpey's fibers, svc simple vascular canals
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Fig. 1 (See legend on previous page.)

resulting in a honeycomb-like pattern as in the ver- from cyclical apposition. Osteocyte lacunae are small
tebrae. The high degree of the organization of tissue and flat. One side of the cross section is made of poorly
implies a stratification of the tissue (Fig. 1H, J), resulting  organized, coarse parallel-fibred tissue, Sharpey’s fibers,
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one primary osteon, and few simple longitudinal vascu-
lar canals (Fig. 1], I). Towards the inner cortex, i.e., the
endosteal region, this fast-growing tissue is separated
from the endosteal region by a thick layer of avascular
and highly organized tissue (Fig. 1H, I). The rib is mostly
compact (99.91%), because only very few vascular canals
occur along the posterior side, and the medullary region
is filled with secondary endosteal bone.

Gastralium

The gastralium (PIMUZ T 4840) has an elongated oval
cross section—maybe the result of some crushing—and is
compact. The center of the gastralium contains an accu-
mulation of large osteocyte lacunae that surround an area
of highly organized, coarse parallel-fibred tissue (Fig. 1K,
L). This area is surrounded by numerous thick round
osteocyte lacunae that appear diagenetically enlarged by
an opaque mineral phase (Fig. 1K). The rest of the tis-
sue is poorly organized parallel-fibred tissue containing
smaller and fewer osteocyte lacunae that are arranged in
three main layers (Fig. 1K, L). The gastralium has a com-
pactness of 100% due to the lack of any vascular canals or
other cavities. Please note that it is difficult to calculate
compactness precisely due to widening of and around
those osteocyte lacunae by opaque mineral growth.

Femora

The left and right femur samples of PIMUZ T 4839
show indication of compaction, although they are not as
strongly affected as the vertebrae. Both femora document
breakage of tissue, mainly indicated by a displacement of
growth layers (Fig. 2A, B, white arrows). In addition, both
have an elongated, oval cross section (Fig. 2A, B). The

(See figure on next page.)
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femoral sample of PIMUZ T 4840 shows only slight com-
paction and has a round oval cross section (Fig. 2I). All
three femoral samples are very compact without a free
medullary cavity (Fig. 2A, B, I, J). They all share a small
central medullary region, which is slightly compacted,
but there is no indication of an originally large cavity
(Fig. 2C).

At midshaft, the medullary region contains endosteal
bone and some local patches of calcified cartilage
(Fig. 2C). Sections more distally or proximally in rela-
tion to the midshaft show a higher amount of calcified
cartilage. PIMUZ T 4840 also has diagenetic infilling (but
no obvious enlargement) of osteocyte lacunae and vas-
cular canals by an opaque mineral phase, as well as few
square-shaped mineral patches (i.e., cubic crystals, prob-
ably pyrite) scattered over the tissue. As in the vertebrae
and the rib of the same individual, the femur sections
of PIMUZ T 4839 are more affected by mineral growth
than PIMUZ T 4840 (Fig. 2A, B). The matrix in all femur
samples is dominated by very coarse parallel-fibred tis-
sue that can be more or less organized and consists of a
thick and coarse collagenous scaffolding of the parallel-
fibred tissue that forms locally a honeycomb-like pat-
tern (Fig. 2F—H). In the smaller femur (PIMUZ T 4840),
the tissue fibers are less coarse (Fig. 2K-M). Osteocyte
lacunae are numerous but small (if not widened by the
opaque mineral phase) (Fig. 1N).

Simple vascular canals dominate, and only very few
show the beginning of a centripetal lining as in pri-
mary osteons. However, the tissue that started to line
the canals is parallel-fibered and not lamellar bone
(Fig. 2D, F, G, H), the usual case in primary oste-
ons (Francillon-Vieillot et al., 1990). The dominant

Fig. 2 Histology of femora of Askeptosaurus italicus. A, Midshaft cross section of the left femur of PIMUZ T 4839 in normal light. Note the overall
radial organization of vascular canals and different growth phases as indicated by distinct lines of arrested growth and/or changes in color. Note
the shifts of the growth layers indicating compaction (white arrows). Black arrows indicate LAGs. B, Midshaft cross section of the right femur

of PIMUZ T 4839 in normal light. Vascularity is less radial and more longitudinally organized. Note the shifts of the growth layers indicating
compaction (white arrows). Black arrows indicate LAGs. C, Patches of calcified cartilage embedded in endosteal lamellar bone in the medullary
region of the right femur. D, Strong radial organization of simple vascular canals and incompletely lined primary osteons in the outer cortex

of the left femur. Note the coarse and loosely organized parallel-fibred tissue alternating with more with more higher organized and more finely
organized parallel-fibred tissue. E, Detail of cortex of the right femur depicting alternating coarse and loosely organized parallel-fibred tissue

and with more higher organized and more finely organized parallel-fibred tissue. F, Enlargement of outer cortex of the left femur. Note the simple
vascular canal (white arrow) that opens into the surface and the coarse nature of the parallel-fibred tissue. G, Region with primary osteons

that are completely and incompletely lined by parallel-fibred bone in the left femur. H, Enlargement of coarse parallel-fibred tissue with simple
vascular canals. I, Midshaft cross section of the left femur of PIMUZ T 4840 in normal and J, in polarized light. Note the principally radial orientation
of the mainly short radial and longitudinal vascular canals. Vascular density is lower when compared to the femora of PIMUZ T 4839. K, Detail

of the cortex from the postaxial bone side in polarized light. Note that the outer cortex shows more vascular canals than the inner cortex. The
entire cortex is stratified by growth marks. L, Detail of well vascularized (by simple vascular canals) and poorly organized inner tissue visible in |
and J dorsally to the medullary region in polarized light. Note the coarse nature of the loosely organized parallel-fibred tissue. M, Radially organized
vascular canal system at the dorsal bone side. Note the funnel-shaped arrangement of tissue along the simple radial vascular canals in polarized
light. N, Detail of cortex depicted in K in normal light. Note the accumulation of osteocyte lacunae in the left part of the picture. Abbreviations: cc,
calcified cartilage; ipo, incompletely lined primary osteons; mr, medullary region; svc, simple vascular canals
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Fig. 2 (Seelegend on previous page.)

vascular canal orientation in the femora is radial at bone side, the radial canal orientation is, however,
midshaft (Fig. 2A) in PIMUZ T 4839 and radial and less obvious in the smaller femur sample (PIMUZ
longitudinal in PIMUZ T 4840. Except for the dorsal T 4840) (Fig. 2I-M). Locally, funnel-shaped simple
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radial canals occur (Fig. 2M), which are also known
from some nothosaurs (Klein, 2010; Klein et al., 2016).
Due to the compacted medullary region and low vas-
cular density in the smaller femur (PIMUZ T 4840,
BC=97.8%) and the moderate vascular density in the
two larger femora of PIMUZ T 4839 (BC= ~80%),
bone compactness is rather high in all femora.

All three femur samples show growth marks. In the
two femora of PIMUZ T 4839, growth marks appear
in form of lines of arrested growth (LAGs) that are
accompanied each by additional closely spaced rest
lines. A further separation into zones and annuli is
only partially possible (Fig. 2). Both samples of PIMUZ
T 4839 show between 6 and 8 LAGs, depending on
bone side. The left and right femur share two distinct
LAGs spacing the same distance apart in the inner
cortex (Fig. 2A, B; black arrows). The innermost cycle
is close to the medullary region, the 2nd cycle is also
in the inner cortex, whereas the 3rd cycle is the wid-
est, forming most of the middle cortex. The rest of the
LAGs are deposited at a regular spacing in the outer
cortex. As is to be expected, the growth record of the
left and right femur match. Please note that the growth
marks are shifted against each other due to compac-
tion (Fig. 2A, B, arrows).

In PIMUZ T 4840, a growth mark count is not pos-
sible. Distinct LAGs are absent, only alternating layers
of less organized (i.e., zones) and more organized tis-
sue (i.e., annuli) can be distinguished. However, these
do not alternate, and the more highly organized layers
which show additional stratification by highly organ-
ized tissue, are more numerous (Fig. 2K, M, N). Thus,
identification of an annual growth mark sequence is
difficult. The femur of PIMUZ T 4840 shows in the
innermost cortex of its ventral bones side a well-vas-
cularized (simple longitudinal vascular canals) and
loosely organized coarse parallel-fibred bone (Fig. 2L).
This tissue indicates faster growth during an earlier
ontogenetic stage, and it is here interpreted as the tis-
sue laid down during the juvenile stage. Interestingly,
the rest of the tissue of PIMUZ T 4840 indicates lower
growth rates (i.e., is more organized and less vascu-
larized) for the rest of the cortex when compared to
PIMUZ T 4839, despite being smaller. PIMUZ T 4839,
on the other hand, lacks any indication of a juvenile
tissue. None of the femur samples show remodeling or
secondary osteons.

The smaller PIMUZ T 4840 and the larger PIMUZ T
4839 do not resemble an ontogenetic series as expected.
Instead, the differences may be due to a random
intraspecific variability, sexual dimorphism (as was
already suggested by Miiller, 2002 on morphological
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grounds for Askeptosaurus italicus) or taxonomic dif-
ferences, or all of this.

Thalattosauroidea indet

Vertebrae

The transverse section of the mid-dorsal centrum MNCH
F71616 corresponds largely to the periosteal cortex,
because the sample was taken at the center of growth of
the centrum, where the endochondral domain is smallest
(Fig. 3A). The section shows an overall spongious tissue,
which is, however, not homogenous but is divided into
different areas by their grade of tightness, i.e., by larger
and smaller secondary and few remaining primary tra-
beculae and differently sized and formed intertrabecular
spaces. From the center of the centrum, two lateral cones
reach dorsally, which are divided by an additional smaller
cone in their middle that has thicker trabeculae (Fig. 3A).
The two lateral cones are formed by the growing surfaces
of the neurocentral suture (Fig. 3A), i.e., they are the
traces of the attachment of the neural arch. The smaller
cone in the center is the trace of the growing floor of the
neural canal. The center of the centrum, in elongation of
the middle cone, shows thicker trabeculae and smaller
intertrabecular spaces as well. The center is surrounded
by an area of thin trabeculae and large, irregularly shaped
intertrabecular spaces as a result of erosion and forma-
tion of secondary trabeculae. The general orientation of
these spaces is radial (Fig. 3A). This area forms most of
the transverse section.

Outwards from this central region follows a ring of
primary cortex, which is less spongious due to smaller
primary intertrabecular spaces that are mainly round or
oval, representing here largely longitudinal simple vascu-
lar canals of which most are already enlarged by erosion.
These primary canals are arranged in radial rows, and
the secondary trabeculae are also predominantly radial.
The outer cortex is relatively compact with longitudinal
simple vascular canals and primary osteons occurring
that are arranged in circumferential rows (Fig. 3B, C).
Vascular density is moderate to high. The cortex mainly
consists of parallel-fibred tissue that is deposited in dif-
ferent degrees of organization (Fig. 3B, C). Growth marks
are not visible. The compactness of the entire transverse
section is 38.5%. The compactness of the outermost pri-
mary cortex (not yet affected by erosion) at the centrum’s
margin is ~ 84.6%.

The sagittal section of the posterior dorsal centrum
(MNCH F70662) is in general more spongious when
compared to the sagittal section of the caudal centrum
(MNCH F64330) and does not show any compact areas
(Fig. 3D, E). However, its trabecular architecture is con-
sistent with the middle dorsal centrum cut in transverse
section (MNCH F71616). The entire structure is highly
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Fig. 3 Histology of vertebral centra of the thalattosauroid from Oregon. A, Transverse section of a middle dorsal centrum (MNCH F71616) in normal
light. Note the overall spongious structure and very thin cortex surrounding the centrum. Rectangles mark the enlarged area depicted in B and C.
B, Detail of the thin outer cortex and the spongious inner structure of MNCH F71616 in normal light. C, Enlargement of the thin cortex of MNCH
F71616 in normal light. D, Sagittal section of a posterior dorsal centrum (MNCH F70662) in normal light. Rectangles mark the enlarged area
depicted in E, F, and G. E, Detail of the anterior/posterior margin of MNCH F70662 depicting collapsed trabeculae and a matrix of cartilage (greyish—
blackish) in normal light. F, Primary trabeculae reaching into the outer cortex in MNCH F70662. G, Detail of primary trabeculae in MNCH F70662

in normal light. H, Sagittal section of a middle caudal centrum (MNCH F64330) in normal light. Rectangles mark the enlarged area depicted in I-L.

1, Anterior or posterior bone side depicting a spongious structure in the inner and a more compact area towards the outer cortex of the middle
caudal centrum MNCH F64330 in normal light. J, Boundary between the periosteal tissue to the left and the endochondral, much more finely
structured tissue to the right in MNCH F64330 in normal light. K, Detail of parallel-fibred periosteal tissue in the centrum MNCH F64330 in polarized
light. L, Detail of the anterior/posterior margin depicting globuli ossei and a cartilage matrix below the articular surface of MNCH F64330 in normal
light. Abbreviation: nc, neural canal
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disturbed, showing in most areas broken and incomplete
or interrupted trabeculae (Fig. 3E). All trabeculae con-
sist of lamellar bone containing numerous flat osteocyte
lacunae (Fig. 3F, G). The trabeculae in the inner region
are secondary but towards the outer margins, trabeculae
are still primary (Fig. 3G). Towards the margins including
the anterior and posterior articular surfaces, where the
trabecular structure is denser, trabeculae are embedded
in a cartilage matrix (Fig. 3E), as is to be expected in the
endochondral domain. The periosteal bone of the floor of
the neural canal and the ventral side of the centrum con-
sists of a very thin primary cortex of parallel-fibred tissue
with numerous osteocyte lacunae (Fig. 3F). The sagittal
section of the posterior dorsal centrum MNCH F70662
(Fig. 3D) is more rectangular and less amphicoelous than
the caudal centrum MNCH F64330 (Fig. 3H) that shows
distinct amphicoely. Besides preservational artefacts, the
floor of the neural arch and the ventral surface of MNCH
F70662 are flat or straight (Fig. 3D). The floor of the neu-
ral canal of MNCH F64330 is also nearly straight but its
ventral surface is clearly concave (Fig. 3H).

Whereas the microanatomy of the posterior dorsal cen-
trum MNCH F70662 is consistent with that of middle
dorsal MNCH F71616 (Fig. 3A, D; considering the differ-
ent section plane), the microanatomy of caudal centrum
F64330 is different (Fig. 3H). Although both, the poste-
rior dorsal and the caudal centrum, are in general spon-
gious, they are divided up differently into areas that vary
in organization and compactness. The center of both cen-
tra shows large trabeculae made of secondary endosteal
(lamellar) bone that are oriented preferentially in anter-
oposterior direction (Fig. 3A, D). These trabeculae are
separated by large, irregular intertrabecular spaces. In
the caudal centrum MNCH F64330 (Fig. 3H-L), this
part, representing the periosteal cortex, becomes wider
towards the dorsal and ventral side, resembling an hour-
glass shape because of the vertebra’s amphicoelous shape.
The orientation of the trabeculae changes here, and
intertrabecular spaces abruptly decrease in size and the
structure is more compact (Fig. 3H-J). This presumably
indicates the transition from the periosteal to the endo-
chondral domain.

In the endochondral domain of MNCH F64330, which
is sharply set off from the periosteal cortex (Fig. 3]), the
trabeculae contain in their centers a mixture of coarse
parallel-fibred bone, calcified cartilage, and globuli ossei
(Fig. 3I-L). Towards the anterior and posterior articular
surfaces, trabeculae contain globuli ossei surrounded
by parallel-fibred bone. In the outermost cortex of the
articular surfaces, globuli ossei dominate the matrix,
indicating the formation of primary endochondral tra-
beculae from the hypertrophied cartilage of the articu-
lar surface (Fig. 3L) (Buffrénil & Quilhac, 2021; Quilhac
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et al,, 2014; Wintrich et al.,, 2020). The outermost margin
of the articular surface is formed by cartilage (Fig. 3L).
The periosteal tissue consists of parallel-fibred bone but
no osteocyte lacunae are visible (Fig. 3N). The dorsal and
ventral periosteal tissue is interspersed with Sharpey’s
fibers. Neither growth marks nor secondary osteons were
identified in the three vertebral samples.

Bone compactness differs between the two centra cut in
sagittal section. It is 44.8% in the caudal centrum MNCH
F64330 to 34.6% in the posterior dorsal centrum MNCH
F70662. Compactness of the endochondral domain is rel-
atively constant in the caudal centrum MNCH F64330 at
75-80%, but it varies between 39 and 56% in the dorsal
centrum MNCH F70662. Compactness values between
the transversely and sagittally sectioned dorsals cannot
be compared.

The marked histological differences between the dor-
sal centra MNCH F71616 and MNCH F70662, on one
hand, and the caudal centrum MNCH F64330 on the
other, may be related to anatomical position, to different
ossification patterns between parts of the vertebral col-
umn, to taxonomy, or to ontogeny (although they share a
similar size). MNCH F70662 and MNCH F71616 may be
ontogenetically older than MNCH F64330.

Humeri

Two midshaft core samples (MNCH F64316, transverse
section; MNCH F64270, longitudinal section) were avail-
able for study (Fig. 4). The transverse humerus section,
cut from MNCH F64316, exhibits a large medullary
region in the center of the humerus that reaches into the
pre- and postaxial bone sides (Fig. 4B, C). The medullary
region of MNCH F64316 contains a large erosion cavity
(filled with sediment) that is located closer to the ventral
margin and which is in surrounded by smaller mainly
round to oval intertrabecular spaces (Fig. 4L, M). In the
inner cortex, the periosteal bone shows scattered round
to oval erosion cavities. This remodeling zone is most
narrow at the ventral bone side and is thickest towards
the postaxial bone side (Fig. 4C). Towards the dorsal side,
the outer cortex is damaged, and only the innermost part
of the remodeling zone is here preserved (Fig. 4C). The
boundary to the periosteal cortex is here either not sam-
pled or obscured by large erosion cavities destroying and
dominating the periosteal tissue (Fig. 4B, C).

Most trabeculae in the periosteal cortex are still pri-
mary and contain small osteocyte lacunae (Fig. 4L, M).
The trabeculae in the medullary region and the remod-
eling zone enclose irregularly formed and round to oval
intertrabecular spaces (Fig. 4B, C). In the center—as far
as is visible—the intertrabecular spaces and trabeculae
are smaller, but both become larger towards the postaxial
side (Fig. 4C).
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The periosteal cortex has a primarily spongious, i.e.,
trabecular, structure. (Fig. 4). The tissue consists of
poorly organized parallel-fibred bone and in some areas
also of woven bone, containing locally static osteocytes
(Fig. 4D-K). Simple vascular canals dominate the tissue,
only few show an incomplete and very thin (i.e., initial)
lining by parallel-fibred bone (Fig. 4H, I), maybe indicat-
ing the beginning of the formation of primary osteons.
However, the entire sample does not contain any mature
primary osteons (i.e.,, an osteon completely lined by
parallel-fibered or lamellar tissue). In the transverse sec-
tion, the vascular organization is mainly radial, consist-
ing of large longitudinal and radial simple vascular canals
(Fig. 4). This is because the section is placed exactly at
midshaft.

The periosteal cortex can be roughly divided into
three layers in the cross section (Fig. 4C). This division is
mainly based on changes in vascular density and orienta-
tion. There are no growth marks of any kind visible, such
as lines of arrested growth or annuli. The inner periosteal
cortex is largely obscured by scattered erosion cavities. It
is, however, easy to distinguish from the two outer lay-
ers by a less spongious structure, i.e., the vascular canals
are smaller and the bony trabeculae are more massive
and thicker (Fig. 4C). The intermediate layer has much
smaller vascular canals and thick trabeculae with an
apparent higher number of longitudinal canals (Fig. 4D,
bottom left). The outer cortex is more spongious than the
intermediate one but less spongious than the inner layer.
The outer cortex is further characterized by a principally
radial vascular canal organization that grades into a more
longitudinal organization (Fig. 4D). In the outermost cor-
tex, canal orientation changes also to a more laminar pat-
tern (Fig. 4B, D). The boundary between the middle and
outer layer may well represent an annual growth mark,
a similar situation is ubiquitous in plesiosaurs (Sander &
Wintrich, 2021; Wintrich et al., 2017). The compactness
of the entire core of MNCH F64316 is 44.7%; that of the
cortex varies between 58 and 86%.

(See figure on next page.)
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In longitudinal section, cut from the core of MNCH
F64270, Fig. 4A), vascular canals fan out from the growth
center towards the proximal/distal end of the humerus.
Canal orientation thus changes from a fully radial orien-
tation to one that is parallel to the well-marked bound-
ary between the endochondral and periosteal domain
(Fig. 4A). Because of the foreshortened morphology of
the humeri, this boundary and thus the canal direction is
more than 35° from the bone long axis.

Discussion

Ontogenetic stage of individuals

Askeptosaurus italicus

The two sampled Askeptosaurus individuals clearly differ
in femur size (femur length is 8.5 cm in PIMUZ T 4840
and 12 cm in PIMUZ T 4839), and overall size of the pre-
served body part, suggestive of PIMUZ T 4839 being a
larger animal. The larger specimen (PIMUZ T 4839) is
preserved from the mid trunk region to the posterior tail
region and measures 200 cm as preserved. Its total body
size was thus likely close to the maximal recorded body
size of Askeptosaurus, which is 3 m (Miller, 2005). The
smaller specimen (PIMUZ T 4840) is less complete. The
preserved part, from the posterior trunk (sacral) region
to the posterior tail region, measures about 140 cm. Even
when considering the missing trunk part in PIMUZ T
4840, the specimen was smaller, maybe about 70% of the
size of PIMUZ T 4839. However, both individuals have
reached more than half of the maximal estimated body
size and are quite large. Neither size nor morphology
(i.e., degree of ossification) do indicate early ontogenetic
stages for either specimens.

The parallel-fibred tissue of the femur of the smaller
Askeptosaurus specimen is less coarse, more highly
organized, and less vascularized when compared to the
larger Askeptosaurus specimen. In addition, they differ
in vascular canals organization: in the smaller specimen,
longitudinal vascular canals dominate, whereas the larger
specimen has a clear dominance of radial canals. Both

Fig. 4 Histology of humeri of the thalattosauroid from Oregon. A, Humerus (MNCH F64270), longitudinal section, core sample. Note that the core
was cut somewhat off-center, the neutral area is to the left, distal to the right. Image in normal light. B, Humerus (MNCH F64316), transverse section
in normal light. C, Interpretative sketch of the tissue distribution in MNCH F64316. D, Detail of periosteal cortex in MNCH F64316 in normal light.
Note the radial trabecular structure of the primary periosteal cortex. The middle layer is seen in the lower left corner, but most of the field of view

is covered by the outer layer. The outermost layer is in the upper right corner. E, Detail of primary periosteal cortex in MNCH F64316 in normal and F,
polarized light showing the transition zone between the middle (right) and outer layers (left). Note the high amount of plump osteocyte lacunae.
Simple vascular and incipient primary osteons canals are mainly oriented longitudinally. G, Enlargement of the transition zone between the middle
and outer layers in the periosteal cortex of MNCH F64316 in normal and H, polarized light. Note the low amount of osteocyte lacunae in a relatively
high organized parallel-fibred tissue. Vascularity is high, consisting of large longitudinal to radial simple vascular canals with limited osteonal lining.
I, Enlargement of parallel-fibred tissue and simple vascular canals in MNCH F64316 in polarized light. J, Detail of the middle layer of the periosteal
cortex transitioning to the inner layer (upper right) in MNCH F64316 in normal and K, polarized light. The primary parallel-fibred tissue of the middle
layer is here less organized between the vascular canals but partially starts to line vascular canals in higher organization. L, Detail of secondary
endosteal trabeculae (top) and primary periosteal ones (bottom) at the transition from the middle to the inner layer of the periosteal cortex

in MNCH F64316 in normal and M, polarized light
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Fig. 4 (Seelegend on previous page.)

individuals show vascular canals that open onto the bone
surface and no change in tissue in the outer cortex, which
in both indicates continued growth. The smaller Askep-
tosaurus specimen has remains of a tissue indicating an
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earlier ontogenetic stage in its innermost cortex, and its
growth marks are not very distinct. The larger specimen
does not show a “juvenile” tissue in its inner cortex and
growth marks are distinct in form of lines of arrested
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growth. In conclusion, based on histology and differ-
ences in growth pattern, PIMUZ T 4840 and PIMUZ T
4839 are likely not representing a growth or ontogenetic
series, as one might have expected. Differences might
be the result of developmental plasticity, sexual dimor-
phism (i.e., difference in growth between both sexes), or
even taxonomy. However, our sample size is too small
to further elaborate on this. Miiller (2002) found in his
morphologically based study two size classes among
the Askeptosaurus sample he studied and discussed dif-
ferent species and/or sexual dimorphism as possible
explanation. However, he also states that none of these
interpretations can be corroborated based on the present
material (Miiller, 2002).

Thalattosauroidea indet
As suggested by the relatively small size of the centra and
the humeri, which do not represent the largest known
elements (Metz, 2019), this material may not represent
fully grown individuals. However, the dorsal centra from
Oregon presumably represent adult individuals because
of the nearly completely secondary nature of the trabecu-
lae in both the periosteal and endochondral domains.
The histology of the caudal centrum and the humeri
indicates an early ontogenetic stage of the sampled indi-
viduals in the high degree of vascularity and the low
degree of tissue organization. Further evidence might
be the presence of globuli ossei in the caudal, indicating
ongoing endochondral ossification in the caudal centrum.
In general, the high degree of cancellous bone is a
feature of secondary aquatic adaptation that increased
through ontogeny (i.e., bone mass decrease, see Ricqles
& Buffrénil, 2001). This fits to the observation of less
compact but histologically more mature dorsal centra,
when compared to the caudal centrum and the humeri.
A similar pattern of ontogenetically decreasing compact-
ness has been observed in plesiosaurs from New Zealand
(Sander & Wintrich, 2021; Wiffen et al., 1995).

Comparison of histology and microanatomy of the two
thalattosaurian taxa

In summary, Askeptosaurus italicus has compact bones
without a medullary cavity. The tissue consists of poorly
to moderately vascularized, highly organized, coarse par-
allel-fibred bone and extensive Sharpey’s fibers crossing
those in steep angles. Because only the larger specimen
(PIMUZ T 4839) shows extremely thick and coarse colla-
genous scaffolding of the parallel-fibred bone, we cannot
exclude that this might be a specialty of this individual.
However, the smaller individual (PIMUZ T 4840) also has
coarse parallel-fibred tissue, although not as extreme as
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the larger one. Femoral, rib, and gastral tissue is stratified
by growth marks in both specimens, although growth
marks are less pronounced in PIMUZ T 4840.

The coarse nature and the thick fibers of the parallel-
fibred bone are unique for Askeptosaurus. Houssaye
et al.,, (2013) and Houssaye et al., (2014) had described
the occurrence of an “unusual type of parallel-fibered
bone, with large and randomly shaped osteocyte lacunae
(otherwise typical of fibrous/woven bone)” for mosasaurs
and ichthyosaurs, which is very different from what is
observed in Askeptosaurus. However, one specimen of
Ichthyosaurus (IGPB R 222) shows indeed a similar thick
and coarse scaffold of the parallel-fibred tissue (NK pers.
obs.).

The thalattosauroid vertebrae and humeri from the
Upper Triassic of Oregon are cancellous, i.e., have a tra-
becular microstructure throughout, resulting in a low
bone compactness. The tissue is highly vascularized and
dominated by poorly organized parallel-fibred and woven
matrix with only very locally restricted incipient osteonal
development. The parallel-fibred tissue is also coarse but
not as fibrous as that of Askeptosaurus. Changes in bone
apposition rate and thus growth rate are indicated by
changes in vascularization and organization in the Ore-
gon thalattosauroid, no growth marks are identified.

Both, the Askeptosaurus material and the thalattosau-
roid material, share a principally radial vascular canal
organization at midshaft in their long bones, although
vascular canals are oriented mainly longitudinally in the
smaller Askeptosaurus sample (PIMUZ T 4840).

All samples studied here lack periosteal lamellar bone,
well developed primary osteons, and secondary osteons
or Haversian bone. Woven bone is only locally identified
in the humeri of the Oregon thalattosauroid. Remodeling
and resorption are extensive in the cancellous bone of
the Oregon material, whereas remodeling and resorp-
tion activity is much more limited in Askeptosaurus. The
thalattosauroid from Oregon shows a high vascularity,
scaffolding, and static osteogenesis of osteocytes with
locally woven and poorly organized parallel-fibred tissue.
However, due to the lack of primary osteons this tissue
does not resemble the typical fibro-lamellar tissue type
or complex. Thus, the Oregon thalattosaurian seems to
shows an initial stage of fibro-lamellar complex due to a
similar scaffold but differs in deposited tissue and vascu-
lar canal development.

Comparison with other Triassic marine reptiles

Vertebrae

Microstructure and vascularity of the vertebrae of
Askeptosaurus cannot be compared due to their com-
pressed nature. The high amount of secondary lamellar
bone in the centrum of centra of Askeptosaurus might
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indicate an originally cancellous structure of the cen-
tra, whereas the surrounding periosteal cortex is rather
compact. Vertebrae of non-plesiosaur Sauropterygia
always have a large cavity or several cavities in their
centra (Klein et al., 2019b). Although the vertebrae of
Askeptosaurus are compressed, there is no evidence
for the presence of large cavities such as differences or
irregularities in the pattern of compaction. The amount
of calcified cartilage is less in Askeptosaurus when com-
pared to Sauropterygia in general (Klein et al., 2019b).
The primary periosteal tissue in Askeptosaurus consists
of coarse parallel-fibred tissue, which is not observed in
vertebrae of Sauropterygia.

The centra of the thalattosauroid from Oregon dif-
fer from that of Triassic Sauropterygia by their much
greater spongiosa that is evenly distributed [contrary to
the spongious and compact areas in vertebrae of sau-
ropterygians]. The centra of the thalattosaurian of Ore-
gon lack any cavity, contrary to what is described for
Sauropterygia (Klein et al,, 2019b). The histology and
microstructure of the plesiosaur vertebrae figured in
Wintrich et al. (2017) are similar to those of other Sau-
ropterygia and differ from both of the thalattosaurians
described here by the presence of cavities within some
plesiosaur centra and by the higher amount of spon-
giosa relative to Askeptosaurus and a lower amount
of spongiosa relative to the Oregon thalattosauroid.
The tissue in the vertebrae of the thalattosauroid from
Oregon is comparable to some Eosauropterygia (Klein
et al., 2016, 2019b) but differs from the placodont and
plesiosaur vertebrae in the lack of fibro-lamellar tis-
sue type (Klein et al., 2019b; Sander & Wintrich, 2021;
Wintrich et al., 2020).

Ichthyosaur vertebral centra are characterized by a lim-
ited endochondral domain due to their amphicoely and
disc-shape (Houssaye et al., 2018; Wintrich et al., 2020).
The vertebrae of the thalattosauroid from Oregon are
also disc-shaped and the endochondral domain is simi-
larly limited as in ichthyosaurs. Ichthyosaurs and the cau-
dal vertebra of the Oregon thalattosauroid further share
a periosteal spongiosa of primary origin (Anderson et al.,
2019; Houssaye et al., 2018). Vascular organization of
the cortex is quite similar in the thalattosauroid and ich-
thyosaurs: a mixture of laminar to circumferential and
radial orientation, although the radial one dominates in
the thalattosauroid. The primary cancellous periosteal
tissue differs: ichthyosaurs show fibrolamellar complex
(Houssaye et al., 2018), whereas tissue is dominated by
parallel-fibred bone in the Oregon thalattosauroid. Ich-
thyosaur vertebrae also differ from the Askeptosaurus
vertebra in tissue (fibrolamellar complex vs. coarse par-
allel-fibred bone) and compactness (highly spongious vs.
likely somewhat cancellous). To our knowledge so far, no
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globuli ossei have been explicitly described in any marine
reptile before, although they are visible in many of the
vertebrae from different amniotes sampled by Wintrich
et al., (2020, supplement).

Ribs and gastralia

The posterior dorsal rib of Askeptosaurus italicus was
originally oval shaped and is now compressed result-
ing in a very compact appearance. Whether the medul-
lary region was originally more cancellous, i.e., contained
erosion cavities can no longer be detected because of
the strong compaction, but large erosion cavities (due
to the overall content) and a large free medullary cavity
can be excluded (i.e., due to the lack of an indication for
endosteal lining of such a cavity). However, the nearly
avascular cortex was also originally very compact. The
ribs of other marine reptiles such as the Permian meso-
saurs (Klein et al., 2019a), the Jurassic sphenodontid
Paleopleurosaurus (Klein & Scheyer, 2017), and Triassic
sauropterygians (Klein et al.,, 2019b; Surmik et al., 2018)
are less compact when compared to the posterior dorsal
rib of Askeptosaurus italicus, because all the others show
a (also often small) free cavity. The sampled gastralium of
Askeptosaurus italicus is similar in its poorly vascularized
and dense tissue to gastralia described for eosauroptery-
gians (Klein et al., 2019b), Paleopleurosaurus (Klein &
Scheyer, 2017), and ichthyosaurs (Anderson et al., 2019;
Kolb et al., 2011).

Long bones

Mesosaur femoral microanatomy and histology differs
from that of the sampled thalattosaurians by a nearly
avascular, highly organized, ie., osteosclerotic tissue
(Klein et al., 2019a) and that of Paleopleurosaurus by
the presence of a large free cavity in that taxon (Klein &
Scheyer, 2017). Askeptosaurus and some pachypleuro-
saurs (Dactylosaurus, Neusticosaurus, Serpianosaurus;
Sander, 1990; Hugi et al., 2011; Klein & Griebeler, 2018)
share a more compact femoral microanatomy with low to
only moderate vascular density and the medullary region
being filled by endosteal bone. Femora of nothosaurs and
other eosauropterygians usually have an enlarged med-
ullary cavity (Hugi, 2012; Klein & Surmik, 2021; Klein
et al., 2016; Krahl et al., 2013) or show a rather reduced
medullary cavity (Klein et al., 2016). However, the vari-
ability in the size of the medullary cavity in nothosaurs
is clearly not a phylogenetic signal but rather depends
on environment (i.e., developmental plasticity) and body
size (Klein et al., 2016, 2022). Femora of Askeptosaurus
share with most non-plesiosaur Triassic Sauroptery-
gia the dominance of parallel-fibred tissue; however, the
parallel-fibred bone in Askeptosaurus is unique due to
its very coarse and fibrous nature (Klein, 2010; Klein &
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Griebeler, 2016; Klein & Surmik, 2021; Klein et al., 2015,
2016). Non-plesiosaur Sauropterygia and Askeptosaurus
share the presence of distinct growth marks.

Vascular canal density in the smaller Askeptosau-
rus specimen is comparable to some pachypleurosaurs
(Neusticosaurus; Klein & Griebeler, 2018), nothosaurs
(Klein, 2010; Klein & Griebeler, 2016; Klein et al., 2016),
and some placodonts (Psephoderma; Klein et al., 2015).
Vascular canal density in the larger specimen of Askep-
tosaurus differs from all pachypleurosaurs (Klein, 2010;
Klein & Griebeler, 2018), and is roughly comparable to
some large nothosaurs (Klein et al.,, 2016), as well as to
some placodonts (Klein et al., 2015). The femora of the
larger Askeptosaurus and the humeri of the thalatto-
sauroid from Oregon share a dominantly radial canal
organization, which is also different from most Triassic
Sauropterygia, where usually longitudinal canals domi-
nate (pachypleurosaurs, nothosaurs), although radial
ones can also dominate (some pachypleurosaurs, some
placodonts, all plesiosaurs). The mixture of simple vascu-
lar canals and incompletely lined vascular canals is also
shared by the two thalattosaurians and non-plesiosaur
Sauropterygia. However, in thalattosauroid the canals are
thinly and incompletely lined with parallel-fibred bone
and not as typically well surrounded by lamellar bone.

Non-plesiosaur sauropterygians display a high
amount of calcified cartilage in the medullary regions
of their long bones which is only—to a minor extend—
present in Askeptosaurus but does not occur in the tha-
lattosauroid. The sampled thalattosaurian humeri from
Oregon differ by their primary spongiosa in the outer
cortex from all Triassic non-plesiosaur Sauropterygia.
Some placodonts also have a radial trabecular structure
but bone compactness is still higher when compared to
the thalattosauroid and the tissue is fibro-lamellar com-
plex (Klein et al., 2015). The histological features of ple-
siosaurs are most similar to the Oregon thalattosauroid
in that they also show a radial trabecular architecture,
which is, however, more compact in the former (Sander
& Wintrich, 2021; Wintrich et al,, 2017). In the Oregon
thalattosaurian, the fibro-lamellar complex shows only
an initial scaffolding.

Due to a higher compactness, lower vascular density,
and overall tissue organization, femora of Askeptosaurus
are quite different when compared to long bones of ich-
thyosaurs (Buffrénil & Mazin, 1990; Houssaye et al., 2014;
Kolb et al., 2011). Ichthyosauria and the thalattosauroid
humeri from Oregon share a primary spongious organi-
zation of the humerus (Houssaye et al, 2014; Ander-
son et al., 2019 but see Kolb et al., 2011 for the possible
exception in mixosaurs). However, the organization of
vascular canals is laminar to circumferential in ichthyo-
saurs (Anderson et al., 2019; Houssaye et al., 2014) but
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strongly radial in the thalattosaurian. As in the vertebrae,
the tissue type is of the fibrolamellar complex type in ich-
thyosaurs but not in the thalattosaurians.

In conclusion, high bone compactness in Askeptosau-
rus resembles what is seen in some pachypleurosaurs (i.e.,
Dactylosaurus, Neusticosaurus, Serpianosaurus, Proneus-
ticosaurus), and its bone tissue type fits into the variabil-
ity of most non-plesiosaur eosauropterygians, except for
the very coarse nature of its parallel-fibred tissue. The
microanatomy of the Oregon thalattosauroid resembles
what is documented in ichthyosaurs and plesiosaurs.

Askeptosaurus differs from all other marine reptiles
by the very coarse nature and thick fibers of the parallel-
fibred tissue, randomly arranged in bundles or forming a
honeycomb-like pattern. The thalattosauroid from Ore-
gon is unique due to its primary radial scaffold of paral-
lel-fibred and woven bone but without having developed
the fibro-lamellar tissue type (see definition in Francil-
lon-Vieillot et al., 1990).

Thalattosaurian habitat, aquatic adaptation, and histology
Bone histology correlates with “functional” traits (Ric-
qles et al., 2008), and environmental conditions seem to
have a strong influence on histological traits (e.g., Klein
et al, 2022; Konietzko-Meier & Klein, 2013; Sander &
Klein, 2005; Teschner et al., 2022). On the other hand, a
phylogenetic signal is evident at higher taxonomic levels
(e.g., Klein, 2010; Ricqles et al., 2008). Interestingly, most
marine reptile groups studied to date (e.g., basal Eosau-
ropterygia, Plesiosauria, Ichthyosauria) have an overall
similar histology and microanatomy at the group level
and are, therefore, distinguishable at the group level (e.g.,
Houssaye et al.,, 2014, 2018; Klein, 2010; Wintrich et al.,
2017). The only exception here is the Placodontia, where
some placodonts (Placodontia indet. aff. Cyamodus) have
highly vascularized fibro-lamellar complexes, while oth-
ers (Psephoderma and Paraplacodus) have very poorly
vascularized lamellar tissue (Klein et al., 2015). The rea-
son for these differences within the placodontid may be
related to the different environmental conditions under
which each placodont taxon lived. Askeptosaurus italicus
and the thalattosauroid from Oregon, exhibit a similar
inconsistent range of histological and microanatomical
features comparable to that seen in placodonts. However,
their combination of tissue, vascularization, and micro-
anatomy clearly distinguishes them from each other, as
well as from other marine reptiles.

Askeptosaurus and the Oregon thalattosauroid dif-
fer not only in tissue type but also in microanatomy; i.e.,
the compactness of the bones, suggesting different lifestyles
(Ricqles & Buftrénil, 2001). Askeptosaurus exhibits very com-
pact bones (i.e, an increase in bone mass), typical of shal-
low-water dwellers that are in the early stages of secondary
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aquatic adaptation. The thalattosauroid material from Ore-
gon shows a spongy trabecular structure (i.e., decrease in
bone mass) in the humeri and vertebrae examined, which is
interpreted as typical of inhabitants of open waters (pelagic)
and indicates a higher degree of secondary aquatic adap-
tation. However, morphologically Askeptosaurus already
shows a certain degree of aquatic adaptation, mainly refer-
ring to its strong and elongated swimming tail. Other aquatic
adaptations include short limbs, broad zeugopodia, and high
neural spines in the sculling tail. Askeptosaurus occurs in an
intraplatform basin of the Alpine realm, which was at times
connected to the open ocean, i.e, the Tethys. The thalatto-
sauroid material from Oregon consists of isolated bones, and
other than the paedomorphically reduced suture closure on
the skull and vertebrae, not much can be said about morpho-
logical evidence for aquatic adaptation. However, the mate-
rial is from a concretion found in a deep-sea marine basin,
indicating open water conditions.

The differences in tissue type and microanatomy between
the two thalattosaurians studied may be also related to phy-
logeny, as Askeptosaurus is a plesiomorphic thalattosaurian,
whereas the Oregon fossils do represent a thalattosauroid
(Druckenmiller et al., 2020; Metz, 2019).

It was previously noted that thalattosaurians did not
exhibit morphological adaptations to a pelagic lifestyle
(Druckenmiller et al., 2020; Rieppel et al., 2000). How-
ever, they nevertheless inhabited a range of marine set-
tings (Druckenmiller et al.,, 2020; Miiller, 2005). In the
eastern Tethys, thalattosaurians are found in lagoonal
(Sun et al, 2016) to pelagic environments (Wang
et al,, 2008). In North America, they occur in locations
also ranging from nearshore to pelagic environments
(Nicholls & Brinkmann, 1993). However, specifically
thalattosauroids are often found together with ichthyo-
saurs that are known to have preferred open waters, as
in the case of the Carnian Hosselkus Limestone of Cali-
fornia, where the first thalattosauroids were found (Mer-
riam, 1908), the Carnian Xiaowa Formation of Guizhou
(Wang et al., 2008), and the Norian Pardonet Formation
of British Columbia (Nicholls & Brinkmann, 1993). In
these faunas, thalattosaurians are the only other com-
mon group besides ichthyosaurs. Interestingly, there are
no thalattosaurians found in the otherwise marine rep-
tile-rich deposits of the nearshore and shallow marine
environments of the Germanic Basin (i.e., the Muschel-
kalk deposits). The differences in microanatomy between
Askeptosaurus and the Oregon taxon could, therefore,
be due to differences in environment and lifestyle, i.e.,
the Oregon thalattosaurian may have lived in more open
waters than Askeptosaurus.
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Globuli ossei

The presence of globuli ossei in the vertebrae of the Oregon
thalattosauroid is noteworthy. Globuli ossei represent chon-
drocyte lacunae secondarily filled by endosteal bone depos-
its e.g., Francillon-Vieillot et al., 1990; Buffrénil et al., 2014;
Quilhac et al,, 2014, Buffrenil & Quilhac 2021. According to
previous studies (e.g., Beresford, 1981, pp. 358-360), globuli
ossei are taxonomically relatively common among various
bone elements in tetrapods, but are rarely described in verte-
brae and long bones. They have previously been documented
in long bones of amphibians (Quilhac et al., 2014), an extinct
bird (Marsa et al., 2018), and in an extinct whale from the
Late Eocene Buffrénil et al., 2021a. According to Ricgles &
Buffrénil (2001), osteosclerosis in sirenians and Basilosaurus
is the result of an endochondral sequence that stops at the
“globuli ossei” stage. The presence of globuli ossei in the tha-
lattosauroid centrum from Oregon is, to our knowledge, the
first explicit description of this structure in a marine reptile
(but see supplement of Wintrich et al. (2020).

The occurrence of globuli ossei in the shaft of postcra-
nial bones of tetrapods at relatively advanced ontogenetic
stages has been associated with a delay or inhibition of
endochondral osteogenesis (Buffrénil et al., 1990). This is
supported by the findings of Quilhac et al. (2014) in the
long bones of postmetamorphic urodeles. These authors
also concluded that globuli ossei are associated with
a low rate of length growth (Quilhac et al.,, 2014). The
reduction in endochondral osteogenesis has also been
associated with an increase in bone mass and osteoscle-
rosis in aquatic vertebrates and interpreted as a second-
ary adaptation to aquatic life (Buffrénil et al., 1990).

The presence of globuli ossei in an extinct penguin is
according to the authors not related to an adaptation
to aquatic life, small body size, ontogenetic stage, or a
pathology (Marsa et al., 2018). They suggest more caution
when interpreting histological structures and the animal’s
way of life and an investigation on the entire ossifica-
tion process of the respective bones that could provide
insights on the nature of the globuli ossei. Because the
globuli ossei are part of the endochondral ossification
below the articular surface, their presence here in the
caudal centrum of the Oregon thalattosaurian is not
unusual. What is unexpected, however, is the delayed
ossification in this already relatively large animal.

Conclusions

Microanatomy (i.e., bone compactness) and tissue type
of the two thalattosaurian taxa studied followed dif-
ferent growth rates and patterns and thus different life
history strategies. Askeptosaurus from the late Anisian
of Monte San Gorgio exhibits high bone compactness,
indicating an increase in bone mass. Its bone tissue
indicates relatively slow to moderate growth rates. The
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thalattosauroid from the late Carnian of the Vester For-
mation in Oregon shows a primary trabecular (radial)
tissue organization and thus bone mass decrease. Its tis-
sue type implies much higher growth rates when com-
pared to Askeptosaurus due to lower organization and
higher vascularity of tissue. Further on, histology (i.e.,
presence of globuli ossei) of the thalattosauroid from
Oregon seems to indicate evidence of pedomorphosis.

Such marked differences within a group are rather
atypical for Triassic marine reptiles (i.e., Eosauroptery-
gia including plesiosaurs, Ichthyosauria), as marine rep-
tiles at the group level generally share the same general
bone histology, i.e., growth rates and patterns. The only
other exception, where histology and microanatomy
are very different between two taxa of the same clade
is found in the placodonts. As for placodonts, environ-
mental differences might be a possible explanation for
these distinct differences in histology and microanat-
omy between the two thalattosaurians.

Although the bone histology and microanatomy of
Askeptosaurus italicus is in general comparable to that
of some eosauropterygians (i.e., tissue, moderate to
slow vascular density, compactness), it differs in some
aspects (i.e., very coarse nature of parallel-fibred tissue,
strong radial arrangement of vascular canals). This once
more demonstrates that differences in growth rate, and
growth patterns, implying differences in lifestyle and
life history traits, allowed all of these Triassic marine
reptiles to live simultaneously in the same environ-
ments (i.e., shallow marine intraplatform basins and
epicontinental seas) in the Tethys without significant
competition.

The bone histology of the Oregon thalattosauroid
largely resembles fast growth rates of ichthyosaurs and
plesiosaurs (radial vascular pattern, quickly deposited
tissue, scaffold architecture) but without having depos-
ited true fibro-lamellar complex.
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