Y| | Palaeontologia Electronica

A‘P‘

| palaeo-electronica.org

The first report of spondylosis deformans in Sauropterygians

Congenital and late onset vertebral fusions
in long necked plesiosaurs:

Judyth Sassoon

ABSTRACT

Fossilised osseous pathologies can provide useful information about the lifestyles
and habits of extinct vertebrates. The Plesiosauria were a diverse Mesozoic marine
reptile clade with a unique body plan, exhibiting variations in head and neck morphol-
ogy. Palaeopathologies are generally uncommon in plesiosaurs but in this study,
pathological spinal fusions were identified in the cervical vertebrae of four long-necked,
plesiosauromorph specimens from different stratigraphic horizons. The fusions were of
two types: a congenital condition (block vertebrae) and a late onset condition, strongly
resembling spondylosis deformans. Spondylosis deformans is a non-inflammatory
degeneration of intervertebral discs, characterised by the formation of bony projections
across the disc space. The condition is commonly identified in extant, domestic ani-
mals and humans, but this is the first report of spondylosis deformans in the Plesiosau-
ria. In domestic animals, especially older dogs, spondylosis causes stiffness and pain.
The significance of spinal fusions as causes of neck stiffness in long-necked plesio-

saurs is discussed and their debilitating potential considered.
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INTRODUCTION

Spinal fusions are bone disorders that appear
in both extant and extinct vertebrates and can have
a variety of aetiologies, which are not always easy
to diagnose (Rogers et al., 1985; Rothschild and

Berman, 1991; Martin and Bell, 1995; Rothschild,
1997, Littleton, 1999; Rothschild and Martin, 2006;
Rothschild et al., 2012). Vertebral fusions can be
congenital and present from birth or develop later
in life (Erdil et al.,, 2013). Late onset vertebral
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fusions may be associated with bone hyperostosis
and include spondylosis deformans, diffuse idio-
pathic skeletal hyperostosis (DISH) and spondy-
loarthropathies such as osteoarthritis of the facet
joints and ankylosing spondylitis (Reswick, 1985).

The nomenclature of conditions presenting
with spinal fusions is often confusing because
some terms are used casually, without adhering to
precise diagnostic criteria. For example, the term
spondylosis deformans has occasionally been
used to describe the condition more properly called
diffuse idiopathic skeletal hyperostosis or DISH
(Kranenburg et al.,2013). Also, confusion arises in
the indiscriminate use of the terms “spondylitis,”
which refers to an inflammatory condition and
“spondylosis,” a degenerative condition in which
there is no inflammation (Chi et al., 2007).

In the fossil record fused vertebrae are found
in various mammals (Rothschild and Martin, 2006),
fishes (Britz and Johnson, 2005), extant reptiles
(Rothschild, 1997) and extinct reptiles, especially
non-avian dinosaurs (Blumberg and Sokoloff,
1961; Rothschild and Berman, 1991; Rothschild,
1997; Molnar, 2001; Butler et al., 2013; Farke and
O’Connor, 2007). Vertebral fusions have also been
reported in Mesozoic marine reptiles, such as
mosasaurs from the Cretaceous but have not been
discussed to any great extent in another highly
successful marine tetrapod clade, the Plesiosauria
(Reptilia: Sauropterygia) (Mulder, 2001; Roth-
schild and Everhart, 2015). This is despite the fact
that a spinal fusion was one of the earliest patholo-
gies recorded in plesiosaurs (Mudge, 1878).

Plesiosaurians were globally distributed in the
Mesozoic oceans and the longest surviving group
of secondarily marine reptiles, spanning over 135
million years from the Uppermost Triassic to the
Late Cretaceous (Brown, 1981). The unique, bar-
rel-bodied, four flipper morphology adapted for effi-
cient and active swimming was the iconic body
plan of the Plesiosauria. Moreover, plesiosaurians
fell into one of two further morphological divisions:
long-necked, small-headed plesiosauromorphs or
large-headed, short-necked  pliosauromorphs
(O’Keefe, 2002). These categories evolved inde-
pendently and repeatedly, and reflect convergen-
ces or ecomorphological adaptations, rather than
phylogenetic relationships (Benson and Drucken-
miller, 2014). From surveys of plesiosaurian speci-
mens in collections from the UK, Germany and the
U.S., vertebral fusions appear to have been more
common in the long-necked plesiosaurians than
pliosauromorphs (personal observation). This
paper presents four plesiosauromorph plesiosaurs,

showing fusions of cervical vertebrae. The speci-
mens are from different geological horizons, rang-
ing from the Oxford Clay, to Upper Jurassic and
Cretaceous. Descriptions of the pathologies are
followed by tentative diagnoses and a general dis-
cussion of the underlying conditions.

Institutional abbreviations. CAMSM, Sedgwick
Museum, Cambridge, UK; GPIT, Geologisch-
Paldontologisches Institut Tubingen, Tubingen,
Germany; NMW, National Museum of Wales, Car-
diff, UK; UCMP, University of California Museum of
Paleontology, Berkeley, California USA.

Other abbreviations. DISH, diffuse idiopathic
skeletal hyperostosis.

SYSTEMATIC PALAEONTOLOGY

Superorder SAUROPTERYGIA (Owen, 1860)
Order PLESIOSAURIA (de Blainville, 1835)
Superfamily PLESIOSAUROIDEA (Gray, 1825)
Family CRYPTOCLIDIDAE (Williston, 1925)

Description

NMW 19.96.G17 is a juvenile Muraenosaurus
sp. (estimated length < 3.5 m) from the Oxford Clay
Formation (Callovian, Middle Jurassic) of S.
England, represented by fragments of parietal, left
mandibular ramus, neural spines, propodials, two
radii, possible ulna and unidentified epipodials,
mesopodials, phalanges. The entire spinal column
is preserved, consisting of 90 vertebrae of which
39 are cervicals, three pectorals, 20 dorsals, three
sacrals, and 25 caudals. A few small posteriormost
caudals may be missing. The total length of the
vertebral column is 3.28 m. The specimen can be
confidently identified as an older juvenile by its
size, humerus shape and morphology of proximal
articulating surfaces of propodials and unfused
neurocentral arches (Brown, 1981; Kear, 2007;
Sachs et al., 2016).

The twelfth and thirteenth cervical vertebrae
are completely ankylosed (Figure 1.1-4) and would
have behaved as a single element in the spinal col-
umn. The block is 3.3 cm high, measured along the
dorso-ventral axis. The total anteroposterior length
of the two fused vertebrae is 5 cm. The anterior
element is 2.3 cm long and the posterior 2.7 cm
long (anteroposteriorly). The anteroposterior length
of the element immediately preceding the fused
block is 4 cm and that of the element following is
4.2 cm. So the fused block is longer than the
expected length of an individual vertebral element
at that position, but shorter than the expected
length of two unfused consecutive vertebrae. The
periosteum has been abraded on the right lateral
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FIGURE 1. Fused cervical vertebrae 12 and 13 in juvenile Muraenosaurus sp. (NWM 19.96.G17) in 1. ventral 2. left
lateral 3. right lateral and 4. dorsal view. 5. Ventral view of vertebral series (numbered), showing abnormal position of
ventral foramina in vertebrae 10 and 11, and symmetrical positioning in 14, 15. 6. Reconstruction of Muraenosaurus
(from Andrews, 1910) showing position of vertebral fusion. Abbreviations: for, foramina subcentralia; naf, neural arch

facets. Scale bar equals 4 cm.

side of the fusion assuming the shorter vertebra is
more anterior. This may have occurred during
preparation. On the left lateral side, the periosteum
is continuous with no visible demarcation between
elements. The ventral surface is rugose at the line
of fusion, but there is no overgrowth, which would
be expected with a traumatic injury or spondyloar-

thropathy (Rothschild et al., 2002). The cervical rib
facets are not well developed.

In the three vertebrae anterior to the fusion,
the ventral foramina subcentralia are abnormally
displaced in the following way. Whilst in the other
cervical vertebrae, the foramina subcentralia are
symmetrical about the vertebral median axis, in the
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ninth vertebral element of the series they are
underdeveloped and in the tenth and eleventh the
foramina are closer together, asymmetrical and,
especially in the eleventh element, displaced more
posteriorly. In the eleventh vertebral element, the
right foramen is displaced further posteriorly than
the left (Figure 1.5). The rest of the material from
NMW 19.96.G17 is free from visible pathologies.

Subfamily COLYMBOSAURINAE Benson and
Bowdler, 2014
Type Genus Colymbosaurus Seeley, 1874

Description

Specimen CAMSM J63919. Colymbosaurus
megadeirus (Benson and Bowdler, 2014) is an
incomplete vertebral series consisting of 36 cervi-
cal (excluding atlas-axis complex), four pectoral,
17 dorsal, three sacral and 28 caudal vertebrae. An
atlas-axis complex for this specimen was reported
by Barrett (1858) but is now missing. There are
also broken fragments of dorsal ribs, at least five
with healed fractures.

Rounded, anteroventrally projecting, spur-like
expansions are present on the ventral surfaces of
four cervical vertebrae previously identified as
belonging in positions 26-28 and 31 on the basis of
museum notes (Benson and Bowdler, 2014). The
expanded spurs project from the anterior surface of
the vertebra to touch and cover the posterior sur-
face of the preceding vertebra. However, detailed
observations of the pathological vertebrae suggest
they are a series with no gaps (museum numbers
J63919 v, w, X, aa; estimated positions 26 to 29)
(Figure 2.1-3). Benson and Bowdler (2014) also
observed that the expansions contacted rugosities
on the preceding vertebra, considered to be trau-
matic exostoses due to the irritation. However,
closer observations discovered rugosities on
almost every cervical vertebra not only those adja-
cent to the pathological expansions, so the rugosity
seems to be a normal feature in this specimen.
Other pathologies found on CAMSM J63919 were
rib fractures, which may not be associated with the
vertebral pathology.

Superfamily PLESIOSAUROIDEA (Gray, 1825)
Description

Specimen GPIT.RE.03173 is an unknown ple-
siosauroid housed in the collections of the Geolo-
gisch-Paldontologisches Institut, Tlbingen,
Germany. It consists of two vertebrae: the terminal
cervical and first pectoral of an unknown plesiosau-
roid, preserved in articulation. There is a large ven-
tral expansion on the posterior face of the cervical
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vertebra, projecting posteriorly to touch the pecto-
ral vertebra at a facet, possibly formed as a result
of irritation by the projecting osseous mass (Figure
2.4-5).

Family ELASMOSAURIDAE (Cope, 1869 sensu
Ketchum and Benson, 2010)
Type Genus Callawayasaurus (Carpenter, 1999)
Species Callawayasaurus colombiensis (Welles,
1962)

Type species. UCMP 38349, Callawayasaurus
columbensis formerly Alzadasaurus colombiensis
described by Welles (1962). Revised under a new
generic name Callawayasaurus, by Carpenter
(1999, p. 172).

Type locality. Paja Formation (Lower Aptian fau-
nal stage, 125-112 Ma), Leiva Shale, early Creta-
ceous of Columbia. 120 km N and 60-70 km
Bogota. (Welles, 1962; Gohi and Gasparini, 1983;
Carpenter, 1999).

Description

Specimen UCMP 38349, Callawayasaurus
columbensis, has been extensively described by
Welles (1962). However, no reference was made
to the pathological condition which is clearly pres-
ent on a few of the cervical vertebrae. Since UCMP
38349 has been described previously, only a brief
account of the cervical vertebrae is included, with
additional details of the previously undescribed
pathology.

Thirty-five vertebrae from the series belonging
to UCMP 38349 were studied. They were identified
as anterior and medial cervical vertebrae on the
basis of size and position in the preserved series.
The exact position of these vertebrae in the spinal
column has been debated. O’'Keefe and Hiller
(2006) stated that the cranialmost vertebrae are
missing from this specimen. However, Sven Sachs
(Sachs, personal commun. 2018) observed that
the series was complete. The numbering system
used here is as marked on the specimen. Calla-
wayasaurus typically has 56 cervical vertebrae
(Carpenter, 1999).

The anterior and medial cervical centra of Cal-
lawayasaurus are longer than high or broad, and
broader than high: on average 1.13x longer than
high and 1.29x broader than high. The centra are
slightly amphicoelous with a thickened rim sur-
rounding the outer region of the articular facet,
which is the condition in many elasmosaurid taxa
(Sachs and Kear, 2015). Intervertebral discs (soft
tissue) were replaced by matrix so the original
intervertebral spacing is preserved. Vertebrae are
separated by approximately 10-15 mm. Ventrally
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FIGURE 2. Pathological cervical vertebra from Colymbosaurus megadeirus (CAMSM J63919) in 1. anterior view 2.
right lateral view 3. ventral view. 4. Left lateral view of pathological vertebrae in series, museum numbers CAMSM
J63919 v, w, X, aa; estimated positions in cervical series 26 to 29. 5. Plesiosauroid (indet) (GPIT.RE.03173) terminal
cervical and first pectoral in left lateral view and 6. right lateral view. Abbreviations: cv, cervical vertebra; pv, first pec-
toral vertebra; ve, pathological ventral expansions. Scale bar equals 3 cm.
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placed foramina subcentralia are clearly present on
some vertebra. Transversally flattened double-
headed cervical ribs are attached ventrolaterally on
the anteroposterior midlength of each centrum. In
the more anterior vertebrae the ribs taper and lack
an anterior process. The neural spines are short,
i.e., less than half the height of the centra, inclined
posterodorsally and bear a posterior projection.
The projection does not touch the spines of adja-
cent vertebrae, and there is no dorsoventral bend-
ing of neural spines (Kubo et al., 2012).

The spinal pathologies of UCMP 38349 are
present on two series of four vertebrae, numbered
15-19 and 23-27 on the specimen. The centra in
series 23-27 are fused only on the ventral surface
at the intervertebral joint by small osteophytes (Fig-
ure 3). In the series 15-19, vertebrae are joined
together by unusual expansions around the lateral
margin of the intervertebral joint, appearing as
smooth, thick, spur-like swellings. They are most
pronounced on the left lateral side of the ventral
surface, close to the cervical rib especially at the
junctions between vertebrae 15-16 and 16-17 (Fig-
ure 4). The fusions are not due to ossification of
intervertebral ligaments but rather arise from prolif-
eration of the ventral bone surface and ossification
around the annulus fibrosus. No infection holes or
bone density changes are apparent, and the sur-
faces of all vertebra studied are free of tooth
marks. The pathology is highly localized and
appears only on the ventral surfaces of interverte-
bral zone. It is very similar to the pathology
observed on Colymbosaurus CAMSM J63919.
However, in CAMSM J63919, the projection arises
from the posterior surface of the vertebrae, con-
tacting the anterior surface of the vertebral element
following. The anterior and posterior surfaces of
the first and last vertebra in each pathological
series are normal, and articulate normally with their
neighbours. A normal series of cervical vertebrae
from UCMP 38349 with clear separations between
centra is shown for comparison (Figure 4.3).

DISCUSSION

There are several potential causes of patho-
logic vertebral fusions. They include malformations
during fracture healing or infections (Rothschild
and Martin, 2006; Butler et al., 1990). Fractures on
articular surfaces may result in osseous fusions of
the articulations following fibrocartilage callus pro-
duction (Cisneros et al., 2010). Fusions can occur
after compressive fractures of one or more verte-
bral bodies and visible fracture lines are indicators
of this process. In contrast, infections can be rec-
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ognised by the presence of drainage pits and
sinuses. However, the specimens presented here
show no evidence of fracture lines, scars or pits for
pus release, so trauma, injury or healing malforma-
tion can be excluded as causes of the fusions.

Spondyloarthropathies can also be character-
ised by vertebral fusions. They are a category of
arthritic diseases occasionally presenting with both
non-vertebral and vertebral symptoms (Rothschild
and Martin, 2006). Arthritic vertebral ankylosis is
characterised by inflammation and progressive
synostosis of anterior and posterior ligaments,
leading to fusion of the vertebral bodies. Interverte-
bral discs are usually not affected (Rothschild,
1997; Rothschild and Martin, 2006). In the speci-
mens described here, ossifications of longitudinal
ligaments are apparently not present so the fusions
are probably not due to spondyloarthropathies.

There are broadly two different kinds of
pathologies in the described specimens. The verte-
bral fusions in specimens UCMP 38349, CAMSM
J.63919, GPIT.RE.03173 are characterised by
ossification and ventral bone overgrowth over the
annulus fibrosus. These specimens are discussed
together below. The fusion in the juvenile Muraeno-
saurus sp. NMW 19.96.G17 stands alone. There is
no hyperostotic reactive bone overgrowth visible in
the fused vertebra. Also the anteroposterior length
of the fused vertebra is longer than that of the ver-
tebrae preceding or following it in the series, but it
is shorter than the expected length of two individual
unfused vertebra. Thus the fused block is likely to
be due to a failed segmentation of two vertebral
elements at the prenatal stage (Britz and Johnson,
2005). Such congenital spinal abnormalities are
irrecoverable malfunctions in embryonic develop-
ment and are sometimes called block vertebrae
(Molnar, 2001). They occur when there is an
improper separation of somites during somitogene-
sis, a key part of early embryonic segmentation.
The formation of somite boundaries is precisely
timed and takes place in a rostrocaudal direction
(Dequéant and Pourquié, 2008). If the separation
of somites is incomplete, it can result in the fusion
of vertebral centra.

The displacement of the foramina subcentra-
lia (Figure 1.5) is especially interesting within the
context of a congenital, developmental disorder. It
was recently suggested that the paired ventral
foramina subcentralia are exit points for a pair of
vascular canals joining the ventral foramina to a
pair of dorsal foramina (though it should be noted
that in elasmosaurids the normal occurrence of a
single foramen subcentrale has been reported, see
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Vertebral fusion

FIGURE 3. Cervical vertebral series from Callawayasaurus columbensis UCMP 38349 in ventral aspect. 1. Vertebrae
23,24,25, anterior end, to right. Scale bar, 5 cm. 2. Enlargement of osteophytic bridging between vertebrae 23-24, 24-
25. Abbreviations: ns, neural spine; cr, cervical rib. Scale bar equals 5 cm.

Sachs and Kear, 2015, figure 4a). These canals
cut through the middle of the centrum, passing
through the centre of ossification (Wintrich et al.,
2017). These vascular canals represent the embry-
onic intersegmental arteries that, uniquely in ple-
siosaurs, appear to persist into adulthood instead
of being reabsorbed during sclerotome segmenta-
tion in early embryonic development, as in other
vertebrates (Scaal, 2016). The fact that the foram-
ina are displaced in NMW 19.96.G17 is in line with
this hypothesis. It shows that the vessels running
through the sclerotomes were already present
when the sclerotomes re-segmented and were dis-

placed by the improper separation of somites 12
and 13, causing the fused block vertebrae.

Block vertebrae have been documented previ-
ously in the fossil record in Tyrannosaurus rex
(Molnar, 2001), though this is the first description of
the condition in a marine reptile. Evidence sug-
gests that the basic development pattern of verte-
bra goes as far back as the most recent common
ancestor of archosaurs and mammals. There are
also a number of human syndromes associated
with block vertebrae, such as Kippel-Feil Syn-
drome arising from the failure of normal segmenta-
tion of cervical somites (Turnpenny et al., 2007).
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FIGURE 4. Cervical vertebral series from Callawayasaurus columbensis UCMP 38349 in ventral aspect. 1. Vertebrae
15-18, anterior end to right. Scale bar equals 5 cm. 2. Enlargement showing claw-like ventral expansion projecting
antero-posteriorly between vertebrae 16-17, 17-18. 3. Ventral view of cervical series from UCMP 38349 without
pathologies, vertebrae 32-35. Abbreviations: ns, neural spine; cr, cervical rib; ve, pathological ventral expansion.
Scale bar equals 5 cm.
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Axial skeleton development is very sensitive to
somitogenic perturbations, and in humans the con-
ditions are sometimes congenital and sometimes
sporadic (Cisneros et al.,, 2010). At the macro-
scopic level, mature centra are fused through their
intervertebral discs and intervertebral joints, which
can lead to the blocking or stretching of the exiting
nerve roots from the segments and produce neuro-
logical problem or increase stress on intervertebral
joints leading to an abnormal angle in the spine
(Erdil et al., 2003). It is not possible to predict what
effect the condition would have had on the long-
necked Muraenosaurus. It may be significant that
specimen NMW 19.96.G17 did not survive beyond
the juvenile stage.

The pathologies in UCMP 38349, Callawaya-
saurus columbiensis, CAMSM J.63919 Colymbo-
saurus megadeirus and GPIT.RE.03173 (unknown
plesiosauroid) may be grouped together on the
basis of several similarities. In Callawayasaurus
and Colymbosaurus they occur as a series of at
least four fused vertebrae. Thick, claw-like expan-
sions project ventrally and bridge adjacent vertebra
together. The projections are located at the junc-
tion of the annulus fibrosus and the cortical surface
of adjacent centra. In GPIT.RE.03173 only two ver-
tebrae are preserved, fused by a similar ventral
projection, and they may have been part of a lon-
ger series. In Callawayasaurus, which typically has
56 cervical vertebrae (Welles, 1962; Carpenter,
1999) there are two series of four fused centra, of
anterior and middle vertebrae. The series are num-
bered 15-19 and 23-27, as preserved. In Colymbo-
saurus, with 41 cervical vertebrae, (Benson and
Bowdler, 2014) the pathology is located in a middle
cervical series, numbered 26-29. In the unclassi-
fied plesiosaur GPIT.RE.03173, the pathology is on
the cervical-pectoral transition (Figure 2.5-6).

In all these specimens, the fusion arises from
ossifications bridging consecutive centra on the
ventral surface. The large bulbous spurs appear to
arise from the vertebral ring apophyses. Compari-
son with known spinal disorders in veterinary litera-
ture suggests a tentative diagnosis of spondylosis
deformans (or spondylosis). Spondylosis is a non-
inflammatory, degenerative condition involving the
annulus fibrosus and displaying hyperostosis
around the vertebral margins. The osteophytes
vary from small spurs to bony bridges across the
disc space and can protrude several millimeters
from the disco-vertebral junction (Morgan et al.,
1989; Langeland and Lingaas, 1995; Carnier et al.,
2004; Levine et al., 2006). The position of the inter-
vertebral disc height can also be affected by pro-
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gressive degeneration (Fardon and Milette, 2001;
Gibson et al., 1999; Middleton and Fish, 2009;
Binder, 2007; Shedid and Benzel, 2007; Muraki et
al.,, 2009; Lee et al., 2011). Although sometimes
referred to as osteophytes, some authors prefer
the term enthesophytes for the bony projections in
spondylosis deformans (Thomas and Fingeroth,
2014). This is because true osteophytes only occur
at the osteochondral junction of synovial joints
rather than junctions between vertebrae. The
enthesophytes in the described plesiosaur speci-
mens vary from small spurs to large bony swellings
across the disc space, leaving at least some of the
ventral surface of the centrum unaffected. The
extent of the pathological ossification in veterinary
medicine is graded according to the following sys-
tem, usually on the basis of X-ray images (Figure
5) (Kranenberg et al., 2012):

Grade 0; no enthesophytes.

Grade 1; small enthesophyte at the edge of the epiph-
ysis that does not extend past the end plate.

Grade 2; enthesophyte extends beyond the end plate
but does not connect to enthesophyte on the
adjacent vertebra.

Grade 3; enthesophytes on adjacent vertebrae con-

nected to each other forming bony bridges
between vertebrae.

The localised pathologies in UCMP 38349
and CAMSM J.63919 are at the most advanced
stage, with grade 3 enthesophyte development
(Figure 2.4; Figure 4.2; Figure 5).

The aetiology of spondylosis is not well known
(Read and Smith, 1968; Langeland and Lingaas,
1995). It is proposed that abnormalities in the
peripheral annular fibers lead to discontinuity and
weakening of the anchorage of the intervertebral
disc. This subsequently facilitates disc displace-
ment (anterolateral or ventral in humans) causing
traction at the site of the Sharpey fibers and devel-
opment of osteophytes several millimeters from the
disco-vertebral junction (Resnick, 1985).

The types of vertebral fusions presented here
have not been described in the fossil literature.
However, diffuse idiopathic skeletal hyperostosis
(DISH), another disorder presenting with spinal
hyperostosis, is known in museum specimens and
should be mentioned because, although a sepa-
rate disorder, it is sometimes associated with spon-
dylosis deformans and is not always easy to
distinguish from it (Kranenburg, 2013). DISH is an
osteoarthritis of the central facet joints character-
ised by calcification and ossification of soft tissues
such as the longitudinal spinal ligaments, sites of
attachment of tendons or muscles and capsules to
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GRADE 0 1 2 3

GRADE ¢ 1 2 3
3
GRADE 0 1 2 3

FIGURE 5. 1. General diagram of spondylosis deformans grades (based on Kranenberg et al., 2012) 2. Schematic
diagram of plesiosaur cervical vertebrae showing spondylosis deformans grades. Grade 0: no enthesophytes. Grade
1: small enthesophyte at the edge of the epiphysis, not extending past the end plate. Grade 2: enthesophyte extend-
ing beyond the end plate but not connecting to enthesophyte on adjacent vertebra. Grade 3: enthesophytes on adja-
cent vertebrae connected forming bony bridges between vertebrae. 3. Reproduction of radiographic images of
spondylosis deformans grades in a dog, for comparison. https://veteriankey.com/spondylosis-deformans/
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bone (enthesis). DISH has been extensively
described in both the archaeological (Bjorkengren
et al., 1987; Rothschild, 1987; Chhem et al., 2004;
Verlaan et al., 2007; Giuffra et al., 2010) and palae-
ontological literature, e.g., in dinosaurs, a Sabre-
toothed cat and old Rhesus monkeys (Sokoloff et
al., 1968; Bjorkengren et al., 1987 Rothschild,
1987). In modern humans DISH is a common, sys-
temic disorder of the axial and peripheral skeleton
in the middle-aged and elderly, and there are also
reports of DISH in companion animals, especially
dogs (Woodard et al., 1985; Morgan and Staven-
born, 1991; Kranenburg et al., 2013).

The distinction between spondylosis and
DISH in human medicine is clearer than in veteri-
nary medicine. In humans, spondylosis describes a
degenerative disc disease combined with entheso-
phytes (Gibson et al., 1999; Binder, 2007; Harrop
et al., 2007; Shedid and Benzel, 2007; Middleton
and Fish, 2009; Muraki et al., 2009; Lee et al.,
2011). In advanced DISH, the intervertebral discs
are generally not degenerated, so a diagnosis can
be made on the basis of X-rays (Kranenburg et al.,
2013). However, in the veterinary literature, spon-
dylosis is used to describe spinal osteophytes with-
out necessarily showing signs of intervertebral disc
degeneration. Thus the distinction between spon-
dylosis and especially early stage DISH is more
difficult and occasionally the two conditions have
been described together, for example in dogs
(Kranenburg et al., 2013).

The enthesophyte spurs on the plesiosaur
specimens differ from the ossifications and longitu-
dinal ligament hyperostosis characteristic of DISH
(Kranenberg et al., 2010; 2012; 2013). In DISH, the
new bone formation is more flowing and often pres-
ents as a “dripping candle wax” calcification effect,
which is not seen in any of the specimens (Figures
2, 3, 4). However, DISH always affects several ver-
tebrae in a series, usually four or more contiguous
vertebrae (Haller et al., 1989) and in at least two of
the plesiosaur specimens, there are four contigu-
ous vertebrae showing pathological fusion. Never-
theless, it is unlikely that DISH is the cause of
these pathologies because the vertebrae do not
show signs of fibroligament calcification but rather
more localised ossifications of the annulus fibrosus
suggestive of a disc abnormality. Thus spondylosis
deformans is the more likely condition observed
here.

The pathologies presented here show that
Mesozoic marine reptiles from a range of horizons
suffered from spinal diseases similar to those
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affecting modern vertebrates. The pathologies may
have caused dysmorphosis of the neck but, given
the minimal extent of fusions, the in-life visibility of
the pathologies would have been limited. Also, Cal-
lawayasaurus and Colymbosaurus specimens
were mature adults (sensu Brown, 1981) a conclu-
sion based on the complete fusion of neural spines
to the centra, so the vertebral ossification was
clearly not immediately life threatening. There have
even been suggestions in the literature that verte-
bral fusions might occasionally create an evolution-
ary advantage for at least some large bodied
animals (Rothschild and Martin, 2006). For exam-
ple, sauropod dinosaurs such as Apatosaurus,
Camarasaurus, and Diplodocus often had fused
adjacent caudal vertebrae (Rothschild and Ber-
man, 1991). It was suggested that localised caudal
fusions might have created a cantilever effect that
benefited sauropods by providing extra body sup-
port from the tail for males during mating (Roth-
schild and Berman, 1991). In ceratopsians, the first
three cervical vertebrae are fused into a structure
known as the syncervical, which may have added
support to the animals’ massive skulls (Rothschild,
1997). Though the potential functional benefits of
intervertebral fusion in plesiosaurs remains uncer-
tain, it is clear that they would have increased the
rigidity of the vertebral column and this might have
created an advantage especially for very long-
necked plesiosaurs. Noé et al. (2017) advanced a
new model of the plesiosaur body plan, laying
great emphasis on the importance of a stiff neck.
They modelled the plesiosaur head as a filtering,
sieving or sediment raking apparatus mounted on
a stiff neck with limited ventral flexibility. O’Keefe et
al. (2017) made a similar proposal for the feeding
mode of the aristonectine elasmosaur, Morturneria
seymourensis. The neck thus acted as a feeding
tube, and the head and neck were held steady
whilst swimming. Most of the movement and agility
of the plesiosaur came from the body (thorax,
abdomen, limbs) acting as a mobile feeding plat-
form. If this model is correct, intervertebral fusions
might have been either beneficial or, at least, not
detrimental to the plesiosaurs’ feeding and sur-
vival.
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