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An integrated approach to understanding the role 
of the long neck in plesiosaurs
LESLIE F. NOÈ, MICHAEL A. TAYLOR, and MARCELA GÓMEZ-PÉREZ

Noè, L.F., Taylor, M.A., and Gómez-Pérez, M. 2017. An integrated approach to understanding the role of the long neck 
in plesiosaurs. Acta Palaeontologica Polonica 62 (1): 137–162.

The evolution and function of the long neck in plesiosaurs, and how the problems associated with stiffness or flexibility 
were overcome during feeding, or rapid swimming during predator avoidance, are explored, and a new interpretation 
for the function of the plesiosaur neck is presented. Based on the anatomy of the articular faces of contiguous cervical 
vertebral centra, neural arches, and cervical ribs, the plesiosaur neck was mainly adapted for ventral bending, with dorsal, 
lateral and rotational movements all relatively restricted. Predominant ventral bending indicates the neck was adapted 
for use beneath the body, suggesting feeding in the water column, close to the sea floor, or within soft sediments on the 
sea floor. A new model is proposed for the plesiosaur bauplan, comprising the head as a filter, straining, sieve feeding or 
sediment raking apparatus, mounted on a neck which acted as a stiff but ventrally flexible feeding tube, attached to the 
body which acted as a highly mobile feeding platform. Numerous features of plesiosaurs, including cranial and dental 
form, cervical vertebral morphology, body shape and limb-based propulsion, conform to this model. Comparative data 
from modern organisms support this novel explanation for the structure and function of the plesiosaur long neck. This 
integrative analysis offers an explanation for the evolution of the plesiosaur long neck as a key evolutionary novelty, and 
why this apparently enigmatic feature remained a prominent feature of plesiosaurs throughout their long evolutionary 
history. 
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Introduction
Members of the extinct order Plesiosauria (Reptilia, Sauro-
pterygia), the plesiosaurians, are intriguing and fascinating 
animals to study, and an extraordinary challenge to interpret 
in the absence of direct living relatives or close modern 
analogues (e.g., Welles 1943; Wilkinson and Ruxton 2012). 
Plesiosauria have been traditionally divided into two groups: 
“plesiosauromorphs”, the long-necked plesiosaurians (Gray 
1825) and “pliosauromorphs”, the short-necked plesiosau-
rians (Seeley 1874; Welles 1943; Brown 1981b). However, 
recent phylogenetic analyses (e.g., O’Keefe 2001a; Ketchum 
and Benson 2010; Benson and Druckenmiller 2014) have 
confirmed the long-standing suspicion that this dichotomy 

is too simplistic (Bakker 1993; Cruickshank 1994; Bardet 
1995; Carpenter 1999). The “plesiosauromorph”, “pliosau-
romorph”, and intermediate morphotypes that characterise 
Plesiosauria therefore represent ecological or functional 
grades sensu Olson (1971), and not phylogenetic clades 
(Bakker 1993; Cruickshank 1994; Massare 1997).

Irrespective of phylogenetic position, some animals 
within Plesiosauria exhibit a small head mounted on a long 
neck, a streamlined body powered by four hydrofoil-shaped 
limbs, and a moderately short tail (e.g., Robinson 1975; 
Massare 1987, 1988, 1994, 1997; Storrs 1993; Rieppel 1997); 
these animals are here termed “plesiosaurs”, following tra-
ditional, pre-cladistic terminology. The plesiosaur bauplan 
is fundamentally different from the vast majority of extant 
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and extinct large (> 1 m body length) marine vertebrates, 
such as teleost “fish”, sharks, ichthyosaurs, mosasaurs, ma-
rine iguanas, sea turtles, penguins, pinnipeds, sirenians, 
and whales and dolphins (Fig. 1). These non-plesiosau-
rian, marine organisms, whether primarily or secondarily 
adapted to life in water, are generally characterised by a 
fusiform body with a large head; a short or absent neck; fins 
or fore-limbs anteriorly placed for steering and stabilization; 
a dorsomedial stabilizing fin frequently present; hind-limbs 
or fins that are anteriorly placed, reduced, absent or incor-
porated into the tail; and a large surface area tail powered 
by lateral or dorsoventral undulations of the body or elon-
gate fins and flippers to provide the main propulsive thrust 
(e.g., Williston 1902, 1914; Watson 1924, 1951; Carroll 1985; 
Braun and Reif 1985). The plesiosaur bauplan, with its long 
neck, is so profoundly different from this general paradigm 
for large predaceous aquatic vertebrates, that the differences 
demand exploration and explanation.

In some plesiosaurs, the neck has a higher cervical 
ver tebral count than in any other known vertebrate taxon 
(Buckland 1836; Williston 1906, 1914; Sachs 2005; Kubo et 
al. 2012; Sachs et al. 2013). Indeed, when the genus Plesio-
saurus de la Beche and Conybeare, 1821 was first published 
(de la Beche and Conybeare 1821; Conybeare 1822) the re-
markable elongation of the cervical region was so startling 
that Georges Cuvier initially suspected the plesiosaur to be 
a spurious composite (either deliberate or accidental) of dif-
ferent animals (Torrens 1995). The specific epithet Plesio-

saurus dolichodeirus Conybeare, 1824, was derived from 
the Homeric Greek for a long and graceful neck (Conybeare 
1824; Hawkins 1834; Owen 1854), emphasising the unique-
ness of this feature. In addition, it may have been the im-
probably long neck of the holotype of Elasmosaurus that led 
to the head being incorrectly placed on the tail (Anonymous 
1868; Cope 1869; Davidson 2002), thereby giving the neck an 
artificially short appearance. Since those early descriptions, 
the functional and ecological significance of the long neck in 
plesiosaurs has provoked much speculation but little consen-
sus, although the neck is usually considered to be an adap-
tation either for feeding or breathing (e.g., Conybeare 1824; 
Andrews 1910; Williston 1914; Brown 1981b; McHenry et al. 
2005). In the original description of Plesiosaurus dolicho-
deirus Conybeare, 1824 the neck was variously envisaged 
as: an impediment to aquatic locomotion; a vulnerable point 
for attack by predators such as the giant Ichthyosaurus (now 
Temnodontosaurus) (Fig. 2); an adaptation for feeding when 
held in a swan-like pose above the sea surface; providing an 
extended reach or a swift strike at prey; or allowing breath-
ing whilst the animal lay concealed at depth (Conybeare 
1824). Subsequent attempts have revisited these original 
concepts in full or in part (e.g., Buckland 1836; Owen 1854; 
Hutchinson 1897; Williston 1914; North 1933; Taylor 1981; 
O’Keefe 2001b). However, despite nearly 200 years of re-
search (e.g., Taylor 1997), the function and evolutionary sig-
nificance of the plesiosaur long neck remain enigmatic.

The plesiosaur long neck, given its cost and significance 
to the living animal, is likely to have had a role in both 
feeding and locomotion. Feeding is essential for survival 
(Shuler 1950), and a major determinant of head, tooth and 
neck structure (Taylor 1987, 1989). However, the neck was 
also involved in respiration and had major implications for 
locomotion: the neck increased drag due to its form and 
large surface area, but was also potentially part of an in-
tegrated locomotor system, for instance affecting steering 
(as it lies in front of the locomotor apparatus) and because 
the rear of the neck acted as anchorage for musculature 
from the anterior limb girdles (Robinson 1975, 1977; Brown 
1981b). Hence, any explanation of neck function should con-
sider both slow speed locomotion and more rapid movement 
during respiration, feeding and predator avoidance.

In this paper, we take published anatomical studies of the 
head, neck and post-cervical body of typical long-necked 
plesiosaurians, and use this to interpret the possible roles 
of the neck. We combine this analysis with biomechanical 
interpretation to present a new model for the functional in-
terpretation of the plesiosaur neck.

Institutional abbreviations.—NHMUK, The Natural History 
Museum, London, UK.

Other abbreviations.—C, cervical vertebra (followed by 
number within the cervical sequence, starting with the atlas 
and axis, so C3 is the first postaxial cervical vertebra); H, 
height of centrum posteriorly; L, length of centrum along 
ventral midline; W, maximum width of centrum posteriorly. 
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Fig. 1. Body outlines of large (> 1 m total body length) extinct and ex-
tant vertebrates, primarily or secondarily adapted to the marine environ-
ment. A. Plesiosaurus sp., an extinct Jurassic plesiosauromorph plesio-
saur. B. Thunnus thynnus, the extant Atlantic bluefin tuna, a teleost “fish”. 
C. Car charodon carcharias, the extant great white shark. D. Hydrurga 
leptonyx, the extant leopard seal. E. Physeter macrocephalus, the extant 
sperm whale. F. Tursiops truncatus, the extant common bottlenose dolphin. 
G. Platecarpus sp., an extinct Cretaceous mosasaur. H. Ichthyosaurus sp. 
an extinct Jurassic ichthyosaur. Note how the plesiosaur is the only large 
marine vertebrate with a long neck. Images not to scale. 
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Material and methods
This study uses three genera, Muraenosaurus Seeley, 1874, 
Cryptoclidus Seeley, 1892 and Tricleidus Andrews, 1909 
as exemplars of long-necked plesiosaurians. All three gen-
era have been recovered from the Oxford Clay Formation 
(Callovian and Oxfordian, Jurassic), approximately 166–
157 Ma BP (Cohen et al. 2013), principally from around 
Peterborough, England, UK. These plesiosaurs were chosen 
for the quantity of preserved specimens, their quality of 
preservation, and their well-known associated fauna (e.g., 
Hudson and Palframan 1969; Martill and Hudson 1991; 
Martill et al. 1994). Muraenosaurus and Cryptoclidus are 
known from numerous substantially complete specimens, 
whereas Tricleidus is known from relatively few specimens 
(Andrews 1913; Brown 1981b); key publications for each ge-
nus are cited in the text. Definitions of vertebral dimensions 
(L, W, H) and ontogenetic terminology (“juvenile”, “adult” 
and “old adult”) follow Brown (1981b).

Former hypotheses of neck 
function
Here we review the various hypotheses proposed to explain 
the evolution, function, and persistence of the long neck in 
plesiosaurs (Fig. 3). This acts as a precursor to presenting 
the anatomical evidence available to understand the form 
and function of the plesiosaur neck.

A neck with no adaptive value.—It has been suggested that 
the plesiosaur neck had no biomechanical function and was 

of little or no adaptive value (Williston 1902; Shuler 1950); 
however, this would burden the living animal with unnec-
essary biological costs (Conybeare 1824; Robinson 1975; 
Massare 1988, 1994, 1997; Alexander 1989). The neck was 
energetically expensive to build and maintain, and added 
drag during locomotion in water compared to a fusiform 
profile (Massare 1988; Alexander 1989). However, the long 
neck was a seemingly successful adaptation (Welles and 
Bump 1949; Colbert 1966), its value presumably demon-
strated by its continued presence over a wide geographi-
cal range and throughout the long evolutionary history of 
Plesiosauria (Smith 2008). Hence it seems reasonable to 
assume the plesiosaur long neck did have a positive func-
tion, and was therefore of genuine evolutionary and adaptive 
value. 

Phylogenetic inertia.—A variant of the above is the con-
cept of phylogenetic baggage: that the plesiosaur neck was 
simply inherited from a relatively long-necked ancestor 
(Watson 1951; Taylor 1981), the animal surviving in spite of 
the neck rather than because of it (cf. Taylor 1989). However, 
this simply moves the question back in time without pro-
viding a satisfactory answer. Also, in some plesiosaurian 
lineages such as the Elasmosauridae, neck length increases 
over evolutionary time (Kubo et al. 2012; Sachs et al. 2013), 
suggesting positive selection pressure for a long neck. In 
addition, the short-necked polycotylid plesiosaurians are in-
terpreted to have evolved short necks from longer-necked 
ancestors (Williston 1906; Bakker 1993; Carpenter 1997; 
O’Keefe 2001a). Hence there appears to be no reason to infer 
phylogenetic retention of a costly, but functionally useless, 
long neck.

Fig. 2. One of the potential problems of a 
long neck in plesiosaurs, as envisaged by 
Henry de la Beche (painted in 1830) in 
Duria Antiquior. The large ichthyo saur 
(now Temnodontosaurus platydon) (D), 
bites the neck of the plesiosaur Plesio-
saurus dolichodeirus (C), a common weak 
point for predatory attacks. Notice also the 
second plesiosaur (A) swimming within 
the water column, which together with the 
third (B, neck and head only shown), 
which are both attacking prey above the 
air-water interface (biting the tail of a croc-
odile and catching a flying pterosaur, re-
spectively). Image courtesy and copyright 
of the National Museum of Wales (UK).
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Species-specific interactions.—The long neck might have 
been involved in intraspecific or interspecific interactions 
with other plesiosaurs, or other taxa, in the three overlap-
ping roles of: (i) sexual selection (Darwin 1871; Taylor 

1989), with longer-necked plesiosaurs attracting more or 
better-quality mates and therefore producing more viable 
offspring; (ii) status (Számadó 2011), with longer-necked 
plesiosaurs the dominant individuals within a population 

Fig. 3. Previous hypotheses of neck function of plesiosaurs. A. An unnamed plesiosaur (possibly Plesiosaurus dolichodeirus) swimming at the sea surface 
and preying on a pterosaur (note this duplicates the concept illustrated in Fig. 2B). B. Plesiosaurus guilelmi imperatoris (now genus Seeleyosaurus) with 
neck curved dorsally and swimming at the surface, and Thaumatosaurus victor (now genus Meyerasaurus) with neck held straight and chasing fish un-
derwater. C. Plesiosaurus dolichodeirus swimming at the water surface, possibly scanning for submerged prey. D. Elasmosaurus platyurus uses its neck 
to hunt fish close to the ocean surface. Note a similar pose in the individual in the far distance (white arrow), but the almost vertical position of the neck 
in the individual in the centre right (black arrow). E. Elasmosaurus (white arrow) swimming beneath the surface and apparently feeding on benthic prey, 
with Clidastes (a mosasaur) catching a fish (black arrow). F. Three individuals of Elasmosaurus chasing down the flightless marine bird Hesperornis. 
Images from: A, Richardson (1851: frontispiece, “designed, drawn and engraved by Mr Nibbs”); B, Winkler (1873: “Le plésiosaure”); C, Hutchinson 
(1897: pl. 13, detail); D, E, Williston (1914: fig. 31 and 33, respectively); F, from Osborn (1918: fig. 86, upper part, drawn by W.K. Gregory from data 
by Williston 1914).
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and thereby accessing more essential or rare resources 
(whether mates, nutriment, or other requirements); and/
or (iii) signalling (Számadó 2011), with the length of the 
neck acting as a species-specific identifier, threat display, or 
other communication device.

Sexual recognition is necessary in all organisms with 
two genders, but there is no evidence for intraspecific hard-
part variation in the plesiosaur neck or body, which is also 
true for sauropod dinosaurs (Taylor et al. 2011). However, a 
long neck appears to be expensive and maladaptive if solely 
for signalling, when much less costly modalities (such as 
pigment patterning or a dorsal crest) are potentially avail-
able (cf. e.g., Kellner and Campos 2002; Kear et al. 2006; 
Hone et al. 2012). It remains possible that the neck was 
used in antagonistic interactions, such as the neck-wrest-
ling observed in giraffes (Simmons and Scheepers 1996) or 
the whole body combat of some snakes (e.g., Duvall et al. 
1992; Shine 2002). However, as these suggestions concern 
behavioural interactions, they cannot easily be tested in the 
fossil record. In any case, the prevalence of the long neck 
in numerous plesiosaur genera over millions of years of 
geological time implies a fundamental biomechanical role.

Respiration.—To allow breathing whilst the body re-
mained under water, thereby using the neck as a snorkel 
(e.g., Conybeare 1824; Shuler 1950). As air-breathing ver-
tebrates, plesiosaurs were required to raise their breathing 
apparatus above water, but respiration seems unlikely as the 
sole function for the long neck. Using the neck as a snorkel 
(Shuler 1950), whilst maintaining the body submerged at 
depth (Conybeare 1824), can be discounted on the basis of 
hydrostatic pressure differences, using the same arguments 
as for sauropod necks (Alexander 1989; Taylor 1992). The 
air in the lungs is at surface atmospheric pressure, but 
the pressure on the body at depth, and therefore the blood 
capillaries in the lung, is greater by a factor of about 0.1 
atmospheres per metre. Therefore, the elasmosaurid neck 
is far longer than is practical for sub-vertical snorkelling. 
A gentle slope of the neck is perfectly possible for normal 
breathing when at the surface, but the use of this breathing 
method for a life lived at the surface implies long peri-
ods of energetically expensive swimming in the immediate 
sub-surface zone (Alexander 1989), which seems highly 
improbable.

A greatly increased neck length also increases tracheal 
length, and therefore the volume of stagnant tidal air ante-
rior of the lungs, and this additional dead space may require 
the animal to have larger lungs, or to breathe more deeply or 
frequently. Alternatively, the trachea may have been narrow 
reducing dead space but requiring a slower respiratory rate, 
as in the giraffe (Hugh-Jones et al. 1978), when surfaced. 
Either way, the air in the trachea would provide some ad-
ditional buoyancy (although less so in the second case) that 
would help compensate for the weight of bone and muscle 
forming the neck; however, the relative importance of these 
two components (buoyancy vs weight) in plesiosaur palaeo-

biology has yet to be worked out, and changes in buoyancy 
with depth require further exploration.

Prey capture above or below the air-water interface.—It 
has been suggested that the neck was adapted for habitu-
ally holding the head above water for feeding (e.g., Brown 
1981b; Halstead 1989), either to capture airborne prey such 
as pterosaurs from below (Brown 1904), or to plunge the 
head into water to catch fish from above (Williston 1914; 
Brown 1981b). However, long-term bouts of swimming at 
the surface in order to feed would lose the advantage of the 
streamlined body and the efficiency of the hydrofoil limbs 
due to enhanced drag near the surface (Alexander 1990). 
In addition, hunting airborne prey from beneath the water 
surface, or aquatic prey from above the surface, requires the 
eyes to be able to compensate for refraction at the air-water 
interface (Horváth and Varjú 1995), and unevenness (e.g., 
due to wave action) also reduces visibility. If the eyes were 
used in both media, they would have required special adap-
tations to have allowed vision both in air and water (Hanke 
et al. 2009). Hence habitual feeding from the surface, like 
surface breathing, seems improbable.

The plesiosaur neck has been proposed as an adaptation 
for underwater prey capture: using rapid sideways swipes 
(e.g., Romer 1955; Colbert 1958; Rieppel 1997), either for 
keeping the body away from prey (e.g., Massare 1987, 1994), 
or for feeding on the seafloor (e.g., Andrews 1910; McHenry 
et al. 2005). Employing the head to catch prey underwater 
using the mobility of the entire neck in any direction can 
be rejected, as considerable water resistance would be gen-
erated when trying to move the head rapidly whilst hold-
ing the body relatively still (Watson 1951; Halstead 1969; 
Robinson 1975). Alternatively plesiosaurs could have caught 
prey within the water column with sudden bursts of accel-
eration (Welles and Bump 1949; Massare 1988; Fig. 2F). 
However, the problems of wielding a neck with sufficient 
flexibility to chase prey at speed in water makes this mode 
of prey capture highly unlikely (Williston 1914; Watson 
1951; Alexander 1989). A long neck in front of the propul-
sive apparatus would be hydrodynamically destabilizing, 
so if some or all was flexible to enable food procurement, 
how did the animal swim sufficiently fast to avoid predators 
without losing control of the head and neck? If the neck was 
stiff and rod-like to permit rapid movement during predator 
avoidance, how was the head employed during prey capture?

The plesiosaur neck has also been considered as an appa-
ratus to dart the head forwards rapidly to surprise relatively 
fast-moving prey (Conybeare 1824; Hutchinson 1897; Shuler 
1950; Romer 1955; Colbert 1958, 1966; Taylor 1981, 1992; 
Alexander 1989; Bakker 1993). In this way, the long neck 
would compensate for the low manoeuvrability of the body 
(Mazin 2001). However, this would require considerable 
flexibility, which is often considered absent from the plesio-
saur neck (Buckland 1836; Williston 1914).

Despite the above considerations, plesiosaurs have fre-
quently been considered to have been slow moving am-
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bush predators; waiting for, or slowly swimming amongst, 
schools of prey; or relying on the flexibility of the neck 
to swing the head within reach of their food (Taylor 1981, 
1987; Massare 1988; Martill et al. 1994). However, a lack 
of flexibility in the plesiosaur neck in most directions has 
been used as evidence against this active fish or cephalopod 
catching lifestyle (Robinson 1975). In the following section 
we review the anatomical evidence available for interpret-
ing the function of the plesiosaur neck based on preserved 
morphology, and subsequently propose a new model for the 
roles of the plesiosaur head, neck and body.

Anatomical evidence
Here we provide the anatomical evidence that will constrain 
our model of plesiosaur head, neck and body function. We 
concentrate on gross similarities between plesiosaur taxa, 
rather than the numerous, relatively minor features sepa-
rating members of the group which are emphasised in tax-
onomic and phylogenetic studies. However, it is important 
to take account intraspecific (including age-related) vari-
ation, and taphonomic effects (Welles 1952; Brown 1981b; 
O’Keefe and Hiller 2006). In the living animal, the neck 
was constructed from bone, connective tissue and muscles, 
arranged in regular metameric segments, and other tissues 
such as blood vessels, nerves and viscera. However, as pa-
laeontologists we are forced to rely on the bony remains, 
and can only interpret soft part anatomy from osteological 
correlates on the preserved bones.

Anatomy of the head.—The plesiosaurian head is small, 
streamlined and lightly built (Taylor 1987) with much of 
the cranium formed from a series of bars and struts (Evans 
1993; Brown and Cruickshank 1994), thereby minimizing 
cranial mass (Fig. 4). The skull is entirely akinetic, with a 
simple open-and-shut hinge-like motion between cranium 
and mandible, and a range of movement possible at the 
cranio- cervical ball-and-socket joint.

In the three Oxford Clay genera Muraenosaurus, 
Crypto clidus, and Tricleidus, the skull is relatively broad, 
sub-triangular in dorsal and ventral views, and relatively 
high posteriorly (Figs. 4, 5A–C). The snout is blunt, al-
though more pointed in Cryptoclidus than Muraenosaurus 
(Andrews 1910), and proportionally shorter and higher in 
Tricleidus than in Cryptoclidus (Brown 1981b). In plesio-
saurs generally, the external nares lie well posterior of the 
snout tip and close to the orbits (Owen 1861) with the inter-
nal nares anterior to, or almost directly beneath, the external 
nares, possibly indicating a water-filled flow-through olfac-
tion system (Cruickshank et al. 1991). The orbits are large, 
dorsally positioned and somewhat anteriorly directed, and 
lie approximately midway along the length of the cranium 
(Owen 1861; Massare 1987). The upper temporal fenestrae 
are large openings, located high on the back of the skull, 
that housed well-developed jaw adductor musculature in 

Fig. 4. Reconstructions of the cranium and mandible of the plesiosaur 
Muraenosaurus leedsi from the Oxford Clay Formation, Callovian and 
Oxfor dian, showing overall proportions and construction, and highlight-
ing areas mentioned in the text. A. Dorsal view. B. Left lateral view. 
C. Ventral view with mandible removed (upper half) and mandible shaded 
grey (lower half). D. Posterior view with mandible shown disarticulated. 
Images modified from: A, Evans (1999); B, Evans (1999) with dentition 
added based on information from Andrews (1913) and Brown (1981b); 
C, D, compiled from LFN drawings and Andrews (1910), Brown (1981b), 
and Evans (1999).
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life (Araújo and Polcyn 2013). The two upper temporal 
fenestrae are separated along the dorsal midline by a high, 
narrow sagittal crest formed largely by the parietals. The pa-
rietal-squamosal junction lies close to the rear of the skull, 
with the squamosals typically forming the highest point of 
the cranium.

In posterior view (Fig. 4D), the skull is slightly higher 
than wide with the suspensorium forming a strong arch 
that slopes gently posteroventrally towards the quadrates. 
In all three Oxford Clay plesiosaurs, the posterior of the 
skull preserves, or can be inferred to preserve, a median 
pit above the foramen magnum, at the junction between 
the parietals and supraoccipital, which appears to be pres-
ent in all members of Plesiosauria (Brown 1981b). Ventral 
of the foramen magnum, the occipital condyle acts as the 
hemispherical ball articulation with the strongly concave 
socket formed by the anterior of the atlas-axis complex; the 
suspensorium typically conceals the occipital condyle in lat-
eral view (Andrews 1910). More ventrally, the basioccipital 
basitubera form stout ventral braces against the rear of the 
palate. Ventrally the quadrates lie well below the level of 
the palate, with the spacing between the jaw articulations of 
the order of 100–200 mm maximum width (Brown 1981b; 
Massare 1987). 

The plesiosaur mandible is lightly built, with a wide gape 
(Evans 1999). The slender, intermeshing teeth do not occlude 
tip-to-tip, but may make contact along the sides of the crowns 
(Fig. 5A–C), although this varies between individuals. The 
mandibular rami are generally long and slender (Massare 
1987), and immovably fused anteriorly at the mandibular 
symphysis. In Muraenosaurus the mandibular symphysis is 
short and shallow, with approximately five functional tooth 
pairs adjacent to the suture (Fig. 4B, C); in Cryptoclidus 
the symphysial region contains four pairs of teeth. The re-
gion around the mandibular symphysis is slightly expanded 
in Muraenosaurus, but unexpanded in Cryptoclidus; the 
mandible of Tricleidus is very similar in form to that of 
Muraenosaurus (Andrews 1910; Brown 1981b).

In Muraenosaurus each mandibular ramus contains 24–
26 tooth positions; in Cryptoclidus 19–22; and Tricleidus 17. 
In Muraenosaurus and Tricleidus the dentition is weakly 
heterodont with relatively larger posterior teeth (Andrews 
1910; Brown 1981b), as in most Cretaceous elasmosaurs (e.g., 
Shuler 1950; Welles 1952, 1962; Brown 1993). Cryptoclidus 
has more regularly sized teeth, the dentition comparable to 
the Kimmeridgian genus Kimmerosaurus Brown, 1981b and 
the Cretaceous southern ocean form Aristonectes Cabrera, 
1941 (see also Brown 1993; Gasparini et al. 2003). The rel-
atively high degree of homodonty in the three Oxford Clay 
genera (Fig. 5A–C) contributes to a tight (but not occluding) 
intermesh of the upper and lower teeth, usually on a one-to-
one basis (Brown 1981b); this intermesh of teeth is true for 
the vast majority of plesiosaurs (e.g., Shuler 1950; Welles 
1952; Brown 1993; Carpenter 1997; Storrs 1997).

Each individual tooth in the Oxford Clay plesiosaurs 
(Fig. 5D–G) is sub-circular in cross-section, with a long, 
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slender, curved and sharply-pointed crown, and a deeply 
rooted base with a large open pulp cavity (Andrews 1910; 
Massare 1987; Fig. 5D). The tooth crown is variably or-
namented with fine enamel ridges of different lengths: in 
Muraenosaurus the crown is ornamented with ridges con-
centrated on the lingual side, a number reaching the apex 
(tip of the crown); in Tricleidus the crown is similar, but with 
just one or two ridges reaching the apex; in Cryptoclidus the 
ornamentation is reduced to just a few ridges on the basal 
part of the lingual surface (Andrews 1910; Brown 1981b), 
although there may be some tip-ward flattening of the tooth 
(however, see discussion below). In all three genera the 
teeth are rarely abraded or broken on their tips (Brown 
1981b; Massare 1987); this contrasts with the situation in the 
more stoutly toothed and evidently sarcophagous pliosau-
rids, such as Liopleurodon and Simolestes, which frequently 
exhibit worn and/or broken teeth (Andrews 1913; Noè 2001). 
The spacing of the teeth within plesiosaurs is relatively reg-
ular, in the order of 5–10 mm (Massare 1987). Tooth form is 
similar in all plesiosaurs, with relatively minor differences 
in crown ornamentation and form.

Anatomy of the neck.—The structure of the neck in plesio-
saurs is unique within tetrapods, and yet remarkably con-
servative across Plesiosauria (Fig. 6). The neck tapers an-
teriorly (Williston 1914) and consists of a tightly conjoined 
atlas-axis complex (vertebrae C1 and C2, co-ossified in 
older individuals) followed by numerous cervical segments 
(C3+). The body of the atlas and axis each comprises a cen-
trum and intercentrum (the “sub-vertebral wedge bones” 
of Owen 1847; Barrett 1858; Andrews 1910), whereas the 
body of each postaxial vertebra comprises a single spool-
shaped centrum. All cervical vertebrae, including the atlas 
and axis, possess a dorsally placed neural arch (in paired 
sections on the atlas), and two cervical ribs mounted ven-
trally or laterally on the centrum. When seen in anterior or 
posterior view, each postaxial vertebra with its ribs forms a 
broadly triradiate structure, the details of which vary along 
the cervical series (Fig. 6B). The articular surfaces be-
tween contiguous cervical centra are flat or slightly concave 
(Brown 1981b), except for the strongly concave craniocervi-
cal joint on the anterior of the atlas, and the fused atlas-axis 
junction. The neck is deemed to terminate posteriorly at the 
last vertebra where the rib facets are positioned entirely on 
the sides of the centrum, rather than impinging on the neu-
ral arch (Seeley 1876); in plesiosaurs generally, the last few 
cervical vertebrae are not typical of the rest of the cervical 
series (Storrs 1997).

Neck length and vertebral proportions: The length of the 
neck can be defined in terms of absolute length (by count-
ing the number of cervical vertebrae, or by adding up their 
lengths) or relative length compared with some other fea-
ture, for instance the length of the head. Each measure has 
its problems. Simple vertebral counts ignore the absolute 
length of each vertebra, whereas absolute neck length de-
pends on the size of the individual, in terms of ontogenetic 

development, the maximum size attained by the species, 
and the volume of cartilage between the cervical vertebrae 
(Brown 1981b). The latter two are often uncertainly known 
and this may be confounded by taphonomic modification. 
Relative neck length can be defined by comparison to the 
length of the head, the body, or presacral length. Head-to-
neck length proportions vary between plesiosaur taxa: in 
the Oxford Clay Formation plesiosaurs, Muraenosaurus has 
a skull less than one-fifth as long as the neck; Cryptoclidus 
a skull about a quarter of neck length; and in Tricleidus the 
skull is at least three times neck length based on the incom-
pletely known cervical series (Andrews 1910; Brown 1981b). 
Moreover, these relative metrics are partly confounded by 
covariance during ontogeny (e.g., O’Keefe and Hiller 2006). 
For instance, in Muraenosaurus and Cryptoclidus, the neck 
shows positive allometry during ontogeny, with neck length 
relative to presacral length being approximately 20% less 
in “juvenile” Cryptoclidus than in “old adult” individuals 
(Brown 1981b). 

In plesiosaurs generally, elongation of the neck is brought 
about through an increased number of cervical vertebrae 
(Williston 1914; Watson 1924). The number of cervical 
vertebrae varies between plesiosaur genera, but is always 
high compared to primitive reptiles (~4–6), basal diapsids 
(~6–9), ancestral sauropterygians (~8–25), and most ex-
tinct or extant tetrapods (almost invariably 7 in mammals, 
and up to 25 in modern birds) (Müller et al. 2010; Varela-
Lasheras et al. 2011). In long-necked plesiosaurs, the cer-
vical count ranges from the presumed primitive number 
of 28–32 (Brown 1981b) to more than 70 in Elasmosaurus 
platyurus Cope in Anonymous, 1868 (see Sachs 2005; Sachs 
et al. 2013) and Albertonectes vanderveldei Kubo, Mitchell, 
and Henderson, 2012, with different genera exhibiting var-
ious figures in between (e.g., 37 cervicals in Brancasaurus 
brancai Wegner, 1914; 47 in Morenosaurus stocki Welles, 
1943; 57 in Aphrosaurus furlongi Welles, 1943; and 63 in 
Hydralmosaurus serpentinus [Cope, 1877]). In some ple-
siosaur taxa, increased neck length is also brought about by 
elongation of individual cervical vertebrae (Williston 1914; 
Watson 1951; O’Keefe and Hiller 2006). For instance, in 
Oxford Clay taxa, the absolute length of the atlas-axis com-
plex and postaxial vertebrae is greater in Muraenosaurus 
than in Cryptoclidus or Tricleidus (Andrews 1910). Long 
cervical vertebrae also typify most Cretaceous elasmosaurs.

The relative proportions of length (L), width (W), and 
height (H) of the cervical centra have long been considered 
of taxonomic importance (Welles 1943; Brown 1981b), but 
also contain much functional information. Within plesio-
saurs there is a general trend for postaxial cervical verte-
brae to show an absolute increase in L posteriorly (Seeley 
1874), but at the same time a decrease in L relative to H or 
W (Brown 1981b). In addition, the value of L for any given 
cervical vertebra within the series varies with ontogeny 
(with the vertebrae of younger animals being shorter and 
less well ossified). In Muraenosaurus the cervical centra 
are relatively long: L is always greater than H and usually 



NOÈ ET AL.—ROLE OF THE PLESIOSAUR LONG NECK 145

greater than W in the anterior neck, although W is greater 
than L more posteriorly (Andrews 1910; Brown 1981b). 
Moreover, in Muraenosaurus the individual cervical centra 
are proportionally longer than in Cryptoclidus or Tricleidus; 
in the latter two genera L only rarely exceeds H but is 
never greater than W, so the vertebrae cannot be considered 
elongated (Brown 1981b). This results in a greater absolute 
length of the cervical vertebrae in Muraenosaurus than in 
Cryptoclidus or Tricleidus (Andrews 1910), so although the 

cervical region of Muraenosaurus contains just 37.5% more 
segments than Cryptoclidus (normally 44: 32), the neck of 
Muraenosaurus is proportionally twice as long because the 
relative length of each centrum is greater (Brown 1981b). 
There is also slight variation between individuals, and be-
tween species included within a genus (e.g., Muraenosaurus; 
Brown 1981b).

Cervical centra: The anterior face of the atlas centrum 
forms the deep cup-shaped articulating surface to receive the 
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Fig. 6. Skeletal reconstruction and vertebrae of plesiosaur Muraenosaurus from the Oxford Clay Formation, Callovian-Oxfordian near Peterborough, UK. 
A. Skeleton showing regions of the vertebral column and approximate locations of illustrated vertebrae (B–H). B. Atlas-axis complex in left lateral (B1) 
and anterior (B2) views. C. Anterior cervical vertebrae in left lateral (C1) and posterior (C2) views. D. Posterior cervical vertebrae (possibly C34 and C35) 
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(1910) indicates the presence of 43–44 cervicals, 2–3 pectorals, 20 dorsals, 3–4 sacrals and an unknown number of caudals, whereas Brown (1981b) 
counted 43–44 cervicals, 3 pectorals, 19–20 dorsals, 4 sacrals and 24 caudals, however, Andrews (1910) illustrates the presence of 44 cervicals, 3 pecto-
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Images from: A, Andrews (1910: fig. 66) with the newly reconstructed head based on Evans (1999); B, Andrews (1910: fig. 49) with lateral view reversed 
from original to match skeletal reconstruction; C–H, Andrews (1910: fig. 50–55).
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basioccipital condyle of the skull (Fig. 6B). In Muraenosaurus 
the posterior articular face of the axis and both articular faces 
of the postaxial cervical centra are relatively platycoelous, 
but develop a shallow V-shape in cross-section (Fig. 7C) with 
sharply defined borders with increasing age (Andrews 1910; 
Brown 1981b). In Cryptoclidus and Tricleidus, the vertebrae 
are amphicoelous (Evans 1993), especially in old individuals, 
with more rounded margins (Fig. 7D), producing a double 
sigmoidal curve in cross-section (Andrews 1910; Smellie 
1915, 1916; Brown 1981b). The more rounded margins of the 
cervical centra in Cryptoclidus may indicate that relatively 
more movement was possible between the vertebrae than in 
Muraenosaurus (Brown 1981b). 

In all three Oxford Clay plesiosaurs, the anterior face 
of the atlas is deeper dorsoventrally than laterally (Seeley 
1874; Fig. 6B), whereas the posterior face of the axis is 
noticeably wider than high (Andrews 1910). This change 
in the articular faces of the atlas-axis complex from a dor-
soventrally elongated anterior face to a laterally expanded 
posterior face is seen in all plesiosaurs (e.g., Owen 1847; 
Barrett 1858; Brown 1981b). The anterior and posterior 
articular faces of the postaxial cervical centra (C3+) of 
Muraenosaurus and Cryptoclidus are transversely ex-
panded, rounded ovals (Figs. 6C, D, 7B, F), with W ex-

ceeding H throughout the length of the neck (Andrews 
1910; Smellie 1916; Brown 1981b). This pattern of wider-
than-high vertebral proportions is seen in all plesiosaurs 
(Watson 1924), irrespective of how the measurements are 
taken (e.g., Welles 1943, 1952; Brown 1981b). However, the 
broadening of cervical centra is most clearly expressed in 
Cretaceous elasmosaurs (Fig. 7E), where the vertebrae are 
commonly butterfly- or dumb-bell shaped (e.g., O’Keefe 
2001a; O’Keefe and Hiller 2006).

Cervical neural arches: The dorsomedial surface of 
each cervical centrum exhibits a concave excavation for 
the neural canal between the facets for the neural arch 
(Andrews 1910). Viewed dorsally, the neural canal is hour-
glass-shaped, constricted medially, and widest posteriorly 
(Fig. 7G). Bounding the neural canal on each side are large 
diamond-shaped facets for reception of the pedicles of the 
neural arch. The neural arch extends almost the full length 
of the centrum (Andrews 1910; Brown 1981b) and thereby 
forms the lateral and dorsal margins of the neural canal. In 
Muraenosaurus, the neural canal and neural arch facets are 
longer than in Cryptoclidus and Tricleidus, reflecting the 
greater absolute length of the cervical centra.

The atlas bears a low, divided, strongly posteriorly-slop-
ing neural arch with well-developed posterior zygapophyses; 
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the axis neural arch is larger, with both anterior and posterior 
zygapophyses. In the postaxial cervical vertebrae (Fig. 7A), 
the neural arch narrows dorsally before widening to bear the 
dorsomedially directed anterior, and the ventrolaterally fac-
ing posterior, zygapophyses which are strong and well-devel-
oped throughout the cervical series in all plesiosaurs (Brown 
1981b). In Oxford Clay genera, the zygapophyses are oval and 
overhang the articular surfaces of the centrum, less so ante-
riorly than posteriorly (Andrews 1910; Smellie 1916; Brown 
1981b). The zygapophysial facets are flat in the anterior of 
the neck, but posteriorly the anterior zygapophyses become 
increasingly concave, whilst the posterior zygapophyses be-
come more convex. In Muraenosaurus from C33 onwards, 
the left and right anterior zygapophyses on each neural arch 
are sufficiently close to form a semi-circular depression into 
which the preceding posterior zygapophyses fit, forming a 
peg-and-socket like arrangement (Seeley 1874).

Above the zygapophyses projects the neural spine. The 
atlas neural spine is low, whereas the axis neural spine is bet-
ter developed, with its greatest height posteriorly, although 
lower in Cryptoclidus and Tricleidus than in Muraenosaurus. 
Anteriorly within the postaxial series, each neural spine is 
relatively low and strongly laterally compressed; the ante-
rior of the neural spine lies so it is level with the posterior 
of the anterior zygapophyses (Seeley 1874; Andrews 1910; 
Brown 1981b). Posteriorly along the cervical series, the neu-
ral arches become high, especially in Muraenosaurus (Fig. 

8), and the base lengthens, extending anteriorly between the 
anterior zygapophyses. In all three Oxford Clay genera, the 
neural spines are posteriorly inclined in the anterior of the 
neck, but become more upright along the length of the neck 
(Andrews 1910; Brown 1981b).

In Muraenosaurus from about C15 to C30, the neural 
spine has the anterior border nearly vertical and the posterior 
border inclined obliquely anterodorsally (Fig. 6C, D), except 
on the last cervical where it is inclined posteriorly (Seeley 
1874). From C33 in Muraenosaurus, a medial slip of bone 
extends between the posterior zygapophyses, into which 
the lower anterior margin of the succeeding neural arch is 
wedged (Fig. 6D), thus forming an additional tongued-and-
grooved vertebral joint (Seeley 1874). In Cryptoclidus and 
Tricleidus the neural spines are of similar construction, but 
are narrower anteroposteriorly and do not reach the same 
maximum height posteriorly along the neck (Andrews 1910; 
Brown 1981b). In Tricleidus the neural spines are narrower 
than in the other two genera, but overall relatively higher 
than in Cryptoclidus.

Cervical ribs: The cervical ribs have a similar form 
in all three Oxford Clay genera (Andrews 1910; Brown 
1981b). In the atlas-axis complex the atlantal rib is small, 
although smaller in Muraenosaurus, than in Cryptoclidus 
and Tricleidus. In all three genera the axial rib is larger than 
the atlantal rib, and more similar in form to those on the suc-

Fig. 8. Skeletal reconstruction of Muraenosaurus and articulated vertebrae of Muraenosaurus beloclis in right lateral view. A. Skeleton showing the ap-
proximate locations of the vertebral series (B–D). B. Articulated atlas-axis complex and C3–C17. C. Articulated series of 12 mid-cervical vertebrae. D. 
Posterior cervical vertebrae. B–D reversed to match skeleton above. Images from: A, Andrews (1910: fig. 66) with the newly reconstructed head based on 
Evans (1999); B–D, Andrews (1910: pl. 7: 5, 3).
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ceeding vertebrae; in Cryptoclidus and Tricleidus the atlas 
rib is relatively larger than in Muraenosaurus.

In the three Oxford Clay genera, the postaxial cervical rib 
facets are prominent and single-headed. In Muraenosaurus 
the cervical rib head is higher than wide, with a slight dor-
sal projection, and is somewhat inclined posteriorly (Seeley 
1874). In Cryptoclidus, the rib facets are about as long as 
high, and in the anterior of the neck the rib facets extend 
along the whole length of the centrum, but posteriorly are 
separated by a small gap from the anterior border (Andrews 
1910; Smellie 1916). The cervical ribs are attached to the 
centra ventrolaterally in the anterior and middle of the neck, 
whereas posteriorly they begin to rise up onto the sides of 
the centrum; in Muraenosaurus this occurs at about C40, 
and by C44 the ribs are partly on the neural arch and partly 
on the centrum (the “pectoral” vertebrae; Seeley 1865; Fig. 
6E); a similar pattern is seen in all plesiosaurs, although 
details vary.

The postaxial ribs project ventrolaterally, and are dorso-
ventrally compressed, becoming curved and rod-like pos-
teriorly (Andrews 1910; Brown 1981b). Each cervical rib 
typically has an anterior projection or flange (the “hatchet” 
or “hammerhead” shape of Andrews 1910), particularly in 
the anterior of the neck (Seeley 1874; Andrews 1910). The 
anterior flange is variably developed, but is an ontogenetic 
feature that is more prominently developed in “old adults” 
of Cryptoclidus (Andrews 1910; Brown 1981b). The ante-
rior cervical ribs of Muraenosaurus have roughened tips, 
indicating cartilage capping (Seeley 1874), and suggesting 
that individuals lacking clear osteological flanges may have 
possessed a cartilaginous extension in life. In various ple-
siosaur taxa (e.g., Plesiosaurus) the ossified cervical rib 
extensions are closely apposed, and almost touch (Storrs 
1997). Posteriorly the cervical ribs become more rounded 
and longer, resembling the typical bent rod-like morphology 
of the dorsal ribs (Andrews 1910; Smellie 1915).

Vertebral centra surface ornamentation: On the postax-
ial cervical vertebrae, the anterior and posterior margins of 
the centra, particularly the lateral and ventral surfaces, ex-
hibit ornamentation in bands adjacent to the articular faces 
(Fig. 7A, G). This ornamentation becomes more pronounced 
with increased age (Brown 1981b): for instance, in “juve-
nile” individuals of Muraenosaurus the ornamentation is 
relatively regular, closely-spaced longitudinal ridges (“pli-
cations” of Andrews 1910), which in “adults” ossifies to be-
come more strongly developed irregular rugosities, although 
there may be marked intraspecific variability (Seeley 1874; 
Andrews 1910; Brown 1981b). In Cryptoclidus, the bone 
surface is generally smoother and neater in “juveniles”, and 
rougher and more wrinkled in older individuals (Brown 
1981b). The ornamentation is most strongly developed on 
the cervical vertebrae of Muraenosaurus, but continues 
onto the “pectoral” and dorsal vertebrae with decreasing 
prominence caudally.

In Muraenosaurus the atlas is raised into a strong hy-
pophysial ventromedian ridge which extends posteriorly 

onto the middle of the axis; in Cryptoclidus there is a dis-
tinct anteroventral prominence, but the ridge only extends 
from the atlas onto the anterior of the axis; in Tricleidus 
the hypophysial ridge is less well-developed anteriorly, but 
extends to the rear of the axis (Andrews 1910). In plesio-
saurs generally, the ventral surfaces of the postaxial centra 
are gently concave anteroposteriorly and normally exhibit 
paired nutritive foramina (Fig. 7G), although these foramina 
may be variably expressed: duplicated, coalesced or absent. 
The nutritive foramina lie close together anteriorly, but are 
gradually separated by a low mid-ventral ridge which be-
comes less prominent posteriorly where the foramina are 
more widely spaced (Andrews 1910; Smellie 1916; Brown 
1981b). The nutritive foramina communicate through the 
body of the vertebra with the foramina exposed on the cen-
tre of the neural canal.

In Muraenosaurus, the cervical centra exhibit a lateral 
longitudinal ridge (Fig. 7A, G) midway between the base of 
the neural arch and the top of the cervical rib (Seeley 1874; 
Andrews 1910). The ridge is generally absent in juveniles 
where the cervical vertebrae are less well ossified, but is 
often especially prominent in the anterior half of the neck of 
older individuals; a similar lateral crest is present in various 
Cretaceous elasmosaurs (Welles 1943, 1952, 1962). There is 
no lateral longitudinal ridge in Cryptoclidus or Tricleidus 
(Brown 1981b).

The neural spines exhibit ornamentation of the bone 
surface. In Cryptoclidus the base of the axis neural spine is 
developed into a strong ridge, not seen in Muraenosaurus. 
In the anterior cervical vertebrae of Cryptoclidus, the zyga-
pophyses are connected by a ridge on the lateral surface of 
the neural spine (Fig. 7A), which disappears in the posterior 
of the neck (Andrews 1910; Brown 1981b), allowing the 
sides of the pedicles to pass uninterrupted into the neural 
spines. In addition, some specimens of Cryptoclidus exhibit 
an oblique, roughened ridge (Fig. 7A) sloping anteroven-
trally approximately halfway between the line of the zyga-
pophyses and the tip of the neural spine (Smellie 1916). In 
Muraenosaurus, Tricleidus and Cryptoclidus the summits 
of the neural spines are abruptly truncated by a roughened, 
subtly V-shaped, indented dorsal surface (Seeley 1874; 
Andrews 1910; Brown 1981b).

Anatomy of the body.—All three Oxford Clay plesiosaurs 
each had a short, compact, barrel-shaped body, which was 
somewhat dorsoventrally flattened (Brown 1981b; Fig. 6A). 
In terms of the vertebral column, the body is defined as com-
mencing where the rib facets first impinge on the base of the 
neural arch (Fig. 6E). These transitional vertebrae, where the 
rib facets are partly on the centrum and partly on the lateral 
processes of the neural arches, have been termed “pectoral” 
(Seeley 1876). There are usually three pectoral vertebrae in 
plesiosaurs, the anteriormost of which arbitrarily marks the 
transition between neck and body (Seeley 1877). The “pec-
toral” region is followed by the trunk, formed by the dorsal 
vertebrae (Fig. 6E–H), which commences with the first ver-
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tebra where the rib facets are entirely placed on the lateral 
processes of the neural arches (Owen 1840a, b).

Ventrally, the gastralia are well developed, typically con-
sisting of five interlocking elements per row, closely packed, 
and presumably tightly bound by ligaments to the ventrally 
positioned pectoral and pelvic girdles anteriorly and posteri-
orly, and the dorsal ribs laterally. This arrangement of inter-
locking gastralia, limb girdles and ribs produced a stiff and 
relatively inflexible body which must have precluded undu-
latory motion or compression of the body during swimming 
(Robinson 1977).

The limbs were the main propulsive organs in plesio-
saurs (Andrews 1910; Halstead 1969; Robinson 1975, 1977; 
Radinsky 1987), and were placed laterally and ventrally at 
the four “corners” of the body. The limbs were strongly at-
tached to the ventrally placed and typically strongly keeled 
limb girdles (Andrews 1910). All four limbs were of similar 
form: hydrofoil-shaped and hyperphalangic (Williston 1902; 
Carpenter et al. 2010), with tapering tips (Robinson 1975; 
Massare 1994) and covered with a sheath of integument 
(Owen 1861). The limbs thus differ considerably from the 
oar-like extremities of organisms typically living on or close 
to the water surface (Robinson 1975). Although all limbs 
were of similar shape, the fore-limbs in plesiosaurs are typ-
ically larger and longer than the hind-limbs, in contrast to 
pliosaurians where the reverse is generally true (e.g., Brown 
1981b), although variation within Plesiosauria is more com-
plex than this simple dichotomy (O’Keefe 2002). The limbs 
were heavily muscled (Colbert 1958), as evidenced by the 
prominence of muscle scars on the propodials (Robinson 
1975). Thus it is generally agreed that plesiosaurs, uniquely 
amongst aquatic organisms, were propelled by all four limbs 
to bring about movement in water (e.g., Robinson 1975, 
1977; Fig. 3).

The plesiosaur tail was moderately short and tapering, 
and typically shorter than the trunk (Williston 1914). The 
tail was not primarily involved in propulsion, although there 
might have been a small tail fin which was possibly used as 
a rudder (Storrs 1993; Smith 2013).

Discussion
We now consider functional interpretations of the role of 
the plesiosaur head, neck, and body, in relation to our new 
model. The most fruitful approach appears to be to consider 
the plesiosaur bauplan as simultaneously crucial for both 
feeding and locomotion.

Functional analysis of the neck.—Plesiosaurs have a cer-
vical region constructed in a very specific and remarkably 
consistent manner (Fig. 8). The numerous cervical seg-
ments, sometimes individually elongated, but largely lack-
ing osteological stiffening mechanisms, indicate that neck 
length was functionally important. Most obviously, elonga-
tion of the neck increases the animals’ reach by moving the 

head away from the body, analogous to the giraffe’s neck, 
and broadly comparable to the elephant’s trunk. The consis-
tent presence of numerous cervical segments that lack bony 
stiffening adaptations, however, is also strong evidence that 
flexibility was an important functional element in plesio-
saur necks (Evans 1993), and gives the potential for a con-
siderable range of movement in the living animal (cf. Zarnik 
1925–1926; Fig. 9). If flexibility was unimportant, bony 
and ligamentous constraints and a smaller number of longer 
cervical vertebrae would have been more efficient func-
tional solutions in terms of mass and energy consumption 
by postural and locomotor musculature. This occurs, for 
instance, in the neck of Tanystropheus where the cervical 
region is constructed from just 12 elongated segments and 
stiffened by overlapping cervical ribs (Wild 1980; Tschanz 
1988; Taylor 1989; Nosotti 2007). This suggests a relative 
lack of neck flexibility in Tanystropheus, when compared to 
the numerously segmented and unsupported cervical system 
of plesiosaurs.

Neck flexibility: Previous workers have considered the 
degree of neck flexibility in plesiosaurs to range from: ex-
treme mobility (Hawkins 1840; Zarnik 1925–1926; Welles 
1943; Welles and Bump 1949), including the ability to arch 
the neck like a swan (Conybeare 1824; Andrews 1910; 
Brown 1981b); through relative inflexibility (Hutchinson 
1897; Williston 1914; North 1933; Shuler 1950; Storrs 1997); 
to almost complete rigidity (Buckland 1836; Watson 1924, 
1951; Cruickshank and Fordyce 2002; Figs. 3, 9); although 
some of this variation in interpretation may be due to dif-
ferences between the species studied (Watson 1924, 1951). 
It has also been proposed that flexibility varied along the 
neck, with more movement possible in the anterior third 
(Williston 1906; Shuler 1950) and much less, or almost 
none at the neck-body junction (Owen 1861; Andrews 1910; 
Robinson 1977). Some authors have argued dorsal flexure 
was restricted by the height and close apposition of the neu-
ral spines, especially posteriorly (Fig. 8), with only limited 
flexure available anteriorly (Williston 1914; Watson 1924; 
Storrs 1997). Others have considered flexibility in the hori-
zontal plane to be considerable (Evans 1993; Bakker 1993), 
whilst others have argued lateral movement was limited by 
the overlap or contact of the contiguous “hatchet-shaped” 
cervical ribs (Buckland 1836; Williston 1914; Watson 1924, 
1951). In Cretaceous elasmosaurs lateral mobility has been 
considered strictly limited by the closely apposed, wide and 
flat-faced posterior cervical centra (Welles 1943; Watson 
1951; Storrs 1993). Ventral movement in the plesiosaur neck 
has been considered relatively unrestricted (e.g., Shuler 
1950), with the cervical ribs providing attachment for strong 
hypaxial muscles to depress the neck (Watson 1924).

In order to determine the range of flexibility available 
along the plesiosaur neck, it is necessary to carefully sep-
arate out the relevant anatomical factors. For instance, ab-
solute and relative neck lengths, and the length of the in-
dividual cervical vertebrae, primarily used for taxonomic 
purposes (Welles 1943, 1952; Brown 1981b), are important 
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for understanding reach, but are not particularly useful 
for understanding flexibility. The most important and eas-
ily observable parameter controlling neck flexibility is the 
shape of the articular surfaces of contiguous cervical ver-
tebrae, as this can be expected to affect the range of move-
ment available to the living animal (Zarnik 1925–1926; 
Evans 1993; Fig. 3).

To simplify the problem, the range of movement avail-
able at any point along the neck of a plesiosaur can be re-
solved into three components: dorsoventral pitch, pivoting 
about the transverse axis of the body; lateral yaw, about 
the vertical axis; and rotational roll, about the longitudinal 
axis (Fig. 10). As all movement along the neck occurs at the 
joints between contiguous vertebrae, any action, such as 
darting the neck in and out from the body (Bakker 1993), 
holding the neck in a swan-like pose (Conybeare 1824; 
Andrews 1910), or throwing the neck into coils to crush fish 
(e.g., Zarnik 1925–1926) is simply a more or less complex 
summation of the interactions of each of these three compo-
nents of movement for the many intervertebral joints along 
the length of the neck (Figs. 3, 9).

In plesiosaurs, the articular faces of the cervical centra 
are consistently wider than high (Figs. 6, 7) which suggests 
preferential dorsoventral flexion of the neck (Fig. 11A, B). 
A terminal articular face that is shallow from top to bottom 
can be expected to facilitate dorsoventral bending (pitch), 
whereas an articular face that is broad from side-to-side will 
restrict lateral bending (yaw). Rotation (roll) between contig-
uous vertebrae will not be greatly affected by the form of the 
articular faces, but will be limited by other soft tissues such 
as ligamentous ties and muscles. Hence, the enhanced width 
of the cervical centra seen in all plesiosaurs (Brown 1981b) 

suggests the neck was preferentially adapted for dorsoventral 
flexion with lateral movement somewhat restricted; this is in 
contrast to the subcircular vertebral centra found in “fish” 
and ichthyosaurs which suggests, based solely on the shapes 
of the contiguous articular surfaces of the centra, that move-
ment was equally permissible in all directions. Rotational 
movement along the vertebral column is affected less by the 
shape of the articular faces than by the constraints imposed 
by the zygapophyses, the shape of the neural spines, and the 
relationships between contiguous cervical ribs.

The well-developed zygapophyses in plesiosaurs have 
been used to suggest the neck was relatively stiff (Buckland 
1836; Williston 1914) but also relatively flexible (Brown 
1981b). However, both conclusions appear to contain 
valid elements: the zygapophyses in general, and the peg-
and-socket morphology of the posterior zygapophyses in 
Muraenosaurus, severely restrict and perhaps even preclude 
rotational movement about the long axis of the neck. This 
would also restrict dorsal and probably lateral movement, 
particularly when the neck was held out straight (Buckland 
1836; Williston 1914). However, it is unlikely that the form 
of the zygapophyses much affected ventral flexion.

The height and tilt of the neural spines and their close 
apposition, especially toward the rear of the neck, severely 
limited dorsal flexion (Fig. 8), although a small amount of 
freedom of movement was possible, particularly in the an-
terior segments of the neck. The interlocking accessory ar-
ticulations of the posterior neural spines in Muraenosaurus 
not only precluded rotation about the long axis, but also 
only permitted strictly limited lateral movement, especially 
when the neck was held out straight, as previously inferred 
for Cretaceous elasmosaurs (Welles 1943). Ventral move-
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Fig. 9. The range of movement available to the plesiosaur neck in Seeleyosaurus (formerly Plesiosaurus guilelmi imperatoris) (A, B) and Elasmosaurus 
(C) as illustrated by Zarnik (1925–1926), which is radically different from that proposed in the present paper. A. Right lateral view showing neutral posi-
tion (A2), interpreted maximum dorsal (A1) and ventral (A3) flexion. B, C. Dorsal view, showing the neutral position (B2, C2), extreme left lateral flexion 
(B2, C2), and maximum sinusoidal alternating lateral flexion (B3, C3). Images from Zarnik (1925–1926: figs. 18–20).
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ment of the neck was unaffected by the morphology of the 
neural spines.

It is not entirely clear how the cervical ribs interacted in 
life, but the hatchet-shaped anterior cervical ribs are likely 
to have restricted lateral bending by their close apposition 
(Buckland 1836; Williston 1914; Watson 1924, 1951; Storrs 
1997). In the posterior of the neck, the rod-like cervical ribs 
overlap (Owen 1861), but sliding between the elements was 
severely limited by the intercostal muscles and connective 
tissues. However, the triradiate form of the cervical ribs 
and neural spines, projecting from the centrum in anterior 
or posterior views, suggests bending would preferentially 
occur between the cervical ribs, or cervical ribs and neural 
spine (Fig. 10C), much as a tripod will fall over between 
two of its legs, and not over them. Assuming a completely 
circular articular face, this three-point system would pref-
erentially permit bending dorsolaterally both left and right, 
or ventrally. This available movement would be modified 
towards the rear of the neck as the positions of the cervical 
ribs rise towards the neural arch, enhancing the potential 
for ventral bending, but further restricting components of 
lateral movement as the cervical ribs act to widen the ver-
tebral complex. Dorsoventral or rotational movement along 
the neck was probably minimally restricted by the cervical 
ribs, especially posteriorly. However, taken together, this 
combination of anatomical features indicates neck function 
was based primarily on ventral flexion, with significant 
stiffening and resistance to movement in other directions, 
especially posteriorly.

In addition to the neck, movement was also possible at 
the craniocervical joint between head and neck. In principle 
the craniocervical ball-and-socket joint permits a wide range 
of movement (Shuler 1950; Cruickshank and Fordyce 2002), 
however, the posteroventral slope of the squamosal-quadrate 
arch, and the orientation of the posterior braincase elements 
(Fig. 4), effectively place the atlas-axis complex inside the 
rear of the skull, covered by the suspensorium in lateral 
view. This suggests preferential dorsoventral movement, 
and somewhat reduced lateral flexibility. However, this is 
not corroborated by the dorsoventrally elongated shape of 
the atlantal cup (Shuler 1950), which indicates preferential 
lateral movement at the head-neck joint. Hence the head was 
probably relatively mobile in all directions on the anterior of 
the neck.

Overall, the range of movement available to the plesio-
saur neck was strictly limited. The articular faces of the 
vertebrae imply enhanced dorsoventral bending ability over 
lateral flexibility. The form of the zygapophyses indicates 
severely restricted rotation about the long axis (Buckland 
1836; Williston 1914). Dorsal bending was severely re-
stricted by the position, height and form of the neural spines 
(Williston 1914; Watson 1924; Storrs 1997), and the cervical 
ribs restricted lateral movement of the neck (Buckland 1836; 
Williston 1914; Watson 1924, 1951), especially posteriorly. 
The osteological evidence thereby clearly indicates the ple-
siosaur neck was not capable of the S-shaped, swan-like pos-
tures (Andrews 1910), or elaborate twists and bends (Zarnik 
1925–1926), often described or depicted for plesiosaurs (e.g., 
Hutchinson 1897; Storrs 1993; Cruickshank and Fordyce 
2002; Figs. 3, 9). Rather, it was principally adapted for ven-
troflexion (Fig. 11). Indeed, the distribution of vertebral pa-
thologies (Schmorl’s nodes and vertebral wedging; Hopley 
2001) in a Lower Jurassic plesiosaur is consistent with com-
pressive stresses resulting from ventral bending of the neck. 
In conclusion, neck anatomy indicates a function which lay 
predominantly in ventroflexion. This restricted flexibility 
also precludes the considerable bending of the neck required 
to shoot the head at speed after prey (see Zarnik 1925–1926: 
fig. 26). However, preferential ventral movement of the neck 
does not preclude limited dorsal, lateral or rotational flexion, 
for instance sufficient to raise the head to the surface to al-
low breathing (Zarnik 1925–1926: fig. 21).

Neck musculature: The osteological analysis is sup-
ported by what can be deduced about the neck musculature. 
The triradiate shape of the postaxial cervical vertebral seg-
ments (Fig. 10C), and the presence of roughened surfaces on 
the centra, neural spines and cervical ribs, all indicate the 
presence of strong cervical musculature and ligamentous 
ties. The anterior and posterior areas of ornamentation on 
the cervical vertebrae (Fig. 7A, G) have been interpreted 
as the attachment points for ligaments tying adjacent verte-
brae together strongly (Brown 1981b). Bony ridges indicate 
the presence of strong neck musculature (Hawkins 1840), 
well-supplied with blood vessels (some passing through the 
subcentral foramina) and nerves (passing between the verte-

Fig. 10. The range of movement available to the plesiosaur neck. A. Sketch 
of living or plesiosaur illustrating the three senses of motion (roll, pitch, 
and yaw) potentially available at each vertebral junction. B. Enhanced 
dorsoventral movement produced by the laterally expanded articular face 
of a post-axial cervical vertebrae. Note how more of the same length ar-
rows project dorsoventrally than laterally, indicating greater potential for 
flexibility in dorsoventral pitch that lateral yaw. C. The potential range 
of movement available at a plesiosaur posterior-cervical vertebra, where 
freedom of movement is greatest dorsolaterally between the neural spine 
and cervical ribs, or ventrally between the cervical ribs, in the same way a 
tripod is more likely to fall over between two of the legs than over one of 
them. Once the anatomy of the zygapophyses, neural spines, and cervical 
ribs are taken into account, the movement is restricted to the ventral direc-
tion. Images from: C, Andrews (1910: pl. 7: 4); A, B, LFN drawings.
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brae) to feed and innervate the soft tissues of the neck. The 
strong basioccipital basitubera and the fused atlas-axis com-
plex, found in all plesiosaurs, also allowed for the origin and 
insertion of powerful muscles to actuate the head (Bakker 
1993). The lateral longitudinal ridge, developed in the ante-
rior of the neck of longer-necked plesiosaurian taxa such as 
Muraenosaurus and the Cretaceous elasmosaurids (Welles 
1943, 1952, 1962; Brown 1981b, 1993), and the roughening 
on the neural spines in taxa such as Cryptoclidus (Brown 
1981b), further indicate the strength of muscle attachments. 
Subtle osteological differences between taxa suggest the 
muscles were arranged somewhat differently in, for in-
stance, Cryptoclidus and Muraenosaurus. 

The placement of the neural spines and cervical ribs 
thereby provided a firm three-point attachment system to 
flex the neck (Fig. 10C). Dorsally, the upper two portions 
would have provided leverage for the epaxial musculature 
to raise the neck and stiffened it against ventral and lateral 
bending moments when swimming. Anteriorly, the cervical 
ribs were shorter and more ventrolaterally located, suggest-
ing that they were insertion points for muscles controlling 
ventral flexion of the neck, working antagonistically against 
the dorsal muscles, as well as giving some control over lat-
eral bending. The powerful neck musculature would thus 
have allowed fine control of the head and neck in all avail-
able components of motion.

Dorsal nuchal ligament system: There was seemingly 
present in all plesiosaurs a strong nuchal, supraspinous or 
dorsomedian ligament extending from the rear of the skull 
posteriorly and over the cervical neural spines (Brown 
1981b; Brown et al. 1986; Carpenter 1997; Storrs 1997; 
Gasparini 2009). The sloping ridge midway between the zy-
gapophyses in Cryptoclidus, and the roughened and subtly 
V-shaped dorsal surfaces of the neural spines in virtually 
all Plesiosauria (Brown 1981b), are strongly indicative of 
attachments for ligamentous slips from a substantial nuchal 
ligament system along the dorsal surface of the vertebral 
column (Seeley 1874; Andrews 1910; Brown 1981b; Brown 
et al. 1986). The midline pit on the rear of the skull of many 
plesiosaurs has also been interpreted as the attachment point 
for a nuchal ligament system attached to the rear of the 
cranium (Brown et al. 1986). This ligamentous system may 
also have spread anteriorly onto the well-developed sagittal 
crest.

In most modern terrestrial tetrapods, the nuchal liga-
ment system runs from the occiput or the anterior cervical 
vertebrae, along and above the dorsal surface of the cervi-
cal neural spines, to insert onto the thoracic neural spines 
(McGowan 1983, 1992; Gellman and Bertram 2002a; Wang 
et al. 2008). The ligament system is highly developed in 
animals such as ruminants with large, heavy heads, but is 
generally reduced or absent in birds, carnivores and pri-
mates (McGowan 1992; Gellman and Bertram 2002a, b). 
In herbivorous terrestrial mammals, the nuchal ligament 
system helps support the weight of the heavy head against 
gravity, whilst allowing the neck a wide range of ventral 
movement and some lateral flexibility. When the cervical 
muscles are relaxed, the head is held off the ground by the 
taut nuchal ligament, which may be aided by the epaxial cer-
vical musculature (Dimery et al. 1985). During feeding, the 
head is brought into contact with food on the ground by the 
hypaxial musculature, working against the nuchal ligament 
(McGowan 1983; Gellman and Bertram 2002a). Energy is 
stored by stretching the elastin-rich ligament, and when 
feeding ceases, the head is raised, partially by the energy 
stored within the ligament, and partly by the epaxial muscu-
lature (McGowan 1983, 1992). During walking or running, 
tension in the nuchal ligament helps hold the head clear of 
the ground (McGowan 1992).

In plesiosaurs, the nuchal ligament was not so much 
needed to act against gravity, as the weight of the neck was 
presumably largely supported by the buoyancy of water 
(Taylor 1989). However, the plesiosaur neck was so long 
that it acted as a cantilever holding the head out from the 
body. This put a premium on reducing unnecessary distal 
(i.e., cranial) mass (Fig. 4). With the head cantilevered out 
from the body, the load on the neck (a beam) increased to-
wards the rear as each vertebra had to carry an increasing 
number of cervical vertebrae anteriorly to prevent the neck 
from drooping along its length (due to its construction from 
muscles and bones with a density greater than that of water), 
or rising (due to buoyancy from air in the trachea and from 
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Fig. 11. Lifestyle strategies in plesiosaurs. A. Feeding beneath the body 
on mesoscopic prey (average diameter 5–10 mm and 100–200 mm), prob-
ably shoaling within the water column. B. Feeding on similar sized prey 
from within soft sediments. C. The escape response, with the neck approx-
imately straight in front of the body, and held rigid by the presence of a 
dorsal ligament system, thereby permitting relatively rapid motion with 
minimal muscular effort to hold the head and neck anterior of the locomo-
tor apparatus. Images from LFN drawings.
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fatty deposits). In engineering, this tendency is compen-
sated for by deepening the beam. The presence of deepening 
along the plesiosaur neck towards the body (Williston 1914), 
and the light construction of the head, are thus strong evi-
dence that the weight (or buoyancy) of the neck in water was 
a significant determinant of plesiosaur functional anatomy. 
A nuchal ligament as an integral part of this system would 
minimize the need for postural muscles which would have 
increased the mass of the neck and required costly materials 
and energy consumption for construction, movement and 
maintenance.

Here we assume the neck was negatively buoyant rela-
tive to sea water, as the neck was constructed from dense 
muscle and very dense bone; hence we consider positive 
buoyancy of the neck to be highly unlikely. This implies 
the body would have to support the weight of the neck, and 
also stop the animal from rotating head-downwards. It is 
not entirely clear how much effect the positive buoyancy of 
the air in the trachea would have had in counteracting the 
weight of the neck. It is likely the air-filled tracheal lumen 
would only compensate for a small percentage of the weight 
of muscle and bone in the neck. However, as the plesiosaur 
neck deepens posteriorly (Williston 1914), and assuming 
the tracheal lumen was of approximately constant diam-
eter, the relative impact of any buoyancy provided by air 
would reduce with proximity to the body. This would be in 
addition to any contribution from partly oil-filled cervical 
centra, variation in buoyancy with depth and any tracheal 
collapse.

Functional analysis of the body.—We now consider the lo-
comotor adaptations of plesiosaurs, which were large mobile 
organisms, highly adapted to life within the water column 
(Andrews 1910; Taylor 1987; Massare 1987; Collin and Janis 
1997; Mazin 2001). The body was short, stiff, compact and 
dorsoventrally flattened (Buckland 1836; Hawkins 1840; 
Williston 1902, 1914; Colbert 1966; Bakker 1993) with 
no possibility of lateral undulation (Robinson 1975, 1977; 
Massare 1988). The tail was short and compact (Hawkins 
1840; Williston 1902; Andrews 1910; Halstead 1969), and 
although this has been considered a powerful organ of pro-
pulsion (Welles and Bump 1949), the consensus is that the 
tail was not used for swimming (e.g., Hutchinson 1897; 
Williston 1914; Alexander 1989). However, it is possible 
a small tail-fin was present (Dames 1895; Halstead 1969; 
Smith 2013) which might have acted as a rudder (Buckland 
1836; Hutchinson 1897; Robinson 1975), stabilizer (Taylor 
1981), or both.

In plesiosaurs all four limbs were the organs of pro-
pulsion. They were heavily muscled, and the bones of the 
flippers were tightly-interlocking and hyperphalangic with 
tapering tips. This morphology indicates the limbs were 
used as relatively inflexible, high aspect ratio hydrofoils 
(Robinson 1977; Storrs 1993; O’Keefe 2001b). Hence, the 
limbs functioned as stiff, wing-like appendages (Robinson 
1975; Massare 1988) for an efficient, if modified, version 

of lift-based underwater flight (see Robinson 1975, 1977; 
Tarsitano and Reiss 1982; Godfrey 1984; Halstead 1989; 
Storrs 1993; Massare 1997). Although the fore-limbs are 
generally larger than the hind-limbs in plesiosaurs (Robinson 
1975; Halstead 1989; O’Keefe 2002; O’Keefe and Carrano 
2005), all four extremities are of a very similar shape and 
construction, so it is likely locomotion was undertaken us-
ing all four limbs (Watson 1924; Robinson 1975; Halstead 
1989; Massare 1994). The exact action of the limbs is not 
known (Tarsitano and Reiss 1982; Halstead 1989; Lingham-
Soliar 2000), although it is likely the fore- and hind-limbs 
worked simultaneously but the two sets probably acted in-
dependently on either side of the body (Long et al. 2006), as 
each hind-limb needed to work within the vortex wake pro-
duced by the forelimb in such a way that its own operation 
was promoted rather than obviated (Halstead 1969; Storrs 
1993); this would have required changes in frequency and/or 
phase depending on swimming speed, the details of which 
remain unknown. Reorganisation of the reptilian central 
nervous system would have been necessary to allow inde-
pendent control of the fore- and hind-limbs for more subtle 
control of the body within water (Taylor 1981; Carroll 1985).

Streamlining: Plesiosaurs have been considered both 
perfectly adapted for aquatic life (Williston 1914) and not 
ideally streamlined (Watson 1924; Taylor 1981; Storrs 
1993). The apparent sudden widening and deepening of 
the trunk at the neck-body junction (Watson 1951) is asso-
ciated with posterior cervical vertebrae not representative 
of the rest of the cervical series (Storrs 1997). Hence it is 
likely the neck-body transition was affected by both the 
posterior cervical and “pectoral” vertebrae, both of which 
have been postulated to act as anchorage for a consider-
able volume of muscles arising from the anterior locomotor 
complex of the forelimbs (Williston 1914; Robinson 1975; 
Brown 1981b). This musculature would have provided sub-
stantial soft-part streamlining at the rear of the neck and 
anterior of the trunk, and thereby would have consider-
ably enhanced the streamlined form of the body exhibited 
by plesiosaurs. Similarly, the muscles around the hip gir-
dle and connected to the tail, such as the caudofemoralis 
musculature, would have smoothed body contours at the 
base of the tail. Skeletal shape in plesiosaurs might not 
have been ideally adapted to minimise total drag (Massare 
1988, 1997; Storrs 1997); nevertheless the streamlined 
shape of the head (Taylor 1987; Rieppel 1997), the long 
tapering neck (Williston 1914), the cervical region merging 
smoothly into the “pectoral” and dorsal regions (Brown 
1981b), the streamlined body (Welles and Bump 1949) and 
the smooth transition from body to tail all suggest a fully 
aquatic lifestyle (Olson 1971). Therefore plesiosaurs can 
be confidently reconstructed as primarily adapted for life 
within the water column (Robinson 1975; de Buffrénil and 
Mazin 2001), and not living close to the air-water interface, 
or as having a semi-aquatic lifestyle.

Nevertheless, overall streamlining was apparently badly 
spoilt by the large surface area, and hence profile and para-
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site drag, of the long neck (Massare 1988, 1994). Swimming 
efficiency was further impaired by the mass of the neck, 
and the stomach stones commonly preserved in plesio-
saurs (Williston 1902; Brown 1904; Shuler 1950; Darby 
and Ojakangas 1980; Martin and Kennedy 1988; Everhart 
2000; Cicimurri and Everhart 2001). This stone ballast was 
probably needed to establish trim control and longitudinal 
stability to enable the animal to swim slowly horizontally 
and to hover (e.g., Taylor 1987; Henderson 2006), espe-
cially when diving in shallow water when the animal was 
positively buoyant. This combination of features shows that 
plesiosaurs were animals in which swimming efficiency 
was important, at least in terms of energy consumption per 
unit cost of locomotion, but which were probably habitu-
ally slow swimmers, as indicated by the use of stone bal-
last (Taylor 1987). This suggests that high acceleration and 
high sustained swimming speeds were much less important 
in plesiosaurs than in the short-necked pliosauroids. This 
combination of slow swimming and high locomotor effi-
ciency may seem improbable; however, Rhincodon (whale 
sharks) and Cetorhinus (basking sharks) are examples of 
slow swimmers which are also extremely efficient at cruis-
ing as shown by their high aspect ratio propulsive caudal 
fins, and steering pectoral fins (Sambilay 1990). In sharks, 
there is a trade-off between speed and efficiency, which 
require high aspect ratio fins, and manoeuvrability, which 
requires lower aspect ratio fins. However, this polarity does 
not exist in plesiosaur swimming, because all four limbs 
were used in propulsion and steering, as shown by their 
common structure and implied by the large ventral limb-gir-
dles bearing well-developed actuator musculature. Rather, 
with limbs at the four corners of the body, plesiosaurs could 
potentially produce vectored thrust from different limbs, 
to provide fine control of movement in all directions, and 
around all axes. This is more useful in slow swimming or 
hovering animals than simple shark-like control fins, which 
require movement in order to generate a current over the 
control surfaces (Taylor 1981). This reinforces data from 
neck length and buoyancy control strategies for slow swim-
ming in plesiosaurs, and provides the additional possibility 
of hovering within the water column whilst feeding.

Swimming speed: Plesiosaurs have generally been consid-
ered relatively slow swimmers, with the long neck impeding 
movement through water (Conybeare 1824; Buckland 1836; 
Williston 1902; Andrews 1910; Watson 1924, 1951; Shuler 
1950; Colbert 1966; Taylor 1981; Massare 1988, 1994, 1997; 
Alexander 1989). A few authors, however, have considered 
plesiosaurs to be fast swimmers (Hutchinson 1897; Halstead 
1969; Bakker 1993). Analysis of body shape in marine rep-
tiles indicates that plesiosaurs were slower moving in water 
than pliosauroids, for a given body length, but faster than 
crocodilians or mosasaurs (Massare 1988; Motani 2002), 
with swimming speeds estimated at 2 ms-1 for a 3 m long 
animal (Alexander 1989). Plesiosaurs have been considered 
highly manoeuvrable (Watson 1924; Olson 1971), capable 
of rapid turns using their paddles as efficient water brakes 

(Welles and Bump 1949) or for “backwatering” (Watson 
1924, 1951; Halstead 1969; Taylor 1981); however, this has 
been rejected on anatomical grounds (Robinson 1975). In 
any case, the drag generated by the length of the neck, 
whilst making such manoeuvres, would almost certainly 
have been greater than the muscular strength available to 
the animal. A study of the high aspect ratio flippers of 
plesiosaurs concluded they were specialized for slow but 
energetically efficient cruising, but were not very manoeu-
vrable (O’Keefe 2001b), corroborating suggestions based on 
a combination of an efficient locomotor system associated 
with a long neck (Robinson 1975).

The long plesiosaur neck has been regarded as a poten-
tial target for predators in a slow-moving organism unable 
to move rapidly when required (Conybeare 1824; Buckland 
1836; Andrews 1913; Watson 1951; Fig. 2). One solution 
to this dilemma is for the neck to be held free of the water 
(Halstead 1969; Brown 1981b), but this can be discounted 
as the neck could not have been held up sufficiently high 
(Henderson 2006; this work), and would have had an un-
balancing effect on the body (Shuler 1950). Moreover, near 
subsurface locomotion is exceedingly inefficient due to 
the production of a “bow wave” (Fig. 3C), even if moving 
slowly (Alexander 1989), assuming the flippers could have 
remained wholly underwater for efficient swimming.

Buoyancy control: Control of buoyancy within water is 
critical for swimming tetrapods (Shuler 1950; Taylor 1987; 
Storrs 1993). Neutral buoyancy in water would allow the 
plesiosaur body to act as a feeding platform, by permitting 
the animal to hover in, or move slowly through, the wa-
ter column whilst minimising limb action, and maximising 
the efficiency of locomotion. The dorsoventral flattening of 
the body might also have provided additional stabilization 
during slow underwater swimming (Brown 1981b).

Numerous plesiosaurs have been discovered with exotic 
sand, gravel or pebbles, sometimes in considerable quan-
tities, in a position in the body cavity which suggest in 
life they were contained within the gut, presumably in or 
close to the stomach (Williston 1902; Brown 1904; Shuler 
1950; Darby and Ojakangas 1980; Martin and Kennedy 
1988; Everhart 2000; Cicimurri and Everhart 2001). These 
gastroliths, or stomach stones, would undoubtedly have had 
an impact on buoyancy in water during underwater flight 
(Taylor 1993). Weight (not mass) in water is important for 
buoyancy control, especially as stomach stones are typically 
2.6 times the density of water, whereas the body of a plesio-
saur, on average, was probably slightly less dense than sea 
water. On the other hand, it has also been suggested that 
gastroliths functioned as a gastric mill to break down food 
in lieu of oral processing (Welles 1949; Shuler 1950; Taylor 
1987; Massare 1987; McGowan 1992), possibly in the stom-
ach or a muscular crop-like structure (Andrews 1910) by a 
process termed “gut chewing” (Reilly et al. 2001). However, 
it seems highly likely that gastroliths in the digestive tract of 
a plesiosaur, even if primarily for buoyancy control, would 
also have been co-opted for gut chewing.
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Bone ballast (more or denser bone) is also seen in some 
plesiosaurians, and both gastroliths and bone ballast have 
been regarded as more efficient buoyancy control mecha-
nisms for slow swimming organisms than hydrodynamic 
systems (Taylor 1981, 1992; Storrs 1993; Taylor 1993, 1994, 
2000; Houssaye 2009). Stone has a greater impact on buoy-
ancy than bone, and usually can be more easily collected 
and discarded, and at less metabolic cost (Taylor 1993, 1994, 
2000). Gastroliths should therefore probably be seen as part 
of an overall buoyancy control system, allowing for ad-
justments of buoyancy in the water column, in conjunction 
with the air in the lungs (controlled through the degree of 
exhalation on or during diving). This produced a temporally 
layered system of buoyancy control in plesiosaurs, including 
the bone forming the body (slow: changed only at rates de-
termined by physiology), gastroliths (intermediate: changed 
by ingestion, regurgitation or trituration), and volume of 
air in the lungs (rapid: potentially changed for every dive). 
Moreover, the buoyancy provided by air in the lungs would 
decrease, initially very rapidly, with depth; a 10 m overly-
ing water column adds the equivalent of one atmosphere of 
pressure, compressing air in the lungs and trachea by 50%, 
assuming no exhalation. A plesiosaur could therefore have 
adjusted the depth at which it became neutrally buoyant to 
that most appropriate for feeding (Taylor 1993, 1994, 2000). 
It has been argued, from analysis of mathematical models 
of floating plesiosaurs (Henderson 2006), that gastroliths 
had little impact on buoyancy. However, a role in buoyancy 
control is strongly indicated by the taxonomic distribution 
of gastroliths (Taylor 1993), which shows a gross correlation 
with locomotor mode rather than diet amongst non-herbiv-
orous aquatic tetrapods, and is supported by the frequent 
presence of intact (i.e., largely unbroken) cephalopod hook-
lets intermixed with the gastroliths, suggesting gastrolith 
function was primarily to control buoyancy in water.

One way to resolve this dichotomy of opinion is to note 
that there were potentially three static states for a plesiosaur 
which had some positive buoyancy at the surface: (i) static 
and stable, whilst floating at the surface; (ii) neutrally buoy-
ant at a particular depth but unstable, maintained by body 
mass, gastroliths and lung inflation, and reached by active 
swimming; and (iii) static and stable, whilst resting on the 
sea floor, the position maintained by negative buoyancy. 
State (i) is dealt with by Henderson (2006) where an improb-
ably large volume of gastroliths would be required to pro-
duce neutral buoyancy at the surface, whereas our analysis 
deals with state (ii), with plesiosaurs swimming and feeding 
fully submerged at depth, as a result of reduced volume air 
in the lungs, possibly modified by exhalation on or during 
diving; state (iii) has been inferred as a possible mode of 
feeding for the pachyostotic pliosaurid Pachycostasaurus 
(Cruickshank et al. 1996).

Hence a living plesiosaur had a margin of positive buoy-
ancy at the surface (“freeboard” in nautical terminology), 
whereas a neutrally buoyant animal did not. This can be 
compared to a modern submarine, floating at the surface in 

dock, where loading consumables will make very little dif-
ference to its trim, yet it will make a great deal of difference 
to its submerged state, the weight of which needs to be care-
fully compensated for before safe diving can occur. Hence, 
based on the above, Henderson (2006) provides valuable 
evidence for plesiosaur positive buoyancy (freeboard) at the 
surface for respiration (especially at times of oxygen debt), 
but also argues against surface living in plesiosaurs. In ad-
dition, the Henderson (2006) model assumes a static, un-
moving animal, (mostly) with fully inflated lungs whereas 
the living plesiosaur would have been actively or passively 
moving towards the surface when breaching, adding lo-
comotor and inertial forces to the static model, and may 
or may not have had lungs full of air. The streamlining of 
the plesiosaur body, and the hydrofoil form of the flippers, 
provide ample evidence for life within the water column, 
where even a small percentage of gastrolith ballast would 
have had a significant impact on buoyancy control for the 
living plesiosaur.

Functional analysis of the head.—Plesiosaurs are usually 
considered as large, obligate aquatic predators that swal-
lowed live prey whole within the water column (Andrews 
1910; Taylor 1987; Massare 1987, 1997). Plesiosaur teeth 
generally lack well-marked cutting edges or serrations 
(Massare 1987); a description of Cryptoclidus teeth as 
markedly carinate is based on metriorhynchid crocodilian 
teeth found with NHMUK R8621 (Brown 1981b: 265, 267, 
fig. 5; Noè 2001). In addition, the simple open-and-shut jaws 
and the elongate dentition were incapable of complex oral 
processing (Shuler 1950; Taylor 1987; Massare 1987). Prey 
had to be swallowed whole, as shown by the inability to 
reduce large prey items into smaller pieces. The small, aki-
netic skull limited the size of prey relative to the plesiosaur 
(Williston 1902, 1914; North 1933; Shuler 1950; Massare 
1987; Bakker 1993). This emphasis on small prey is rein-
forced by the light construction of the skull and the short, 
shallow mandibular symphysis. However, the wide gape 
of the jaws (Welles and Bump 1949; Evans 1999) maxi-
mised the size range of prey, especially long thin organisms, 
within this overall constraint.

The short jaws of plesiosaurs produced a relatively slow 
bite (Bakker 1993), unlike the rapid bite of modern long-
jawed fish- or cephalopod-eating crocodilians and dolphins 
(Langston 1973; Iordansky 1973; Busbey 1995). Thus, fish 
and cephalopods have been considered too fast-moving to 
have been regular plesiosaur prey (Taylor 1981; Alexander 
1989), except perhaps for heavily armoured, and presum-
ably slower moving, “holostean” fishes (Halstead 1969). 
However, the long slender shape of plesiosaur teeth (Fig. 5), 
and the almost complete absence of wear on the tooth tips 
(Brown 1981b; Massare 1987; Storrs 1997), are inconsis-
tent with a diet of: slow-moving, externally armoured or 
large, hard-boned fish; externally shelled cephalopods; or 
internally guarded teuthoids (Massare 1987; Brown and 
Cruickshank 1994; Martill et al. 1994). Moreover, such teeth 
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are relatively weak (Conybeare 1824) especially against 
bending, and poorly adapted to resist the struggles of rela-
tively large or powerful prey. In addition, the vast majority 
of plesiosaurs have strongly procumbent anterior teeth (e.g., 
Brown 1981b; Fig. 5A–C), which strongly argues against a 
piercing function: prey caught on the anterior teeth would 
have to be moved away from the gullet during subsequent 
jaw opening, risking prey loss. Also, although the teeth of 
plesiosaurs are somewhat variable in size, they are rela-
tively homodont (Massare 1987); with only slight variation 
in tooth size along the jaws. This reduces the degree of 
functional specialisation along the tooth row compared to 
pliosauromorphs, where large caniniform teeth were used to 
grasp and penetrate prey, and hooked and ratchet-like poste-
rior dentition retained and directed prey towards the gullet 
for swallowing (Taylor and Cruickshank 1993; Noè 2001). 
Hence piercing of prey by plesiosaurs, even lightly-boned 
fish or unarmoured cephalopods, seems improbable, with 
the anatomical evidence pointing to a diet of small, soft and/
or easily subdued prey. 

What is less clear is exactly how this range of prey was 
caught. Teeth in modern aquatic vertebrates, which have 
forms broadly similar to those of plesiosaurs, have functions 
ranging from puncture harpoons to sieves and strainers, with 
teeth capable of piercing also being used for sieving (e.g., the 
leopard seal, Hydrurga leptonyx; Taylor 1987). The numer-
ous, curved, and interlocking teeth of plesiosaurs (Owen 
1861; Williston 1914; Shuler 1950; Watson 1951; Brown 
1981a, b; Radinsky 1987; Mazin 2001) have often been con-
sidered as a highly efficient fish or invertebrate filter trap 
(Welles and Bump 1949; Watson 1951; Colbert 1958, 1966; 
Brown 1981b; Taylor 1987; Halstead 1989). However, it has 
also been noted that plesiosaur teeth are too short and too 
widely spaced to have filtered plankton (Taylor 1987; Collin 
and Janis 1997), and plesiosaurs were therefore not filter- or 
suspension-feeders (sensu Sanderson and Wassersug 1993: 
37). An approximate minimum prey width in the order of 
10–20 mm for adult plesiosaurs is suggested by tooth spac-
ing, and a maximum width in the order of 200 mm by the 
space between the jaw articulations (Brown 1981b; Massare 
1987). In addition, the ventral location of the jaw joints, well 
beneath the level of the tooth row, indicates the teeth would 
have intermeshed all at the same time as the jaws closed, 
rather than leaving a gap at the front as in a traditional pair 
of scissors. This is seen in Stratesaurus (Benson et al. 2015) 
and is comparable to the parallel jaw closing system seen in 
flamingos (Sanderson and Wassersug 1993) and some her-
bivorous dinosaurs (e.g., Norman et al. 2011). Hence, with 
a piercing function unlikely, the interlocking teeth indicate 
plesiosaurs occupied a filter-, sieve-, strain-, or rake-feeding 
niche, and most likely fed on mesoscopic invertebrates and 
small fish (Brown 1981b; Brown et al. 1986; Rieppel 1997).

The skull size and tooth form of plesiosaurs therefore in-
dicates specialization for feeding on a range of mesoscopic 
prey, predominantly non-selectively. The evidence from the 
slender intermeshing teeth, the weak or absent heterodonty, 

and the relative lack of tooth wear in most plesiosaurs, points 
to small, unarmoured, possibly shoaling prey captured by 
sieve, strain or rake feeding and trapped behind the teeth, 
rather than by puncture, and then swallowed whole. Hence, 
although plesiosaurs were not strictly suspension feeders, 
they did have the anatomical features that permitted feeding 
as non-selective mesophagous sieve-feeders, possibly con-
centrating on shoaling organisms: the Mesozoic equivalents 
of organisms such as modern sardines or sand-eels. This 
feeding strategy has hitherto been regarded as not present in 
diapsid marine reptiles (Collin and Janis 1997).

The numerous intermeshing teeth of plesiosaurs were 
therefore excellently adapted for sieving, straining or filter-
ing invertebrates, small fish or cephalopods in open water. 
However, plesiosaur dentition, with its procumbent but re-
curved anterior teeth and interlocking dentition, would also 
have served well to rake and sieve shallow infauna from 
within sediments, as well as to capture small, live prey close 
to the sediment water interface. Although it has usually 
been assumed that the preferred prey of plesiosaurs was 
active and pelagic, and therefore caught within the water 
column (Massare 1987, 1997), cranio-dental morphology 
offers the possibility that some or all plesiosaurs also fed on 
benthic organisms, or animals burrowing in soft sediments 
(Andrews 1913; McHenry et al. 2005). Sediment straining is 
corroborated by the presence of sand and occasional small 
molluscs in some plesiosaur stomach contents.

Conclusions and future work
The analysis presented here indicates that the plesiosaur neck 
was strongly functionally adapted when examined using an 
integrated approach to improve understanding of the role 
of the plesiosaur neck by taking into consideration cranial, 
cervical, trunk, and limb anatomy. Our model uniquely pro-
poses the plesiosaur neck was interchangeably flexible and 
stiff for two key elements of plesiosaur lifestyle: feeding 
and locomotion during predator avoidance. The long neck 
is thereby shown to be an integral part of the plesiosaur 
feeding and locomotor apparatus, and an essential element 
of the wider plesiosaur bauplan. The head and neck are 
seen as adapted to consume relatively small, soft-bodied or 
shoaling organisms beneath the body. Those prey organisms 
could have been within the water column, close to the sedi-
ment-water interface, or concentrated within soft sediment. 
Prey would have been caught behind the tightly intermesh-
ing dentition, which acted as a sieve, filter, strainer or rake 
in water or sediment, utilizing the mobility of the head and 
anterior neck. The neck itself was a flexible “feeding tube” 
connecting the head to the body, and predominantly adapted 
for ventral flexion, with dorsal, lateral and rotational move-
ment all relatively restricted. This ventroflexion of the neck 
was brought about by strong cervical musculature working 
against an extensible, elastin-rich dorsal nuchal ligament 
system. However, the animal could escape from danger: the 
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streamlined body was powered by the four hydrofoil-shaped 
limbs and the neck was held stiff and approximately straight 
out in front of the body by the nuchal ligament system, aided 
by the epaxial muscles, and locked by well-developed zyga-
pophyses and, when present, accessory articulations on the 
neural spines. This system enabled rapid swimming without 
the disadvantages of a flexible neck anterior to the locomotor 
apparatus, and left maximum muscular effort available for 
predator evasion. More generally, the neck also acted as part 
of an integrated locomotor apparatus, tightly integrated into 
the wider plesiosaurian bauplan. The body was well-adapted 
for life within the water column, as a hovering or slowly 
moving, but mobile, “feeding platform”. This did not restrict 
the depth of foraging (unlike feeding from the surface), and 
allowed rapid but controlled motion during times of danger. 
Such an integrated scenario recognises that the plesiosaur 
neck cannot be considered in isolation, and that any explana-
tion of neck function must take into account associated adap-
tations of head and body, interpreting their interrelationships 
as part of an integrated whole (Taylor 1989; Wilkinson and 
Ruxton 2012). We now consider some wider implications of 
the model and possible avenues for future research. 

Functional considerations.—Previous workers have tended 
to stress either the flexibility or rigidity of the plesiosaur 
neck, whereas our model includes elements of both, allowing 
plesiosaurs to respond to different imperatives at different 
times. The neck is here envisaged as flexible enough to 
permit efficient food gathering, and yet stiff enough to avoid 
problems of hydrodynamic destabilization as a result of rapid 
locomotion during predator avoidance. Indeed, it is remark-
able that, although plesiosaurs have a radically different bau-
plan from terrestrial herbivorous ungulates and sauropod 
dinosaurs, a nuchal ligament system apparently permitted 
efficient feeding and locomotion in all three groups (Dimery 
et al. 1985; Schwarz et al. 2007; this work). However, there 
were undoubtedly functional compromises between the con-
straints of locomotion and feeding, and these require future 
investigation. Insights into plesiosaur ecology and evolution 
might be gained from quantitative study of buoyancy and 
tidal volumes in plesiosaur necks, and another fruitful line of 
investigation appears to be the anterodorsal orientation of the 
orbits, which seem more suited to hunting prey (or spotting 
predators) from below against the brightly lit surface, than 
seeking small, shoaling prey. 

Niche separation and partitioning within and between 
plesiosaurs and other marine vertebrates.—The new 
model offers a striking new way of interpreting plesiosaur 
lifestyle as a unique specialization, able to be co-opted for 
niche partition between taxa (Fig. 11). Our interpretation 
proposes a radically different ecological niche from coeval 
Mesozoic marine vertebrates, and one that would clearly 
separate plesiosaurs from all other predatory marine rep-
tiles and filter feeding “fish”. Organisms such as pliosau-
rians, polycotylid plesiosaurians, ichthyosaurs, mosasaurs, 
crocodilians and sharks were all to some extent specialists 

consuming large, hard-boned prey, fish or cephalopod mol-
luscs (Massare 1987; Sato and Tanabe 1998; Noè 1999); 
marine turtles were grazers on small prey; and fish such 
as the giant Leedsichthys were pelagic suspension feeders 
(Liston 2004). Plesiosaurs on the other hand were specialist 
non-selective filter-, sieve-, or strain-feeders, taking meso-
scopic prey from within the water column or close to the 
sediment-water interface, or by raking soft sediments. The 
lifestyle here proposed for plesiosaurs thereby acts as a form 
of competitive exclusion, thereby avoiding competition with 
other niche specialists (e.g., Brown 1993; Martill et al. 1994).

Assuming the Oxford Clay plesiosaurs Muraenosaurus, 
Cryptoclidus, and Tricleidus all coexisted sympatrically, 
then their relatively minor anatomical differences in head, 
neck and post-cervical body structure might be related to 
niche partitioning between these genera. This has been pre-
viously suggested for the plesiosaur fauna from the low-
ermost Hettangian of Somerset and elsewhere in England 
(Benson et al. 2015). The inevitable exceptions from our 
anatomical overview, far from weakening the argument, 
represent fruitful stimuli to further research on the deeper 
ecological and evolutionary variations in neck function and 
usage between plesiosaur genera and species. Some of this 
variation might have led to the observed differences (often 
taxonomically important) between the necks of plesiosaur 
taxa. It is also likely to reflect variations in foraging tech-
nique and niche partitioning within plesiosaurs, especially 
where coeval taxa are found in the same deposits.

In terms of prey, small organisms are typically more 
abundant and form a greater biomass than larger organisms 
in marine ecosystems. Smaller prey items are also typically 
at lower levels within trophic networks (Massé 2001), and 
are often concentrated in discrete spatial aggregations or 
patches (Benoit-Bird et al. 2013). Hence, a relatively large 
plesiosaur specializing on small prey compared to body size 
would need to range widely and eat more individual items 
in order to obtain sufficient energy (Robinson 1975) for 
growth, locomotion and other metabolic activities.

Evolutionary origins.—Our model of plesiosaur neck func-
tion sees the cervical region as part of an integrated feeding 
and locomotor complex, which suggests that the long neck 
was a key evolutionary novelty, and responsible in part for 
the longevity of Plesiosauria. The long neck appears to be 
part of a wider evolutionary strategy within Plesiosauria 
as they evolved from nothosaur-grade ancestors, with pro-
gressive adaptation to life in the offshore, relatively shallow, 
open water, photic zone of Mesozoic epicontinental seas 
(Storrs 1991, 1993; Rieppel 1997), and also probably into 
deeper water habitats that are typically poorly represented 
in the fossil record. It might have been, for instance, that 
the long neck was the evolutionary adaptation that resulted 
in a strikingly high diversity of plesiosaurs in the earliest 
Jurassic (see Benson et al. 2012, 2015).

This leads to broader questions regarding the evolu-
tionary trajectory of Plesiosauria during their secondary 
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adaptation to life in water. In an analysis of land-to-wa-
ter transitions in secondarily aquatic tetrapods (Taylor 
2002), a number of grades of adaptation were identified. 
Members of Plesiosauria were mostly assigned to inshore/
coastal predators using underwater flight and stone and/
or bone ballast (grade 4b in Taylor 2000; see also Taylor 
2002); in the light of our analysis, this now seems an 
oversimplification, and the plesiosaurs may require to be 
allocated to their own unique adaptive grade. Analyses 
aimed at understanding and integrating data from feeding, 
buoyancy control and locomotion during the evolutionary 
transition of plesiosaurs from ancestral sauropterygians, 
as well as between members of Order Plesiosauria, such 
as plesiosaurs and pliosauromorphs, are likely to prove 
highly productive.

Many individual elements of our model of plesiosaur 
head, neck and body function have been proposed previ-
ously, for instance: the head as a strainer (Brown 1981b), the 
neck as a feeding tube (Shuler 1950; Mazin 1987) predom-
inantly adapted for ventral bending (Shuler 1950), the body 
as a hunting platform within the water column rather than at 
the surface (Robinson 1975; Storrs 1993), and bottom feed-
ing (Hutchinson 1897; Andrews 1910; McHenry et al. 2005). 
However, no previous interpretation has brought these ele-
ments together into an integrated whole. Our work suggests 
that the neck was a key evolutionary novelty, permitting the 
widespread radiation of plesiosaurs into Mesozoic shelf seas 
and beyond. Watson (1951: 181) was seemingly entirely cor-
rect when he wrote “plesiosaurs caught prey in some quite 
exceptional manner”.
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