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The evolution of plesiosaur and pliosaur morphotypes in the
Plesiosauria (Reptilia: Sauropterygia)

F. Robin O’Keefe

Abstract.—The dichotomy between short-necked, large-headed ‘‘pliosaurs’’ and long-necked,
small-headed ‘‘plesiosaurs’’ has formed the basis of plesiosaur taxonomy for over one hundred
years. Recent work has cast doubt on the taxonomic validity of this dichotomy, suggesting that the
pliosaur morphotype may have evolved independently in more than one clade. This paper quan-
tifies the variation in body proportion in the clade Plesiosauria using principal component analysis
and demonstrates that the traditional plesiosaur/pliosaur dichotomy is an oversimplified view of
the range of morphologies present in the group. The topology of the clade is mapped into the mor-
phospace, demonstrating that the pliosaur morphotype evolved three times from two different re-
gions of morphospace. Both the range of body morphologies displayed by plesiosaurs and the evo-
lutionary history of those morphologies, are more complex than previously supposed.
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Introduction

The Plesiosauria (Reptilia: Sauropterygia)
was a group of secondarily marine tetrapods
common in Mesozoic seas (Williston 1914).
Plesiosaurs evolved from more basal saurop-
terygians just below the Triassic/Jurassic
boundary and met their demise in the end-
Cretaceous mass extinction (Romer 1966). Ple-
siosaurs differed from their sauropterygian
antecedents in possessing limbs modified into
hydrofoils, and the limb girdles formed large
ventral plates somewhat analogous to a turtle
plastron (Figure 1d). The evolution of lift-
based appendicular locomotion has occurred
in other groups, notably birds, sea turtles, and
sea lions (English 1976; Feldkamp 1987). Ple-
siosaurs are the only known animals, howev-
er, in which both forelimbs and hindlimbs
participated in lift-based appendicular loco-
motion (see Fig. 1) (Storrs 1993).

The terminology used here is potentially
confusing. The term ‘‘plesiosaur’’ has been
used colloquially both for the clade Plesiosau-
ria as a whole and for the long-necked, small-
headed body type only. The term ‘‘pliosaur’’
has been used colloquially for all short-
necked, large-headed taxa, although this
grade contains members of three subclades
(O’Keefe 2000, in press a; see below). The cor-
rect taxonomic usage of ‘‘pliosaur’’ refers to

only one of these clades. The term ‘‘plesio-
saur’’ here refers to the entire clade Plesiosau-
ria only. When discussing a monophyletic
group, the family ending -id is added to the
appropriate name, such as ‘‘elasmosaurid’’ or
‘‘pliosaurid.’’ Two higher clades are also im-
portant, the Plesiosauroidea and Pliosauro-
idea (Fig. 2). These clades are referred to as
‘‘plesiosauroids’’ and ‘‘pliosauroids,’’ respec-
tively. Lastly, the short-necked and long-
necked grades are referred to as ‘‘pliosauro-
morph’’ and ‘‘plesiosauromorph,’’ respective-
ly.

Plesiosauromorph and Pliosauromorph
Morphology

The plesiosauromorph/pliosauromorph di-
chotomy was formalized in the taxonomy of
the Plesiosauria (Blainville 1835) throughout
the twentieth century (Andrews 1910, 1913;
Welles 1952, 1962; Persson 1963; Brown 1981;
Brown and Cruickshank 1994; Cruickshank
1994). As early as 1907, however, Williston
suggested that short neck length may have
evolved more than once in plesiosaurs. More
recently, the dichotomy has been directly chal-
lenged by suggestion that pliosauromorphs
may have evolved in two (Carpenter 1997) or
three (O’Keefe 2000, 2001a) (Fig. 2) different
clades.
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FIGURE 1. Examples of plesiosauromorph and pliosauromorph taxa, based on the classification of Andrews (1910,
1913). A, Cryptoclidus, from Brown 1981. B, Liopleurodon, modified from Newman and Tarlo 1967. C, Rhomaleosaurus
victor, from Romer 1966. D, Hydrotherosaurus, modified from Carroll 1988. Traditional pliosauromorphs are Lio-
pleurodon and R. victor, although R. victor actually differs markedly in body proportion. Hydrotherosaurus and Cryp-
toclidus are traditional plesiosauromorphs, although Cryptoclidus is a poor example of a plesiosauromorph.

FIGURE 1. Continued.
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FIGURE 2. Hypothesis of relationships of the Plesiosauria, from O’Keefe (2001a). Three outgroup and 31 ingroup
taxa were scored for 166 morphological characters in this analysis. Analysis was performed using PAUP 3.1.1, heu-
ristic search algorithm. The topology shown here is the strict consensus tree derived from twelve most-parsimo-
nious trees. Tree length 5 432, consistency index (CI) 5 0.47, rescaled consistency index (RCI) 5 0.34, retention
index (RI) 5 0.72. Decimal values below each node indicate bootstrap support for that node based on 1000 replicates;
integers are decay indices for each node, and integers in parentheses are decay indices for a matrix with morpho-
metric characters removed. A star next to a node indicates bootstrap support of less than 50% and a decay index
of one. Gray shading behind a branch indicates that the taxon is pliosauromorph.

TABLE 1. Traditional characters defining the plesiosauromorph and pliosauromorph body types. Reviewed in
Brown 1981.

Body part Plesiosauromorph Pliosauromorph

Skull
Number of cervical vertebrae
Dimensions of cervical vertebrae
Forelimb
Scapula
Ischium

Relatively small
Plesiomorphic (28–32) or greater
As long as or longer than wide
Larger than hindlimb
Relatively long
Relatively short

Relatively large
Reduced (,28)
Shorter than wide
Smaller than hindlimb
Relatively short
Relatively long

The plesiosauromorph/pliosauromorph di-
chotomy was traditionally defined by a group
of characters concerning body proportion
(Brown 1981) (Table 1; illustrated by represen-
tative taxa in Fig. 1). The neck is relatively
short and the head is relatively large in the

pliosauromorphs. Plesiosauromorph taxa gen-
erally possess longer forelimbs than hind-
limbs, whereas the reverse is true in pliosau-
romorph taxa. Plesiosauromorph taxa also
possess a median contact of the scapulae with
a concomitant lengthening of these bones
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along the anterior-posterior axis. Pliosauro-
morph taxa lack this contact and the scapulae
are correspondingly shorter, and the ischium
tends to be relatively long when compared
with the pubis in pliosauromorph taxa, espe-
cially in the polycotylids (Williston 1903).

Plesiosaur Taxonomy

The most recent (noncladistic) systematic
revision of the Plesiosauria is that of Brown
(1981); Brown and Cruickshank (1994) pro-
vide more recent hypotheses of relationships,
reiterating the traditional view of a monophy-
letic Pliosauroidea containing all pliosauro-
morph taxa. More recently, Carpenter (1997)
proposed that the Polycotylidae evolved the
pliosauromorph body type independently. Al-
though Carpenter did not base this claim on a
cladistic analysis, two preliminary analyses
found support for this view (Bardet 1998;
Druckenmiller 1999). Figure 2 presents a spec-
imen-based cladistic analysis of the Plesiosau-
ria, based on a data set containing three out-
group and 31 ingroup taxa scored for 166 mor-
phological characters. Parsimony analysis of
this matrix produced 12 most parsimonious
trees, the consensus of which is reproduced in
Figure 2 (O’Keefe 2000, 2001a). O’Keefe found
that the pliosauromorph body type evolved
once in the polycotylids and twice in the Plio-
sauroidea, a total of three independent deri-
vations. The Plesiosauria is split into four ma-
jor lineages, three of which contain pliosauro-
morph members. A revised taxonomy based
on this analysis is portrayed in Figure 2.

Functional Morphology

Body Shape. Concepts of ecological ‘‘guilds’’
inferred from convergent body morphologies in
marine reptiles first received serious attention
about fifteen years ago (Braun and Reif 1985;
Carroll 1985; Carroll and Gaskill 1985; Mas-
sare 1988, 1992, 1994, 1997). The most com-
prehensive of these studies is Massare’s
(1988), wherein swimming speeds in plesio-
saurs and other reptiles were determined by
calculating the fineness ratio of body types
and then comparing this ratio with an opti-
mum low-drag shape. Massare reasoned that
animals with low-drag shapes would be pur-
suit predators whereas those outside this

range would be slower, lunging predators.
Pliosauromorphs were found to be much clos-
er to an optimum low-drag shape than were
plesiosauromorphs, leading Massare to con-
clude that these two groups had different
hunting strategies. Massare (1988) also esti-
mated maximum swimming speed; however,
all her calculations rested on approximating
each animal as a simple ellipsoid.

Thrust Generation. Robinson (1975, 1977)
challenged the traditional view that plesiosaur
locomotion was drag-based (see review in
Storrs 1993). Citing morphological features of
plesiosaur limbs such as their distal taper and
cambered cross-section, she advanced the hy-
pothesis that plesiosaurs were underwater
‘‘fliers,’’ generating thrust via lift rather than
drag. Robinson’s hypothesis was questioned
on anatomical grounds (Tarsitano and Reiss
1982; Godfrey 1984), weakening the case for
pure lift-based propulsion in plesiosaurs, but
Robinson’s basic interpretation of the flippers
as hydrofoils remained tenable. Godfrey
(1984) advanced a hybrid lift-drag model for
plesiosaur locomotion, based primarily on the
thrust stroke in the California sea lion (En-
glish 1976; Feldkamp 1987). This model eased
the anatomical problems associated with pure
lift-based locomotion by reducing the amount
of limb abduction required. The model further
hypothesized an increase in fore-aft motion,
which seemed to better explain the large ven-
tral girdle plates anterior and posterior to the
limbs in all plesiosaurs. The girdles presum-
ably provided attachment for the main loco-
motor muscles, although the reconstruction of
these muscles has proved problematic (Rob-
inson 1975, 1977; Tarsitano and Reiss 1982;
Godfrey 1984).

Materials and Methods

Material and Measurements. Thirty-six spec-
imens representing 23 valid plesiosaur taxa
are included in this study (for data and re-
positories see appendices). Taxonomic assign-
ments were made by the author (O’Keefe 2000,
2001a). Several representatives are available
for all four of the major plesiosaur subclades.
In addition, many plesiomorphic and inter-
mediate taxa are included. However, one un-
named clade of poorly known animals lacks
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any complete skeleton. This clade of aberrant
cryptocleidoids is known from fragmentary
skull and cervical material (Morturneria and
Kimmerosaurus [Cabrera 1941; Brown 1981;
Chatterjee and Small 1989]; some workers
speculate that Colymbosaurus, known only
from postcrania, is congeneric with Kimmero-
saurus [Brown et al. 1986]). The plesiomorphic
sister genus Tricleidus (Andrews 1910), known
from one nearly complete skeleton, represents
this clade in the present analysis. Data for two
of the included specimens (Kronosaurus and
Hydrotherosaurus) were taken from the litera-
ture, whereas the rest were measured directly
from fossils. Nine variables were measured:
(1) skull length (tip of snout to quadrate, mea-
sured on the dorsal midline); (2) neck length
(atlas to first pectoral vertebra, defined here as
the first vertebra in which the transverse pro-
cess articulates at least partially with the neu-
ral arch [Welles 1943]); (3) number of cervical
vertebrae (the atlas/axis complex was counted
as one functional unit); (4) scapula length; (5)
coracoid length; (6) pubis length; (7) ischium
length (the four girdle measures are taken
from the glenoid or acetabular suture parallel
to the body axis); (8) length of humerus; and
(9) length of femur. Each variable is precise to
about 5 mm. The control of error was an im-
portant consideration in measuring the neck,
which, of course is composed of repeated el-
ements. This variable is less precise than the
others owing to the requirement that repeated
elements be preserved in life position. Because
of the importance of neck length, specimens
without a well-preserved, articulated or arti-
culatable cervical series were excluded.

Methods

The nine variables were included in a prin-
cipal component analysis (PCA; for discussion
see Marcus 1990). One meristic variable (num-
ber of cervical vertebrae) was included, and
this variable was treated as continuous be-
cause the number of vertebrae was large
enough to justify this simplification. After
treatment for missing data, the raw data were
transformed to natural logarithms (Sokal and
Rohlf 1995: p. 413). However, the variances of
the log-transformed variables were still het-
erogeneous, so the correlation rather than co-

variance matrix was used in the PCA (Rey-
ment and Jöreskog 1996).

The data set for this analysis contained 20
missing values out of 376 measurements, or
about 5% missing data. This amount of miss-
ing data is generally acceptable for a multi-
variate problem, although the missing values
must be estimated in some way (Schafer 1997).
Fifteen of the 20 missing values occur in gen-
era represented by more than one specimen.
In these cases, each missing value was imput-
ed by scaling the missing element to that ele-
ment in a congeneric specimen. The estimate
was scaled isometrically with respect to an-
other, appropriate element present in both
specimens (a missing coracoid was scaled to
the scapula, for instance). The five missing
values occurring in genera represented by a
single specimen were scaled to an element in
the closest sister taxon.

Results

Eigenvalues and their associated, standard-
ized eigenvectors for the whole-body analysis
are reported in Table 2. The first four vectors
account for 98% of the total variance in the
data set, and the remaining vectors were dis-
carded. PC I is mainly a size axis, as shown by
the high, positive coefficients for seven of the
nine variables. A pure size axis should have
equal, positive coefficients for all variables ex-
cept the meristic variable (number of cervical
vertebrae). This variable actually has a fairly
large negative coefficient on PC I. The coeffi-
cient of the neck length variable is also lower
than the other seven metric variables. PC I
therefore reflects mainly size, but also con-
tains some shape variation related to neck
length and cervical number. PC I is therefore
only a first-order approximation of the size
axis (for discussion of the size factor in PCA,
see Bookstein et al. 1985).

The coefficients on the first ‘‘shape’’ axis, PC
II, reproduce the traditional plesiosaur clas-
sification (Table 2). Head length loads oppo-
site to both measures of the neck, reproducing
the observation that a larger head generally
entails a shorter neck in plesiosaurs. The hu-
merus loads with the neck and opposite to the
ischium on this axis, whereas the pectoral gir-
dle in general and the scapula in particular
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TABLE 2. Principal component coefficients for first four axes in body shape analysis. Analysis was performed on
the correlation matrix of log-transformed data. Eigenvectors were standardized so that the sum of squared coeffi-
cients equals one. Eigenvalues shown at bottom.

Variable PC I PC II PC III PC IV

Skull
Neck
No. cervicals
Scapula
Coracoid

0.348
0.124

20.229
0.364
0.374

20.199
0.725
0.613
0.150
0.084

20.478
20.166

0.116
0.316
0.187

20.524
20.459

0.222
20.116

0.074
Pubis
Ischium
Humerus
Femur
Eigenvalue

0.373
0.363
0.360
0.373
6.793 (75.5%)

20.006
20.087

0.142
0.045
1.626 (18%)

0.360
0.447

20.369
20.360

0.293 (3.3%)

0.015
20.041

0.619
0.246
0.114 (1.3%)

load with the neck. In sum, this axis indicates
that long-necked, small-headed plesiosaurs
also tend to have longer scapulae, longer hu-
meri, and shorter ischia than short-necked,
large-headed taxa. These correlations were
noted qualitatively by earlier workers (Table
1).

The second ‘‘shape’’ axis, PC III, expresses
a pattern of correlation not noted previously.
On this axis, the four measures of the girdles
load together, opposite to the humerus, femur,
and head. Animals with relatively large limbs
and head, and small girdles tend to cluster on
one end of this axis; taxa with relatively large
girdles cluster on the other end of the axis. The
neck variables load opposite to one another
and neither has a particularly large coefficient
on this axis. PC II and PC III are plotted in Fig-
ure 3; all specimens are plotted to show the
scatter in genera with multiple specimens.
This axis records variance in relative girdle
size; animals toward the top of Figure 3 have
relatively large girdle elements, whereas those
at the bottom have relatively small girdles.
The humerus and femur have high coefficients
on PC IV, and both load opposite to skull
length and neck length. Taxa with high posi-
tive scores on this axis possess relatively long
propodials and a short neck and small head,
whereas the reverse is true for taxa with neg-
ative scores. Caution must be used in inter-
preting this axis, however, because it accounts
for only 1.3% of the variance in the data set
and so is near the point where any real signal
would be drowned out by noise due to mea-
surement error.

Figure 4 plots PCs II and III again, although

in this figure the scores of multiple-specimen
genera have been collapsed to averages before
plotting. The two obvious juveniles have also
been removed; the positions of the juveniles
tend to obscure the adult pattern because
growth is allometric. The PCA was rerun with
multiple specimens averaged and juveniles re-
moved, and the ordination differed very little
from the one presented here. Figure 4 also in-
cludes the clade topology; the topology of the
cladogram in Figure 2 has been mapped into
the plane defined by PC II and PC III. The ple-
siosauroid and pliosauroid subclades are root-
ed to three stem taxa rather than to the out-
group. Lines are meant to show topology only,
and the positions of nodes in the morpho-
space should not be read as estimates of an-
cestral values. Lastly, four diagrammatic ple-
siosaur figures illustrate relative body propor-
tions in different areas of the morphospace.

Discussion

Plesiosaurs do not fall into two discrete
groups based on the traditional criteria of
body proportion, illustrated here by PC II. In-
stead the body shapes define a continuum
whose end-members are the long-necked,
small-headed elasmosaur Hydrotherosaurus
(letter D, far right, Fig. 4) and the short-
necked, large-headed pliosauromorphs (letter
B and white box, far left, Fig. 4). The area be-
tween these end members contains the genus
Plesiosaurus, as well as other primitive, Early
Jurassic taxa. In addition, body shape varies in
unexpected ways, as shown by PC III. Another
trend apparent in Figure 4 is segregation
along PC III, which records the size of the pel-
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FIGURE 3. Principal component scores of plesiosaur specimens plotted on PC II and PC III. Variable loadings and
component eigenvalues are listed in Table 2.

vic and pectoral girdles relative to the limbs
and head. Genera such as Cryptoclidus, Triclei-
dus, and their relatives have large girdles and
short limbs, whereas intermediate taxa of two
clades (the pliosaurids and rhomaleosaurids)
have much smaller girdles and longer limbs.
Body shape evolution of plesiosaurs as a clade

is therefore both more continuous and more
complex than the traditional dichotomous
view.

The most striking trend shown in the ple-
siosaur morphospace is the polyphyletic der-
ivation of body types. Pliosauromorph genera
traditionally classified as pliosauroids on the
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FIGURE 4. Principal component scores of plesiosaur taxa on PC II and PC III. Scores for taxa represented by multiple
specimens are averaged, and juveniles are removed. Clade topology from Figure 2 is mapped onto the plane; lo-
cation of nodes does not represent ancestral values. White box to the left indicates taxa classified as pliosaurs by
earlier workers. Open symbols are stem taxa, to which the topologies of the plesiosauroid and pliosauroid subclades
are rooted. The four body schematics around the plot illustrate overall body form in four areas of the morphospace,
as indicated by letter. The schematics are scaled to the same overall size and represent the following taxa: Tricleidus
(A), Peloneustes (B), Hauffiosaurus (C), and Hydrotherosaurus (D).

basis of body proportion (white box, Fig. 4)
derive independently within three different
clades. The movement of ancestral lineages
through the morphospace is also evident.
Both the rhomaleosaurid and pliosaurid plio-
sauromorphs have sister groups plotting neg-
atively on PC III (Fig. 4). The trunks of both
subclades move away from the ancestral po-
sition (shown by the stem taxa Thalassiodracon
and Eurycleidus), down through the negative
portion of PC III, and then back to near zero
on that axis. The plesiosauroids, however, fol-
low a different path. The trunk of that sub-

clade moves from plesiomorphic (shown by
Plesiosaurus) up into the positive region of PC
III before returning to near zero. All three sub-
clades move to the left on PC II over their re-
spective histories. An analogy between the
plesiosaur morphospace and an adaptive
landscape in the sense of Wright (1932) can be
made. The pliosauromorph bodyplan would
then represent an adaptive peak, and the clad-
ogram topology would trace the paths of lin-
eages as they climbed this peak. It might seem
strange that ancestral lineages would leave the
central region of the morphospace only to re-
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turn to it later; however, this figure does not
show a significant trend of body size increase
present in all lineages. The very primitive taxa
Plesiosaurus, Thalassiodracon, and Eurycleidus
are also the three smallest plesiosaur genera
known, and more derived plesiosaurs are
much larger, so the overlap may be more ap-
parent than real. Another example of poly-
phyletic body type derivation is the genus Mu-
raenosaurus. Muraenosaurus was classified as an
elasmosaur by Andrews (1910) on the basis of
its long neck. However, Muraenosaurus is a
cryptoclidid, and the long neck and other pro-
portional features are independently derived.

The complete specimens treated here come
primarily from four Mesozoic marine Lager-
stätten. Two are of Early Jurassic age, one of
Middle to Late Jurassic age, and one of Late
Cretaceous age. The Early Jurassic is sampled
in the classic Lias deposits of England, a near-
ly continuous sequence of shallow marine sed-
iments spanning the Triassic/Jurassic bound-
ary near Street, the Hettangian and Sinemu-
rian in Lyme Regis and other localities, and
the Toarcian deposits of the Yorkshire coast
(Benton and Spencer 1995). Another Lower Ju-
rassic deposit is the Toarcian Posidonien-
Schiefer in the area of Holzmaden in southern
Germany. Hettangian and Sinemurian taxa in-
clude Thalassiodracon, Eurycleidus, plesiomor-
phic Rhomaleosaurus, and Plesiosaurus. Toar-
cian taxa include Eurycleidus and Plesiosaurus,
as well as Rhomaleosaurus. At this time no true
pliosauromorph taxa exist, and most taxa plot
near the center of the morphospace.

The Oxford and Kimmeridge Clays of Eng-
land span the later part of the Callovian
through to the end of the Kimmeridgian; how-
ever, the best fossils come from the Oxford
Clay and are Callovian to early Oxfordian in
age (Andrews 1910, 1913). The Oxford Clay
yields well-preserved material of pliosauro-
morphs from both the rhomaleosaurid and
the pliosaurid subclades, as well as Cryptocli-
dus, Tricleidus, and the long-necked Muraeno-
saurus. The Oxford Clay has produced no true
elasmosaurs.

The final marine sample is the Cretaceous
epicontinental seaway of North America,
mainly the Upper Cretaceous Pierre and Ni-
obrara Formations (Williston 1903; Welles

1962). By the Cretaceous, the center has
dropped out of the plesiosaur morphospace
distribution. Pliosauromorph taxa exist in the
form of polycotylids, as well as a few large
pliosauroids of similar age from different for-
mations (Kronosaurus and Brachauchenius). Ab-
errant and poorly known animals such as
Morturneria are present, as are the highly de-
rived and common elasmosaurs. By this time,
all intermediates between these extreme mor-
phologies have disappeared.

Because the data herein are drawn largely
from the four Lagerstätten listed above, it is
possible that each fauna is taphonomically bi-
ased. Because each Lagerstätte records a re-
stricted geographic area and each has a dif-
ferent depositional environment, the morpho-
logical patterns reported here may reflect the
sampling of different habitats rather than
trends in the group as a whole. The absence of
elasmosaurs from the Oxford Clay is a case in
point; elasmosaurs are presumed on phylo-
genetic grounds to have existed at this time,
but none occurs in the deposit. Taphonomic
bias is less likely for the Lower Jurassic sam-
ple, because the deposits are comparatively
widespread in space and time, and there is
good agreement between the Toarcian faunas
from England and from Germany. The Cre-
taceous sample is drawn from several forma-
tions of various ages and depositional envi-
ronments and is probably the best-sampled of
the three time intervals.

As stated above, the positions of nodes in
Figure 4 were not calculated with reference to
the morphospace. One method of calculating
these ancestral values might be to derive a
minimal spanning tree in the PCA morpho-
space (Marcus 1990), with the topology con-
strained to the cladogram topology. How such
a procedure would relate to present methods
of ancestral state reconstruction (see Cun-
ningham et al. 1998 and Omland 1999 for re-
views) for continuous characters is a topic of
future study.

The plesiosaur data set contains measure-
ments from two juveniles. One is Cryptoclidus,
and the other is ’’Plesiosaurus’’ macrocephalus, a
very young animal less than a meter long that
is probably referable to Thalassiodracon. Adults
of these taxa occur to the right of their re-
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spective juveniles on PC II, suggesting nega-
tive allometry in the skull of both taxa. Neg-
ative allometry in the growth of the skull has
been demonstrated in more basal sauropter-
ygians (Sander 1989; O’Keefe et al. 1999) and
is a feature of tetrapod ontogeny in general.

A correlated set of proportions evolved
three times in pliosauromorph plesiosaurs,
and it would be interesting to know why. A
relatively large head is capable of a larger
gape, so perhaps pliosauromorph taxa took
larger prey items. A large head might require
a short neck, owing to the weight of the head
and the forces generated by struggling prey,
but this statement requires more speculation.
(Also the concept of ‘‘large head’’ is an over-
generalization. Gape size is controlled by
head width, not head length, and the length of
the rostrum tends to increase relatively fast as
head size increases. Pliosauromorph taxa
therefore tend to have relatively long rostrums
combined with a relatively large gape and
large, stout teeth, indicative of large prey size.
However, some [but not all] polycotylid plio-
sauromorphs have small teeth in a head with
a long rostrum and only moderate gape, so the
inference of large prey size does not hold for
all pliosauromorphs.) A large head and short
neck are certainly correlated with convergent
adaptations of the locomotor system, however,
and these correlations may be open to further
study. In all three pliosauromorph clades, the
posterior girdle elements of each limb girdle
(e.g., the coracoid and ischium) are relatively
long compared with the elements in plesio-
sauromorph taxa. Additionally, the hindlimb
is relatively larger in pliosauromorph taxa.
Lastly, pliosauromorph taxa tend to have flip-
pers of relatively low aspect ratio (O’Keefe
2001b). What was the function of this suite of
locomotor adaptations, how did it differ from
that in plesiosauromorphs, and did these dif-
ferences arise because of difference in prey
size and hunting strategy? Answering these
questions will require good muscle recon-
structions coupled with a good model of the
plesiosaur flipper stroke, and research on
these questions is ongoing.
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läontologie, Abhandlungen 164:188–192.

Welles, S. P. 1943. Elasmosaurid plesiosaurs with description of
new material from California and Colorado. Memoirs of the
University of California 13:125–254.

———. 1952. A review of the North American Cretaceous elas-
mosaurs. University of California Publications in the Geolog-
ical Sciences 29:47–144.

———. 1962. A new species of elasmosaur from the Aptian of
Colombia and a review of the Cretaceous plesiosaurs. Uni-
versity of California Publications in the Geological Sciences
44:1–96.

Williston, S. W. 1903. North American plesiosaurs, Part 1. Field
Columbian Museum Publication (Geology) 73.

———. 1907. The skull of Brachauchenius, with observations of
the relationships of the plesiosaurs. Proceedings of the Na-
tional Museum 32(Publication 1540):477–493.

———. 1914. Water reptiles of the past and present. University
of Chicago Press, Chicago.

Wright, S. 1932. The roles of mutation, inbreeding, crossbreed-
ing, and selection in evolution. Proceedings of the Sixth In-
ternational Congress of Genetics 1:356–366.



112 F. ROBIN O’KEEFE

Appendix 1
Repositories, abbreviations, and locations of plesiosaur specimens used in this study.

Respository Abbrev. Location

1
2
3
4
5

American Museum of Natural History
The Natural History Museum
Banque de la República de Villa de Leyva
Sedgwick Museum
Sternberg Museum of Natural History

AMNH
BMNH
BRI
CAMSM
FHSM

New York
London
Bogota
Cambridge, England
Fort Hayes, Kansas

6
7
8
9

10

Institut und Museum Für Geologie und Paläontologie
Urwelt Museum Hauff
Kansas Museum of Natural History
Leicester City Museum
Manchester Museum

GPIT
Hauff
KUVP
LEICT
MAN UM

Tübingen, Germany
Holzmaden, Gemany
Lawrence, Kansas
Leicester, England
Manchester, England

11
12
13
14
15

National Museum of Wales
Oxford University Museum of Natural History
Peterborough Museum and Art Gallery
Strecker Museum, Baylor University
Staatliches Museum für Naturkunde, Stuttgart

NMW
OXFUM
PTEMG
SM
SMNS

Cardiff, Wales
Oxford
Peterborough, England
Waco, Texas
Stuttgart, Germany

16
17
18

University of California Museum of Paleontology
Yorkshire Museum
Yale-Peabody Museum

UCMP
YORYM
YPM

Berkeley, California
York, England
New Haven, Connecticut

Appendix 2
Plesiosaur morphometric data. All measurements in cm. Values in bold are imputed.

Specimen no. Taxon Skull Neck Cerv.
Scapu-

la
Cora-
coid Pubis Ischium

Humer-
us Femur

BMNH R.1339
GPIT 1754/1
PETMG R.283
BMNH R.2860
NMW 1996.g.1-.157

Attenborosaurus
Cryptoclidus
Cryptoclidus
Cryptoclidus
Cryptoclidus (juv.)

50.0
29.5
27.5
27.0
17.0

181.0
108.0

75.0
99.0
67.0

32.0
31.0
28.0
31.0
30.0

22.0
22.0
21.0
21.0
13.5

35.0
38.0
33.0
31.0
20.0

23.0
28.0
27.0
25.0
16.0

26.5
28.0
25.0
19.0
11.5

38.0
32.0
33.0
28.0
19.0

38.0
33.0
27.5
25.5
19.5

FHSM VP404
KUVP 1300
SMNS 16812
Hauff uncat.
UCMP 33912

Dolichorhynchops
Dolichorhynchops
Eurycleidus
Hauffiosaurus
Hydrotherosaurus

51.0
56.0
14.8
43.0
33.0

70.0
71.0
86.5
93.0

445.0

20.0
20.0
38.0
31.0
59.0

26.0
18.5

7.9
11.5
41.0

43.0
31.0
14.6
26.0
48.0

29.5
26.5
10.6
17.5
36.0

40.0
28.0

9.8
13.0
31.0

34.5
25.5
15.4
32.0
39.0

34.0
27.5
15.5
34.5
36.0

BRI uncat.
GPIT 1754/2
BMNH R.5488
MAN UM LL 8004
YORYM G502
CAMSM J35182

Kronosaurus
Liopleurodon
Unknown
Macroplata
Microcleidus
Microcleidus

214.0
93.0
60.0
42.0
28.0
22.0

130.0
103.5
115.0
164.0
231.0
174.0

12.0
21.0
27.0
31.0
40.0
41.0

63.0
44.5
22.0
20.0
22.0
22.0

103.0
58.0
37.0
25.6
35.0
35.0

92.0
60.5
29.5
22.0
24.0
24.0

103.0
63.5
33.0
14.0
21.5
22.0

80.0
39.5
32.5
36.5
32.0
32.0

98.0
52.3
34.5
33.0
32.5
31.0

LEICS G18.1996
BMNH R.2863
SMNS 51143
Hauff 2
GPIT 477/1/1
OXFUM J10304

Muraenosaurus
Muraenosaurus
P. brachypterygius
P. brachypterygius
P. brachypterygius
P. dolichodeirus

18.5
21.0
18.0
16.0
18.0
18.5

151.0
195.0
132.0
117.0
121.0
136.0

39.0
40.0
36.0
36.0
35.0
36.0

18.0
27.0
14.5
13.0
13.0
12.0

34.5
34.5
20.8
18.0
19.5
22.0

21.5
27.0
13.5
13.0
12.5
14.5

21.5
20.0
11.5

9.0
14.5
10.5

27.0
30.5
22.8
20.0
21.7
22.0

24.5
29.5
22.5
19.5
19.5
20.0

BMNH 22656
SMNS 51015
BMNH R 1336
GPIT 1754/3
BMNH R.3318
YPM 1125

P. dolichodeirus
P. guilelmiimp.
P. macrocephalus
Peloneustes
Peloneustes
Polycotylus

19.5
20.5
22.5
68.5
61.0
62.0

115.0
119.0

49.0
78.5
70.0

112.0

37.0
32.0
27.0
19.0
19.0
24.0

10.0
12.0

7.0
26.0
22.5
28.0

20.5
25.5
12.0
49.0
37.0
44.0

13.5
17.0

7.5
49.5
33.0
39.0

11.5
12.0

6.0
48.5
37.0
63.0

18.5
27.9
10.2
39.5
33.5
42.0

18.5
26.7
12.5
43.5
40.0
47.0

BMNH R. 34
LEICS G221.1851
SMNS 12478
BMNH R.3319

R. cramptoni
R. megacephalus
R. victor
Simolestes

99.0
65.0
41.5
84.0

174.0
138.0

81.4
134.0

28.0
27.0
28.0
21.0

28.0
26.0
18.5
37.0

42.0
41.0
29.5
51.0

28.0
25.0
20.5
58.0

21.0
28.0
21.0
61.0

51.0
35.5
43.5
44.0

51.0
40.0
38.5
50.5

BMNH 2018
BMNH 2020
BMNH R.3539
SM 3025

Thalassiodracon
Thalassiodracon
Tricleidus
Trinacromerum

15.0
17.0
26.0
83.0

60.0
61.5
85.0

107.0

30.0
30.0
27.0
19.0

9.0
9.5

21.0
26.0

12.0
13.0
33.5
57.0

9.5
12.0
28.0
40.0

10.0
12.0
25.0
46.0

14.5
15.0
21.0
40.0

14.0
15.0
21.0
43.0


