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Abstract:
examined using geometric morphometric techniques in

Skull shape variation in thalattosuchians is

order to delineate species, especially with respect to the
classification of Callovian species, and to explore patterns
of disparity during their evolutionary history. The pattern
of morphological diversity in thalattosuchian skulls was
found to be very similar to modern crocodilians: the main
sources of variation are the length and the width of the
snout, but these broad changes are correlated with size of
supratemporal fenestra and frontal bone, length of the
nasal bone, size of the orbit and premaxilla and position
of the narial opening. Patterns of shape variation, in com-
bination with discrete-state morphology and stratigraphic
and geographic range data were used to distinguish nine
species of teleosaurid and 14 species of metriorhynchid,
with the four currently recognized Callovian species being
split into eight. Metriorhynchids were found to be more
disparate from the average shape of morphospace than
teleosaurids. However, short-snouted metriorhynchids and
long-snouted teleosaurids showed the greatest amount of

disparity with respect to snout morphotypes, indicating
that each group tended to explore opposite areas of
morphospace. Phylogeny was found to have a moderate
influence on the pattern of morphospace occupation in
metriorhynchids, but little effect in teleosaurids suggesting
that other factors or constraints control the pattern of
skull shape variation in thalattosuchians. A comparison of
thalattosuchians with dyrosaur/pholidosaurids shows that
thalattosuchians have a unique skull morphology, implying
that there are multiple ways to construct a ‘long snout’.
Moreover, the skull geometry of the problematic species
Pelagosaurus typus was found to converge on the teleosau-
rid area of morphospace. Finally, the temporal distribution
of thalattosuchian species and morphotypes demonstrate a
clear and highly correlated relationship with sea level
curves and mass extinction events through the Jurassic and
the Early Cretaceous.
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As with crown-group crocodilians (Pierce et al. 2006,
2008; Pierce 2007), there is a long tradition of separat-
ing thalattosuchians, a clade of marine-adapted Jurassic
crocodylomorphs, into two broad groups based on the
relative proportions of rostral length and width (e.g.
Andrews 1913; Wenz 1968; Young 2006). Species have
been considered either longirostrine (i.e. long, narrow-
snouted forms) or brevirostrine (i.e. short, broad-
snouted forms). This artificial assignment of species and
specimens has resulted in a complex, unrealistic taxon-
omy and ambiguous notions about evolutionary rela-

Victorian taxonomic philosophies, which left little room
for individual variation in species, are mainly to blame
for this taxonomic confusion (e.g. Bronn 1841; Miinster
1843; Wagner 1850). However, the lack of communica-
tion between early marine crocodile workers also
compounded the problem. Although many subsequent
authors recognized that far too many species were
named, all previous efforts to unravel the alpha-level
taxonomy (e.g. Vignaud 1995) failed to provide a
comprehensive and convincing resolution. Thalattosu-
chian taxonomy, therefore, remains uncertain, leaving

tionships. Dozens of species have been described within the nature and extent of this dramatic radiation
a broad array of genera (see Steel 1973 for review). unclear.
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The classification of Callovian thalattosuchians exhibits
the most confusion and has commanded the most atten-
tion (e.g. Andrews 1909, 1913; Deslongchamps 1863—
1869). This Jurassic stage has been a primary focus of
systematists as it provides abundant and well-preserved
thalattosuchian remains (Bardet 1994). Past attempts to
rework the classification system failed to provide convinc-
ing alternatives, and usually exacerbated the situation by
adding new species to the already extensive taxonomic list
(e.g. Phizackerley 1951; Wenz 1968). More recently,
Adams-Tresman (1987a, b) endeavoured to quantify the
number of Callovian thalattosuchian species by employing
‘traditional’ morphometric techniques. To assess species
differences, she used a variety of linear measurements
taken across the dorsal surface of the skull and analysed
their interrelationships using bivariate plots and principal
coordinate analyses. The cranial dimensions could only
distinguish two species of teleosaurid and two species of
metriorhynchid: Steneosaurus leedsi and Metriorhynchus
superciliosus were considered longirostrine forms, whereas
Steneosaurus durobrivensis and Metriorhynchus brachyrhyn-
chus were considered brevirostrine forms. Consequently,
Adams-Tresman was able to create a more manageable
taxonomic system by reducing the total number of Callo-
vian teleosaurid species from eight to two and metri-
orhynchid species from nine to two. However, linear
measurement-based techniques are not without problems,
which may lead to misleading or incomplete results.

‘Traditional’ morphometrics uses a set of linear dimen-
sions (e.g. length, depth, width) to describe the form of
an object, but such data are not ideal when trying to
quantify shape differences. For instance, measurements
may overlap or run in similar directions, which could
over-represent shape changes in a particular region of the
skull in the data set (Zelditch et al. 2004). An examina-
tion of Adams-Tresman’s (1987a, b) cranial characters
shows that measurements do indeed overlap and, thus,
her results could be underestimating or overestimating
the relationship between length and width of the skull
and its utility for delineating thalattosuchian species. In
addition, the measurements used in linear morphometrics
are frequently highly correlated with size and, therefore,
rarely identify size-independent shape variation (Zelditch
et al. 2004). As one of the most important shape changes
in thalattosuchians is related to a shift from brevirostrine
to longirostrine skull morphologies, failure to differentiate
allometric shape differences from size-independent differ-
ences may potentially underestimate species numbers.

The present study re-examines thalattosuchian taxon-
omy using landmark-based geometric morphometrics,
which allows one to capture and analyse morphological
information in terms of size-independent shape variation
(Bookstein 1991). In addition to dealing with the problem
of size, geometric morphometrics also provides a much

more precise picture of shape differences amongst speci-
mens than can be achieved using linear measurements. As
thalattosuchian species have been spuriously diagnosed by
proportional differences of the skull, applying the method
of landmark-based geometric morphometrics will provide
a unique look at thalattosuchian morphology. Species
from all geological ages and geographical locations in
which thalattosuchians occur will be analysed in order to
quantify and explore the full extent of shape variation
present within the Thalattosuchia and to evaluate Adams-
Tresman’s (1987a, b) delineation of Callovian species.

The specific objectives of this study are to (1) charac-
terize the main pattern of shape variation in the skull
roof of the Teleosauridae and the Metriorhynchidae the
two main clades of Thalattosuchia; (2) determine the
number of valid teleosaurid and metriorhynchid species
and examine their distribution within morphospace; (3)
explore the relationship between skull shape and phylog-
eny; (4) compare morphospace occupation between the
Teleosauridae, the Metriorhynchidae, and other longiros-
trine ‘mesosuchian’ fossils groups (i.e. dyrosaur/pholido-
saurids); (5) determine how each family and skull shape
contribute to total morphological disparity; and (6) evalu-
ate changes in the occupation of morphospace through
thalattosuchian history.

MATERIALS AND METHODS
Shape variation

Specimens. A total of 31 teleosaurid (including Pelagosau-
rus typus), 35 metriorhynchid and five dyrosaur/pholido-
saurid specimens were used in this study (Appendix). For
ease of comparison amongst longirostrine species, dyro-
saurs and pholidosaurids were united into one group
even although this grouping is nonmonophyletic. The
data set is composed of fossilized osteological specimens,
as well as published photographs and drawings of recon-
structed skulls. Reconstructions have been checked against
original specimens when possible or compared to pub-
lished photographs if available. Specimen selection was
based on overall completeness of the skull and degree of
taphonomic distortion, with the aim to maximize taxon
sampling and to minimize missing data points and pre-
servational artefacts. Skulls were photographed in dorsal
aspect along the horizontal plane or scanned in dorsal
aspect, and a scale was included to record the size of each
specimen.

Landmarks. Shape variation in the dorsal surface of the
skull was quantified using two-dimensional (2D) land-
mark-based geometric morphometrics. The total number
of included landmarks varied with respect to three
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separate analyses: (1) Teleosaurid Morphospace: 57 land-
marks, with 52 bilaterally symmetrical landmarks and
seven located along the midline of the skull; (2) Metri-
orhynchid Morphospace: 55 landmarks, with 48 bilaterally
symmetrical landmarks and seven located along the mid-
line of the skull; (3) Longirostrine Morphospace (includ-
ing all thalattosuchians and dyrosaur/pholidosaurids): 55
landmarks, with 48 bilaterally symmetrical landmarks and
seven located along the midline of the skull. The reduced
set of landmarks for the Metriorhynchidae, when com-
pared to the Teleosauridae, was necessary because of the
vertical orientation of the lateral orbital margin in the
former clade, which obscures the lacrimal and the jugal in
dorsal aspect. To avoid inflating degrees of freedom in
the statistical analyses and to reduce the amount of miss-
ing data, symmetric landmarks from one side of each
specimen were reflected onto the other, and the average
position for each pair of landmarks was calculated using
BigFix6 (Sheets 2001a). Subsequent analyses were carried

out on these ‘half specimens. The anatomical relation-
ships of landmarks and their descriptions can be seen in
Text-fig. 1 and Table 1. All landmarks were digitized
using TpsDig 2.04 (Rohlf 2005) and were of either Type 1
(e.g. intersection point of three bones) or Type 2 (e.g.
extreme end point or curvature of bone) as stated by
Bookstein (1991).

Superimposition. Landmark coordinates were superim-
posed using the generalized least squares, or Procrustes,
method (Rohlf 1990) in the programme CoordGen 6f
(Sheets 2001b) to remove the effects of position, orienta-
tion and scale from the data sets. A comparison of the
Euclidean distances between all pairs of aligned and scaled
specimens in the plane tangent to shape space and Pro-
crustes distances between all pairs of specimens in Kendall
shape space was conducted using TpsSmall 1.20 (Rohlf
2003a). The correlations were extremely high for all anal-
yses (r > 0.99999), indicating that the area of shape space

TEXT-FIG. 1. Landmarks used in this analysis. A, Teleosauridae. B, Metriorhynchidae. For a description of landmarks see Table 1.
Landmark coordinates for Longirostrine morphospace correspond to landmarks 1-31 in both teleosaurids and metriorhynchids.
Abbreviations: f, frontal; j, jugal; 1, lacrimal; m, maxilla; n, nasal; oc, occipital; p, parietal; pf, prefrontal; pm, premaxilla; po,
postorbital; q, quadrate and sq, squamosal. Drawings modified from Adams-Tresman (19874, b).
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TABLE 1. Description of landmarks used in this study.

Landmark# Anatomical position Landmark# Anatomical position
T1; M1 Anterior most position of snout at suture T17; (M17) Suture between maxilla and jugal along lateral
between left and right premaxilla margin (or maximum width of orbit)
T2; M2 Anterior most position of external nares at T18; M18 Suture between frontal, postorbital and orbit
suture between left and right premaxilla
T3; M3 Posterior most position of external nares at T19; M19 Suture between frontal, postorbital and
suture between left and right premaxilla supratemporal fenestra
T4; M4 Suture between premaxilla and maxilla along T20; M20 Extreme anteromedial edge of supratemporal
dorsal surface fenestra along frontal
T5; M5 Suture between nasal and maxilla along midline T21; M21 Suture between frontal and parietal along
dorsal surface
T6; M6 Suture between nasal and frontal along T22; M22 Suture between postorbital and squamosal
midline along lateral margin
T7; M7 Posterior tip of occipital condyle in dorsal view T23; M23 Suture between postorbital and squamosal
along supratemporal fenestra
T8; M8 Maximum curvature of external naris along T24; M24 Extreme curvature of squamosal along
lateral edge posterior edge
T9; M9 Landmark #8 extended to the lateral margin of T25; M25 Extreme curvature of squamosal along medial
premaxilla edge
T10; M10 Suture between premaxilla and maxilla along T26; T26 Suture between squamosal and parietal along
lateral margin posterior edge
T11; M11 Landmark #5 extended to lateral margin of T27; M27 Suture between squamosal and parietal along
maxilla medial edge
T12; (M12) Suture between nasal, lacrimal and maxilla T28; M28 Extreme posteromedial edge of supratemporal
(or nasal and maxilla on lateral margin) fenestra along parietal
T13; (M13) Suture between nasal, prefrontal and lacrimal T29; M29 Extreme curvature of lateral quadrate condyle
(or nasal and prefrontal along lateral margin)
T14; M14 Suture between nasal, prefrontal and frontal T30; M30 Extreme curvature of medial quadrate condyle
T15; M15 Suture between prefrontal, frontal and orbit T31; M31 Contact between occipital condyle and parietal
in dorsal view
T16; (M16) Suture between prefrontal, lacrimal and orbit T32 Suture between lacrimal and maxilla along

(or lateral tip of prefrontal)

orbit

T indicates landmark position in the teleosaurid skull and M indicates landmark position in the metriorhynchid skull. Landmarks for

Longirostrine morphospace correspond to landmarks 1-31.

inhabited by the specimens is small enough that projec-
tion into the tangent plane for ease of statistical analysis
does not introduce distortion.

Principal components analysis. To assess morphospace
occupation and shape variation qualitatively, the data sets
were subjected to a principal components analysis (PCA)
using Morphologika (O’Higgins and Jones 2006). Axes
that captured the most useful information about shape
variation were selected by plotting eigenvalues, or per-
centages of total variance, against ordinal number of prin-
cipal components (i.e. a scree plot) and finding the
inflection point (‘broken stick method’). This was further
confirmed by performing a y* statistic based on the likeli-
hood-ratio criterion (see Zelditch et al. 2004).

Size. Because the data set includes specimens of different
sizes, it is possible that allometric shape differences exist

amongst specimens of each species. The presence of such
variation in the data could make comparisons between
species more difficult. Therefore, it was necessary to
investigate the relationship between size and shape in the
data set to ensure that differences in size were not the
primary factor controlling shape. The relationship was
quantified for the teleosaurids and metriorhynchids by
regressing Procrustes distances from the reference form
(mean of the smallest three specimens in the data set) on
the natural logarithm of centroid size. A multivariate
regression of partial warp and uniform component scores
vs. log centroid size was not possible because of low sam-
ple sizes relative to the number of landmarks. To assess
the effects of size on longirostrine skull shapes, a multi-
variate regression of the partial warp and uniform com-
ponent scores against log centroid size was conducted
using the consensus form of all specimens as the reference
specimen. In addition to this, the scores of the specimens
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along significant PC axes, for all analyses, were regressed
on log centroid size to check whether shape differences
described by PC axes were correlated with size. The
regressions were run in Regress6K (Sheets 2003b), Tps-
Regr 1.28 (Rohlf 2003b) and Systat version 12.

Species delineation

To determine the number of morphologically distinct
species, a variety of methods were employed. First, pair-
wise significance tests using Goodall’s F statistic were con-
ducted on the morphometric data for species that are
represented by two or more specimens in the data set to
determine if their mean shapes were significantly different
from each other, given the range of variation within each
species. This initial step permits confirmation of currently
recognized taxa and provides a basis to group or separate
the remaining species. Second, a cluster analysis using
Euclidean partial Procrustes distances was conducted on
all specimens in order to recover groups of specimens,
and pair-wise significance tests were then run on the
mean shapes of all these broader groupings. These ‘clus-
ter’ groups were also compared to the species defined in
the first step, as well as geological age, geographical
occurrence and anatomical descriptions. Finally, a new
plot of species groupings was mapped onto morphospace
to highlight synonyms and the total number of species
delineated in the analysis. The pair-wise significance tests
were conducted using TwoGroup 6h (Sheets 2000), and
the cluster analysis was performed using Past version 1.59
(Hammer et al. 2001).

Phylogenetic correlation

In order to assess the correspondence between skull mor-
phology and our current understanding of thalattosuchian
phylogeny, a species-level cladogram was superimposed
onto the PC plots using the following protocol (also see
Pierce 2007; Pierce et al. 2008). First, the x and y coordi-
nates of the average specimen for each species were calcu-
lated and plotted onto morphospace. Next, the x and y
coordinates of each internal node within the preferred
phylogeny were determined using the squared-change
parsimony reconstruction method in Mesquite v 1.06
(Maddison and Maddison 2006), and the corresponding
point was then plotted onto the same graph. The values
of the internal nodes represent the maximum-likelihood
estimate of the ancestral states under a Brownian motion
model of evolution and provide a standardized method
for drawing the phylogeny onto the morphospace plot.
Finally, the internal nodes were connected to each other
and their corresponding terminal points using straight

lines (for an alternative see O’Keefe 2002; Stayton 2005,
2006).

In addition, to statistically address the issue of associa-
tion between skull shape and phylogeny, a comparison of
morphological and phylogenetic distances amongst taxa
was performed using the Mantel test (Mantel 1967). The
morphological distance matrix consisted of partial Pro-
crustes distances measured between the mean shapes of
the taxa of interest. The phylogenetic distance was calcu-
lated using the character distance method, which takes
into account of the lengths of the branches that link two
nodes in a tree. The phylogenetic distance matrix is based
on the morphological matrices of Mueller-Téwe (2006)
for the Teleosauridae and Young (2006) for the Metri-
orhynchidae. The character matrices were adjusted (or
pruned) to reflect the species used in the geometric mor-
phometric analysis, and the synonyms created during spe-
cies delineation. The correlation was subjected to 5000
random permutations in order to measure its significance.
Partial Procrustes distances were calculated using Two-
Group 6h (Sheets 2000), and the Mantel tests were com-
puted using Past version 1.59 (Hammer et al. 2001). A
possible concern when using this approach is that it
might overestimate the correlation between phylogeny
and skull shape if the phylogenetic data matrix includes
characters that capture some shape information, particu-
larly if the phylogenetic analysis relies heavily on such
characters. However, close inspection of the character
matrices of Muller-Towe and Young shows that their data
are dominated by nonshape-related cranial and postcra-
nial morphological features and, therefore, this concern
should not be a fundamental problem in the current
study.

Morphological disparity

In addition to the preceding analyses, it was also of inter-
est to examine whether different taxonomic groups or
shape categories within thalattosuchian morphospace dis-
play similar amounts of shape variation or disparity. For
example, do the Teleosauridae display significantly more
or less shape disparity than the Metriorhynchidae? Simi-
larly, do long-snouted and/or short-snouted teleosaurid
species display significantly more or less shape disparity
than long-snouted and/or short-snouted metriorhynchid
species? To answer these questions, specimens were
grouped into families and snout morphotypes and then
examined to see how each subgroup contributed to the
total morphological disparity exhibited by the data set.
Disparity was measured by summing the squared Pro-
crustes distance between the mean shape of each sub-
group and the grand mean shape of all subgroups in the
data set (Zelditch et al. 2003, 2004). This technique is
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used to assess how disparate the mean shape of each sub-
group is from the grand mean shape of morphospace,
rather than determining the degree of disparity or varia-
tion within a particular subgroup (Foote 1993). To assess
whether the partial disparities of each subgroup were sig-
nificantly different, a series of pair-wise comparisons were
made using two-sample t-tests (Zelditch et al. 2004). Dis-
parity calculations were carried out in DisparityBox 6h
(Sheets 2006) and significance tests in TBox (Sheets
2003a).

Morphospace occupation through time

To evaluate temporal patterns of morphospace occupa-
tion, all 66 thalattosuchian specimens were grouped by
age and plotted in morphospace. The following chrono-
logical groupings were used: (1) Lower Jurassic, which
includes the Hettangian, the Sinemurian and the
Pliensbachian, (2) Toarcian, (3) Aalenian/Bajocian, (4)
Bathonian, (5) Callovian, (6) Oxfordian, (7) Kimmerid-
gian, (8) Tithonian and (9) Berriasian. The stages in the
Lower Jurassic and the Aalenian/Bajocian were combined
because of the lack of specimens from these time periods.
In addition, the Berriasian was taken as the final stage as
no specimens from this analysis are found in later stages
of the Lower Cretaceous, despite the fact that some tha-
lattosuchians persisted after this time. Because only spe-
cies/specimens included in the geometric morphometric
analysis were plotted, the total morphological variation at
certain time periods might be underestimated. However,
this is not a limitation for the purposes of investigating
broad patterns of morphospace occupation through time,
as the sample is representative of thalattosuchian diver-
sity, and no taxa showing extreme morphologies were
excluded from the analysis.

RESULTS
Teleosaurid morphospace

Shape variation. The PCA reveals that the majority of
the variance in the data set is captured by the first two
PC axes, with over 80 per cent of the variance explained
(Text-fig. 2). PC1 is the dominant PC axis, describing
66.5 per cent of the total variance, whereas PC2 only
describes 14.5 per cent. As PC1 and PC2 capture signifi-
cantly more variance than any of the other axes, variation
along these axes will be the focus of the remainder of the
study. The regression of Procrustes distance on log cen-
troid size shows a significant correlation between shape
and size (r = 0.4845; p = 0.002). In addition, a regression
of the first two PC scores on log centroid size reveals that

shape variation described by PC1 is not significantly
related to size (¥ = 0.078; p = 0.127), but that of PC2 is
significantly related to size (> = 0.120; p = 0.038). This
implies that the patterns described by PC1 are not the
result of differences in size amongst the specimens and,
therefore, can be used to assess morphospace occupation.
However, it also shows that much of the variation along
PC2 is related to potential allometric differences. This is
not surprising considering some ‘species’ in morphospace
contain specimens of varying sizes, particularly Steneosau-
rus bollensis (see below).

The first PC axis describes variation in the length of
the snout (especially the length of the maxillae), as well
as the size of the supratemporal fenestrae, and the size of
the frontal bone (Text-fig. 2). In contrast, the second PC
describes variation in width of the snout, length of the
nasal bones, width of the premaxilla lateral to the narial
opening and size of the orbits (Text-fig. 2). As such, PC1
mainly discriminates short and long-snouted mor-
photypes, whereas PC2 discriminates broad and narrow-
snouted morphotypes. The scatter plot demonstrates
that teleosaurids fall within all four quadrants of mor-
phospace, but that the morphospace is not uniformly
occupied. For example, specimens along PCl positive
(long-snouted morphotypes) occupy the full range of
PC2, whereas specimens along PC1 negative (short-
snouted morphotypes) are much more restricted along
PC2. Thus, not all possible morphospace is utilized.

Species delineation. Only four defined species were repre-
sented by two or more specimens: Pelagosaurus typus,
Steneosaurus bollensis, Steneosaurus durobrivensis and
Steneosaurus meretrix. Pair-wise significance tests con-
ducted on the mean shape of each species (Table 2) found
all four species to be significantly different from each other.

The cluster analysis (Text-fig. 3) and associated pair-
wise significance tests (Table 3) recovered two broad
groups within morphospace, Group A or short-snouted
morphotypes and Group B or long-snouted morphotypes.
The pattern of shape relationships within the short-
snouted forms is more straightforward than within the
long-snouted forms. Specimen clusters in Group A con-
form nicely to anatomical descriptions and geological
occurrence, whereas specimen clusters in Group B show
some discrepancies (see below).

Within Group A (Text-fig. 3) there are two main clus-
ters, A.1 and A.2, which are significantly different from
each other (Table 3). Cluster A.2 differs from A.1 in hav-
ing specimens with shorter snouts and larger supratempo-
ral fenestrae. These two clusters contain the species
Steneosaurus meretrix (A.1) and Steneosaurus durobrivensis
(A.2), which were found to have significantly different
mean shapes (Table 3). Cluster A.1 is composed of Ste-
neosaurus brevior from the Toarcian of England, S. mere-
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TEXT-FIG. 2. Teleosaurid Morphospace. Principal components 1 and 2 with all 31 specimens. Extreme shapes for each axis are
shown. Deformation grids indicate the shape change necessary to transform the mean shape into an extreme shape.

trix from the Bathonian of England and Steneosaurus
depressus and Steneosaurus heberti from the Callovian of
England and France, respectively. Steneosaurus brevior
is here considered to be a separate taxon based on its
Toarcian occurrence, its position in morphospace (i.e.
shorter/broader snout and larger supratemporal fenestrae;
Text-fig. 2) and unique anatomical characteristics includ-
ing large, rectangular supratemporal fenestra, small
rounded orbits, large mandibular fenestrae and large,
well-defined antorbital fenestrae (Westphal 1961, 1962;
Muller-Téwe, SEP, pers. obs.). As the remaining three
species are interspersed, especially with respect to the
shape range of S. meretrix, they are not considered dis-
tinct, and instead are referred to the species S. heberti (as
this name holds priority).

The cluster of specimens composing the species Steneo-
saurus heberti (Text-fig. 4) to the exclusion of Steneosau-
rus brevior is supported by anatomical details of the teeth.
As well as having a very similar skull geometry (Text-

figs 2, 4), Vignaud (1997) recognized a similar tooth
structure (Type Bl) in S. heberti and Steneosaurus mere-
trix. The teeth are more pointed relative to those of
Machimosaurus, but have a similar arrangement of longi-
tudinal canals. Unfortunately, the exact details of the
teeth in Steneosaurus depressus could not be confirmed. In
contrast, the tooth form of S. brevior is a stout version of
that identified in S. bollensis: apically recurved with a
pointed apex, very fine vertical striations and a single
smooth carina running down the posterior edge. In addi-
tion to tooth form and overall shape, S. brevior differs
from S. heberti in having a large, well-defined antorbital
fenestra (Mueller-Towe 2006).

In the past, similarities have been noted between
Steneosaurus brevior and Steneosaurus bollensis. Westphal
(1961), in his overview of Lias teleosaurids, found the
absolute size of S. brevior corresponded to that of S. bollen-
sis and suggested that the former species may be a
transitional form of the latter. Steel (1973) synonymized
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TABLE 2. Pair-wise comparisons of the mean shape of each
teleosaurid species represented by more than two specimens in
the data set.

Group pair Goodall’s  p-value  Partial
F-value Procrustes
distance
between
means
P. typus/S. bollensis 3.81 <0.0001  0.0636
P. typus/S. durobrivensis 31.96 <0.0001  0.1728
P. typus/S. meretrix 10.47 <0.0001  0.1126
S. bollensis/S. durobrivensis ~ 10.04 <0.0001  0.1456
S. bollensis/S. meretrix 2.41 <0.0001  0.0779
S. durobrivensis/S. meretrix ~ 2.28 <0.0001  0.0749

Significance judged using a Bonferroni-corrected o level of
0.008. Significant differences are indicated in bold. P, Pelago-
saurus; S, Steneosaurus.

S. brevior, S. bollensis and Steneosaurus gracilirostris as well,
presumably attributing all morphological differences
(specifically length of snout) to phenotypic variation
and variable preservation. However, the distribution of
S. brevior, S. bollensis and S. gracilirostris in morphospace
(Text-figs 2, 4) shows that all three species occupy very
distinct regions. In a further account of Toarcian
teleosaurids from the Yorkshire coast, Walkden et al
(1987) suggested that S. brevior was a possible synonym of
S. bollensis as a new specimen showed a mixture of
anatomical characteristics found in both species. The most
recent description of Toarcian teleosaurids by Mueller-
Towe (2006) finds S. brevior to differ from S. bollensis by
size of the mandibular fenestrae, size of the antorbital
fenestrae and position of the external narial opening. In
fact, the large antorbital fenestrae and anteriorly
positioned external narial opening are more similar to
S. gracilirostris than S. bollensis. Consequently, based on
their positions in morphospace and differences in anatom-
ical characteristics, S. brevior and S. bollensis can be
considered distinct species, despite the attempts of previ-
ous authors to synonymize them.

Cluster A.2 (Text-fig. 3) is composed of Machimosaurus
mosae from the Kimmeridgian (and possibly the Titho-
nian) of France and a smaller cluster of specimens
composed of four species, Steneosaurus durobrivensis,
Steneosaurus hulkei and Steneosaurus obtusidens from the
Oxford Clay (Callovian) of England and Machimosaurus
hugii, which ranges from the Oxfordian to Tithonian(?)
of Western Europe. As the species in the smaller cluster
appear to be interspersed, especially with respect to the
shape range displayed by S. durobrivensis, they are not
considered distinct and instead are referred to M. hugii
(as this name holds priority). Although the geological
range of M. mosae overlaps with M. hugii, it is considered

to be a separate taxon based on its position in morpho-
space (i.e. shorter/broader snout and larger supra-
temporal fenestrae; Text-fig. 2).

The cluster of specimens composing the species Mach-
imosaurus hugii in this study (Text-fig. 4) is also sup-
ported by anatomical details of the teeth. The genus
Machimosaurus is defined by the presence of blunt, conical
teeth with a series of longitudinal canals (Krebs 1967;
Vignaud 1997). Andrews (1913) diagnosed Steneosaurus
obtusidens and Steneosaurus durobrivensis mainly on the
form of their teeth, which he stated were blunt and
rounded at the tips in S. obtusidens and more pointed in
S. durobrivensis. However, Andrews also noted that some
of the replacement teeth in S. durobrivensis are similar in
form to S. obtusidens and acknowledged the possibility
that the former species was based on smaller individuals
of the latter. Within this context, Adams-Tresman (1987b)
highlighted a specimen (National Museum of Wales 1996
G12a) that appeared to show tooth crowns with an inter-
mediate form between the two species. Hua et al. (1993,
1994) and Vignaud (1997) also recently acknowledged the
similarity between the tooth morphology of S. obtusidens
and Machimosaurus. In fact, Hua et al. (1993, 1994) found
that the dental and anatomical differences between S. obtu-
sidens and M. hugii can be interpreted in terms of ontoge-
netic variation and, therefore, proposed the synonymy of
the two species. The tooth form in Steneosaurus hulkei
could not be confirmed based on its fragmentary nature,
but Vignaud (1997) noted similarities to both S. obtusidens
and S. durobrivensis.

Although both Machimosaurus mosae and M. hugii are
diagnosed by their characteristic blunt teeth and overlap
stratigraphically, M. mosae has a rostrum that is shorter
and more robust (Text-figs 2, 4). Machimosaurus mosae
was described by Sauvage and Lienard (1879) on the basis
of associated cranial and postcranial remains from the
Kimmeridgian of France. Unfortunately, the type speci-
men disappeared during World War I and the paper’s
anatomical description and illustrations are ambiguous at
the best. Krebs (1967, 1968) questioned the validity of
M. mosae and proposed that the type specimen was based
on heterogeneous material (some probably mosasaurian).
Hua (1999) and Hua et al. (1993) reconsidered the taxon-
omy of the genus Machimosaurus based on a nearly com-
plete skull from the Kimmeridgian of Boulonnais
(France). Compared to M. hugii, the Boulonnais specimen
has a shorter rostrum and fewer teeth. The robust nature
of the snout, which had seemed suspicious to Krebs, con-
firmed the description presented by Sauvage and Lienard
(1879) and allowed Hua (1999) and Hua et al. (1993) to
resurrect the species M. mosae. As a result, two species
can be distinguished within the genus Machimosaurus:
M. hugii, with a long, slender rostrum and M. mosae,
with a shorter, more robust rostrum (Text-fig. 4).
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TEXT-FIG. 3. Results of cluster
analysis of teleosaurid skull shapes.
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Within Group B (Text-fig. 3) there are two main
clusters, B.1 and B.2, which are significantly different
from each other (Table 3). Cluster B.1 differs from B.2 in
having specimens with narrower, more tubular snouts.
B.1 is composed of four species: Steneosaurus bollensis
(specimen described by Mateer 1974) and Steneosaurus
gracilirostris from the Toarcian of England and Germany,
and Mycterosuchus nasutus and Steneosaurus leedsi from
the Oxford Clay (Callovian) of England. The S. bollensis
specimen (number R161 in Appendix) in cluster B.1 falls
outside the range of other S. bollensis specimens and, as
such, its status as a member of this species is questionable.
The reconstruction of this specimen is either incorrect
(i.e. the nasal bones are considerably shorter than other
S. bollensis specimens) or it is a representative of a distinct
species. Until the anatomy of this specimen can be
confirmed, it is not considered to belong to any species
cluster. Steneosaurus gracilirostris is the longest snouted
specimen in morphospace (Text-fig. 2) and occurs
outside the stratigraphic range of M. nasutus and S. leedsi.
As such, S. gracilirostris is considered to be a distinct
taxon. The remaining two taxa M. nasutus and S. leedsi,
which co-occur in the Oxford Clay, are considered to
belong to the same species, S. leedsi (as this name holds
priority).

The synonymy of Steneosaurus leedsi and Mycterosuchus
nasutus (Text-fig. 4) has been suggested in the past. The

10 30

20
Teleosaurid Cluster Analysis

distinction of the genus Mycterosuchus from Steneosaurus
by Andrews (1913) was based on three broad cranial char-
acters possessed by Mycterosuchus: (1) greatly elongated
snout, sharply marked off from the cranial region of the
skull; (2) temporal fossae relatively smaller and shorter
than in other steneosaurs and (3) slender teeth. However,
Adams-Tresman (1987b) noted that all three of these char-
acters are present in S. leedsi, and her morphometric anal-
ysis demonstrated that M. nasutus and S. leedsi have
similar skull proportions. The positions of both species in
the morphospace described in the current study (Text-
figs 2, 4) confirm that the shape of the snouts and supra-
temporal fenestrae have similar geometries. In addition,
Adams-Tresman described both species as having teeth
that are slender with sharply pointed crowns and enamel
that is sculptured into a series of very fine longitudinal
ridges. The similarity in tooth morphology was also high-
light by Vignaud (1997) who grouped both species into
the same morphotype (Type Al).

Cluster B.2 (Text-fig. 3) is composed of two smaller
clusters, B.2.1 and B.2.2, which are significantly different
from each other (Table 3). Cluster B.2.1 consists of three
Toarcian specimens, a juvenile Steneosaurus bollensis, an
unidentified teleosaurid and Mystriosaurus bollensis (speci-
men described by Antunes 1967). In the past, the M. boll-
ensis specimen has been regarded to have broad
similarities with Pelagosaurus typus and has recently been
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TABLE 3. Pair-wise comparisons of the mean shape of each
teleosaurid group recovered in the cluster analysis.

Group Goodall’s p-value Partial
pair F-value Procrustes
distance
between
means
Group A/Group B 29.34 <0.0001 0.1424
A1/A2 8.40 <0.0001 0.0990
B.1/B.2 8.21 <0.0001 0.0938
B.2.1/B.2.2 3.30 <0.0001 0.0687
B.2.1.1/B.2.1.2 7.91 <0.0001 0.0709

Significance judged using a Bonferroni-corrected o level of 0.01.
Significant differences are indicated in bold.

reassigned to P. typus [Mueller-Towe 2006; however, see
Jouve (2009) for an alternate interpretation]. The speci-
men itself is missing the anterior tip of the snout, making
the exact length of the snout unknown. If the specimen
was reconstructed with a slightly longer snout, it would

sit within the range of other P. typus specimens in mor-
phospace. Consequently, Antunes’ specimen is cautiously
assigned to P. typus until further anatomical work is con-
ducted. The remaining two specimens in cluster B.2.1 are
considered to be juvenile representatives of the species
S. bollensis.

Cluster B.2.2 (Text-fig. 3) is composed of two smaller
clusters, B.2.2.1 and B.2.2.2, which are significantly differ-
ent from each other (Table 3). These two clusters contain
the species Steneosaurus bollensis (B.2.2.1) and Pelagosau-
rus typus (B.2.2.2), which were found to have significantly
different mean shapes (Table 2). B.2.2.1 contains a variety
of specimens including Mystriosaurus bollensis, S. bollensis,
Platysuchus multicrobiculatus and three unidentified teleo-
saurids from the Toarcian, along with Steneosaurus mega-
rhinus from the Oxfordian-Kimmeridgian of England and
Germany. Platysuchus multicrobiculatus differs from other
Toarcian specimens in this cluster by occupying a some-
what divergent area of morphospace (i.e. a more negative
score on PC2 negative) and in anatomical detail. In addi-
tion, S. megarhinus can be considered distinct from all
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ontogenetic trajectory of Steneosaurus bollensis.



PIERCE ET AL.: THALATTOSUCHIAN SKULL SHAPE AND SPECIES DELINEATION 1067

other specimens in the cluster based on its geological
occurrence (and its anatomical similarities with S. leedsi;
see below). In fact, the skull shape, in association with its
age, makes this species more reminiscent of Steneosaurus
leedsi (Text-fig. 2). Consequently, S. megarhinus is here
considered to be a synonym of S. leedsi. The remaining
specimens in this cluster are grouped into the species
S. bollensis.

Platysuchus multicrobiculatus and Steneosaurus bollensis
are both Toarcian species with a very similar skull shape;
especially, with respect to snout length. However, the two
species plot in somewhat divergent areas of morphospace
(Text-figs 2, 4). The specimen attributed to P. multicrobi-
culatus is similar in size to the adult S. bollensis
specimens, but has a narrower snout, correspondingly
smaller orbits and larger supratemporal fenestrae. In addi-
tion to skull geometry, P. multicrobiculatus differs from
S. bollensis in anatomical details of the postcranial skele-
ton. Westphal (1961) created the genus Platysuchus based
on its possession of a short, heavily armoured body, small
head to body ratio and extensive ornamentation of the
cranial bones compared to Steneosaurus. The skull in Pla-
tysuchus comprises only 45 per cent of the trunk length,
as opposed to almost 60 per cent in S. bollensis. The
shortening of the body also is reflected in the tail, which
is composed of fewer caudal vertebrae (i.e. 38 as opposed
to 55 in S. bollensis). Moreover, the armour in Platysuchus
is much more extensive, running almost the entire length
of the body, and the individual osteoderms are rectangu-
lar in outline (c. 1.5 times wider than long). This con-
trasts with the genus Stemeosaurus, which has armour
extending two-thirds down the body and square osteo-
derms (Mueller-Téwe 2006; Westphal 1961).

Besides highlighting differences in the skull shapes of
the sampled species, the ontogenetic trajectory of Steneo-
saurus bollensis through morphospace also can be traced
(Text-fig. 4). Juveniles plot in the long/broad quadrant of
morphospace, about half way up PC2 positive and very
close to the mean shape along PCl. Conversely, adults
plot in the long/narrow quadrant of morphospace, one-
third along PC1 positive and PC2 negative. The morpho-
logical changes in the skull from juvenile to adult consist
of shorter — longer snout; broader — narrower snout;
longer/wider — shorter/narrower nasals; larger —
smaller orbits; more laterally placed — more dorsally
placed orbits; smaller — larger supratemporal fenestra
and shorter — longer posterior aspect of skull. These
ontogenetic changes in skull morphology contrast with
those seen in the modern gharial, the only extant species
with comparable skull morphology. Although Gavialis
gangeticus experiences a decrease in size of the orbits
and an increase in size of the supratemporal fenestrae dur-
ing growth, the snout becomes shorter and broader instead
of longer and narrower (Pierce 2007; Pierce et al. 2008).

The specific diagnosis of Steneosaurus megarhinus was
expanded by Vignaud et al. (1993) who compared the spe-
cies to long-snouted teleosaurids from the Upper Jurassic,
mainly Steneosaurus deslongchampsianus and Steneosaurus
priscus. The only differing character within these skulls is
the number of teeth: 47/43 (=upper/lower dentitions) in
S. deslongchapsianus, 35/¢ in S. megarhinus and 29/? in
S. priscus. However, Vignaud et al. (1993) failed to com-
pare the skull to long-snouted forms from the Middle
Jurassic. This is curious as skeletal remains attributed to
S. megarhinus have been recovered from Oxfordian sedi-
ments (Vignaud 1995). A comparison of the anatomical
description of S. megarhinus to the Callovian teleosaurid
Steneosaurus leedsi finds these two species to be almost
identical. The only difference is in the number and shape
of the teeth, which are fewer and more slender in S. mega-
rhinus (Vignaud 1997). According to Adams-Tresman
(1987bh), however, tooth count cannot be used as the sole
basis to recognize species. For instance, she noted an intra-
specific variation of eight teeth in Callovian steneosaurs,
and more recently, Mueller-Téwe (2006) identified a max-
imum difference of 15 teeth in the Toarcian teleosaurid
Steneosaurus gracilirostris. As tooth count cannot be used
to confidently designate species, only tooth form is consid-
ered to be a viable character. In this case, however, the
differences in tooth form between the two species could
be related to ontogeny or wear. Vignaud et al. (1993)
suggested that S. megarhinus may be considered more
juvenile as the bones are smooth and the frontal-postfron-
tal and frontal-nasal sutures are not totally closed. With
this in mind, it cannot be ruled out that S. leedsi and
S. megarhinus (and indeed other long-snouted Upper
Jurassic teleosaurid species) represent an ontogenetic series
of a single species or a chronocline (Text-fig. 4).

Finally, cluster B.2.2.2 (Text-fig. 3) is composed of the
Toarcian species Pelagosaurus typus from Western Europe
and an unidentified teleosaurid of uncertain relationships
from the Toarcian of England. Although very similar to
P. typus, the specimen has a longer snout, larger frontal
bone and smaller supratemporal fenestrae than all other
P. typus specimens. In addition, the specimen possesses
an enlarged ‘brow’ ridge (SEP, pers. obs.). Whether this
combination of cranial features is unique or an intra-
specific variant of the condition seen in other P. typus
specimens requires further investigation. As such, the
unidentified teleosaurid in cluster B.2.2.2 is here consid-
ered to be independent of P. typus.

Pelagosaurus typus is a well-defined species (Pierce and
Benton 2006). It occupies a distinct region of morpho-
space (i.e. the central area of the long/broad quadrant) as
compared to all other teleosaurids (Text-figs 2, 4). The
species is small and gracile, reaching a maximum length
of only 2 m, and the skull is extensively sculptured. The
snout is long and broad with large, laterally expanded
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nasal and prefrontal bones. The orbits are large and later-
ally oriented (some specimens have been described with
sclerotic rings), whereas the supratemporal fenestrae are
relatively small and project dorsolaterally. All of these
characteristics are in stark contrast to the anatomical fea-
tures of other long-snouted teleosaurids, which display
narrow snouts, dorsally placed orbits and expanded su-
pratemporal fenestrae.

Text-figure 4 illustrates species groupings and syn-
onyms recognized here based on the examination of
morphospace occupation, pair-wise significance tests,
cluster analysis, geological and geographical occurrence,
as well as anatomical detail. The analysis delineated nine
species: four short-snouted species and five long-snouted
species. Within the short-snouted area of morphospace
(PC1 negative), there are two machimosaur species and
two steneosaur species. Both genera occupy distinct
regions of morphospace. The machimosaurs extend
towards the extreme of PC1 negative, with Machimosau-
rus mosae plotting along the extreme limit of PC1 nega-
tive and within PC2 positive or the short/broad region of
morphospace and Machimosaurus hugii sitting more
centrally along PCl1 negative and within PC2 negative or
the short/narrow region of morphospace. The steneo-
saurs plot closer to the overall mean along PC1 negative,
with Steneosaurus brevior plotting within PC2 positive or
the short/broad region of morphospace and Steneosaurus
heberti sitting within PC2 negative or the short/narrow
region of morphospace. Conversely, within the long-
snouted area of morphospace (PC1 positive), there are
three steneosaur species, one pelagosaur species and one
Platysuchus species. The steneosaurs and pelagosaur
occupy distinct areas of morphospace, whereas Platysu-
chus occupies an area of morphospace similar to the
steneosaurs. The steneosaurs extend along the entire
length of PC1 positive and within PC2 negative (except
juvenile Steneosaurus bollensis) or the long/narrow region
of morphospace, with S. bollensis being closer to the
average, followed by Steneosaurus leedsi and finally
Steneosaurus gracilirostris that plots at the extreme of PC1
positive; the pelagosaur, Pelagosaurus typus, sits centrally
along PCl positive and towards the extreme of PC2
positive or the long/broad area of morphospace; and
finally, Platysuchus multicrobiculatus plots very close to
both S. bollensis and S. leedsi in the long/narrow region
of morphospace.

Phylogenetic correlation. The phylogeny was created by
deleting unwanted taxa from the character matrix of Mu-
eller-Towe (2006), combining synonymous species and
rooting the tree using Metriorhynchus superciliosus. The
only species that needed to be combined in the analysis
were Steneosaurus leedsi and Steneosaurus megarhinus. Out
of 189 characters in the data set, these two species dif-

fered in the coding of three characters, which were treated
as polymorphisms in the current analysis. One species in
the present data set, Machimosaurus mosae, was not
included in the analysis as it was not coded into the ori-
ginal character matrix. A branch-and-bound parsimony
search found two equally parsimonious trees with 115
steps, and only 31 out of 189 characters were parsimony
informative (C.I. excluding uninformative = 0.6207). The
consensus tree is illustrated in Text-figure 5, and shows
an interleaving of long-short-long-snouted species as suc-
cessive outgroups. A clade consisting of the steneosaurs
(to the exclusion of S. leedsi) was recovered. This steneo-
saur clade is separated into two smaller clades, each con-
taining one long-snouted and one short-snouted species
[(Steneosaurus bollensis, Steneosaurus heberti) (Steneosau-
rus gracilirostris, Steneosaurus brevior)]. Pelagosaurus typus
was found to be the most basal teleosaurid and Machimo-
saurus hugii, an extreme short-snouted species that first
appears in the Oxfordian, sits between the long-snouted
Toarcian species P. typus and the clade formed by
Platysuchus and steneosaurs.

This phylogeny is slightly inconsistent with that figured
in Mueller-Towe (2006). For example, she defined a clade
composing Steneosaurus leedsi and Steneosaurus heberti to
the exclusion of other teleosaurids and found Platysuchus
multicrobiculatus to sit in a more basal position. However,
when the complete original character matrix of Mueller-
Towe (2006) was examined, her results could not be
replicated. In fact, the analysis derived a fully unresolved
consensus tree with a different number of equally parsi-
monious trees and a different tree length. As such, the
phylogenetic  relationships within the Teleosauridae
remain uncertain, as does the monophyly of the clade,
which was not explicitly tested by Mueller-Téwe (2006)
or other authors [see Jouve (2009) who demonstrates that
choice of outgroup affects the monophyly of teleo-
saurids]. Projecting the resolved species-level phylogeny
of the Teleosauridae from this study onto morphospace
(Text-fig. 5) shows multiple intersections of branches.
This pattern stems from the fact that long and short-
snouted morphotypes are interspersed within the clado-
gram — long and short-snouted species appear to be
related in a complex way and do not form simple clades
encompassing only one morphotype. The Mantel test
using the character distance method found a very weak,
nonsignificant correlation (r = 0.05278, p = 0.38). There-
fore, it appears that within the Teleosauridae, skull shape
is not strongly related to currently available phylogenies.

Metriorhynchid morphospace

Shape variation. The PCA reveals that the majority of the
variance in the data set is captured by the first two PC



PIERCE ET AL.: THALATTOSUCHIAN SKULL SHAPE AND SPECIES DELINEATION 1069

1)
=
Q R
2 3 =
S 3 2 8
S ., . 8§ 5 ' 2 5 &
= S S Q =
£ £ % S § 8§ % 3 &%
5 5 & E =© 2 8 s§
= Q s Q %] ) ) %] )
5 6
4
3
2
1
PC2 (14.5%)
B 0.08
] v
0.04 1
1
v
PC1 (66.5%)
016 ' 016
v—
-0.08
*?
-0.12-
V Machimosaurus hugii X Pelagosaurus typus % Steneosaurus gracilirostris
¥ Machimosaurus mosae #® Steneosaurus bollensis <> Steneosaurus heberti
Platysuchus multicrobiculatus ~ ® Steneosaurus brevior == Steneosaurus leedsi
TEXT-FIG. 5. Phylogenetic relationships of the Teleosauridae (A) superimposed on morphospace (B). Species that are not
connected to the tree were not included in the phylogenetic analysis.
axes, with over 74 per cent of the variance explained cantly more variance than the other axes, variation

(Text-fig. 6). PC1 is the dominant PC axis, describing along these axes will be the focus for the remainder of
65.2 per cent of the total variance, whereas PC2 only the study. The regression of Procrustes distance on log
describes 8.95 per cent. As PC1 and PC2 capture signifi- centroid size shows a poor correlation between shape
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and size (r = —0.2341; p = 0.91). In addition, a regression
of the first two PC scores on log centroid size reveals
that the shape variation described by these axes is not
significantly related to size (0.75 < p < 0.89). This
implies that the patterns described by the first two
significant PC axes are not merely the result of differences
in size amongst the specimens and that these axes
can be used with confidence to assess morphospace
occupation.

The first PC axis describes variation in the length of
the snout (especially the length of the maxillae), size of
the supratemporal fenestrae and size of the frontal bone
(Text-fig. 6). In contrast, the second PC describes varia-
tion in width of the snout (especially across the nasal
bones), length of the nasal bones, size of the premaxillae
and position of the narial opening (Text-fig. 6). As such,
PC1 mainly discriminates short- and long-snouted mor-
photypes, whereas PC2 discriminates broad and narrow-
snouted morphotypes. The scatter plot demonstrates that
metriorhynchids fall within all four quadrants of morpho-
space, but that the morphospace is not uniformly
occupied. For example, although specimens along PCl
negative (short-snouted morphotype) and PC1 positive
(long-snouted morphotype) occupy the full range along
PC2 (snout width), large gaps exist with respect to the

distribution of specimens along PC1 negative and, thus,
not all morphospace is exploited.

Species delineation. Six defined metriorhynchid species
(all from the Oxford Clay) are represented by two or
more specimens: Metriorhynchus brachyrhynchus, Metri-
orhynchus durobrivensis, Metriorhynchus laeve, Metriorhyn-
chus leedsi, Metriorhynchus moreli and Metriorhynchus
superciliosus. Pair-wise significance tests conducted on the
mean shape of each species (Table 4) find all species pairs
to be significantly different from each other except
M. leedsi/M. laeve, M. laeve/M. moreli, M. leedsi/M. moreli
and M. moreli/M. superciliosus. Based on this result, as
well as further comparisons made below, it appears that
the long-snouted morphotypes M. moreli and M. laeve
can be subsumed into the species M. superciliosus and
M. leedsi, respectively (as the latter pair of names hold
priority). The two short-snouted morphotypes, M.
brachyrhynchus and M. durobrivensis, are considered
independent species. Consequently, the Oxford Clay met-
riorhynchids are reduced from six species to four.

The cluster analysis (Text-fig. 7) and associated pair-
wise significance tests (Table 5) recovered two broad
groups within morphospace, Group A or extreme
short/narrow-snouted morphotypes, and Group B, all
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TABLE 4. Pair-wise comparisons of the mean shape of each
metriorhynchid species represented by more than two specimens
in the data set.

Group pair Goodall’s p-value Partial
F-value Procrustes
distance
between
means
M. brachyrhynchus/M. durobrivensis 1.83 0.003 0.0590
M. brachyrhynchus/M. laeve 8.88 <0.0001 0.1054
M. brachyrhynchus/M. leedsi 6.54 <0.0001 0.0883
M. brachyrhynchus/M. moreli 6.04 <0.0001 0.0894
M. brachyrhynchus/M. superciliosus 10.77 <0.0001 0.0911
M. durobrivensis/M. laeve 12.01 <0.0001 0.1400
M. durobrivensis/M. leedsi 7.43 <0.0001 0.1180
M. durobrivensis/M. moreli 9.76 <0.0001 0.1242
M. durobrivensis/M. superciliosus ~ 18.19 <0.0001 0.1246
M. laeve/M. leedsi 1.08 0.348 0.0365
M. laeve/M. moreli 1.10 0.299 0.0342
M. laeve/M. superciliosus 2.26 <0.0001 0.0364
M. leedsi/M. moreli 0.66 0.968 0.0294
M. leedsi/M. superciliosus 1.72 0.001 0.0363
M. moreli/M. superciliosus 1.24 0.117 0.0251

Significance judged using a Bonferroni-corrected o level of
0.003. Significant differences are indicated in bold. M, Metrior-
hynchus.

TEXT-FIG. 7. Results of cluster
analysis of metriorhynchid skull shapes.
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other morphotypes. The pattern of shape relationships
within the short/narrow-snouted forms is straightforward.
There are two species Dakosaurus maximus from the
Kimmeridgian—Tithonian of Europe and D. andiniensis
from the Tithonian—Berriasian of South America.

The genus Dakosaurus (Text-fig. 8) is defined by the
presence of several autapomorphic characters relative to
other metriorhynchids: the rostrum is very short and
high; a broad, deep sulcus runs down the lateral margin
of the mandible; and the teeth are ziphodont, being large,
robust, labiolingually compressed and ornamented with a
serrated margin (Fraas 1902; Gasparini et al. 2006). This
type of dental morphology is unique amongst marine rep-
tiles, but more common amongst terrestrial carnivorous
archosaurs, including some crocodylomorphs (e.g.
Sebecus). Within this framework, the South American spe-
cies Dakosaurus andiniensis contrasts with the European
species Dakosaurus maximus in having a much shorter,
more massive, skull (Text-figs 6, 8). In addition, D. andi-
niensis has maxillae and mandibles that are very stout,
dorsoventrally high, and can only accommodate a maxi-
mum of 11 robust teeth. The premaxillae taper rapidly,
producing an unusual, bullet-shaped skull outline (Gaspa-
rini et al. 2006).

Group B is
fig. 7), B.1 and

composed of two main clusters (Text-
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TABLE 5. Pair-wise comparisons of the mean shape of each
metriorhynchid group recovered in the cluster analysis.

Group Goodall’s p-value Partial
pair F-value Procrustes
distance
between
means
Group A/Group B 13.95 <0.0001 0.1838
B.1/B.2 19.51 <0.0001 0.1058
B.2.1/B.2.2 6.43 <0.0001 0.645

Significance judged using a Bonferroni-corrected o level of
0.016. Significant differences are indicated in bold.

each other (Table 5). B.1 is formed of specimens sitting
in the short/broad area of morphospace. There are four
species: Metriorhynchus brachyrhynchus, M. cultridens and
M. durobrivensis from the Oxford Clay (Callovian) of
England, and M. casamiquelai from the Callovian of
Chile. Specimens of the four species are interspersed in
the cluster. However, based on the pair-wise comparisons
of mean shapes and their positions in morphospace
(Table 4), M. brachyrhynchus and M. durobrivensis appear
to be distinct species. As M. cultridens overlaps with
M. durobrivensis in morphospace (Text-fig. 6), it is con-
sidered to belong to the species M. durobrivensis. Taking

the unique position in morphospace, geographic occur-
rence and limited number of discrete characters into
account, M. casamiquelai is provisionally considered to be
a valid taxon.

The taxonomy of short-snouted Callovian Metriorhyn-
chus has been a contentious topic. Andrews (1913) sub-
divided the ‘broad-skulled” metriorhynchids of the Oxford
Clay, M. brachyrhynchus, M. durobrivensis and M. cultri-
dens, based on five characters: (1) degree of separation of
the nasals from the premaxillae; (2) number of teeth; (3)
length of rostrum; (4) sutural relationship between the
frontal and the prefrontal bones and (5) ornament of dor-
sal skull bones. Wenz (1968), working on Callovian speci-
mens from France, noted a high degree of variability with
respect to these characters, but he favoured the provisional
retention of all three short-snouted species. The characters
used by Andrews (1913) were subsequently used by Gaspa-
rini and Chong Diaz (1977) to define M. casamiquelai.
Using traditional morphometrics and anatomical compari-
sons, however, Adams-Tresman (1987a) [and later on Vig-
naud (1995)] concluded that all five characters were too
variable to be taxonomically useful and grouped the three
species into one, M. brachyrhynchus.

An examination of the specimens finds the following
distribution of characters: the snout of M. cultridens and
M. casamiquelai are characterised by an extensive gap

o
short/narrow morphotype ng}g.es %) long/narrow morphotype
oDm Mhs+
Tce
nGv
0.04 *Ma
®Da
PC1 (65.2%)
-0.20 -0.12 A Mc -0.04 0.12
* |
“m =4 G Gg
Md Mb X008
short/broad morphotype m _0.04 long/broad morphotype

Da Dakosaurus andiniensis Gv Geosaurus vignaudi
Ma Metriorhynchus acutus

Dm Dakosaurus maximus

Mh Metriorhynchus hastifer
Ml Metriorhynchus leedsi

Ga Geosaurus araucanensis Mb Metriorhynchus brachyrhynchus Ms Metriorhynchus superciliosus

Gg Geosaurus gracilis
Gs Geosaurus suevicus

Mc Metriorhynchus casamiquelai
Md Metriorhynchus durobrivensis

Tc Teleidosaurus calvadosi

TEXT-FIG. 8. Metriorhynchid species delineation with respect to specimen distribution along PC1 and PC2.
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between the nasals and the premaxillae, whereas the na-
sals meet or nearly meet the premaxillae in M. brachyrhyn-
chus and M. durobrivensis; all species have between 20
and 21 smooth, slightly recurved, maxillary teeth, except
for M. durobrivensis, which has c. 16 teeth; M. brachyrhyn-
chus and M. casamiquelai have longer snouts than M.
durobrivensis and M. cultridens (contra Adams-Tresman,
who found M. cultridens and M. casamiquelai to have
longer snouts than the remaining two species); the pre-
frontal bones of M. casamiquelai and M. brachyrhynchus
are smaller and more rounded, whereas M. cultridens and
M. durobrivensis have larger, more triangular prefrontals
(SEP, pers. obs.); the frontal-prefrontal suture is highly
variable (see Adams-Tresman 19874, fig. 8), but conforms
to a broad V’ shaped outline in all species; and finally,
the degree of ornamentation of the dorsal skull bones
appears to be continuous, with the ornament being
poorly developed in M. casamiquelai and M. cultridens,
and more extensively developed in M. brachyrhynchus and
M. durobrivensis. An additional character used by Gaspa-
rini and Chong Diaz (1977) to distinguish M. casamiquelai
from all other species is an ‘M’-shaped suture separating
the premaxillae and maxillae instead of the typical V’
shape.

Consequently, it appears that patterns of variation in
the detailed anatomical characteristics of the skull in
short-snouted Metriorhynchus cannot be used to define
species with much confidence. Metriorhynchus cultridens
and M. casamiquelai are comparable with respect to the
degree of separation between nasals and premaxillae, and
reduction of dorsal ornamentation; however, the shape
and size of their prefrontal bones and premaxillae/maxil-
lae suture are clearly distinct. Similarly, M. brachyrhynchus
and M. durobrivensis have nasals that meet or nearly meet
the premaxillae, a “V’ shaped premaxillae/maxillae suture
and more extensive dorsal ornamentation; yet, the shape
and size of their prefrontal bones are noticeably different.
Thus, based on these criteria Adams-Tresman’s (1987a)
proposed synonymy of all Callovian short-snouted metri-
orhynchids is logical. However, it appears overly simplis-
tic when skull shape and patterns of morphospace
occupation are taken into account (Text-figs 6, 8). The
pair-wise significance tests (Table 4) found M. brachyrhyn-
chus and M. durobrivensis to possess significantly different
skull shapes. In contrast, M. cultridens converges on
M. durobrivensis in morphospace, and the primary dis-
crete characters that differentiate the species (tooth count
and degree of skull ornamentation) are likely to stem
from individual variation. Therefore, M. cultridens must
be considered to belong to M. durobrivensis (Text-fig. 8).
Metriorhynchus casamiquelai plots close to M. brachyrhyn-
chus along PC1 negative, but it occupies a divergent area
of morphospace along PC2 negative. The former species
also occurs in a distinct geographic region and possesses

a unique ‘M’-shaped suture between the premaxillae and
the maxillae. Therefore, M. casamiquelai and M. brac-
hyrhynchus can provisionally be considered separate taxa
(Text-fig. 8). Nonetheless, because of low sample sizes, it
is not possible to determine whether or not these results
are statistically significant.

Cluster B.2 is composed of two smaller clusters
(Text-fig. 7), B.2.1 and B.2.2, which are significantly dif-
ferent from each other (Table 5). Cluster B.2.1 differs
from B.2.2 by including specimens with longer/narrower
snouts. Cluster B.2.1 consist of four specimens belong-
ing to four species including Metriorhynchus acutus and
Metriorhynchus  hastifer from the Kimmeridgian of
France, Geosaurus araucanensis from the Tithonian
of Argentina and Geosaurus vignaudi from the Tithonian
of Mexico. Although both M. acutus and M. hastifer
occur at the same geological time and in the same
geographical area, they occupy divergent areas of
morphospace along PC1 negative (i.e. M. acutus has a
considerably longer snout than M. hastifer; Text-fig. 6)
even though they are of similar size. As such, these two
species are considered to be independent. Conversely,
G. araucanensis and G. vignaudi occupy a similar area
of morphospace with respect to snout length. Consider-
ing that these geosaur species come from disparate geo-
graphical regions and differ in their snout widths (i.e.
their position along PC2), however, both are provision-
ally considered separate taxa.

Fraas (1902) considered Metriorhynchus hastifer to be a
short-snouted metriorhynchid and subsequently Andrews
(1913) and Wenz (1968) allied it with the Oxford Clay
species M. brachyrhynchus, M. durobrivensis and M.
cultridens. Alternatively, Buffetaut (1982) regarded both
M. hastifer and M. acutus as distinct, long-snouted metri-
orhynchid species, with M. hastifer being robust and
M. acutus being a gracile form. Unfortunately, during
WWII the holotypes of M. acutus and M. hastifer were
lost, making an in-depth anatomical comparison of the
two species impossible. Based on their positions in mor-
phospace, it is clear that both M. hastifer and M. acutus
are long/narrow-snouted morphotypes, with M. acutus
being one of the longest-snouted metriorhynchid species
(Text-figs 6, 8). As such, the morphometric analysis
supports Buffetaut’s interpretation that M. hastifer is a
long-snouted metriorhynchid (Text-fig. 8). Nonetheless,
because there lacks evidence of discrete anatomical differ-
ences, the two species are only provisionally considered
distinct taxa based on snout length (Text-fig. 8). Both
species differ from all other long-snouted metriorhynchids
by having shorter nasal bones and, by association, longer
maxillae and a greater distance between the nasals and
the premaxillae.

The genus Geosaurus is considered to be more highly
adapted to a marine lifestyle than Metriorhynchus, and the
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characters used to distinguish the two genera reflect this
interpretation. Geosaurus has a posteriorly reflected exter-
nal naris that is partially to wholly divided, presumably to
restrict water from entering the nasal cavity; the ant-
orbital fenestrae are greatly enlarged to house an
expanded nasal salt-excretion gland; and the limbs are
much more reduced, implying a complete reliance on an
aquatic medium for locomotion (Gasparini and Dellapé
1976; Steel 1973). In addition to these marine adapta-
tions, Geosaurus is also identified by a very conspicuous
neck on the occipital condyle (also seen in dakosaurs), in
association with the complete lack of skull ornamentation
(Gasparini et al. 2005). Nonetheless, according to patterns
of morphospace occupation, Geosaurus and Metriorhyn-
chus show substantial shape overlap, perhaps reflecting
the inheritance of these similarities from a common
ancestor (Text-figs 6, 8).

The anatomical distinction between the two geosaur
species, Geosaurus araucanensis and G. vignaudi, is not
substantial. According to Frey et al. (2002), G. vignaudi
differs from G. araucanensis in having subcircular supra-
temporal fenestrae (they are circular in G. araucanensis),
15-17 teeth in each mandibular ramus (opposed to 29 in
G. araucanensis) and a snout that tapers more strongly
rostrally. However, based on their positions in morpho-
space, the skull shapes of these geosaurs are generally sim-
ilar, although G. vignaudi possesses a proportionally
narrower snout (Text-figs 6, 8). The only discrete differ-
ence is the number of teeth, which is not considered to
be a reliable character for species delineation (see above).
Frey et al. (2002) suggested that G. vignaudi might be a
juvenile animal based on the large size of its orbits, but
the skull measurements imply that the specimen is of a
similar size to G. araucanensis. Of course, the description,
measurements and reconstruction of G. vignaudi are
based on a single, disarticulated specimen and may not
be totally accurate. Therefore, these two species are provi-
sionally considered distinct taxa based primarily on their
geographical occurrence (G. vignaudi is from Mexico and
G. araucanensis is from Argentina) and slight difference
in snout width until the anatomical characteristics of each
species can be better substantiated (Text-fig. 8).

Teleidosaurus calvadosi from the Bathonian of France
sits outside the final cluster of specimens, B.2.2 (Text-
fig. 7). This species occupies a unique area of morpho-
space (Text-fig. 6): out of all the short-snouted forms, it
is defined by having the longest and narrowest snout. The
position of T. calvadosi in morphospace (Text-figs 6, 8)
substantiates the fact that Teleidosaurus possesses a
unique suite of characteristics when compared to dako-
saurs, geosaurs and metriorhynchids proper. Although the
postcranial anatomy of Teleidosaurus is unknown, features
of the skull suggest that this genus was the least adapted
to a marine lifestyle. Buffetaut (1982) noted that the pre-

frontals are less developed than in other metriorhynchid
species and do not project laterally over the orbits, and
that the orbits themselves are located in a more dorsal
position. In addition, the lacrimals are large compared to
the prefrontals, and the external naris is situated on the
anterior tip of the snout.

Finally, B.2.2 is composed of a large cluster of specimens
within a broad array of species (Text-fig. 7). Amongst
these are the geosaurs Geosaurus gracilis and Geosaurus
suevicus from the Kimmeridgian—Tithonian of Western
Europe. These two species occupy highly divergent areas
of morphospace, with G. gracilis being the longest-snouted
metriorhynchid specimen in the analysis. As such, the geo-
saurs are considered to represent two independent species.
Conversely, the remaining species include the Oxford Clay
(Callovian) metriorhynchids Metriorhynchus laeve, M. le-
edsi, M. moreli, and M. superciliosus, as well as M. blainvillei
from the Callovian of France. All specimens are inter-
spersed; however, based primarily on the pair-wise com-
parisons of mean shapes (Table 4, also see below), both
M. superciliosus and M. moreli and both M. leedsi and
M. laeve can be united into the species M. superciliosus
and M. leedsi, respectively. In addition, M. blainvillei can
also be considered to belong to the species M. superciliosus
as it clusters with all other M. superciliosus specimens.

The taxonomy of long-snouted Callovian Metriorhyn-
chus species has been a highly debated subject. Andrews
(1913) subdivided the ‘narrow-skulled’ Metriorhynchus
species from the Oxford Clay into two broad groups
based on cranial sculpturing: Metriorhynchus laeve and
Metriorhynchus leedsi are forms without sculpturing, and
Metriorhynchus superciliosus and Metriorhynchus moreli are
forms with sculpturing. In addition to this feature, he
delineated species based on three characters: (1) length
and width of the frontal bone anterior to the supratem-
poral fenestra; (2) sutural relationship between the pre-
frontal and the frontal; and (3) number of teeth. Wenz
(1968) also distinguished between ornamented forms and
forms without ornament but found specific diagnoses
beyond this unsatisfactory. Nonetheless, Wenz did illus-
trate that the French species Metriorhynchus blanvillei was
actually synonymous with M. superciliosus. Subsequent to
these studies, Adams-Tresman (1987a), using traditional
morphometrics and anatomical comparisons, found all
four characters too variable to be taxonomically useful
and grouped all species into one, M. supersiliosus. Most
recently, Vignaud (1995) again reorganized the taxonomy
of long-snouted Callovian Metriorhynchus, separating the
specimens into two species, M. superciliosus and M. leedsi,
based on the observation that M. leedsi has a higher tooth
count.

An examination of long-snouted Callovian specimens
supports Adams-Tresman’s (1987a) view of continuous
variation in the characters defined by Andrews (1913).
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For instance, the length of the frontal bone is directly
related to the shape of the prefrontal/frontal suture, a
feature that shows considerable variation within specimens
of the same ‘species’ (see Adams-Tresman 19874, fig. 8).
In addition, the number of teeth varies between ‘species’
(26-36) and within specimens of the same ‘species’ (by up
to 10). Moreover, there appears to be a range of cranial
sculpturing, from smooth to densely ornamented, but
whether this represents variation within one species (e.g.
Adams-Tresman 1987a) or a feature that can be used to
differentiate species (e.g. Wenz 1968) is uncertain.

Looking primarily at patterns of morphospace occupa-
tion (Text-figs 6, 7), species separation is still impossible
as all long-snouted specimens show extensive overlap with
respect to overall skull shape. However, the pair-wise
significance tests (Table 4) do demonstrate a significant
difference in mean shape between M. superciliosus/M. mo-
reli and M. laeve/M. leedsi. Therefore, the results of this
study support the interpretation that there are two long-
snouted Callovian Metriorhynchus species (Text-fig. 8),
one with dense sculpturing and ‘fewer teeth’ (i.e. M. super-
ciliosus) and one with faint sculpturing and ‘more teeth’
(i.e. M. leedsi). This delineation is further supported by
the fact that there is no obvious difference in skull size
between the two species. As such, the degree of sculptur-
ing does not appear to be an ontogenetic characteristic;
however, the possibility that sculpturing and tooth count
is linked to sexual dimorphism or simply variable
amongst individuals cannot be ruled out using available
statistical methods.

Finally, the anatomical characteristics of the skull
corroborate the geometric interpretation that Geosaurus
gracilis and Geosaurus suevicus are separate species (Text-
figs 6, 8). Frey et al. (2002) supplied a list of features that
differed between the two species, but the specific charac-
teristics were unknowingly mixed up (SEP, pers. obs.
based on comparing skull reconstructions with original
descriptions). Based on the description and illustrations
produced by Fraas (1902) and Broili (1932), these two
long/broad-snouted geosaurs can be distinguished by the
following characteristics: G. gracilis has a more elongated
rostrum, a sharply pointed snout tip, a partially separated
external narial opening, enlarged antorbital fenestrae, an
interorbital space that is only one-half the occipital width,
a lateral process of frontal that is almost perpendicular to
the medial plane of the skull and circular supratemporal
fenestrae. Conversely, G. suevicus has a shorter rostrum, a
rounded snout tip, a wholly separated external narial
opening, slit-like antorbital fenestrae, an interorbital space
that is almost as wide as the occiput and longitudinally
oval supratemporal fenestrae. From patterns of morpho-
space occupation (Text-figs 6, 8) it is clear that G. gracilis
has an extremely elongated rostrum compared to that of
G. suevicus and all other metriorhynchid species.

Text-figure 8 illustrates species groupings and syn-
onyms recognized here based on the examination of mor-
phospace occupation, pair-wise significance tests, cluster
analysis, geological and geographical occurrence, as well
as discrete anatomical characters. The analysis delineated
14 species: six short-snouted species and eight long-
snouted species. Within the short-snouted area of mor-
phospace (PC1 negative), there are two dakosaur species,
three Metriorhynchus species and one teleidosaur. All
three genera occupy distinct regions of morphospace: the
dakosaurs, Dakosaurus andiniensis and D. maximus, sit
along the extreme limit of PCI negative and within PC2
positive or the short/narrow region of morphospace; the
Metriorhynchus species, M. brachyrhynchus, M. casamique-
lai and M. durobrivensis extend along the central area of
PCI negative and within PC2 negative or the short/broad
region of morphospace; and the teleidosaur, Teleidosaurus
calvadosi, plots close to the average along PCl negative
and two-thirds up PC2 positive or in the short/narrow
region of morphospace. Conversely, within the long-
snouted area of morphospace (PC1 positive), there are
four Metriorhynchus species and four Geosaurus species.
Both genera occupy similar areas of morphospace: M. le-
edsi, M. superciliosus and Geosaurus suevicus extensively
overlap and plot close to the average along PCl1 positive
and PC2, both in the positive and negative direction (i.e.
long/broad and long/narrow region of morphospace);
M. acutus, M. hastifer, G. araucanensis and G. vignaudi
extend along the central area of PCI positive and within
PC2 positive or the long/narrow region of morphospace;
and finally, G. gracilis plots along the extreme of PCl
positive and within PC2 negative or the long/broad area
of morphospace.

Phylogenetic correlation. The phylogeny was created by
deleting unwanted taxa from the character matrix of
Young (2006), combining synonymous species and root-
ing the tree using Pelagosaurus typus and Steneosaurus
leedsi. The species that needed to be combined in this
analysis were Metriorhynchus leedsi and M. laeve; M. super-
ciliosus and M. moreli; and M. cultridens and M. durobriv-
ensis. Out of 54 characters in the data set, only
M. cultridens and M. durobrivensis differed in the coding
of three characters, which were treated as polymorphisms
in the current analysis. Four species in the present data
set, Geosaurus araucanensis, G. vignaudi, M. acutus and
M. hastifer, were not included in the analysis because they
were not coded into the original character matrix. A
branch-and-bound parsimony search found three equally
parsimonious trees with 79 steps; 42 out of 54 characters
were parsimony informative (C.I. excluding uninforma-
tive = 0.8611). The consensus tree is illustrated in Text-
figure 9. The resolved phylogeny here corresponds directly
to that figured by Young (2006) and includes two broad
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TEXT-FIG. 9. Phylogenetic relationships of the Metriorhynchidae (A) superimposed on morphospace (B). Species that are not

connected to the tree were not included in the phylogenetic analysis.

clades, one composed of long-snouted species and one
composed of short-snouted species. The long-snouted
Metriorhynchus is the sister group of Geosaurus, and the
short-snouted Metriorhynchus is the sister group of Dako-
saurus. As such, it appears that Young’s phylogeny of the
Metriorhynchidae is a stable and a good representation of
the relationships within the group, even when operational
taxonomic units are excluded or modified, and that Met-
riorhynchus is paraphyletic. Projecting the resolved spe-
cies-level phylogeny of the Metriorhynchidae from this
study onto morphospace (Text-fig. 9) finds no intersec-
tion of branches. This is the result of a clear distinction
between long and short-snouted species within the

phylogeny and morphospace. The Mantel test using the
character distance method found a significant relationship
between morphospace occupation and  phylogeny
(p =0.01), and the correlation was of moderate strength
(r = 0.4458). Therefore, within the Metriorhynchidae
skull shape and evolutionary history are related.

Longirostrine morphospace

Shape variation. The PCA reveals that the majority of the
variance in the data set is captured by the first three PC
axes, with over 79 per cent of the variance explained
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TEXT-FIG. 10. Longirostrine Morphospace (including all thalattosuchians and dyrosaur/pholidosaurids). Specimen distribution
along principal components 1 and 2. Extreme shapes for each axis are shown. Deformation grids indicate the shape change necessary
to transform the mean shape into an extreme shape. Dashed lines are encircling Pelagosaurus.

(Text-figs 10-11). PC1 is the dominant PC axis, describ-
ing 58.4 per cent of the total variance, whereas PC2 and
PC3 describe 14.2 per cent and 7.27 per cent, respectively.
As PCI1, PC2, and PC3 are the only significant PC axes,
they will be the focus for the remainder of the study. The
multivariate regression reveals shape is not significantly
correlated with log centroid size (Wilk’s A = 0.1252,
p = 0.2476). In fact the regression model only explains
three per cent of the variance in the data set. This implies
that the patterns described by the PC axes are not the
result of differences in size amongst the specimens. With
respect to specific morphological patterns, the first PC
axis describes variation in the length of the snout, espe-
cially the length of the maxillae, the position of the narial
opening and the width of the supratemporal fenestrae.
The second PC axis describes variation in the width of
the nasals and the prefrontals, the length of the pre-
maxillae and the length of the supratemporal fenestrae.
The third PC axis describes variation in the width of the
snout, length of the nasal bones and overall size of the
supratemporal fenestrae.

The scatter plots (Text-figs 10-11) demonstrate that
teleosaurids and metriorhynchids occupy different but
overlapping areas of morphospace. Metriorhynchids do
not approach the quadrant of morphospace defined by
PC1 positive and PC2 negative, and teleosaurids do not

approach the quadrant of morphospace defined by PCl
negative and PC2 positive. Thalattosuchians as a whole
encompass a continuous range of snout lengths along
PCl (Text-fig. 10), with short-snouted metriorhynchids
sitting at the extreme of PC1 negative (i.e. short maxillae,
posteriorly placed narial opening and wide supratemporal
fenestrae) and long-snouted teleosaurids at the extreme of
PC1 positive (i.e. long maxillae, anteriorly placed narial
opening and narrow supratemporal fenestrae). However,
there is extensive overlap between short-snouted teleo-
saurids and long-snouted metriorhynchids near the mean
shape of morphospace. This trend is particularly apparent
in the PC1 and PC3 plot (Text-fig. 11). Differentiation of
the thalattosuchian families occurs along PC2, where
short-snouted teleosaurids tend towards PC2 negative (i.e.
short premaxillae, narrow nasals and prefrontals and long
supratemporal fenestrae) and long-snouted metriorhyn-
chids tend towards PC2 positive (i.e. long premaxillae,
wide nasals and prefrontals and short supratemporal
fenestrae).

With respect to PCl and PC2 (Text-fig. 10), dyro-
saur/pholidosaurids occupy the area of morphospace
between short-snouted teleosaurids and long-snouted
metriorhynchids and sit within the same three quadrants
as teleosaurids, not approaching the area of morphospace
defined by PCl negative and PC2 positive. Conversely,
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TEXT-FIG. 11. Longirostrine Morphospace (including all thalattosuchians and dyrosaur/pholidosaurids). Specimen distribution
along principal components 1 and 3. Extreme shapes for each axis are shown. Deformation grids indicate the shape change necessary
to transform the mean shape into an extreme shape. Dashed lines are encircling Pelagosaurus.

the scatter plot along PC1 and PC3 (Text-fig. 11) demon-
strates that PC3 separates thalattosuchians from dyro-
saur/pholidosaurids. Dyrosaur/pholidosaurids occupy the
extreme position along PC3 positive defined by a wide
snout, long nasal bones that reach the premaxillae and
small supratemporal fenestrae. Thalattosuchians occupy a
position along PC3 that ranges from the extreme of
PC3-negative to half way up PC3-positive area of mor-
phospace defined by a narrow snout, short nasal bones
that do not reach premaxillae and large supratemporal
fenestrae.

Family delineation and disparity. Pair-wise comparisons of
the mean shapes of each family within morphospace find
all three longirostrine groups, Teleosauridae, Metriorhyn-
chidae and dyrosaur/pholidosaurids, to be significantly
different from each other (Table 6). Looking at the partial
Procrustes distances between each family, we see that dy-
rosaur/pholidosaurids and metriorhynchids are closer to
each other in shape space than either are to the teleosaur-
ids. An analysis of shape disparity at the family level
reveals that metriorhynchids display significantly more
shape disparity than teleosaurids (Tables 7-8). With
respect to snout morphotype, short-snouted metriorhyn-
chids display the greatest amount of shape disparity
within the Thalattosuchia, followed by long-snouted
teleosaurids and finally short-snouted teleosaurids and
long-snouted metriorhynchids (Table 7). Pair-wise t-tests

TABLE 6. Pair-wise comparisons of the mean shapes of the
Teleosauridae, Metriorhynchidae and Dyrosaur/Pholidosaurids.

Group pair Goodall’s p-value Partial
F-value Procrustes
distance
between
means
Dyrosaur/ 4.92 <0.0001 0.1295
Pholidosaurids
Metriorhynchidae
Dyrosaur/ 10.20 <0.0001 0.1569
Pholidosaurids
Teleosauridae
Metriorhynchidae 2391 <0.0001 0.1393
Teleosauridae

Significance judged using a Bonferroni-corrected o level of
0.016. Significant differences are indicated in bold.

between the partial disparities of each snout morphotype
(Table 8) show that all snout morphotypes display
significantly different amounts of shape disparity, except
for short-snouted teleosaurids and long-snouted metri-
orhynchids.

Temporal patterns.
Lower Jurassic are fragmentary, can rarely be identified to

Thalattosuchian remains in the early
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TABLE 7. Partial disparity and percentage of total disparity for
each thalattosuchian family and snout morphotype.

Taxon/Morphotype Partial Percentage
Disparity

Teleosauridae 0.00572 42

Metriorhynchidae 0.00780 58

Total 0.01352 100

Teleosaurids Long-snouted 0.00483 36

Teleosaurids Short-snouted 0.00092 7

Metriorhynchids Long-snouted 0.00078 6

Metriorhynchids Short-snouted 0.00684 51

Total 0.01336 100

TABLE 8. Pair-wise comparisons of partial disparities of each
thalattosuchian family and morphotype using two-sample ¢-tests.

Taxonomic/Morphotype pair t-value p-value
Teleosauridae/Metriorhynchidae 2.2019 0.028

Teleo_Long/Teleo_Short 7.0304 <0.0001
Metrio_Long/Metrio_Short 11.1022 <0.0001
Teleo_Long/Metrio_Long 9.3498 <0.0001
Teleo_Short/Metrio_Short 9.1068 <0.0001
Teleo_Long/Metrio_Short 2.8698 0.004

Teleo_Short/Metrio_Long 0.34804 0.73

Significance judged using an o level of 0.05 for family level and
a Bonferroni-corrected o level of 0.008 for snout morphotype.
Significant differences are indicated in bold.

the genus level, and none have been identified to species-
level (e.g. Gasparini et al. 2000; Godefroit 1994). Conse-
quently, although thalattosuchians are known from this
stratigraphic interval, no specific morphotype can be
identified and plotted in morphospace (‘Lower Jurassic’
in Text-fig. 12).

In the Toarcian (Lower
diversity is extensive, but

Jurassic), thalattosuchian

restricted to specimens
belonging to the Teleosauridae (‘Toarcian’ in Text-
fig. 12). The plot demonstrates that teleosaurids had
already diverged into long and short-snouted morpho-
types by this time. However, morphospace occupation
is largely characterized by an extensive radiation of
long/broad- and long/narrow-snouted  teleosaurids
(Pelagosaurus typus, Platysuchus multicrobiculatus, Steneo-
saurus bollensis and Steneosaurus gracilirostris), with only
a single occurrence of a short-snouted teleosaurid
(Steneosaurus brevior).

The Aalenian/Bajocian (Middle Jurassic) is, again, only
represented by fragmentary remains. Remains of Steneo-
saurus are known, and we see the first appearance of the
metriorhynchids during the Bajocian (e.g. Gasparini et al.
2000; Hua and Atrops 1995; Storrs and Efimov 2000).
Nevertheless, species diagnoses are uncertain, and no

specific morphotype can be plotted in morphospace
(‘Aalenian/Bajocian’ in Text-fig. 12).

In the Bathonian (Middle Jurassic), there is a com-
plete disappearance of all long-snouted teleosaurids
from morphospace. However, metriorhynchids appear
for the first time (‘Bathonian’ in Text-fig. 12). Morpho-
space, although sparsely occupied, is characterized by
the radiation of short-snouted taxa: short/narrow-
snouted Steneosaurus heberti (Teleosauridae) and Telei-
dosaurus calvadosi (Metriorhynchidae), as well as and

short/broad-snouted ~ Metriorhynchus  brachyrhynchus
(Metriorhynchidae).
By the Callovian (Middle Jurassic) there is an

explosion in diversity (‘Callovian’ in Text-fig. 12). Metri-
orhynchids diverge into long and short-snouted mor-
photypes for the first time. However, only long/
broad (Metriorhynchus brachyrhynchus, M. casamiquelai
and M. durobrivensis) and short/broad-snouted morpho-
types are present (M. superciliosus and M. leedsi).
Furthermore, short/narrow-snouted teleosaurids continue
to radiate (Steneosaurus heberti and Machimosaurus hugii),
and long/narrow-snouted teleosaurids emerge once again
(Steneosaurus leedsi).

During the Oxfordian (Upper Jurassic), thalattosuchian
diversity decreases with the complete disappearance of
short/broad-snouted metriorhynchids from morphospace
(‘Oxfordian’ in Text-fig. 12). Nonetheless, long/broad-
snouted metriorhynchids maintain their diversity. Both
long and short-snouted teleosaurids (Steneosaurus leedsi
and Machimosaurus hugii) persist within morphospace.

The Kimmeridgian (Upper Jurassic) shows a small
increase in diversity within the metriorhynchids
(‘Kimmeridgian’ in Text-fig. 12). We see the radiation of
extreme long/broad (Geosaurus gracilis), long/narrow
(Metriorhynchus acutus and M. hastifer), and short/
narrow-snouted forms (Dakosaurus maximus). Teleosaur-
ids maintain their diversity but extend into the extreme
short/broad-snouted portion of morphospace (Machimo-
saurus mosae).

During the Tithonian (Upper Jurassic), morphospace
occupation becomes characterized by extreme morpho-
logies (‘Tithonian’ in Text-fig. 12). Long/narrow and
short/narrow-snouted metriorhynchids continue to radi-
ate (Geosaurus araucanensis, G. vignaudi and Dakosaurus
andiniensis), whilst other metriorhynchids (i.e. Metri-
orhynchus) disappear altogether. Teleosaurid diversity
decreases, with a singular occurrence of an extreme short-
snouted form [Machimosaurus (species indeterminate)]
and the complete disappearance of long-snouted forms
from morphospace.

Finally, by the Berriasian (Lower Cretaceous) thalat-
tosuchian diversity is considerably restricted (‘Berriasian’
in Text-fig. 12). Although both metriorhynchids and tele-
osaurids persist into the Cretaceous, they are almost all
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TEXT-FIG. 12. Thalattosuchian morphospace occupation through time. Based on the distribution of species within longirostrine
morphospace. Triangles represent the metriorhynchids and circles represent the teleosaurids. Dashed lines in the Tithonian and
the Berriasian are encircling both Machimosaurus mosae and M. hugii as the species identification during these intervals is
indeterminate.

characterized by extreme short-snouted morphotypes. long/narrow-snouted geosaur Geosaurus araucanensis)].
Within the metriorhynchids, the extreme short/narrow- Likewise, within the teleosaurids, only the extreme short-
snouted morphotype endures [Dakosaurus andiniensis snouted morphotype (Machimosaurus sp.) continues
(although there remains some evidence of the of the across the Jurassic—Cretaceous boundary.
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DISCUSSION
Thalattosuchian alpha-taxonomy

The alpha-taxonomy of thalattosuchian crocodylomorphs
has been an enduring source of confusion and debate.
Repeated attempts to revise the clade’s taxonomy using
various kinds of data have produced inconsistent and
sometimes unsatisfactory results. In this context, quantita-
tive analyses of skull shape using geometric morphomet-
rics have much to offer, but most likely do not represent
a complete solution on their own. Instead, we argue that
difficult taxonomic problems are best solved by integrat-
ing multiple lines of evidence, such as morphometrics,
discrete-state anatomical characters and patterns of strati-
graphic and geographic occurrence, and this is the
approach we have attempted to apply in this paper [see
Botha and Angielczyk (2007) for another example]. How-
ever, this also brings up the issue of what to do in situa-
tions where morphometric differences are the best or the
only means of differentiating putative species. Thalattosu-
chians are a border-line case in this regard because some
discrete-state differences exist amongst most species,
although they are often not as obvious or unambiguous
as would be believed. As a result, we have relied heavily
on shape differences uncovered during the course of our
morphometric analyses to diagnose the species we recog-
nize as valid (see Systematic Palaeontology section below).
Although this might make it more difficult to identify
specimens in the field or in museum collections without
incorporating them into a quantitative analysis, we believe
the increase in precision (and hopefully accuracy!) is a
reasonable trade-off in at least some cases. Furthermore,
this situation parallels the growing recognition by neon-
tologists that sophisticated quantitative techniques are
often required to delineate morphologically cryptic species
initially identified by genetic data (e.g. Dobigny et al
2002; Baylac et al. 2003).

Morphological conservatism and integration

The PCA results show that the most variable aspects of
shape in teleosaurid and metriorhynchid skulls are the
length and the width of the snout (Text-figs 2, 4, 6, 8).
Although this trend in skull proportions is well estab-
lished (e.g. Westphal 1961, 1962; Adams-Tresman 1987a,
b), geometric morphometrics discriminated more varia-
tion within the confines of these dimensions than analyses
using linear measurements, as well as possible correlations
between snout length and other aspects of skull morphol-
ogy. For instance, PC1 describes not only the length of
the snout but also the size of the supratemporal fenestrae
and size the frontal bone. Similarly, width of the skull

(PC2) is correlated with length of the nasal bones, size of
the orbits and premaxillae and position of the narial
opening. Nevertheless, thalattosuchian skulls appear to be
morphologically conservative as the majority of shape dis-
parity was captured by only the first two axes of variance.

A similar pattern of morphological conservatism and
shape correlation, with respect to the length and the
width of the snout, has been observed in modern croco-
dilians (Pierce et al. 2006, 2008; Pierce 2007). This simi-
larity suggests that certain areas of the crocodilian skull
may intrinsically be linked and that this integration may
have been established early on in crocodylomorph evolu-
tion. Studies have shown that a complex relationship
exists between morphological integration, phylogenetic
relatedness and mechanical function (e.g. Goswami 2006;
Marroig and Cheverud 2001). For instance, phylogeny
may underpin similar patterns of gross morphological
integration, whereas function may result in the assimila-
tion of specific traits related to feeding and foraging strat-
egies. This concept of modules, or semi-autonomous sets
of highly correlated traits within larger units, has been
applied to diverse biological systems (e.g. Ackermann and
Cheverud 2004; Buchholtz 2007; Goswami 2007; Gould
and Garwood 1969; Klingenberg and Zaklan 2000; Olson
and Miller 1958; Pachut 1992; Sanchez and Lasker 2003;
Smith 1997), but patterns of modularity have never been
recognized or assessed in the crocodilian skull.

If we qualitatively compare patterns of morphological
integration amongst modern crocodilians and thalattosu-
chians, we see that, in general, length of the snout varies
with size of the supratemporal fenestrae and the width of
the snout varies with length of the nasal bones (Text-figs 2,
4, 6, 8; Pierce et al. 2006, 2008; Pierce 2007). However, the
direction of covariation is different. In modern crocodi-
lians, as snout length increases, the supratemporal fenestrae
enlarge (Endo et al. 2002; Pierce 2007; Pierce et al. 2008),
and as the snout widens, the nasal bones shorten. In con-
trast, in thalattosuchians as a whole, as snout length
increases, the size of the supratemporal fenestrae decrease,
and in metriorhynchids as the snout widens, the nasal
bones elongate. The fact that these regions of the skull con-
sistently covary in comparatively distantly related clades of
crocodylomorphs suggests that the crocodilian skull may
be modularized, and that these modules were likely estab-
lished early in the clade’s evolutionary history. If this is the
case, the observed difference in the direction of covariation
could imply that the modules can be influenced by specific
functional demands imposed on the skull through ecologi-
cal factors (e.g. adoption of near-shore or off-shore preda-
tory lifestyles) or by the phylogenetic histories of individual
clades. Alternatively, the difference could imply that the
hypothesized modularity evolved independently in thalat-
tosuchians and extant crocodiles, or that the strength of the
integration is weak. Further investigation of these possibili-
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ties is clearly merited, but beyond the scope of the present
analysis.

Phylogeny: functional implications for noncorrelation?

Plotting a species-level cladogram in morphospace found
a general correspondence between phylogeny and mor-
phology for metriorhynchids, with closely related species
clustering in similar areas of morphospace (Text-fig. 9).
Conversely, teleosaurids display multiple intersections of
branches (Text-fig. 5), suggesting that phylogeny does not
match morphological clustering well (Stayton 2006). The
Mantel tests confirmed that there was a significant corre-
lation between phylogeny and skull shape within the Met-
riorhynchidae but not in the Teleosauridae. Within the
Metriorhynchidae, however, phylogeny accounts for only
20 per cent of the skull shape variation observed within
morphospace. Therefore, the results of this study imply
that there is a large amount of morphological conver-
gence amongst thalattosuchian skulls, and that factors
other than phylogeny may play important roles in deter-
mining skull shape.

One such factor that may affect skull shape within tha-
lattosuchians is ecomorphological separation resulting
from niche partitioning. For example, in the Middle
Jurassic Oxford Clay Formation of Peterborough, England
a diverse assemblage of similar sized thalattosuchian spe-
cies, belonging to the genera Steneosaurus and Metri-
orhynchus, coexisted in a narrow seaway (Hudson and
Martill 1994; Martill et al. 1994). The stability of this
crocodile-rich ecosystem almost certainly depended on an
intricate partitioning of available resources. It is known
that competitive interactions of sympatric populations
sometimes lead to morphological differentiation or char-
acter displacement (Adams and Rohlf 2000), and Pierce
et al. (2008) demonstrated that these processes are active
amongst extant crocodilians. As with modern crocodilians
(Pierce 2007; Pierce et al. 2008), character displacement
in thalattosuchians is presumably linked to feeding and
foraging strategies, as the most obvious difference in head
shape is related to rostral dimensions.

Evidence from modern crocodilians shows that slight
differences in head shape and trophic morphology can
have a dramatic effect on maximum bite force (Erickson
et al. 2004), size and orientation of adductor musculature
(Endo et al. 2002) and overall skull strength (Busbey
1995; McHenry et al. 2006). In fact, modern crocodilians
show a high and significant correlation between peak
stress in the snout and skull morphotype, with short-
snouted morphologies experiencing far less stress than
long-snouted morphologies under equivalent loads (Pierce
2007; Pierce et al. 2008). Considering that thalattosuchian
skulls display a comparable pattern of shape variation to

modern crocodilians, a similar relationship between skull
morphology and skull strength might exist. With this in
mind, the distribution of thalattosuchian species in mor-
phospace may be controlled by a similar combination of
ecomorphological and functional pressures, and an analy-
sis into this association could prove fruitful (Pierce 2007;
Pierce et al. 2009).

Division of longirostrine morphospace

Combining all longirostrine fossil ‘mesosuchian’ croco-
dylomorphs into one morphospace (Text-figs 10-11)
highlighted a significant difference in skull shape between
the two thalattosuchians families (i.e. Teleosauridae and
Metriorhynchidae), and between thalattosuchians and dy-
rosaur/pholidosaurids (Table 6). This pattern contrasts
with Busbey’s (1995) analysis of crocodylomorph rostral
morphology, which found significant overlap in rostral
shape between teleosaurids, metriorhynchids and dyro-
saurids. Based on linear ratios of snout length and snout
width, Busbey (1995) recovered two main clusters of lon-
girostrine marine crocodylomorphs in morphospace. The
first cluster was defined by teleosaurid and metriorhyn-
chid species with narrow, medium-length snouts, whereas
the second cluster was defined by teleosaurid, metriorhyn-
chid, and dyrosaurid species with narrow, long snouts. In
addition, there were two outlier species, Metriorhynchus
brachyrhynchus and Dakosaurus maximus, which plotted
in the narrow, short snout region of morphospace. How-
ever, M. brachyrhynchus plotted out as the shortest-
snouted species, as opposed to this study, which found
D. maximus to have a considerably shorter snout than
M. brachyrhynchus (Text-figs 6, 8). Considering that it
was possible to subdivide these clusters more finely in the
present analysis, it appears that the consideration of the
entire skull shape and the use of a more sensitive
measurement technique (i.e. geometric morphometrics)
are beneficial when investigating longirostrine croco-
dylomorph skull morphology.

Analysis of shape disparity within thalattosuchians dis-
covered that metriorhynchids display significantly more
morphological disparity than teleosaurids (Tables 7-8).
This outcome demonstrates that the metriorhynchid skull
design is more morphologically distinct from the mean
shape of thalattosuchian morphospace than is the case for
teleosaurids. In addition, it was found that short-snouted
metriorhynchids and long-snouted teleosaurids exhibit
the majority of shape disparity based on snout morpho-
type, and that long-snouted metriorhynchids and short-
snouted teleosaurids have a similar degree of shape
disparity (Tables 7-8). Consequently, the generation of
morphological diversity in teleosaurids and metriorhyn-
chids occurred in different directions, with teleosaurids
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tending to explore the long-snouted region of morpho-
space and metriorhynchids tending to explore the short-
snouted region of morphospace (see Pierce et al. 2009 for
a functional interpretation of these disparity trends).

Finally, the analysis of thalattosuchian morphospace
discovered that Pelagosaurus typus plotted with other
long-snouted teleosaurids (Text-figs 10-11). This is signif-
icant considering the conflict that surrounds the system-
atic position of this taxon (for full review see Pierce and
Benton 2006). Although Westphal (1961, 1962) main-
tained a teleosaurid classification after analysing the anat-
omy and the taxonomy of Upper Lias crocodylomorphs,
Buffetaut (1980, 1982) argued for a metriorhynchid
affinity of Pelagosaurus based on its broad nasals, large
frontals, lateral orbits, sclerotic rings and a similar
arrangement of the prefrontal and lacrimal when com-
pared to the metriorhynchid Teleidosaurus. The results of
this study, however, show that the skull shape of Pelago-
saurus corresponds to the teleosaurid condition and is
highly divergent from the pattern displayed by Teleido-
saurus. This is consistent with recent cladistic analyses
conducted by Mueller-Téwe (2006), Young (2006), and
Gasparini et al. (2006), all of whom recovered Pelagosau-
rus as a teleosaurid. Thus, based on the analysis of skull
shape and discrete morphological characters, Pelagosaurus
appears to be a teleosaurid.

Fluctuating sea levels, mass extinctions and temporal
patterns

Changes in thalattosuchian diversity and disparity over
time closely correspond to fluctuating sea levels and mass
extinction events throughout the Jurassic and the Early
Cretaceous (Text-fig. 13). Starting in the early Lower
Jurassic, the oldest representatives of the Thalattosuchia
are only known from fragmentary remains that show few
diagnostic features (e.g. Gasparini et al. 2000; Godefroit
1994). The lowermost Jurassic, however, is known for its
scanty fossil record in general. Bardet (1994) calculated the
completeness of the fossil record (SCM) of marine reptiles
during the Pliensbachian at 16 per cent. The exact reason
for this poor sampling is uncertain, but it could be repre-
sentative of multiple regression events throughout the
Pliensbachian stage (Hallam and Cohen 1989). Therefore,
although it can be stated that by the earliest Jurassic thalat-
tosuchians had started to diversify, the extent of this diver-
sification is uncertain (‘Lower Jurassic’ in Text-fig. 12).
The end Pliensbachian—early Toarcian is marked by a
minor extinction event within the marine realm (Text-
fig. 13). The boundary between these two stratigraphic
stages is characterized by a regressive phase, which resulted
in epicontinental habitat loss and heightened marine
invertebrate extinction (Hallam and Cohen 1989). How-

ever, this regression was quickly followed by one of the
most important Jurassic transgression events, the early
Toarcian transgression (Hallam 1981). This extensive sea
level rise (Text-fig. 13) provided new epicontinental habi-
tat space for the origination and proliferation of marine
invertebrates and vertebrates, with an associated rise in the
SCM of marine reptiles to 87 per cent (Bardet 1994). The
transgression peaked in the Harpoceras serpentinum zone
(=former H. falciferum zone: Gradstein et al. 2004) and
the Hildoceras bifrons zone, two major ammonite zones of
the Toarcian where there is an explosion in teleosaurid
diversity (Mueller-Towe 2006; ‘Toarcian’ in Text-fig. 12).
The more aquatically adapted teleosaurids, Pelagosaurus
typus and Steneosaurus bollensis, became widespread
during this time, whereas more ‘robust’ forms such as
Steneosaurus brevior and Platysuchus multicrobiculatus were
palaeogeographically restricted. This relationship suggests
that the ‘robust’ forms might have been more reliant on a
terrestrial environment (Mueller-Towe 2006).

Although the Toarcian transgression provided new hab-
itat space, it also brought with it an oceanic anoxic event
(OAE) (Jenkyns 1985). The OAE was accompanied by a
biological crisis that affected both benthic and pelagic
forms (Mueller-Téwe 2006). Continued extinction
occurred in the Aalenian and the Bajocian because of sea
level fall (Text-fig. 13) and loss of epicontinental habitat.
The combined effect of the OAE and a regressive phase
ultimately had an effect on the diversity of thalattosu-
chians during this time. This is evident from the change
in morphospace occupation patterns across the Toarcian—
Aalenian/Bajocian boundary (‘Toarcian—Aalenian/Bajo-
cian’ in Text-fig. 12). However, because of the regression,
the Aalenian and the Bajocian have an incomplete fossil
record, with a calculated SCM for marine reptiles of only
20 and 0 per cent respectively (Bardet 1994). As such, the
diversity of thalattosuchians during this time likely would
be greater than what is preserved. Nonetheless, there is a
distinct gap in the thalattosuchian fossil record during
these stages, which results in prominent ghost lineages for
these stratigraphic units (Mueller-Towe 2006).

In spite of this, during the Bajocian we do see the first
appearance of metriorhynchids in the fossil record. Both
Teleidosaurus and Metriorhynchus remains have been
found, but specific identifications for the specimens are
uncertain (Gasparini et al. 2000; Hua and Atrops 1995).
Whether or not this origination event was stimulated by
loss of epicontinental habitat during the regressive phase,
or if it corresponds to periodic transgressions throughout
the Bajocian (Hallam and Cohen 1989), is unknown. As
metriorhynchids are highly derived marine forms that
lived in open ocean environments, loss of epicontinental
shelf could have promoted the radiation of thalattosu-
chians from near-shore ancestors to off-shore ocean
dwellers. Alternatively, the periodic transgressions would
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TEXT-FIG. 13. Relative sea level curve and thalattosuchian
diversity (based on species numbers from this study) through
the Jurassic and the Early Cretaceous. Sea levels taken from
Hallam (1981) and Hallam and Cohen (1989).

have supported the radiation of epicontinental faunas and
permitted the development of new predator—prey associa-
tions.

In the Bathonian, sea level steadily increased, and with
this came both an increase in the SCM of marine reptiles
to 40 per cent (Bardet 1994) and the reappearance of well
preserved thalattosuchians in the fossil record (Text-
fig. 13). However, the ocean environment at this time
appears to only support off-shore metriorhynchids and
more terrestrially adapted ‘robust’ teleosaurids (‘Batho-
nian’ in Text-fig. 12). Sea levels continued to rise through
the Middle Jurassic and eventually culminated in the
most important sea level high stand of the Jurassic (Text-
fig. 13), the Callovian transgression (Hallam and Cohen
1989). The Callovian is known for its excellent preserva-
tion and an SCM for marine reptiles of 100 per cent
(Bardet 1994). In addition, the fossil record shows a
strong origination peak for both marine invertebrates and
vertebrates during this stage (Bardet 1994; Hallam 1986).
As is evident from temporal patterns, thalattosuchian
diversity significantly increases during the Callovian, with
respect to both teleosaurids, including the more aquati-
cally adapted forms, and metriorhynchids (‘Callovian’ in

Text-fig. 12). This spike may be linked to the availability
of extensive epicontinental habitat space and the abun-
dance of available prey items, but it also may stem in part
from unusually high rates of preservation for thalattosu-
chians at the time.

Following the Callovian transgression, sea levels begin
to fall again (Text-fig. 13) resulting in a regressive peak at
the Callovian/Oxfordian boundary (Hallam 1981) and a
significant reduction in the SCM of marine reptiles dur-
ing the Oxfordian to 42 per cent (Bardet 1994). The
restricted epicontinental habitat space during sea level fall
could be responsible for the observed decrease in thalat-
tosuchian species numbers and the lack of origination
events during the Oxfordian (‘Oxfordian’ in Text-fig. 12).
Nonetheless, the majority of the Oxfordian is defined by
a slow increase in sea level (Hallam 1981) and, therefore,
the apparent decrease in thalattosuchian diversity could
also be influenced by collection bias.

The Kimmeridgian and the Tithonian are defined by
diversification and good preservational conditions, which
resulted in an increase in the SCM for marine reptiles to
77 per cent (Bardet 1994). During the Kimmeridgian sea
levels continued to increase (Text-fig. 13), and thalattosu-
chians (and other marine reptiles; see Bardet 1994) show
a strong origination spike that corresponds to the appear-
ance of the genera Geosaurus and Dakosaurus and the
species Machimosaurus mosae (‘Kimmeridgian’ in Text-
fig. 12). These extreme morphologies continued to diver-
sify throughout the Tithonian (Text-fig. 12 Tithonian),
although the genus Metriorhynchus becomes extinct. The
juxtaposition of radiation and extinction during the
Tithonian might be influenced by fluctuating sea levels
(Hallam 1981), or it could simply be the result of the
long-snouted Geosaurus out-competing the long-snouted
Metriorhynchus for habitat and food sources (which ulti-
mately could have been related to fluctuating sea levels).

Finally, at the Tithonian/Berriasian boundary we see
the second minor mass extinction of the Jurassic, the
Tithonian extinction (Text-fig. 13). This event, however,
was not global. During the end-Tithonian there was a
major regression of shallow epicontinental seas in Europe,
but at the same time, there was a widespread transgression
in South America (Hallam 1986). The localized sea level
fall in Europe led to restricted habitat space and high
extinction rates, and ultimately culminated in almost a
complete loss of thalattosuchians from the European
realm. Conversely, marine reptiles in South America at the
Tithonian/Berriasian boundary seem to flourish (Spalletti
et al. 1999), with one of the most morphologically unique
metriorhynchid species originating during this time, Dako-
saurus andiniensis (Gasparini et al. 2006; ‘Tithonian and
Berriasian’ in Text-fig. 12). Nonetheless, there is a decrease
in thalattosuchian diversity in the South American realm,
with the loss of most geosaurs in the Berriasian. The
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decline of geosaurs at this time might be a consequence of
competitive displacement by dakosaurs and other more
successful marine reptiles (Spalletti et al. 1999).

SYSTEMATIC PALAEONTOLOGY

Remarks. The following species diagnoses are restricted
to cranial anatomical characters and the proposed syn-
onyms are limited to the data set used in the present study.
For further information on the history of species synonyms
please refer to the literature (e.g. Steel 1973). In addition,
the diagnoses are a compilation of characters revealed from
this study, examination of specimens (SEP, pers. obs.; see
Appendix for specimen numbers), and descriptions from
the literature (see Reference material below).

Institutional abbreviations. BHN, Museum d’Historire Naturelle
de Boulogne-sur-Mer; BMNH, The Natural History Museum,
London; MGHEF, Museo Fuenzalida at the Universidad Catodlica
del Norte, Antofagasta, Chile; MHNSR, Museo de Historia
Natural de San Rafael, Mendoza, Argentina; MLP, Museo La
Plata, Paleontologia Vertebrados; MNHM, Museum National
d’Histoire Naturelle, Paris; SMNS, Staatliches Museum fiir
Naturkunde, Stuttgart; SMSS, Palaeontologische Sammlung im
Museum der Stadt Solothurn; SNSD, Staatliche Naturhistorische
Sammlungen Dresden; TMH, Teylers Museum, Haarlem;
UANL-FCT, Universidad Autonoma de Nuevo Ledn, Facultad
de Ciencias de la Tierra, Linares, Mexico.

Suborder THALATTOSUCHIA Fraas, 1901
Family TELEOSAURIDAE Geoffroy Saint-Hilaire, 1831

Genus MACHIMOSAURUS Meyer, 1837

Type species. Machimosaurus hugii Meyer, 1837.

Machimosaurus hugii Meyer, 1837

1967 Machimosaurus hugii Meyer; Krebs, p. 46, figs 1-4.

1909 Steneosaurus durobrivensis Andrews, p. 124, pl. 6,
text-figs 31-35, 37-39, 41-42.

1909 Steneosaurus obtusidens Andrews, p. 130, pl. 7,
text-fig. 50.

1913 Steneosaurus hulkei Andrews, p. 122.

Holotype. SMSS Nr. 96.

Reference material. Andrews (1909, 1913); Krebs (1967); Buffe-
taut (1982); Adams-Tresman (1987b); Hua et al. (1993).

Diagnosis. Machimosaurus hugii is a short-snouted teleo-
saurid characterized by massive skull; short and narrow

rostrum; anteriorly positioned external narial opening;
very large, longitudinally expanded supratemporal fenes-
tra; small and subcircular orbits; frontal that terminates
just anterior to orbits; irregular pits on frontal and
prefrontal; longitudinal grooves of varying lengths on
rostrum; contact between the ectopterygoid and
anterior two-thirds of the pterygoid; marked posterior
concavity of the palatine fenestra on pterygoid; 21-34
teeth on maxilla; 24-31 teeth on mandible; teeth blunt
and circular cross-section; tooth enamel ornamented
with numerous irregular ridges and weak anteroposterior
carina is visible; pit-like sockets on maxilla to receive
dentary teeth and symphyseal region 4044 per cent of
length of dentary.

Stratigraphical range. Callovian—Berriasian(?). Upper Jurassic—
Lower Cretaceous.

Geographical occurrence. France, Switzerland, Portugal.

Machimosaurus mosae Sauvage and Lienard, 1879

1879 Machimosaurus mosae Sauvage and Lienard, p. 1,
pl. 1-4.

Neotype. BHN 2R 1100.
Reference material. Hua et al. (1993); Hua (1999).

Diagnosis. Machimosaurus mosae is a short-snouted teleo-
saurid that differs from M. hugii in having extremely
short and broad rostrum; strongly developed pterygoid
wings; contact between ectopterygoid and median third of
pterygoid; reduced posterior concavity of the palatine
fenestra of pterygoid; posterior edge of mandibular sym-
physis at the same level dorsally as ventrally and c¢. 17
maxillary and 19 dentary teeth.

Stratigraphical range. Kimmeridgian—Berriasian (?). Upper Juras-
sic-Lower Cretaceous.

Geographical occurrence. France.

Genus STENEOSAURUS Geoffroy Saint-Hilaire, 1825
Type species. Steneosaurus megistorhynchus Geoffroy Saint-Hilarie
1825.

Steneosaurus bollensis (Jaeger, 1828)

1824 Mystriosaurus bollensis Cuvier, p. 73, pl. 10-11.
1828 Crocodilus bollensis Jaeger, p. 6, figs 1-3.
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Holotype. SNSD uncatalogued. Labeled SNSD 1 by Mueller-
Towe (2006).
(2006);

Reference Mueller-Towe

Appendix.

material. Westphal (1962);

Diagnosis. Steneosaurus bollensis is a long-snouted teleo-
saurid characterized by large, flat skull; long, narrow ros-
trum that gradually broadens posteriorly; lacrimal and
postorbital separated by jugal; small, slit-like antorbital
fenestra; small, elliptical orbit; large, longitudinally
expanded supratemporal fenestra; ornamentation present
on frontal, prefrontals, postorbitals, squamosals and pari-
etal; diastema present between premaxillary and maxillary
suture; 24-35 teeth on maxilla; 26-34 teeth on dentary;
teeth apically recurved with pointed apex and tooth
enamel with very fine vertical striations and a single
smooth carina running down posterior edge.

Stratigraphical range. Toarcian (Lias), Lower Jurassic.

Geographical occurrence. England and Germany.

Steneosaurus brevior Blake, 1876

1876 Steneosaurus brevior Blake; Tate and Blake 1876,
p. 244, pl. 1, figs 1-2.

Holotype. BMNH 1478.
Reference material. Westphal (1961, 1962); Mueller-T6we (2006).

Diagnosis.  Steneosaurus brevior is a short-snouted teleo-

saurid that differs from S. bollensis in having large, robust
skull; relatively short, broad rostrum; large, rectangular
supratemporal fenestrae; small rounded orbits; large man-
dibular fenestra and large, well-defined antorbital fenestra.

Stratigraphical range. Toarcian (Lias), Lower Jurassic.

Geographical occurrence. England and Germany.

Steneosaurus gracilirostris \Westphal, 1961
1961 Steneosaurus gracilirostris Westphal, p. 211, fig. 2.
Holotype. BMNH 14792.

Reference (1961, 1962); Mueller-Towe

(2006).

material. Westphal

Diagnosis. Steneosaurus gracilirostris is a long-snouted tel-
eosaurid that differs from S. bollensis in having extremely

elongated, very slender rostrum; large antorbital fenestra;
relatively large ellipsoid orbit; small, rounded supra-
temporal fenestra; canial ornamentation reduced, includ-
ing a smooth squamosal; small suborbital fenestra; palate
forming median ridge accompanied by a paired lateral
groove and c¢. 60 teeth on each maxilla and dentary;
tooth crowns very slender, conical, pointed, and apically
recurved.

Stratigraphical range. Toarcian (Lias), Lower Jurassic.

Geographical occurrence. England.

Steneosaurus heberti Morel De Glasville, 1876

1876 Steneosaurus heberti Morel De Glasville, , p. 342,

pl. 8-9.
1951 Steneosaurus depressus Phizackerley, p. 1189, fig. 10.
1951 Steneosaurus meretrix Phizackerley, p. 1185, figs 8-9.

Holotype. Unknown catalogue number.

Reference material. Morel De Glasville (1876); Phizackerley
(1951); Vignaud (1997).

Diagnosis. Steneosaurus heberti is a short-snouted teleo-
saurid that differs from S. bollensis in having relatively
short, narrow rostrum; dorsoventrally flattened skull;
larger, more longitudinally expanded supratemporal
fenestra; large, dorsolaterally oriented orbits; unexpand-
ed premaxilla; preorbital region only slightly wider than
rostrum; mandibular symphysis extending almost half
the length of mandible; 32—40 teeth on maxilla; 31-36
teeth on mandible and tooth crown slender, conical,
striated and generally vertical.

Stratigraphical range. Bathonian—Oxfordian, Middle-Upper Ju-
rassic.

Geographical occurrence. England and France.

Steneosaurus leedsi Andrews, 1909

1871 Steneosaurus megarhinus Hulke, p. 442; Vignaud et al.
1993, p. 1509, fig. 2.

1909 Steneosaurus leedsi Andrews, p. 300, pl. 8, fig. 1.

1913 Mycterosuchus nasutus Andrews, p. 136, pl. 8,
text-figs 51-54.

Holotype. BMNH R3320.

Reference  material. Andrews (1909; 1913); Adam-Tresman
(1987b); Vignaud et al. (1993); Vignaud (1997); Appendix.
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Diagnosis. Steneosaurus leedsi is a long-snouted teleo-
saurid that differs from S. bollensis in having greatly elon-
gated, narrow rostrum that is sharply marked off from
the cranial region of the skull; rectangular supratemporal
fenestra; broad, downwardly deflected premaxilla; long
distance between nasal and premaxilla; dorsally and
slightly laterally directed orbits; long, posteriorly extended
mandibular symphysis; mandible mediolaterally com-
pressed; 28—46 teeth on maxilla; 42—44 teeth on mandible;
and teeth slender with sharply pointed crowns and
enamel that is sculptured into a series of very fine longi-
tudinal ridges.

Stratigraphical range. Callovian—-Kimmeridgian, Middle—Upper
Jurassic.

Geographical occurrence. England and France.

Genus PELAGOSAURUS Bronn, 1841

Type species. Pelagosaurus typus Bronn, 1841.

Pelagosaurus typus Bronn, 1841

1841 Pelagosaurus typus Bronn; Bronn 1841, p. 28, pl. 3,
figs 1-6.

Holotype. TMH Nr. 2744.
Reference material. Pierce et al. (2006); Appendix.

Diagnosis. Pelagosaurus typus is a long-snouted teleosaurid
characterized by long, broad rostrum; small prefrontal
and lacrimal visible in dorsal aspect; sagittal crest made
up of equal portions of the frontal and parietal; supraor-
bital constriction on the frontal absent; small, shallow,
oval antorbital fenestra present within the lacrimal and
maxilla; supratemporal fenestra short anteroposteriorly;
paired, large frontal; broad nasals; laterally oriented orbit;
sagittal crest broad and sculpted; jugal oriented vertically;
anterior margin of internal choanae tapers anteriorly
between the paired palatines; presence of a choanal sep-
tum on the palatine and pterygoid; sculpturing on almost
the entire skull and mandible, with extensive sculpturing
on the prefrontal, lacrimal, frontal, parietal, temporal
arcade and the posterior extent of the mandible; presence
of mandibular fenestrae; 30 piercing teeth on each side of
the upper and lower jaws and four premaxillary teeth.

Stratigraphical range. Toarcian (Lias), Lower Jurassic.

Geographical occurrence. England, France, Germany, and Portugal.

Genus PLATYSUCHUS Westphal, 1961

Type species. Platysuchus multicrobiculatus (Berckhemer, 1929).

Platysuchus multicrobiculatus (Berckhemer, 1929)

1929 Mpystriosaurus multicrobiculatus Berckhemer, p. 20,
pl. 4.

Holotype. SMNS 9930.
Reference material. Westphal (1961); Mueller-Téwe (2006).

Diagnosis. Platysuchus multiscrobiculatus is a long-snouted
teleosaurid characterized by relatively small skull (45 per
cent of trunk length); long, thin rostrum with broadly
enlarged premaxilla; sub-circular, dorsally directed orbit;
jugal excluded from orbital rim; supratemporal fenestra
relatively small and slightly longer than wide; extensive
ornamentation on cranial bones including prefrontal,
nasal, lacrimal, jugal, postorbital, squamosal, frontal and
parietal; ¢. 30-30 maxillary teeth and 37-40 mandibular
teeth; and teeth slender, conical, pointed, apically
recurved and covered with fine longitudinal striations.

Stratigraphical range. Toarcian (Lias). Lower Jurassic.

Geographical occurrence. Germany.

Family METRIORHYNCHIDAE Fitzinger, 1843
Genus DAKOSAURUS Quenstedt, 1856

Type species. Dakosaurus maximus (Plieninger, 1846).

Dakosaurus andiniensis Vignaud and Gasparini, 1996

1996 Dakosaurus andiniensis Vignaud and Gasparini,
p. 245, pl. 1, figs 1-4.

Holotype. MHNSR PV 344,

Reference material. Vignaud and Gasparini (1996); Gasparini
et al. (2006).

short-snouted
metriorhynchid characterized by robust skull; exceed-
ingly short, high rostrum; dorsal surface of rostrum at
same level as skull roof; ‘M’ shaped premaxilla-maxilla
contact; anteroposteriorly expanded prefrontal; large,
ovoid supratemporal fenestra; deep, elongate antorbital

Diagnosis. Dakosaurus andiniensis is a
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fenestra; nasal participates in antorbital fenestra; neuro-
vascular foramina aligned obliquely below antorbital
fenestra; anterior end of jugal sigmoidal; tooth row
composed of 13-14 teeth; and teeth buccolingually
compressed with large denticles on mesial and distal
margins.

Jurassic—

Stratigraphical ~ range. Tithonian—Berriasian,

Lower Cretaceous.

Upper

Geographical occurrence. Argentina.

Dakosaurus maximus (Plieninger, 1846)
1846 Geosaurus maximus Plieninger, p. 150, pl. 3, fig. 2.
Holotype. Unknown catalogue number.
Reference material. Fraas (1902).

Diagnosis. Dakosaurus maximus is a short-snouted metri-
orhynchid that differs from D. andiniensis by having
shorter, more narrow rostrum; large teardrop-shaped pre-
frontals; rounded anterior tip of snout; large, round, dor-
sally positioned narial opening; large, mediolaterally
compressed, serrated teeth; 13 maxillary teeth.

Stratigraphical range. Kimmeridgian—Tithonian, Upper Jurassic.
Geographical occurrence. England, France, Germany and Switzer-
land.

Genus GEOSAURUS Cuvier, 1824

Type species. Geosaurus giganteus (Soemmering, 1816).

Geosaurus araucanensis Gasparini and Dellape, 1976

1976 Geosaurus araucanensis Gasparini and Dellape, p. C3,
figs 1-2.

Holotype. MLP 72-IV-7-1.

Reference material. Gasparini and Dellape (1976); Fernandez and
Gasparini (2008).

Diagnosis. Geosaurus araucanensis is a long-snouted met-
riorhynchid characterized by long, narrow rostrum; pro-
portionally small skull; large, circular supratemporal
fenestra; small infratemporal fenestra; large, laterally ori-
ented orbits with a strongly developed sclerotic ring; dor-
sally positioned external nares separated completely by a

bony partition; enlarged antorbital fenestra; ‘salt-gland’
situated within prefrontal; smooth cranial surface; small
interalveolar space; 27-28 maxillary teeth and 29 mandib-
ular teeth; sharp, smooth teeth.

Stratigraphical range. Tithonian—Berriasian, Upper Jurassic.

Geographical occurrence. Argentina.

Geosaurus gracilis (Meyer, 1831)

1831 Rhacheosaurus gracilis Meyer, p. 173, pl. 15, fig. 2.
Holotype. Unknown catalogue number.
Reference material. Fraas (1902); Broili (1932); Frey et al. (2002).
Diagnosis. Geosaurus gracilis is a long-snouted metri-
orhynchid that differs from G. araucanensis in having
extremely elongated, broad rostrum; sharply pointed
snout tip; partially separated external narial opening; in-
terorbital space only one-half the occipital width; lateral
process of frontal almost perpendicular to medial plane
of skull.

Stratigraphical range. Kimmeridgian—Tithonian, Upper Jurassic.

Geographic occurrence. Germany.

Geosaurus suevicus Fraas, 1902

1902 Geosaurus suevicus Fraas, p. 41, pl. 5-8.
Holotype. SMNS 9808.
Reference material. Fraas (1902); Buchy et al. (2006).
Diagnosis. Geosaurus suevicus is a long-snouted metri-
orhynchid that differs from G. araucanensis in having
shorter, broader rostrum; oval supratemporal fenestra; an-
teroposteriorly elongated external narial opening; smooth
cranial surface; mandible slightly longer than upper jaw,
creating an ‘over-bite’; 23 maxillary teeth and 26 mandib-
ular teeth.

Stratigraphical range. Kimmeridgian—Tithonian. Upper Jurassic.

Geographical occurrence. Switzerland.

Geosaurus vignaudi Frey et al., 2002

2002 Geosaurus vignaudi Frey et al., p. 1468, figs 1-3, 6.
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Holotype. UANL-FCT-RI.
Reference material. Frey et al. (2002)

Diagnosis. Geosaurus vignaudi is a long-snouted metri-
orhynchid that differs from G. araucanensis in having
longer, narrower rostrum; shallow supraorbital notch;
subcircular supratemporal fenestra; anterior tip of dentary
curved ventrally; long interalveolar space on mandible;
15-17 mandibular teeth and teeth subcircular in cross-
section, lacking carina and possessing faint longitudinal
ridges.

Stratigraphical range. Tithonian, Upper Jurassic.

Geographical occurrence. Mexico.

Genus METRIORHYNCHUS Meyer, 1830

Type species. Metriorhynchus geoffroyii Meyer, 1832.

Metriorhynchus acutus Lennier, 1887
1887 Metriorhynchus acutus Lennier, p. 84, pl. 20, figs 1-2.

Holotype. Destroyed/lost during the Second War World (com-
plete skull).

Reference material. Lennier (1887).

Diagnosis. Metriorhynchus acutus is a long-snouted met-
riorhynchid characterized by very long, narrow rostrum;
premaxilla slightly broader than anterior portion of
maxilla; orbits;
external nares dorsally positioned; narial opening circu-
lar-shaped; supratemporal fenestra square—circular in
outline; narrow sagittal crest with posterior portion

forming a triangular table with occipital region; 25-26

maxilla gradually broadens towards

maxillary teeth and teeth long and thin with fine stria-
tions.

Stratigraphic range. Kimmeridgian, Upper Jurassic.

Geographical occurrence. France.

Metriorhynchus brachyrhynchus Deslongchamps, 1867

1867 Metriorhynchus brachyrhynchus Deslongchamps,
p- 333, pl. 23, fig. 1.

Holotype. Destroyed/lost during the Second World War (com-
plete skull).

Reference  material. Deslongchamps ~ (1863-1869);  Andrews
(1913); Adams-Tresman (1987a); Appendix.
Diagnosis. Metriorhynchus —brachyrhynchus is a short-

snouted metriorhynchid characterized by comparatively
short, broad snout; nasal meets or nearly meets
premaxilla; small, rounded prefrontals; outer angle of
prefrontal almost a right angle; supraorbital notch
forms acute angle; ornamentation developed on frontal
and extensive on prefrontal; 20-21 teeth on maxilla
and teeth stout, moderately compressed, nearly smooth,
with posterior carina more
carina.

marked than anterior

Stratigraphical range. Callovian—Oxfordian, Middle-Upper Juras-
sic.

Geographical occurrence. England and France.

Metriorhynchus casamiquelai Gasparini and Chong Diaz,
1977

1977 Metriorhynchus casamiquelai Gasparini and Chong
Diaz, p. 343, figs 3-5.

Holotype. MGHF 1-08573.

Reference material. Gasparini and Chong Diaz (1977); Gasparini
et al. (2000).

Diagnosis. Metriorhynchus  casamiquelai is a  short-
snouted metriorhynchid that differs from M. brachyrhyn-
chus in having slightly narrower skull; distance between
nasal and premaxilla proportionally long; no ornamen-
tation on frontal or prefrontal; quadrangular supratem-
poral fenestra; massive postorbital; frontal very wide
between orbits; posterior edge of frontal perpendicular
to longitudinal axis of skull; circular orbits; well devel-
oped lacrimal and antorbital foramen; internal nares
closed posteriorly; long, wide pterygoid fossa and 20-23
dentary teeth.

Stratigraphical range. Callovian, Middle Jurassic.

Geographical occurrence. Chile.

Metriorhynchus durobrivensis (Lydekker, 1890)
1890 Suchodus durobrivensis Lydekker, p. 285, figs 2-3.
1913 Metriorhynchus cultridens Andrews, p. 196, pl. 11,

figs 24, text-figs 60-61, 66, 73E.

Holotype. BMNH R1994.
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Reference material. Andrews (1913); Adams-Tresman (1987a);
Appendix.

Diagnosis. Metriorhynchus durobrivensis is a short-snouted
metriorhynchid that differs from M. brachyrhynchus and
M. casamiquelai in having shorter rostrum; supraorbital
notch ranging from angulated to a more open, continu-
ous curve; narrow intertemporal bar; 16-21 teeth in the
premaxilla and maxilla; 12-17 dentary teeth and tooth
crowns strongly compressed, long and relatively slender,
almost completely smooth and with sharp carinae.

Stratigraphical range. Callovian, Middle Jurassic.

Geographical occurrence. England.

Metriorhynchus hastifer (Deslongchamps, 1866)

1866 Teleosaurus hastifer Deslongchamps; Deslongchamps
1867, p. 146, pl. 23, fig. 2, pl. 24, figs 1-5.

Holotype. Destroyed/lost during the Second War World (com-
plete skull).

Reference material. Deslongchamps (1863—1869).

Diagnosis. Metriorhynchus hastifer is a long-snouted metri-
orhynchid that differs from M. acutus in having shorter, more
narrow rostrum; rostrum width constant, slightly broadening
at orbits; shape of supratemporal fenestra verging on a paral-
lelogram; heavily ornamented frontal; pits on maxilla, nasal,
and prefrontal; notches present on the dorsal edge of prefron-
tal; naris positioned on anterior tip of snout, opening dorsally
and large, horseshoe-shaped narial opening.

Stratigraphic range. Kimmeridgian, Upper Jurassic.

Geographic occurrence. France.

Metriorhynchus leedsi Andrews, 1913

1913 Metriorhynchus leedsi Andrews, p. 195, p. 11, fig. 1;
text-fig. 73B.

1913 Metriorhynchus laeve Andrews, p. 192, pl. 10; text-figs
65, 69B, 73A.

Holotype. BMNH R3540.

Reference material. Andrews (1913); Adams-Tresman (1987a);
Appendix.

Diagnosis. Metriorhynchus leedsi is a long-snouted metri-
orhynchid that differs from M. acutus in having relatively

long rostrum that gradually increases in width towards
orbits; nasal and premaxilla separated to variable degrees,
but never in contact; smooth frontal and prefrontal; pre-
frontal with small irregular notches around edge; broad
intertemporal bar; 30-36 maxillary teeth; tooth crowns
sharp, somewhat compressed and pointed with fine dis-
continuous ridges and carina present on anterior and
posterior edge.

Stratigraphical range. Callovian, Middle Jurassic.

Geographical occurrence. England.

Metriorhynchus superciliosus (Blainville, 1853)
1853 Crocodilus superciliosus Blainville; Deslongchamps
1867, p. 118, pl. 20.
1868 Metriorhynchus blainvillei Deslongchamps, pl. 20.
1869 Metriorhynchus moreli Deslongchamps, p. 320, pl. 21,
figs 4-5, pl. 22, figs 1-2.
Neotype. MNHN 8903.

Reference material. Deslongchamps (1863-1869); Andrews (1913);
Adams-Tresman (1987a); Appendix.

Diagnosis. Metriorhynchus superciliosus is a long-snouted
metriorhynchid that differs from M. acutus (and M. leedsi)
in having snout convex from side to side; extensive pit-
ting or ornamentation on frontal and prefrontal; narrow

intertemporal bar and 25-26 maxillary teeth.

Stratigraphical range. Callovian—-Kimmeridgian, Middle-Upper
Jurassic.

Geographical occurrence. England and France.

Genus TELEIDOSAURUS Deslongchamps, 1869

Type species. Teleidosaurus calvadosi (Deslongchamps, 1866).

Teleidosaurus calvadosi (Deslongchamps, 1866)
1866 Teleosaurus calvadosi Deslongchamps, p. 193, pl. 1.

Holotype. BMNH 3353 (cast; original destroyed during Second
World War).

Reference material. Buffetaut (1982); Appendix.

Diagnosis. Teleidosaurus calvadosi is a short-snouted met-
riorhynchid characterized by short, narrow rostrum; pre-
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frontals less developed than other metriorhynchids and
not projecting laterally over orbits; prefrontal does not
penetrate narial opening; lacrimal large as compared to
prefrontal; lacrimal/nasal suture dorsal and linear (not
sigmoidal); orbits more dorsally positioned; external naris
on anterior tip of snout; heavily ornamented frontal and
supratemporal fenestra ‘tear-drop’ shaped.

Stratigraphic range. Bathonian, Middle Jurassic.

Geographical occurrence. France.

CONCLUSIONS

This study aimed to quantify shape variation and
morphospace occupation in thalattosuchian skulls using
landmark-based geometric morphometrics in order to
delineate species and characterize morphological trends
through time. The pattern of morphological diversity in
thalattosuchian skulls was found to be more complex
than previously thought. The main source of variation is
the length and the width of the skull, but a considerable
amount of disparity exists within these boundaries and
patterns of morphological integration are apparent.
For example, length of snout is correlated with size of
supratemporal fenestrae and size of frontal bone,
whereas width of the skull is correlated with length of the
nasal bones, size of the orbits and premaxillae and
position of the narial opening. Comparable patterns of
shape variation and morphological correlation have been
observed in modern crocodilians, although they differ in
some details.

Delineating species using geometric morphometric
techniques, in combination with discrete-state morphol-
ogy and the consideration of geographic and stratigraphic
range data, proved to be more successful than species
diagnoses based primarily on linear measurements. By
analysing the full geometry of the skull, this study was
able to distinguish eight Callovian species as opposed to
Adams-Tresman’s (1987a, b) four. Within the Teleosauri-
dae, Steneosaurus durobrivensis (sensu Adams-Tresman)
was separated into Machimosaurus hugii and Steneosaurus
heberti, whereas Steneosaurus leedsi (sensu Adams-
Tresman) was regarded as valid. Conversely, within the
Metriorhynchidae, Metriorhynchus superciliosus (sensu
Adams-Tresman) was separated into M. superciliosus and
M. leedsi, and M. brachyrhynchus (sensu Adams-Tresman)
was separated into M. brachyrhynchus, M. casamiquelai,
and M. durobrivensis.

In addition to species delineation, geometric morpho-
metrics provided the necessary tools to explore patterns
of disparity within the Thalattosuchia. In terms of overall
morphology, metriorhynchids were found to be more

disparate from the average shape of longirostrine
morphospace than teleosaurids. However, short-snouted
metriorhynchids and long-snouted teleosaurids showed
the greatest amount of disparity with respect to snout
morphotypes. This suggests that teleosaurids and
metriorhynchids tended to explore opposite areas of mor-
phospace. Phylogeny was found to have a moderate
influence on the pattern of morphospace occupation in
metriorhynchids, but not in teleosaurids. Therefore,
other factors such as ecomorphological or functional
constraints, likely control the pattern of shape variation
in thalattosuchian skulls. A comparison of all longiros-
trine fossil crocodylomorphs showed that thalattosuchians
possess a unique skull morphology, implying that there is
more than one way to construct a ‘long snout’. Finally,
the temporal distribution of thalattosuchian species
and morphotypes show a clear and highly correlated
relationship with sea level curves and mass extinction
events through the Jurassic and the Early Cretaceous.
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APPENDIX

List of all specimens used in the geometric morphometric analysis.

Institutional abbreviations. BMNH, The Natural History Museum, London; BRLSI, Bath Royal Literary and Scientific Institute, Bath;
MNHM, Museum National d’Histoire Naturelle, Paris; OUM, Oxford University Museum, Oxford; SM, Sedgwick Museum, Cam-

bridge; YORYM, York Museum, York.

Taxon Stage Specimen Number Reference
Teleosauridae

Machimosaurus

M. hugii Oxfordian—Berriasian (?) Reconstruction Krebs (1967)
M. mosae Kimmeridgian—Berriasian (?) Drawing Hua (1999)
Mycterosuchus

M. nasutus Callovian Photograph of R2617 BMNH
Mystriosaurus

M. bollensis Toarcian Photograph of 409-415 Antunes (1967)
M. bollensis Toarcian photograph of R3937 BMNH
Pelagosaurus

P. typus Toarcian Photograph of M1412 BRLSI

P. typus Toarcian Photograph of M1413 BRLSI

P. typus Toarcian Photograph of M1418 BRLSI

P. typus Toarcian Photograph of 1883-914 MNHN
Steneosaurus

S. bollensis Toarcian Photograph of R161 Mateer (1974)
S. bollensis Toarcian Photograph of J47094 SM
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Taxon Stage Specimen Number Reference
S. bollensis Toarcian Reconstruction of adult Mueller-Towe (2006)
S. bollensis Toarcian Reconstruction of juvenile Mueller-Towe (2006)
S. brevior Toarcian Reconstruction Mueller-Towe (2006)
S. depressus Callovian Photograph of J1420 OUM
S. durobrivensis Callovian Photograph of R2865 BMNH
S. durobrivensis Callovian Photograph of R3701 BMNH
S. gracilirostris Toarcian Reconstruction Mueller-Towe (2006)
S. heberti Callovian—Oxfordian Reconstruction Morel De Glasville (1876)
S. hulkei Callovian Photograph of R2074 BMNH
S. leedsi Callovian Photograph of R3320 BMNH
S. megarhinus Oxfordian—Kimmeridgian Reconstruction Vignaud et al. (1993)
S. meretrix Bathonian Photograph of J29850 OUM
S. meretrix Bathonian Photograph of J29851 OUM
S. obtusidens Callovian Photograph of R3168 BMNH
Platysuchus
P. multicrobiculatus Toarcian Reconstruction Mueller-Towe (2006)
Teleosaurid
Teleosaurid Toarcian Photograph (no specimen # available) BMNH
Teleosaurid Toarcian? Photograph (no specimen # available) BRLSI
Teleosaurid Toarcian Photograph of J4709 SM
Teleosaurid Toarcian Photograph (no specimen # available) YORYM-1
Teleosaurid Toarcian Photograph (no specimen # available) YORYM-2
Metriorhynchidae
Dakosaurus
D. andiniensis Tithonian—Berriasian Reconstruction Gasparini et al. (2006)
D. maximus Kimmeridgian—Tithonian Drawing of holotype Fraas (1902)
GEOSAURUS
G. araucanensis Tithonian—Berriasian Photograph of holotype Gasparini and Dellapé (1976)
G. gracilis Kimmeridgian—Tithonian Drawing Broili (1932)
G. suevicus Kimmeridgian—-Tithonian Drawing of holotype Fraas (1902)
G. vignaudi Tithonian Reconstruction of holotype Frey et al. (2002)
Metriorhynchus
M. acutus Kimmeridgian Drawing of holotype Lennier (1887)
M. blainvillei Oxfordian Drawing of holotype Deslongchamps (1869)
M. brachyrhynchus Bathonian—Callovian Photograph of R3699 BMNH
M. brachyrhynchus Bathonian—Callovian Photograph of R3700 BMNH
M. casamiquelai Callovian Photograph of holotype Gasparini and

Chong Diaz (1977)
M. cultridens Callovian Photograph of R3804 BMNH
M. durobrivensis Callovian Photograph of R2618 BMNH
M. durobrivensis Callovian Photograph of R4763 BMNH
M. hastifer Kimmeridgian Drawing of holotype Deslongchamps (1863-1869)
M. laeve Callovian Photograph of R2031 BMNH
M. laeve Callovian Photograph of R2042 BMNH
M. laeve Callovian Photograph of R3015 BMNH
M. leedsi Callovian Photograph of R3540 BMNH
M. leedsi Callovian Photograph of R3899 BMNH
M. moreli Callovian Photograph of R2044 BMNH
M. moreli Callovian Photograph of R2054 BMNH
M. moreli Callovian Photograph of R6860 BMNH
M. moreli Callovian Drawing of holotype Deslongchamps (1863-1869)
M. superciliosus Callovian—Kimmeridgian Photograph of 19.96.G21.2 NMW
M. superciliosus Callovian—Kimmeridgian Photograph of R2041 BMNH
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Taxon

Stage

Specimen Number

Reference

. superciliosus
. superciliosus
. superciliosus
. superciliosus
. superciliosus
. superciliosus
. superciliosus
. superciliosus
Teleidosaurus

RERKEKERERKEEX

T. calvadosi

Dyrosaurid/Pholidosaurids

Arambourgisuchus
A. khouribgaensis
Chenanisuchus

C. lateroculi
Dyrosaurus

D. phosphaticus
Sarcosuchus

S. imperator
Terminonaris

T. robusta

Callovian—Kimmeridgian
Callovian—Kimmeridgian
Callovian—Kimmeridgian
Callovian—Kimmeridgian
Callovian—Kimmeridgian
Callovian—Kimmeridgian
Callovian—Kimmeridgian
Callovian—Kimmeridgian

Bathonian

Palaeocene
Palaeocene
Eocene
Aptian—Albian

Turonian

Photograph of R2051
Photograph of R2053
Photograph of R2055
Photograph of R2058
Photograph of R2067
Photograph of R6859
Photograph of R.165
Photograph of R.170

Drawing of holotype

Reconstruction
Reconstruction
Reconstruction
Drawing

Drawing

BMNH
BMNH
BMNH
BMNH
BMNH
BMNH
Mateer (1974)
Mateer (1974)

Deslongchamps (1866)

Jouve et al. (2005a)
Jouve et al. (2005b)
Jouve (2005)

Sereno et al. (2001)

Wu et al. (2001)




