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Ichthyosaurs rapidly diversified and colonised a wide range
of ecological niches during the Early and Middle Triassic
period, but experienced a major decline in diversity near the
end of the Triassic. Timing and causes of this demise and the
subsequent rapid radiation of the diverse, but less disparate,
parvipelvian ichthyosaurs are still unknown, notably because of inadequate sampling in strata of latest Triassic age.
Here, we describe an exceptionally large radius from Lower
Jurassic deposits at Penarth near Cardiff, south Wales (UK)
the morphology of which places it within the giant Triassic
shastasaurids. A tentative total body size estimate, based on
a regression analysis of various complete ichthyosaur skeletons, yields a value of 12–15 m. The specimen is substantially
younger than any previously reported last known occurrences of shastasaurids and implies a Lazarus range in the
lowermost Jurassic for this ichthyosaur morphotype.

vians may challenge our understanding of their evolutionary
history.
Here we describe a radius of exceptional size, collected at
Penarth on the coast of south Wales near Cardiff, UK. This
specimen is comparable in morphology and size to the radius
of shastasaurids, and it is likely that it comes from a stratigraphic horizon considerably younger than the last definite
occurrence of this family, the middle Norian (Motani 2005),
although remains attributable to shastasaurid-like forms from
the Rhaetian of France were mentioned by Bardet et al. (1999)
and very recently by Fischer et al. (2014).

Introduction

Other abbreviations.—TBL, total body length.

At the end of the Triassic, ichthyosaurs underwent a major diversity (Motani 2005) and disparity (Thorne et al. 2011) drop. From
the latest Triassic (late Rhaetian) onward, lineages of the first
ichthyosaurian radiation were replaced by the derived, “fishlike” parvipelvian ichthyosaurs, with the rapid successive appearances of several lineages during the latest Triassic (Fischer
et al. 2013). Although Triassic ichthyosaurs filled various niches,
as highlighted by tooth and mandibular morphology, with piercing, crushing (Massare 1987, 1997; Massare and Callaway 1990),
giant gulping forms (the shastasaurids, Nicholls and Manabe
2004; Sander et al. 2011; but see Motani et al. 2013; Ji et al.
2013), and large macropredators (Motani et al. 1999; Fröbisch et
al. 2006, 2013), the subsequent parvipelvian radiation comprised
forms with less diverse diets (Sander 2000). In contrast to the
first ichthyosaurian radiation, parvipelvians are not recognized
to have included giant taxa (i.e., total body length over 15 m), the
largest forms being represented by the genus Temnodontosaurus
(e.g., McGowan 1996; Martin et al. 2012). The precise timing
of the Late Triassic ichthyosaurian turnover (e.g., Thorne et al.
2011; Benson et al. 2012) is, however, unknown because of inadequate sampling in upper Norian–Rhaetian strata.
The presence of a giant ichthyosaurian taxon in the Lower
Jurassic of the UK has been suspected for some time, on the basis of large postcranial fragments (McGowan 1996), but such a
giant form occurring after the demise of Triassic non-parvipelActa Palaeontol. Pol. 60 (4): 837–842, 2015
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Geological setting
Stratigraphic horizon of the specimen.—The PenarthLaver nock Point coastal cliff section where the specimen was
found as a loose block exposes strata from the upper beds
of the Mercia Mudstone Group Blue Anchor Formation (?late
Norian–Rhaetian), through Penarth Group Westbury and
Lilstock formations (Rhaetian), to the lower beds of the Lias
Group Blue Lias Formation (early Hettangian) at the top of the
cliff (see Waters and Lawrence 1987; Lawrence and Waters
1989; Warrington and Ivimey-Cook 1995; Benton et al. 2002;
Suan et al. 2012 for detailed descriptions).
The specimen NMW95.61G.1 preserves a patch of dark
grey-bluish, non-fissile muddy limestone matrix. This excludes as a source the red mudstone and light grey dolomitic
beds of the Blue Anchor Formation, the dark shales and sandy
bonebeds of the Westbury Formation, and the pale limestone,
sandstone and shale beds of the Cotham and Langport members of the Lilstock Formation. However, it could indicate that
the specimen came from either the dark grey-bluish limestone
beds of the Rhaetian Westbury Formation or the Hettangian
Blue Lias Formation (Hodges 1994).
The matrix contains several invertebrate macrofossils, in
varying states of preservation that constrain its likely age.
Poorly preserved internal moulds of small (<5 mm) gastropods
are attributed, based on whorl morphology, to Allocosmia sp.
http://dx.doi.org/10.4202/app.00062.2014
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Fig. 1. A. Lithostratigraphy, biostratigraphy, and carbon-isotope stratigraphy of key Triassic–Jurassic sections illustrating the likely age of the specimen
NMW95.61G.1 from Penarth, south Wales, UK. Organic and inorganic carbon isotope data of Penarth-Lavernock Point from Suan et al. (2012) and Korte
et al. (2009); organic carbon isotope data of St. Audrie’s Bay and Kuhjoch from Hesselbo et al. (2002) and Ruhl et al. (2009). The specimen was deposited
several kyr after the end-Triassic mass extinction (initial neg. CIE = initial negative carbon-isotope excursion). Abbreviations: CM, Cotham Member; LM,
Langport Member. B. Close-up photograph of the bivalve Palaeonucula navis (Piette, 1858) preserved in the embedding matrix of specimen NMW95.61G.1.

which ranges from Middle Triassic to Early Jurassic; a similar
age range is indicated by a specimen of Bakevellia sp., identified based on hinge structure, and a poorly preserved ?pteriid
bivalve. However, a possible immature ostreid is indicative of
the lower part of the Blue Lias Formation “pre-planorbis Beds”
and Palaeonucula navis (Piette, 1858) (Fig. 1), which is not
known from beds older than the Psiloceras planorbis Biozone
(PH personal observation; Mander and Twitchett 2008).
The Blue Lias Formation is exposed in the cliff section
where the specimen was found. The lowermost beds of the Blue
Lias Formation “pre-planorbis Beds” are immediately adjacent
on the clifftop, but we would be inclined to dismiss these as
they locally represent a very shallow subtidal to intertidal facies
dominated by the bivalves Liostrea hisingeri (Nilsson, 1832) and
Modiolus minimus (Sowerby, 1818). Further, the shallow waters
of the pre-planorbis Beds could accommodate only strand-line
type deposition of floating material, an unlikely scenario given
the size and weight of NMW95.61G.1. The younger Hettangian
Psiloceras planorbis Biozone strata crops out a short distance
to the south, and cobbles and boulders of this are frequently

carried northwards along the beach. As this is an offshore,
deeper water facies, it is a stronger argument to suggest this as
a source for specimen NMW95.61G.1. The Blue Lias Formation
at Penarth has previously yielded well-preserved specimens of
Leptonectes and Ichthyosaurus, now in the NMW.
Age and position relative to the end-Triassic extinction.—
The Blue Lias Formation, the probable source of the specimen
NMW95.61G.1, includes the Psiloceras planorbis Biozone and
passes through to the Agassiceras scipionianum Sub-biozone
of the Arnioceras semicostatum Biozone, making it Hettangian
to Early Sinemurian in age. Nevertheless, the base of the Blue
Lias Formation also includes the “pre-planorbis Beds”, the age
of which is poorly biostratigraphically constrained. Indeed, the
Triassic–Jurassic boundary has been defined at Kuhjoch in
the Eiberg Basin in Austria in 2012 (Hillebrandt and Krystyn
2009) as the first occurrence of the ammonite Psiloceras spelae tirolicum Hillebrandt and Krystyn, 2009, a species that
does not occur in the UK. As such, the position of the base of
the Jurassic is not readily identifiable in the field within the
Blue Lias Formation on the Penarth-Lavernock Point cliff sec-
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Fig. 2. A–E. Specimen NMW95.61G.1, radius of possible shastasaurid ichtyosaur from the Lower Jurassic of Penarth, South Wales, in proximal (A),
posterior (B), ventral or dorsal (C, D), and distal (E) views. F. Regression graph shows the relation between preflexural length versus radius height (both
in cm) in selected ichthyosaurian specimens (see Supplementary Online Material available at http://app.pan.pl/SOM/app60-Martin_etal_SOM.pdf). The
stippled line corresponds to NMW95.61G.1. The outline is based on Kosch (1990) reconstruction of Shonisaurus popularis.

tion. Carbon isotope correlations suggest that the base of the
Jurassic lies at or just below the base of a finely laminated
shale unit (the “Paper Shales”) (Korte et al. 2009) indicating
that the Blue Lias limestone beds (i.e., the likely source rock of
the specimen NMW95.61G.1) were deposited several hundred
thousand years (Ruhl et al. 2010) after the main end-Triassic
extinction event (Fig. 1). Accordingly, the specimen postdates
the main mass extinction event and associated carbon isotope
excursion recorded at this locality (Mander et al. 2008; Suan et
al. 2012). Most importantly, assignment to Triassic strata substantially older than the Rhaetian is precluded by their non-marine origin in the UK (Hounslow et al. 2004).

Systematic palaeontology
Order Ichthyosauria Blainville, 1835
Family Shastasauridae? Merriam, 1902
Fig. 2.

Material.—NMW95.61G.1 (radius) was collected in January
1995 as a fallen block on the beach about 1100 m south of the
lifeboat station at Penarth in south Wales (Ordnance Survey
National Grid Reference ST 18665 70107). We attribute the

specimen, based on the appearance of the lithology and on the
currently known ranges of the invertebrate assemblage preserved in the matrix, to the Blue Lias Formation and more
precisely to the Psiloceras planorbis Biozone (Hettangian).
Comparative description and affinities.—NMW95.61G.1 is an
exceptionally large radius; it is nearly as tall as wide with a quadratic outline (Fig. 2; Table 1). The anterior margin of the bone
is slightly convex, whereas its posterior margin has a broad concavity, being emarginated at midshaft. Fragments of the fused
ulna are restricted both proximally and distally from the emargination, implying the presence of a large interosseous opening
positioned between the radius and the ulna and extending for
most of their proximo-distal length, but excluded from the distal
margin of the humerus. Such a large interosseous opening is not
Table 1. Dimensions (in cm) of the shastasaurid radius (NMW95.61G.1)
from the Lower Jurassic of Penarth, Wales.
Proximo-distal maximum length
Antero-posterior length at mid-shaft
Proximal articular facet length
Proximal articular facet maximum width
Distal articular facet length
Distal articular facet maximum width

24.8
22.2
22
8
24.5
6.5

840

observed among parvipelvians, which possess adjoining radii
and ulnae, but pierced by a small circular foramen in the earliest parvipelvians Hudsonelpidia brevirostris (McGowan 1995)
and Macgowania janiceps (McGowan 1996) and sometimes observed in the early neoichthyosaurians Leptonectes tenuirostris
and Temnodontosaurus burgundiae (Godefroit 1992; McGowan
1996). On the other hand, a large epipodial opening is a common
feature of non-parvipelvian Triassic ichthyosaurs: the forms with
tentative affinities Cymbospondylus buchseri (Sander 1989)
and Californosaurus perrini (Merriam 1902); the mixosaurids
Barracudasaurus maotaiensis (Jiang et al. 2005), Mixosaurus
cornalianus (Motani 1998), M. panxianensis (Jiang et al. 2006),
and Phalarodon atavus (Liu et al. 2013); and also among shastasaurids, Shonisaurus sikanniensis (Nicholls and Manabe 2004),
Callawaya neoscapularis (McGowan 1994), Shastasaurus
spp. (Callaway and Massare 1989), and Shonisaurus popularis
(Kosch 1990). The presence of such an epipodial opening was
interpreted by Callaway and Massare (1989) and Maisch and
Matzke (2000) as a primitive feature observed in all Triassic
genera, although Besanosaurus leptorhynchus appears to be an
exception (Dal Sasso and Pinna 1996).
However, the overall outline of NMW95.61G.1 is dissimilar
to many of the Triassic forms cited above, in which the radius
is longer than wide and the anterior margin is not convex but
notched as in some mixosaurids (Jiang et al. 2006; Liu et al.
2013). On the other hand, NMW95.61G.1 is quadratic and presents an even convex anterior margin. In this regard, the genus
Cymbospondylus also has a radius longer than wide with C.
buchseri displaying an anterior notch (Sander 1989) or without
in C. petrinus (Merriam 1908). In some other Triassic ichthyosaurs, the radius is about twice as wide as it is high (e.g.,
Shastasaurus osmonti [Motani 1998] = S. pacificus according to McGowan and Motani 2003). Nevertheless, the morphology of NMW95.61G.1 closely resembles that of the genus
Shonisaurus as illustrated in McGowan and Motani (1999),
and especially that of Shonisaurus sikanniensis (Nicholls and
Manabe 2004), with the radius and ulna forming a single unit
(as evidenced by the fused remains of the ulna) and in presenting an extensive epipodial opening and a convex leading edge.
Another taxon with a similar shaped and sized radius is the
shastasaurid Himalayasaurus tibetensis (Motani et al. 1999).
In light of its morphology, this radius is most like that of
a shastasaurid ichthyosaur, especially the genus Shonisaurus.
However, it should be noted that in the absence of further skeletal remains, this taxonomic attribution remains tentative.

Discussion
Body size.—We estimate a minimum preflexural length of
12–15 m for the Welsh animal (Fig. 2), therefore implying a
slightly larger total body length (TBL). This estimate is based
on the size of the radius. We compiled body measurements
(TBL versus radius height and length) from 21 complete specimens belonging to 14 species in order to establish a linear
regression (Fig. 2).
This approach allows us to estimate allometric scaling of
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the radius in relation to TBL (see also Scheyer et al. 2014). That
said, very few growth series can be measured for any given
taxon; one of the few is Stenopterygius quadriscissus representing the best-sampled ichthyosaur species. This taxon is a parvipelvian ichthyosaur reaching a maximum size of 4 m, most certainly unrelated to the Welsh animal and therefore presumably
with a different life history. Moreover, Stenopterygius and all
thunnosaurians are characterized by a shortened tail compared
to less derived ichthyosaurs (Maisch and Matzke 2000); for a
given radius size, their TBL would therefore be shorter than for
non-thunnosaurians. For these reasons, Stenopterygius is not
the ideal candidate for comparison. Ideally, shastasaurids would
provide the data for reliable estimates, but none of the numerous skeletons estimated at 15 m long is complete (Kosch 1990).
Therefore, the best approach was to compile a linear relation
based on as many taxa as possible, so as to cover the full spectrum of non-parvipelvian ichthyosaur body size and disparity.
The correlated body measurements lie on lines with R2 values of
0.908 and 0.919 for radius width versus preflexural length and
radius height versus preflexural length, respectively.
There may have been other large, possibly giant, ichthyosaurs in European Lower Jurassic deposits. Noteworthy are several bones of large size reported by McGowan (1996), including
a large scapula (44.4 cm long) and a centrum (20.5 cm in diameter) both from Lyme Regis, Dorset, England, as well as a series
of vertebrae from Banz, Germany (22 cm centrum in height).
The largest complete skull reported from Lower Jurassic deposits so far is that of Temnodontosaurus platyodon, with a specimen (SMNS 50000) reported as more than 9 m long (McGowan
1996). However, our measurement of that SMNS 50000 specimen (see SOM, Supplementary Online Material available at
http://app.pan.pl/SOM/app60-Martin_etal_SOM.pdf) indicates
this size has been overestimated (6 m instead). Other Lower
Jurassic large forms from Europe include Temnodontosaurus
azerguensis (Martin et al. 2012) and Leptonectes solei
(McGowan 1993) with lengths of 8–10 m and 6 m, respectively.
Temnodontosaurus platyodon may hold the record, with a skull
length approaching 2 m (see measurements in McGowan 1996
for NHMUK PV R 51155 and BRLSI [BATGM] M3577) therefore surpassing the 1.5 m long skull specimens for which a
TBL does not exceed 7 m (SMNS 50000). Nevertheless, with
a possible maximal TBL of 10 m, Temnodontosaurus cannot
be considered as gigantic and is smaller than the Welsh animal.
Although an estimate of TBL for NMW95.61G.1 is
shorter than Shonisaurus sikanniensis (TBL estimate of 21
m; Nicholls and Manabe 2004), it is substantially longer
than Cymbospondylus (less than 10 m TBL; Sander 1989;
Merriam 1908) and is more comparable in size to Shonisaurus
popularis from Nevada (Kosch 1990) or to the radius of
Himalayasaurus tibetensis (Motani et al. 1999). This size
certainly exceeds that of any known Lower Jurassic ichthyosaurs from Europe or elsewhere in the world.
Faunal turnover at the Triassic–Jurassic transition.—Nonparvipelvian ichthyosaur taxa have never been reported with
confidence in strata younger than the middle Norian. Both the
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basal neoichthyosaurian Leptonectes and the basal thunnosaurian Ichthyosaurus from the “pre-planorbis Beds”, were previously considered as latest Rhaetian in age (Motani 2005),
but a recent reassessment of the biostratigraphic marker of this
unit regards it as basal-most Hettangian in age (Hillebrandt
and Krystyn 2009; Benson et al. 2012). The basalmost parvipelvians Hudsonelpidia brevirostris and Macgowania janiceps
are recorded much earlier, in lower and middle Norian strata,
respectively, coexisting with shastasaurids (McGowan 1991,
1996, 1997; Jiang et al. 2006). The turnover between shastasaurid-dominated and parvipelvian-dominated ichthyosaur faunas,
seemingly takes place in a stratigraphic interval with a poor fossil record: the upper Norian–Rhaetian interval. The present report indicates that a non-parvipelvian taxon occurs in lowermost
Jurassic deposits, possibly representing one of the last members
of the Shastasauridae. It substantially expands the stratigraphic
range of non-parvipelvians and suggests that the replacement
of the Triassic shastasaurids by the new parvipelvian radiation
was more complex than previously appreciated and spread over
several millions of years rather than being restricted to a single event, a view discussed by some authors (Benton 1986a, b;
Mazin 1988; Bardet 1994, 1995). Consequently, further sampling is needed to precisely define the tempo and severity of
this turnover. Notably, the lack of complete specimens hampers
a full appraisal of the ecology of the previously last reported
giant ichthyosaurs and the nature of their radiation/extinction.
For instance, the predator Himalayasaurus tibetensis (TBL estimated over 10 m) from the Norian of Tibet (Motani et al. 1999)
is known only from a fragmented skeleton and Shonisaurus
sikanniensis Nicholls and Manabe, 2004, considered as a planktivorous animal is more complete, but poorly preserved. Only a
fresh look at ichthyosaurian material from strata spanning the
Triassic–Jurassic boundary, even based on fragmentary material, will help clarify the mechanisms of the end-Triassic ichthyosaurian faunal turnover.
Acknowledgments.—We are grateful to Allen Dean (Ogmore-by-Sea,
south Wales, UK) for his help with the discovery site of the specimen
and to Rhian Hicks (British Geological Survey, Cardiff, UK) and John
C.W. Cope (National Museum of Wales, Cardiff, UK) for helpful stratigraphic discussion. We thank Jason Anderson (University of Calgary,
Canada), Nathalie Bardet (Muséum National d’Histoire Naturelle de
Paris, France), Benjamin Moon (University of Bristol, UK), and Darren Naish (University of Southampton, UK) for helpful reviews. PV
acknowledges financial support from the Alexander von Humboldt
Foundation. This is Paleorhodania project contribution #04.

References
Bardet, N. 1994. Extinction events among Mesozoic marine reptiles. Historical Biology 7: 313–324.
Bardet, N. 1995. Evolution et extinction des reptiles marins au cours du
Mésozoïque. Paleovertebrata 24: 177–283.
Bardet, N., Cuny, G., Lachkar, G., Pereda Suberbiola, X., Mazin, J.M.,
Thomel, G., Barbieri, L., Vasse, D., Parot, B., and Emily, A. 1999. A
new marine vertebrate fauna from the uppermost Triassic of Eastern
Provence (France). In: J.W.M. Jagt, P.H. Lambers, E.W.A. Mulder, and
A.S. Schulp (eds.), Proceedings of the Third European Workshop on

841
Vertebrate Palaeontology, Maastricht, 6–9 May, 1998. Geologie en Mijnbouw 78 (3–4): 12.
Benson, R.B., Evans, M., and Druckenmiller, P.S. 2012. High diversity,
low disparity and small body size in plesiosaurs (Reptilia, Sauropterygia) from the Triassic–Jurassic boundary. PLoS ONE 7: e31838.
Benton, M.J. 1986a. More than one event in the late Triassic mass extinction. Nature 321: 857–861.
Benton, M.J. 1986b. The Late Triassic tetrapod extinction events. In: K.
Padian (ed.), The Beginning of the Age of Dinosaurs; Faunal change
across the Triassic–Jurassic Boundary, 303–320. Cambridge University Press, Cambridge.
Benton, M.J., Cook, E., and Turner, P. 2002. Permian and Triassic Red
Beds and the Penarth Group of Great Britain. Geological Conservation
Review Series 24: 1–337.
Blainville, H.M.D. de 1835. Description de quelques espèces de reptiles de
la Californie, précédée de l’analyse d’un système général d’erpétologie et d’amphibiologie. Nouvelles Annales du Muséum d’Histoire Naturelle, Paris 4: 233–296.
Callaway, J.M. and Massare, J.A. 1989. Shastasaurus altispinus (Ichthyosauria, Shastasauridae) from the Upper Triassic of the El Antimonio
district, northwestern Sonora, Mexico. Journal of Paleontology 63:
930–939.
Dal Sasso, C. and Pinna, G. 1996. Besanosaurus leptorhynchus n. gen. n.
sp., a new shastasaurid ichthyosaur from the Middle Triassic of Besano
(Lombardy, N. Italy). Paleontologia Lombardia 4: 3–23.
Fischer, V., Appleby, R.M., Naish, D., Liston, J., Riding, J.B., Brindley,
S., and Godefroit, P. 2013. A basal thunnosaurian from Iraq reveals
disparate phylogenetic origins for Cretaceous ichthyosaurs. Biology
Letters 9: 20130021.
Fischer, V., Cappetta, H., Vincent, P., Garcia, G., Goolaerts, S., Martin,
J.E., Roggero, D., and Valentin, X. 2014. Ichthyosaurs from the French
Rhaetian indicate a severe turnover across the Triassic–Jurassic boundary. Naturwissenschaften 101: 1027–1040.
Fröbisch, N.B., Fröbisch, J., Sander, P.M., Schmitz, L., and Rieppel, O.
2013. Macro-predatory ichthyosaur from the Middle Triassic and the origin of modern trophic networks. Proceedings of the National Academy
of Sciences 110: 1393–1397.
Fröbisch, N.B., Sander, P.M., and Rieppel, O. 2006. A new species of
Cymbospondylus (Diapsida, Ichthyosauria) from the Middle Triassic
of Nevada and a re-evaluation of the skull osteology of the genus. Zoological Journal of the Linnean Society 147: 515–538.
Godefroit, P. 1992. Présence de Leptopterygius tenuirostris (Reptilia, Ichthyosauria) dans le Lias moyen de Lorraine belge. Bulletin de l’Institut
Royal des Sciences Naturelles de Belgique, Sciences de la Terre 62:
163–170.
Hesselbo, S.P., Robinson, S.A., Surlyk, F., and Piasecki, S. 2002 Terrestrial
and marine extinction at the Triassic–Jurassic boundary synchronized
with major carbon-cycle perturbation: A link to initiation of massive
volcanism? Geology 30: 251–254.
Hillebrandt, A. von and Krystyn, L. 2009. On the oldest Jurassic ammonites of Europe (Northern Calcareous Alps, Austria) and their global
significance. Neues Jahrbuch für Geologie und Paläontologie, Abhandlungen 253: 163–195.
Hodges, P. 1994. The base of the Jurassic system: new data on the first
appearance of Psiloceras planorbis in southwest England. Geological
Magazine 131: 841–844.
Hounslow, M.W., Posen, P.E., and Warrington, G. 2004. Magnetostratigraphy and bio-stratigraphy of the upper Triassic and lowermost Jurassic
succession, St. Audrie’s Bay, UK. Palaeogeography, Palaeoclimatology, Palaeoecology 213: 331–358.
Ji, C., Jiang, D.-Y., Motani, R., Hao, W.-C., Sun, Z.-Y., and Cai, T. 2013.
A new juvenile specimen of Guanlingsaurus (Ichthyosauria, Shastasauridae) from the Upper Triassic of southwestern China. Journal of
Vertebrate Paleontology 33: 340–348.
Jiang, D.A., Hao, W.-C., Maisch, M.W., Matzke, A.T., and Sun., Y.-L. 2005.
A basal mixosaurid ichthyosaur from the middle Triassic of China. Palaeontology 48: 869–882.
Jiang, D.-Y., Schmitz, L., Hao, W.-C., and Sun, Y.-L. 2006. A new mixo-

842
saurid ichthyosaur from the middle Triassic of China. Journal of Vertebrate Paleontology 26: 60–69.
Kosch, B.F. 1990. A revision of the skeletal reconstruction of Shonisaurus
popularis (Reptilia: Ichthyosauria). Journal of Vertebrate Paleontology
10: 512–514.
Korte, C., Hesselbo, S.P., Jenkyns, H.C., Rickaby, R.E.M., and Spötl, C.
2009. Palaeo-environmental significance of carbon- and oxygen-isotope stratigraphy of marine Triassic–Jurassic boundary sections in SW
Britain. Journal of the Geological Society of London 166: 431–445.
Lawrence, D.J.D. and Waters, R.A. 1989. Geological notes and local details for 1:10 000 sheet ST17NE (Penarth). British Geological Survey
Technical Report WA/89/72, Nottingham.
Liu, J., Motani, R., Jiang, D.-Y., Hu, S.-X., Aitchison, J.C., Rieppel, O.,
Benton, M.J., Zhang, Q.-Y., and Zhou, C.-Y. 2013. The first specimen
of the middle Triassic Phalarodon atavus (Ichthyosauria: mixosauridae) from south-China, showing postcranial anatomy and peri-Tethyan
distribution. Palaeontology 56: 849–866.
Maisch, M.W. and Matzke, A.T. 2000. The Ichthyosauria. Stuttgarter Beiträge zur Naturkunde Serie B Geologie und Paläontologie 298: 1–159.
Mander, L. and Twitchett, R.J. 2008 Quality of the Triassic–Jurassic bivalve fossil record in northwest Europe. Palaeontology 51: 1213–1223.
Mander, L., Twitchett, R.J., and Benton, M.J. 2008 Palaeoecology of the
Late Triassic extinction event in the SW UK. Journal of the Geological
Society of London 165: 319–332.
Martin, J.E., Fischer, V., Vincent, P., and Suan, G. 2012. A longirostrine
Temnodontosaurus (Ichthyosauria) with comments on early Jurassic
niche partitioning and disparity. Palaeontology 55: 995–1005.
Massare, J.A. 1987. Tooth morphology and prey preference of Mesozoic
marine reptiles. Journal of Vertebrate Paleontology 7: 121–137.
Massare, J.A. 1997. Faunas, behavior, and evolution. In: J.M. Callaway
and E.L. Nicholls (eds.), Ancient Marine Reptiles, 401–421. Academic
Press, San Diego.
Massare, J.A. and Callaway, J.M. 1990. The affinities and ecology of Triassic ichthyosaurs. Geological Society of America Bulletin 102: 409–416.
Mazin, J.M. 1988. Paléobiogéographie des reptiles marins du Trias: phylogénie, systématique, écologie et implications paléobiogéographiques.
Mémoires des Sciences de la Terre de l’Université Pierre et Marie Curie, Paris: 8/88: 1–312.
McGowan, C. 1991. An ichthyosaur forefin from the Triassic of British
Columbia exemplifying Jurassic features. Canadian Journal of Earth
Sciences 28: 1553–1560.
McGowan, C. 1993. A new species of large, long-snouted ichthyosaur
from the English lower Lias. Canadian Journal of Earth Sciences 30:
1197–1204.
McGowan, C. 1994. A new species of Shastasaurus (Reptilia: Ichthyosauria) from the Triassic of British Columbia: the most complete exemplar
of the genus. Journal of Vertebrate Paleontology 14: 168–179.
McGowan, C. 1995. A remarkable small ichthyosaur from the Upper Triassic of British Columbia, representing a new genus and species. Canadian Journal of Earth Sciences 32: 292–303.
McGowan, C. 1996. Giant ichthyosaurs of the Early Jurassic. Canadian
Journal of Earth Sciences 33: 1011–1021.
McGowan, C. 1997. A transitional ichthyosaur fauna. In: J.M. Callaway
and E.L. Nicholls (eds.), Ancient Marine Reptiles, 61–80. Academic
Press, San Diego.
McGowan, C. and Motani, R. 1999. A reinterpretation of the Upper Triassic
ichthyosaur Shonisaurus. Journal of Vertebrate Paleontology 19: 42–49.
McGowan, C. and Motani, R. 2003. Part 8 Ichthyopterygia. 175 pp. Verlag
Dr. Friedrich Pfeil, München.
Merriam, J.C. 1902. Triassic Ichthyopterygia from California and Nevada.
University of California Publications. Bulletin of the Department of
Geology 3: 63–108.
Merriam, J.C. 1908. Triassic Ichthyosauria, with special reference to the
American forms. Memoirs of the University of California 1: 1–155.
Motani, R. 1998. First complete forefin of the ichthyosaur Grippia longirostris from the Triassic of Spitsbergen. Palaeontology 41: 591–599.
Motani, R. 2005. Evolution of fish-shaped reptiles (Reptilia: Ichthyopterygia) in their physical environments and constraints. Annual Reviews of
Earth and Planetary Science 33: 395–420.

ACTA PALAEONTOLOGICA POLONICA 60 (4), 2015
Motani, R., Ji, C., Tomita, T., Kelley, N., Maxwell, E., Jiang, D., and Sander, P.M. 2013. Absence of suction feeding ichthyosaurs and its implications for Triassic mesopelagic paleoecology. PLoS ONE 8: e66075.
Motani, R., Manabe, M., and Dong, Z.-M. 1999. The status of Himalayasaurus tibetensis (Ichthyopterygia). Paludicola 2: 174–181.
Nicholls, E.L. and Manabe, M. 2004. Giant ichthyosaurs of the Triassic –
a new species of Shonisaurus from the Pardonet Formation (Norian:
Late Triassic) of British Columbia. Journal of Vertebrate Paleontology
24: 838–849.
Ruhl, M., Deenen, M.H.L., Abels, H.A., Bonis, N.R., Krijgsman, W., and
Kürschner, W.M. 2010. Astronomical constraints on the duration of
the early Jurassic Hettangian stage and recovery rates following the
end-Triassic mass extinction (St Audrie’s Bay/East Quantoxhead,
UK). Earth and Planetary Science Letter 295: 262–276.
Ruhl, M., Kürschner, W.M., and Krystyn, L. 2009. Triassic–Jurassic organic carbon isotope stratigraphy of key sections in the western Tethys
realm (Austria). Earth and Planetary Science Letters 281: 169–187.
Sander, P.M. 1989. The large ichthyosaur Cymbospondylus buchseri, sp.
nov. from the Middle Triassic of Monte San Giorgio (Switzerland),
with a survey of the genus in Europe. Journal of Vertebrate Paleontology 9: 163–173.
Sander, P.M. 2000. The Ichthyosauria: their diversity, distribution, and
phylogeny. Paläontologische Zeitschrift 74: 1–35.
Sander, P.M., Chen, X., Cheng, L., and Wang, X. 2011. Short-snouted
toothless ichthyosaur from China suggests Late Triassic diversification
of suction feeding ichthyosaurs. PLoS ONE 6: e19480.
Scheyer, T.M., Romano, C., Jenks, J., and Bucher, H. 2014. Early Triassic
marine biotic recovery: the predators’ perspective. PLoS ONE 9: e88987.
Suan, G., Föllmi, K.B., Adatte, T., Bomou, B., Spangenberg, J.E., and
Schootbrugge, B. van de 2012. Major environmental change and bonebed genesis prior to the Triassic–Jurassic mass extinction. Journal of
the Geological Society of London 169: 191–200.
Thorne, P.M., Ruta, M., and Benton, M.J. 2011. Resetting the evolution of
marine reptiles at the Triassic–Jurassic boundary. Proceedings of the
National Academy of Sciences 108: 8339–8344.
Waters, R.A. and Lawrence, D.J.D. 1987. Geology of the South Wales Coalfield, Part III, the Country Around Cardiff. Memoir for the 1:50 000 geological sheet 263 (England and Wales). Third edition. HMSO, London.
Warrington, G. and Ivimey-Cook, H.C. 1995. The late Triassic and early
Jurassic of coastal sections in west Somerset and South and Mid-Glamorgan. In: P.D. Taylor (ed.), Field Geology of the British Jurassic,
9–30. Geological Society, London.
Jeremy E. Martin [jeremy.martin@ens-lyon.fr], School of Earth Sciences,
University of Bristol, Wills Memorial Building, Queen’s Road, Bristol BS8
1RJ, UK, and UMR CNRS 5276 Laboratoire de Géologie de Lyon, ENS
Lyon, Université Lyon 1, 15, Parvis René Descartes, Lyon, France.
Peggy Vincent [pvincent@mnhn.fr], Staatliches Museum für Naturkunde,
Rosenstein 1, 70191 Stuttgart, Germany and Sorbonne Universités, CR2P,
CNRS-MNHN-UPMC Paris 6, Département Histoire de la Terre, Muséum
National d’Histoire Naturelle, CP 38, 57 rue Cuvier, 75005 Paris, France.
Guillaume Suan [guillaume.suan@univ-lyon1.fr], UMR CNRS 5276 Laboratoire de Géologie de Lyon, Université Claude Bernard Lyon 1 – Ecole
Normale Supérieure Lyon, 2, rue Raphaël Dubois, Villeurbanne, France.
Tom Sharpe [tom.sharpe1@me.com], Peter Hodges [dr.p.hodges@
geodrome.demon.co.uk], and Cindy Howells [Cindy.Howells@museumwales.ac.uk], Department of Geology, National Museum of Wales, Cathays Park, Cardiff CF10 3NP, UK.
Matt Williams [matt.williams@brlsi.org], Bath royal Literary and Scientific Institution, 16–18 Queen Square, Bath BA1 2HN, UK.
Valentin Fischer [v.fischer@ulg.ac.be], Geology Department, Université
de Liège, B18, 14 Allée du 6 Août, 4000 Liège, Belgium.
Received 17 January 2014, accepted 14 May 2014, available online 29 May
2014.
Copyright © 2015 J.E. Martin et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License (for
details please see http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

