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Despite some remarkable recent discoveries, the Mesozoic fossil record of salamanders remains limited, particularly
for the Jurassic. Here we describe the first articulated salamander skeleton from the Jurassic of Euramerica, recov-
ered from Upper Jurassic deposits of the Morrison Formation, Dinosaur National Monument, USA. The specimen
was studied using both conventional methods and high-resolution computed tomography. It shows a combination of
primitive and derived character states that distinguish it from all known Mesozoic salamanders and which permit
the erection of a new genus and species, Iridotriton hechti. The derived states (including the presence of spinal
nerve foramina in the tail) suggest a position on the stem of the Salamandroidea. Together with microvertebrate
material from Britain, Portugal, and North America, this specimen confirms the presence of both stem- and crown-
group salamanders in Euramerica from the Middle Jurassic (Bathonian) onwards, paralleling their evolution in Cen-
tral and eastern Asia. This, in turn, provides qualified support for the current vicariance model of salamander
evolution whereby basal caudates on an undivided Laurasian plate became separated into two populations by the
incursion of the Turgai Sea in the Middle Jurassic, yielding Cryptobranchoidea in Asia and Salamandroidea in
Euramerica. © 2005 The Linnean Society of London, Zoological Journal of the Linnean Society, 2005, 143, 599-616.

ADDITIONAL KEYWORDS: biogeography — computed tomography — evolution — Lissamphibia — phylogeny —
skeleton — Urodela.

INTRODUCTION about the early fossil record of each clade. Stem-frogs
are known from the Early Triassic of Madagascar (e.g.
Rage & Roctek, 1989) and Poland (Evans & Borsuk-
Bialynicka, 1998), but caecilians are not recorded
before the Early Jurassic of North America (Jenkins &
Walsh, 1993), and caudates are first described from
the Middle Jurassic of Central Asia (Nessov, 1981,
1988; Nessov et al., 1996), Britain (Evans, Milner &
Mussett, 1988; Evans, 1992; Evans & Milner, 1994;
Evans & Waldman, 1996), and, putatively, China (Gao
& Shubin, 2003; but see Discussion). Triassurus
(Ivachnenko, 1978) is a possible salamander from the
Upper Triassic of Uzbekistan, but the specimen is
apparently larval and of uncertain systematic position
(Estes, 1981).

Caudata are essentially a Laurasian group with
limited extensions into Gondwana. Milner (1983)
argued that a pan-Laurasian ancestral group of stem-
*Corresponding author. E-mail: ucgasue@ucl.ac.uk caudates became subdivided when an incursion of the

Salamanders and their immediate relatives (Caudata)
are traditionally grouped with other living amphibi-
ans (frogs, caecilians) in the Lissamphibia (e.g. Milner,
1988; McGowan & Evans, 1995; Ruta, Coates &
Quicke, 2003) although the monophyly of the latter
clade has been questioned (e.g. Carroll & Holmes,
1980; Laurin & Reisz, 1997). Patterns of relationship
within and between component clades are also
strongly debated, with morphology generally placing
frogs and caudates as sister taxa (e.g. Milner, 1988;
Laurin & Reisz, 1997; Ruta et al., 2003; but see Bolt,
1991), whereas molecular analysis supports a rela-
tionship between caudates and caecilians (e.g. Larson,
1991; Hedges & Maxson, 1993; Hay et al., 1995; Feller
& Hedges, 1998). Clearly, more information is needed
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Turgai Sea separated Asia and Euramerica in the
Middle Jurassic. Each population then gave rise to one
of the two major caudate clades, Cryptobranchoidea
(in Asia) and Salamandroidea (in Euramerica).

To date, the first attributable salamandroids are of
Early Cretaceous age: Apricosiren (Berriasian,
England; Evans & McGowan 2002); indet. taxa
(Berriasian, England; Ensom, Evans & Milner,
1991; Evans & McGowan, 2002); Hylaeobatrachus
(Hauterivian, Belgium; Dollo 1884); indet. taxa
(Hauterivian-Valanginian, England; Milner & Evans
1998); Valdotriton (Barremian, Spain; Evans &
Milner, 1996); Galverpeton (Barremian-Aptian, Spain;
Estes & Sanchiz, 1982), an undescribed perennibran-
chiate form (Barremian, Spain; Evans et al., 1995),
and Prosiren (Aptian/Albian, USA; Estes, 1969. Note,
however, that Estes incorrectly combined the real
salamander vertebrae of Prosiren with the jaws of the
noncaudate Albanerpeton; Fox & Naylor, 1982). Of
these Euramerican taxa, the most completely known
is Valdotriton, a stem-salamandroid (Evans & Milner,
1996). Fragmentary remains from the Middle Jurassic
of Britain (‘Salamander B’; Evans & Milner, 1994) and
the Late Jurassic of North America (Evans & Milner,
1993) have suggested that derived salamanders were
present in Euramerica before the Cretaceous, but dis-
cussion has been constrained by the limitations of the
material (isolated vertebrae, pieces of jaw).

In recent years, the Rainbow Park microsite at
Dinosaur National Monument, Utah, has yielded two
blocks with articulated salamander skeletons, both
from the Upper Jurassic Brushy Basin Member of the
Morrison Formation. The two blocks carry specimens
representing two distinct taxa. One taxon (repre-
sented by several entwined partial skeletons) is cur-
rently being studied by Bruce Naylor and James
Gardner at the Royal Tyrrell Museum, Drumheller,
Canada. The second taxon is described here.

Institutional acronym used in this paper: DINO, US
National Parks Service, Dinosaur National Monument.

GEOLOGY AND MATERIALS

The Brushy Basin Member of the Morrison Formation
at Dinosaur National Park, Utah, is best known for its
macrovertebrate (dinosaur) remains but has begun to
yield a valuable assemblage of small vertebrates
including frogs (Henrici, 1998), lizards (Evans &
Chure, 1998a, b), sphenodontians (Fraser & Wu,
1998), mammals (Engelmann & Callison, 1998), and
salamanders. Fortunately the Morrison Formation in
this region contains volcanic ash layers that have
yielded isotopic ages (‘“’Ar/*?Ar). These consistently
place the Brushy Basin Member between 150.3 +
0.3 Myr (base) and 148.1 £ 0.5 Myr (top) ( Kowallis
et al., 1998). It is thus Kimmeridgian or early Titho-

nian in age (according to the timescale of Gradstein
et al., 1995).

Although fragmentary salamander material (a
femur, Comonecturoides marshi Hecht & Estes, 1960;
partial vertebrae and other elements; Estes, 1981;
Evans & Milner, 1993) has already been described
from the Morrison Formation (Quarry 9, Como Bluff),
the specimens are difficult to classify. The new speci-
mens from Dinosaur National Monument currently
represent the earliest known articulated material
from Euramerica. The specimen described here, DINO
16453 (Fig. 1), is in two parts: 16453a (Fig. 2) carries
the bulk of the skeleton, preserved in dorsal view,
whereas 16453b (Fig. 3) is a partial counterpart bear-
ing vertebrae, girdle and hind limb elements in ven-
tral view.

METHODOLOGY

The specimen was prepared mechanically as far as
practicable, but cracks in the undersurface as well as
the compression and superimposition of many bones
(e.g. in the skull, forelimbs) preclude full exposure. To
compensate, the main block (DINO 16453a) was
scanned at the High-Resolution X-ray Computed
Tomography Facility at The University of Texas (Aus-
tin), Geological Sciences, and then digitally recon-
structed (Figs 4, 5, http:/digimorph.org/specimens/
Iridotriton_hechti). The resulting data set consists of
378 slices taken along the long axis of the specimen,
each slice 62 um thick, with an interslice spacing of
62 um and an in-plane resolution of 38 um per pixel.
Visualizations were generated using VGStudioMax
1.1 (Volume Graphics, Heidelberg). This imaging tech-
nique has provided new information, particularly with
respect to the limb skeleton, pectoral girdle, and the
underside of the skull. However, not all details could
be fully resolved because DINO 16453a consists of a
small, delicate skeleton in a relatively large block of
matrix that could not be further trimmed because of
deep internal cracks (as revealed by the scan). The
presence of the broad matrix rim surrounding the
specimen limits the resolution of very small structures
(e.g. delicate teeth) and of superimposed or adjacent
bones where there is little or no matrix between them.

SYSTEMATIC PALAEONTOLOGY

LISSAMPHIBIA HAECKEL, 1866
CAUDATA SCOPOLI, 1777
URODELA DUMERIL, 1806

NEOCAUDATA CANNATELLA & HILLIS, 1993
FAMILY INDET.
IRIDOTRITON GEN. NOV.

Generic diagnosis: as for Iridotriton hechti, the only
species.
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Figure 1. Iridotriton hechti gen. et sp. nov., holotype. Main figure (left) DINO 16453a; adjoining figure (right), DINO
16453b. Scale bar = 1 mm.

Figure 2. Iridotriton hechti gen. et sp. nov., DINO 16453a. Abbreviations: At, atlas; cr.V, crista ventralis humeri; d.hd,
distal head of humerus; L.H, left humerus; L.Ra, left radius; L.ScC, left scapulocoracoid; Ph + Mc, phalanges and metac-
arpals; Ps, presacral vertebra; Rb, rib; Rb.b, rib-bearer; R.D, right dentary; R.H, right humerus; R.Oc, right otic capsule;
R.ScC, right scapulocoracoid; Ul-l, fused ulnare and intermedium; Un, ungual phalanx. Scale bar = 1 mm.
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Type species: Iridotriton hechti gen. et sp. nov.

Derivation of generic name: from the Greek Iris,
meaning rainbow, an allusion to the Rainbow Park
microsite, and Triton, a newt.

IRIDOTRITON HECHTI SP. NOV.

Derivation of specific name: in honour of the late Max
Hecht, one of the first authors to describe salamander
material from the Morrison Formation.

Holotype: DINO 16453a, b, parts of a single skeleton
missing only small skull bones, digits and the distal
tail.

Locality: Dinosaur National Monument, Rainbow
Park microsite (Dinosaur National Monument no. 96),
Utah, USA (detailed locality data is held in the records
at the Monument).

Horizon: Brushy Basin Member of the Morrison For-
mation, Upper Jurassic (c. 150-148 Myr; Kowallis
et al., 1998: Kimmeridgian or early Tithonian).

Specific diagnosis: a small (snout—sacrum length c.
55 mm) fully metamorphosed salamander distin-
guished by the following combination of characters:
thin unsculptured skull bones; a fully open Meckelian
fossa in the dentary; premaxilla with wide, short alary
process having angled lateral edge; prootic, opisthotic
and exoccipital form a single unit, although sutural
lines separate the opisthotic from the other bones;
stapes free; parasphenoid without internal carotid
foramina, narrower anteriorly than posteriorly; an
estimated 16 postatlantal presacral vertebrae; simple
ectochordal vertebral centra, with small anterior
basapophyses but no ventromedian keel; atlas shorter
than succeeding vertebrae; spinal nerve foramina in
atlas and in tail vertebrae; co-ossified scapula and
coracoid, with narrow, waisted scapula and large,
heavily ossified coracoid plate perforated by supraco-
racoid foramen; strongly built forelimbs (relatively
massive humerus with deep crista ventralis humeri
and expanded distal head); radius with expanded dis-
tal head; well-ossified tarsus and carpus including
fusion of ulnare and intermedium; rib-bearers with
conjoined heads throughout the column.

Remarks: Iridotriton differs from the stem-caudates
Karaurus, Kokartus and Marmorerpeton in lacking
any trace of sculpture on the skull bones, and in hav-
ing spinal nerve foramina in both the atlas and caudal
vertebrae. It resembles the Chinese salamanders
Chunerpeton (Gao & Shubin, 2003), Jeholotriton
(Wang, 2000a), Laccotriton (Gao & Shubin, 2001),
Liaoxitriton (Dong & Wang, 1998; Wang, 2004) and
Sinerpeton (Gao & Shubin, 2001) in having conjoined
surfaces on the rib-bearers and retaining a separate

angular in the jaw, but differs from Sinerpeton and
Laccotriton in lacking a separate coronoid, and from
all five Chinese taxa in having a much more massive
humerus. Iridotriton further differs from Chunerpeton
in prefrontal shape (shorter and squarer in Chunerpe-
ton), squamosal shape (waisted below dorsal head in
Chunerpeton), and the ossification of the tarsals and
carpals (unossified in Chunerpeton). It differs from the
Cretaceous Valdotriton (Evans & Milner, 1996) in hav-
ing a broad rather than spike-like alary process of the
premaxilla, a dentary with an open rather than ante-
riorly closed Meckelian groove, and conjoined rather
than double-headed rib-bearers; and differs from Val-
dotriton, Prosiren, and Apricosiren (S. E. Evans, pers.
observ.) in lacking ventromedian keels on the presac-
ral centra. The Cretaceous Hylaeobatrachus is peren-
nibranchiate (Estes, 1981) whereas Iridotriton is
metamorphosed. The Cretaceous Spanish Galverpeton
(Estes & Sanchiz, 1982) is based on a single trunk ver-
tebra distinguished by the presence of a spinal nerve
foramen and strong lateral crests, both of which are
absent in the Morrison form. Ramonellus from the
Early Cretaceous of Israel (Nevo, 1964; Nevo & Estes,
1969) differs in being very long-bodied (at least 34 pre-
sacrals) and in having a long retroarticular process on
the lower jaw. Generic distinction for Iridotriton is
therefore defensible.

Comonecturoides marshi Hecht & Estes, 1960, was
described from the Morrison Formation at Quarry 9,
Como Bluff, on the basis of a single isolated femur and,
though clearly caudate, is a nomen dubium since it is
restricted to an indeterminate type (Evans & Milner,
1993). The holotype femur is slightly smaller than
that of Iridotriton, has a less projecting trochanter,
and a less compressed proximal head.

Description

The specimen (DINO 16453a, b) is preserved in artic-
ulation and includes much of the skull, the complete
presacral axial skeleton, the sacrum, a small set of
postsacrals, and parts of the girdles and the limbs. The
skull, forelimbs, and anterior presacral series (DINO
16453a) are preserved in dorsal view, but the posterior
presacral region and left hind limb are on a small
block (DINO 16453b) detached during collection and
prepared in ventral view. The specimen is generally
well preserved in three dimensions, with the vertebrae
fully articulated, but there has been some disarticula-
tion of the limbs and girdles and of parts from the
right side of the skull roof and jaws. It is not possible
to get an accurate measurement of the snout—sacrum
length, but comparison of humeral and femoral
lengths with those of similarly proportioned modern
analogues suggests a snout—sacrum length of 50—
60 mm, and a total length (with tail) of between 80

© 2005 The Linnean Society of London, Zoological Journal of the Linnean Society, 2005, 143, 599—-616

1202 1snBny L U 1senB Aq £/892/Z/66S/V/EY L /2I101LE/UESUUII00Z/WOD"dNO"dlWSPESE//:SANY WO} PAPEOjUMOQ



JURASSIC SALAMANDER FROM NORTH AMERICA 603

Ca.V

Figure 3. Iridotriton hechti gen. et sp. nov., DINO
16453b. Abbreviations: CaS.V, caudosacral vertebra; Ca.V,
caudal vertebra; L.Fe, left femur; L.Fi, left fibula; L.I1, left
ilium; Pe, elements of pes; Ps, presacral vertebra; Rb.b, rib-
bearer; Sa.rb, sacral rib; Sa.V, sacral vertebra; sp.f, spinal
nerve foramen; Ta, tarsal; L.Ti, left tibia; tr, trochanter.
Scale bar = 1 mm.

and 100 mm overall. Despite this small size, the spec-
imen appears to represent a metamorphosed individ-
ual (dermal roofing bones ossified and in position;
squamosal full size, all bones of lower jaw ossified, dor-
sal process of maxilla ossified, vomer fully formed, otic
capsule complete and stapes ossified: Rose, 2003).

Figures 1-3 show the specimen as preserved on the
blocks, but the description that follows also relies on
the digital reconstructions from computed tomogra-
phy (Figs 4, 5).

The skull

The posterior part of the skull aligns with the verte-
bral column, but the more anterior half, including the
jaws, has rotated to the right (Fig. 6). Despite this, the
bones of the left side are roughly in situ (but tele-
scoped) whereas those of the right have been displaced
out to the side of the specimen. A majority of the skull
elements can be identified but some of the small bones
(lacrimals and septomaxillae, if present) cannot be
recognized.

Premaxilla: both bones are preserved, the left in situ
and the other displaced and rotated to the right of the
specimen. They show an elongated maxillary process
that either abuts or underlaps the maxilla. The alary
process (processus dorsalis) of the left premaxilla is
damaged but the right is complete. It is short, broad,
and asymmetric, with a strong lateral angle. A pre-
maxillary tooth count is not possible.

Maxilla: the left bone is also in situ and essentially
complete except for the medial edge of its dorsal
(facial) process. The bone has an elongate premaxil-
lary process, a short dorsal process, and a slender pos-
terior process. The right bone is adjacent to the right
premaxilla but has been rotated so that its lingual sur-
face is exposed. The teeth are damaged and no tooth
count is possible.

Nasal: a probable right nasal lies adjacent to the dor-
sal process of the right premaxilla. It appears to be
divided into two parts by a deep cleft (though this
could be an artefact of breakage). Division would
imply paired nasal anlagen that are in contact poste-
riorly (as in the Cretaceous Valdotriton; Evans & Mil-
ner, 1996). There is a bone of similar size behind the
left premaxilla, but the details are obscured.

Prefrontal: a single slender element lies adjacent to
the dorsal process of the left maxilla. The identifica-
tion of this bone as a prefrontal relies on its position to
one side of the midline and its posteriorly tapering
shape. It is closely similar to the same element in the
extant Cryptobranchus and the hynobiid Onychodac-
tylus (S. E. Evans, pers. observ.), and to the recon-
structed shape of the Cretaceous Valdotriton (Evans &
Milner, 1996). The bone is damaged in the midsection
but the intervening impression suggests that this is a
single bone and there is no trace of any groove or fora-
men for the lacrimal duct. No lacrimal has been rec-
ognized in Iridotriton, but given the telescoping of
individual elements, and the various small unidenti-
fied elements within the skull mass, we cannot deter-
mine whether a lacrimal was present or absent.

Frontals: the left bone is represented by a thin plate
deep to the left prefrontal and overlying the left pari-
etal. It is long and relatively narrow, but shows no
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Figure 4. Iridotriton hechti gen. et sp. nov., DINO 16453a, digital reconstruction of dorsal surface based on high-
resolution computed tomography. Abbreviations: At, atlas; C, C1-2, carpals; L.An, left angular; L.D, left dentary; L.H, left
humerus; L.Mx, left maxilla; L.Oc, left otic capsule; L.Pmx, left premaxilla; L.Pra, left prearticular; L.Prf, left prefrontal,
L.Ra, left radius; L.ScC, left scapulocoracoid; L.Sq, left squamosal; Ph, phalanx; Ps, parasphenoid; Q, quadrate; R.D, right
dentary; R.H, right humerus; R.Mx, right maxilla; R.Oc, right otic capsule (small arrow points to foramen for endolym-
phatic duct); R.P, right parietal; R.Pmx, right premaxilla; R.Pt, right pterygoid; R.Ra, right radius; R.ScC, right scapulo-
coracoid; R.Sq, right squamosal; UlI, fused ulnare and intermedium. Scale bar = 1 mm.
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trace of sculpture and provides no detail of articular
surfaces for adjacent bones. The right bone has not
been identified with confidence. It may be a partially
obscured flat bone, the edge of which is exposed
between the left margin of the parasphenoid and the
left prefrontal. The frontals appear to have been
slightly narrower than the parietals, but of similar
length.

Parietals: the left parietal partially underlies the left
frontal and prefrontal. The right has been carried out
with other bones of this side and lies between the
right premaxilla, maxilla, and dentary, extending
under the last of these bones for a short distance. The
bone is rectangular with at least one (anterior or pos-
terior) straight margin. It is certainly not acutely
tapered at either end and therefore probably did not
extend far forward under the frontal. Neither parietal
is sculptured.

Squamosal: the left bone is in situ, overlapping the
braincase medially and the pterygoid distolaterally. It
is roughly triangular, broad dorsally and tapers at its
ventral tip. The posterior margin is curved. As pre-
served, the squamosal contacts only the braincase and
not the parietal. The right element has not been iden-
tified with certainly, but it may be represented by a
curved flange underlying the right pterygoid (?R.Sq,
Fig. 6).

Vomer: this lies beneath the left jaw symphysis (visi-
ble only on the digital reconstructions; V in Fig. 5). If
it is the left element, then it is in situ relative to the
left dentary, but since the skeleton has partially dis-
articulated, the two bones have rotated to the left of
the frame. The anterior margin [now directed to the
left of Fig. 5 ( = right side of body)] has two short sur-
faces meeting at a slight angle; presumably these met
the premaxilla and maxilla. The lateral margin (now
at the top) is embayed by the choana and then flares
out lateral to it to form a postchoanal flange. The
medial margin (now at the bottom) is strongly oblique
suggesting the presence of an anterior palatine
fontanelle.

Behind it, the posteromedial border (facing to the
right of the figure) is relatively long and straight.
Teeth are not visible, but this is probably an artefact of
the resolution of the high resolution X-ray scanner,
because dentary teeth are visible on the specimen but
not on the scans (CT slices and reconstructions). An
alternative explanation would be that this is the right
bone, either turned 180 ° on its long axis so that the
dorsal surface is exposed, or reversed so that the wider
edge, now posterior, met the jaw margin, with the bone
narrowing posteriorly (a better match for that of pri-
mitive living salamanders like cryptobranchids and
hynobiids, S. E. Evans, pers. observ.). Conceivably, it

could be the left element, rotated both anteroposteri-
orly and dorsoventrally. No other bone shows such a
radical displacement, but the vomers could have been
seriously disrupted when the jaws were disarticulated
and rotated outwards.

Pterygoid: the left pterygoid is largely obscured by the
overlying squamosal in dorsal view, and by parts of the
braincase ventrally. A distinct blade, presumably the
posterolateral pterygoid process, extends ventrally
beyond the squamosal and quadrate towards the
lower jaw, whereas a more fragmentary process is
directed anteriorly. From the underside of the speci-
men (digital reconstructions, Fig. 5), the bone appears
more complex, and the medial surface was probably
concave, but it is neither large nor strongly expanded.
The right pterygoid may be represented by the irreg-
ular bone mass adjacent to the right otic elements. It
is clearly bent in more than one plane, and curves
around the edge of the mandible. Overlying it on the
underside is a small, unidentified bony plate that also
overlaps the jaw.

Parasphenoid: this has a long parallel-sided anterior
rostrum that is overlapped ventrally by the vomer.
Posteriorly, at the level of the braincase, the bone
expands slightly to overlap the otic capsules, although
there are no strong alae and no visible perforations for
the internal carotid arteries. Dorsally, the parasphe-
noid forms the right boundary of the skull mass, and
its dorsal surface is concave.

Quadrate: visible on the digital reconstructions as a
small dense mass of bone displaced to the left side of
the skull.

Braincase: in salamanders, this has two principal
components: the sphenethmoid (= orbitosphenoid;
Trueb, 1993) that underlies the frontal and attaches to
the dorsal margin of the parasphenoid rostrum, and
the otic capsule made up of the prootic, opisthotic, and
exoccipital, or some combination of these three ele-
ments (Trueb, 1993). The sphenethmoid seems to be
represented in Iridotriton by a long narrow element
wedged between the skull roof (left frontal) and the
parasphenoid rostrum on the left side (Fig.5). It is
perforated by a small foramen (perhaps for a branch of
the ophthalmic division of the trigeminal nerve; Fran-
cis, 1934) and has a larger posterior notch for the optic
nerve (these structures lie to the left and right of ‘Sp’,
respectively, in Fig. 5, and are seen most clearly if the
digital reconstructions are rotated).

The otic capsule is preserved on both sides of the
skull. Its components are fused into a relatively large,
rounded structure that extended beyond the confines
of the parietal table. On the left side, the exoccipital is
roughly in situ against the atlantal cotyle, although it
has rotated laterally so that the exoccipital condyle
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has disarticulated from the atlas. The otic capsule con-
tinues forward as a single unit into the prootic, with
the squamosal overlapping the lateral and dorsolat-
eral surfaces but not reaching the level of the parietal.

Seen in ventral view (Fig.5), the otic capsule
surrounds a rather bulbous vestibular cavity. The
fenestra ovalis opens ventrolaterally and contains
fragments of bone that probably pertain to the stapes.
On the right side of the skull, the otic capsule is dis-
placed and has rotated slightly. The opisthotic compo-
nent is united with the exoccipital and prootic, but is
delimited by sutures (although these must be at least
partially closed as there is no displacement). Dorsally,
the opisthotic (right otic capsule, Fig.4) exposes a
small distinct foramen (small arrow, Fig. 4) that opens
from the inside of the vestibular cavity. This foramen
is presumably for the endolymphatic duct (Francis,
1934).

Mandible

The left mandible is in articulation with, and largely
obscured by, the maxilla and premaxilla of that side.
The right mandible is displaced and exposed in lingual
view to the side of the specimen.

The dentary has a narrow but relatively deep ter-
minal symphysis and a long, but very narrow, Mecke-
lian sulcus that is open throughout its length. The
alveolar margin is separated from the subdental ridge
by a deep groove, so that the tooth-bearing part of the
jaw forms a rather shallow margin along the dorsal
edge of the dentary. It bears a row of around 40 slen-
der pedicellate teeth, but the tooth crowns are not
clearly preserved in any position. On both sides, the
dentary extends to the posterior end of the mandible,
bracing the accessory bones from the labial side.

Between the rear of the dentary and the maxilla on
the left side there are two distinct anteroposteriorly
directed structures (Figs 4, 6). The more laterally
placed of these is a narrow lamina with a thickened
margin. It corresponds in structure and position to the
angular in the living Cryptobranchus and hynobiids.
The more medial structure has a dorsally expanded
anterior coronoid process and a posterior edge that
curves medially. It then continues ventrolaterally into
a flange-like blade that lies parallel to the posterior
pterygoid lamina. This is the prearticular-coronoid.
On the right mandible, the angular is in situ at the
rear of the bone, whereas the slender anterior tip of
the prearticular is visible within the posterior half of
the Meckelian canal (Fig. 5).

Axial skeleton
The axial skeleton is preserved in two parts. In 16453a
(Figs 2, 4, 5), the atlas is preserved in situ. Following

it are eight complete vertebrae, fragments of a ninth
(Ps 10, Fig. 2), and then impressions and fragments of
a further four. Specimen 16453b (Fig. 3) preserves
eight presacral vertebrae followed by a sacral, at least
three caudosacrals, and one further isolated caudal. It
is difficult to be certain of the relationship of the two
blocks, but it seems likely that the first vertebrae pre-
served on 16453b (Ps10, Fig. 3) is part of the last ver-
tebra on block 16543a, with the vertebrae following on
16453b responsible for the impressions on 16453a.
Under this interpretation, there were a total of 17 pre-
sacrals. There may have been more, but there cannot
have been fewer.

Atlas: this is preserved in dorsal and left lateral views
but is otherwise obscured by the bones around it. Thus
the presence of the interglenoid tuberosity cannot be
confirmed, although, judging from the other features
of the skeleton, it is likely to have been present in a
caudate of this grade. The atlas is slightly shorter
than the vertebra following it, and had a low neural
arch with a midline crest but no spine, and a convex
posterior margin. Anteriorly, the left cotyle remains in
articulation with the exoccipital condyle. In lateral
view, however, crushing obscures the detail. There is
certainly at least a notch in the anterior margin of the
atlas for the first spinal nerve (between the cotyle and
the anterodorsal margin of the arch, Fig.6), but
whether it was a fully enclosed foramen or not is
impossible to judge.

Postatlantal presacral vertebrae: the first eight post-
atlantal vertebrae have low neural arches with a
middorsal keel and short horizontal spines that were
directed posteriorly and were probably completed in
cartilage (judging by the pitted distal tips). Ventrally,
the centrum is rounded with no midline keel and
only small anterior basapophyses. The centra form
weak amphicoelous cylinders that probably devel-
oped ectochordally. There is no evidence of spinal
nerve foramina in trunk vertebrae. The zygapophyses
are strong and horizontal, whereas the rib-bearers
are long and directed posterolaterally. On each, the
dorsal and ventral rib facets have coalesced to form a
single head, although there is a slight waisting of the
surface in more posterior vertebrae. The ribs them-
selves are certainly single-headed and relatively long
(equal or nearly equal to the length of the centrum).
Most are very gracile, but the second and third post-
atlantal vertebrae bear more robust ribs for the
support of the pectoral girdle. The centra of the pos-
terior presacrals (16453b, Fig. 3) are also simple and
spool-like, with neither median keels nor prominent
basapophyses. At most, there is a slight bilateral
thickening of the surface in the region of the basapo-
physes. The rib-bearers become weaker towards the
sacrum.
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Figure 5. Iridotriton hechti gen. et sp. nov., DINO 16453a, digital reconstruction of ventral surface of specimen based
on high-resolution computed tomography. Abbreviations: C, C2-3, carpals; Fr, frontal; L.D, left dentary; L.H, left humerus;
L.Pt, parts of left pterygoid; L.Ra, left radius; L.ScC, left scapulocoracoid; Ph, phalanges; Ps, parasphenoid; Q, quadrate;
R.An, right angular; R.D, right dentary; R.H, right humerus; R.Mx, right maxilla; R.Oc, right otic capsule; R.P, right
parietal; R.Pmx, right premaxilla; R.Ra, right radius; R.ScC, scapulocoracoid (small arrow points to supracoracoid
foramen); R.Ul, right ulna; Sp, sphenethmoid; UlI, fused ulnare and intermedium; V, vomer;? unidentified fragment.
Scale bar = 1 mm.
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L.Mx LPf | Pmx 2N

Figure 6. Iridotriton hechti gen. et sp. nov., DINO 16453a. Skull region, as exposed. Abbreviations: al.pr, alary process
of premaxilla; At, atlas; Crb.2, rib of second vertebra; Cv.2, second vertebra; L.An, left angular; L.D, left dentary; L.Fr, left
frontal; L.Mx, left maxilla; L.Oc. left otic capsule; L.P, parietal; L.Pmx, left premaxilla; L.Pra, left prearticular; L.Prf, left
prefrontal; L.Pt, left pterygoid; L.Sq, left squamosal; N, possible left nasal; Ps, parasphenoid; R.D, right dentary; ?R.Fr,
possible right frontal; R.Mx, right maxilla; R.N, right nasal; R.Oc, right otic capsule; R.P, right parietal; R.Pmx, right
premaxilla; R.Pt, right pterygoid; ?R.Sq, possible right squamosal; St, stapes. Scale bar = 1 mm.

Sacral vertebra: the sacral is separated from the last
trunk vertebra and has rotated slightly, probably
because of its relatively massive rib-bearers and the
influence of the pelvic girdle and hind limb. The sacral
ribs themselves have disarticulated and one is visible
beside the femur.

Caudosacral vertebrae: behind the sacral vertebra
and under the pelvic region, there are three caudosac-
rals but they are preserved only in ventral view and
yield little detail — except for the presence of rib-
bearers and free ribs similar to those of the last trunk
vertebrae.

Caudal vertebrae: one isolated caudal is preserved at
the edge of the block (Fig. 7). This small vertebra has
no spine and weak zygapophyses, but preserves a spi-
nal nerve foramen in its posterior half.

Pectoral girdle and forelimb

Scapulocoracoid: the right and left scapulocoracoids
are in situ, but partially obscured by the overlying ver-
tebrae and ribs. They are therefore most clearly seen
in the digital reconstructions (Figs 4, 5). The scapula
and coracoid form a single ossification. The coracoids
are robust semicircular plates that curve under the
axial skeleton and are each perforated by a single
supracoracoid foramen (clearest on the right, Fig. 5).

p.zy

Figure 7. Iridotriton hechti gen. et sp. nov., DINO
16453b. Detail of caudal vertebra with spinal nerve fora-
men. Abbreviations: p.zy, posterior zygapophyses; sp.f, spi-
nal nerve foramen. Scale bar = 1 mm.

There is no coracoid incisure and the two plates were
almost in contact medially.

The scapula component is clearly visible in dorsal
view (Fig. 4, left side) and is small in relation to the
coracoid. The upper margin is straight and the ante-
rior and posterior margins are strongly curved so that
the narrow scapular blade is strongly waisted at its
junction with the coracoid. The top of the blade is bro-
ken away on the right side. As preserved, the glenoid
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is posterolateral in position, and deep, with its long
axis orientated dorsoventrally. This suggests a degree
of dorsoventral movement for the large humerus, as
occurs in some modern salamanders in slow-gait
terrestrial locomotion (Evans, 1946). Among modern
salamander scapulocoracoids examined, the morphol-
ogy of Iridotriton most closely resembles that of the
terrestrial Ambystoma (S. E. Evans, pers. observ.).

Humerus: both humeri are preserved. The proximal
and distal heads are at roughly 90 ° to one another,
and the distal head is relatively massive compared to
the slender humeral shaft. The proximal end bears an
expanded crista ventralis humeri but no crista dorsa-
lis. At the distal end, the condyles for articulation with
the radius and ulna are not ossified, and it is clear
from the embayed shape of the distal end that it bore
a large cartilaginous joint surface.

Radius and ulna: the left radius lies adjacent to the
left maxilla (Figs 2, 4, 5), whereas the right radius and
ulna are visible only on the digital reconstructions
(Figs 4, 5). Both bones have relatively narrow shafts
and expanded ends, although the ulna is the more
gracile element. They are roughly half the length of
the humerus (R/H = 53%).

Carpus and manus: wrist and manus elements are
preserved on both sides, but are disarticulated. There
is one isolated carpal, probably from the left side, just
behind the left dentary (Fig. 5). On the right side, three
carpal elements are clearly preserved (digital recon-
structions, Figs 4, 5), three (C1-3, Figs 4, 5) lie clus-
tered around the distal ends of the ulna and radius,
whereas a single, slightly larger element (ULI) is posi-
tioned further distally, close to a phalanx. This large
rounded element has a small central perforation and
matches the fused ulnare + intermedium of living sala-
manders (Francis, 1934; S. E. Evans, pers. observ.).

According to Francis (1934) the short canal marks
the line of fusion between the two bones and conveys
the perforans carpi artery (a second similar element
lies in front of the left scapulocoracoid, Fig. 5). The
three smaller carpals cannot be identified with any
confidence. In the extant Salamandra (Francis, 1934),
there are four ossified carpals in addition to the
ulnare-intermedium: a centrale, a basale commune
(representing a fusion of the first two distal carpals),
and then a basale 3 and a basale 4, although more ele-
ments occur in some taxa.

Of the three distal elements in Iridotriton, C1 is the
smallest and may be a basale; C2 is strongly concave
along its long axis and could be a centrale. C3 is more
cylindrical, with a small constriction around the mid-
point. It is either another basale, or possibly a basale
commune. If this latter is correct, then the carpal
structure of Iridotriton (fused ulnare-intermedium,

large basale commune, small number of well ossified
distal carpals/centrale) would be relatively derived.
The phalangeal formula cannot be reconstructed: none
of the digits is complete on the right side, and the pha-
langes of the left manus are scattered amongst the
bones of the skull. Overall, however, the forelimb is
robust and strongly ossified.

Pelvic girdle and hindlimb
Parts of the left hind limb and girdle are preserved but
disarticulated.

Ilium: the left ilium is seen in medial view thus
obscuring the structure and size of the acetabulum.
The bone is small in comparison to the femur
(although this is exaggerated in Fig. 3 by the edge-on
view) and quite gracile. There is no trace of either
ischiadic plate and these are presumably deep in the
matrix (although this second block was not scanned).

Femur: this is of similar length to the humerus, but
less robust. The proximal and distal heads are some-
what compressed and there is a distinct projecting
proximal trochanter.

Tibia and fibula: as in the forelimb, the epipodials
are short and stout, with the tibia the more robust of
the two elements.

Tarsus and pes: a small number of scattered bones of
the foot (metatarsals and short phalanges) are also
preserved. The elements of the pes are larger and
longer than those of the manus but the phalangeal for-
mula cannot be reconstructed. There is one element
beside the caudal vertebra that may be a tarsal.

—— Cryptobranchidae

‘——— Hynobiidae

6
@ Salamandroidea

5

‘——————— Valdotriton

Iridotriton

Karauridae

Figure 8. Phylogenetic tree showing suggested relation-
ship of Iridotriton within Caudata. Node 1: Caudata; Node
2: Urodela (minimally ch. 9-12 in Iridotriton, see text);
Node 3: Cryptobranchoidea; Node 4: stem-salamandroids
(minimally ch. 15 in Iridotriton); Node 5: unnamed clade
(Evans & Milner, 1996; ch. 1, 3-4); Node 6: Salamandroidea
(minimally ch. 8).
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DISCUSSION
PHYLOGENETIC POSITION

Relationships amongst extant salamanders

Under traditional classifications (e.g. Estes, 1981;
Duellman & Trueb, 1986; Milner, 1988) nine or ten
clades of living salamanders are recognized: Crypto-
branchidae, Hynobiidae, Dicamptodon, Rhyacotri-
tonidae, Sirenidae, = Amphiumidae, Proteidae,
Salamandridae, Ambystomatidae, and Plethodon-
tidae. There is a general agreement that Cryptobran-
chidae and Hynobiidae (if monophyletic) are grouped
within the Cryptobranchoidea (Larson & Dimmick,
1993; Cryptobranchiformes of Milner, 2000) and that
most or all of the remainder fall within a second super-
group, the Salamandroidea (Larson & Dimmick, 1993;
Salamandriformes of Milner, 2000).

Sirenidae are problematic and there is disagree-
ment as to whether these taxa should be regarded as
aberrant, but derived, salamandroids (e.g. Estes,
1981) or as members of a primitive clade that is the
sister group to Cryptobranchoidea + Salamandroidea
(Neocaudata; Larson & Dimmick, 1993). Milner (1983,
1988, 2000) supported the outgroup position of
sirenids, as did Duellman & Trueb (1986, albeit with
some reservation), Larson & Dimmick (1993), Hedges
& Maxson (1993), and Hay et al. (1995).

Trueb (1993: fig. 6.9) presented a tree derived from
unpublished work by R. Cloutier in which sirenids are
nested well within salamandroids as the sister group
of plethodontids (with salamandrids, ambystomatids,
and proteids + amphiumids as successive outgroups).
Most recently, the analysis of Gao & Shubin (2001)
also nested sirenids within salamandroids, as a sister
group to proteids and, in one tree, to amphiumids.
However, the paedomorphic specializations of each of
these three families may be distorting the result.

On the relationships of the remaining groups, there
is little consensus. Dicamptodon and rhyacotritonids
have been variously considered as primitive (Duell-
man & Trueb, 1986) or derived, with Dicamptodon fre-
quently classified with ambystomatids (e.g. Estes,
1965; Larson & Dimmick, 1993; Milner, 2000; Gao &
Shubin, 2001; but see Hedges & Maxson, 1993), and
rhyacotritonids with plethodontids and amphiumids
(e.g. Milner, 1983, 2000; Hillis, 1991; Hedges & Max-
son, 1993; Gao & Shubin, 2001; combined consensus).

Proteids are variously placed as primitive (Milner,
1983; Duellman & Trueb, 1986; Hillis, 1991); in a clade
with salamandrids, ambystomatids and Dicamptodon
(Larson & Dimmick, 1993); or with Dicamptodon alone
(Hay etal., 1995); whereas salamandrids and
ambystomatids are sometimes linked (e.g. Milner,
1983, 2000; Larson & Dimmick, 1993; Gao & Shubin,
2001) and sometimes not (Hay et al., 1995). Milner
(1983) and Hillis (1991) had ambystomatids as the sis-

ter group of salamandrids, whereas Duellman & Trueb
(1986) placed ambystomatids as the sister group of
plethodontids, and the molecular analysis of Hay et al.
(1995) found no link between any of the three.

For the purposes of this discussion, however, the
intricacies of crown-group relationships are not impor-
tant, except with respect to Dicamptodon, since the
latter shows a number of primitive characters (sepa-
rate angular and prearticular, spinal nerve foramina
only in atlas and tail) whose significance and polarity
are affected by its position in the phylogeny. The same
applies to sirenids.

The position of Iridotriton

Iridotriton shows a combination of primitive and
derived characters that permit some discussion of its
phylogenetic position:

1. Premaxillae separate, broad with strong but short
alary process that did not make a major contribu-
tion to the dorsal roof. This is the condition in
karaurids and in some primitive members of both
cryptobranchoids and salamandroids (hynobiids,
cryptobranchids, Dicamptodon). Most salaman-
droids show a more derived condition in which the
alary process is longer and meets the frontals.

2. Maxilla with relatively short dorsal process. This
is a primitive character found in karaurids, cryp-
tobranchoids and Dicamptodon (Trueb, 1993).

3. Premaxilla with alary process that must have
abutted the nasal rather than overlain it, as in
karaurids. Many cryptobranchoids also have a
short dorsal process, as does Dicamptodon
amongst salamandroids. This is undoubtedly a
primitive trait. In derived caudates, the long dor-
sal process separates the right and left nasals in
the midline. In the Early Cretaceous Valdotriton
(Evans & Milner, 1996), a long dorsal process
partly divides the two nasal anlagen of each side.

4. Separate prearticular and angular bones in the
lower jaw, but no free coronoid. The possession of
separate prearticular and angular bones is a
primitive character found in karaurids (Estes,
1981), basal Chinese salamanders (Gao & Shubin,
2001), and cryptobranchoids. In salamandroids
and stem-salamandroids (Valdotriton), the bones
are fused into a single compound prearticular ele-
ment. A separate coronoid bone is found in
sirenids (Estes, 1965; Trueb, 1993) and also in
proteids, as well as some fossil salamanders
(Sinerpeton, Laccotriton) considered either basal
(Gao & Shubin, 2001) or cryptobranchoid (Wang,
2000Db).

5. Free ribs on at least the anteriormost three
caudals. Their presence on anterior caudal verte-
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brae is a primitive trait, although Gao & Shubin
(2003) cite the reduction in number of these ribs
to 2-4? as a derived cryptobranchid character.
In Iridotriton, only three anterior caudals are
preserved.

. Prefrontal present, slender and elongate. Since
the dorsal process of the maxilla is short, it is
likely to have contacted only the prefrontal and
not the frontal. This is the primitive condition
(Gao & Shubin, 2001; supplementary data, char-
acter 33) found in karaurids and many extant
salamanders. Exceptions include Cryptobranchus,
in which the frontals extend forward between
the prefrontals to meet the maxilla, and some
plethodontids where the prefrontal is lost.

. Vomer large, with choanal notch and evidence of
median palatine fenestra. A short broad vomer is
a primitive feature found in karaurids, primitive
Chinese salamanders (Sinerpeton, Laccotriton;
Gao & Shubin, 2001) and some members of both
major extant lineages (e.g. cryptobranchids,
Dicamptodon). In more derived taxa, there is a
tendency toward posterior elongation of the vomer
over the parasphenoid (Trueb, 1993). In conjunc-
tion with the latter condition, there is a change in
the pattern of the vomerine tooth row from essen-
tially transverse (either immediately behind the
premaxillary row, e.g. Cryptobranchus; or midway
through the vomer, e.g. Valdotriton) to longitudi-
nal. The left vomer of Valdotriton is visible in the
digital reconstructions at the front of the palate. It
is short but the tooth row cannot be seen, presum-
ably because the teeth were small and below the
resolution of the scan (individual tooth positions
are also not visible on the dentary in the scans,
but are visible under the microscope).

. ?Paired nasal anlagen. Living salamanders vary
as to whether they possess one or two nasal
anlagen on each side of the skull midline. Two
anlagen are generally considered to be primitive
(e.g. Larson, 1991; Larson & Dimmick, 1993;
Trueb, 1993). In some hynobiids (e.g. Ranodon,
Salamandrella), these anlagen lie medial and lat-
eral to the alary process of the premaxilla (Rose,
2003). This appears also to be the condition in
cryptobranchids, but Rose (2003) argues that the
lateral anlage has actually expanded into the
region medial to the alary process in this group.
According to Larson (1991) and Larson & Dim-
mick (1993), some salamander taxa retain only
the medial anlage (e.g. sirenids), some the lateral
anlage (most salamandroids), and some (e.g. Rhy-
acotriton, Necturus) lose the nasal completely.
Valdotriton retains paired anlagen, conjoined pos-
teriorly, and the same condition may have been
present in Iridotriton.

9. Gracile skull bones without sculpture. Fully

10.

11.

12.

13.

14.

metamorphosed karaurid salamanders like
Karaurus (Ivachnenko, 1978) and Marmorerpeton
(Evans & Waldman, 1996) have thick, heavily
sculptured skull roofing bones, not unlike those of
ancestral temnospondyls. In most derived cau-
dates, as in Iridotriton, the skull bones are thin
with little, if any, sculpture.

Triangular squamosal, wider dorsally than ven-
trally, meets braincase but not parietal and is
essentially mediolateral in orientation. The artic-
ulation with the braincase leaves a gap between
the squamosal and parietal that permits the
adductor muscles to pass back across the brain-
case, lengthening their action (Estes, 1981). The
squamosal of karaurids shows the primitive con-
dition. It has a thick, geometric dorsal portion
that abuts the parietal, leaving no space for the
muscles (adductor mandibulae internus, pseudot-
emporalis superficialis portion; Carroll & Holmes,
1980).

No evidence of a quadratojugal in the cheek
region. Karaurids primitively retain this element
(Ivachnenko, 1978; Estes, 1981) but it is lost in
crown-group salamanders.

Notochordal ectochordal vertebrae. This is a
primitive character within postkaraurid sala-
manders where the vertebrae are formed from
membrane bone. Karaurids have heavily ossified
vertebrae that appear to have an endochondral
component (S. E. Evans, pers. observ.).
Scapulocoracoid a single ossification, small low
scapula and large coracoid plate. This is a prob-
lematic character. Sirenids have separate scapula
and coracoid ossifications, and this has been
regarded as a primitive character (Duellman &
Trueb, 1986) supporting the placement of sirenids
outside the cryptobrachoid-salamandroid node
(e.g. Milner, 1988, 2000; Larson & Dimmick,
1993). However, as stem-frogs (Triadobatrachus,
Czatkobatrachus; Borsuk-Bialynicka & Evans
2000) and stem-salamanders (Marmorerpeton, S.
E. Evans, pers. observ.) have a single scapulocora-
coid plate, the sirenid condition is likely to be
secondarily derived, not primitive.

Single-headed or conjoined ribs on most vertebrae.
Karaurid salamanders have two headed ribs and
this primitive condition is retained in salaman-
droids. In most cryptobranchoids (but see Milner,
2000) the two heads have coalesced into a single
rib facet and this is often regarded as a derived
character state of the group (Duellman & Trueb,
1986; Larson & Dimmick, 1993). The distribution
pattern, however, may be more complex than that
because rib-bearers with conjoined surfaces are
present in both Iridotriton and a small sala-
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mander (‘salamander B’) from the Middle Jurassic
locality of Kirtlington in Oxfordshire, England
(Evans et al., 1988; Evans & Milner, 1994), nei-
ther of which shows other cryptobranchoid char-
acters (other than primitive states). Most of the
rib-bearers also have conjoined heads in a second
Kirtlington caudate, ‘salamander A’, that appears
to be a paedomorphic karaurid. Further work is
needed on the developmental history of this trait,
but the evidence suggests that it is not uniquely
cryptobranchoid.

15. At least one caudal vertebra with spinal nerve
foramina. This is a character formulated by
Edwards (1976), and discussed by several later
authors (e.g. Larson & Dimmick, 1993). In the
primitive tetrapod condition, the spinal nerves
emerge intervertebrally, but some salamanders
have the spinal nerves emerging through the body
of the vertebra itself (intravertebral). Karaurids
show the primitive condition. In cryptobran-
choids, the only nerve emerging intravertebrally
is that of the atlas (see above), making the
possession of this atlantal foramen a defining
character of crown-group urodeles. Within sala-
mandroids, Dicamptodon and Rhyacotriton have
spinal nerve foramina in the tail, but there are
notches in the sacral, and larger notches in cau-
dosacrals suggesting that the spinal nerve has
already moved from its intervertebral position.
The Cretaceous Valdotriton also has spinal nerve
foramina in at least the anterior caudal vertebrae,
but not in the postatlantal presacrals. In more
derived salamandroids (ambystomatids, pleth-
odontids, salamandrids), spinal nerve foramina
also exist in the trunk vertebrae — creating an
apparent trend towards greater numbers of these
foramina (Duellman & Trueb, 1986). However,
proteids lack any spinal nerve foramina behind
the atlas (primitive or derived?), whereas sirenids
have them almost throughout the body. If sirenids
are genuinely basal, then this implies either that
foramina evolved independently within the group,
or that trunk foramina are primitive rather than
derived, with varying patterns of loss. Under the
traditional view (e.g. Larson & Dimmick, 1993;
Milner, 2000), the presence of spinal nerve foram-
ina in the tail of Iridotriton, but not the trunk,
places it in a similar position (with respect to this
character) as Valdotriton. However, if the charac-
ter is unstable, this feature may be phylogeneti-
cally uninformative.

16. Parietals broad, midline contact, short. The pari-
etals are not fully exposed, but they are relatively
simple rectangular bones with a midline contact.
It is unlikely that they were strongly overlapped
by the frontals (as, for example, in cryptobran-

chids). Short parietals are found in most extant
salamanders. The cryptobranchid condition is
derived.

17. Otic capsule fully ossified with exoccipital and
prootic forming strong mass; opisthotic appears
conjoined but with a visible suture. The bones of
the otic capsule are separate in cryptobranchoids
and sirenids, but also in some living salaman-
droids, including Dicamptodon, Rhyacotriton, and
amphiumids (Trueb, 1993). In proteids, as in Iri-
dotriton, the opisthotic is discrete from the com-
bined prootic/exoccipital (although conjoined in
Iridotriton) whereas all three bones are fused in
ambystomatids, salamandrids, plethodontids and,
apparently, the Early Cretaceous Valdotriton.
Whether or not this is a phylogenetically useful
character remains to be seen; it may simply vary
with levels of ossification in different caudate
lineages.

18. Parasphenoid without internal carotid foramina.
Internal carotid foramina are present (the primi-
tive condition) in the lateral alae of the paras-
phenoid in karaurids, cryptobranchoids, and
Dicamptodon; they are absent in sirenids, Valdo-
triton and most salamandroids (plethodontids,
salamandrids, some ambystomatids) (Trueb,
1993).

19. Carpals and tarsals ossified, with a compound
ulnare + intermedium. The carpus of Iridotriton
may have been relatively derived with a small
number of large robust elements. The ulnare and
intermedium had certainly fused. This compound
ulnare + intermedium appears to be a derived
character of salamandroids (Shubin, Wake &
Crawford, 1995).

20. Unfused margins of the Meckelian fossa behind
the symphysis. In most salamanders, the Mecke-
lian fossa is closed for at least some distance
behind the symphysis, but the polarity of the char-
acter is not clear. This may be an autapomorphy of
Iridotriton.

Recent hypotheses of caudate relationships (e.g.
Duellman & Trueb, 1986; Milner, 1988; Evans & Mil-
ner, 1996; Gao & Shubin, 2001, 2003) provide a basis
for discussion of the position of Iridotriton, using the
characters listed above.

Iridotriton shares a number of primitive features
with basal caudates, including karaurids, some
cryptobranchoids, and some salamandroids (ch. 1-7).
However, known karaurids differ from wurodeles
(= crown-group caudates) in several important fea-
tures, notably: heavy cranial sculpture; the absence of
an adductor groove on the squamosal or between it
and the parietal; the retention of a quadratojugal;
heavily built vertebrae, with a possible endochondral
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component; and the absence of a spinal nerve notch or
foramen in the atlas (Marmorerpeton, Evans et al.,
1988; condition uncertain in Karaurus and Kokartus).
A tuberculum interglenoideum is absent in Marmorer-
peton, but apparently present in Kokartus.

Iridotriton resembles urodeles in all of these char-
acters for which it can be coded (ch. 9-12). It has a spi-
nal nerve foramen or notch in the atlas, but the
polarity of the latter character is somewhat problem-
atic. Although stem-salamanders lack this feature, a
foramen is present in basal members of two other lis-
samphibian groups (caecilians; Evans & Sigogneau-
Russell, 2001. Albanerpetontids; Estes, 1981) and
there is a notch for the spinal nerve in the atlas of
the stem-frog Czatkobatrachus (Evans & Borsuk-
Bialynicka, 1998). This suggests the absence of a fora-
men in karaurids might be a peculiarity of that group,
rather than a primitive character state. Nonetheless,
the combination of other features (ch. 9-13) allows
placement of Iridotriton on at least the urodelan stem.

As outlined above, the position of sirenid sala-
manders (stem or crown) is problematic, and this
affects the polarity of characters such as the co-
ossification of the scapulocoracoid (ch. 13: Milner,
1983; Larson & Dimmick, 1993) and the presence and
distribution of spinal nerve foramina (ch. 15:
Edwards, 1976). This makes it difficult to assess the
relative positions of sirenids and Iridotriton.

Most current classifications (e.g. Milner, 1988, 2000;
Larson & Dimmick, 1993) separate crown-group
urodeles into two major clades: the Cryptobranchoidea
(cryptobranchids and hynobiids) and the Salaman-
droidea (all other salamanders). There is some debate
as to the monophyly of Cryptobranchoidea and of
Hynobiidae (e.g. Trueb, 1993), although recent work
by Gao & Shubin (2001, 2003) found support for the
clade.

Cryptobranchoid salamanders are mostly character-
ized by the retention of primitive characters, includ-
ing: low alary processes of the premaxillae and paired
nasal anlagen; retention of a separate angular and
prearticular in the lower jaw; and absence of a spinal
nerve foramen in any postatlantal vertebra. The one
frequently cited derived skeletal character is the coa-
lescence of the rib-bearers into a single-head (ch. 14),
but this is problematic, and one hynobiid (Onychodac-
tylus; Okajima, 1908 in Milner, 2000) reportedly has
double-headed rib-bearers.

Salamandroids are characterized by the fusion of
the prearticular and angular into a single element, the
presence of a single nasal anlage, and of spinal nerve
foramina in at least some of the caudal vertebrae
(extending to the trunk in derived clades, but lost sec-
ondarily in proteids, Edwards, 1976; Good & Wake,
1992). The presence of spinal nerve foramina in the
tail of Iridotriton (ch. 15) supports its placement

within salamandroids, as do the imperforate paras-
phenoid (ch. 18) and the fused ulnare + intermedium
(ch. 19).

The most completely known early Euramerican
salamander, in terms of well-preserved specimens, is
the Early Cretaceous Valdotriton (Evans & Milner,
1996) from the Barremian locality of Las Hoyas,
Spain. Valdotriton has caudal spinal nerve foramina
and a single prearticular-angular bone, although the
nasal anlagen are not fully fused. For this reason, it
was placed on the salamandroid stem (Evans &
Milner, 1996). It thus provides a reference point for
Iridotriton. Like Valdotriton, Iridotriton may have
had paired nasal anlagen connected posteriorly (ch. 8),
but unlike Valdotriton, the alary process of the
premaxilla is short and the prearticular and angular
were separate. The balance of characters therefore
suggests a position for Iridotriton within salaman-
droids, but on the stem below Valdotriton.

BIOGEOGRAPHY

According to the vicariance model proposed by Milner
(1983), caudates arose within a united Laurasian
landmass. Subdivision of that landmass left two stem-
caudate populations, providing the ancestral stock of
cryptobranchoids in Asia and of salamandroids in
Euramerica. At the time Milner’s paper was written,
the Jurassic and Early Cretaceous record of caudates
was extremely poor. It has improved over the last two
decades but, with the notable exception of the Late
Jurassic Karaurus (Kazakhstan; Ivachnenko, 1978),
all demonstrably Jurassic salamander material re-
covered has been fragmentary (Hecht & Estes, 1960;
Evans et al., 1988; Evans, 1992; Evans & Milner, 1994,
Evans & Waldman, 1996). In addition, most Middle
and Late Jurassic specimens described to date are
referable to the stem-caudate group Karauridae
(Karaurus [Ivachnenko, 1978], Kazakhstan. Kokartus
[Nessov, 1981, Nessov et al., 1996], Kirghizia. Mar-
morerpeton [Evans & Waldman, 1996; Evans et al.,
1988], UK, Portugal. Kirtlington ‘salamander A’
[Evans, 1992; Evans & Milner, 1994; Evans & Wald-
man, 1996; indet. material, Estes, 1981], USA). Under
Milner’s (1983) vicariance model, this suggests a
rather slow diversification within the new Asian and
Euramerican landmasses.

Gao & Shubin (2001) offered an alternative biogeo-
graphical hypothesis on the basis of two new Chinese
fossil salamanders, Laccotriton and Sinerpeton,
reportedly of Late Jurassic age. Preliminary analyses
placed both taxa on the caudate stem above karaurids
(but see Wang, 2000b). Arguing that all known Juras-
sic taxa (i.e. the new genera and the karaurids Karau-
rus and Kokartus) were Asian (and primitive), Gao &
Shubin (2001) proposed an Asian origin for Caudata.
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This implied that caudates reached Euramerica from
Asia only after the reestablishment of a land route in
the late Early Cretaceous, as manifested by the
appearance of genera like Valdotriton in the Barre-
mian of Spain (Evans & Milner, 1996).

However, the Asian origin hypothesis set aside the
Middle and Late dJurassic record of caudates in
Euramerica (Hecht & Estes, 1960; Estes, 1981; Evans
et al., 1988; Evans, 1992; Evans & Milner, 1994; Evans
& Waldman, 1996). Furthermore, the reported Late
Jurassic age of Laccotriton and Sinerpeton is based on
an Early Tithonian date for the underlying Zhangjia-
kou Formation (Gao & Shubin, 2001). More detailed
geological work (Davis et al., 2001) has given an Early
Cretaceous age to these beds, making Sinerpeton and
Laccotriton roughly contemporaneous with the Hau-
terivian-Barremian (Zhou, Barrett, & Hilton, 2003;
Wang, 2004) salamanders of the Jehol biota (?crypto-
branchoids Liaoxitriton; Dong & Wang, 1998. Jeholot-
riton; Wang, 2000a), and with European salamanders
of the same age (Dollo, 1884; Evans et al., 1995; Evans
& Milner, 1996; Milner & Evans, 1998).

More recently, Gao & Shubin (2003) described a
superb collection of articulated salamanders (Chuner-
peton tianyiensis) from the Jiulongshan Formation of
Inner Mongolia, China, which they date as Middle
Jurassic (Bathonian) in age. They place Chunerpeton
firmly within crown-group Cryptobranchidae, a posi-
tion requiring an early divergence of cryptobranchids
and hynobiids (if the latter are monophyletic; Trueb,
1993), perhaps before the initial separation of
Euramerica and Asia. However, there are again con-
cerns with respect to the age of the Jiulongshan For-
mation (Zhonghe Zhou & Yuan Wang, pers. comm. to
Evans, September 2003), and the beds may be consid-
erably younger than Middle Jurassic. Thus the early
stages of cryptobranchoid evolution are still obscure,
but there is no evidence that the caudate record of
Asia predates that of Euramerica.

Fragmentary crown-group salamander material
(Kiyatriton) has also recently been described from the
Aptian-Albian of Western Siberia (Averianov &
Voronkevich, 2002), but it is not assignable beyond
Urodela indet.

If we are correct in our attribution of Iridotriton to
the salamandroid stem, then it provides qualified sup-
port for Milner’s (1983) vicariance model because it
extends the history of the clade in Euramerica back
into the Late Jurassic. However, additional material
and further analyses are required to establish the rate
and pattern of diversification more fully, and more
detailed studies of the Chinese salamanders (e.g. Dong
& Wang, 1998; Wang, 2000a, b, 2004) are needed to
determine their affinities.

In fact, Iridotriton may not be the earliest stem-
salamandroid. Isolated jaws, atlantes, and postatlan-

tal trunk vertebrae of another small salamander are
known from the Middle Jurassic British locality of
Kirtlington, although they have been discussed in the
literature only as ‘Salamander B’ (Evans & Milner,
1994; Evans & Waldman, 1996). The bones of this
small salamander are very gracile. There is a fully
developed tuberculum interglenoideum on the atlas,
although this element is notched for the spinal nerve,
rather than perforate. The presacral vertebrae resem-
ble those of Iridotriton in having conjoined rib-
bearers, but the caudals are unknown.

LIFESTYLE

Iridotriton is surprisingly robust for its size, with full
ossification of the limb elements including the carpals
and tarsals (often remaining unossified in living and
fossil taxa), but not the joint surfaces of the long
bones. The pectoral girdle is extensively ossified with
strong coracoid plates that probably approached one
another, or met, in the ventral midline. The humerus
is relatively massive, with a greatly expanded distal
head and strong proximal crests. The trunk is short
and the tail lacks any development of tall neural or
haemal spines. All these features argue for a pre-
dominantly terrestrial salamander with powerful
limbs and a wide, shallow head. The teeth are numer-
ous and very small, indicating a microphagous diet.
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