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Abstract

We describe an Oligocene newt specimen from western Germany that has gone practically
unnoticed in the literature despite having been housed in the Museum fiir Naturkunde (Ber-
lin) for a century. It is referable to the coeval Chelotriton, but is unusually peramorphic; for
many characters it is more peramorphic than all other caudates or even all other lissamphi-
bians. Most noticeable are the position of the jaw joints far caudal to the occiput, the honey-
combed sculpture on the maxilla, and the possible presence of a septomaxilla (which would
be unique among salamandrids). Referral to a species would require a revision of the
genus, but the specimen likely does not belong to the type species. A phylogenetic analysis
of nonmolecular characters of Salamandridae, far larger than all predecessors, confirms the
referral to Chelotriton. It further loosely associates the Oligocene Archaeotriton and the
Miocene Carpathotriton with the extant Lissotriton, though the former may alternatively lie
outside Pleurodelinae altogether. The Miocene? I. randeckensis may not belong to the
extant Ichthyosaura. The Miocene “Triturus” roehrsi is found neither with the extant Omma-
totriton nor with Lissotriton, but inside an Asian/aquatic clade or, when geographic distribu-
tion is included as a character, as the sister-group to all other European molgins. The main
cause for discrepancies between the results and the molecular consensus is not hetero-
chrony, but adaptations to a life in mountain streams; this is the most likely reason why the
Paleocene Koalliella from western Europe forms the sister-group to some or all of the most
aquatic extant newts in different analyses. We would like to urge neontologists working on
salamandrids to pay renewed attention to the skeleton, not limited to the skull, as a source
of diagnostic and phylogenetically informative characters.
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Introduction

Salamandridae is an extant clade of caudates that is widely distributed in the northern hemi-
sphere and can be found in Asia, Europe and North America, as well as the northern fringe of
Africa [1]. The group is traditionally divided into the “true salamanders” (Salamandrinae),
which are mostly terrestrial, and the generally more aquatic newts (Pleurodelinae); the terres-
trial Salamandrina forms a third clade [1-3] (Figs 1-3) that is sometimes called Salamandrini-
nae and appears to form the sister-group to the clade formed by Salamandrinae and
Pleurodelinae together ([1]; weakly supported by [2]). The oldest known fossil salamandrid is
Koalliella genzeli Herre, 1950, a likely crown- or stem-pleurodeline known from a few isolated
vertebrae from the late Paleocene of Germany and France ([3-7]; all specimens lost according
to [4]). The lack of older fossils, or of any stem-salamandrids, has made it difficult to estimate
the time of origin of the salamandrid crown. The molecular divergence dating analysis in [1]
put the 95% confidence interval at approximately 73 to 86 Ma ago when the program Multi-
DivTime was used and at approximately 58 to 83 Ma ago when BEAST was used instead, while
the very simple method used in appendix S5 of [2] on its enormous dataset yielded an age of
75.26 Ma without error margins; the paleontological method of [7] yielded broadly compatible
but poorly constrained ages (68.2 Ma according to fig 2 of [7]). In the analyses cited above,
Pleurodelinae was found to consist of a clade comprising (Pleurodeles + (Tylototriton + Echino-
triton)), referred to as Pleurodelini or as “primitive newts” [1], and its sister-group which con-
tains the remaining newts (Molgini, after Molge, a junior synonym of Triturus). Pleurodelini is
characterized by an overall high degree of ossification, strongly sculptured skulls with a com-
plete frontosquamosal arch (or bar or bridge) separating the orbitotemporal fenestra from the
postorbital opening, and tubercular processes on the ribs located internal to toxic skin glands;
Tylototriton and Echinotriton additionally possess sculptured spine tables on the tips of their
neural spines [4,5,8,9], a trait that also occurs (in less extreme form) in certain molgins. There
is a number of Eocene to Pliocene salamandrids from Europe that show a similar morphology
and degree of ossification of the skeleton and that are often thought to belong to Pleurodelini.
These comprise fossil representatives of Pleurodeles sp. from the Miocene/Pliocene of the Ibe-
rian Peninsula and North Africa [4], Palaeopleurodeles hauffi Herre, 1941, from the Oligocene
of Germany [10,11], Brachycormus noachicus (Goldfuss, 1831) from the late Oligocene of Ger-
many [3,4,12-15] and the Eocene to Pliocene genus Chelotriton. Extant pleurodelins and the
abovementioned fossil forms have been referred to as “Group II” salamandrids [4,16] and as
the “Pleurodeles-Tylototriton Clade” [5], although a phylogenetic analysis incorporating all
these forms has so far not been carried out.

The diversity of material from which Chelotriton is known has been referred to a minimum
of three species: C. robustus Westphal, 1980, which is restricted to the middle Eocene deposits
of Messel, Germany [17]; C. pliocenicus Bailon, 1989, which has been found in an upper Plio-
cene site in France [18] and possibly a lower to middle Miocene site in Germany [19]; and the
type species, C. paradoxus Pomel, 1853, to which material from lower Oligocene to upper Mio-
cene sites of France, Germany, Austria, Romania and Spain has been referred [4,20-30].
Recently [31,32], two additional types of isolated Chelotriton skull bones were reported (“Che-
lotriton sp., type I” and “Chelotriton sp., type II”), both of which occur in the early Miocene site
of Mokrad in the Czech Republic and in the late Miocene site of Rudabanya in Hungary; the
atlantes referred to “type I” in [32] further differ from both those from the early Miocene
Czech site of Merkur North and those from the middle Miocene French site of Sansan, while
the other vertebrae referred to the same type are identical to those from Sansan ([32]: 474)
even though they differ from the single (postatlantal) vertebra referred to “type II” ([32]: 475).
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Fig 1. Phylogenetic tree of Salamandridae from Fig 2 of [1], reduced to the taxa it shares with our analysis; branch lengths not shown, names of
larger clades added. The dataset consists of mitochondrial genomes. Weighted parsimony, partitioned maximum likelihood and partitioned Bayesian
inference all produced the same topology. The numbers at each internode represent parsimony bootstrap percentages, partitioned likelihood bootstrap

percentages and partitioned Bayesian posterior probabilities from left to right; values below 100% are in boldface. The colors of the sidebar represent
geographic distribution: cyan = North America; yellow = Europe, Mediterranean, Iran; magenta = eastern Asia.

doi:10.1371/journal.pone.0137068.g001

Clearly, the genus needs to be revised [19] to determine how many species are represented by
the known material (as opposed to ontogenetic variation or sexual dimorphism).

Chelotriton ogygius (Goldfuss, 1831) from the late Oligocene of Germany and possibly the
early Miocene of Spain further adds to this confusion: the immature and poorly preserved type
specimen [21] “seems to be lost” ([4]: 76), and based on the published descriptions (most
detailed: [21]) it may not be possible to distinguish C. ogygius from the material referred to C.
paradoxus except by likely ontogeny-related features. In case of synonymy, the name C. ogygius
would have priority; [4] (page 77) recommended that “the relatively unknown name ogygius
should probably be suppressed by the ICZN” if it should turn out to be a senior synonym of C.
paradoxus, but no such petition has so far been submitted to the International Commission on
Zoological Nomenclature, making it all the more important to determine whether the type
specimen is lost and whether a neotype should be designated. (Reportedly-[27]: 175; our trans-
lation—“[t]he type material is situated in Berlin”, but we have not been able to find it in the col-
lection of the Museum fiir Naturkunde. Miklas [27] did not claim to have seen the material,
was evidently unaware that Chelotriton ogygius and Salamandra ogygia Goldfuss, 1831, are
objective synonyms, and ascribed the latter name to von Meyer, 1860 [21], who instead created
the new genus Polysemia for it.) That, however, is beyond the scope of this paper; such work
would best be carried out as part of a wholesale revision of Chelotriton.
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Fig 2. Phylogenetic tree of Salamandridae from the supplementary file amph_shl.tre of [2], reduced to the taxa it shares with our analysis; branch
lengths not shown, names of larger clades added. The dataset consists of nine nuclear and three mitochondrial genes and was analysed by maximum
likelihood. The numbers at each internode represent percentages of the nonparametric Shimodaira/Hasegawa-like implementation of the approximate
likelihood-ratio test; values below 80% are in boldface. Colors as in Fig 1.

doi:10.1371/journal.pone.0137068.9002

Fossil remains attributed to Chelotriton sp. have been reported from Austria [33], England,
the Czech Republic, Hungary and Ukraine [5]. The status of the single specimen of Tylototriton
weigelti Herre, 1935 [34], from the middle Eocene lignite of Geiseltal, Germany, is not clear;
neither is that of the isolated vertebrae called “cf. Tylototriton sp.” from the lower Oligocene of
Mohren, Germany [19]. Whereas [4,8] regarded T. weigelti as belonging to Tylototriton, [5,15]
more recently suggested that it probably belongs to Chelotriton without commenting on its
species-level affinities.

A salamandrid specimen from the late Oligocene lignite of Orsberg near Erpel, Germany
(the type locality of Chelotriton ogygius), is stored in the collection of fossil amphibians in the
Museum fiir Naturkunde, Berlin, under the inventory number MB.Am.45 (Fig 4 and S1 Fig). It
exhibits peramorphosis to a degree unknown in any other caudate, in the case of a few charac-
ters even unknown in any other lissamphibian. The specimen superficially resembles Paleozoic
tetrapods such as amphibamid temnospondyls or diplocaulid lepospondyls to such a degree
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doi:10.1371/journal.pone.0137068.g003

that it was determined as a “dissorophid temnospondyl,? Amphibamus” on a label dated 1981
(the name Amphibamidae Moodie, 1910, was considered a synonym of Dissorophidae at the
time). According to the most recent labels, it was later regarded as “Tylototriton kosswigi Herre,
19497, a junior synonym of Brachycormus noachicus [4].

The oldest surviving label mentions that the name of the locality was “written in the box by
O. Jaekel” (our translation), so MB.Am.45 has been known to science for a century. (The origi-
nal box is not preserved.) Yet, we have been unable to find a mention of it in the literature, with
one exception: the specimen was mentioned and referred to Chelotriton paradoxus, but neither
described nor illustrated, on page 324 of [29].

Phylogenetic nomenclature

Our use of the names Caudata and Urodela follows current widespread usage: Urodela is the
crown-group of salamanders (the last common ancestor of all extant salamanders, plus all its
descendants), while Caudata is the corresponding total group, containing Urodela and every-
thing closer to it than to frogs (crown: Anura) or caecilians (crown: Gymnophiona).

Aims
We here describe and illustrate MB.Am.45 for the first time, referring it to Chelotriton and
comparing it to the species and possible species of that taxon; unfortunately, nomenclature has
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Fig 4. Photograph of MB.Am.45.1.

doi:10.1371/journal.pone.0137068.9004

to be left open at least as long as Chelotriton is not revised. We discuss the often unusual fea-
tures that can be attributed to heterochrony. We further present the largest data matrix of
nonmolecular characters of salamandrids yet published; four phylogenetic analyses—two
unconstrained, two constrained by the current consensus derived from molecular data; two
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without and two with an additional character that represents geographic distribution—provide
phylogenetic context for MB.Am.45 with respect to Chelotriton, Brachycormus and other
extinct salamandrids, as well as Tylototriton, Echinotriton and other extant salamandrids.

Material and Methods

No permits were required for the described study, which complied with all relevant
regulations.

Systematic paleontology

Salamandridae Goldfuss, 1820, as Salamandrae; first used in its present form by Gray, 1825
Pleurodelinae Tschudi, 1838, as Pleurodelae; first used in its present form by Risch, 1985
Pleurodelini Tschudi, 1838, as Pleurodelae; first used in its present form by Massalongo,

1853
Genus Chelotriton Pomel, 1853 [20]

Heliarchon von Meyer, 1860a

Polysemia von Meyer, 1860b [21] (preoccupied by Polysemia Guenée in Boisduval & Gue-
née, 1857)

Grippiella Herre, 1949 [23]

Palaeosalamandrina Herre, 1949 [23]

Tischleriella Herre, 1949 [23]

Epipolysemia Brame, 1973 (replacement name for Polysemia von Meyer, 1860)

Type species. Chelotriton paradoxus Pomel, 1853 [20]

Diagnosis. “A common Middle [sic] Eocene-Upper [sic] Miocene salamandrid from
Europe, closely related to living Tylototriton [including Echinotriton at the time], and differing
principally from the latter in having pustular rather than pit and ridge sculpture on dermal
bone, reaching a somewhat larger size (adult snout-vent length about 100-140 mm), lacking
ossification of carpals and tarsals except in largest individuals and by having the fourteenth or
fifteenth vertebra as the sacrum, rather than the sixteenth or seventeenth in Tylototriton.

These differences are small, but appear consistent; the slightly longer vertebral column and
different head width/length ratio in Tylototriton place the latter on a different growth line in
graphical representation of skeletal ratios. Tylototriton is about equally distant from Brachycor-
mus in growth line, suggesting that three genera are involved.” ([4]: 72)

By alluding to a “different head width/length ratio”, [4] must have meant the fact that Chelo-
triton (including C. ogygius: [21]: 59, 66) has an unusually wide skull that is broad-parabolic in
dorsal or ventral view, as pointed out in [30]; this appears to be an autapomorphy and mani-
fests also as an unusually high ratio of interorbital width to skull length.

The bluntly pentagonal shape of the nasals which are about as wide as long [30] appears to
be a further autapomorphy.

A third autapomorphy is suggested by our phylogenetic analysis: unusually long rib-bearers
(see Results and Discussion: Salamandrid phylogeny or the Appendix, character state 68(2), for
quantification) are found in vertebrae referred to C. paradoxus from a broad range of localities
([4]: figs 18C-F; [26]: fig 6d; [27]: plate 2M; [35]: plate X figs 7 and 8), in C. pliocenicus [18],
borderline in C. robustus ([17]: Fig 4a), in vertebrae referred to C. sp. [33], in Chelotriton speci-
mens from Enspel [30] and in MB.Am.45. Other Chelotriton vertebrae have not been figured
in dorsal view to our knowledge.

Chelotriton often occurs together with the neotenic pleurodeline Brachycormus von Meyer,
1860 [21], the type and only known species of which—B. noachicus—is distinguishable from
Chelotriton by at least one clearly ontogeny-independent feature: its sacral vertebra is most
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likely the thirteenth [14]. A more recent source [30] confirms that the sacral vertebra is consis-
tently the fourteenth in Chelotriton specimens from Enspel and the crater lake (Maar) site of
Randeck. It should be noted here, however, that [21] estimated only 12 presacral vertebrae for
C. ogygius; the first ten were preserved, as were the presumed sacral and proximal caudal verte-
brae, and the gap, illustrated in plate VIII fig 1 of [21], would not have accommodated three
vertebrae in von Meyer’s [21] opinion.

Additionally, [18] (on pages 10-11; translated by DM) remarked that the holotype of Chelo-
triton pliocenicus (a dorsal vertebra, like the neotype of C. paradoxus) can be referred to Chelo-
triton and distinguished from Tylototriton based on “the size of the vertebra, the tubercular
relief of the dermal plate, the connection of the prezygapophysial crest with the costal process
and the absence of a deep incision behind the costal process”.

At first glance, Chelotriton skeletons often look similar to the type and only known speci-
men of Salamandra laticeps von Meyer, 1858. (The specimen was more recently [4] reported
lost and cautiously referred to S. sansaniensis Lartet, 1851.) In that specimen, however, “there
is no trace of frontosquamosal arches although the specimen is well-preserved in dorsal view”
([4]: 69) and although the shapes of the skull and the ribs clearly indicate a morphologically
adult, even peramorphic individual ([21]: plate VIII fig 2; reproduced in lower resolution as
[4]: fig 16A). Furthermore, “[a]lthough detailed vertebral form cannot be made out there
appear to be 15-16 presacral vertebrae as in S. salamandra” ([4]: 69) rather than 13 as in Chelo-
triton, but we caution that the number of presacral vertebrae varies e.g. from 15 to 17 within
the extant Salamandra infraimmaculata infraimmaculata in Israel alone [36].—Although [21]
estimated only 14 presacrals on page 63, noting the supposed distinction to S. salamandra, this
is difficult to reconcile with plate VIII fig 2 of [21].

Chelotriton sp.

MB.Am.45

(Figs 4-14, S1-S3 Figs)

Chelotriton paradoxus ([29]: 324)

Material and locality. MB.Am.45 consists of the original fossil (MB.Am.45.1) and two
casts (MB.Am.45.2-3). MB.Am.45.1 (Fig 4) is a natural mold of the dorsal side of a skull, ante-
rior trunk and right forelimb in articulation apart from broken neural spines, ribs angled out of
position, and some crushing and cracking. No original bone is preserved, and there is no coun-
terpart. MB.Am.45.2 is an old plaster cast showing few details of the skeleton; the entire surface
is spongy and abraded to the point of being smooth (S2 and S3 Figs). Therefore, a silicone cast
(MB.Am.45.3; Figs 5 and 8-14) was made by the preparator Markus Brinkmann (Museum fiir
Naturkunde); the following description is based on that cast, as are the specimen drawing (Fig
6) and the skull reconstruction (Fig 7). Specimen MB.Am.45.1 was found in the lignite (Blditter-
kohle, “leaf coal”) of Orsberg near Erpel, close to Linz in Rhineland-Palatinate, Germany.
Apart from Orsberg, the Blitterkohle crops out in several localities in the Siebengebirge region
near Bonn, like Erpel, Stofichen near Linz, and the famous Rott near Hennef. Based on mam-
mal stratigraphy, the Blitterkohle is latest Oligocene in age; it was formed under lacustrine con-
ditions [14,37].

Affinities. MB.Am.45 is referrable to Chelotriton based on its short, very wide skull, its
bluntly pentagonal nasals that are about as wide as long [30], its peramorphic features com-
bined with a paedomorphic hyobranchium (also seen in the Jurassic Pangerpeton [38]), and
the mostly pustular sculpture that covers all bone surfaces in contact with the skin (including
the very large spine tables of the vertebrae).

Our phylogenetic analysis further reveals three synapomorphies of MB.Am.45 with the Che-
lotriton specimens from Enspel and the Randeck Maar: a very high ratio of interorbital width
to skull length, a very posterior location for the jaw articulations and very long rib-bearers (see

PLOS ONE | DOI:10.1371/journal.pone.0137068 September 30, 2015 8/72
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Fig 5. Photograph of the silicone cast MB.Am.45.3.

doi:10.1371/journal.pone.0137068.9g005

Results and Discussion for quantification). The states of these characters are generally
unknown in other Chelotriton material; the last, however, is shared with other vertebrae
referred to Chelotriton (see its diagnosis above).

MB.Am.45 can be distinguished (see Results and Discussion) from Chelotriton material
from the neotype locality of C. paradoxus, from the specimens from Enspel and the Randeck
Maar traditionally referred to C. paradoxus [29,30], from “Tylototriton primigenius” [22], from
both “Chelotriton sp., type I” and “Chelotriton sp., type II” [13,32], from tentatively referred
material from Oberleichtersbach and Sandelzhausen (Germany) [19,39], and finally from C.
robustus [17]. Distinction from C. pliocenicus, however, is very tenuous because of the lack of
clearly overlapping material; and comparison to C. ogygius—found at the same locality—is

PLOS ONE | DOI:10.1371/journal.pone.0137068 September 30, 2015 9/72
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Fig 6. Drawing of MB.Am.45.3. Abbreviations: c, carpals; cb, ceratobranchials;? eo-ot, probably exoccipital and opisthotic (see text); epr, epipleural
process; f, frontal; hb, hypobranchial; hu, humerus; m, maxilla; mc, metacarpal; n, nasal; nsp, partial neural spine; ort, orbitotemporal fenestra; spt, spine
table; p, parietal; phal, manual phalanges; pm, premaxilla; po, postorbital opening (supratemporal fenestra); prf, prefrontal;? pt, probable pterygoid; pzyg,
postzygapophysis; gj-q, quadratojugal-quadrate bone; ra, radius; rb, rib-bearers; ri, rib; sq, squamosal; ul, ulna; x, bone of unclear identity (see text).

doi:10.1371/journal.pone.0137068.9g006

hampered by the apparent loss of the type and only known specimen ([4]; see above) as well as
by its preservation in ventral view (MB.Am.45 preserves the dorsal view). Therefore, we can
neither confidently name a new species nor refer MB.Am.45 to an already known one.

PLOS ONE | DOI:10.1371/journal.pone.0137068 September 30, 2015 10/72
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Fig 7. Reconstruction of the skull of MB.Am.45 in dorsal view. Sculpture omitted. We have not corrected for dorsoventral compression because the
palate is unknown; note, however, that the skull was clearly rather flat in life, there have not been any anteroposterior shifts, and the dorsoventral
compression appears to have slightly decreased the interorbital width. Abbreviations: al.pr, alary process of premaxilla;? eo-ot, probably exoccipital and
opisthotic (see text); f, frontal; m, maxilla; n, nasal; ort, orbitotemporal fenestra; p, parietal; pm, premaxilla; po, postorbital opening (supratemporal fenestra);
prf, prefrontal;? pt, probable pterygoid; gj-q, quadratojugal-quadrate bone; sq, squamosal; x, bone of unclear identity (see text).

doi:10.1371/journal.pone.0137068.9g007

Description of MB.Am.45

General outline of the skull. The massive, broad-parabolic skull (Figs 4-8) is heavily ossi-
fied. It measures 18 mm in midline length (measured from the tip of the premaxillae to the pos-
terior end of the parietals) and 35 mm in width (measured as the minimum distance between
the lateral edges of the quadratojugal-quadrate bones). Thus, with a width-to-length ratio of
1.94, the skull is proportionally much broader than that of contemporary salamandrids like
Brachycormus with a ratio of 0.96-1.07 [4] and other Chelotriton specimens with a ratio of
1.20-1.40 ([4]; 1.55 in the specimen illustrated in fig 2a5 of [29]). In Palaeopleurodeles, the type
specimen has a skull which is broader than long, but this can be partially attributed to crushing
and is not as pronounced as in MB.Am.45 [10], whereas the referred specimen [11] has a skull
that is slightly longer than broad. Among extant pleurodelines, Pleurodeles [40], Tylototriton
and Echinotriton [8] have skulls that are broader than long, but proportionally still more slen-
der than in MB.Am.45. The quadratojugal-quadrate bones (see below) extend unusually far
posteriorly and form long, slender quadrate condyles located far posterior to the skull table and
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Fig 8. Skull of MB.Am.45 in dorsal view. Photograph of MB.Am.45.3 showing honeycombed sculpture on the right maxilla and tubercles on most other
bones (connected to form ridges on the right frontosquamosal arch) as well as the sutures between the parietals, frontals, nasals and prefrontals (compare
Fig 7). Additionally, the left unidentified bone is visible, as are the vertical triangular processes of the premaxillae. Abbreviations: cb, ceratobranchials; ch,
ceratohyal;? eo-ot, probably exoccipital and opisthotic (see text); m, maxilla; ort, orbitotemporal fenestra; pm, premaxilla; po, postorbital opening
(supratemporal fenestra);? pt, probable pterygoid; gj-q, quadratojugal-quadrate bone; sq, squamosal; x, bone of unclear identity (see text). The nasals,
prefrontal, frontals and parietals are not marked in order to avoid obscuring their sculpture; compare Fig 7.

doi:10.1371/journal.pone.0137068.9g008

the occiput (Fig 8). This character is unique among salamandrids and even among caudates, in
which the quadrate condyles (forming the jaw articulation) are usually located anterior to or at
the same level as the occiput [4,41]. In some specimens of Chelotriton, they lie slightly caudal
to the occiput-never (to our knowledge) as far as in MB.Am.45 [24,29]. The considerably
smaller Salamandra “laticeps” may come closer, but lacks the caudal projections of the quadra-
tojugal-quadrate bones beyond the squamosals; its suspensoria are caudally rounded ([21]:
plate VIII fig 2 = [4]: fig 16A). The caudal margin of the skull roof between the quadrate con-
dyles is concave, because the caudal margins of the squamosals are inclined rostromedially to
caudolaterally-the opposite is normally the case in salamanders—to connect the parietals to the
quadratojugal-quadrate bones (Fig 8). On the right half of the skull, the skull-roofing bones are
articulated and well discernible; on the left side, they are partially obscured by matrix. The der-
mal skull bones show pronounced, but regular dermal sculpture (or ornament) which is tuber-
cular, except on the maxilla and possibly the premaxilla, where deep pits and tall ridges form
“honeycombs” as seen in Palaeozoic temnospondyls [42] as well as in Chelotriton robustus
[4,17]. Other Chelotriton specimens have a less regular and coarser tubercular sculpture
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([13,19,32,39]; [29]: figs 2as, 2b;). Prominent crests as in Tylototriton or Echinotriton [8] are
absent. The dermal sculpture of MB.Am.45 (Figs 8-11) is described for each skull bone sepa-
rately below. The external naris is a small, elongate-ovate opening, with the longitudinal axis
directed anteromedially. It is bordered anteriorly by the premaxilla, posteromedially by a bone
of unclear identity (see below), posteriorly by the nasal, and laterally by the alary process of the
maxilla. The orbitotemporal fenestrae (or orbits) are large and directed anteromedially, mea-
suring approximately 14 mm in length and approximately 5 mm in maximum width. They are
bordered by the maxilla anterolaterally and laterally, the quadratojugal-quadrate bone postero-
laterally, the squamosal posteriorly and posteromedially, the frontal medially and the prefron-
tal anteromedially. The frontosquamosal bar or arch (arcus frontotemporalis) is well developed
and unusually broad, almost attaining the width of the orbitotemporal fenestra. Its width is at
least comparable to that of the highly ossified skulls commonly referred to Chelotriton para-
doxus ([22]: fig 4a; [29]: figs 2as, 2b,), clearly surpassing Tylototriton and Echinotriton ([8]: fig
1), and much larger than in Brachycormus ([4]: fig 20; [14]). A small, squarish postorbital
opening (or supratemporal fenestra) is separated from the orbitotemporal fenestra by the fron-
tosquamosal bar; the opening is bordered anteriorly by the frontal, laterally and posterolater-
ally by the squamosal and posteriorly and medially by the parietal. It is proportionally smaller

Fig 9. Skull table of MB.Am.45 in anterodorsal view. Photograph of MB.Am.45.3 taken at a low angle
under daylight, showing the three-dimensional shape of the skull roof with depressed parietals and a
transverse bulge across the frontals; the sutures between the frontals, nasals and prefrontals can also be
seen (compare Fig 7). Abbreviations: f, frontal; m, maxilla; n, nasal; ort, orbitotemporal fenestra; p, parietal;
pm, premaxilla; prf, prefrontal; po, postorbital opening (supratemporal fenestra); x, bone of unclear identity
(see text).

doi:10.1371/journal.pone.0137068.g009
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Fig 10. Snout of MB.Am.45 at low angles in anterodorsal view, showing bone of unclear identity (see text). Photographs of MB.Am.45.3, showing
premaxillae, right maxilla, right unidentified bone, right nasal and right prefrontal in focus; the sculpture and various sutures are visible. (A) in anterodorsal
view; (B) was taken in anterodorsolateral view by holding a camera to an ocular of a binocular microscope and is a close-up on the right nostril (the bottom of
which is out of focus) and its surroundings, in particular the right unidentified bone. Abbreviations: ., left; r., right; f, frontal; m, maxilla; n, nasal; ort,
orbitotemporal fenestra; pm, premaxilla; prf, prefrontal; x, bone of unclear identity.

doi:10.1371/journal.pone.0137068.g010

than in any other pleurodeline, extant or extinct. The interorbital width cannot be measured
with accuracy because the outline of the left orbitotemporal fenestra is not preserved. However,
the shortest distance between the medial margin of the fenestra and the interfrontal suture is
approximately 7 mm, thus indicating an interorbital width of about 14 mm and a ratio of inter-
orbital width to skull length of 0.78. In the large skull figured in fig 2as of [29] (referred to C.
paradoxus), the ratio is 0.54, and in the Brachycormus skull illustrated as: fig 20a of [4] it is
0.51.

Skull-roofing bones. Premaxilla. Of the premaxillae, only the anteroposteriorly very short
anterodorsal portion is exposed (Figs 9 and 10). Short, rather blunt, triangular alary processes
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(preserved vertical) are developed that overlap the anteriormost part of the nasals. The alary
processes are widely separated from each other and from the median suture between the nasals,
even at their bases (Fig 7). They are located medial to the external nares, but do not form their
medial margins. As can be judged from the surface of the alary processes, the dermal sculpture

Fig 11. Right postorbital opening (supratemporal fenestra) and surroundings of MB.Am.45.
Photograph of MB.Am.45.3 taken by holding a camera to an ocular of a binocular microscope, showing the
diversity of sculpture around the postorbital opening. Anterior is to the left. Note how little space remains
(covered by a prominent break) for an unsculptured trough on the right parietal that would have connected the
posteromedial corner of the postorbital opening to the posterior margin of the skull and would have allowed
jaw-closing muscles passing through the fenestra to attach to neural spines. Abbreviations: I., left; r., right; f,
frontal; m, maxilla; ort, orbitotemporal fenestra; p, parietal; po, postorbital opening (supratemporal fenestra);
pt?, probable pterygoid; gj-q, quadratojugal-quadrate bone; sq, squamosal.

doi:10.1371/journal.pone.0137068.g011
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Fig 12. Right side of the trunk of MB.Am.45. Photograph of MB.Am.45.3 showing the vertebrae (with right rib-bearers and sculptured spine tables), the
right ribs, the right humerus and elbow, and much of the right posterior rim of the skull. Anterior is to the top left. Abbreviations:? eo-ot, probably exoccipital
and opisthotic (see text); hu, humerus; gj-q, quadratojugal-quadrate bone; ra, radius; rb, rib-bearers; ul, ulna.

doi:10.1371/journal.pone.0137068.9012

of the premaxillae appears to be composed of pits and ridges. Because of incomplete preserva-
tion, it cannot be ascertained if the premaxillae were fused ventrally or not, although their ante-
rior surfaces are clearly sutured. Teeth are exposed neither on the premaxilla nor on the
maxilla.

Maxilla. The maxilla is the longest bone of the skull roof, with a length of approximately 17
mm. Its broad alary process (Figs 8-10) constitutes about the anterior third of the bone and
bears a pronounced dermal sculpture of pits in the centre and radiating ridges and furrows in
the anterior portion. The maxilla is connected with the premaxilla anteriorly by a short suture
and with nasal and prefrontal by a convex suture medially. The posterior portion of the maxilla
(dental shelf) is robust and forms an oblique suture with the quadratojugal-quadrate bone (Fig
8). Its surface is partially covered by sediment; where it is exposed, small tubercles which are
connected by anteroposteriorly aligned, low ridges are visible.
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Fig 13. Trunk of MB.Am.45, showing epipleural spines. Photograph of MB.Am.45.3 in dorsal view, taken under daylight; anterior is to the left.
Abbreviations: cb, ceratobranchial; epr, epipleural process; hb, hypobranchial; hu, humerus; ost, sculptured spine table; ul, ulna.

doi:10.1371/journal.pone.0137068.9013

Unidentified bone. A small, semilunate bone with a smooth surface borders the external
naris anteromedially (Figs 9 and 10). It is placed more internally than the nasal to which it is
connected posteromedially. The suture between the two bones is marked by a groove and
might indicate a rather weak connection. The bone appears to have a ventromedial process
directed into the external naris. At least three interpretations of its homology are possible.
First, this bone could represent the septomaxilla. However, according to [4,30,43] and pages
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Fig 14. Right forelimb of MB.Am.45. Photographs of MB.Am.45.3. (A) whole forelimb, ribs and quadratojugal-quadrate bone of the right side; anterior is up.
(B) close-up on the right hand taken by holding a camera to an ocular of a binocular microscope. Anterior is down and slightly to the left. At least two carpals
are visible, as is the serrated crest on the clawlike terminal phalanx of digit IV. Abbreviations: c, carpal; epr, epipleural process; hu, humerus; mc, metacarpal;
gj-g, quadratojugal-quadrate bone; ra, radius; ul, ulna. Roman numerals indicate digital rays, Arabic numerals indicate phalanges, so that e.g. IV-3 is the third
(and terminal) phalanx of digit IV.

doi:10.1371/journal.pone.0137068.g014
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6-7 of the supplementary information of [44], the septomacxilla is absent in all salamandrids.
The septomaxilla has also not been described in the well-ossified skulls of extant and extinct
pleurodelines [8,22,34,40], and would be expected to lie in a caudolateral instead of rostrome-
dial position. Dr. Mérton Venczel has pointed out to us (pers. comm.) that one of the many
processes of the complex septomaxilla of Salamandrina is similar to the condition we present
here. Such a process has not been reported elsewhere in Chelotriton or in any other salaman-
drid, and, as Dr. Venczel stated, its position is not identical (as far as the compressed condition
of the specimen allows one to state). Finally, Dr. Jason Pardo (pers. comm. to DM) has sug-
gested that the structure in question could be an upturned part of the vomer, contributing to
an internasal septum. However, the nares lie far apart from each other in MB.Am.45; the
vomers could in principle have contributed to the lateral wall of the nasal capsules, but there
would have been a great amount of space between these contributions. Given the preservation
of the specimen as a natural mold, we cannot decide between these options. If the bone in ques-
tion is the septomaxilla, its unexpected presence in MB.Am.45 might be a further indicator of
extreme peramorphosis: wherever the septomaxilla is present in urodeles, it is one of the last
skull bones to ossify [43].

Nasal. The nasal (Figs 8-10) is a pentagonal bone, slightly longer than wide, reaching its
maximum width on the level of the anterior tip of the prefrontal. It is connected anteriorly to
the premaxilla, medially to its counterpart (there is no median fenestra or fontanelle), antero-
laterally to the unidentified bone, and laterally to the alary process of the maxilla. Its suture
with the prefrontal runs anterolaterally to posteromedially. The dermal sculpture of the nasal
consists uniformly of tubercles. Most of the tubercles are interconnected by low ridges, espe-
cially in the anterior part of the bone, giving the sculpture a reticulate appearance.

Frontal. The frontal (Figs 8, 9 and 11) is slightly longer than wide. It is connected anteriorly
with the nasal and medially with its counterpart by rather straight sutures. Posteriorly, it
sutures with the parietal and forms the anterior edge of the postorbital opening. It is connected
to the squamosal posterolaterally, forming the extensive frontosquamosal bar. In this region,
the frontal attains its greatest width. Laterally, the frontal constitutes the medial edge of the
orbitotemporal fenestra. Anterolaterally, the frontal forms an anteromedially-to-posterolater-
ally directed suture with the prefrontal that is difficult to trace (but see Figs 8 and 9). The fron-
tal is only slightly longer than the nasal, but has 1.3 times its width. The dermal sculpture of the
frontal corresponds to that on the nasal. However, the size of the tubercles decreases in the pos-
terior portion of the bone, and also the interconnecting ridges become lower and may be
absent. The posteromedial portion of the frontosquamosal bar adjacent to the postorbital
opening is concave dorsally and rather smooth with the exception of scattered, low tubercles
(Fig 11).

Prefrontal. The prefrontal (Figs 8-10) is a rhombic bone that borders the orbitotemporal
fenestra anteromedially. It has its greatest width on the level of the frontal-nasal suture and
tapers anteriorly to terminate at about midlength of the nasal. It forms oblique sutures with the
nasal anteromedially and the frontal posteromedially, and a medially convex suture with the
alary process of the maxilla. The bone becomes thicker towards the margin of the orbitotem-
poral fenestra. The dermal sculpture is tubercular, but the interconnecting ridges are rather
high, similar to the anterior portion of the nasal.

Parietal. The parietal (Figs 8, 9 and 11) is a roughly rectangular bone, wider than long, with
an anterolateral embayment that forms the lateral and posterior margin of the postorbital
opening (or supratemporal fenestra). It is connected with the frontal anteriorly by a rather
straight mediolateral suture. The suture with the squamosal is difficult to follow; in our inter-
pretation, it extends in an anteroposterior direction from the posterolateral corner of the post-
orbital opening to the posterior margin of the skull table, coinciding with a crack (Figs 8 and
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11). The portion medial and posteromedial to the postorbital opening is dorsally concave as
preserved, and the dermal sculpture consists of isolated, low tubercles. In contrast, the portion
directly posterior to the postorbital opening is flat and has a sculpture composed of low but
very wide tubercles which are connected by ridges, forming something of a subdued honey-
comb pattern, although these ridges are much lower and much more rounded than on the
maxilla, and the individual tubercles still form peaks between which the ridges are distinctly
lower still.

It is not clear if there was an unornamented trough between these two sculptured areas,
coinciding with another break (Figs 8 and 11). Such a trough, along which jaw-closing muscles
passing through the supratemporal fenestra would have been able to attach to neural spines,
appears to be present in all other salamandrids that have ornamented parietals and/or squamo-
sals, including other Chelotriton specimens [30] and Brachycormus ([4]: fig 20). In MB.Am 45,
however, such a trough would have had to be extremely narrow, because the concave medial
portion with its sculpture curves some distance laterodorsally into the break (mostly visible in
Fig 11).

Squamosal. The squamosal (Figs 8 and 11) forms the posterior and posteromedial border of
the orbitotemporal fenestra and, together with the parietal, the concave posterior margin of the
skull roof between the quadratojugal-quadrate bones. It sutures medially with the parietal and
laterally with the quadratojugal-quadrate bone. Anteromedially, it meets the frontal to form
the robust frontosquamosal bar. The surface of the squamosal is dorsally convex lateral to the
orbitotemporal fenestra, and this convexity extends onto the lateral part of the frontosquamo-
sal bar (whereas the medial part of the bar is dorsally concave, see above). The dermal sculpture
of the squamosal consists uniformly of tubercles that may be connected by low ridges. The dor-
sally convex lateral part of the frontosquamosal bar has pronounced tubercles that are con-
nected by ridges which are aligned in parallel to the margins of the bar, whereas the sculpture is
subdued in the concave medial part of the bar.

Quadratojugal-quadrate bone (Figs 4, 5 and 8). There has been some confusion concerning
the designation of the bone posterior to the maxilla which forms the jaw joint in caudates. It is
termed either a quadratojugal or quadrate by different authors. Some sources [4,15,29] termed
the large, sculptured bone that is in broad contact with the posterior end of the maxilla in Che-
lotriton the quadratojugal, whereas [22] interpreted this bone in the same taxon as the quad-
rate. A bone in a comparable position was referred to as the quadrate in Tylototriton and
Echinotriton [8,33,45], and a separate quadratojugal bone was described neither in these nor in
other pleurodelines. In most anatomical studies dealing with the salamander skull, a quadrato-
jugal bone is not identified. However, the presence of a distinct quadratojugal is a plesio-
morphic feature in caudates, found in the Late Jurassic Karaurus [46]. In crown-group
salamanders (urodeles), it has been shown that quadratojugal and quadrate have separate ossi-
fication centers and fuse early in ontogeny, thus forming a compound bone of dermal and
endochondral origin ([43] and references therein). For this reason, and because the bone in
question in MB.Am.45 most likely has a large dermal component with a sculptured surface
while a separate quadrate cannot be observed, we think it is most appropriate to term it the
quadratojugal-quadrate bone. The quadratojugal-quadrate bone is an elongate element whose
anterior border cannot be determined with certainty since the skull lateral to the orbitotem-
poral fenestra is crushed and partially covered with sediment, although it clearly appears to
meet the maxilla (Fig 8). According to our interpretation, the anterior tip of the quadratojugal-
quadrate bone extends almost to the midlength of the orbitotemporal fenestra, where it forms
an anteromedially directed suture with the maxilla. It is medially connected to the squamosal
(Figs 5 and 8), and the medial part of the anterior portion forms the posterolateral border of
the orbitotemporal fenestra (Fig 8). The quadratojugal-quadrate bone forms a distinct
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posterior quadrate condyle (Figs 4, 5 and 8). The lateral margin of the condyle is convex, the
medial one is straight. The quadrate condyle has a dorsally convex surface which is densely
covered by tubercles that are smaller than those of the other bones. In the other parts of the
quadratojugal-quadrate bone, the bone surface is poorly preserved but the tubercles seem to be
larger and less densely arranged. In Chelotriton from Enspel and the Randeck Maar, this bone
bears anteriorly directed spines similar to the single spine of Echinotriton [30]. There is no evi-
dence for such spines in MB.Am.45 (Figs 4 and 5), but this may be due to the preservation in
dorsal view: in at least one Randeck specimen, the spines are only visible in ventral view ([30]:
figs 1, 4a, 4b). Perhaps more importantly, the lateral surface of the impression of the quadrate
condyles has broken away on both sides, possibly obscuring any spines (Fig 4).

Other parts of the head skeleton. Palate. Almost nothing can be said about the palate. A
rather smooth, triangular piece of bone in the right orbitotemporal fenestra (Figs 8 and 11) is
connected posteromedially to a fragment of a thicker bone. This could represent the ventrome-
dial process of the maxilla that was sutured to the pterygoid, as in Tylototriton [22] or Echino-
triton [8,45].

Exoccipital and opisthotic. Posterior to the hind margin of the parietals and the medial por-
tion of the squamosals is a crushed mass of bone with an irregular outline (Figs 8, 11 and 12).
Because of its location posteromedial to the skull table, at the anterior end of the vertebral col-
umn, it probably represents the remnants of the exoccipitals and the otic capsules (compare
[30]). However, nothing can be said about their morphology.

Hyobranchium. In the terminology of the hyobranchial remains, we follow comparative
osteological and myological studies [47] which have demonstrated that it is most parsimonious
to designate the proximal-most elements of the branchial arches in salamanders as hypobran-
chials and the distally following segments as ceratobranchials. This view is in accordance with
[30,34] and the supplementary information of [44] as well as with the likely homology of com-
parable elements in other tetrapods ([48] and references therein), but stands in contrast to
[3,14,15,29,49-52], among others, who preferred the usage of the terms ceratobranchial and
epibranchial for the two segments of the branchial arches that remain in salamanders of the
original four.

In MB.Am 45, the distal ends of a broad, flattened rod and of two smaller, rod-like bones
posterior to it are exposed posterolateral to the presumed exoccipitals/otic capsules (Figs 5, 8
and 13, S2 Fig, S3 Fig). According to the location posterior to the skull, the anterior, large bone
can be interpreted as an ossified hypobranchial, and the posterior rods most likely represent
ossified ceratobranchials. If this interpretation is correct, the hyobranchial apparatus of MB.
Am.45 was not metamorphosed. Rather, some of the larval branchial arches were retained and
ossified, thus representing a paedomorphic condition. Specimens currently referred to Chelo-
triton paradoxus were originally interpreted as having a metamorphosed hyobranchial appara-
tus consisting of the ossified ceratohyal, hypobranchial 1 and ceratobranchial 1 on each side
[13-15], but are more recently considered to have an unmetamorphosed or incompletely meta-
morphosed hyobranchium, of which hypobranchial 1, ceratobranchial 1 and ceratobranchial 2
were ossified on each side [29,30]; the latter interpretation is consistent with MB.Am.45.

Brachycormus appears neotenic in possessing two ossified pairs of hypobranchials and four
ossified pairs of ceratobranchials [14,50].

Postcranium. Of the postcranium, the anterior part of the trunk with vertebral fragments,
ribs and the right forelimb are preserved.

Vertebrae. The vertebrae are poorly preserved and provide little information concerning
their morphology (Figs 5, 12 and 13). Parts of the vertebral centra are only visible in the pre-
sumed atlas and the first trunk vertebra. Otherwise, only fragments of the rib bearers (diapo-
physes, parapophyses) are preserved. The neural arches of two vertebrae (?the 4™ and 5 trunk
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vertebrae) are preserved in dorsal view, showing the neural spines and articulated pre- and
postzygapophyses (Fig 6). The spine tables have broken off, several fragments lie dorsal to the?
atlas and lateral to the subsequent vertebrae (Figs 5, 12 and 13). The shape of the fragments is
ill-defined, but they seem to have been longer than wide. Their dorsal surface bears tubercular
dermal sculpture as on most of the skull-roofing bones. Similar sculptured spine tables have
been described in a variety of other salamandrids, extant and extinct (e.g. [4,9]). In specimens
traditionally referred to Chelotriton paradoxus, the spine tables may be elongate or heart- or
chevron-shaped and bear a coarse pustular sculpture [4,29], whereas in Chelotriton robustus
they form wide plates with a sculpture that consists of pits and very fine pustules [4,17]. In Bra-
chycormus, the sculpture on the spine tables is also pustular [4], and the spine tables are strik-
ingly slender and bear pits and furrows in “Tylototriton” weigelti [33]. Among extant
pleurodelines, both Tylototriton and Echinotriton have pustular ornament on the spine tables
[8,9].

Ribs. At least eight pairs of ribs whose proximal portions are not preserved are spread out
on the right side (Figs 4, 5, 12 and 13, S2 Fig) and bunched together on the left side (Figs 4, 5
and 13, S2 Fig). The remains of the ribs are long and attain the length of more than three suc-
cessive vertebrae. Taking into account the missing proximal portion, they were proportionally
longer than the elongate ribs of the Enspel specimens of Chelotriton [29], as well as those of
Echinotriton [8,45] or Palaeopleurodeles [11]. The first four of the preserved right ribs are
straight, whereas the posteriorly following ones are slightly curved ventrally. At their distal
ends, the ribs taper to a pointed tip. No bifurcated distal end is preserved. On the right side, the
4™ t0 6™ preserved ribs exhibit one small epipleural (or tubercular) process. On the 4™ and the
6" preserved rib, it is located at about the middle of the shaft, whereas it is situated more dis-
tally on the 5 preserved one. The left side shows, however, that this is an artefact of exposure
in what seems to be posteroventral view. Several left ribs, preserved in posterior view, have
three or more epipleural processes (Fig 13), similar to Enspel specimens of Chelotriton as illus-
trated in fig 1 of [29] and to Echinotriton [8]; one even has at least five sizable spines (Fig 13),
reminiscent of isolated ribs referred to “C. aff. pliocenicus” [19] which have up to ten such pro-
cesses. Epipleural or tubercular processes are not confined to pleurodelines, but are widespread
among extant and fossil salamandrids, occasionally occur in extant Salamandra, and may be
present in other groups of caudates as well [4,8,33,53].

Forelimb. Only the right forelimb can be identified (Figs 5 and 12-14). The humerus (Figs
12-14A) is a slender, straight bone measuring 12 mm in length. The deltopectoral crest (or
ventral humeral crest) appears to be of moderate size, but only its distal part is preserved. The
distal end of the humerus is slightly widened; the ulnar trochlea and the radial condyle are
missing and were probably cartilaginous in the living animal-indeed, the radius has been
pushed into the hollow distal end of the humerus post mortem (Fig 14A). Unlike in the Enspel
and Randeck specimens of Chelotriton [30], the ulna forms a widened olecranon (Figs 12—
14A). The bone measures 8 mm in length, thus the ratio of humerus to ulna length is 1.5. The
radius measures about 7 mm. Its distal end appears to be only slightly widened. At least two
carpal elements are ossified (Fig 14). One is preserved immediately distal to the distal end of
the radius, the other one is located proximal to the first metacarpal. Other parts of the carpal
region are obscured by matrix, and it is highly probable that further carpal elements were ossi-
fied. Among pleurodelines, ossified carpals have been found in Brachycormus [4,14], Echinotri-
ton [8,45], Chelotriton robustus [17], and large individuals that were referred to C. paradoxus
[24,29,30]. Four metacarpals are preserved (Fig 14). The phalangeal formula was? 2-3-?3-3,
conforming to the formula 2-3-3-3 found in Chelotriton from Enspel and the Randeck Maar
[30]. The preserved fingers are remarkably long. One phalanx, the proximal one, is preserved
in the first finger; the second finger is almost complete and consists of three phalanges, with
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the tip of the terminal phalanx broken off with the surrounding matrix (Fig 14B). Two phalan-
ges are preserved in the third finger, and the fourth one is again complete with three phalanges
including a very elongate, clawlike terminal phalanx (Fig 14) which appears to have a coarsely
serrated lateral crest (Fig 14B); inspection of MB.Am.45.1 does not clarify whether the serra-
tion is an artefact of the casting process, but the crest as such appears to be real.

Phylogenetic analyses

The matrix (Table 1; S1 Data) was compiled in Mesquite 2.75 [54]. We performed the analyses
in PAUP* 4.0a136 [55] on a computer with an Intel Core2 Duo CPU (2.66 GHz) and 3.87 GB
of usable RAM. The heuristic searches were constrained to 1000 replicates of stepwise addition
with random addition sequence, each followed by unlimited TBR (tree bisection and
reconnection).

We ran four phylogenetic analyses. Two were unconstrained, two were constrained by the
current consensus derived from molecular data; one of each was performed with the additional
character 98 included.

Method of analysis. For a long time, simple parsimony was the only available method for
phylogenetic analysis of morphological data. Bayesian analysis is now a strong contender; it
has the advantage of being less sensitive to long-branch attraction, and the fear of several
potential disadvantages has been shown to be unfounded [56]. However, contrary to popular
belief, [56] has not shown that Bayesian analysis can be generally expected to outperform parsi-
mony. Firstly, [56] only tested binary characters; our matrix contains both ordered and unor-
dered multistate characters in addition to binary ones, as well as characters to which more
complex stepmatrices apply. We are not aware of a similar test using multistate characters. Sec-
ondly, fig 6 of [56] showed that the difference in topological error committed by the two meth-
ods decreases for datasets with high average evolutionary rates, in other words for noisy
datasets. Real datasets, including the ones used in our analyses, are very noisy: the shortest
trees found by our analyses (see the Results section) have consistency indices below 0.5, mean-
ing that the average character state change happens more than twice per tree. For these reasons,
we have analysed both of our matrices only with parsimony, although we concur with [56] that
Bayesian analysis shows great potential-it should be tested further.

Character and taxon sample.

“I have exclusively considered the bony skull in the present work.”
[57] (footnote on page 260; our translation, italics in the original)

“While anatomical studies of salamanders are not new, most have been done on a relatively
few species and are mostly pure descriptive morphologies or superficial comparisons of
many species. Somewhat surprisingly, the common California Newt (Taricha torosa) has
not been fully nor accurately described. This study provides a detailed description of the
head and neck anatomy of T. torosa.”

[58] (page vii; underlining in the original)
“With the growing application of DNA-sequence and other genetic data since the 1990s,

osteological work has largely given way to molecular approaches in the study of amphibian
biodiversity. Many influential works from the mid-20th century (e. g., Francis, 1934; Tihen,
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1958; Hansen and Tanner, 1958; Wake, 1963; Ozeti and Wake, 1969) are still cited today,
but few such works are produced anew by contemporary biologists. However, as an inde-
pendent source of data, osteological characters can provide invaluable insights into evolu-
tionary relationships of living taxa that are as important as those derived from nucleotide
substitutions.”

([59]: 83)

To evaluate the phylogenetic position of MB.Am.45 with respect to other newts, we have per-
formed four phylogenetic analyses of Salamandridae on a data matrix we have created by merg-
ing those of [3,9,51,52,60,61], with two additional characters from the apomorphy list of [16],
three from [48], two from [62] and one from tables I and II of [63]. For an additional set of
analyses, we added geographic distribution as a new character. The complete list of characters,
together with characters in these sources that we ended up excluding from our matrix, is pre-
sented in the Appendix. The matrix (Table 1, identical to S1 Data) has 36 OTUs and 97 or 98
characters (all of them parsimony-informative, many of them multistate), making it by far the
largest nonmolecular data matrix ever used to analyse salamandrid phylogeny. Most of the
characters cover the morphology of the skull, the trunk vertebrae, the skeleton and musculature
of the hyobranchial apparatus, cloacal anatomy and courtship behavior; one character each
describes the lower jaw, the ribs, the ilium, the tarsus, and the skin. We filled in missing data as
much as possible (Table 2 tracks the changing names of species in our sources), and compared
most of the existing scores of skull anatomy in particular to published descriptions; all changes
to cells that were previously scored are mentioned and justified in the Appendix, as are all
scores that seem borderline or otherwise arguable. Much of our information comes from
sources even older than those cited in the quote from [59] above: [57] from 1928 and even [49]
from 1877. Unfortunately, these—as well as more recent ones like the important [40]-are reso-
lutely craniocentric, mostly disregarding the hyobranchium, the postcranial skeleton and the
soft tissues. We were able to fill in the cloacal characters for a few species based on [64-66] and
some other missing information based on [67-82].

[83] stated in Table 2 that foramina on the ventral surface of the atlas are “rare” in Salaman-
dra salamandra, Ichthyosaura alpestris, Lissotriton montandoni and L. vulgaris, but “frequent”
in three species of Triturus (Triturus) (see below) and in Ommatotriton ophryticus. Not only
would this character be parsimony-informative if added to our matrix, but it would support
the molecular topology [1,2] (Figs 1-3) according to which Triturus and Ommatotriton are
more closely related to each other than to any of the other taxa mentioned above. Unfortu-
nately, it is impossible to code this character from the illustrations in [40,83]; if we reinterpret
“rare” and “frequent” as “few” and “many”, the scores even contradict the illustrations, a prob-
lem compounded by the fact that the line drawings in [40] are too simplified for some pur-
poses. Thus, although many salamandrid species can be diagnosed from an isolated atlas, our
matrix continues to lack any characters that describe atlas morphology. Dicamptodon and Lis-
sotriton italicus are even scored as unknown for all characters of the postcranial skeleton; our
inability to find published information on it is particularly surprising for Dicamptodon, because
several extinct taxa known only from isolated vertebrae have been considered close relatives of
Dicamptodon ([4]; partially accepted in [12]; rejected in [5]) by authors who had evidently seen
Dicamptodon vertebrae but not published their observations of them.

Our taxon sampling was aimed at complete representation of Pleurodelinae as far as missing
data allow it. All extant pleurodeline genera, as currently classified [2,84,85], are coded, except
for Laotriton (sister-group of Pachytriton), the morphology of which is practically unknown to
science. Of the non-pleurodeline salamandrids, we have retained Salamandrina and the
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salamandrines Chioglossa and Salamandra; we have excluded the salamandrines Mertensiella
(sister-group to Chioglossa [1,2]), which is poorly known, and Lyciasalamandra, which is very
similar to but generally somewhat more paedomorphic than its sister-group Salamandra.
(Most mentions of Mertensiella in the literature refer to the only recently recognized Lyciasala-
mandra; see Table 2.)

To the taxon sample achieved by combining the source matrices, we added MB.Am.45, the
Enspel and Randeck specimens of Chelotriton (as a single OTU, after [29,30]), Brachycormus
noachicus (after [4,14,15]), and “Triturus” roehrsi, all of which have never before (to the best of
our knowledge) been included in a phylogenetic analysis. Unfortunately, C. robustus, Palaeo-
pleurodeles and “Tylototriton” weigelti are so poorly known that they would have scored identi-
cal to several other taxa in our matrix; this is not, however, the case for “Triturus” roehrsi (after
[33,86]), which is known from isolated bones and has been variously referred to, in current
terms (see Table 2), Lissotriton or Ommatotriton [4,33,86,87].

Thanks to the vertebral characters of [9], we were able to score? Taricha miocenica,?
Notophthalmus crassus,? N. robustus and Koalliella, all known exclusively from isolated verte-
brae of Paleocene to Miocene age (after [4]). Contrary to expectations, all of them score differ-
ently from all other OTUs in this matrix.

We originally included? Taricha oligocenica based on DM’s observations of casts; we have
removed it from our matrix because it is being redescribed [88].

Given that [3,60] used individual species of Lissotriton as OTUs, we further added the extant
Lissotriton boscai (after [40,57,89]) as an OTU to our matrix. We have not been able to find
useful information on the remaining two extant species that are recognized by [84,85], but
were traditionally considered subspecies of L. vulgaris (L. kosswigi, L. lantzi).

[60] included Triturus marmoratus and T. cristatus as OTUs, [3] used an undifferentiated
Triturus OTU, [52] sampled only T. karelinii (their “T. alpestris” is Ichthyosaura alpestris), and
[51] used a “Triturus” OTU that must have included Ichthyosaura, Ommatotriton and Lissotri-
ton as was usual at the time. We have kept T. marmoratus as an OTU, but use the whole subge-
nus T. (Triturus) as another: T. cristatus, T. karelinii + T. ivanbureschi, T. carnifex and T.
dobrogicus are so closely related that [2] (supplementary file amph_shl.tre) and [90] (S1 Fig)
had some trouble resolving their mutual relationships and came to contradictory results; [57]
found the skulls of T. carnifex, T. ivanbureschi and T. karelinii, as well as those of T. cristatus
and T. dobrogicus, to be identical, whereas [90] found only T. cristatus and T. dobrogicus to be
sister-groups and [2], who did not sample T. ivanbureschi, found only T. carnifex and T. kareli-
nii to be sister-groups.—Our use of the name T. (T.) follows [84]. We avoid the term “T. crista-
tus group”, which historically referred to a much larger assemblage that contained all of
Triturus and Ommatotriton (e.g. [40]: 58). Conversely, [91] used the term “T. karelinii group”
for T. karelinii and T. ivanbureschi, a small part of T. (T.).-T. marmoratus forms the subgenus
T. (Pyronicia) with T. pygmaeus, about which we have not been able to find anatomical infor-
mation; we have therefore kept T. marmoratus alone as an OTU.

For several reasons, [14] (page 486) considered it “possible that the known specimens of
Brachycormus noachicus represent more than one species.” Most of the reasons were not actu-
ally stated, but our Brachycormus OTU is indeed polymorphic for the width/length ratio of the
skull (character 7). We have nonetheless included it in our analysis in order to test the hypothe-
sis of a close relationship of Brachycormus to Chelotriton, Tylototriton and Echinotriton, pro-
posed in [4] and supported in [15] after rejection in favor of molgin affinities in [14].

As outgroups, we used Ambystoma and Dicamptodon, following [52]; more recent phyloge-
netic analyses of Urodela ([2] and references therein) confirm that a clade formed by Ambys-
toma and Dicamptodon is the sister-group of Salamandridae. [51] did not use an outgroup at
all, but instead polarized their characters a priori; [3] similarly (see [92]) used a hypothetical
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all-zero ancestor. [58] used Salamandra as the outgroup for an analysis where Pleurodelinae
alone was the ingroup; they excluded Salamandrina which [3,50] had found to be the sister-
group of Pleurodelinae, while molecular analyses [1,2] (Figs 1-3) have found Salamandrina to
be the sister-group of a Salamandrinae + Pleurodelinae clade with moderate support. This
molecular result was accepted a priori in [9], where Salamandrina was used as the outgroup for
an analysis which only included salamandrids. [61] only analysed a part of Pleurodelinae and
therefore used other pleurodelines as the outgroup.

Unfortunately, we are unable to add the only Asian fossil salamandrid, the Miocene Procy-
nops, to our matrix; it is so poorly known [93] that it would score indistinguishably from sev-
eral other OTUs.

Similarly, the preservation and skeletally immature (neotenic) status of the Paleocene or
Eocene Seminobatrachus have prevented us from including this possible sister-group of
Ambystoma [94] in our analysis.

MB.Am.45 and the Chelotriton specimens from Enspel and the Randeck Maar score identi-
cally in our matrix except for the distribution of missing data. We have nonetheless kept them
as two separate OTUs in order to test whether they have synapomorphies. If this is the case,
they should be sister-groups in the resulting trees; if not, they should form a trichotomy with
their closest relative (irrespective of whether that is an OTU or a larger clade).

Results and Discussion
Heterochrony in MB.Am.45

MB.Am.45 shows a mixture of peramorphic and paedomorphic characters in its skeleton. A
peramorphic feature is the generally high degree of ossification in the skeleton. This applies
especially to the massive, hyperossified skull in which the maxilla is sutured posteriorly with
the quadratojugal-quadrate, and the supratemporal opening is much reduced in size. The fron-
tosquamosal bar is proportionally conspicuously broadened compared to other salamandrids,
including most or all specimens currently referred to Chelotriton. Associated with the heavily
ossified skull is the pronounced dermal sculpture that can be found on each of the bones of the
dermal skull roof. The dermal sculpture of the maxilla closely resembles that of early limbed
vertebrates like temnospondyls or lepospondyls [42], which in turn show a generally much
higher degree of ossification in the dermal skeleton than lissamphibians do. Lissamphibians
are widely thought to be paedomorphic (in particular progenetic) with respect to their Paleo-
zoic ancestors ([95-97]; more cautiously [98]: 238; salientians: [13,99,100] and references
therein). During caudate ontogeny, the position of the jaw articulation moves posteriorly [101-
103], but its adult position is normally not posterior to the occiput; it remains well anterior to it
in most cases, reaches about the same level in a few others, and comes to lie just barely poste-
rior to the occiput only in Dicamptodon [104] and maybe some specimens of Chelotriton [24].
The position of the jaw articulation far behind the occiput in MB.Am.45 is thus an extension of
“normal” caudate ontogeny and can be regarded as a peramorphic trait. It resembles the situa-
tion in many temnospondyls, in which the jaw joint moves far posteriorly during ontogeny
(e.g. [105,106], as well as other Paleozoic tetrapods like seymouriamorphs, where a similar
allometry of lesser extent is found (e.g. [107]: figs 7, 8).

The possible presence of a septomaxilla in a salamandrid is likewise of interest with respect
to heterochrony. This bone-when present-is one of the last bones of the dermal skull roof to
ossify in caudates ([41] and references therein). Its general absence in salamandrids might
therefore represent a paedomorphic trait, and its reappearance in MB.Am 45, if correctly iden-
tified, could then be interpreted as peramorphic.
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The short, blunt, triangular, widely separated alary processes of the premaxillae might be a
further peramorphic feature: they are found in the metamorphosed Aviturus but not in the
other (incompletely metamorphosing) cryptobranchids, which have more medially positioned,
longer and more pointed dorsomedial processes as usual in salamanders [108]. MB.Am.45 and
Aviturus share this feature with almost all temnospondyls.

The resemblance of MB.Am.45 with early limbed vertebrates is further increased by the
presence of long, curved ribs with tubercular processes, which resemble the so-called uncinate
processes of many temnospondyls—although there are at most two such processes on temnos-
pondyl ribs, and they point caudally, not dorsally. In most caudates, the ribs are very short and
(nearly) straight, and even the elongate ribs of many pleurodelins are proportionally shorter
than those of MB.Am.45. Finally, MB.Am.45 has an ossified olecranon process on the ulna,
unlike even the Enspel and Randeck specimens of Chelotriton [30].

In contrast to these features which we interpret as peramorphic, the presence of a larval hyo-
branchial apparatus with ossified ceratobranchials (epibranchials of some authors) is clearly a
paedomorphic feature. Furthermore, this character suggests a primarily aquatic mode of life, in
spite of the highly ossified skeleton. In the combination of a paedomorphic hyobranchium
with an otherwise highly ossified skeleton, MB.Am.45 resembles Brachycormus noachicus,
which was interpreted as a “neotenous larva” in [13-15]. However, the proportions of the skull
of Brachycormus, especially the anteriorly located jaw articulation, appear more “larval” than
those of MB.Am.45. In contrast to Brachycormus and MB.Am 45, other specimens traditionally
referred to Chelotriton paradoxus have been described as having a completely metamorphosed
hyobranchial skeleton that was not affected by paedomorphosis [13-15]; however, it has more
recently been shown [29,30] that the Enspel and Randeck specimens of Chelotriton had an
unmetamorphosed hyobranchium containing an ossified hypobranchial and two ossified cera-
tobranchials on each side. Paedomorphosis and an aquatic lifestyle are seen in many late Oligo-
cene caudates; this has been connected [13,15,29] to the fact that the climate cooled markedly
during that time.

Interestingly, the combination of a generally peramorphic skeleton (jaw joints and occiput
at the same mediolateral level) with a larval hyobranchial apparatus has a precedent in the
Jurassic cryptobranchoid [44] Pangerpeton [38].

To summarize, although it possesses a paedomorphic hyobranchium, MB.Am.45 is pera-
morphic in many aspects of its skeleton and superficially resembles an amphibamid temnos-
pondyl or (to a lesser extent) a diplocaulid “lepospondyl”. However, this resemblance is
superficial. The long ribs with processes certainly served different functional roles in MB.
Am.45 and temnospondyls; whereas the processes and flanges on the ribs of early limbed verte-
brates are directed more or less caudally and probably served for postural support [109], the
dorsally directed processes of ribs in extant pleurodelins support (and sometimes penetrate)
overlying warts in the skin, as do the sharp tips of these ribs [8]. Despite the heavy ossification
and the peramorphic proportions of the skull, there is no reappearance of “ancient” bones in
the skull of MB.Am 45, in contrast to the additional bones in pelobatid anurans investigated in
[99] and interpreted there-on little evidence-as e.g. postparietals and supratemporals.

Affinities of MB.Am.45 and the diversity of Chelotriton

Although MB.Am.45 is clearly referrable to Chelotriton (see Material and Methods - System-
atic Paleontology), we cannot assign it to a species as long as Chelotriton has not been revised.
Its referral to C. paradoxus in [29], for which no reasons were given, seems to have been based
only on the pustular sculpture on most bone surfaces that were in contact with the skin, a char-
acter state shared by C. paradoxus, C. pliocenicus and all other possible species of Chelotriton
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except C. robustus (where all sculpture is more or less honeycombed [17]), and on the fact that
other specimens from the same and similar ages and localities had already been referred to C.
paradoxus.

MB.Am.45 differs from Chelotriton paradoxus from the neotype locality [39] in having
frontals that are broader than long. This is shared with some specimens from Enspel ([29]: fig
2as) but not others ([29]: fig 2bs; [30]: figs 2, 3¢). In C. paradoxus from the neotype locality, the
angle between the squamosal process of the frontal and the sagittal plane is 30°-35° [39]; in
MB.Am.45, the process is so wide that it cannot easily be said to lie at a particular angle to the
sagittal plane, but if the midpoint of a straight line from the medial corner of the prefrontal to
the rostromedial corner of the supratemporal fenestra is connected to the midpoint of the fron-
tal/squamosal suture, an angle of at least 45°, probably closer to 50°, results. Most likely, then,
MB.Am.45 does not belong to C. paradoxus.

The supratemporal fenestrae are completely surrounded by sculptured bone, or nearly so:
an unsculptured trough for jaw-closing muscles between the medial and the lateral sculptured
surfaces of the right parietal could only have been present in the crack caudal to the medial
margin of the postorbital opening, along which the lateral sculptured surface of the parietal has
been raised about 1 mm above the medial part by diagenetic compression and the lateral mar-
gin of the medial sculptured surface of the right parietal has been bent upwards (Fig 11). This
extreme narrowness or absence of the unsculptured trough constitutes a further difference to
C. paradoxus from the neotype locality as well as to all other comparable Chelotriton material
except possibly “Tylototriton primigenius” Noble, 1928, which is currently referred to C.
paradoxus.

The vertebrae of MB.Am.45 —about the first ten are preserved—-are not well enough visible to
determine the presence (as in C. pliocenicus) or absence (retained in C. paradoxus) of zygo-
sphenes and zygantra. Isolated ribs from the early Miocene site of Petersbuch (Germany)
referred to “C. aff. pliocenicus” [19] have up to ten dorsal spines (epipleural processes); the
preservation of MB.Am.45 does not allow a clear statement on whether more than five spines
(Figs 5 and 13) were present on some ribs.

MB.Am 45 is distinctly smaller but more peramorphic than late Oligocene Chelotriton spec-
imens from the fairly close site of Enspel ([29]: fig 2; [30]: figs 2, 3¢), called “Chelotriton-like
forms” on page 12 of [19]; in particular, the quadratojugal-quadrate bones project far caudally
beyond the squamosals, the postorbital openings are completely surrounded by sculptured
bone (or nearly so), and there might even be a septomaxilla. Unless MB.Am.45 is—we might
speculate-a hormonally abnormal individual with greatly accelerated development, it therefore
likely represents a different species under most or all applicable species concepts, contrary to
its referral to the same species—C. paradoxus—in [29]. The Enspel and Randeck specimens also
have unusually short snouts in which the suture between the nasals is only about half as long as
that between the frontals ([30]: figs 1, 2, 3¢, 3d); in MB.Am.45 the snout is less extremely blunt,
and the frontals are only a little longer than the nasals. In principle, this could be an ontoge-
netic difference; but the extant Echinotriton and Tylototriton, generally less peramorphic than
the Enspel and Randeck specimens, have intermediate proportions ([30]: figs 3a, 3b).

MB.Am 45 differs from both “Chelotriton sp., type I” and “Chelotriton sp., type II” [13,32]
in that the dermal sculpture, where it is tuberculate at all, consists of lower tubercles that are
more individualized; between them we cannot find any foramina (as in both “type I” and “type
IT”), but instead a flat, smooth surface is often visible. As in both “types”, the tubercles on the
frontosquamosal arch are more or less connected to form parallel ridges; however, MB.Am.45
differs from “type I” in that the sculpture on the maxilla is honeycombed as in C. robustus (the
maxilla of “type II” is unknown). This honeycombed sculpture is approximated by the isolated
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caudal ramus of a maxilla from Gotzendorf (late Miocene, Austria) that was referred to C.
paradoxus in plate 21 of [27].

MB.Am.45 further differs from “aff. Chelotriton sp.” from Oberleichtersbach (latest Oligo-
cene, Germany) [39] in having pustular rather than vermicular or pit-and-ridge sculpture on
the frontals and in having large, well-developed spine tables on the vertebrae. This character
state is shared with most of the other material currently referred to Chelotriton.

Ribs from Sandelzhausen (latest early Miocene, Germany) referred to “Chelotriton sp.” [19]
have only one spine, while MB.Am.45 shows at least five on some (Figs 5 and 13). C. paradoxus
from the neotype locality has two to four spines per rib [19,39].

MB.Am 45 differs from all comparable Chelotriton material by its wide skull (ratio of width
to midline length 1.94, compared to a maximum of 1.55 elsewhere in Chelotriton). It differs
from all other caudates except Dicamptodon, Salamandra “laticeps” and maybe a few Chelotri-
ton specimens by the fact that its jaw joints lie caudal to the occiput, and from all other cau-
dates (and most other lissamphibians) in the extreme extent of this feature, particularly the
caudal projection of the quadratojugal-quadrate bones beyond the squamosals. Correspond-
ingly, the squamosals are inclined rostromedially to caudolaterally. The frontosquamosal arch
(a pleurodeline autapomorphy) is proportionally much wider in MB.Am.45 than in any other
pleurodeline, and so is the reconstructed interorbital width; correspondingly, the squarish post-
orbital opening between this arch and the skull table is proportionally smaller than in any
other pleurodeline. Unlike in all other salamandrids, including the Chelotriton specimens from
Enspel and the Randeck Maar [30], a possible septomaxilla is present. All these features are
indicative of peramorphosis; although such peramorphosis may well be an autapomorphy of a
hitherto unknown species, MB.Am.45 is difficult to compare with some of the material referred
to Chelotriton, and the ontogeny of Chelotriton is hardly known.

Like other skeletons referred to Chelotriton [29,30], MB.Am.45 preserves a hyobranchial
apparatus of aquatic type. The zygosphene-zygantrum articulations of C. pliocenicus have been
interpreted as a terrestrial feature, because they must have stiffened the vertebral column
against torsion [18]; if MB.Am.45 was aquatic (as indicated by its hyobranchium) and C. plioce-
nicus was terrestrial (as suggested by its zygosphenes and zygantra), they were most likely not
conspecific, but unfortunately the material is not comparable in any other way to the best of
our knowledge.

C. robustus has honeycombed sculpture on all bones that contacted the skin; in all other
material hitherto referred to Chelotriton, except the ridged, almost honeycombed incomplete
macxilla from Gotzendorf ([27]: plate 2I), all sculpture is pustular. MB.Am.45 has pustular
sculpture on most bones that were exposed to the dermis, but the maxillae and possibly the
premaxillae have a honeycombed surface. It is uncertain whether this feature has ontogenetic
significance; the honeycombed vertebrae of C. robustus are much smaller than pustular verte-
brae referred to C. paradoxus ([17]: 484).

Salamandrid phylogeny

MB.Am.45 and the Chelotriton specimens from Enspel and the Randeck Maar are found to be
sister-groups in all analyses. They share the following synapomorphies that are absent in Tylo-
totriton, Echinotriton and Pleurodeles (numbers of characters and states from the Appendix):
20(3): Ratio of interorbital width to skull length 0.5 or higher. Also found in Brachycormus.
37(0): Jaw articulation near posterior margin of parasphenoid or caudal to it. Also found in
Dicamptodon, Salamandra and Euproctus. (The plesiomorphic state of this character is 1.)
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— Ambystoma
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— Salamandra

Salamandrinae L— Chioglossa
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; Pleurodeles
Salamandridae — Tylototriton I
Echinotriton
| — MB.Am.45
Pleurodelini Chelotriton — Enspel/Randeck Chelotriton
Brachycormus
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Koalliella
—_

Pleurodelinae
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“Triturus” roehrsi
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Paramesotriton

Neurergus
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Triturus marmoratus

Triturus (Triturus)

[ | Lissotriton vulgaris

Lissotriton montandoni
Lissotriton helveticus

Lissotriton italicus
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Ichthyosaura alpestris
Archaeotriton

Lissotriton boscai
Carpathotriton
?Notophthalmus crassus
?Taricha miocenica
?Notophthalmus robustus

Fig 15. Identical strict and Adams consensus of the most parsimonious trees from our unconstrained analysis without geographic distribution as
an added character (length of individual trees = 595 steps). Names of extinct taxa are in boldface. Colors as in Fig 1.

doi:10.1371/journal.pone.0137068.9g015

69(2): Diapophyses or parapophyses extend laterally beyond a line along the lateral edges of
the zygapophyses by > 22.5% of the maximum width between any zygapophyses. Also found
in some Ambystoma species, Paramesotriton, Cynops, “Triturus” roehrsi and Carpathotriton.

Unconstrained analysis without geographic distribution as a character. Despite the
large amounts of missing data, our simplest analysis resulted in only six most parsimonious
trees (length = 595 steps, including steps within polymorphic OTUs; consistency
index = 0.4992; homoplasy index = 0.7580; retention index = 0.6042; rescaled consistency
index = 0.3016). Their strict consensus (Fig 15) is correspondingly well resolved: polytomies
are absent except that in individual trees either Notophthalmus or Taricha (see below) is the
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sister-group to all other molgins, and “Triturus” roehrsi occurs in all three positions implied by
the trichotomy it is shown in.

The identical strict and Adams consensus (Fig 15) mixes familiar and unfamiliar results.
The outgroup (Ambystoma + Dicamptodon) and Salamandridae are mutually monophyletic;
within the latter, Salamandrinae (Salamandra + Chioglossa) and Pleurodelinae as currently
understood are monophyletic to the exclusion of each other and of Salamandrina. Salaman-
drina emerges as the sister-group of Pleurodelinae; this is a long-standing morphology-based
hypothesis, but contradicts recent molecular analyses, where Salamandrina was found to be
the sister-group to all other salamandrids together with rather high [1] to low support ([2]:
supplementary file amph_shl.tre). Given the low support in the latter analysis (Fig 2), the
imperfect support in the former (Fig 1), and such morphological characters as the presence of
the frontosquamosal arch in Salamandrina and Pleurodelinae but absence without a trace in
even the largest, most peramorphic salamandrines [4,21], we would like to suggest the phyloge-
netic position of Salamandrina as a topic for future research.

The outgroup was not constrained to be monophyletic. The PAUP” setting
“outroot = monophyl”, which we used (S1 Data), means that the unrooted tree resulting from
the analysis will be rooted so that the outgroup forms a clade if that is possible given the topol-
ogy of the unrooted tree; in a few early runs of our analysis (before further corrections to the
matrix), this was not possible because Dicamptodon came out as the sister-group of Pleurodeli-
nae-PAUP* only issued the warning that the “tree cannot be rooted so that outgroup is mono-
phyletic” and rooted the tree on Ambystoma alone (Ambystoma being OTU number one).
Thus, the fact that Ambystoma and Dicamptodon appear as sister-groups in Fig 15 is a result of
our analysis, independently confirmed by analyses of molecular data (most recently [2]; see Fig
2), not an assumption we made a priori.

Pleurodelinae consists of the long-recognized clades Pleurodelini and Molgini. Strangely,
within Pleurodelini, Tylototriton and Pleurodeles are sister-groups, together forming the sister-
group of Echinotriton; outside this pleurodelin crown-group, MB.Am.45 is the sister-group of
the Enspel and Randeck specimens referred to Chelotriton, and Brachycormus is the sister-
group to all other total-group pleurodelins.

Within Molgini, Taricha and Notophthalmus are generally thought to be sister-groups [57],
forming a North American clade that is the sister-group to the Eurasian molgins [1,2]. Their
skeletons and courtship behaviors are sufficiently different from each other’s that none of our
six shortest trees contains this topology; instead, in some of them the extant Notophthalmus is
closer to the Eurasian molgins than to the extant Taricha species, while in the others they
switch places. Given the strong support for the North American clade in molecular analyses,
we hypothesize that our result is due to a lack of characters; Taricha and Notophthalmus likely
split from each other a long time ago and have evolved numerous autapomorphies, some of
which are reversals while others are convergent to the Eurasian clade. The fossil record, first
and foremost the upcoming redescription of? Taricha oligocenica (see [88]), might clarify this
in the future; however, we find the extinct? Taricha miocenica,? Notophthalmus crassus and? N.
robustus, known from isolated vertebrae only, to lie far away from the extant Notophthalmus
and Taricha species, within the Old World molgin clade, forming an unexpected clade with the
extinct Carpathotriton, the extant Lissotriton boscai and the extinct Archaeotriton.

Archaeotriton, like Carpathotriton, has only once before been included in a phylogenetic
analysis, where it was found to be the sister-group of Salamandrina [3]; our matrix contains all
taxa and all characters of [3], so we consider our analysis to supersede the one in [3]. One factor
in the discrepancy may be that [3] accepted the misidentification in [16] of the otic capsule as
the squamosal (see character 27 in the Appendix), but did not extend this untenable hypothesis
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of homology to the other taxa in the matrix. Our result instead confirms the earlier [16]
hypothesis that Archaeotriton is a pleurodeline and specifically a molgin.

Within the Old World clade of molgins, an Asian clade is generally thought to exist, com-
prising Cynops, Paramesotriton, Pachytriton and Laotriton, the last of which we were unable to
include in our analysis due to the almost complete lack of nonmolecular data. Strong support
for this clade was found in [1,2]. We find such a clade, but nested within it are European forms:
the extant mountain-stream newts Euproctus and Calotriton, the poorly known Miocene “Tri-
turus” roehrsi, and the Paleocene Koalliella which is only known from (drawings and descrip-
tions of) isolated vertebrae.

Euproctus and Calotriton are so similar to each other and so distinct from other newts mor-
phologically, as well as in courtship behavior, that they were considered the same genus
(Euproctus) for well over a century (e.g. [52,57]) and were only separated again by molecular
data [1,2,66]. [66] ascribed this strong morphological and behavioral similarity to convergent
adaptations for a life in mountain streams. Given the compelling molecular support for a sis-
ter-group relationship of Calotriton and Triturus far removed from Euproctus [1,2,66], which
further agrees with biogeographic considerations—Calotriton and Triturus occur next to each
other near the likely center of origin of Triturus [90]; Euproctus is restricted to Corsica and Sar-
dinia, which have been isolated from the mainland for a long time and where other pleurode-
lines are absent-, we are well inclined to agree, even though we have tried to identify correlated
characters and to avoid scoring them separately (see Appendix).

The extant Pachytriton is not found as the sister-group to the extant Paramesotriton, but to
(Euproctus + Calotriton). Although less extremely adapted to a life in mountain streams,
Pachytriton shows adaptations to a fully aquatic existence in rather small bodies of mostly run-
ning water beyond those generally seen in Cynops and Paramesotriton; this may explain its
unexpected position in our phylogeny. The intriguing fact that Koalliella forms the sister-
group to this clade in our trees is unlikely to be correct as a phylogenetic result, given its Paleo-
cene age and European location; however, it could indicate a similar lifestyle. We are not aware
of any previous hypotheses on the ecology of Koalliella or any previous comparisons to Pachy-
triton.-To a lesser degree, such a hypothesis may also hold for “Triturus” roehrsi.

The sister-group to this “Asian” clade is a “European” clade which also contains the isolated
North American vertebrae as mentioned. The sister-group to the rest is Neurergus, conforming
to its traditional position outside a large “Triturus” grouping but strongly contradicting molec-
ular analyses [1,2], which found an Ommatotriton-Neurergus clade to be sister to a Calotriton-
Triturus clade with strong to very strong support, all of them together forming either the sister-
group to a Lissotriton-Ichthyosaura clade (strong support: [1]; Fig 1) or to Lissotriton alone
(less strong support: [2]; Fig 2). Within the rest of the “European” clade, a clade similar to tra-
ditional “Triturus”, there is a dichotomy between the abovementioned clade of North Ameri-
can and European fossils and Lissotriton boscai on the one hand and all remaining newts on
the other hand. The basal dichotomy in the latter clade separates the remaining species of Lis-
sotriton from the other extant genera (Ichthyosaura, Ommatotriton, Triturus).

The description of the Miocene? Ichthyosaura randeckensis [60] identified two character
states—spike-like tips of the dorsomedial processes of the premacxillae, and a frontal/nasal
suture that is not straight but accommodates a rostrolateral process of the frontal which wedges
between the nasal and the prefrontal-as uniquely shared by? I. randeckensis and the extant I.
alpestris, and used them as their emended diagnosis of Ichthyosaura. While both of these char-
acters remain parsimony-informative in our matrix, pointed (as opposed to blunt) dorsomedial
processes of the premaxillae also occur in Ommatotriton, Lissotriton vulgaris, Cynops,
Notophthalmus, and parts of L. helveticus and Taricha (see character 13 in the Appendix); a
nasal/frontal suture of the described shape is also found in Ommatotriton, throughout Triturus,
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in L. italicus, Euproctus, Cynops, Notophthalmus and Pleurodeles as well as parts of Pachytriton
(see character 17 in the Appendix). We find? I. randeckensis to be the sister-group of a clade
composed of the remaining Lissotriton species, Ommatotriton and Triturus, with I. alpestris
forming the sister-group to all of the above. However, nomenclatural consequences would
likely be premature, because the position of Neurergus does not agree with the well-supported
one as the sister-group of Ommatotriton found in [1,2]. Here, too, we would like to encourage
further research.

The remaining species of Lissotriton form a clade with an unusual topology where L. vulga-
ris is the sister-group to the others. Ommatotriton comes out as the sister-group of a monophy-
letic Triturus.

Comparison to the molecular consensus (Fig 3) strongly suggests that it may not so much
be ontogeny that “discombobulates phylogeny” ([110]: title) in salamandrids—adaptations to a
life in mountain streams appear to have this effect most strongly.

Unconstrained analysis with geographic distribution included as a character. Adding
geographic distribution-the unordered character 98: North America (0); Europe, Mediterra-
nean, Iran (1); eastern Asia (2); see Appendix -to the matrix increased the number of most par-
simonious trees to 1067 (length = 603 steps, including steps within polymorphic OTUs;
consistency index = 0.4959; homoplasy index = 0.7579; retention index = 0.6016; rescaled con-
sistency index = 0.2983). The strict consensus of so many trees is, naturally, very poorly
resolved, with the exception of the basalmost nodes and Pleurodelini, within which MB.Am.45
remains the sister-group to the OTU formed from the Enspel and Randeck specimens of Chelo-
triton while Brachycormus forms the sister-group to the rest of Pleurodelini (S4 Fig). The better
resolved Adams consensus (S5 Fig) and inspections of individual trees show that the extinct
Archaeotriton, Koalliella and? Ichthyosaura randeckensis, but also the extant Pachytriton and
all Lissotriton species except L. boscai each have several very different optimal positions. Prun-
ing them all from the most parsimonious trees results in a strict consensus that shows much
more structure (Fig 16). This consensus tree has the extant Taricha species as the sister-group
to all other molgins; that clade consists of a polytomy formed by the other American species
(extant and extinct) and a Eurasian clade, which in turn has the Asian Cynops and Paramesotri-
ton in a trichotomy with a European clade.

Outside the crown-group of this European molgin clade we find “Triturus” roehrsi; it
belongs neither to Lissotriton ([4] and reference therein; [27,86]) nor to Ommatotriton [33,87].
This result highlights the fact that large amounts of missing data (“T.” roehrsi is only known
from isolated bones) do not necessarily cause poor resolution, and it underscores the impor-
tance of phylogenetic analysis in determining whether supposedly diagnostic characters are
synapomorphies.-If this result is correct, nomenclatural consequences will be required if gen-
era are to be monophyletic. We refrain from drawing those (the most obvious possibility would
be a new genus name for “T.” roehrsi) because we have not seen relevant material, because our
analysis does not find the Asian clade that is so strongly supported by molecular analyses,
because the position of Ichthyosaura remains an open question on which [1] and [2] disagreed
with fairly strong support (see below and Fig 3), and because the sources cited above hint at the
existence of vertebral characters which we have not been able to sample; however, we strongly
encourage further research on this taxon that might occupy an important position in newt
evolution.

The crown-group of the European molgin clade is poorly resolved; it contains the extinct
Carpathotriton as well as the extant Neurergus, a clade formed by the extant Euproctus and
Calotriton, and another formed by Ichthyosaura, Triturus and Ommatotriton.
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Fig 16. Strict consensus of the pruned most parsimonious trees from our unconstrained analysis that includes geographic distribution as
character 98 (length of individual trees before pruning = 603 steps). Archaeotriton, Koalliella,? Ichthyosaura randeckensis, Pachytriton, Lissotriton
vulgaris, L. montandoni, L. italicus and L. helveticus were pruned from all trees before calculating their strict consensus, but were included in the phylogenetic
analysis that generated the trees. Names of extinct taxa are in boldface. Colors as in Fig 1.

doi:10.1371/journal.pone.0137068.9016

Our addition of character 98 appears to have counteracted the ecological signal that pro-
duced a most likely spurious clade of aquatic Eurasian molgins; unfortunately, this only led to
a balance with other signals and therefore to a drastic loss of resolution.

Analysis constrained to fit the molecular consensus, lacking geographic distribution as a
character. In this and the following analysis, we used the strict consensus tree of [1] and [2],
reduced to the taxa they share with each other and with our matrix (Fig 3), as a backbone con-
straint. When character 98 is excluded from the analysis, 89 trees result, which require 32 more
steps than the unconstrained analysis (length = 627 steps, including steps within polymorphic
OTUs; consistency index = 0.4737; homoplasy index = 0.7703; retention index = 0.5618;
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Fig 17. Strict consensus of the most parsimonious trees from our constrained analysis without character 98 (length of individual trees = 627

steps). Names of extinct taxa are in boldface. Colors as in Fig 1.

doi:10.1371/journal.pone.0137068.g017

rescaled consistency index = 0.2661); their strict consensus (Fig 17) is much less well resolved
than the consensus of the corresponding unconstrained trees (Fig 15). As in the unconstrained
analyses, MB.Am.45 and the Enspel/Randeck specimens of Chelotriton are sister-groups and
are nested within Pleurodelini, and “Triturus” roehrsi stays far away from Ommatotriton and at
least out of Lissotriton. Perhaps surprisingly, Lissotriton forms a paraphyletic series of relatives
to the other European molgins, within which? Ichthyosaura randeckensis forms the sister-
group to the rest. (The monophyly of Lissotriton was not enforced because [1] only included L.
vulgaris in their analysis; [2] found strong support for the monophyly of Lissotriton, see Fig 2.)
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Intriguingly, Koalliella is found to be the sister-group of Pachytriton in all shortest trees.
This is similar to the result from the unconstrained analysis without character 98, and may be
attributable to the same ecological signal.

Far from being close to Lissotriton boscai as in the unconstrained analysis without character
98 (Fig 15), Archaeotriton forms a trichotomy with Pleurodelinae and Salamandrinae in the
strict consensus of the shortest trees from the constrained analysis without character 98 (Fig
17). Inspection of all those trees shows that Archaeotriton either lies as rootward on the stem of
Pleurodelinae as possible in some trees and even on the stem of Salamandrinae in the others;
Brachycormus is on the stem of Molgini in some trees, on that of Pleurodelinae (as the sister-
group to the crown, thus crownward of Archaeotriton in trees where both are pleurodelines) in
the others; Carpathotriton, if we ignore the shifting positions of the fragmentary taxa men-
tioned below, is either the sister-group to the European molgin clade or on the pleurodeline
stem (between Archaeotriton and Brachycormus)—a position we would rather have expected for
the much older Koalliella.

The Adams consensus of these (S6 Fig) and inspection of individual trees suggest that“Tri-
turus” roehrsi,? Notophthalmus crassus,? N. robustus,? Taricha miocenica and Carpathotriton
(all of them extinct and rather poorly known) prevent the backbone constraint (Fig 3) from
being part of the strict consensus. Pruning them from the trees (after the analysis) results in a
well resolved identical strict and Adams consensus tree (Fig 18), in which Brachycormus forms
a trichotomy with Pleurodelini and Molgini.

Analysis constrained to fit the molecular consensus, with geographic distribution as an
additional character. When character 98 is added to the constrained analysis, 588 shortest
trees are found (length = 633 steps, including steps within polymorphic OTUs; consistency
index = 0.4724; homoplasy index = 0.7694; retention index = 0.5623; rescaled consistency
index = 0.2656). In their strict consensus (S7 Fig), all of Salamandridae except Salamandrina
forms an almost completely unresolved polytomy; the only clades it contains are Salamandri-
nae, Chelotriton, the constrained clade ((Neurergus, Ommatotriton), (Calotriton, Triturus)),
and a clade that unites all five OTUs of North American salamandrids, extant and extinct.

Pruning Koalliella, Brachycormus, “Iriturus” roehrsi, Carpathotriton and Archaeotriton
from the shortest trees reveals most of the constraint (Fig 19). The exception is that Pleurode-
lini remains a polytomy. The Eurasian molgin clade is divided into an Asian and a European
one, the latter forming a polytomy that contains Euproctus, Ichthyosaura alpestris,? I. randeck-
ensis, the ((Neurergus, Ommatotriton) (Calotriton, Triturus)) clade, and all five Lissotriton spe-
cies without any further resolution; the Adams consensus of the same pruned trees (S8 Fig)
does not clearly suggest further candidates for pruning.

Conclusions

MB.Am.45 belongs to the generally peramorphic pleurodelin newt Chelotriton, as mentioned
in the literature once without further comments [29], but is even more peramorphic than the
previously referred specimens in several respects. Although some other specimens are consid-
erably larger, MB.Am.45 has jaw joints far caudal to the occiput (unique among caudates, rare
among lissamphibians generally), honeycombed sculpture on the maxilla and perhaps the pre-
maxilla (unique among caudates other than Chelotriton robustus), and possibly even a septo-
maxilla (unique among salamandrids; in other urodeles the septomaxilla, where present, is
among the last bones to appear in ontogeny). At the same time, the hyobranchial apparatus has
not been affected by metamorphosis, indicating an aquatic lifestyle; this combination of pera-
morphosis and aquatic life is reminiscent of the Jurassic cryptobranchoid [44] Pangerpeton
[38] and should be explored further.
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Fig 18. Identical strict and Adams consensus of the pruned most parsimonious trees from our constrained analysis without character 98.

“Triturus” roehrsi,? Notophthalmus crassus,? N. robustus,? Taricha miocenica and Carpathotriton were pruned from all trees before calculating the
consensus, but after the analysis; see Fig 17 for the strict consensus of the unpruned trees. Names of extinct taxa are in boldface. Colors as in Fig 1.

doi:10.1371/journal.pone.0137068.g018

The previous referral to Chelotriton paradoxus [29] is unlikely to be correct, but referral to
any species will have to await a revision of Chelotriton as a whole.

Our referral of MB.Am 45 to Chelotriton, based on diagnostic characters previously sug-
gested for the latter, is confirmed by phylogenetic analysis, which suggests new autapomor-
phies for Chelotriton. Our analyses of salamandrid phylogeny are based on the largest
nonmolecular data matrix that has yet been applied to this problem, more than twice as large
as any preceding ones; it uses previously published characters mainly from the skull,
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calculating the consensus, but after the analysis. Names of extinct taxa are in boldface. Colors as in Fig 1.
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hyobranchial skeleton and musculature, trunk vertebrae, cloacal anatomy and courtship behav-

ior and contains taxa that had never been included in a phylogenetic analysis before.
Our analyses further confirm that Chelotriton is a total-group pleurodelin. Unconstrained

analyses (Figs 15 and 16) put it on the stem; an analysis constrained to fit the molecular con-
sensus (Fig 3) but not including a character that codes for geographic distribution places it
within the crown instead, in a trichotomy with the extant Asian Tylototriton and Echinotriton
(Fig 17), while a constrained analysis that uses this additional character puts all three extant
pleurodelins and Chelotriton in an unresolved polytomy (Fig 19).
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Brachycormus, often found in the same sites as Chelotriton, is a stem-pleurodelin according
to the unconstrained analyses (Figs 15 and 16); the constrained analyses fail to resolve whether
it is a stem-pleurodelin or a stem-molgin (Figs 18 and 19, S7 Fig).

The Oligocene Archaeotriton is a member of the European molgin clade according to the
unconstrained analyses (Fig 15, S5 Fig), and either a stem-pleurodeline or a stem-salamandrine
in the constrained analysis without geography (Fig 17); it is never recovered as the sister-group
to the non-pleurodeline, non-salamandrine salamandrid Salamandrina as found in [3].

The Miocene pleurodeline Carpathotriton [3] is found within the European molgin clade in
the unconstrained analyses (Figs 15 and 16), unlike the position in an Asian molgin grade
found in [3]; the constrained analyses have trouble resolving its position (Fig 17, S8 Fig).

The likewise Miocene “Triturus” roehrsi was referred to, in modern terms, Lissotriton in
[4,27,86], but to Ommatotriton in [65,87]. Including “T.” roehrsi in a phylogenetic analysis for
the first time, we instead find this poorly known taxon to lie outside the smallest clade that con-
tains Lissotriton, Ommatotriton and all other extant European molgins (Figs 15-17). Further
research is needed to determine which taxonomic consequences should be drawn, but in any
case this result underscores the importance of phylogenetic analysis in determining the distri-
bution and homology of supposed diagnostic characters. At the same time, “T.” roehrsi high-
lights the fact that large amounts of missing data do not by themselves cause poor resolution.-
The unconstrained analysis that does not take geography into account (Fig 15) finds “T.”
roehrsi in the Asian molgin clade, where it also nests the European Koalliella (see below),
Euproctus and Calotriton; this assemblage, which disappears when a single character (geo-
graphic distribution; Fig 16) is added, may be held together by adaptations to an unusually
aquatic lifestyle.

The Miocene? I. randeckensis may not belong to Ichthyosaura as originally described [60];
the diagnostic characters proposed for Ichthyosaura [60] are more widespread, and our phylo-
genetic analyses do not find these two taxa as sister-groups, although they often lie only one
internode apart (Figs 15-19). We do not draw taxonomic consequences, but would like to
encourage further research.

The oldest known salamandrid is Koalliella from the Paleocene of Germany and France. It
is exclusively known from vertebrae that have apparently been lost [4]. In our analyses without
the character that represents geographic distribution (Figs 15 and 17), it is fully resolved as the
sister-group of the extant Pachytriton from China (constrained analysis: Fig 17) or as the sis-
ter-group to a clade composed of Pachytriton and the European mountain-brook newts
Euproctus and Calotriton (unconstrained analysis: Fig 15). Given the gap in time and space, we
consider this unlikely to be due to phylogenetic signal-but it may well reveal an ecological sig-
nal and indicate that Koalliella lived permanently in rather small bodies of running water.
When geography is taken into account, resolution decreases, and very basal positions—which
may be expected from the great age of Koalliella—-become possible, although Koalliella remains
within the salamandrid crown-group (54 and S8 Figs).

The monophyly of Lissotriton, represented by five OTUs in our matrix, was not enforced in
the constrained analyses because [1] only included one species (while [2] included the same
five we did and found them to form a strongly supported clade: Fig 2). In none of our analyses
do all Lissotriton OTUs form a clade, although they are usually close together. This is most
likely caused by the lack of published anatomical data.

Perhaps similarly, our unconstrained analyses fail to find Taricha and Notophthalmus (one
OTU each in our matrix) as sister-groups despite the strong molecular support [1,2] (Figs 1
and 2) and the fact that both live in North America (Figs 15 and 16). Instead, they place them
one internode apart. Anatomical data for Taricha torosa, T. granulosa and Notophthalmus viri-
descens have been easier to find than for some Lissotriton species; however, Taricha and

PLOS ONE | DOI:10.1371/journal.pone.0137068 September 30, 2015 43/72



@’PLOS ‘ ONE

Peramorphic Oligocene Newt, Salamandrid Phylogeny

Notophthalmus have morphologically diverged to the point that our still small matrix may not
be able to overcome long-branch repulsion. The upcoming redescription of? Taricha oligoce-
nica (see [88]) will likely provide helpful information.

The most striking discrepancy between the molecular consensus and our unconstrained
trees concerns Euproctus, Calotriton and Pachytriton, which form a clade in the latter (Fig 15;
Pachytriton unresolved in Fig 16, S4 Fig, S5 Fig), while in the former (Fig 3) Calotriton is the
sister-group of Triturus, Euproctus occupies an uncertain position in Molgini but is not close to
Calotriton, and Pachytriton is nested among its fellow east Asian molgins. Euproctus and Calo-
triton are so similar in morphology and in courtship behavior that they were considered the
same genus (Euproctus) for a long time before they were separated on molecular evidence
alone ([66]; confirmed by [1,2]-Figs 1 and 2). It seems that this similarity consists of correlated
adaptations to a life in mountain streams [66]; Pachytriton lives in less extreme habitats, but
shows aquatic adaptations not otherwise found in pleurodelines (e.g. [50]). It appears that it is
not character correlation from heterochrony that distorts the unconstrained trees (“ontogeny
discombobulates phylogeny” in the title of [110]), but character correlation from living in
mountain streams. This factor and the position of Salamandrina may be the main causes for
why the constrained analyses result in trees that are 32 (without geography) or 30 steps longer
(with geography) than the unconstrained analyses.

Information on the anatomy of several salamandrids that have long been known to science
was hard, sometimes impossible to find. The same holds for Dicamptodon except its skull. We
often had to rely on very old literature, and in a few cases found information on extant taxa
only in paleontological publications. Furthermore, when the same species is described in differ-
ent sources, it often emerges that considerable ontogenetic changes continue to happen after
metamorphosis and most likely after sexual maturity. We would like to urge neontologists who
work on salamandrids to describe and illustrate the skeleton, not limited to line drawings of
the skull as has often been the case, as a source of diagnostic and phylogenetically informative
characters.

Appendix: Characters for the analysis of salamandrid phylogeny,
and changes to the original coding

All multistate characters state in their names whether they are ordered or unordered.

Symbols: AS = [61]; B = [16]; GB = [63]; HA = [62]; OW = [50]; SR = [60]; TL = [52]; V =
[3], WO = [51]; YZ = [9]. Numbers behind these symbols refer to the numbers of characters in
these matrices (except for OW, who did not present a matrix or a list, so we have assigned
numbers arbitrarily).

Head

Ornamentation of bone surfaces. 1. SR1: Dermal skull roof smooth (0); with pitted
ornament on nasals and anterior part of frontals (1); ornamented throughout (2)
(ordered). We have ordered this potentially continuous character.

Sometimes, only the orbit margins of the frontals are ornamented, not necessarily with pits;
this is coded by character 3 and scored as state 0 of the present character.

Taricha has state 2 ([67]; contra [49]: plate XXVTI).

While Euproctus montanus has state 0 as scored ([57]: 271), E. platycephalus has state 1
([57]: 268; not shown in fig 5). We have scored Euproctus as polymorphic.

Cynops pyrrhogaster has state 2 [57]. In C. wolterstorffi, all dermal bones of the skull except
the parietals are ornamented throughout, and the parietals have almost no surface exposed
to the skin, because the attachment surfaces of the jaw muscles meet in a sagittal crest [57].
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We have therefore scored state 2 for Cynops.

Triturus marmoratus has state 1; T. (T.) shows states 1 and 2 ([40]: fig 42; [49]: plate XXV;
[57]: 303, 306, figs 29, 31, 32).

Ichthyosaura alpestris has state 1 ([57]: 301, fig 28) at least sometimes.

“[M]ost” bones on the skull roof of Lissotriton montandoni “are weakly sculptured” ([57]:
295; our translation). We interpret this as state 2.

2. SR2: Nasals, frontals, and parietals smooth or pitted (0); covered with numerous
ridges (1). State 0 is automatically present in taxa with state 1(0) and therefore scored “?” in
them. Often the parietals are smooth while the nasals and (parts of) the frontals are pitted;
this is coded by character 4.

V (page 45) wrote about the frontal of Carpathotriton: “Several fragmentary specimens
belonging to large individuals bear a fine dorsal sculpture, produced by extremely shallow
pits and ridges.” Because this sculpture is “fine” and “extremely shallow” and because pits
are present, and in particular because the parietal is smooth (scored 3(0)), we have scored
Carpathotriton as possessing state 0. Nasals are unknown.

Triturus marmoratus has state 1 ([57]: fig 29), T. (T.) has state 0 ([40]: fig 42; [49]: plate
XXV; [57]: figs 31, 32).

3. V5: Frontal sculpture absent (0); weak (1); strong (2) (ordered). A potentially continu-
ous character.

Euproctus has state 0 ([49]: plate XXVII; [57]).

State 2 is present in Cynops and in Triturus marmoratus [57].

Triturus (T.) shows states 1 and 2 [57].

4. V7: Parietal sculpture absent (0); present (1). This character is inapplicable when the
entire skull (or all except the lateral edges of the frontals: character 3) is unornamented (SR1
(0)) and also when the parietals form a sagittal crest over their entire length and are other-
wise covered by muscles—in other words, all cases of 25(1) except Ambystoma.

State 0 is found in Ambystoma ([49]: plate XXIII; [68,69]).

Pleurodeles is polymorphic [57].

Cynops has state 1 where applicable (C. pyrrhogaster, the species scored by V: [57]: fig 18).

5. SR3: Squamosal smooth (0) or ornamented (1). In taxa with 1(0), state 0 is always pres-
ent and therefore scored “?”.

Triturus (T.) has state 0 ([49]: plate XXV; [57]: figs 31, 32), as does Calotriton ([57]: figs 1,
2,4).

Pachytriton is polymorphic [59].

Skull shape. 6. SR4: Outline of preorbital region rounded (0) or markedly stepped (1).
State 1 is considerably more widespread than originally scored: it occurs in Dicamptodon
[104], Notophthalmus (at least in dorsal view: [57]: fig 16A), Taricha [67], Euproctus ([57]:
figs 5, 6), Cynops (at least in dorsal view: [57]: figs 17, 18) and arguably both species of Sala-
mandrina [40,57]. Additionally, it is found in Paramesotriton (at least P. maolanensis [70]).
Lissotriton boscai is polymorphic [40,57].

7. B9: Skull at least as wide as long (0); longer than wide (1). B called state 0 “broader than
narrow” and state 1 “long”, but her intent is clear, and the character carries phylogenetic sig-
nal if interpreted this way. We have measured skull width at the widest place of the skull
(omitting the quadratojugal/quadrate spines of Echinotriton does not change its score), and
length along the midline so that the occipital condyles do not contribute to the measured
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length.

Ambystoma gracile has state 0 [68], while A. tigrinum reaches state 1 [69]. We have accord-
ingly scored Ambystoma as polymorphic.

Polymorphism is also documented in Brachycormus [14]; for other reasons, [14] (page 486)
considered it “possible that the known specimens of Brachycormus noachicus represent
more than one species.”

Neurergus shows state 0 in N. strauchi and state 1 in N. kaiseri [40].

Pleurodeles waltl appears to pass from state 0 [40,71] to state 1 [57] in ontogeny; because
state 1 is also found in P. poireti [57], we have scored Pleurodeles as having state 1.
Lissotriton boscai is said to have state 1 on page 62 of [89], fitting fig 4-20(a) of [89] as well
as fig 33 of [40] and fig 20 of [57], but flatly contradicting fig 4-20(b) of [89]. This discrep-
ancy is not mentioned in the text of [89]. We assume that fig 4-20(b), a schematic line draw-
ing of a skull in ventral view, was done from a poorly articulated specimen (in particular
after the lower jaw was removed), unlike fig 4-20(a), a schematic line drawing of a skull in
dorsal view; consequently, we have scored L. boscai as having state 1.

Pachytriton is polymorphic: P. inexpectatus has state 1, P. archospotus state 0, and P. bre-
vipes is borderline [59].

8. B5: “Paroccipital corners” absent (0); present (1). B considered “often present” an auta-
pomorphy of Molgini including Archaeotriton. The homology of these features is unclear to
us; we have scored them exclusively from statements in the text of [40,57].

These two sources disagree on Lissotriton helveticus: [57] (page 295) considered them well
developed, [40] (page 54) declared them absent. Given the fact that [57] had both a larger
number of specimens and larger specimens available, we have scored state 1, although it
may be possible that the difference is geographic—the specimens used in [57] came from
central Germany, those used in [40] from northern Spain. (In their table V, GB scored state
1 as well without commenting on this; however, GB used [57] as a source in general, so they
may simply have copied the statement found there.)

Premaxilla. 9.SR5-V1-TL1-WO1: Premaxillae paired (0); fused (1).

SR scored all OTUs except Salamandra as having state 1. This is incorrect for Tylototriton
[8,72] and Pleurodeles [38,71], both of which V, TL and WO correctly scored as showing
state 0.

10. SR6-SR7-SR14-V3-V4-TL5-WO4: Dorsomedial processes of premaxillae contact
frontals (0); reach around part or all of premaxillary fontanelle but do not contact fron-
tals (1); are entirely anterior to fontanelle (2); are not visible in dorsal view (3) (ordered).
We have arbitrarily chosen the order of SR over that of V, and ordered the character because
it is continuous. These processes are usually called “alary”, but we are not certain whether
they are homologous to the widely separated triangular processes of MB.Am.45, which are
primary homologues of the alary processes of temnospondyls (see Results and Discussion —
Heterochrony in MB.Am.45).

SR7 described whether the premaxillae meet along their entire lengths (0) or are partially
separated by the fontanelle (1). State 0 is automatically present when the present character
has states 2 or 3, and state 1 is impossible when the fontanelle is absent (14(0)); the character
is thus entirely predictable from the present one and character 14. The same holds for SR14
and the identical V4, TL5 and WO4: the nasals contact each other if and only if the fonta-
nelle is short or absent and the premaxillae do not contact the frontals.

For Salamandra, V explicitly scored only S. salamandra, and correctly [40] scored it as
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having V3(1), our state 0. S. atra, however, appears to be polymorphic: [57] showed state 0
in Fig 9, while [40] (fig 21) showed an unusual version of state 1 of the present character in
which the frontals and the premaxillae are widely separated. We have scored Salamandra as
having both state 0 and state 1.

SR scored Tylototriton as possessing state SR14(0), our states 0 through 2, but at the same
time as SR6(1), our state 3; the latter is correct [8].

Pleurodeles passes from state 2 to state 3 in ontogeny [40,57,71]; we have scored state 3.

For Notophthalmus, [57] described and illustrated state 3 combined with the presence of a
fontanelle, while [101] illustrated and vaguely described state 0 combined with the complete
absence of a fontanelle. Both illustrated the same species; while [57] attributed his specimens
to the subspecies N. viridescens viridescens and [101] referred his adults to N. v. louisianen-
sis, the latter is at minimum paraphyletic with respect to the former (and to N. v. piaropi-
cola), and the whole complex only began to diversify about 3 Ma ago [73]. Such an amount
of morphological diversity is therefore surprising. Lacking the means to research this issue,
we have taken both publications at face value and scored Notophthalmus as having states 0
and 3.

Euproctus platycephalus has states 1 and 2 ([49]: plate XX VII; [57]: 268), while E. montanus
has state 0 [57]. We have scored Euproctus as having all three states.

Ommatotriton is polymorphic, with O. vittatus just barely reaching our state 1 ([57]: fig 19)
but O. ophryticus having state 2 ([40]: 62, fig 48).

V scored Triturus as possessing state 0; states 0 and 1 are found in T. marmoratus (SR, [40],
[57]: 303, fig 29), while T. (T.) cristatus and T. (T.) carnifex show state 2 ([40], [57]: fig 31)
and T. (T.) dobrogicus has state 1 ([57]: fig 32).

V scored Salamandrina as having our state 3; it shows state 1 ([40,57]; borderline to state 2).
[57] stated on page 293 that Lissotriton italicus has state 0, but showed state 1 (borderline to
state 2) in fig 21. Most likely, this happens along the vertical slopes of the fontanelle like in
Taricha and is therefore invisible in dorsal view; we have scored state 0.

V scored Ichthyosaura alpestris as showing our state 0; while the illustrations in SR and [40]
are not identical, both show state 1, as do figs 27 and 28 of [57] (fig 28 is close to state 2).
We have scored state 1.

For Neurergus, [40] (figs 12, 15) documented state 2 in N. kaiseri and state 1 in N. strauchi.
[57] (fig 26) showed state 2 in a possibly less mature specimen of N. strauchi. [74] showed
state 0 in their drawing of N. derjugini (Fig 1C), but their very blurry photo of ostensibly the
same skull (Fig 1A) seems to show a completely different suture pattern in the snout and
most likely state 2 of the present character, as far as we can tell. Even though the text agrees
with this drawing, which also shows lacrimals (which have never been reported in salaman-
drids before or since), gigantic nostrils that are not discernible in the photo and a premaxil-
lary fontanelle that seems much larger than in the photo, we have ignored it and scored
Neurergus as having states 1 and 2.

11. SR8-V2: Dorsomedial processes of premaxillae free (0); sutured or fused for at least
50% of their length (1). The possibility of a suture was not mentioned in either source.
This character is not applicable when character 10 has state 3, unless the ontogeny is
known.

When Notophthalmus has visible dorsomedial processes at all ([101]: fig 6A —as opposed to
[57]; see above), it has a clear case of state 1. We have scored that state.

Euproctus platycephalus has state 1, while E. montanus has state 0 [57]; we have scored
Euproctus as possessing both.

Cynops was scored as having V2(0). It has state 1 ([49]: plate XXVII; [57]: figs 17, 18).
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Both states are apparently found in Triturus marmoratus [40,57].

Lissotriton montandoni has state 0 ([57]: fig 23).

Lissotriton helveticus is polymorphic [40,57].

For Lissotriton italicus and Neurergus, similar comments apply as for character 10; we have
scored state 0 for the former and 1 for the latter.

12. SR9: Dorsomedial processes of premaxillae parallel (0); diverging to frame more or
less deltoid fontanelle (1). This character is not applicable when character 10. It is also
inapplicable in Ommatotriton vittatus (therefore Ommatotriton as a whole) and Salaman-
drina, where the processes are too short (state 2 is almost reached, see above).

In the cases where Notophthalmus has visible dorsomedial processes at all ([101]: fig 6A -as
opposed to [57]; see above), it has a rather extreme case of state 1, although the fontanelle
seems to be absent and replaced by paramedian processes of the frontals. We have scored
state 1.

State 0 occurs in Triturus (T.) dobrogicus ([57]: fig 32).

Lissotriton helveticus and L. boscai are polymorphic [40,57,89].

13. SR10: Dorsomedial processes of premaxillae variable but always broad (0); pointed
at their dorsomedial ends (1). This seems to be what was meant by “spike-like” in the origi-
nal, although Cynops has (if anything) state 1 ([49]: plate XX VII; [57]: figs 17, 18), while
Taricha appears to be polymorphic, with T. granulosa having state 0 ([41]: fig 13-3E) but T.
torosa showing state 1 [67].-This character is not applicable when character 10 has state 3.
When Notophthalmus has visible dorsomedial processes at all ([101]: fig 6A)-as opposed to
[57]; see above), it has a rather extreme case of state 1. We have scored that state.

Lissotriton vulgaris has (borderline) state 1 [40,57].

Lissotriton helveticus is polymorphic [40,57].

Ommatotriton has state 1 [40,57].

14. SR11: Premaxillary fontanelle absent (0); short (1); enlarged to long slit (2)
(ordered). This is a potentially continuous character, so we have ordered it. Indeed, it is
continuous enough that we are not quite sure where the boundary between states 1 and 2 is
meant to lie.

Salamandra and Cynops were scored as having state 0. The former has state 1, the latter
states 0 and 1 in different species ([40,57]; [49]: plate XXVII). For Pleurodeles, however, the
scored state 0 is correct [57]; the specimens depicted in [71] and fig 18 of [40] had not
reached full size or skeletal maturity.

[101] figured Notophthalmus as passing from state 2 to state 1 between larval stages I and
III and from state 1 to state 0 between the eft stage and the adult stage. [57] (fig 16), how-
ever, figured an apparently even more mature individual as having state 2. We have accord-
ingly scored Notophthalmus as having states 0 and 2; see above for discussion.

States 1 and 2 are found in Ommatotriton and in Triturus marmoratus [40,57].

Triturus (T.) shows states 1 and sometimes 0 ([40]: fig 42; [57]: 307, figs 31, 32).

Calotriton passes from state 2 in small adults ([57]: fig 1) over state 1 in larger ones ([57]: fig
4) to “occasionally” state 0 in “very old” ones of both Calotriton and Euproctus platycephalus
([57]: 264; our translation; repeated for “old males” in E. platycephalus on page 268). We
have therefore scored both Calotriton and Euproctus as showing state 0.

Taricha torosa has state 2 ([49]: plate XXVII; [67]). In the line drawing of T. granulosa in fig
13-3E of [41], the slit is interrupted by a bony floor in the middle, but we count this as state
2 as well-probably the drawing merely shows the floor formed by the vomers, which is
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present in T. torosa [67].
Lissotriton boscai clearly has states 1 and 2 ([40]: fig 33b; [57]: fig 20; [89]: figs 4-20, 4-21).

Maxilla. 15. SR12-V10-TL3-WQ3: Caudal end of maxilla contacts quadrate or nearly so
(0); lies between quadrate and caudal margin of eye (1); lies rostral to caudal margin of
eye (2) (ordered). V did not distinguish states 1 and 2, SR and TL specified the toothed por-
tion of the maxilla (the teeth are not visible when fossils are preserved in dorsal view). We
accept the entire quadratojugal-quadrate bone as the quadrate for the purpose of scoring
this character.

Salamandra was scored as showing state 0 by all four sources. S. salamandra and arguably S.
atra (separate OTUs in TL, both scored 0) have state 1 [40,57]. We have changed the score
to polymorphism (states 0 and 1) because the drawing of S. “laticeps” does seem to show
state 0 ([21]: plate VIII fig 2 = [4]: fig 16A).

All four sources scored Pleurodeles as possessing state 0. [40,57,71] document state 1
instead, although P. poireti arguably comes close to 0 ([57]: fig 12).

Notophthalmus was scored 0 by SR but 1 by TL and WO. None of these sources provided
any discussion. [101] (fig 6) depicted a borderline condition between states 1 and 2 in an
adult skull (the eye is not shown), [57] (fig 16) showed a condition that seems safer to regard
as state 1; we have settled for state 1.

Similarly, Taricha, scored 0 by TL and WO, was illustrated as having state 1 by [41] (fig 13-
3E; T. granulosa), [49] (plate XXVII; T. torosa), [57] (fig 15; likely T. granulosa) and [67] (T.
torosa).

Cynops has state 2 ([57]: figs 17, 18]-perhaps borderline to state 1 in C. pyrrhogaster (fig 18)
but not in C. wolterstorffi (fig 17).

States 1 and 2 appear to occur in Ommatotriton [40,57].

Lissotriton montandoni appears to have state 1 [57].

Salamandrina terdigitata seems to just barely have state 1, Lissotriton helveticus a little more
clearly so, while Calotriton shows state 2 [40]. Because Salamandrina perspicillata has state
0, however [57], we have scored Salamandrina as polymorphic.

Paramesotriton maolanensis has state 1 [70]; as we have not seen illustrations of any other
P. skulls and TL scored P. deloustali, we have kept the original score of 0 and have assigned
both that state and state 1 to Paramesotriton.

Archaeotriton has state 2 (B).

16. SR13-V11-TL4-WO40: Maxilla and pterygoid in contact (0); nearly in contact (1);
widely separated (2) (ordered). SR did not distinguish states 0 and 1, calling them both 0
without quantifying the difference between the states, while V followed TL and WO in
lumping states 1 and 2, calling them both 0 (1 was “Maxillary—pterygoid joint: present”).
We have arbitrarily chosen the order of SR over that of V, TL and WO.

States 0 and 1 occur in Tylototriton ([8]; page 9 of the supplementary information of [44]).
SR scored Salamandra and Pleurodeles as having state 0. They normally show state 2 and 1,
respectively [40,57], at least under our definitions; Salamandra salamandra (or perhaps S.
infraimmaculata) may, however, be argued to reach state 1 ([53]: fig 2), so we have scored
Salamandra as having states 1 and 2.

Taricha has state 1 [57,67].

Euproctus shows a condition borderline between states 1 and 2 ([49]: plate XXVII); we have
scored this as partial uncertainty.

Cynops has states 1 and 2 [57]. So does Salamandrina [40,57].

States 1 and 2 occur in Ommatotriton [40,57].
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Arguably, Triturus marmoratus has state 1 [40,57].

The same holds for at least some individuals of T. carnifex, while T. ivanbureschi, T. mace-
donicus, T. cristatus and T. dobrogicus have state 2, making T. (T.) polymorphic [40,57,91].
Lissotriton vulgaris vulgaris was shown as having a rather extreme case of state 2 (as origi-
nally scored) by [40] (fig 39), but as possessing state 1 by [57] (fig 25); [57] (fig 24) addition-
ally shows state 1 (a somewhat borderline case) in L. v. graecus (which is sometimes
considered a separate species). Given that the drawings in [57] show longer maxillae, longer
pterygoids and longer squamosal processes on the frontals, and that [57] gave measure-
ments for considerably larger specimens than the one illustrated in [40], we think that the
latter is skeletally immature and have scored state 1 for Lissotriton vulgaris. We have to cau-
tion, however, that the specimens available for [40] were from southern Germany, while the
specimens of the same subspecies used in [57] came from Bosnia and Slovakia.

Lissotriton montandoni and L. italicus have state 1 [57].

Calotriton changes from state 2 to state 0 in ontogeny ([57]: figs 1, 4).

V scored Paramesotriton as having our state 1 or 2, likely following TL who had scored the
rather deeply nested P. deloustali this way. [70] (figs 4, 8), however, showed state 0 in the
similarly deeply nested P. maolanensis and state 1 in the less deeply nested P. caudopuncta-
tus; [75] reported states 0 and 1 in P. longliensis, the sister-group of P. maolanensis [70]. We
have cautiously scored states 0 and 1 for Paramesotriton.

Lissotriton boscai is polymorphic: [40] (fig 33) shows a clear case of state 2, [57] shows a less
clear one, and [89] (fig 4-20) shows a fairly clear case of state 1.

Skull table. 17. SR15: Nasal/frontal suture transversely straight (0); stepped with ante-
rolateral projection of the frontal (1).

Taricha granulosa ([41]: fig 13-3E]) and Archaeotriton (B) have intermediate conditions
that we count as state 1. In Taricha torosa ([49]: plate XXVII; [67]), the process that wedges
between nasal and prefrontal may also count as state 1, although it projects from a rostro-
medial process that wedges between the nasal and the premaxilla.

According to [57] (fig 16), Notophthalmus has state 1; according to [101], the suture is
rather too short for state 1 to be possible. We have scored state 1.

Pleurodeles has state 1, even though the frontals additionally have a shared median projec-
tion ([57]: figs 11, 12). About the same holds for Triturus marmoratus [40,57], T. (T.)
[40,57] and Lissotriton italicus [57].

Both species of Euproctus have state 1 [57]; so do both of the Cynops species illustrated in
[57]. State 1 is further found in Ommatotriton vittatus [57] and to a lesser degree O. ophryti-
cus [40], leading us to score Ommatotriton as possessing state 1 as well.

Polymorphic and mostly borderline in Pachytriton [59].

18. SR18: Frontal flat (0); with anterior depression framing enlarged fontanelle (1). This
is only possible when the fontanelle reaches the level of the frontals and has to be scored as
unknown in all other cases (including both outgroups and all OTUs where SR11 has state
0).

The exception to this is Pleurodeles: it has state 1 when the fontanelle is still present (and
reaches the frontals [71]), and later in ontogeny the depression remains while the fontanelle
closes ([57]: figs 11, 12), so we have kept the score of 1.

State 1 is also present in Taricha ([49]: plate XXVII; [67]) and in Triturus (T.) where appli-
cable (T. carnifex: [57]).
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19. SR20-SR21: Lateral ridge on frontal and prefrontal absent (0); dorsally rounded (1);
with longitudinal groove (2) (ordered). We see no reason to keep these characters sepa-
rate.

Contrary to all other sources about Taricha, [58] (page 8 and Fig 1) called the prefrontals
“lacrimals” and identified additional bones he called “prefrontals” in the snout of T. torosa.
Not only would these “prefrontals” have a unique size and position (far from the orbit mar-
gin!), but the supposed sutures between them and the frontals do not exist in at least one
other specimen [67]. We strongly suspect damage to the specimen used in [58], or even a
misinterpretation of the ridged dermal sculpture. Lacrimals remain unattested in salaman-
drids-or indeed in any extant salamanders except Hynobiidae, Rhyacotriton and Dicampto-
don [41,43,44].

We have assigned state 1 to Archaeotriton and Neurergus, although their ridges end rostrally
before reaching the prefrontal (B, [57]).

20. SR16: Ratio of interorbital width to skull length 0.3 or less (0); 0.31-0.35 (1); 0.36-
0.49 (2); 0.5 or higher (3) (ordered). This is a potentially continuous character, so we have
ordered it.

State 0 was originally called “0.25-0.3”, but in Dicamptodon the ratio is well below 0.25
[104]. Likewise, states 1 and 2 were defined as “0.32-0.35” and “0.37-0.49”, but the values
0.31 and 0.36 occur in our matrix. State 3 is new; the most mature specimen of Brachycor-
mus has a ratio of 0.51 ([4]: fig 20A), the largest skull referred to Chelotriton paradoxus fig-
ured in fig 2as of [29] has 0.54, and MB.Am.45 has 0.78.

Ambystoma shows states 0 and 1 in different species [68,69].

Pleurodeles and Taricha are polymorphic, with P. waltl and T. torosa having state 1 ([57]: fig
11; [67]) but P. poireti and T. granulosa possessing state 2 ([41]: fig 13-3E; [57]: fig 12). The
specimen depicted in fig 15 of [57] likewise has state 2; it is labelled “Diemyctylus torosus”,
but Bolkay appears to have recognized only this single species for all of what is now called
Taricha.

States 1 and 2 are found in Ommatotriton [40,57].

Triturus marmoratus has states 0 and 1 [40,57].

With increasing size, Ichthyosaura alpestris changes from state 2 ([40]: fig 30) over state 1
(borderline between 0 and 1; [57]: fig 27) to state 0 ([57]: fig 28). We have thus scored state
0.

[40,89] show Lissotriton boscai to have opposite ends of the range covered by state 1, while
[57] drew it as having a clear case of state 2. We have accepted both and scored this species
as polymorphic.

21. SR19-V6-TL2-WO2: Frontosquamosal arch absent (wide gap between bones) (0);
narrow gap (1); closed (2) (ordered). V did not distinguish states 1 and 2.

One might think that this character duplicates character 22. Indeed, state 2 does not occur
together with state 22(0); all taxa with 22(0) have therefore been scored as unknown (inap-
plicable) for this character. However, the correlation is not perfect: state 2 occurs together
with 22(1) in some individuals of Neurergus strauchi ([40]; but see below), and state 0 is
found together with 22(2) in? Ichthyosaura randeckensis (SR). We have therefore not
merged the characters.

Pleurodeles waltl appears to change from state 1 in the small specimen scanned in [71] to
state 2 in the larger ones drawn in fig 18 of [40] and especially fig 11 of [57]; we have kept
the latter score, which is also correct for P. poireti ([57]: fig 12).

All three states occur in Euproctus [57,66].

Ommatotriton has states 1 and 2, the latter exclusively in males of O. vittatus ([40]: 63;
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[57]).

Both of these states also occur in Lissotriton montandoni, although state 2 is rare ([57]: 295).
Archaeotriton has state 2 (B).

Calotriton often has states 1 and 2 on different sides of the same individual [57].

Neurergus derjugini [74] and N. kaiseri ([40]: fig 12) have state 0; in N. strauchi, both state 0
([57]: fig 26; probably an immature condition) and state 2 ([40]: fig 15) are documented.
We have scored Neurergus as polymorphic.

Lissotriton boscai has states 2, 1 and (rarely) 0 [40,57,89].

We have scored states 0 and 1 for Pachytriton [59]; state 2 is limited to some individuals of a
rather deeply nested species ([59]; [76]: fig S1).

22. SR17: Posterolateral process of frontal absent (0); more or less triangular (1); robust
(2) (ordered). We have reworded state 1 from “faint and thin” to delimit it more clearly,
leading us to score Ommatotriton, Lissotriton montandoni and L. italicus (thin but long and
not faint) as having state 2. The distinction between states 0 and 1 was uninformative in SR.
Euproctus platycephalus has state 2, E. montanus state 1 [57]. We have scored Euproctus as
possessing both.

“The posterolateral process of frontal [sic], which forms the frontal part of the fronto-squa-
mosal arch, is variably present in recent [= extant] T. marmoratus” [86]. We have therefore
added state 0 to the existing score (1) of Triturus marmoratus, even though [57] (page 303;
our translation) insisted that the processes are “always well developed”.

Triturus cristatus and T. carnifex have state 1, while T. dobrogicus usually has state 0 instead
[40,57]; we have scored both states for T. (T.).

[40] showed state 1 in Lissotriton vulgaris, as originally scored, but figs 24 and 25 of [57]
showed state 2. For the reasons explained above, we have gone with the latter.

Lissotriton boscai has states 1 and 2 [40,57,89].

23. SR22: Combined lateral margin of frontal and parietal concave to gently convex (0)
or markedly convex (1). We have not counted the squamosal process of the frontal and
hope to have decided the borderline cases in a reproducible way-the distinction was not
quantified by SR. A concave shape occurs in Chioglossa ([57]: fig 7).

Pleurodeles is borderline; we have opted for state 1, to which the largest skull depicted in the
literature ([57]: fig 11) comes closest.

Euproctus is polymorphic, with E. montanus having an extreme case of state 0 and E. platy-
cephalus a rather extreme one of state 1 ([57]: figs 5, 6). Similarly, both states occur in differ-
ent species of Cynops [57].

Lissotriton montandoni and L. vulgaris have state 0 ([40]; [57]: figs 23-25).

Across its size range, Ichthyosaura alpestris has state 0 [40,57].

Calotriton has state 1 ([57]: figs 1, 4).

We have scored Carpathotriton as having state 1 ([28]: fig 3A).

24. SR23: Median suture between frontals and parietals straight (0); sigmoidally curved
(1).

Notophthalmus has state 1 [57], as do both species of Euproctus [57], both Salamandra sala-
mandra and S. atra [40,57], Ommatotriton [40], Lissotriton italicus [57], and both Triturus
marmoratus and T. (T.) ([40,57]; SR: fig 3).

25. SR24: Attachment of jaw adductors to frontals and parietals only marginal (0);
extending medially, leaving large parts of parietals unornamented (1). In figures it is
often not clear how the states are supposed to differ, especially when the parietals are unor-
namented to begin with (state 4(0)) and no sharp ridges delineate the dorsal surface from
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the fossa to which the jaw adductors attach; we have generally not modified the scores.
However, such ridges in the form of a crista sagittalis—quite similar to the situation in
Euproctus, which was already scored 1, and Cynops wolterstorffi, where Cynops was already
scored polymorphic-are present in Ambystoma [68,69], Dicamptodon [104] and Calotriton
([57]: fig 4); we have scored them as having state 1.

Notophthalmus ([57]: fig 16) and Taricha ([57]: fig 8; [67]) have state 0.

Paramesotriton maolanensis has state 1, displaying a large sagittal crest ([70]: fig 4); yet, V
scored P. as having ornamented parietals (state 4(1)), implying that no such crest is present.
Given the large diversity of P., we have cautiously scored polymorphism.

26. V8: Parietal at least as long as frontal (0); shorter (1).
Pleurodeles has state 1 [40,57,71].
V scored Triturus as having state 0. Both T. marmoratus and T. (T.) have state 1 [40,57].

27.V9: Parietal/squamosal contact absent (0); present (1).

Ambystoma gracile shows state 0 [68], while A. tigrinum has state 1 [69]; we have scored
Ambystoma as polymorphic.

Tylototriton verrucosus was illustrated as having state 0 in fig 22 of [34] and fig 13 of [57]),
but as having state 1 in fig 1b of [8]; we go with the latter, because it appears to show a more
mature skull (with more caudally located quadratojugal-quadrate bones and better devel-
oped-or at all present—contacts between the latter, the maxillae and the pterygoids).
Pleurodeles is polymorphic, with P. waltl having state 1 [40,57,71], but P. poireti showing
state 0 [57].

Taricha is polymorphic, sometimes between the left and the right side of the same specimen
of T. torosa ([58]: 10, fig 1).

State 1 is present in Echinotriton [8].

The specimen of Euproctus platycephalus drawn in plate XXVII of [49] shows state 0 on the
left and 1 on the right side; the one drawn in fig 5 of [57] shows state 1 on both sides, while
the one of E. montanus shown in fig 6 of [57] has state 0 on both sides. We have scored
Euproctus as polymorphic.

Cynops has state 1 ([57]: figs 17, 18).

Ichthyosaura alpestris was scored 1, but has state 0 according to the drawing in fig 3 of SR.
Triturus marmoratus shows both states in the individual figured in fig 45a of [40].
Calotriton passes from state 0 to an extreme version of state 1 (a very long suture) in ontog-
eny ([57]: figs 1, 4).

Lissotriton helveticus has state 0 ([40]: fig 36; [57]: fig 22).

Archaeotriton has state 0. Note that B used the term “Tympanicum” for the squamosal-fol-
lowing a parochial tradition of salamander research, e.g. [40,49,57]-and, to our knowledge
uniquely, the term “Squamosum” for the exoccipital/opisthotic, even though the squamosal
is a dermal bone while the exoccipital and the opisthotic are endochondral.

Both states occur in Lissotriton boscai [40,57,89] and in Pachytriton [59].

Squamosal, quadrate. 28. V13: Frontal process of squamosal absent or reduced (0);
long (1).

Euproctus is polymorphic ([49]: plate XX VII; [57]: figs 5, 6). So is Lissotriton boscai
[40,57,89].

29. V14: Posterior process of squamosal absent or reduced (0); long (1).
Ambystoma gracile shows state 0 [68], while A. tigrinum has state 1 [69]; we have scored
Ambystoma as polymorphic. Triturus (T.) is polymorphic as well [40,57].
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Ichthyosaura alpestris has state 1 (SR: fig 3; [40]: fig 30; [57]: figs 27, 28).
We have kept the score of 1 for the intermediate condition of Calotriton ([57]: fig 4).

30. V15: Anterolateral process of quadrate: absent (0); present (1).

Palate, braincase. 31. SR 25: Basal plate of parasphenoid offset (0); continuous with cul-
triform process (1). This character was parsimony-uninformative in SR, but is informative
here in that state 0 is shared by Notophthalmus [57], Taricha ([57]; less clearly [67]), Euproc-
tus (weakly, but both species: [57]), Triturus (T.) ([40,57]; [91]: fig 6), Lissotriton montan-
doni [57], L. helveticus and Salamandrina [40] as well as Dicamptodon ([5]: fig 8B; [104])
and some species of Ambystoma (A. gracile: [68]; A. tigrinum: [69]; but not A. maculatum:
[49]: plate XXIII, as “Amblystoma punctatum”).

Arguably, Pleurodeles is polymorphic, showing state 0 in P. waltl but 1 in P. poireti
[40,57,71].

Cynops is polymorphic, with C. pyrrhogaster having state 1 as already scored but C. wolter-
storffi having an extreme case of state 0 ([57]: figs 17, 18).

Lissotriton vulgaris is polymorphic as well ([57]: figs 24, 25).

Neurergus derjugini [74] and N. kaiseri ([40]: fig 12) have state 0; in N. strauchi, both state 0
([40]: fig 15) and state 1 ([57]: fig 26) are documented. We have scored Neurergus as
polymorphic.

32. SR26-V16: Posterior ventral crest of parasphenoid absent (0); present (1). The states
of this character are routinely impossible to distinguish in published line drawings; even
[57], who did not e.g. omit sculpture as many others have done, mentioned “weak longitudi-
nal and transverse crests” on the parasphenoid (“parabasal”) of Calotriton ([57]: 267; our
translation), but only drew longitudinal ones in fig 4.

Ambystoma is polymorphic ([49]: plates XXI, XXITII; [68,69]).

Tylototriton was scored by SR as having state 1, but by V as having state 0. The lightly
shaded drawing in fig 22 B of [34] appears to show state 0, so we have kept that score, but
we caution that the specimen illustrated in [34] appears to be immature (see character 27).

33. SR27: Pterygoid triradiate (0); with quadrate ramus reduced to a stub (1). State 0 con-
tains conditions where the basal process is reduced so that the pterygoid is L-shaped or even
straight.

Both states are found in Ommatotriton and in Lissotriton boscai [40,57,89] as well as in
Pachytriton [59].

34. SR28: Fontanelle between vomers large (0); tiny (1). Unsurprisingly, this is a continu-
ous character; we have considered fontanelles “tiny” when they replace less than about 1/3
the length of the suture between the vomers.

[59,89] called the vomer “prevomer”. This is a remnant of the early 200 century (e.g. [53]:
30 and references therein), when the fused, elongate and very narrow mammalian vomers
were mistaken for the parasphenoid, leading to the erroneous belief that they were not
homologous to the usually much wider and separate vomers seen in other osteichthyans.—
On the homology of the palatines, see [44] and references therein: the palatines, insofar as
they are present at all, are not homologous to any part of salamander vomers (including the
caudal tooth-bearing processes, contra [29] or [14]: 484, 493), and the name “os vomero-
palatinum” [49,57] is misleading.

Although state 0 is retained, we would like to draw attention to the fact that the fontanelle
shrinks strongly in the ontogeny of Pleurodeles waltl (compare fig 11 of [57] with fig 18 of
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[40]).

Ommatotriton and Salamandrina are (borderline) polymorphic [40,57].

Triturus (T.) is polymorphic as well, with state 0 occurring in T. cristatus ([40]: fig 42), in T.
carnifex ([57]: fig 31) and in T. macedonicus ([91]: fig 6), while T. dobrogicus has state 1 to
the extent that the fontanelle can disappear altogether ([57]: 307, fig 32); state 1 is also
found in T. karelinii or T. ivanbureschi ([91]: fig 6).

[57] (figs 20, 23) showed the suture between the vomers to continue caudal to the vomerine
toothrow in Lissotriton boscai and L. montandoni. This disagrees with the drawings of L.
boscai by [40,89]. In both species, we have not included the part caudal to the toothrow in
our measurement, and have scored both as having state 0.

35. SR29: Tooth-bearing caudal process of vomer S-shaped (0); [ -shaped (1); straight,
forming a V with the process of the opposite side (2); transverse (3) (stepmatrix). This
character was parsimony-uninformative in SR, where it contained only states 0 and 2. We
have recoded it to make it informative and encompass the range of shapes seen in the taxon
sample. State 3 is new; it is the plesiomorphic state seen in the outgroups. The states form a
state tree with the new state 1 in the middle; all transitions to or from state 1 take one step,
all others need to pass through state 1 and therefore require two steps.

Salamandra salamandra has state 0, but S. atra shows state 1 instead ([40]; [49]: plate
XXIII; [57]); we have scored both for Salamandra.

State 1 further occurs in Pleurodeles ([57]: figs 11, 12), Euproctus (both species: [57]: figs 5,
6), Ichthyosaura alpestris ([57]: figs 27, 28) and Salamandrina [40,57].

Notophthalmus appears to pass from state 1 ([49]: plate XXVII; [101]) to state 2 ([57]: fig
16) in ontogeny (while the processes increase greatly in length), so we have kept its score of
2.

States 1 and 2 appear to occur in Taricha ([41]: fig 13-3E; [57]: fig 15; [67]) as well as appar-
ently in Triturus marmoratus, Lissotriton helveticus and L. boscai [40,57].

Calotriton passes from state 2 to state 1 in ontogeny ([57]: figs 1, 4); we have scored state 1.
SR scored? Ichthyosaura randeckensis as having our state 1 or 2, but wrote on p. 69 that, of
the entire palate, only the pterygoid is partially visible in the single known skull that is
exposed in dorsal view; this is borne out by their fig 2. We have changed the score to
unknown.

Triturus (T.) spans almost the whole range of shapes known in salamandrids; in particular,
T. (T.) macedonicus has an unambiguous case of state 0 ([91]: fig 6). We have scored poly-
morphism.

Neurergus is polymorphic [40,57,74].

The Enspel and Randeck specimens of Chelotriton are intermediate between states 1 and 2
[29,30]; we have scored partial uncertainty.

36. SR30-V12: Orbitosphenoid without posterodorsal extension (0); with small exten-
sion (1); with large extension (2) (ordered). This is a potentially continuous character, so
we have ordered it.

37. SR31: Jaw articulation near posterior margin of parasphenoid or caudal to it (0);
level with carotid openings (1); anterior to basipterygoid ramus (2) (ordered). This is a
potentially continuous character, so we have ordered it. The addition of “or caudal to it” to
state 0 is made necessary by Dicamptodon [104] and MB.Am.45.

Triturus marmoratus appears to have state 1 [40,57].

The margins of the parasphenoid are so badly visible in the tiny photo that is fig 4 of [70]
that we can only score partial uncertainty between states 1 and 2 for Paramesotriton.
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38. SR33-V19-TL6-WO5: Operculum composed of bone or mineralized cartilage (0) or
of unmineralized cartilage (1).

Taricha has state 1 ([58]: 17; [67]).

We count the “partially mineralized plate” of Pachytriton ([59]: 89) as state 0.

Lower jaw. 39. V17: Dentary tooth row: long (0); at most about half the total length of
the dentary (1).

Hyobranchial skeleton. The hyobranchial characters describe the metamorphosed hyo-
branchium; paedomorphic hyobranchia (Brachycormus, Chelotriton) are scored as unknown.

40. TL28-WO17: First basibranchial: bone (0); mineralized cartilage (1); unmineralized
cartilage (2) (ordered). Cartilage commonly mineralizes before it is replaced by bone,
therefore we have ordered this character.

TL assigned state 0 to Dicamptodon and state 1 to Taricha. In the metamorphosed speci-
mens imaged by [67,104], however, the first basibranchial is entirely invisible, suggesting
unmineralized cartilage and thus state 2. [58] (page 21) confirmed cartilage (state 2 or per-
haps 1) for Taricha, but said that [77] had “reported some ossification”; rather than scoring
states 0 and 2 for Taricha based on a source we have not seen, we speculate that [77] may
have observed mineralizing cartilage instead of bone and have scored Taricha as having
states 1 and 2.

41. V24-TL23-WO13: Second basibranchial present (0); rudimentary (1); absent (2)
(ordered). This is a potentially continuous character, so we have ordered it.

According to OW (page 100), Euproctus has states 1 and 2, while only state 2 is known from
Calotriton.

42. V28-TL29-WO18: First hypobranchial cartilaginous (0); bony (1). Our sources called
it a ceratobranchial.
Archaeotriton has state 1 (B).

43. TL31-WO19: Second hypobranchial: bone (0); partially mineralized cartilage (1);
unmineralized cartilage (2) (ordered). Our sources called this element a ceratobranchial.
Cartilage commonly mineralizes before it is replaced by bone, therefore we have ordered
this character.

TL assigned state 0 to Ambystoma, Dicamptodon and Pleurodeles. These taxa have state 2, 1
and 2 instead, respectively [68,69,71,104], as correctly scored by wO.

TL and WO both assigned state 1 to Taricha. [67] shows state 2.

Following OW (page 101), we have scored states 0 and 2 for Euproctus.

Paramesotriton maolanensis has state 0; this is an autapomorphy of this deeply nested spe-
cies [70], so we have kept the score of 2 for the large clade Paramesotriton.

44. TL32-W020: Ceratohyal: partially ossified (0); entirely unmineralized cartilage (1).
Other states appear not to be attested.

45, V25-TL24-WO14: One ceratobranchial present (0); all absent (1). All of our sources
called it an epibranchial.-The presence of more than one ceratobranchial is not known to
occur in metamorphosed salamanders other than hynobiids; we have scored Chelotriton
(two ossified ceratobranchials) and Brachycormus (four) as unknown.
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46. TL25-W(O39: Ceratobranchials shorter (0) or longer (1) than hypobranchials. TL and
WO spoke of “epi-” and “ceratobranchials”.

47.V26-V27-TL26-TL27-WO15-WO16: Two pairs of radii (0); single pair without inter-
radial cartilage (1); single pair with small interradial cartilage (2); single pair with large
interradial cartilage (3) (ordered). Our sources kept the number of pairs of radii and the
presence/size of the interradial cartilage separate characters, but WO (page 126; see also
OW) stated: “The interradial cartilage is a functionally significant element found only in
forms that have lost the first pair of radii.” The matrices of V and TL do not contradict this
statement. We have accordingly merged these characters.—State 2 is limited to Taricha;
because the character is ordered, state 2 is nonetheless informative.

Taricha was scored as having our state 2 by WO and, as specifically T. granulosa, by TL; this
was stated to be the case and illustrated by OW (page 99, figs 3A, 3B), explicitly contradict-
ing [49] who had illustrated state O for T. torosa in plate XXIV fig 91. (Taricha was absent
from V’s matrix.) [58], however, reported on page 22 that different individuals of T. torosa
have two (as in [58]: fig 16) or one pair of radii; he did not mention the interradial cartilage.
We have scored Taricha as having states 0 and 2.

Hyobranchial musculature, tongue. 48. V29-TL34-W023: M. rectus cervicis profundus
inserts via a single head (0) or several (1).

49. TL35-W(O24: Number of myocommata in the M. rectus cervicis profundus: 3 (0); 1
(1); 0 (2) (ordered). We have ordered this character because it is potentially meristic.

50. V30-TL36-W(25: M. hebosteypsiloideus more (0) or less (1) differentiated.

51. V31-TL37-W(26: M. inter ossa quadrata: all fibers fall short of the raphe (0); a few
fibers extend to the medial raphe (1); the muscle is well developed (2) (ordered). V
dropped state 1, because he did not sample any taxa that showed this state. We have ordered
this meristic character.

52. OW1: M. subarcualis rectus I “rather delicate” (0); “weakest” among those with
“increased strength” (1); stronger (2) (ordered). A potentially continuous character. “The
muscle is rather delicate in the species of Salamandra, Chioglossa, and Salamandrina [. . .]
The muscle is rather delicate in both Pleurodeles and Tylototriton. [. . .] Increased strength
characterizes the muscle of the remaining genera. The subarcualis rectus I is weakest in
Paramesotriton and strongest in Hypselotriton and Pachytriton among these genera.” (OW:
108)-While the latter two are fully aquatic, Paramesotriton is not much less so, indicating to
us that states 1 and 2 may not be fully correlated to a more aquatic lifestyle than seen in the
taxa that have state 0.

Because Hypselotriton is part of our Cynops OTU, using the “strongest” condition as a sepa-
rate state would not have been parsimony-informative, so we have not separated it from
state 2. State 2 occurs in those of our OTUs that OW (page 92) dissected, OTUs not men-
tioned there are scored as unknown.

53. V33-TL42-W(32: Mm. geniohyoideus and genioglossus unconnected (0); attached
by dense connective tissue at anterior ends of ceratohyals (1).

Taricha was scored 1. It seems to have state 0 ([58]: 35, 37, figs 13, 14, 16).

TL (page 151) coded the condition of Pachytriton, “the connection [. . .] present but the gen-
ioglossus undifferentiated”, as a separate state. We would prefer to treat the differentiation
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of the M. genioglossus as a separate (and parsimony-uninformative) character; given that
the connection is present, we have scored state 1 for Pachytriton.

54. TL39-WQO28: M. basiradialis “rather small and weak to relatively well developed” (0);
“very well developed and strong” (1) (quotes from WO: 127). We suspect that quantifying
this character would have revealed more distinguishable states and thus more phylogenetic
signal-we had no choice but to copy the scores of TL, which limit state 1 to Salamandrina
and Chioglossa, while the condition is unknown in the outgroups.

55. TL45-WO35: Mm. radioglossus and hyoglossus represented by a single, undifferenti-
ated, unpaired muscle (0); two well-differentiated, well-developed muscles (1); a single
hyoglossus and paired radioglossus (2); both greatly reduced (3) (unordered). Even
among the first three states, no sequence for ordering is evident, so we have kept this charac-
ter unordered.

56. V34-TL44-W(34: M. rectus cervicis profundus inserts neither on the first basibran-
chial nor on the radii (0); on the caudal part of the first basibranchial (1); on both the
first basibranchial and the radii (2) (ordered). This seems like a clear meristic character,
so we have ordered it.

57. TL47-W(O37: M. subhyoideus not (0) attached to mandible (1). TL and WO distin-
guished two modes of attachment, but one is an uninformative autapomorphy of Chio-
glossa.

Taricha is polymorphic ([58]: 34).

58. TL38-W(27: Tongue without (0) or with (1) free caudal margins; large, free caudal
flap (2) (ordered). We have ordered this potentially continuous character. The original
state 1 (“lack of differentiated tongue pad”) is a parsimony-uninformative autapomorphy of
Pachytriton, which we prefer to score as unknown (inapplicable).

Postcranial skeleton

Vertebrae. 59. SR34-V35: Atlas centrum not shorter than trunk vertebrae (0) or much
shorter (1). SR34 was parsimony-uninformative because state 0 was restricted to Salaman-
dra. State 0 is also present in Ambystoma [69], Taricha ([58]: fig 2; [67]), Salamandrina (V)
and Archaeotriton (B).

60. YZ1-YZ4: Cranial end of neural spine at cranial border of neural arch (0); between
cranial border of neural arch and caudal margin of articular surfaces of prezygapo-
physes (1); at same level or caudal to caudal margin of articular surfaces of prezygapo-
physes (2) (ordered). YZ treated this clearly continuous character as two binary ones.—All
vertebral characters concern the sixth presacral (YZ); when that particular vertebra is not
(or not certainly) available, we have used information from other mid-trunk vertebrae, even
the unspecified trunk vertebrae drawn in [40], but we have generally tried not to stray too
far from the sixth presacral.

Neurergus kaiseri has state 2, N. strauchi state 1 ([40]: figs 14, 17); because YZ, who scored
state 0 for Neurergus, scored another species (probably N. crocatus: YZ: 133, fig 1.5), we
have scored Neurergus as possessing all three states.

61. YZ2-YZ3: Mediolateral width of neural crest similar along its craniocaudal length,
not broadened into a spine table (0); much wider along a line between the diapophyses
than cranial to the diapophyses, but dorsal surface not sculptured (1); dorsal surface
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sculptured (2) (ordered). In the original, these two characters are exact duplicates of each
other (they have the same states in the same taxa), but sculpture is absent (our state 1) on
the spine tables of Notophthalmus, Salamandrina and Neurergus? crocatus according to
YZ’s own fig 1 (confirmed for Salamandrina by [4]: fig 17F; [40]: 48, fig 29). B (page 271)
further explicitly reported state 1 in Archaeotriton, and [4] (fig 21D) showed state 1 in Lisso-
triton montandoni; arguably, it also occurs in Ambystoma gracile [68], though not in A.
tigrinum (which has state 0) [69]. Because sculpture does not occur when the neural spine
or crest is not broadened into a spine table, we have merged the characters; we have ordered
the resulting character because spine tables occur without sculpture but sculpture does not
occur without spine tables.

This character seems to be subject to considerable regional and/or ontogenetic variation. YZ
scored and illustrated (YZ: fig 1.3) state 1 for the specimen of Cynops pyrrhogaster they had
examined; V (fig 10G) showed state 2 in another specimen. Conversely, V (fig 10A) showed
state 0 in a specimen of Taricha granulosa; YZ examined that same specimen and another,
and illustrated and scored state 2! We have assigned state 2 to both Cynops and Taricha in
order to avoid scoring skeletally immature individuals.

Neurergus kaiseri and N. strauchi have state 0 ([40]: figs 14, 17); because YZ scored another
species (probably N. crocatus) (YZ: 133, fig 1.5), we have scored Neurergus as possessing
states 0 and 1.

62. YZ5: Neural spine height at tallest point of caudal half < 0.35 times maximum verte-
bral length (0); > 0.35 times (1).

63. YZ6: Cranial edge of neural spine approximately vertical (parallel to dorsoventral
axis) (0); clearly inclined cranioventrally to caudodorsally (1).

Ommatotriton ophryticus has state 1 according to [40] (fig 50), but state 0 according to [78]
(fig 13); the two drawings, as well as the accompanying descriptions, differ drastically in this
character and the next, while being largely identical otherwise. Neither source states the
ontogenetic age of the individual or the position of the illustrated vertebra in the column;
our only choice is to accept both. YZ scored O. vittatus, of which we have not seen an illus-
tration, as having state 0; we have scored Ommatotriton as polymorphic.

Triturus karelinii, and thus T. (T.), is polymorphic ([78]: fig 9).

Neurergus kaiseri may have state 1 as scored for Neurergus ([40]: fig 14), but N. strauchi
clearly has state 0 ([40]: fig 17). We have scored polymorphism.

“Triturus” roehrsi is apparently polymorphic ([33]: fig 25; [86]: figs 27, 28).

We have counted the overhang of the referred Koalliella specimen depicted in fig 22D of [4]
as state 0. Under the assumption that the referral is correct, we have ignored the lectotype
([4]: fig 22C) for the purpose of scoring this character, because it seems generally less
mature—although it is considerably larger, making regional or indeed taxonomic variation
an additional possibility.

64. YZ7: Dorsal edge (or spine table) of caudal half of neural spine horizontal (0) or not
(1).

Ommatotriton ophryticus has state 1 according to [40] (fig 50), but state 0 according to [78]
(fig 13); the two drawings, as well as the accompanying descriptions, differ drastically in this
character and the preceding one, while being largely identical otherwise. Neither source
states the ontogenetic age of the individual nor the position of the illustrated vertebra in the
column; our only choice is to accept both. YZ scored O. vittatus, of which we have not seen
an illustration, as having state 0; we have scored Ommatotriton as polymorphic.

Triturus karelinii, and thus T. (T.), is polymorphic as well ([78]: fig 9).
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65. YZ8: Cranial edge of neural arch in the midline (“neural arch notch”) cranial (0) or
caudal (1) to centres of articular surfaces of prezygapophyses.

Ommatotriton ophryticus has state 1 ([40]: fig 50; [78]); because we have not seen an illus-
tration of O. vittatus (scored as having state 0 by YZ), we have scored Ommatotriton as
polymorphic.

Triturus (T.) is polymorphic ([78]: figs 7-9).

66. YZ10: Articular surfaces of diapophysis clearly larger than that of parapophysis (0);
similar in size (1); clearly smaller (2) (ordered). Strikingly, YZ treated 0 and 2 as the same
state.—~We have ordered this continuous character.

67.YZ11: Caudal end of dorsal lateral crest dorsal to diapophysis (0); at same level (1);
ventral to diapophysis (2) (ordered). We had to change the order of the states so we could
order this clearly continuous character.

68. YZ12: Notch between diapophysis and parapophysis present (0); absent (1).

69. YZ13: Diapophyses or parapophyses extend laterally beyond a line along the lateral
edges of the zygapophyses by < 16.5% (0); 16.5%-22.5% (1); > 22.5% of the maximum
width between any zygapophyses (2) (ordered). A continuous character.

Ommatotriton ophryticus has state 0 according to ([40]: fig 50). The asymmetric vertebra
illustrated in fig 13B of [78] has state 0 on the left but state 2 on the right side; the ostensibly
same but symmetric vertebra in fig 13A of [78] has state 1 on both sides. We have not seen
an illustration of O. vittatus (scored as having state 1 by YZ), but have scored Ommatotriton
as having all three states.

We have assigned state 2 to MB.Am.45; zygapophyses are not visible, but very long rib-bear-
ers are.

70. YZ14: Ventral curvature of centrum: concavity does not (0) or does (1) reach or
exceed half of cotyle height.

Ommatotriton ophryticus has state 0 according to [40] (fig 50), but state 1 according to [78]
(fig 13). We have not seen an illustration of O. vittatus (scored as having state 1 by YZ), but
have scored Ommatotriton as polymorphic.

Strong curvature may be absent in Triturus cristatus ([78]: fig 7), as originally scored, but
not in T. dobrogicus or T. karelinii ([78]: figs 8, 9); we have scored T. (T.) as polymorphic.
We have scored Pachytriton as polymorphic as well: YZ illustrated and scored state 1 for the
7th presacral vertebra of P. brevipes, while [59] illustrated a clear case of state 0 (almost no
concavity at all) for the 9" presacral of the same species.

Koalliella is polymorphic, assuming that the referred specimens really belong to it ([4]: fig
22).

Ribs. 71.SR35: Trunk ribs are short rods (0); as long as three vertebral centra (1).

The lost skeleton of Salamandra “laticeps” (cautiously referred to S. sansaniensis by [4]) had
state 1 (the ribs are at least as long as four centra; [21]: plate VIII fig 2 = [4]: fig 16A). We
have therefore scored Salamandra as polymorphic.

72. TL10-WQO6: Caudal ribs present (0); absent (1). TL and WO called the ribs “caudosa-
cral”, but neither these ribs nor their vertebrae participate in any kind of sacrum; such ribs
on proximal caudal vertebrae are called “caudal” in other tetrapods sensu lato (e.g. [79]).
We have not counted the usually present, mobile and free rib pair of the “second sacral”
(first caudal) vertebra which is commonly present when other caudal ribs are absent [66].
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TL scored Ambystoma as unknown. [69] showed clearly that caudal ribs are absent (state 1)
at least in A. tigrinum, confirming the score for Ambystoma in [44].

TL also scored Dicamptodon as unknown, while [44] scored it as having our state 1. We
have gone with the latter for the time being.

[44] also scored our state 1 for Tylototriton, directly contradicting TL. Because [44] cited
descriptions of the skeleton of two species of T. that were published long after TL, we have
accepted this score. This restricts state 0 to Pleurodeles and Salamandrina.

Appendicular skeleton. 73. SR36: Ilium slender with elongated shaft (0); stout with
short and broadened shaft (1).

74. SR38: Four or more ossified tarsals per foot (0); three or fewer (1). Ossification was
not specified in the original, but must have been meant.

Soft anatomy

General. 75. TL46-WO36: M. depressor mandibulae: two heads (0); one head (1).
Within our state 0, TL and WO distinguished the condition of Salamandrina (a skeletal and
a cutaneous head) from that in Salamandrinae (two skeletal heads), but no sequence for
ordering is evident, so the condition of Salamandrina would be parsimony-uninformative.
Assuming that the two heads are homologous between Salamandrina and Salamandrinae,
which seems quite likely from OW (Fig 7), we have merged the states found in these taxa.

76. OW2: M. depressor mandibulae “somewhat weaker” (0); “large and strong” (1);
“very strong” (2) (ordered). This potentially continuous character is only applicable when
this muscle has a single head (state 75(1)). “The muscle is very strong in Pleurodeles and
Tylototriton [. . .]. The muscle is large and strong in Paramesotriton, Hypselotriton, and
Pachytriton, and somewhat weaker in the other genera.” Following this statement from OW
(page 105), we have scored this character for the taxa they treated; “Tylototriton” of OW
included Echinotriton (they dissected both: OW: 92), and Hypselotriton is part of our
Cynops OTU, which thus has states 0 and 1.

77. OW3: Single head of M. depressor mandibulae: narrow (0); wide (1). This, too, refers
to state 75(1), and it, too, is scored after OW (page 105): “The muscle [. . .] in Pleurodeles
and Tylototriton [. . .] with narrow origins [. ..] Triturus, Paramesotriton, and Pachytriton
have a depressor mandibulae with a narrow origin [. . .]. Euproctus, Notophthalmus, Neurer-
gus, Taricha, Cynops, and Hypselotriton have a triangular muscle with a broader origin.” For
the compositions of these taxa we have again relied on their list of dissected species (OW:
92).

78. V32-TL40-WO30: Mm. recti abdominis profundus and superficialis differentiated
and separate (0); not distinct (1).

79. V20-TL8-WOS8: Lungs well developed (0); weakly developed or absent (1).

80. V21-TL9-WQ9: Skin smooth (0); rough or keratinized on at least part of the body in
some ontogenetic stages (1). This character was parsimony-uninformative before we
added Ambystoma (which shares state 0 with Salamandra).

State 0 is present in Paramesotriton maolanensis, but not any other species of P.; given the
deeply nested position of P. maolanensis, this is clearly an autapomorphy, and P. is ances-
trally rough [70]. We have kept the score of 1.
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81. GB34: Spur on the hindlimbs of adult males in the breeding season: present (0);
absent (1). Without further commenting on this character, GB (tables I, II) ascribed state 0
to Tylototriton, “Euproctus”, “Triturus”, Neurergus, Notophthalmus, Taricha, and Hypselo-
triton (part of our Cynops OTU), leaving state 1 to Cynops sensu stricto, Paramesotriton and
Pachytriton. While state 0 is correct for Euproctus, Calotriton has state 1 [66]. We have
scored polymorphism for Cynops. It is not at all clear which species of “Triturus” GB used
to score this character; we have assumed that all species they used for their analysis of the
phylogeny of “Triturus” have state 0, namely Ommatotriton, both of our Triturus OTUs, all

five of our Lissotriton OTUs, and Ichthyosaura alpestris (GB: table V).

82. TL13-WO10: Eggs “small” (0); “medium” (1); “large” (2) (ordered). WO did not
define these terms; with one exception, we have adopted their scores without changes or
additions (other than those made by TL), except for ordering this potentially continuous
character. The exception is Echinotriton: [8] (pages 324-325) called its eggs “large”, adding
that they are deposited singly and on land, contrasting them with those of Tylototriton,
which they called “small” and which were so scored by TL and WO. This description makes
state 2 more likely than 1 for Echinotriton.

[80] (Table 1) published the egg diameters of several salamandrid species. Frustratingly,
these data correlate very poorly with the scores of TL and WO. We speculate that this char-
acter is meant to give some idea of the ratio of adult size to egg size. Rather than compiling
different measures of adult size (snout-vent length, mass. . .) and comparing them to the egg
size data of [80], we have ignored the latter, except for further confirmation that the eggs of
Echinotriton (E. chinhaiensis: 3.4 mm [80]) most likely count as “large”.

Cloaca. 83.V22-TL18: Epidermal lining in anterior half of female cloacal chamber:
present (0); absent (1).

84. V23-TL19: Pseudopenis absent (0); present (1).

Both states are found in Euproctus [66].

TL and V scored state 1 for Calotriton, and indeed state 1 is explicitly stated to be present
and illustrated by their source ([65]: 238-239, fig 10D). In spite of this, [66] (page 577) listed
“the presence of a conspicuous pseudopenis” among the features that distinguish Euproctus
montanus from Calotriton. We conclude that [66] merely did not think the pseudopenis of
Calotriton was “conspicuous”; we have kept the score of 1 for it.

85. TL17-TL18: Cranial half of cloacal chamber lined with ciliated mucosa (0); unciliated
mucosa (1); keratinized epidermis (2) (ordered). As the original source of this character
[65] made clear, states 0 and 2 are extremes in a potentially continuous series; keratinized
epidermis cannot bear cilia, and ciliated mucosa cannot be keratinized.

Note that the original description of character TL17 (TL: page 150: absence of cilia ascribed
to Calotriton and Salamandra) and the original scores of the same character (TL: page 129:
state 1 —absence of cilia-scored for Triturus (T.) karelinii and Lyciasalamandra, with Neur-
ergus and Mertensiella scored unknown and all other OTUs given state 0) contradict both
each other and the statements by both of the cited sources: “Ciliated epithelium in the cloa-
cal tube and/or anterior cloacal chamber of females” occurs in Lyciasalamandra, Pleurodeles
and Salamandrina according to [64] (pages 172-173), while “I did not find cilia in females
from the other nine genera examined”; [65] (page 233) repeated that cilia anywhere in the
cloaca occur in Lyciasalamandra, Pleurodeles and Salamandrina, not mentioning any taxa
as lacking cilia (except by stating that the “small cloacal chamber of E. asper [= Calotriton]

is entirely lined with epidermis”). It has not escaped our attention that, in the matrix of TL
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(page 129), T. (T.) karelinii is one line below Calotriton, while Lyciasalamandra is one line
above Salamandra atra (and two above S. salamandra, which is scored wholly identically to
S. atra); maybe TL put the intended score into the wrong line twice. Similarly, the comments
on character TL17, including the statements about [64,65], are correct for TL18.

We have scored state 0 for Pleurodeles and Salamandrina (Lyciasalamandra is absent from
our matrix) as well as for Ambystoma and Dicamptodon ([64]: Table 2), state 2 for Salaman-
dra, Euproctus and Calotriton, and state 1 for Tylototriton, Notophthalmus, Taricha, Cynops,
Triturus (Triturus), Lissotriton vulgaris, L. boscai, Ichthyosaura, Paramesotriton, Pachytriton
and Chioglossa because [65] (Table 1) examined specimens of them, and tentatively also for
Neurergus because [64] (Table 1) cited a reference that described the anatomy of the female
cloaca.

86. TL20: Female cranioventral glands present (0); absent (1).
87. TL21: Tubular glands secreting into caudal angle of cloaca absent (0); present (1).
88. TL22: Male posterior ventral glands present (0); absent (1).

Reproductive behavior

89. TL14-HA1: No amplexus (0); ventral amplexus (1); dorsal amplexus (2); restraint of
the female by the male using tail, hind limbs and jaws (3) (unordered). No evolutionary
scenario is evident to us, so we have kept this character unordered.-State 3 is found in both
Euproctus and Calotriton ([66]: 569, 571).

Salamandra, which is polymorphic with states 1 and 2 (dorsal capture followed by ventral
amplexus), Ommatotriton, Lissotriton (all extant species) and Triturus marmoratus, all of
which have state 0, Paramesotriton, which is polymorphic with states 0 and apparently 3,
and Chioglossa, which has state 1, are scored after [81]; Neurergus and by implication Pachy-
triton have state 0 according to [82]. Many of these, including state 0 for Pachytriton, are
confirmed by HA, who also showed that Salamandra has states 1 and 2 while Notophthal-
mus shows states 2 and 0.

States 0 and 2 are found in different species of Ambystoma (TL, HA); however, the phyloge-
netic tree in [2] confirms the conclusion by HA that state 0 is plesiomorphic for the clade.
We have therefore scored Ambystoma as possessing state 0 only.

90. HA2: Sperm deposition: under female’s cloaca (0); in front of female’s snout (1); else-
where (2) (unordered). In an additional state, “the spermatophore is deposited directly on
or near the female’s cloaca”-apparently always on the female’s body rather than the bot-
tom-after which it “is massaged into the female’s cloaca by the male’s hind feet” (HA: 398).
This occurs only in Euproctus and Calotriton [66], thus only together with state 89(3), and
is presumably impossible with all other states of character 89; in particular, in ventral
amplexus, the ventral side of the female faces the dorsal side of the male, dorsal amplexus
creates the inverse problem, and absence of amplexus would make direct sperm transfer dif-
ficult-at least in water. We have therefore scored Euproctus and Calotriton as inapplicable
(“unknown”).

“Dicamptodon courtship has not been observed. All that we know of courtship is that many
spermatophores are deposited and that these resemble the spermatophores of Ambystoma
(R. Nussbaum, personal communication)” (HA: 409). This excludes state 0 and makes state
1 quite unlikely; we have accordingly scored Dicamptodon as having state 2.
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HA reported that states 0 and 2 occur in different Tylototriton species, but unfortunately
did not mention any species by name. Being unable to reconstruct the ancestral state for T.,
we have scored T. as having both of these states.

Neurergus and “all species of Triturus”-meaning T. (T.), T. marmoratus, Ommatotriton and
all species of Lissotriton-are scored after [82] (the quote is from the abstract). For Neurer-
gus, this agrees with the text of HA, but not with their table 10.2, which evidently contains
an error.

91. HA3-AS15: Sperm transfer: cloaca-nudging or tail-nudging walk (0); male turns 90°
to brake female (1); pinwheel (2) (ordered). This character is inapplicable when deposition
equals transfer, which is the case for taxa with states 89(3) and 90(0).

State 0 as well as a different one—“courtship frenzies”-are found in different species of
Ambystoma (HA: 408); the phylogenetic tree in [2] confirms the conclusion by HA that
state 0 (cloaca-nudging walk, as opposed to tail-nudging in Cynops, Paramesotriton and
Pachytriton) is plesiomorphic for the clade. We have therefore scored Ambystoma as pos-
sessing state 0 only.

The fine-tuned choreography of state 2 is unlikely for Dicamptodon (see character 90); we
have accordingly scored partial uncertainty between states 0 and 1.

Neurergus has state 1 and additionally engages in a tail-nudging walk before spermatophore
deposition [82]; this is not state 0 of the present character, agreeing with the text of HA, but
not with their table 10.2. We have scored state 1 only.

92. HA4-AS1-AS3-AS4: Tail-fanning display absent (0); “abbreviated” (1); present, not
“abbreviated” (2); fanning and flicking (3); fanning and whipping (4); whipping only (5)
(ordered). Apparently inapplicable to Euproctus and Calotriton (HA: 403). HA described
states 0 to 2 (mentioning but not quantifying state 1), AS described states 2 to 5 and tenta-
tively suggested the ordering sequence. HA (fig 10.8A) illustrated a behavior they called
“tail-fanning display” in Triturus (T.) cristatus, while AS and [81] stated that tail-fanning is
absent in T. (T.) cristatus; judging from AS, the behavior shown is “rocking”/“tail-snapping”
(character AS3) and probably not homologous to fanning.

93. AS2-AS5-AS6: Side-on display: absent (0); wave posture (1); lean-in display with cat-
buckle posture (2); cat-buckle posture also occurs outside of lean-in display (3)
(ordered). AS did not suggest the ordering of states 0 to 2, but the lean-in display seems to
consist of the wave posture with additions and without subtractions (AS: 652-653).-Most
likely inapplicable to Euproctus and Calotriton.

94. AS7: Rocking/tail-snapping absent (0); present (1). Most likely inapplicable to Euproc-
tus and Calotriton.

95. AS10-AS12: Wiggling of upwards-bent tail tip (“distal lure”) absent (0); present (1);
present, additionally combined with flamenco (2) (ordered). The homology of the fla-
menco is somewhat speculative; we have followed AS in not including the posture some-
times seen in Triturus marmoratus, where the tail tip does not move.-Most likely
inapplicable to Euproctus and Calotriton.

96. AS11: Retreat display absent or rare (0); common (1). Retreat display can be difficult
to recognize, so it may have been overlooked in many species where it is not common (AS:
655); we have evaded this problem by not distinguishing rare occurrences from absence.-
Most likely inapplicable to Euproctus and Calotriton.
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97. AS16: Pushback: absent (0); present (1). This is only applicable to taxa with state HA3
(1).

Geographic distribution

98. New character: Geographic distribution: North America (0); Europe, Mediterranean,
Iran (1); eastern Asia (2) (unordered). Different orderings would be appropriate for the
Paleogene (1-0-2) and the Neogene (1-2-0), and yet another order (0-1-2) would be neces-
sary for dispersal processes that, say, began in the Eocene and were completed in the Mio-
cene; we have simplified this by making this character unordered.

Excluded characters

These characters occur in our sources, but are parsimony-uninformative for our taxon sample.
To this list we have added a new character that was a promising candidate for inclusion but
turned out to be parsimony-uninformative as well.

SR32-V18: Prearticular-angular not (0) fused (1) with articular. In both SR and V, this
character was parsimony-uninformative (ignoring the hypothetical all-zero outgroup in V),
with state 0 being restricted to Salamandra. [44] (page 12 of the supplementary information)
reported that state 1 of this character, identical to state 1 of their character 29, is found in
Dicamptodon (in the cases where the articular ossifies at all, which is not common ([104]: com-
ments on the sagittal cutaway view), and that Ambystoma is polymorphic. With state 0 being
limited to Salamandra (part of the ingroup) and part of Ambystoma (itself part of the out-
group, together with Dicamptodon), this character is parsimony-uninformative for the current
taxon sample.

SR37: Neural spines low and posterodorsally ascending (0); tall with thin crest forming
straight horizontal dorsal margin (1). This character was an attempt to express the variation
coded in characters 62-64, which vary (to some degree) independently of each other: for
instance, Cynops pyrrhogaster has tall, thin, posterodorsally ascending neural spines that have a
horizontal posterodorsal margin (B: fig 9).

TL7-WO?7: Fifth toe present (0); absent (1). As TL stated on page 149, state 1 is restricted
to Salamandrina, making the character parsimony-uninformative.

TL11-WO29: Rib protrusion absent (0); present (1). As TL stated on page 149, state 1 is
restricted to Pleurodeles in their taxon sample, making the character parsimony-uninformative
there. In our expanded sample, rib protrusion occurs in Echinotriton [8,45]. However, rib pro-
trusion requires long ribs; this character is therefore inapplicable to taxa with state 70(0). (Sala-
mandrina has ribs of intermediate length—claims of rib protrusion have turned out to be false:
[8]; TL: 149.) Furthermore, as a behavioral/soft-tissue character, it is only applicable to extant
taxa (absent histological investigations of rib tips that might reveal muscle attachments and
thus state 0). This leaves only Pleurodeles, Echinotriton and Tylototriton; the first two have state
1, making state 0 an autapomorphy of Tylototriton [8]-the character is parsimony-uninforma-
tive after all.

TL12: Cutaneous papilla projecting dorsally over base of tail absent (0); present (1). TL
scored state 1 only for Mertensiella and Lyciasalamandra, both absent from our matrix. HA
(page 398), contradicting TL, claimed state 1 also for Salamandras; if this is correct, state 1
would be an autapomorphy of S. in our matrix, so the character would still be parsimony-
uninformative.
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TL15: Oviparity (0); ovoviviparity (1). State 1 occurs in Mertensiella, Lyciasalamandra and
Salamandra; with the first two absent from our matrix, the character becomes parsimony-
uninformative.

TL16: Dorsal glands in male cloaca not (0) bifurcated (1). State 1 is limited to Lyciasala-
mandra and Salamandra, making the character parsimony-uninformative in our matrix.

TL30-WO21: First hypobranchial does not (0) extend beyond caudal tip of second hypo-
branchial (1). As TL stated on page 150, state 1 is restricted to Chioglossa, making the charac-
ter parsimony-uninformative.

TL33-WO22: Distinct lengthening loop of M. rectus cervicis profundus absent (0); pres-
ent (1). As TL stated on page 150, state 1 is restricted to Salamandrina, making the character
parsimony-uninformative.

TL41-WO31: Medial fibers of M. genioglossus inserting near tips of ceratohyals (0);
medial fibers absent, lateral fibers well developed (1). State 1 is limited to Mertensiella, Lycia-
salamandra and Salamandra, making the character parsimony-uninformative in our matrix.

TL48-W(O38: M. interradialis well developed (0); not well developed (1); absent (2)
(ordered). We would thus have exchanged states 0 and 1 compared to our sources so as to be
able to order this potentially continuous character.-Our state 0 is limited to Salamandrina,
making this state uninformative. State 2 is limited to Mertensiella, Lyciasalamandra and Sala-
mandra, making the character wholly parsimony-uninformative in our matrix.

YZ9: Zygosphene and zygantrum absent (0); present (1). Among salamandrids, state 1
occurs only in Salamandrina and in Chelotriton pliocenicus, which is not included in this
matrix; the character is therefore uninformative.

AS13: Creep present. No other state occurs in the original sample, or probably in any sala-
manders with internal but not direct fertilization; the character is thus parsimony-
uninformative.

AS14: Tail-touching present. No other state occurs in the original sample, or probably in
any salamanders with internal but not direct fertilization; the character is thus parsimony-
uninformative.

New character: At least one spine on quadratojugal-quadrate bone: absent (0); present
(1). This would have been an obvious character to add: state 1 occurs in Echinotriton [8,45]
and, as pointed out in [30], the Enspel and Randeck specimens of Chelotriton. Unfortunately,
this character is inapplicable unless the quadratojugal-quadrate bone forms a substantial part
of the ventrolateral skull margin, and it is only visible in ventral view in the Enspel and Ran-
deck specimens of Chelotriton [30]. MB.Am 45 is preserved in dorsal view, as are apparently all
specimens of Brachycormus where this bone is visible, so they would have to be scored as
unknown; the same would apply to Salamandra, because S. “laticeps”~to which this character
might be applicable-is likewise preserved in dorsal view. This means that state 0 could only be
scored for Tylototriton, making the character parsimony-uninformative.

Supporting Information

S1 Data. Data matrix for analysis of salamandrid phylogeny in NEXUS format (plain text).
Our analyses are coded in the PAUP block-executing the file repeats the constrained analysis
with character 98 (geographic distribution) included, unless the PAUP block is modified or
commented out first. To repeat an unconstrained analysis, replace “enforce = yes” by

“enforce = no” in the line that begins with “hsearch”; to exclude character 98, add “exclude 98;”
above that line.

(NEX)
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S1 Fig. Backside of MB.Am.45.1, showing the specimen number, the accession number and
the locality.
(TIF)

S2 Fig. Plaster cast MB.Am.45.2.
(TIF)

$3 Fig. Detail of plaster cast MB.Am.45.2, showing the head. Photograph taken by holding a
camera to an ocular of a binocular microscope. Note that what looks like a pterygoid in the left
orbitotemporal fenestra is an artefact of abrasion, as shown by comparison to MB.Am.45.1 and
MB.Am.45.3.

(TTF)

S4 Fig. Strict consensus of the most parsimonious trees from our unconstrained analysis
with character 98 included. This figure differs from Fig 16 in that no taxa were pruned.
(PDF)

S5 Fig. Adams consensus of the most parsimonious trees from our unconstrained analysis
with character 98 included. No taxa were pruned.
(PDF)

S6 Fig. Adams consensus of the most parsimonious trees from our constrained analysis
without character 98 (see Fig 17 for the strict consensus). No taxa were pruned.
(PDF)

S7 Fig. Strict consensus of the most parsimonious trees from our constrained analysis with
character 98 included. This figure differs from Fig 19 in that no taxa were pruned.
(PDF)

S8 Fig. Adams consensus of the pruned most parsimonious trees from our constrained
analysis with character 98 included. The same taxa were pruned as in Fig 19.
(PDF)
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