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Abstract: The shell of the oldest true turtle (Testudinata)

branch (Proterochersidae) from the Late Triassic (Norian) of

Poland and Germany was built in its anterior and posterior

part from an osteodermal mosaic which developed several

million years after the plastron, neurals and costal bones. We

provide the most detailed description of the shell composi-

tion in proterochersids to date, together with a review of the

shell composition in other Triassic pantestudinates. A sce-

nario of early evolution of the turtle shell is proposed based

on new data, and the possible adaptive meaning of the

observed evolutionary changes is discussed. These observa-

tions are consistent with the trend of shell simplification

previously reported in turtles. Several aspects of proterocher-

sid shell anatomy are intermediate between Odontochelys

semitestacea and more derived turtles, supporting their stem

phylogenetic position. Three additional ossifications were

sutured to xiphiplastra and pelvis in Proterochersis spp. and

at least in some individuals the nuchal bone was paired. The

peripherals, suprapygals, and pygal bone are most likely to

be of osteodermal origin and homologous to the prote-

rochersid shell mosaic.

Key words: Testudinata, dermal armour, Proterochersidae,

Norian, carapace evolution, turtle shell.

THE shell of turtles is a unique structure, originating from

modifications of co-opted morphogenetic pathways,

which lead to coordinated changes in the development of

the pectoral girdle, axial skeleton, musculature and

integumentary skeleton, resulting in profound alterations

of the general body plan and function of these animals

(Burke 1989, 1991; Gilbert et al. 2001, 2008; Loredo et al.

2001; Cebra-Thomas et al. 2005; Nagashima et al. 2007,

2009, 2012, 2013a; Kuratani et al. 2011; Rice et al. 2015,

2016). It usually consists of 50 bones building the cara-

pace and 9 bones forming the plastron (Zangerl 1969),

but more elements were present in the earliest turtles

(Fraas 1913; Gaffney 1985, 1990; Szczygielski & Sulej

2016; Joyce 2017; Szczygielski 2017). Despite intensive

research since the beginning of the nineteenth century,

the exact nature and homologies of many of the shell ele-

ments remain enigmatic and controversial (see Szczygiel-

ski & Sulej (2018a, tables S1, S2) for lists of opinions on

the homology of shell-building elements and an extended

discussion) and until the end of the first decade of the

twenty-first century nothing was known about their early

evolution.

The fossil record of shell formation is patchy. Until

recently, the oldest reasonably complete turtles were

Proterochersis robusta Fraas, 1913 and Proganochelys

quenstedti Baur, 1887a from the Norian of Germany, and

Palaeochersis talampayensis Rougier et al., 1995 from the

Norian–Rhaetian of Argentina. A roughly contemporary,

but very incomplete taxon was found in Thailand (de

Broin et al. 1982) and later named Proganochelys ruchae

de Broin, 1984, and a more complete turtle was reported

as cf. Proganochelys, but not described in detail, from

Greenland (Jenkins et al. 1994). Several other very frag-

mentary historical turtle finds were described from the

Triassic, but most of them turned out to be misinter-

preted remains of other animals (see Joyce (2017) for a

comprehensive review). Each of the above mentioned taxa

already possessed a well-developed carapace and plastron.

Additionally, the shells of the Triassic taxa are usually

ankylosed, obliterating the sutures and making it very dif-

ficult or impossible to assess the number, position and

shape of shell-building elements (Gaffney 1985, 1990;

Sterli et al. 2007; Szczygielski & Sulej 2016). For that rea-

son, the shell composition in these taxa was parsimo-

niously assumed to be the same as that of more derived

turtles, with only an additional pair of costal bones or

mesoplastra accepted in some of them, and supernumer-

ary peripherals inferred based on marginal scute number

(Fraas 1913; Gaffney 1985, 1990). In particular, the

nuchal and pygal regions of the shell remain enigmatic,
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there being absolutely no data about their bone composi-

tion and suture layout in any of the Triassic testudinates

(Fraas 1913; Gaffney 1985, 1990; Rougier et al. 1995;

Sterli et al. 2007; Szczygielski & Sulej 2016; Joyce 2017).

Classically, it has been assumed that the turtle ancestor

had its body covered with numerous osteoderms, which

subsequently fused to the vertebrae and ribs, giving rise

to costals and neurals (Owen 1849; Baur 1887a; Hay

1898, 1922, 1929; Gadow 1909; Versluys 1914a, b;

Deraniyagala 1930; K€alin 1945; Gregory 1946; Lee 1993,

1996, 1997; Scheyer et al. 2008) or were pushed aside and

replaced by the costals and neurals, after their initial

development below the dermis (Hay 1929; Deraniyagala

1930). The former hypothesis was seemingly supported by

the discovery of Chinlechelys tenertesta Joyce et al., 2009

(Proganochelys tenertesta of Joyce 2017), a Norian turtle

with a paper-thin carapace, apparently only weakly

attached to the ribs, and osteoderms composed of numer-

ous ossifications (Lucas et al. 2000; Joyce et al. 2009;

Lichtig & Lucas 2015, 2016). This conception is, however,

now considered obsolete thanks to recently discovered,

older and earlier stem turtles, which are devoid of body

osteoderms. The Ladinian Pappochelys rosinae Schoch &

Sues, 2015 lacked any elements of the shell, but had

broadened ribs and forked, broadened gastralia, reminis-

cent of early stages of plastron bone development (Schoch

& Sues 2015, 2016, 2018). Slightly younger, Carnian

Odontochelys semitestacea Li et al., 2008 possessed a well-

developed plastron, broadened (but still not sutured

together) ribs and a row of probable neural bones along

the back. All of the dermal ossifications of the carapace

appeared in turtles more derived than O. semitestacea,

after the costals, neurals and plastron developed, and all

the Norian turtles already had complete shells (Fraas

1913; de Broin et al. 1982; de Broin 1984; Gaffney 1985,

1990; Jenkins et al. 1994; Rougier et al. 1995; Sterli et al.

2007; Joyce et al. 2009; Szczygielski & Sulej 2016; Joyce

2017).

The general sequence of appearance of the shell ele-

ments is thus known but, as a result of frequent shell

ankylosis and incompleteness of the Triassic turtle

remains, almost no data are available on the evolutionary

origin and early composition of the fully dermal parts of

the carapace; formed by the nuchal, peripheral, pygal and

suprapygal bones. Fortunately, some new observations on

the specimens of Proterochersis robusta (Figs 1–8, 16N;

Szczygielski & Sulej 2018a, figs S1A–C, S3A, C, movies

S1–S3) and the new material of Proterochersis porebensis

Szczygielski & Sulej, 2016 (Figs 9–15, 16A–M, 17–19;
Szczygielski & Sulej 2018a, figs S2, S4C–H, movies S4–
S7, models S1–S2) provide additional data about the ini-

tial composition and layout of these dermal elements.

Especially interesting is the presence of a mosaic of

numerous osteoderms in the anterior and posterior

sections of the carapace of Proterochersis spp., reported

here for the first time. Such a morphology has never been

observed in Mesozoic turtles with the exception of the very

fragmentary Chinlechelys tenertesta from the USA (Lichtig

& Lucas 2015, 2016). Given the position of proterochersids,

represented by Prot. robusta, Prot. porebensis and Keuper-

otesta limendorsa Szczygielski & Sulej, 2016 (Proterochersis

limendorsa of Joyce 2017) as the oldest true turtles (Testu-

dinata), this allows for some meaningful insight into the

processes occurring during the coalescence of the dorsal

and ventral parts of the turtle shell into the complete

structure.

Institutional abbreviations. CSMM, Carl-Schweizer-Museum,

Murrhardt, Germany; IVPP, Institute of Vertebrate Paleontology

and Paleoanthropology, Chinese Academy of Sciences, Beijing,

China; NMMNH, New Mexico Museum of Natural History

and Science, Albuquerque, USA; PULR, Universidad Nacional

de La Rioja, La Rioja, Argentina; SMNS, Staatliches Museum

f€ur Naturkunde, Stuttgart, Germany; ZPAL; Roman Kozłowski

Institute of Paleobiology, Polish Academy of Sciences, Warsaw,

Poland.

MATERIAL

All of the existing specimens of Proterochersis porebensis

(ZPAL V.39V.39/1–28, ZPAL V.39V.39/34, ZPAL

V.39V.39/48–72, ZPAL V.39V.39/155–300, ZPAL

V.39V.39/331–366, ZPAL V.39V.39/370, ZPAL V.39/373–
404, ZPAL V.39/416–420, and uncatalogued) were stud-

ied. The material of Proterochersis robusta, Keuperotesta

limendorsa, Pappochelys rosinae, Odontochelys semitestacea,

Proganochelys quenstedti, Palaeochersis talampayensis,

Chinlechelys tenertesta and Priscochelys hegnabrunnensis

Karl, 2005, was studied first-hand in the corresponding

collections. See Szczygielski & Sulej (2018a) for more

detailed descriptions of the referred material.

Pappochelys rosinae (Pantestudinata; Ladinian)

Pappochelys rosinae comes from the Middle Triassic strata

of the Erfurt Formation in Eschenau, Germany. Out of

several studied specimens, three will be mentioned in this

work as comparative material: SMNS 92360, SMNS

91606, SMNS 91895.

Odontochelys semitestacea (Pantestudinata; Carnian)

The specimens of Odontochelys semitestacea were

described from Guanling, China (Li et al. 2008). The

material studied by us consists of the paratype (IVPP V

13240) and IVPP V15653.
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Proterochersis robusta (Testudinata: Proterochersidae;

Norian)

All of the existing specimens historically attributed to

Proterochersis robusta, Prot. ‘intermedia’ and ‘Murrhardtia

staeschei’ (SMNS 11396, 12777, 15479, 16442, 16603,

16668, 17561, 17755, 17755a, 17756, 17930, 18440, 19103,

50917, 51441, 56606, 81917; CSMM uncat.) were studied

with exception of SMNS 50918. The most important for

this research are CSMM uncat., SMNS 11396, SMNS

12777, SMNS 16442, SMNS 16603, SMNS 17755, SMNS

17755a and SMNS 18440.

SMNS 17755 and SMNS 18440 lack any diagnostic

regions that could differentiate them from Keuperotesta

limendorsa, but they come from Murrhardt, where several

specimens representing only Proterochersis robusta were

found (CSMM uncat., SMNS 16442, SMNS 17561, SMNS

17755a). Therefore, we tentatively assign them to

Prot. robusta, together with other un-diagnostic speci-

mens from that locality: SMNS 17756 (partial natural

mould of the inside of the carapace, consisting of

imprints of four ribs and costovertebral tunnel, and some

scraps of bone), SMNS 50917 (a fragmentary plastron,

consisting of a poorly preserved bridge and a fragment of

the area of the right pectoral scute, a nearly complete

right first and second abdominal, a complete right

femoral and anal, and fragments of the left femoral and

anal scute areas, with attached bases of the ilia, left lateral

F IG . 1 . Proterochersis robusta, SMNS 16442, anterior section of the carapace. A, C, dorsal view; B, D, visceral view. Abbreviations: C,

costal bone; DV, dorsal vertebra; N, neural bone; NP, neural process; PN, preneural bone; SCP, scapular pit; SO, supernumerary ossifi-

cation; VES, vertebral scute. Scale bar represents 1 cm. Colour online.
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F IG . 2 . Proterochersis robusta, SMNS 17755a, posterior left region of the carapace. A, C, lateral view. B, D, dorsoposterior view. E–G,
CT scans in lateral (E, F) and dorsoventral (G) view. Note the distal sections of the ribs (G) separate from the mosaic. Abbreviations:

MRG, marginal scute; PLE, pleural scute; VES, vertebral scute. Scale bars represent 1 cm. Colour online.
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pubic process and the epipubic process), SMNS 56606 (a

pelvis of a young specimen with eroded posterior parts

of the carapace and plastron and three posteriormost

dorsal vertebrae with corresponding rib heads) and

SMNS 81917 (an incomplete right hyoplastron of a

young, not fully ossified specimen). Three other speci-

mens, SMNS 15479 (a double imprint of the ventral sur-

face of a plastron from Steinbruck, figured by Gaffney

1990), SMNS 16668 (a partial internal mould of the cara-

pace, found in Welzheim) and SMNS 19103 (a partial

internal mould of a carapace, found in Engelberg) lack

diagnostic features that would allow an identification

more precise than Proterochersidae indet. SMNS 17561

(a mostly complete shell from Murrhardt), SMNS 17930

(an internal mould of a carapace and most of the cara-

pace itself, lacking the bridge section of the right rim,

whole left rim, and a large part of the posterior left

region, found in Oberbr€uden) and SMNS 51441 (an

internal mould of the shell, found in Str€umpfelbach;

SMNS houses a plastic mould of the original exhibited in

Steinzeitmuseum in Kleinheppach) are identifiable as

Proterochersis robusta but display no characters useful to

this study.

Proterochersis porebensis (Testudinata, Proterochersidae;

Norian)

The studied material of Proterochersis porebensis comes

from the Late Triassic locality of Porezba, Poland. See

Sulej et al. (2012), Nied�zwiedzki et al. (2014), Zato�n et al.

(2015) and Szczygielski & Sulej (2016) for information

about the locality and its ecosystem in the Triassic. The

specimens most important for this research are: ZPAL

V.39V.39/3, ZPAL V.39V.39/4, ZPAL V.39V.39/5, ZPAL

V.39V.39/8, ZPAL V.39/11, ZPAL V.39/13, ZPAL V.39/14,

ZPAL V.39/20, ZPAL V.39/21, ZPAL V.39/22, ZPAL

V.39/23, ZPAL V.39/48, ZPAL V.39/49, ZPAL V.39/51,

ZPAL V.39/54, ZPAL V.39/55, ZPAL V.39/59, ZPAL

V.39/68, ZPAL V.39/69, ZPAL V.39/167, ZPAL V.39/168,

ZPAL V.39/170, ZPAL V.39/173, ZPAL V.39/181, ZPAL

V.39/213, ZPAL V.39/235,ZPAL V.39/373, ZPAL V.39/

374, ZPAL V.39/375, and ZPAL V.39/376, ZPAL V.39/

404, ZPAL V.39/416, ZPAL V.39/417, ZPAL V.39/418,

ZPAL V.39/419.

Keuperotesta limendorsa (Testudinata, Proterochersidae;

Norian)

The holotype and only known specimen of Keuperotesta

limendorsa (SMNS 17757) consists of a partial shell with

scapulocoracoids, posterior cervical vertebrae and anterior

caudal vertebrae. It was found near Rudersberg, Ger-

many, and was described and figured by Joyce et al.

(2013), Szczygielski & Sulej (2016) and Szczygielski

(2017). Joyce (2017) expressed opinion that since this

species was found by us (Szczygielski & Sulej 2016) to be

the sister taxon of Proterochersis porebensis and Prot. ro-

busta, it may also be nested within the genus Proterocher-

sis. While this may be true and its generic distinctiveness

is based on somewhat subjective merits (there is a

F IG . 3 . Proterochersis robusta, SMNS 16442, left anterior marginal section of the shell. A–B, lateral view. C–D, visceral view. Abbrevia-
tions: C, costal bone; HOPL, hyoplastron; MRG, marginal scute; P, peripheral bone; PLE, pleural scute; SMRG, supramarginal scute.

Scale bar represents 1 cm. Colour online.
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notably larger difference between SMNS 17757 and all

the other Proterochersis specimens than between

Prot. robusta and Prot. porebensis; but on the other

hand, the palaeotaxonomic opinions are frequently sub-

jective) at this time too little is known about that

taxon and the biodiversity of the Triassic turtles in

F IG . 4 . Proterochersis robusta, SMNS 17755, left bridge and part of the plastron. A–B, dorsal view; C–D, ventral view; E–F, lateral
view. Abbreviations: ABS, abdominal scute; ANS, anal scute; FES, femoral scute; HOPL, hyoplastron; HPPL, hypoplastron; HUS, hum-

eral scute; IMRG, inframarginal scute; MPL, mesoplastron; MRG, marginal scute; PES, pectoral scute; SMRG, supramarginal scute.

Scale bar represents 1 cm. Colour online.
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general to substantially support or reject that view, and

more data are needed. Until this taxon is better under-

stood and included in more phylogenetic analyses, this

remains a largely semantic question, and we prefer to

use the name Keuperotesta to highlight the differences

between that turtle and Proterochersis spp. sensu Szczy-

gielski & Sulej (2016) and keep the naming consistent.

This approach agrees with that proposed recently by

Parker (2018) to keep the taxonomic stability of fossil

taxa.

F IG . 5 . Proterochersis robusta, SMNS 18440, left bridge and part of the plastron. A–B, dorsal view. C–D, ventral view. E–F, lateral
view. Abbreviations: ABS, abdominal scute; C, costal bone; FES, femoral scute; HPPL, hypoplastron; IMRG, inframarginal scute; MPL,

mesoplastron; MRG, marginal scute; PES, pectoral scute; PLE, pleural scute; SMRG, supramarginal scute. Scale bar represents 1 cm.

Colour online.
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Proganochelys quenstedti (Testudinata, Proganochelyidae;

Norian)

Several specimens of Proganochelys quenstedti housed in

Staatliches Museum f€ur Naturkunde (Gaffney 1985 pre-

sented a preliminary description of part of the available

material; see Gaffney 1990 for a list, figures and detailed

descriptions of all of them) were studied by one of us

(TSz). Out of them, three are the most important for this

study, all coming from Trossingen, Germany: SMNS

16980, SMNS 17203 and SMNS 17204.

Joyce (2017) chose to use the specific epithet quenstedtii

and considered the spelling quenstedti to be incorrect.

While it is true that Baur (1887b) used the spelling

quenstedtii and no explicitly intentional emendation that

we know of has been published since, we think that name

quenstedti should be considered correct; it arguably is sub-

ject to article 32.5 of ICZN (1999) (Baur clearly stated that

he names the new species after Quenstedt, so the gram-

matically incorrect form quenstedtii may be treated as a

lapsus calami or a printing error) and even if that is

deemed irrelevant in this particular case, the name is argu-

ably subject to articles 33.2.3.1 and/or 33.3.1 of ICZN

(1999) (it is prevalent in modern literature and thus con-

sidered correct). Resurrection of the original but grammat-

ically incorrect and now mostly forgotten spelling would

probably only cause further confusion and lead to both

versions of the same name functioning in parallel in the

F IG 6 . Proterochersis robusta, SMNS 16442. Anterior plastral lobe in visceral (A–B) and ventral (C–D) view. The restored section of

the specimen is a plaster cast of the natural mould of ventral surface of that specimen. Abbreviations: AS, articulation site; ENT, ento-

plastron; EPL, epiplastron; GUS, gular scute; HOPL, hyoplastron; HUS, humeral scute; PES, pectoral scute. Scale bar represents 1 cm.

Colour online.
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F IG . 7 . Proterochersis robusta. A–D, SMNS 11396, right fragment of plastron in ventral (A, D) and visceral view (B), and natural

cast of the visceral surface (C). E, SMNS 12777 (holotype) in ventral view. F, SMNS 16603 in ventral view. Note that the extent

of the restored surface is not indicated, because it is difficult to evaluate, but it is minor in ventral view (A), and the natural

cast (C) allows relatively accurate reconstruction of suture layout on the more extensively restored, visceral surface (B). Abbrevia-

tions: ABS, abdominal scute; FES, femoral scute; HPPL, hypoplastron; MPL, mesoplastron. Scale bars represent 1 cm (A–D); 5 cm

(E, F). Colour online.
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literature, as it was the case in the late nineteenth and early

twentieth centuries.

Palaeochersis talampayensis (Testudinata,

Australochelyidae; Norian)

Three specimens of Palaeochersis talampayensis (PULR 72,

PULR 68, PULR 69) were described from the upper Los

Colorados Formation in proximity of La Esquina, La

Rioja Province, Argentina. Only PULR 68 (holotype) pre-

serves shell remains.

Chinlechelys tenertesta (Testudinata, ?Proterochersidae;

Norian)

Chinlechelys tenertesta was found in NMMNH locality 001

(Bull Canyon Formation), Quay County, New Mexico. It

consists of a single specimen: NMMNH P-16697.

Joyce (2017) suggested the synonymy of the genera Chin-

lechelys and Proganochelys (based mostly on the similarity

of the spiked osteoderm) creating a new combination: Pro-

ganochelys tenertesta. Just as in the case of Keuperotesta

limendorsa, we find this attribution possible, but not unam-

biguously supported by available data. The only known

specimen is very fragmentary and differs in some respects

(shell thickness, shape of the femoral head) from all cur-

rently known specimens of Proganochelys quenstedti and

Prog. ruchae. Additionally, it is separate geographically,

being the only Triassic turtle known thus far from North

America. Most importantly, however, it is nested separately

from Prog. quenstedti in our phylogenetic analysis (see

below), even despite its incompleteness (although with

understandably low support). We therefore choose to use

the original name, under which the specimen was

described. We believe that merging it now with a known

and well-recognized genus, with little data to support this

(and thus a high risk of subsequent split when new speci-

mens are available), may eventually create more taxonomic

information noise in the literature, than sticking to the

original name and possibly merging the taxa later, when

data allow it. Furthermore, such merging may be confusing

to non-palaeontologists, as evidenced by a recent paper of

F IG . 8 . Proterochersis robusta, SMNS 16442, posterior plastral lobe. A–B, visceral view. C–D, ventral view. Abbreviations: ANS, anal
scute; AS, articulation site; CAS, caudal scute; FES, femoral scute; HPPL, hypoplastron; ISC, ischium; PUB, pubis; SPPE, supernumer-

ary posterior plastral element (?hypoischium); XPL, xiphiplastron. Scale bar represents 1 cm. Colour online.
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Moustakas-Verho et al. (2017), who wrote ‘One of the

most basal known genera of turtles with a complete shell,

Proganochelys, shows what appears to be ribs fused to meta-

plastic bone in the carapace’; an observation certainly not

true for the genus Proganochelys as a whole.

Priscochelys hegnabrunnensis (?Placodontia; Ladinian)

The holotype and only known specimen of Priscochelys

hegnabrunnensis (SMNS 80141) from the lower Ladinian,

consists of a single bony plate with sulci visible on the

external surface. It was found in Hegnabrunn, Germany.

This specimen was described and figured by Karl (2005),

Joyce & Karl (2006) and Scheyer (2008).

METHOD

The sutures were initially identified macroscopically and

then confirmed (and for articulated specimens, traced) by

careful examination using a binocular microscope. The

macrophotographs of the specimen surface for Figures 12,

13, 16 and 17, and supplementary figures in Szczygielski &

Sulej (2018a) were taken using Keyence Digital Microscope

VHX-900F. The specimens SMNS 17755a and ZPAL V.39/

22 were scanned using Nikon/Metris XT H 225 ST com-

puted tomograph (500 ms exposition time, 1000 projec-

tions) housed in the Military University of Technology,

Warsaw, Poland, and visualized using VGStudio MAX 2.1.

ZPAL V.39/22 was scanned using 1 mm thick copper filter,

190 kV, 140 lA. SMNS 17755a was scanned using 2 mm

thick copper filter, 205 kV, 100 lA. Based on the CT slices,

a 3D volumetric rendering of ZPAL V.39/22 was produced

using programs Fiji (Schindelin et al. 2012), Drishti 2.4.6

(Limaye 2012) and MeshLab 2016 (Cignoni et al. 2008).

First, the contrast of CT slices was increased and the slice

data were exported as raw files in Fiji. Then, from the

exported data a triangulated mesh was generated and

exported as a PLY file in Drishti. The final processing and

scaling of the of the 3D models was done in MeshLab. To

generate the interactive 3D PDF, the models were textur-

ized and imported as OBJ files into DAZ Studio (https://

www.daz3d.com/daz_studio) and then exported as U3D

files. The U3D files were implemented into 3D PDF with

Adobe Acrobat (https://acrobat.adobe.com).

For the phylogenetic analysis, we prepared a modified

version of the matrix of Joyce et al. (2016) with updates by

P�erez-Garc�ıa & Codrea (2018) and 13 new characters

added, resulting in 257 characters. Three new taxa (Pap-

pochelys rosinae, Proterochersis porebensis and Chinlechelys

tenertesta) were added, and C. tenertesta was scored as

three separate operational taxonomic units (OTU) differing

in the scoring of the characters regarding the carapacial and

osteoderm morphology: character 249 (carapacial dermal

mosaic: 0 = present, at least in posterior region; 1 = ab-

sent, dermal ossifications reduced to peripheral and/or

(supra)pygal rows or absent) and character 251 (spiky cer-

vical osteoderms: 0 = absent; 1 = present). Variant A of

C. tenertesta was scored treating the complex dermal spikes

as cervical osteoderms (as proposed by Lucas et al. 2000;

Joyce et al. 2009; char. 251 = 1) but the presence of the

osteodermal mosaic anywhere else in the shell as unknown

(char. 249 = ?). Variant B of C. tenertesta was scored as

having both the complex osteoderms (char. 251 = 1) and

the mosaic in the carapace (as suggested by Lichtig & Lucas

2015, 2016; char. 249 = 0). Variant C of C. tenertesta was

scored treating the spikes as the posterior rim of the cara-

pace (as discussed by Lucas et al. 2000 and preferred here;

see text for discussion), thus the carapacial osteodermal

mosaic is considered present (char. 249 = 0) and the pres-

ence of neck osteoderms is in that case unknown (char.

251 = ?). Considering the spikes as a part of the carapace

allowed scoring the scutes as present (char. 108 = 0) and

the posterior marginals as spiky (char. 256 = 1) for variant

C of C. tenertesta. This amounts to 117 OTU in the matrix,

but each variant of C. tenertesta was tested separately, by

disabling the others.

Four traditional searches (Tree Bisection Reconnection,

1000 replications, 100 trees saved per replication; Anthodon

serrarius Owen, 1876 as an outgroup) were performed

using TNT (Goloboff et al. 2008) including: (1) Chin-

lechelys tenertesta variant A (variants B and C disabled); (2)

C. tenertesta B (A and C disabled); (3) C. tenertesta C (A

and B disabled); and (4) without C. tenertesta (variants A,

B and C disabled). Characters 6, 18, 26, 38, 40, 47, 49, 56,

74, 75, 81, 86, 108, 109, 113, 118, 121, 124, 125, 126, 145,

146, 148, 163, 175, 198, 216, 217, 230, 244, 245, 248 and

252 were ordered (the character numbering starts with 0).

The strict consensus was calculated for each analysis using

the Consensus option and the common synapomorphies

were found for all the most parsimonious trees in each

analysis using the List Common Synapomorphies option of

TNT. Jackknife resampling was performed using traditional

search with 1000 replications (removal probability = 36).

See Szczygielski & Sulej (2018a) for the matrix, character

list, lists of synapomorphies and obtained trees, as well as

for the representation of suture types.

SYSTEMATIC PALAEONTOLOGY

Family PROTEROCHERSIDAE Nopcsa, 1923

Diagnosis. Amended from Szczygielski & Sulej (2016). Five

vertebrals wider than long, the first one semicircular an-

teriorly, with rounded posterior process invading the medial

anterior area of the second vertebral; supramarginals and
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inframarginals present; dorsal process of epiplastra large,

not contacting the carapace; pelvis sutured to carapace and

plastron; posterior process of ilium flattened dorso-

ventrally, fully attached to carapace; epipubic process long.

More derived than Odontochelys semitestacea in having fully

developed carapace with carapacial rim elements (peripher-

als, nuchal bone) and well-developed costals contacting

each other suturally. Plesiomorphic regarding Progano-

chelys quenstedti in: two pairs of mesoplastra contacting at

the midline; two pairs of abdominal scutes contacting at

the midline; a bee wing-shaped coracoid; nuchale paired;

additional dermal ossifications external to the first costal;

posterior part of the carapace composed of a mosaic of

numerous irregular dermal ossifications.

Genus PROTEROCHERSIS Fraas, 1913

Diagnosis. Amended from Szczygielski & Sulej (2016).

Three pairs of supramarginals present; caudal notch pre-

sent; paired extragular scutes divided by paired gulars;

paired caudal scutes and the anal scute present in the

posterior part of the plastron; three additional ossifica-

tions sutured posteriorly to ischium and xiphiplastra;

sacral vertebrae fused or sutured to carapace. Plesiomor-

phic regarding Proganochelys quenstedti in having 11 dor-

sal vertebrae and the second pair of ribs forming fully

developed costals. Differs from Keuperotesta in: dorsal

surface of the carapace almost even; the eighth presacral

vertebra being part of the dorsal region and co-ossified to

the carapace and the following dorsal vertebrae (see dis-

cussion in Szczygielski 2017); anterior margin of the cara-

pace, at most, moderately serrated; marginal series

starting anterolaterally in relation to the cervical scute,

contacting it widely; first vertebral scute contacting the

first pleural anteromedially, rather than posteromedially.

Proterochersis robusta Fraas, 1913

Figures 1–8, 16N, 19; Szczygielski & Sulej (2018a, figs

S1A–C, S3A, C; movies S1–S3).

Diagnosis. Amended from Szczygielski & Sulej (2016).

Differs from Proterochersis porebensis in caudal notch

semicircular, anterior margin of the carapace slightly ser-

rated or undulated, shell high, costoperipheral sutures in

the bridge region within the area of supramarginal scutes.

Occurrence. Proximity of Stuttgart, Baden-W€urttemberg,

south-western Germany, Lower L€owenstein (Stubensand-

stein) Formation, middle Norian (Szczygielski & Sulej

2016 and references therein).

Remarks. Specimens from the L€owenstein Formation typ-

ically lack minute cracks, which are frequent (but not

always present) in Triassic fossils (including those from

the Trossingen, Grabowa and Los Colorados Formations)

F IG . 9 . Proterochersis porebensis, ZPAL V.39/22, left half of the nuchal region of the carapace. A–C, dorsal view. D–F, ventral view.
G–H, anterior view. I–J, posterior view. K–L, medial view. M–N, lateral view. Abbreviations: a, b, c, d, supernumerary ossifications;

AS, articulation site; C, costal bone; CRV, cervical scute; L, left; MRG, marginal scute; NUC, nuchal bone; P, peripheral bone; PN,

preneural bone; R, right; VES, vertebral scute. Scale bar represents 1 cm. Colour online.

F IG . 10 . Proterochersis porebensis, neurals. A–B, ZPAL V.39/4 in external (A) and visceral (B) view. C–D, ZPAL V.39/416 in external

(C) and visceral (D) view. Scale bar represents 1 cm. Colour online.
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and which may easily obscure any preserved sutures.

Therefore, if present, sutures in these specimens are rela-

tively unambiguous and easy to recognize with the help

of optical equipment. Difficulties in suture tracing arise

due to ankylosis (Pritchard 2008), which is common in

Triassic turtles. Fortunately, several specimens of

F IG . 11 . Proterochersis porebensis, costal bones. A–B, ZPAL V.39/235 in external (A) and visceral (B) view. C, F, ZPAL V.39/3, right

costal, in external (C) and visceral (F) view. D–E, ZPAL V.39/51, in external (D) and visceral (E) view. G–H, ZPAL V.39/11 in external

(G) and visceral (H) view. Note that the ventral ridge of the rib may exhibit varied morphologies, from wide, low and quickly disap-

pearing (B), through intermediate (E), to thin and pronounced (F, H). Scale bar represents 1 cm. Colour online.

F IG . 12 . Proterochersis porebensis, evidence for supernumerary bones in the carapace. A–B, ZPAL V.39/20, proximal parts of two posterior

right ribs in external (A) and visceral (B) view. C–D, ZPAL V.39/375, bony platelet with sutural edges in external (C) and visceral view (D).

E–F, ZPAL V.39/373, bony platelet with sutural edges, a sulcus, and a tubercle in external (E) and visceral (F) view. G–H, ZPAL V.39/374,

bony platelet with sutural edges and sulci in external (G) and visceral (H) view. I–J, ZPAL V.39/418, bony platelet with sutural edges and a sul-

cus in lateral (I) and medial (J) view. K–Q, ZPAL V.39/167, posterior left section of the carapace comprising of a single peripheral and four

supernumerary ossifications (a, b, c, d) with sutural edges in lateral (K–L) and medial (M–N) view, a close-up of a suture in the area indicated

by a rectangle in K (O), a close-up of sutures in the area indicated by a rectangle in K (P), and a 3D visualization of the surface of the same

area (Q). R–W, ZPAL V.39/419, a fragmentary costal in dorsal (R), ventral (S), dorsoposterodistal (T–U), anterior (V) and distal (W) view; U

and W are close-ups of the areas indicated in T. Note typical turtle characteristics of the bony platelets, such as straight and sinuous sulci (C,

E, G, I) and tubercles (E), and visceral surface with vascular canals comparable with smooth surface in A. Abbreviations: MRG, marginal scute;

P, peripheral bone; PLE, pleural scute; SLS, suture-like surface. Scale bar represents 1 cm. O–Q and U–W not to scale. Colour online.

388 PALAEONTOLOGY , VOLUME 62

 14754983, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pala.12403 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [25/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A

E F G H

D

I

J

NMLK

O P Q

UTSR

V W

B C

SZCZYGIELSK I & SULE J : SHELL COMPOS IT ION OF THE EARL IEST TURTLES 389

 14754983, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pala.12403 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [25/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A

D

E

G H I

F

J K L

B

C

390 PALAEONTOLOGY , VOLUME 62

 14754983, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pala.12403 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [25/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Proterochersis robusta preserve sutures in some form,

either as imprints on the surface of the internal moulds

(e.g. the sutures between the hyo- and first pair of meso-

plastra in SMNS 12777 and SMNS 16603), as thin lines

of differently coloured matrix visible between the bony

elements (e.g. the sutures between some of the elements

of the anterior part of the carapace and between the

xiphiplastron and posterior additional plastral

F IG . 13 . Proterochersis porebensis, ZPAL V.39/20, proximal parts of two posterior right ribs, histology and details of external surface.

A–B, histological section of the anterior costal in normal (A) and polarized light (B); anterior to the right; note well-developed cor-

texes. C, close-up of the external cortex in polarized light. D, close-up of the internal cortex (anterior part) in polarized light. E–F,
whole specimen before sectioning in external (E) and visceral (F) view with approximate location of sections indicated. G, J, close-up

(G) and 3D visualization (J) of the external surface in proximal part (indicated by a rectangle in E) exhibiting typical for Proterochersis

porebensis, rugose texture indicative of ossification within external layers of dermis. H, K, close-up (H) and 3D visualization (K) of the

external surface in middle part (indicated by a rectangle in E) showing transition between the elevated, normally textured proximal

and depressed, smoother distal part. I, L, close-up (I) and 3D visualization (L) of the external surface in distal part (indicated by a

rectangle in E) exhibiting atypical, smooth and wavy texture, perforated by vascular canals, typical for bones ossifying below or in deep

layers of the dermis. Scale bars represent 1 cm (A, B, E, F); 1 mm (C–D). Colour online.

F IG . 14 . Proterochersis porebensis, details of the pygal region of the shell. A–B, ZPAL V.39/23, left last peripheral in posterodorsal (A)

and anteroventral (B) view. C–D, ZPAL V.39/54, right last peripheral in posterodorsal (C) and anteroventral (D) view. E–F, ZPAL
V.39/213, left last peripheral in posterodorsal (E) and anteroventral (F) view. G–J, ZPAL V.39/402, middle section of the fifth vertebral

scute area with attached the last dorsal and both sacral vertebrae in anterior (G), posterior (H), ventral (I) and lateral left (J) view.

Abbreviations: DV, dorsal vertebra; MRG, marginal scute; NC, neural canal; SV, sacral vertebra; VES, vertebral scute. Scale bar repre-

sents 1 cm. Colour online.
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ossifications in SMNS 16442; the sutures between the der-

mal ossifications of SMNS 17755a; the sutures between

the peripherals and costals in SMNS 17757; the costo-

peripheral sutures in SMNS 18440; the same mode of

preservation is also present, e.g. in the skull of Progano-

chelys quenstedti SMNS 16980, see Szczygielski & Sulej

2018a, fig. S1D), or as more or less well-defined, three-

dimensional surficial characters (e.g. the sutures between

F IG . 15 . Proterochersis porebensis, peripherals. A–C, ZPAL V.39/55, anterior or posterior peripheral in (?)dorsal (A), (?)ventral (B)

and (?)anterior (C) view; see text for discussion. D–G, ZPAL V.39/14, bridge region peripheral in anterior (A), dorsal (B), ventral (F)

and lateral (G) view. H–K, ZPAL V.39/173, posterior bridge region peripheral in dorsal (H), ventral (I), lateral (J) and medial (K)

view. L–O, ZPAL V.39/181, right posterior peripheral in lateral (L), medial (M), posterior (N) and distal (O) view. Abbreviations: CPS,

costoperipheral suture; MRG, marginal scute. Scale bar represents 1 cm. Colour online.
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F IG . 16 . Proterochersis spp., bridge region. A, D, L, Proterochersis porebensis, ZPAL V.39/8, anterior left section of the bridge in vis-

ceral (A) and lateral (D) view, and close-up of the area indicated by a rectangle in D (L). B–C, Proterochersis porebensis, ZPAL V.39/

168, middle left section of the bridge in lateral (B) and visceral (C) view. E–G, Proterochersis porebensis, ZPAL V.39/5 posterior left sec-

tion of the bridge in dorsal (E), lateral (F) and visceral (G) view. H, M, Proterochersis porebensis, ZPAL V.39/376, (?)middle left section

of the bridge in visceral view (H) and close-up of the area indicated by a rectangle in H (M). I–K, Proterochersis porebensis, ZPAL
V.39/21, anterior right section of the bridge in dorsal (I), ventral (J) and lateral (K) view. N, Proterochersis robusta, SMNS 12777 (holo-

type), left bridge area of the Steinkern in lateral view. Note distal sections of the ribs visible in visceral view partially as cancellous bone

and partially as imprints (L–M and asterisks in C–D, G–I and K) and remaining inside the rock matrix of the Steinkern (asterisks in

N). Abbreviations: C, costal bone; CPS, costoperipheral suture; IMRG, inframarginal scute; MRG, marginal scute; PLE, pleural scute;

SMRG, supramarginal scute. Scale bar represents 1 cm. Colour online.
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the first and second mesoplastron, and between the sec-

ond mesoplastron and hypoplastron in SMNS 11396 and

SMNS 18440; the sutures between the costals and periph-

erals, between the ento- and hyoplastra, and between the

hypo- and xiphiplastra in SMNS 16442; the sutures

between the hyo- and first mesoplastron, between the first

and the second mesoplastron, between the second meso-

plastron and hypoplastron, and between the hypo- and

xiphiplastron in SMNS 17755). Disarticulation of ele-

ments along the sutures is rare in the L€owenstein Forma-

tion turtles, a special case being the anterior plastral lobe

of SMNS 16442.

Description

Nuchal bone. None of the Proterochersis robusta specimens pre-

serves sutures around the nuchal bone. SMNS 16442 is the only

specimen of that species exhibiting sutures in the anterior part

of the carapace, but contrary to our previous comments (Szczy-

gielski & Sulej 2016) it lacks the cervical scute. Its anterior part

corresponds to the area of the first vertebral scute, as indicated

by radial grooves on its exterior surface, the posterior sulcus,

and the relation of its anterior border to the scapular pits and

the first pair of costals visible on the visceral surface (Fig. 1B,

D). It is hard to say how closely the preserved edge follows the

anterior sulcus of the first vertebral scute, but some erosion is

highly probable.

Neurals and preneurals. The only Proterochersis robusta specimen

showing any sutures around neurals is the badly damaged an-

terior part of the carapace of SMNS 16442 (Fig. 1). An anterior

fragment of the second vertebral scute area is preserved in the

middle part of that specimen. The posterior section of the speci-

men consists of the medial part of the third vertebral scute area.

Viscerally, the damaged scapular pits are visible, as well as the

medial parts of the first pair of costals and broken neural spines

of the vertebrae. Historically, it was attempted to trace the lay-

out of the sutures, as evidenced by pencil markings on the bone

surface, but careful examination of the specimen using a binocu-

lar microscope allowed for convincing validation of only some

of these (Fig. 1C) and partial outlines of what seem to be two

preneurals and two or three neurals. We interpret the former

two elements as preneurals based on their position relative to

the first dorsal vertebra (the posterior suture of the second

preneural is located just anterior to the base of the neural

process of the first dorsal vertebra) and comparison with the

Prot. porebensis specimen ZPAL V.39/22 (the nuchal in that

specimen does not enter the area of the first neural). The

preneurals are wider than long; the first one is pentagonal, with

a small, triangular posterior process; the second one is fan-

shaped. The two anterior neurals are hexagonal, coffin-shaped;

the shape of the third one is difficult to estimate. The first neu-

ral is wider than long, the remaining two longer then wide. It

must be kept in mind that this specimen is eroded and broken,

and the interpretation of the elements visible there (particularly

the preneurals) must be taken with caution.

Dermal carapacial mosaic. Several specimens of Proterochersis

robusta exhibit sutures delineating the dermal bones of the cara-

pace, and a larger than usual number of these elements is appar-

ent, particularly in the anterior (nuchal) and the posterior

(pygal) region of the carapace, where an irregular mosaic of

bones (here termed the osteodermal carapacial mosaic) is pre-

sent. There seems to be no clear qualitative distinction between

these bones and peripherals; we therefore use the term ‘peripher-

als’ on topological basis, referring to the dermal bones located in

the apical parts of marginal scute areas.

There are several sutures discernible running parallel to the

anterior and anterolateral edge of the anterior carapacial part of

SMNS 16442 and several running radially (at least one of them

located in front of the first costal and thus delineating a dermal

ossification present between the costal and the preneural). The

sutures around the periphery of that specimen at first bring to

mind the layout of peripherals, but they probably do not represent

the peripherals, as defined above. Their position and inclination at

the lateral region of the vertebral scutes does not correspond with

the rim of the complete carapace (the peripherals would have to

be very elongated, strap-like, directed heavily medially and cross

the whole area of the first pleural) and the peripherals in Protero-

chersis porebensis do not enter the area of the first vertebral scute

(see description of Prot. porebensis). Once again, however, the

apparent sutures are often interrupted or dubious, and difficult to

interpret. No sutures are discernible on the visceral surface.

The layout of the bones in the anterolateral marginal carapa-

cial region of SMNS 16442 (Fig. 3) is complex and difficult to

interpret. A set of ossifications of the marginal part probably

represents the distal part of the first and the second costal, and

five peripherals, with possible fragments of another two, but the

layout of sutures is irregular, some of them are interrupted, and

the destroyed external surface makes orienting the specimen

problematic.

SMNS 17755a (Fig. 2; Szczygielski & Sulej 2018a, fig. S1A–C,
movies S1–3) represents the left part of the posterior section of

F IG . 17 . Proterochersis porebensis, anterior plastral bones. A–L, ZPAL V.39/404, isolated right epiplastron in dorsal (A, G), ventral (B,

H), medial (C, I), anterior (D, J), posterior (E, K) and lateral (F, L) view. M–T, ZPAL V.39/186, probable isolated left supernumerary (ex-

tragular) ossification in dorsal (M), ventral (N), anterior (O), posterior (P, S–T), lateral (Q) and medial (R) view. P and T are close-ups of

the posterior surface of the specimen, showing rounded, unbroken edges (P, T), suture-like lamellae (P) and an undamaged cortical bone

(T) suggesting that the specimen is a separate element and not a part of a hyoplastron. The medial surface shown in R is damaged but

exhibits a longitudinally lamellar, suture-like pattern comparable to the lateral surface of ZPAL V.39/404 (compare with F). Abbreviations:

AS, articulation site; DPE, dorsal process of epiplastron; EGS, extragular scute; ENT, entoplastron; EPL, epiplastron; EXO, supernumerary

(extragular) ossification; GUS, gular scute; HOPL, hyoplastron. Scale bar represents 1 cm. Colour online.
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a Proterochersis robusta carapace. The layout of sulci leaves no

doubt about its taxonomic and anatomical identity (see below),

but the layout and number of ossifications is very different to

that of any other turtle, with exception of the secondary armour

of leatherback turtles. The entire surface of this specimen is cov-

ered in a complex pattern of sutures, revealing its origin as a

mosaic of polygonal bones. They have serrated, interdigitating

edges, which are typical for sutures (Szczygielski & Sulej 2018a,

fig. S1) and easily distinguishable from the break surfaces (Szczy-

gielski & Sulej 2018a, fig. S1C). A lack of disturbance and relo-

cation (except for the posterodorsal region of the specimen,

which is broken and collapsed) and the overall arrangement of

the sutures indicate that the observed morphology is not an

effect of any damage. The ossifications are irregular in shape,

size and position, and exhibit more or less radial vascularization.

Only in the upper parts of pleurals, most notably the third one,

are there larger patches without visible sutures. It is possible that

in these parts proper costals are exposed, although comparison

with some specimens of Prot. porebensis (most notably, ZPAL

V.39/20 and ZPAL V.39/373, see below) suggests the presence of

dermal platelets in this area. The CT scans (Fig. 2E–G; Szczygielski
& Sulej 2018a, movies S1–S3) clearly show the layout of the

sutures in the lateral part of the specimen and a thickness of

between approximately 0.4 and 1.5 cm (Szczygielski & Sulej

2018a, movies S1–S3). We were unable, however, to obtain a clear

CT picture of the vertebral scute area (posterodorsal part) due to

insufficient contrast between the bone tissue and the rock matrix,

possibly because of some diagenetic changes in that region. The

layout of the sutures, as seen on the surface, is laterally asymmetri-

cal on the vertebral scute area. Unlike more derived turtles, but as

in Prot. porebensis, the sutures between the elements tend to run

along the scute sulci. Two elongate, flat bones stretch dorsoven-

trally below the mosaic and in part articulate with its visceral sur-

face (Fig. 2G; Szczygielski & Sulej 2018a, movies S1–S3). They are
most likely to be distal sections of ribs. Similar free rib apices are

also preserved in the bridge area of SMNS 12777 (Fig. 16N) and

CSMM specimen (see below), although the structures in SMNS

17755a are flatter and more costal-like (compare with ZPAL V.39/

20; Figs 12A–B, 13, and see description below). They are partially

disarticulated in that specimen, but in life they apparently con-

tacted each other anteroposteriorly, at least in the dorsal part. We

find it unlikely that they represent broken and relocated sections

of the carapace, because of their elongate shape, uniform broad-

ness, the same general dorsoventral and anteroposterior (rather

than fully random) orientation, and good alignment with overly-

ing dermal mosaic (they seem to fit well into gentle depressions

visible in the visceral surface of the mosaic). Along the marginal

border there runs a row of roughly rectangular elements that are

positionally comparable to peripherals and probably are homolo-

gous to them. The supernumerary bones dorsomedial to the sup-

posed peripherals of SMNS 17755a lack clear homology with

carapacial bones of derived turtles, in which the caudal region of

the carapace is composed only of costals, peripherals and a mid-

line row of neurals, suprapygal(s) and pygal.

Bridge. Hyo-, meso- and hypoplastra participate in the bridge.

Although this region is partially preserved as a bone in three

suture-bearing specimens (SMNS 16442, Fig. 3; SMNS 17755,

Fig. 4; and SMNS 18440, Fig. 5), the state of preservation makes

it impossible to see the details of the bony connections clearly.

The external surface of SMNS 16442 is badly eroded so it is dif-

ficult to see any sulci, with exception of one fragment of a longi-

tudinal and wavy sulcus located in the anterior part of the

specimen, probably dividing the first pleural and the fourth mar-

ginal. The plastral surface of SMNS 17755 is well-preserved, but

the lateral surface of the peripherals and costals is also damaged

(although at least identifiable). Out of these three specimens,

SMNS 18440 is the best preserved. In all three cases, some

costoperipheral, interperipheral and intercostal sutures are pre-

served, but they are frequently interrupted, sometimes dubious,

and often difficult to interpret.

From what can be said, based on SMNS 17755 (Fig. 4) and

SMNS 18440 (Fig. 5), the costoperipheral sulci at the bridge

region are located just ventral to the middle of the supra-

marginals, so the ventral parts of these scutes were supported by

the peripherals, and the dorsal parts by costals. Three unambigu-

ous intercostal sutures are visible: one around the anterior third

of the first supramarginal (possibly the suture between the first

and the second costal; Fig. 5E, F), one at the middle of the sec-

ond supramarginal (dividing the second and the third costal;

Fig. 5E, F) and one around the anterior third of the third supra-

marginal (dividing the third and fourth costals; Figs 4E–F, 5E–
F). Slightly cranial to the posterior sulcus of the ninth marginal

there is another suture (Figs 4E–F, 5E–F) probably dividing the

fifth and sixth costals, although this region is fragmentarily pre-

served and close to the mosaic-filled area preserved in SMNS

17755a (Fig. 2), so the interpretation of the elements is uncer-

tain. Four interperipheral sutures are identifiable: one at the level

of the sulcus between the fifth and the sixth marginal scute

(Fig. 5E, F), one at the level of the second mentioned intercostal

suture (at the middle of the second supramarginal, Fig. 5A, B, E,

F), one slightly posterior to the third mentioned intercostal

suture (near the middle of the third supramarginal; Fig. 5A, B,

E, F) and one at the level of (in SMNS 17755, Fig. 4E–F) or

slightly anterior to (in SMNS 18440, Fig. 5C–D, E–F) the

ambiguous fourth of the mentioned intercostal sutures (near the

posterior sulcus of the ninth marginal). Apparently, the periph-

erals were external to the plastral bones and costals and sup-

ported at least most of the inframarginals (clearly visible, e.g. in

the last inframarginal of SMNS 18440, Fig. 5C–D).

The layout of the distal ends of the dorsal ribs is unusual in rela-

tion to the peripherals in the bridge region, best exhibited by

F IG . 18 . Proterochersis porebensis, posterior plastral lobes. A–C, ZPAL V.39/13 in visceral (A) and ventral (B–C) view. D–F, ZPAL V.39/69

in visceral (D) and ventral (E–F) view. G–H, ZPAL V.39/68 in ventral view. I, ZPAL V.39/170, isolated left xiphiplastron in ventral view.

Damaged or broken bone not indicated in C due to extensive surficial damage. Abbreviations: ANS, anal scute; CAS, caudal scute; FES,

femoral scute; HPPL, hypoplastron; ICAS, intercaudal scute; ISC, ischium; L, left; LP, lateral process; M, medial; PUB, pubis; R, right; SPPE,

supernumerary posterior plastral element (?hypoischium); XPL, xiphiplastron. Scale bar represents 1 cm. C and F not to scale. Colour online.
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SMNS 12777 (Fig. 16N), but also seen in the CSMM specimen and

Proterochersis porebensis (see below). The apical parts of the ribs in

some specimens were apparently free from peripherals, protruded

viscerally, along the body wall, and are still present in the stein-

kerns of SMNS 12777 and the CSMM specimen. This was appar-

ently noticed by Fraas (1913), but ignored by later researchers.

Plastron. The sutures between the plastral elements are the easi-

est to discern, especially on the visceral surfaces of the plastron,

because there they are not obscured by the coarse vascular bone

ornamentation, which is present externally. Generally, the layout

of sutures in the plastron of Proterochersis spp. observed by us

agrees with the pattern presented for Prot. robusta by Gaffney

(1990).

Entoplastron. As shown by SMNS 16442, the entoplastron in

ventral view is relatively small and V-shaped or cordiform

(Fig. 6), with small paired angulated anterior processes and a

medial notch cranially. Its anterior half was covered by the med-

ial part of the gular scutes, and the posterior half by the cranio-

medial parts of the humeral scutes; the sulci delimitating these

four scutes meet in the middle of the ventrally exposed part of

the entoplastron. Viscerally, the exposed area of the entoplastron

is much larger, with an elongated posterior process (which is

incomplete posteriorly in SMNS 16442, but visible as an impres-

sion in SMNS 12777 and SMNS 16603; Fig. 7E, F). Medially,

just behind the notch dividing the processes supporting gular

scutes, there is an eminence on the visceral side of the entoplas-

tron, which projects posteriorly into the posterior process of epi-

plastron. Laterally to this eminence, the entoplastron slopes

downwards and forms triangular fields (wider anteriorly, and

gradually thinning out posteriorly) approximating the level of

the visceral surface of hyoplastra. The epiplastra articulated cran-

iolaterodorsally with the entoplastron, and apparently did not

meet (or met only barely) at the midline.

Hyoplastra. The hyoplastra articulate ventroposterolaterally with

the anterior part of the entoplastron, and ventrally with the

posterior process of entoplastron. The anterior limit of the

hyoplastra was at the level of, or just behind, the sulcus between

the extragular and humeral scutes. The humeropectoral sulcus is

located around their middle part. The suture between the

hyoplastra and the first pair of mesoplastra is usually anchor-

shaped and accentuated by the ridge on the visceral surface, as

in SMNS 12777 (Fig. 7E), SMNS 16603 (Fig. 7F) and Protero-

chersis porebensis (see Szczygielski & Sulej 2016), but seems to be

smooth in SMNS 17755 (Fig. 4), possibly due to imperfect ossi-

fication of the plastral bones in that specimen. It falls just before

the sulcus between the pectoral and the first abdominal scute, in

some specimens intersecting it.

Mesoplastra. Both the first and the second mesoplastra are

approximately rectangular medially, but the second one slightly

broadens laterally, resulting in a somewhat diverging layout of

its sutures. Their posterior sutures are located around the mid-

dle of the first and the second abdominal scute, respectively.

They are best visible in SMNS 17755 (Fig. 4) and SMNS 18440

(Fig. 5).

Xiphiplastra. The suture between the hypo- and xiphiplastron is

located slightly posterior to the middle of the femoral scute, and

is much less obvious than the other plastral sutures. This region

is just anterior to the point of contact of the lateral pubic pro-

cesses, and is therefore usually missing (broken off with the pel-

vis), damaged (due to pelvis breaking off) or the suture is

obliterated by bone remodelling. It is best visible on the external

surface of SMNS 16442 (Fig. 8).

When observed under a binocular microscope, in the poste-

rior region of the anal scute area of SMNS 16442 (Fig. 8), a

faint remnant of the suture can be found, which we interpret as

a point of contact between the xiphiplastron and posterior plas-

tral ossifications (possibly homologous to hypoischium, see

Proterochersis porebensis below). Unlike most of the plastral

sutures of Proterochersis robusta, it is not transverse, but V-

shaped, with the point turned cranially, and the arms gently

bowed caudally.

F IG . 19 . Phylogeny (topology based on the analysis performed herein utilizing the Chinlechelys tenertesta scoring variant C; complex

spikes treated as the posterior part of the shell, as pictured, and shell mosaic present) and reconstructions of trunk body sections (ven-

tral (left row) and dorsal (right row) view) of turtles and stem turtles discussed in the text. Bones are semi-transparent to show struc-

tures not exposed externally. Approximate layout of shell sutures is represented by white lines. Where data was missing, the shell

suture layout of Proterochersis robusta and Prot. porebensis was reconstructed by analogy with each other or (if needed) other Triassic

taxa. 1, Pantestudinata: carapacial ridge, broad ribs, gastralia merging; 2, neuralia, plastral scutes, gastralia fused into plastral bones; 3,

Testudinata: carapacial scutes, cleithra incorporated into the carapace as an (?initially paired) nuchal bone, ten pairs of costal bones,

intervertebral articulation of ribs, shell consolidated; 4, (?)carapacial dermal mosaic present; 5, Proterochersidae: (?)hypoischium

sutured to plastron; 6, first dorsal vertebra shifting to cervical, nine pairs of costals, nine neurals, one pair of abdominal scutes, one

pair of mesoplastra; 7, Testudines: eight pairs of costals, eight neurals, dorsal epiplastral processes reduced, mesoplastra reduced,

hypoischium lost; 8, Dermochelys coriacea: shell reduced, entoplastron lost, secondary dermal carapacial mosaic present. The layout of

the anterior plastral elements in Odontochelys semitestacea is controversial, we present two interpretations: the right side is based on

Lyson et al. (2014) and the left side on Nagashima et al. (2013b). For the current dataset, the carapacial osteodermal mosaic may be

an autapormophy of Proterochersidae + C. tenertesta (4), but see text for discussion. Both known variants of Prog. quenstedti hypo-

ischium are shown. The posterior plastral ossifications are coloured as a hypoischium in Proterochersis spp. following the hypothesis

proposed herein, but alternatively they may be neomorphic or serially homologous to gastral-derived plastral bones. Note that no data

are available for on bone composition of the carapace margin (nuchal, peripherals, etc.) of Proganochelys quenstedti. The earliest evi-

dence of a single nuchal bone is known from the Jurassic. See text for discussion.
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Proterochersis porebensis Szczygielski & Sulej, 2016

Figures 9–15, 16A–M, 17–19; Szczygielski & Sulej (2018a, figs

S2, S4C–H, movies S4–S7, models S1–S2)

Diagnosis. Amended from Szczygielski & Sulej (2016).

Articular surface of femoral head triangular in dorsal

view. Differs from Proterochersis robusta in caudal notch

triangular, anterior margin of the carapace nearly straight,

anterior edge of the third marginal only slightly rounded,

lower shell, costoperipheral sutures in the bridge region

at the level of the sulcus between the marginals and

supramarginals. Differs from Keuperotesta limendorsa in

acromion and coracoid forming an angle of ~120°.

Occurrence. Proximity of Porezba, Silesian Voivodship,

southern Poland, lower part of Patoka Member of the

Grabowa Formation (formerly Zbazszynek Beds), middle

Norian (Szulc et al. 2015; Szczygielski & Sulej (2016) and

references therein).

Remarks. There are only a few specimens of Proterochersis

porebensis with sutures visible. Large specimens appear to

be fully ankylosed and their surface is usually cracked,

preventing unambiguous identification of any remaining

sutures. Fortunately, several fragmentary specimens lack

surface cracking and either exhibit well-preserved sutures

(ZPAL V.39/20, ZPAL V.39/22 and ZPAL V.39/167, but

also ZPAL V.39/13, ZPAL V.39/68, ZPAL V.39/69 and

ZPAL V.39/213) or are preserved as disarticulated bones

with at least some sutural edges (ZPAL V.39/4, ZPAL

V.39/14, ZPAL V.39/21, ZPAL V.39/23, ZPAL V.39/54,

ZPAL V.39/55, ZPAL V.39/170, ZPAL V.39/173, ZPAL

V.39/181, ZPAL V.39/373, ZPAL V.39/374, ZPAL V.39/

375, ZPAL V.39/404, ZPAL V.39/416, ZPAL V.39/417,

ZPAL V.39/418, ZPAL V.39/419 and numerous more or

less fragmentary costals). This allows partial reconstruc-

tion of the suture layout. The composition of the shell in

Prot. porebensis is expected to be mostly the same as that

of Prot. robusta, and this is supported by the gathered

material with small (probably specific) differences

explained below.

Noteworthy is a significant variation in thickness and

degree of ankylosis of turtle remains found in Porezba.
There is no obvious pattern of correlation between the

size of the specimen and presence or loss of sutures.

Some small specimens appear to have their shells fully

fused, and yet there are numerous instances of costals

and other elements of subadult or adult dimensions iso-

lated along non-obliterated sutures. There is, however, no

morphological evidence that would support the presence

of a second turtle species in Porezba which might have

attained sexual maturity (and thus start to ankylose) at

smaller body size. Some intraspecific heterochrony in

degree of ossification is thus apparent. It is conceivable

that these differences were due to sexual dimorphism, but

preliminary studies on dimorphism and ontogeny in

Proterochersis spp. (Szczygielski & Słowiak 2018) suggest

there seems to be a full spectrum of sizes in which the

ankylosed specimens are found, and size differences

between two sexes are insufficient to fully explain ankylo-

sis in the smallest individuals. Overall, it seems that the

taphonomic environment in Porezba favoured complete

fragmentation of the skeletons. Only well-ankylosed shells

seem to be preserved in their entirety (and even they are

usually broken; see Szczygielski & Sulej 2016); most other

specimens are fragments that were broken off, and the

specimens that preserve sutures are always small and

almost always just individual bones. Notably, these disar-

ticulated small bones are usually preserved best, with

well-preserved surficial texture, nearly no cracks and usu-

ally no broken parts, albeit that some of the sutural sur-

faces may exhibit more or less pronounced weathering or

slight mechanical damage, possibly due to post-mortem

transport.

Description

Nuchal bone. ZPAL V.39/22 (Fig. 9; Szczygielski & Sulej 2018a,

figs S2, S4E, movies S4–S7, models S1–S2) reveals that the bone

underlying the cervical scute is short and paired; in this speci-

men only the left one is present with an obvious medial suture.

Due to the position and shape of this bone, we interpret it as a

paired nuchal. Another possible interpretation is that the

anteriormost peripherals contacted medially and the nuchal was

retracted posteriorly, as in the extant Hydromedusa spp., but we

find this explanation less compelling for several reasons. First of

all, in Hydromedusa spp. the retraction of the nuchal behind the

first pair of peripherals resulted in loss of the nuchal embayment

and either loss of the cervical scute or its exclusion from the

anterior margin of the carapace (J. Sterli, pers. comm. 2018) and

these characters are strikingly different than in proterochersids

(which have a very pronounced nuchal embayment and well-

developed cervical scute). Furthermore, the element interpreted

by us as the nuchal in Prot. porebensis generally does not resem-

ble the neighbouring peripherals shape-wise. Finally, the nuchal

is evolutionarily derived from the paired cleithra and in at least

some modern turtles it develops from paired primordia (see

below and the extended discussion in Szczygielski & Sulej

2018a); the proterochersids (as the oldest and least derived tur-

tles possessing a nuchal) are the most likely candidates to still

have it paired. The plesiomorphic character of a paired nuchal is

supported for our scorings by the character mapping tool of

TNT (Szczygielski & Sulej 2018a, tree 2–4). It must be noted

that this results from the fact that we treat the nuchal as a mod-

ification of the cleithra, and thus score them paired as a single

character state (char. 247 = 0). If scored separately, the paired

character of the nuchal would be treated as an autapomorphy of

Proterochersis porebensis due to a lack of other taxa known to

possess a paired nuchal sensu stricto. Given the limited sampling
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of that character, it is thus still possible that the paired nuchal

in proterochersids is secondary and appeared as a result of

heterochronic postponement of primordia fusion.

The medial suture of the nuchal is straight; its structure is

mostly lamellar, with lamellae directed dorsoventrally in its ven-

tral part, anterodorsally in the anterior part and posterodorsally

in the posterior part (Szczygielski & Sulej 2018a, fig. S4E). The

posterior suture of the nuchal runs mostly along the sulcus

between the cervical and the first vertebral scute; it is partly

obscured by sediment in dorsal view, but clearly visible in ven-

tral view. Only in the medial part does the sulcus enter the area

of the nuchal, so in medial view the bone is comma-shaped. The

suture dividing the nuchal and the first peripheral is directed

anteroposteriorly in dorsal view and contained in the area of the

cervical scute at the level of the mesial limit of the first marginal.

Ventrally, this suture is directed posterolaterally and located

slightly posteromedially from the sulcus.

Neurals and preneurals. There are two isolated neural bones

known for Proterochersis porebensis: ZPAL V.39/4 (Fig. 10A–B)
and ZPAL V.39/416 (Fig. 10C–D). Both are hexagonal, coffin-

shaped. ZPAL V.39/4 is crossed, slightly anterior to its widest

place, by an x-shaped transverse sulcus, while ZPAL V.39/416 is

smooth. This indicates that at least two elements in the neural set

of Prot. porebensis were hexagonal. The sulcus indicates that at

least in ZPAL V.39/4, the shorter end was turned cranially. Ori-

entation of ZPAL V.39/416 is currently impossible. The sutures

are mostly lamellar, the lamellae spread in a fan-like fashion from

the visceral region in the middle part of the neural.

Behind the nuchal of ZPAL V.39/22 (Fig. 9; Szczygielski &

Sulej 2018a, fig. S2) there is an element that we interpret as a

preneural based on a comparison with SMNS 16442 (although it

may potentially represent the first neural expanded anteriorly).

The preserved part of the lateral suture of that element is

straight and directed anteroposteriorly (at the level of the lateral

nuchal suture as visible in dorsal view). Other than that, little

can be said about its shape.

Costals. Numerous fragments of isolated costals of different sizes

and thickness are known from Porezba, among them ZPAL V.39/

3 (Fig. 11C, F), ZPAL V.39/11 (Fig. 11G–H), ZPAL V.39/51

(Fig. 11D–E), ZPAL V.39/235 (Fig. 11A–B; Szczygielski & Sulej

2018a, fig. S4C) and ZPAL V.39/419 (Fig. 12R–W). The thinnest

of them have edges approximately 2 mm thick and have primar-

ily lamellar sutures with lamellae set approximately along the

long axis of the costal in its visceral part and curving dorsally

closer to the external surface (Szczygielski & Sulej 2018a, fig.

S4C–D), while the thickest have their edges more than 1 cm

thick and in some cases exhibit a coarse, three-dimensional

organization of lamellae in sutures of the proximal part (e.g.

ZPAL V.39/3). Ventral surfaces are smooth, and in most cases

gently bulging along the middle (e.g. ZPAL V.39/3, V.39/235,

ZPAL V.39/419) but in some instances a more substantial,

rounded ridge runs along a significant part of the costal (e.g.

ZPAL V.39/11 and ZPAL V.39/51). As mentioned by Gaffney

(1990) and Szczygielski & Sulej (2016), longitudinal grooves on

the visceral surfaces of costals (probable vascular or nerve

imprints) are located in the proximity of intercostal sutures but

are not remnants of the sutures themselves. This is clearly visible

in ZPAL V39/235 (Fig. 11B) and ZPAL V.39/419 (Fig. 12S).

ZPAL V.39/3 is unusual in possessing an irregular anterior pro-

cess in its proximal part.

The external surface of the proximal part of ZPAL V.39/51

(Fig. 11D–E), an isolated costal, is slightly elevated and rugose

while the distal part is smoother but covered in low longitudinal

ridges and groves. This may be compared to ZPAL V.39/20 and

ZPAL V.39/419 (Figs 12A–B, R–W, 13; see below); on the other

hand the distal part of ZPAL V.39/51 is more reminiscent of the

exposed distal ends of ribs sticking out of the costal plates in,

for example, modern chelonioids, chelydrids or trionychids, and

may result from an incomplete metaplastic ossification of costals

caused by a young ontogenetic age of the individual (the costal

plate of that specimen is only 2–3 mm thick). Unlike the men-

tioned water-inhabiting taxa, the smoother distal part of ZPAL

V.39/51 is as wide as the rugose part, which indicates a lack of

fontanelles, at least in the preserved section.

Carapacial osteodermal mosaic. Just as in Proterochersis robusta,

there is a mosaic of numerous dermal bones in the nuchal and

pygal region of the Prot. porebensis carapace. This is evidenced

by several specimens.

ZPAL V.39/22 (Fig. 9; Szczygielski & Sulej 2018a, fig. S2)

reveals the morphology of the nuchal region. The presence of

additional elements in the anterior region of the carapace is

clearly visible in that specimen. Most of its sutures are unam-

biguous and visible in both dorsal and ventral view. Their inter-

digitation, especially in ventral view, is prominent and they

remain closed, refuting possible interpretation as breaks (Szczy-

gielski & Sulej 2018a, fig. S2). The comparison of the anterior

carapacial bone layout of that specimen with SMNS 16442 is

very difficult, given the poor state of preservation of the latter,

interrupted identifiable sutures and a near lack of overlap

between these two specimens (ZPAL V.39/22 consists mostly of

the cervical and anterior marginal scute areas, which are entirely

missing in SMNS 16442).

There are some apparent cracks lateral to the nuchal bone, at

the lateral region of the cervical scute area. They differ from

sutures by their poorly developed interdigitation or complete

lack thereof. There is an arguable, weakly interdigitating crack

directed anterolaterally across the area of the first marginal

scute. This may potentially be a suture, but it differs morpholog-

ically from the other sutures of that specimen, so this is uncer-

tain. The suture between the first two peripherals is straight

dorsally and runs within the sulcus between the first two mar-

ginals, while in ventral view it is sinuous and in the basal part

located slightly mesial to that sulcus.

Posteroventrally, there is an articulation site which apparently

received the anterior limit of the first costal bone. Despite the

well-developed sutures visible in that specimen, this articulation

site lacks any sutural characteristics; its internal surface is

rugose, but lacks any lamellae or spikes typical of a suture.

Given the good state of preservation and lack of exposed bone

trabeculae indicative of bone damage, it is unlikely that such

sutural structures were initially present and subsequently

destroyed. This articulation site is embraced anteriorly by pos-

teroventral flanges of peripherals, medioanteriorly by the
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posterolateroventral flange of the nuchal bone, and medially by

a short ventrolateral flange of preneural. The latter element sep-

arates the articulation site from the contralateral half of the

shell. Between the nuchal, partially preserved three peripherals,

and part of the preneural, and posterior to the ventral flange of

the first peripheral, at least four additional ossifications seem to

be present (a, b, c and d on Fig. 9) that form much of the roof

and floor of the articulation site. The presence of the articula-

tion site for the first costal forces the interpretation of these ele-

ments as the supernumerary bones, which are not present in

modern turtles and lack strict homology with any elements of

the shell in modern turtles; the nuchal, (pre)neural and costal

bones are the only elements normally occurring in that region.

This is also supported by the anteroposterior position of these

elements in relation to the first costal (the diagonal suture

between the elements b and c cannot be an intercostal suture,

because obviously there are no costals in front of the first

costal). At least in that region, the costal was thus covered both

dorsally and viscerally by dermal elements. This multi-layered

organization is probably the reason why the anterior rim of the

carapace, just posterior to the marginals, is so thick in Protero-

chersis spp. In posterior view, the thickness of the majority of

the preneural is approximately the same as the thickness of the

elements building the roof of the articulation site, but laterally,

just by the medial end of the articulation site, the preneural

doubles its thickness, thus both attaining its contact with the

bones of the articulation site roof and creating a medial wall of

the articulation site. The sutures of these supernumerary bones

are heavily interdigitated, especially on the ventral surfaces of

the specimen, and in most cases easily and unmistakably distin-

guishable from breaks and cracks. The element a is a trapezoid

ossification surrounded by the first, second and the apparent

third peripheral, and the sulcus between the second marginal

and the first vertebral scute (which contains a suture, best visi-

ble in ventral view). The suture dividing both this element and

the second peripheral from the third peripheral is located

around the middle of the second marginal, slightly sinuous and

directed anterolaterally. The element b contacts the first periph-

eral anteriorly, the element a anterolaterally, the third periph-

eral laterally, and the element c posterolaterally. The anterior

and anterolateral suture of that element runs along the cervi-

covertebral and marginovertebral sulcus, while the posterolateral

is directed anterolaterally and contained within the area of the

first vertebral scute. Only a small fragment of the element c is

preserved; it contacts the element a anteromedially and the

third peripheral anterolaterally (suture running along the

marginovertebral sulcus). The sutures around the elements b
and c are best visible in ventral view, where they exhibit much

more profound interdigitation than in dorsal view. The element

d is another small, triangular bone located ventrally, behind the

suture dividing the first two peripherals, and divided from the

first peripheral by a weakly digitated suture. This part was

potentially prone to breakage, but observation of the fine detail

of this contact confirms the sutural character of this connection.

In the lateral part of the specimen there is a roughly rectangular

bone fragment, which we parsimoniously interpret as the third

peripheral, although given the presence of the element a at the

base of the second peripheral, this interpretation is not

unambiguous. See Szczygielski & Sulej (2018a, movies S4–S7,
models S1–S2) for CT scans of this specimen.

A similar articulation site, but with only one flange (either

dorsal or ventral) is present in the partial peripheral ZPAL V.39/

55 (Fig. 15A–C), but it is unknown whether this specimen

comes from the anterior or posterior part of the carapace. The

tip of this peripheral is gently curled away from the articulation

site, but this is of little use because the tips of peripherals are

curled ventrally in the anterior region of the carapace, but dor-

sally in the posterior region.

ZPAL V.39/20 (Figs 12A–B, 13) is a set of proximal parts of

two articulated costals, most probably the eighth and ninth

based on their shape and size. Their external surface has two

distinct textures (Figs 12A, 13E, G–L): in the proximal part,

there is an ovoid, gently elevated patch of rugose vascular

ornamentation, typical for Proterochersis spp. Distally, however,

the surface is slightly depressed, wavy and perforated by

numerous vascular foramina, but the external cortex is smooth

and shiny. This does not seem to be a result of imperfect ossifi-

cation, because the costals are thick (0.5–1.1 cm) and possess a

well-developed external cortex even in the distal region

(Fig. 13A–D). This area belongs to the posterior part of the

carapace and corresponds to the mosaic-covered section of

SMNS 17755a. It is thus possible that the wavy area, which

apparently was removed from the overlying epidermal scutes,

was covered by numerous, more external ossifications, just like

in SMNS 17755a. The wavy but shiny external surface of the

distal region of ZPAL V.39/20 is reminiscent of the surface of

ribs in Pappochelys rosinae (SMNS 91360, SMNS 91895; see also

Schoch & Sues 2015, 2018) especially in the posterior part. In

the posterior part, this area shows more lamellar, suture-like

relief, and possibly it accommodated the sutural edges of the

osteodermal platelets forming the mosaic.

A similar morphology is presented by ZPAL V.39/419

(Fig. 12R–W), a single, incomplete, isolated costal. This speci-

men is thinner (4–6 mm) than ZPAL V.39/20, and on its exter-

nal surface it bears a straight, longitudinal sulcus, which may be

identified with confidence as an intervertebral sulcus (Fig. 12R,

T). Similar to ZPAL V.39/20, in its distal part the costal presents

a depressed area which lacks typical, rough texture (Fig. 12R, T–
W). Only minor sections of the depressed surface are preserved

in that specimen, but they exhibit longitudinal striation

(Fig. 12T–U) intermediate between the suture-like relief seen in

the posterior part of ZPAL V.39/20 and the gently striated distal

part of ZPAL V.39/51. The walls of the depressed area have an

irregular course and they have a coarser, suture-like texture, very

similar to the intercostal sutures preserved on the edges of that

specimen, which in this part become reticulate rather than

lamellar (Fig. 12T–W; Szczygielski & Sulej 2018a, fig. S4D, G).

On the anterior, undamaged edge, it is evident that the inter-

costal suture and the depression wall are continuous with one

another (Fig. 12V) and that in the proximal part of the speci-

men the costal is a single element throughout its depth. In the

preserved section neither the walls nor the floor of the depres-

sion show any sign of damage.

Several isolated, polygonal bony platelets of varied thickness,

usually with radial vascularization pattern, were found in

Porezba, of which ZPAL V.39/373 (Fig. 12E–F), ZPAL V.39/374
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(Fig. 12G–H) and ZPAL V.39/375 (Fig. 12C–D) are complete,

have sutural edges all around, and present at least some of the

unmistakable turtle characteristics: rough texture with imprints

of dermal vasculature, wavy sulci and eccentric tubercles remi-

niscent of those present near the dorsoposterior edge of the

pleural scutes. They may represent the superficial ossifications

visible in SMNS 17755a. The identification of ZPAL V.39/373 as

coming from the dorsoposterior pleural scute region is sup-

ported both by the sulci layout (along the dorsal and dorsopos-

terior edge of the platelet) and the shape and location of the

boss. The radial organization of the vasculature and fine details

of the visceral surface are particularly prominent in this speci-

men, supporting its identity as a separate dermal ossification,

and not part of a costal bone. Another very similar, boss-bearing

but uncomplete specimen, ZPAV V.39/417, was also found; the

preserved section exhibits no sulci, but is otherwise very similar

to ZPAL V.39/373. Part of that specimen is missing, making

confirmation of all the sutural edges impossible, but the sutures

are certainly present along the edges identifiable, based on the

position and shape of the boss, as dorsomedial (i.e. towards the

pleurovertebral sulcus) and ventrolateral (i.e. towards the pleuro

(supra)marginal sulcus) edges, refuting the identity of that ele-

ment as a part of a costal. ZPAL V.39/374 also bears a tubercle-

like structure on its external surface, and therefore may come

from a comparable area of the shell, but the shape of the tuber-

cle is less typical (it is more angular, which may be caused by

the larger size of that specimen; ZPAL V.39/374 is the thickest

of the three with an edge up to 1.1 cm thick) so this interpre-

tation is uncertain. ZPAL V.39/375 lacks features that would

allow its positioning in the shell but exhibits generally the same

surficial characteristics and a shallow, straight groove, which

we interpret as a poorly defined sulcus. Similar straight sulci

occur in some regions of the proterochersid carapace, for

example, between the vertebral scutes, between the marginals,

and between the supramarginals (Szczygielski & Sulej 2016).

ZPAL V.39/375 is the thinnest and smallest ossicle (edge 2–
4 mm thick) and has a serrated (spiky) sutural edge, while the

ZPAL V.39/374 has complex, partly spiky and partly lamellar

sutural edges. It must be noted that the posterior section of the

carapace in Proterochersis spp. does not rapidly decrease its

thickness in comparison to other regions (although, at least in

ZPAL V.39/48, the carapace is very thin along the anterior sul-

cus of the fifth vertebral scute, in places no more than 2–3 mm

thick), so more posterior ossifications are expected to be

thicker than the ones overlying the ribs, and to lie in the same

plane as costals and neurals. This is affirmed by ZPAL V.39/

167 (Fig. 12K–Q), a posterior left peripheral with at least four

additional, irregular ossifications attached. These ossifications

vary in size but all are relatively thick (up to 1 cm) and, as in

ZPAL V.39/374, their sutures are complex, partly spiky and

partly lamellar. The peripheral itself is normal, approximately

rectangular, with the upper suture located slightly below the

pleuromarginal sulcus. The same shape is also present in com-

parable (but coming from the left side of the shell) peripheral

ZPAL V.39/181 (Fig. 15L–O). This element lacks any additional

ossifications and is V-shaped in anterior, and triangular in pos-

terior view. Its tip is gently bent towards the outer surface. The

sutures of posterior peripherals are the same as in bridge

peripherals. ZPAL V.39/418 (Fig. 12I–J) is another irregular,

small ossicle with complex sutural edges (Szczygielski & Sulej

2018a, fig. S4F) and an undulating sulcus, but it differs from

the aforementioned bony plates in its heavily vascularized,

rough surface on both sides rather than only on one (external)

side. The details of the texture slightly differ between the sides:

the sulcus-bearing surface is more coarsely textured and perfo-

rated by more numerous vascular openings than the other sur-

face. The latter, however, still differs from typical, smooth

visceral surfaces of the remaining isolated bony plates, costals

or neurals and is more reminiscent of the scute-covered ex-

terior of the carapace. Therefore, it seems likely that ZPAL

V.39/418 comes from the shell margin and was covered by

marginal scutes from both sides.

The identification of ZPAL V.39/22 and ZPAL V.39/167 as

turtle remains is uncontroversial; both exhibit typical, turtle-like

surficial texture and a sulcus layout congruent with that of

Proterochersis porebensis, which allows their precise allocation in

the shell. Likewise, the scutes and underlying osteoderms lack

one-to-one numerical correspondence. ZPAL V.39/20 lacks visi-

ble sulci, but comprises two costal bones sutured together with a

visible suture between them, preserves anterior sutural surface

with preceding costal, and broken but recognizable remains of

rib necks. Broad, sutured together ribs are diagnostic only for

true turtles (Testudinata) and Prot. porebensis is the only Triassic

turtle known from Poland, hence this specimen is identified as

such. Finally, ZPAL V.39/419 is also an obvious turtle costal

with sutural edges and a sulcus identifiable as an intervertebral

sculcus. The remaining specimens (ZPAL V.39/373, ZPAL V.39/

374, ZPAL V.39/375) are isolated bony platelets, so their inter-

pretation is more difficult, but all of them exhibit the same sur-

ficial characteristics and have sulci (undulating in the case of

ZPAL V.39/373, ZPAL V.39/374 and ZPAL V.39/418) which

support their identification as parts of the turtle shell. ZPAL

V.39/373 and ZPAL V.39/417 additionally bear an asymmetrical

boss, so they can be readily identified as posterodorsal parts of a

pleural scute. See Discussion for comparisons with other taxa.

Pygal region of the carapace. There are three specimens of the

posteriormost peripheral that show sutural layout: ZPAL V.39/

23 (Fig. 14A–B) and ZPAL V.39/213 (Fig. 14E–F), both coming

from the left side of the carapace, and ZPAL V.39/54 (Fig. 14C–
D) from the right side. ZPAL V.39/23 (Fig. 14A–B) bears the

complete last and part of the preceding marginal and a fragment

of the last vertebral scute. It apparently belonged to a small

specimen; the last marginal is maximally 1.9 cm long, with 1 or

2 mm missing from its distal tip. The suture with the preceding

peripheral is diagonal, directed posterolaterally and lamellar,

with deep grooves between the lamellae in the area of the sec-

ond-to-last marginal scute, and much less pronounced lamellae

in the area of the last vertebral scute. The medial end of the

specimen is broken, so only a small part of the natural edge of

the caudal notch is preserved. Ventrally, there is a smooth-sur-

faced fossa or embayment present, which apparently accommo-

dated the posterior process of the ilium. ZPAL V.39/213

(Fig. 14E–F) is much larger (maximally 4.2 cm long) and con-

sists of the area of the last marginal and a small fragment of the

last vertebral scute. The second-to-last peripheral is not
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preserved; only a small amount of bone tissue with no natural

surface is present mesial to the interperipheral sulcus. There is a

suture visible crossing the anteriormost part of the last marginal

area and the posterolateral corner of the last vertebral scute area.

This differs slightly from ZPAL V.39/23, in which the suture

never enters the area of the last peripheral and goes deeper onto

the area of the last vertebral scute. This difference may be attrib-

uted to either the ontogenetic age of the specimen or interspeci-

fic variation. The layout of the bony mosaic seen in SMNS

17755a is highly irregular, so it is possible that the sutures sur-

rounding the posterior peripherals were also more or less irregu-

lar. Another possibility is that the difference results from the

number of marginals and peripherals present in given animal; in

Proterochersis porebensis variants with 14 or 15 marginal scutes

are known, and the number of peripherals probably impacted

the layout of sutures in relation to the overlying scutes. ZPAL

V.39/54 (Fig. 14C–D) is intermediate in size (2.5 cm long, as

preserved) and shows approximately the same morphology and

suture layout as ZPAL V.39/213, but its sutural surfaces are

poorly preserved.

Szczygielski & Sulej (2016) reported that at least the first

sacral vertebra of Proterochersis porebensis was connected to the

shell. This morphology is confirmed by a newly found specimen,

ZPAL V.39/402 (Fig. 14G–J), in which an osseous connection

between both sacral vertebrae can be clearly seen. Due to suture-

obscuring ankylosis, the exact character of that contact (whether

the sacrals form their own neurals or if they are only attached to

the visceral surface of overlying dermal bones) remains uncer-

tain. This specimen is a part of a large individual, comparable in

size to ZPAL V.39/49 (carapace length approximately 50 cm), so

it is also unclear whether both sacrals were connected to the

carapace in younger animals. Only a small middle section of the

caudal notch edge is preserved in ZPAL V.39/402, but its curva-

ture is virtually the same as in ZPAL V.39/49, so the notch may

be safely estimated to be triangular, consistent with other

Prot. porebensis specimens but different to that of Prot. robusta.

The broken anteromedial edge of ZPAL V.39/59 (fragment of

the posterior left part of the carapace) reveals that the posterior

process of ilium (as interpreted by Szczygielski & Sulej 2016) is

separated from the overlying carapace by a band of compact

bone (presumably cortices of both elements). This is congruent

with the interpretation of that structure as a homologue of pos-

terior ilial process of other Triassic turtles and thus, as part of

the pelvis (contra Joyce et al. 2013). Other than that, this speci-

men exhibits no sutures.

Bridge. The bridge regions of Proterochersis porebensis are usually

broken or not preserved, but there are several specimens of iso-

lated peripherals from that area (most notably ZPAL V.39/14,

ZPAL V.39/21 and ZPAL V.39/173; Fig. 15D–K; Szczygielski &

Sulej 2018a, fig S4H), with at least some of their sutural surfaces

intact. Generally, as in Prot. robusta and most other turtles, the

interperipheral sutures do not coincide with the intermarginal

sulci but are located in the posterior parts of the marginals (this

is also true for most other peripherals, as shown by ZPAL V.39/

55, ZPAL V.39/167 and ZPAL V.39/181; but not all of them: see

ZPAL V.39/22). Unlike Prot. robusta, in Prot. porebensis the

costoperipheral sutures are located not near the midline of the

supramarginals, but rather below them, around the dorsal sulci

of marginals. The costoperipheral sutures show a complex

arrangement of lamellae; the interperipheral sutures usually are

lamellar, with lamellae radiating from the middle of the element,

or spiky, with denticle-like processes running towards the neigh-

bouring element.

In several specimens (ZPAL V.39/5, ZPAL V.39/8, ZPAL

V.39/48, ZPAL V.39/49, ZPAL V.39/376; Fig. 16A, D–H, L, M)

along the visceral surface of the bridge region there are bands of

cancellous bone with intertrabecular spaces filled with rock

matrix. In ZPAL V.39/5 and V.39/376 such a band is present

dorsally, but towards the middle part of the specimen the can-

cellous bone grades into the matrix. This matrix is partially

removed in the ventral part of the specimen, exposing an empty

trough lined with bone cortex (no cancellous bone exposed). A

similar trough is also present in ZPAL V.39/168. The shape and

size of that trough corresponds with the protruding apical ends

of the dorsal ribs in the bridge of Prot. robusta (mainly SMNS

12777, Fig. 16N, and CSMM specimen) described above. The

sutures are not visible in any of the specimens with the cancel-

lous band and trough preserved but, taking into account the

position of costoperipheral sutures in ZPAL V.39/14 and ZPAL

V.39/173, the cancellous band and at least the dorsal part of the

trough were restricted to costals and did not enter the area of

the peripherals. The exposed cancellous bone and its gradual dis-

appearance in ZPAL V.39/5 may indicate that these rib apices

were not yet fully ossified and were at least partially cartilagi-

nous. We exclude the possibility of erosion or decomposition of

these apical parts, because the surrounding bone is not eroded

and does not show any particular signs of pre-burial decomposi-

tion. Additionally, the presence of troughs in the visceral sur-

faces of peripherals proves that these distal parts of ribs were in

life separate from the bone tissue of the peripherals. The can-

cellous bands are relatively smooth, making it unlikely that the

substantia spongiosa was exposed as an effect of a break, and

the intertrabecular spaces are filled with the same mudstone as

the one surrounding the specimens, rather than mineral crys-

tals, which indicates that they were in contact with the environ-

ment early during diagenesis. In ZPAL V.39/21 (Fig. 16I–K)
there is a round canal penetrating the peripheral dorsally, just

lateral to the preserved part of the costoperipheral suture. This

canal may potentially represent a bite mark, but it is compara-

ble in diameter (7 mm) with the troughs visible in ZPAL V.39/

5 (6–8 mm) and ZPAL V.39/168 (8 mm), so it may be an

entrance point of the rib apex. On the visceral surface of ZPAL

V.39/21 (Fig. 16I) the peripheral is covered by what looks like

a bony sheath, which in most part appears to be separate, but

in the dorsal part joins the peripheral seamlessly. Possibly, at

some stage of development, the rib apices were therefore cov-

ered viscerally by the peripherals, or there was some variation

in relative positions of these elements. In ZPAL V.39/8

(Fig. 16A), besides two bands of exposed cancellous bone, one

ossified rib end is seen protruding, but this is probably the

apex of the first costal (the second dorsal rib). In the anterior

region of the carapace, the troughs or bands of cancellous bone

are tilted posteroventrally in relation to the axis of the periph-

erals, partly due to anterodorsal inclination of the anterior

carapacial rim.
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Epiplastra. The epiplastra of Proterochersis porebensis supported

the lateral part of the gular scutes (the medial parts were overly-

ing the entoplastra, as evidenced by SMNS 16442) and medial

parts of the extragular scutes, as evidenced by ZPAL V.39/404

(Fig. 17), a disarticulated epiplastron. This specimen is complete

with the exception of the dorsal process, which was broken off

at its base. The morphology and position of the sutural area

generally corresponds with the morphology of the entoplastron

of SMNS 16442. There is a suture laterally, which must have

received another ossification supporting the lateral part of the

extragular scute. This might have been either an anterior expan-

sion of the hyoplastron reaching the anterior edge of the plas-

tron, or a supernumerary bone. The former would imply a

significantly different shape of the hyoplastron from that

observed in Proterochersis robusta specimen SMNS 16442, in

which the hyoplastron stretches no further than to the

humeroextragular scute, whereas the latter seems to be sup-

ported by ZPAL V.39/186 (see below). The sutures mostly have

a lamellar structure. The initial position of clavicles deep to the

other plastral elements is developmentally recapitulated in mod-

ern turtles; the clavicular primordia originate above the plastral

mesenchyme, which they enter later during embryogenesis

(Vall�en 1942; Walker 1947; Cherepanov 1989).

Extragular ossification. ZPAL V.39/186 (Fig. 17M–T) represents

a lateral part of the extragular tubercle, as evidenced by its shape

and bowed sulcus on its dorsoposterior surface. This element

seems to preserve partially damaged sutural edges. Medially,

there is a probable suture for the epiplastron, best preserved in

the anterior part of the element (Fig. 17R). This suture is

slightly skewed anterolaterally and exhibits longitudinal lamellar

organization; both characteristics corresponding to the lateral

suture of ZPAL V.39/404. Posteriorly (Fig. 17P, S–T), the ele-

ment has rounded, unbroken edges (Fig. 17P, T). In its lateral

part a suture-like lamellae are partially exposed from the sedi-

ment (Fig. 17P) and more medially a field of undamaged corti-

cal bone (Fig. 17T) is present. These features are significantly

different from the spongy internal structure of damaged bone,

visible in the medioposterior section of the specimen (Fig. 17R).

The shape and contacts of ZPAL V.39/186 fit the morphologies

seen in SMNS 16442 (ento- and hyoplastra of Proterochersis

robusta) and ZPAL V.39/404 (epiplastron of Prot. porebensis)

and suggest that the former was separate from both the epiplas-

tron and the hyoplastron, and thus is an additional ossification

not homologous to any plastral bones of derived turtles. Unfor-

tunately, the state of preservation of the medial sutural surface

of that specimen is subpar, their surfaces in many places are

slightly abraded, and the details of the posterior suture are

obscured by hard matrix, so further preparation is likely to

result in more damage. Therefore, our interpretation of that

small element should be taken with caution.

Xiphiplastra and supernumerary posterior plastral elements. ZPAL

V.39/170 (Fig. 18I) is an isolated left xiphiplastron, as evidenced

by its shape and diagonal femoroanal sulcus crossing its external

surface, and presents sutural contacts of the xiphiplastron. The

visceral surface is badly damaged and presents no discernible

characters, save from the low elevation in the place where the

lateral pubic process was attached. Its medial edge contacted the

contralateral xiphiplastron, the anterior edge was attached to the

hyoplastron, but the posterior, Z-shaped (in visceral view)

suture has no counterpart with other turtles. In the same area,

faint sutures may be observed also in ZPAL V.39/13 (Fig. 18A–
C), ZPAL V.39/68 (Fig. 18G) and ZPAL V.39/69 (Fig. 18D–F),
although these sutures lack a lateral embayment as deep as the

one present in ZPAL V.39/170, and are positioned more simi-

larly to the analogous suture in SMNS 16442 (Fig. 8D). The

sutures can be also seen between the posterior processes and the

medial part, approximately in the same manner, as the sulci

delimitating the intercaudal scute from the caudal scutes. The

pattern of vascularization visible in ZPAL V.39/13 and ZPAL

V.39/69 also suggests that this region is built from three separate

ossifications, here termed supernumerary posterior plastral ele-

ments (SPPEs). In no specimen of either Proterochersis porebensis

or Prot. robusta is the medial element divided in half by a med-

ial suture, as would be expected if it was a part of the xiphiplas-

tron; only in ZPAL V.39/13 it is split, but that specimen is

clearly broken longitudinally in three places, not only along the

midline, but also in two places along the right xiphiplastron.

Other than that, the median element is always either completely

missing, or completely present. The lack of medial suture divid-

ing the medial element is especially well exhibited by ZPAL

V.39/68 (Fig. 18G), in which the median suture dividing both

xiphiplastra splits in two and runs along the sulci of intercaudal

scute. There is some disparity in Proterochersis spp. when it

comes to the position of sutures dividing the SPPEs (e.g. in

ZPAL V.39/170 the lateral parts of the suture are positioned

more cranially than the medial part, while in ZPAL V.39/13,

ZPAL V.39/69 and SMNS 16442 these relations are switched;

both in ZPAL V.39/170 and SMNS 16442 the suture is confined

to the area of the anal scutes, while in ZPAL V.39/13 and ZPAL

V.39/69 they seem to follow the sulci around the intercaudal

and caudal scutes; see Figs 8 and 18). Although this may also

suggest that there was another ossification present that filled the

lateral embayment visible in ZPAL V.39/170 and contacted the

base of the posterior processes, there is currently no evidence

that would support this, and the variation may be more parsi-

moniously attributed to the intraspecific, sexual or even ontoge-

netic variation (especially that there is an obvious variation in

the size and shape of said scutes). There are some more or less

symmetrical breaks around that region in the holotypes of

Prot. robusta (SMNS 12777: along the sulci between both anal

scutes, caudal scutes, and intercaudal scute) and Prot. porebensis

(ZPAL V.39/48: near the base of posterior processes), as well as

in Prot. porebensis specimen ZPAL V.39/49 (near the base of

posterior processes) that might potentially follow the layout of

sutures, but this is ambiguous.

PHYLOGENETIC ANALYSIS

Analysis 1 (C. tenertesta scoring variant A)

When Chinlechelys tenertesta was scored as having cervical

osteoderms (char. 251 = 1) but with the presence of the

mosaic scored as unknown (char. 249 = ?), the analysis
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yielded 12 400 trees (best score 1007, hit 140 times, CI

0.317, RI 0.766). The resulting strict consensus tree

(Szczygielski & Sulej 2018a, tree 1) is poorly resolved, and

most stem Testudinata, including Proterochersis spp. and

C. tenertesta are gathered in a large polytomy.

Analysis 2 (C. tenertesta scoring variant B)

When Chinlechelys tenertesta was scored as having both

the cervical osteoderms (char. 251 = 1) and the osteoder-

mal mosaic within the shell (char. 249 = 0), the analysis

yielded 10 100 trees (best score 1007, hit 158 times, CI

0.317, RI 0.766). The resulting strict consensus tree

(Szczygielski & Sulej 2018a, tree 2) is better resolved, and

C. tenertesta is recovered in a weakly supported (Jack-

knife value 15) polytomy together with Proterochersis

robusta and Prot. porebensis at the base of Testudinata, as

a sister group to Proganochelys quenstedti and all more

derived turtles. The clade shares two common synapo-

morphies in all trees: character 229 0 ? 1 (costo-periph-

eral fontanelles absent, distal end of posterior dorsal ribs

visible or distal end of posterior costals narrow and sur-

rounded by the peripheral) and character 249 1 ? 0

(carapacial mosaic present). The mosaic is thus optimized

as a synapomorphy of this clade.

Analysis 3 (C. tenertesta scoring variant C)

When Chinlechelys tenertesta was scored as having no cer-

vical osteoderms (char. 251 = 0) but having the osteoder-

mal mosaic within the shell (char. 249 = 0), the analysis

yielded 10 600 trees (best score 1006, hit 165 times, CI

0.317, RI 0.767). The resulting strict consensus tree

(Fig. 19; Szczygielski & Sulej 2018a, tree 3) is topologi-

cally the same as the tree obtained in the analysis 2, but

the polytomy between Proterochersis spp. and C. tenertesta

is resolved. The Jackknife support is 57 for the Prote-

rochersis spp. clade exclusive of C. tenertesta, and 19 for

the Proterochersis spp. + C. tenertesta clade. The common

synapomorphies for the latter are the same as in the anal-

ysis 2 (char. 229 = 1, char. 249 = 0).

Analysis 4 (no C. tenertesta)

When no C. tenertesta scoring variant was used, the anal-

ysis yielded 12 100 trees (best score 1005, hit 170 times,

CI 0.317, RI 0.767). The resulting strict consensus tree

(Szczygielski & Sulej 2018a, tree 4) is the same as in the

analyses 2 and 3, but the support values for the testudi-

nate stem are higher, especially for Proterochersidae

(Jackknife value 87) and for the clade of Proganochelys

quenstedti and more derived turtles (81), strongly sup-

porting the position of Proterochersidae at the base of

Testudinata, as previously demonstrated by Szczygielski &

Sulej (2016). The Proganochelys–testudinate clade exclu-

sive of Proterochersidae is supported in all trees by five

common synapomorphies: character 244 (number of

abdominal scutes) 0 ? 1 (one pair), character 245 (num-

ber of dorsal vertebrae) 0 ? 1 (10 + one intermediate

cervicodorsal), character 248 (coracoid shape) 0 ? 1

(flat, rectangular), character 254 (posterior notch in

hypoplastron) 1 ? 0 (present, one or more notches

receive anterior processes of xiphiplastron) and character

255 (shape of the articular surface of femoral head in

dorsal view) 1 ? 2 (articular surface rectangular or oval

in dorsal view).

The topology presented here differs from the prelimi-

nary topologies reported by Szczygielski & Sulej (2018b),

based on Jacknife trees produced from a smaller version

of the matrix used herein, in which C. tenertesta was

recovered separate from Proterochersis spp. and crown-

ward to Prog. quenstedti.

DISCUSSION

Taxonomic identification

Several specimens described herein are built from numer-

ous supernumerary bones that are unknown in modern

turtles and thus, based on composition alone, would not

be normally identified as testudinates. Their identification

as turtles is, however, unambiguous. Besides their origin

from the same localities, in which complete shells of Prote-

rochersis were found (Murrhardt and Porezba), they exhibit

several unmistakably chelonian characteristics. Their size,

thickness and surficial characteristics are comparable with

other specimens of Proterochersis coming from the same

localities. The most diagnostic is, however, the presence,

morphology and organization of the scute sulci.

SMNS 17755a (Fig. 2; Szczygielski & Sulej 2018a, fig.

S1A–C) preserves sulci delineating three rows of large,

polygonal scutes that are identical to vertebral, pleural

and marginal scutes in a manner exclusive for turtles.

This excludes this specimen from any other armoured

Triassic reptile taxon, because most of them (e.g. aeto-

saurs, phytosaurs, rauisuchians) completely lack sulci on

their dermal ossifications (Scheyer & Sander 2007;

Scheyer & Desojo 2011; Scheyer et al. 2014). Further-

more, SMNS 17755a differs from most archosauromorphs

in its lack of pitted or grooved ornamentation and in its

randomized layout and shape of elements. The only taxon

that preserves sulci on dermal armour and which can

be compared in terms of general morphology and

layout of ossifications (see below) is Cyamodontoidea.
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Cyamodontoid placodonts, however, typically exhibit an

approximate one-to-one correspondence in number of

osteoderms and scutes; their scutes are small, numerous,

and frequently more symmetrical (Westphal 1975; Rieppel

2002). Additionally, they inhabited marine environments,

so their appearance in alluvial sediments of the L€owen-

stein Formation (Hornung & Aigner 1999) would be sur-

prising. The shape, relative size and relative positions of

these scutes are identical to those of other Proterochersis

spp. specimens (cf. Szczygielski & Sulej 2016 and Szczy-

gielski & Sulej 2018a, fig. S3A, C). Most of the sulci are

gently undulating (Fig. 2) and there is an eccentric and

asymmetrical boss or tubercle located in the posterodorsal

section of each pleural scute area, which is characteristic

of Late Triassic turtles (Gaffney 1985, 1990; Szczygielski &

Sulej 2016). There is no ridge running along the pre-

served posterior edge of the fourth vertebral scute, so this

specimen cannot be identified as Keuperotesta limendorsa.

There is no supramarginal row of scutes, so the specimen

does not belong to the only remaining Norian turtle

known from Germany, Proganochelys quenstedti. Further-

more, the CT scans (Szczygielski & Sulej 2018a, movies

S1–3) reveal outlines of the sacrum and both ilia, which

had an osseous contact with the carapace in Proterochersis

spp., but not in Prog. quenstedti (see Gaffney 1990; Szczy-

gielski & Sulej 2016) or any non-testudinate reptile. The

identification as Proterochersis robusta is therefore clear.

Is the mosaic a proterochersid autapomorphy?

A carapacial osteodermal mosaic, similarly to that in pro-

terochersids, is present in another, North American Nor-

ian turtle, Chinlechelys tenertesta. The complex spikes of

that turtle are usually interpreted as cervical osteoderms

(after Joyce et al. 2009), but were also initially proposed

to be a part of the posterior margin of carapace (Lucas

et al. 2000). In any case, they represent an osteodermal

mosaic in roughly the same region as that observed by us

in Proterochersis spp. Furthermore, some additional data

supporting the presence of the mosaic in the non-mar-

ginal part of the carapace of C. tenertesta were also

reported, but not described in detail, by Lichtig & Lucas

(2015, 2016). According to our phylogenetic analyses

(analysis 2 and 3, see above), this turtle is the sister taxon

to Proterochersis spp. (Fig. 19; see also Szczygielski & Sulej

2018a). This seems to refute the synonymy of genera

Chinlechelys and Proganochelys proposed recently by Joyce

(2017) and suggests the affinity of C. tenertesta with

Proterochersidae. Due to several differences and severe

incompleteness of that turtle, it is currently difficult to

unambiguously evaluate whether C. tenertesta and Prote-

rochersis spp. were indeed parts of the same lineage.

Besides the similarity of complex dermal spikes of

C. tenertesta to cervical osteoderms or posterior carapacial

rim (see below) of Prog. quenstedti, the distinctiveness of

C. tenertesta from Proterochersis spp. is also suggested by

a notch in the posterior edge of hypoplastron, which

received the anterolateral process of xiphiplastron and is

missing in Proterochersis spp. and Odontochelys semites-

tacea (Fig. 19). Lichtig & Lucas (2016) argued that C. ten-

ertesta branched out from the turtle stem even earlier

than Odontochelys semitestacea, but the currently known

material of this turtle is too fragmentary to support such

an assumption, and the intervertebral articulation of ribs

of C. tenertesta is more advanced than the mid-central

articulation of O. semitestacea, so unless some new mate-

rial is published, this remains speculative.

Based on the topologies recovered by us (analyses 2 and

3), given the limited sampling of Triassic taxa, the osteo-

dermal mosaic observed in Proterochersidae and Chin-

lechelys tenertesta is probably a synapomorphy of that

clade and appeared either independently or as a result of

proliferation of less numerous dermal ossifications present

in the common ancestor of proterochersids and more

derived turtles. It must be stressed that the composition

(number and layout) of the fully dermal parts of the cara-

pace, including the presence of the carapacial osteodermal

mosaic, is completely unknown for Proganochelys quenst-

edti, Palaeochersis talampayensis or any other Triassic tur-

tle (Gaffney 1990; Sterli et al. 2007). Future observations

on other, non-proterochersid line, turtles may therefore

either confirm this assumption or possibly prove it to be a

transitional morphology which led to the development of

the typical turtle formula of peripherals, pygal and

suprapygal(s) by reduction of the number and ordering of

the layout of the mosaic elements. Indirect evidence is,

thus far, provided by Prog. quenstedti. This turtle has a set

of fontanelles in the posterior part of the shell, formed

between the distal parts of costals and the peripherals

(Gaffney 1990). However, unlike in modern and other fos-

sil turtles, these fontanelles do not penetrate the carapace

but are shielded dorsally by bone (Gaffney 1990). This

suggests that they were overlain by additional dermal

components, as in Proterochersis spp., but this remains

speculative due to a lack of data on sutures in that region.

Additionally, in the Middle Jurassic Eileanchelys waldmani

Anquetin et al. 2009 as well as in numerous Late Jurassic

plesiochelyids, thalassemydids and eurysternids, there is an

additional, ‘intermediate’ ossification of varied shape and

size located between the eighth neural, the last pair of

costals and the first suprapygal (Joyce 2000; Anquetin

et al. 2009, 2014; Joyce et al. 2009; Anquetin & Joyce

2014). The nature of this bone is uncertain, but it may

support the view that the pygal region of the carapace was

initially composed of a larger number of elements. How-

ever, more data is needed to properly interpret the evolu-

tion of the dermal carapacial elements.
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Anomaly versus the norm

The shell anomalies in turtles are frequent, but they mostly

affect the epidermal scutes. Additional bony elements may

occur, but they are relatively rarer (Zangerl 1969), although

in some taxa or populations they may be present even in

60–70% of specimens (McEwan 1982). Most common

among them are additional elements in the posterior region

of the carapace (Zangerl 1969; McEwan 1982; Kordikova

2002; Cherepanov 2016; Mautner et al. 2017). However,

they usually appear as individual, asymmetrical elements

and never seem to arise in abundance within one specimen

comparable to that seen in Proterochersis spp. The random-

ness of the anomalies also makes it rather unlikely that we

will find the same anomaly in two or more specimens,

especially with so extremely small sample size as these avail-

able for the Triassic turtles. This makes the interpretation

of the additional bones observed in Prot. robusta,

Prot. porebensis and Chinlechelys tenertesta (regardless of

them being a part of the carapace or osteoderms) as mere

anomalies unlikely. We also find it unlikely that this unu-

sual composition is a result of some pathology, at least we

were not able to identify any disease or malformation with

similar effect. Additionally, the congruent morphologies

are present in several specimens both from Germany

(SMNS 17755a) and Poland (ZPAL V.39/20, ZPAL V.39/

167) and is supplemented by isolated ossifications found in

Porezba (ZPAL V.39/373, ZPAL V.39/374, ZPAL V.39/375,

ZPAL V.39/417, ZPAL V.39/418). Subtle differences in fine

surface ornamentation, as well as variance in preservation

and colour, indicate that these specimens do not come

from a single individual within each locality but rather are

parts of several animals.

Some small bony flakes overlying the shell were

described by Hay (1922, 1929) from several specimens of

matamata, but these platelets differ from the ones

observed in Proterochersis spp. in a number of aspects: (1)

they usually have straight edges; (2) they usually do not

appear in groups in one region of the shell; (3) they seem

to never form sutural connections with each other and

with typical shell elements; (4) they never disturb normal

connections between the shell bones.

Even if the observed characters do not represent the

norm for Prot. robusta, Prot. porebensis and Chinlechelys

tenertesta, they would at least prove that vastly less strict

and reliable morphogenesis control mechanisms were pre-

sent early in the turtle lineage. The relatively large insta-

bility of bone layout in the posterior region of carapace

in modern turtles was explained as a result of develop-

mental complications related to the presence of the

underlying sacral region of the axial skeleton (Zangerl &

Johnson 1957), its independence of the axial skeleton

(Zangerl 1969) or the lack or low number of arranged

invaginations of dermis forming between the epidermal

scutes, which appear to regionally promote the osteogene-

sis (Cherepanov 1989, 2016). While any or all of these

causes may be true, the less strict developmental program

of the fully dermal part of the carapace may also be

related to the phylogenetic ancestry of turtles. Sadly, very

little is known about the morphogenetic regulation of the

pygal and suprapygal region in turtles and the determina-

tion of osteoderm layout in other taxa.

Comparative anatomy of the carapacial osteodermal mosaic

The mosaic of ossifications at the posterior end of the

carapace in Proterochersis spp. is unexpected. Thus far, it

has been assumed that this region was composed in the

same manner in Triassic turtles as in more derived taxa,

from posterior costals, peripherals, one or several

suprapygals, and potentially one pygal (although the cau-

dal notch of proterochersids and Palaeochersis talam-

payensis might have suggested the absence of the latter)

but no actual data supported this view. It is currently

unknown whether Keuperotesta limendorsa exhibited a

similar pattern of posterior carapacial ossifications, but

representatives of both genera seem to have similar mor-

phology of the shell, and it may therefore be speculated

that they did not differ in that aspect either.

The presence of such numerous ossifications in the tur-

tle carapace makes the status of Priscochelys hegnabrun-

nensis from the lower Ladinian of Hegnabrunn worth

considering again. This taxon was proposed to be a pos-

terior section of carapace belonging to a stem turtle, as

suggested by the presence of turtle-like sulci outlining the

epidermal scutes (Karl 2005; Joyce & Karl 2006) but

Scheyer (2008) refuted this affinity based on the histologi-

cal merits (lack of diploe structure, radial vasculariza-

tion), different surficial texture, and presence of

numerous sutures encircling the several separate ossifica-

tions that built this specimen. Nonetheless, if the plate

corresponds to the external layer of ossifications, and not

the costals or peripherals, these differences may not be

pivotal. Additionally, the internal surface of the articula-

tion site formed by dermal bones in ZPAL V.39/22 is

coarse and quite similar to the visceral surface of the

Pri. hegnabrunnensis holotype. Still, the texture of the

external surface of that specimen is unlike that of turtles,

but this may be in part the result of erosion or diagenesis,

and partially of the long time separating these taxa;

Pri. hegnabrunnensis is approximately 5–10 million years

older than Odontochelys semitestacea and almost 20 mil-

lion years older than the oldest Testudinata. The orna-

mentation of the dermal bones evolves relatively fast and

differs slightly between the coeval Late Triassic turtle taxa

(de Broin 1984) or even within one species (TSz pers.

obs. 2018). Additionally, the plastron and costals of early
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pantestudinates are relatively smooth (Li et al. 2008;

Schoch & Sues 2015; TSu 2015 and TSz 2016, pers. obs.)

and it is theoretically possible that the surficial ornamen-

tation in the earliest carapace-bearing animals differed

from more derived, later forms. In any case, more speci-

mens are needed to resolve this question.

Numerous ossifications forming the carapacial rim of

Proterochersis spp. may also be compared to the complex

spikes of Chinlechelys tenertesta, described and figured by

Lucas et al. (2000) and Joyce et al. (2009) as cervical

osteoderms similar to those of Proganochelys quenstedti.

Lucas et al. (2000) also briefly noted their similarity to

posterior marginal carapace area of the latter, but quickly

refuted this possibility due to presence of numerous

sutures (Szczygielski & Sulej 2018a, fig. S1E). Although

the exact configuration of posterior part of the carapace

is unknown in Prog. quenstedti, the bony mosaic of prote-

rochersids and possible presence of dermal mosaic in

other regions of C. tenertesta carapace (Lichtig & Lucas

2015, 2016) makes such a comparison viable. The similar-

ity of the structure is prominent (Szczygielski & Sulej

2018a, fig. S1). While it is difficult to identify the spikes

of C. tenertesta with full certainty as a part of the cara-

pace and not cervical or caudal osteoderms (especially

keeping in mind that these elements are strictly homolo-

gous), there are several aspects that may indicate that they

indeed contributed to the carapace. Firstly, the cervical

and caudal osteoderms in Prog. quenstedti are organized

in tetrads (with two large spikes located in between two

smaller spikes) and triads (with all spikes more or less the

same size, despite minor asymmetries), respectively (Gaff-

ney 1990). The most complete osteoderm of C. tenertesta,

however, is built from two spikes of clearly differing size,

and there is a base of a third spike located lateral to the

smaller spike. Given that the spikes are laterally asymmet-

rical and that the larger element is more likely to be

located medially, this would mean that there were at least

six spikes in the row. While possible, it is incongruent

with morphology observed in Prog. quenstedti. Secondly,

the spikes are nearly flat on one side and convex on the

other. Cervical and caudal osteoderms of Prog. quenstedti

are round in cross-section, but marginal elements of the

carapace frequently show dorsoventral asymmetry.

Thirdly, two preserved spikes of C. tenertesta are divided

by a well-defined sulcus. There is no unambiguous evi-

dence of sulci on cervical or caudal osteoderms of

Prog. quenstedti (TSz pers. obs. 2014), but sulci are

expected to be present between marginal elements of the

carapace. Although the affinity between C. tenertesta and

Prog. quenstedti was previously proposed mostly based on

the assumption that both taxa share cervical osteoderms

(Joyce 2017), even if the discussed specimens are inter-

preted as marginal parts of the shell, they more closely

resemble spiky marginals of Proganochelys spp. than the

more ovoid posterior marginals of Proterochersis spp., still

supporting the result of our phylogenetic analysis, with

these two genera located along the turtle stem and not

forming an exclusive clade (see above). In any case, the

complex spikes of C. tenertesta are evidence of an osteo-

dermal mosaic in either nuchal or pygal region of the

carapace in a Norian turtle other than Proterochersis spp.

Joyce et al. (2009) interpreted one of the carapace frag-

ments (partial costal with exposed rib apex and sutured

single peripheral element) as part of the posterior region

of the carapace, but the place indicated by them is located

behind the pelvis, which makes such a positioning of ribs

impossible. We therefore suggest, that this element was

located more anteriorly (Fig. 19).

The morphology of the osteodermal mosaic in Protero-

chersis spp., particularly in the posterior part of the cara-

pace, is comparable to the secondary armour of

dermochelyids (Gervais 1872; Wood et al. 1996), espe-

cially of Dermochelys coriacea Vandelli, 1761. Peculiarly,

early, less derived dermochelyids tended to have a rela-

tively organized layout of osteoderms with rather even

edges, while in D. coriacea the ossifications are thinner,

lack regularity of shape and arrangement, and have ser-

rated sutural edges (Wood et al. 1996; Delfino et al. 2013;

Chen et al. 2015) very similar to those of Proterochersis

spp. The appearance of a pattern of thin, irregular plate-

lets external to the ribs in these two families may suggest

some deep, developmental homology of these structures

in these two taxa, but the mechanisms of their develop-

ment are enigmatic even in the latter, and obviously, they

are not a direct heritage. Still, there are some prominent

differences between the mosaic of Proterochersis spp. and

D. coriacea: the ossicles in the latter are more numerous,

proportionally smaller, completely separate from the

endoskeleton and cover the whole trunk of the animal.

These incongruences may either hint at a different devel-

opmental background and complete lack of homology or

divergent evolutionary paths despite some common devel-

opmental pathways. Possibly future studies will resolve

this question.

Supernumerary posterior plastral elements

The homology of the three SPPEs of Proterochersis spp. is

uncertain. They may potentially be just another row of

plastral bones, homologous to gastralia, but we find this

interpretation unconvincing due to their position pos-

terior to pelvis and especially given the presence of the

medial element (the only other medial plastral element

being the entoplastron, a homologue to the interclavicle).

Considering the position of these bones at the posterior

edge of the ischium and the familiar motif of postero-

lateral, finger-like processes bracing the cloaca, we
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propose their homology with the hypoischium of other

Triassic turtles (see below). Alternative, a third possibility

is that the SPPEs of Proterochersis spp. may represent

neomorphic structures nonhomologous to either the

hypoischium or gastralia, that substituted for the hypois-

chium of other Late Triassic pantestudinates.

Our interpretation of the SPPEs as homologues of

hypoischium is challenged by four main differences

between these elements. Firstly, the hypoischium of the

remaining Triassic taxa is located deeper than the plas-

tron, approximately in the same plane as the ventral sur-

face of the ischium (Gaffney 1990; Sterli et al. 2007; Li

et al. 2008) while the SPPEs of Proterochersis spp. lie in

the same plane as the external surface of the plastron,

i.e. their surface is more external than the ventral limit

of the ischium. Secondly, the SPPEs in Proterochersis

spp. were apparently embedded within the osteogenic

plastral dermis and bear a plastron-like texture, while

the hypoischia of the remaining pantestudinates are

smooth and apparently had no intimate contact with the

external layers of dermis. Thirdly, the hypoischium of

other taxa only articulates with the ischium, while in

Proterochersis spp. the SPPEs are sutured both to the

ischium and to the xiphiplastra. Fourthly, in Proterocher-

sis spp. they are covered by a set of three scutes (two

caudals and one intercaudal) while there is no trace of

any scutes covering the hypoischium in other taxa. The

sutures delineating the ischium are unfortunately fully

ankylosed in all specimens of Proterochersis spp., so it is

uncertain whether the whole SPPEs in Proterochersis spp.

are shifted towards the epidermis in relation to the typi-

cal position of hypoischium (in this case, to uphold our

proposed homology, the hypoischium would have to

migrate several millimetres externally) or if their visceral

parts are located completely posterior to the ischium as

the hypoischium of other pantestudinates, and only have

a surplus layer of dermal bone, expanding them ventrally

(this would require either a minor external migration of

the hypoischium or thickening of the osteogenic plastral

dermis to engulf the ventral parts of the hypoischium,

the latter possibly also facilitating the strong osseous

connection present between the proterochersid plastron

and pelvis). In both cases, our hypothesis would require

these elements to develop a sutural contact with the

xiphiplastra, which in proterochersids lie in the same

plane as the posterior plastral bones and reach more

posteriorly than in other pantestudinates, covering the

pelvis ventrally (Gaffney 1990; Sterli et al. 2007; Li et al.

2008; Szczygielski & Sulej 2016). It is impossible to

ascertain whether the caudal and intercaudal scutes were

present in other pantestudinates (if so, they could leave

no sulci on the hypoischium because it was located

deeper than the plastral bones and separated from the

scutes by a thicker layer of tissue), or if these scutes are

an autapomorphy of Proterochersidae or Proterochersis

spp. These mentioned differences seem to be correlated

with each other and stem from the embedding of the

supposed hypoischium (SPPEs) within the plastral der-

mis. We speculate that the changes in that region could

be akin to the processes occurring during the evolution

of other plastral bones from the clavicles, interclavicle

and gastralia, and carapace elements from ribs, cleithra

and neural processes. If our hypothesis is correct, the

presence of a hypoischium in proterochersids refutes the

homology of their anal notch with that of pleurodires, fur-

ther strengthening their position as early stem turtles.

Unfortunately, the posteriormost part of the plastron is

destroyed in Keuperotesta limendorsa, so it is unknown

whether the SPPEs are diagnostic for Proterochersidae as

a whole or only for the genus Proterochersis. Joyce et al.

(2013) reported the presence of the hypoischium in Keu-

perotesta limendorsa holotype (SMNS 17757, at the time

identified as Proterochersis robusta) but the bony element

they indicated is in fact the posterior process of the ischia.

The shortening of the hypoischium in comparison to

other pantestudinates may partially result from develop-

ment of the central plastral concavity, similar to that of

some modern male turtles (Pritchard 2008; Leuteritz &

Gantz 2013), which helps with proper alignment during

copulation. The plastron of Palaeochersis talampayensis,

however, is also concave ventrally (TSu pers. obs. 2016)

and this turtle has proportionally the longest hypoischium

of all the Triassic turtles (Sterli et al. 2007). The geometry

of the carapace may therefore also have played a role;

both Proganochelys quenstedti and Palaeochersis talam-

payensis had flatter shells (Sterli et al. 2007 noted that

PULR 68 lacks the central part of the carapace making it

difficult to evaluate the height of the shell; taking into

account the angle at which the remaining parts of the

carapace converge dorsally, however, the shell could not

possibly be much higher, although some degree of post-

mortem compression is also possible; see Szczygielski &

Sulej 2018a, fig. S3B, D) with low curvature of the pos-

terior rim, low caudal notch and marginal elements pro-

truding posteriorly. O. semitestacea probably also lacked

an arched back. On the other hand, the shells of Prote-

rochersis spp. are higher (even in the apparently flatter

Prot. porebensis), have steeper posterior region, a higher

caudal notch, and their marginalia are directed more ven-

trally (Szczygielski & Sulej 2018a, fig. S3A, C). Thus, the

mounting male would be positioned more vertically and

closer to the female’s cloaca, possibly reducing the need

for an elongated hypoischium. The position of cloaca

between the caudal processes is supported by the fact that

each of SPPEs was covered by an individual scute instead

of the posterior expansion of anal scutes. However,

more fossils are required to unambiguously ascertain the

exact nature and homologies of SPPEs, preferably either
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providing an intermediate morphology linking the SPPE

to an unmodified hypoischium (thus supporting our

hypothesis) or proving the presence of both an SPPE and

a hypoischium (thus refuting the homology of these

elements).

CONCLUSIONS

During the late nineteenth, nearly all of the twentieth, and

even the early twenty-first century there was debate among

researchers about whether a dermochelyid-like superficial

(epithecal) osteodermal mosaic was plesiomorphic for tur-

tles and subsequently lost or fused with underlying bones

(Owen 1849; Baur 1887a; Hay 1898, 1922, 1929; Gadow

1909; Versluys 1914a, b; Deraniyagala 1930; K€alin 1945;

Gregory 1946; Lee 1993, 1996, 1997; Scheyer et al. 2008;

Joyce et al. 2009; Lichtig & Lucas 2016) or whether it was a

late, dermochelyid-only adaptation (e.g. Zangerl 1939;

Cherepanov 1997; and most later authors). The observa-

tions presented herein bring a surprising twist to this dis-

pute: the osteodermal mosaic was indeed present in some

of the earliest turtles, but it developed after the acquisition

of plastron, costal, and neural bones rather than being

inherited from some common ancestors of turtles and their

non-pantestudinate sister group. In Proterochersis spp. it

filled the available area between the costals and carapacial

rim, and was partially located external to the costals, facili-

tating the consolidation of the shell. In more derived tur-

tles, the anteriormost and posteriormost costals occupy

much of the place covered in Proterochersis spp. by the der-

mal elements, the number of completely dermal elements is

much smaller, and their layout is organized, possibly due

to interactions with complex, ordered scute pattern. This

scenario generally agrees with hypothesis of Cherepanov

(1997), although he considered the substitution of overly-

ing osteoderms by underlying costals unlikely due to func-

tional reasons and possibly developmental complications.

We argue that evolutionary fixation of a lower number of

ossifications (and thus, the connections between them) in

the shell was functionally beneficial, because it increased its

stiffness and resistance to crushing and bending (Jaslow

1990; Achrai et al. 2014), which were primary sources of

damage caused by large predators. The developmental

complications might have been easily solved by hete-

rochronic changes to the time of ossification of particular

shell elements and by optimization of costal development,

which would allow them to establish contact with superfi-

cial layers of dermis earlier and shield larger area of the

dorsum. Development of varied internal morphologies of

sutures early in shell evolution indicates optimization

towards various stresses and proves that the protective

characteristics of the shell were an important factor in the

Late Triassic.

Our observations also prove that the armour of tetra-

pods does not necessarily have to result from a single

developmental programme, but may be an effect of

numerous interplaying pathways that supplement each

other and may even in some ways compete and supersede

one another under adaptive selection (e.g. the endoskele-

ton-derived costal bones crowd out the overlying mosaic

of dermal osteoderms). Finally, they stress the need for an

in-depth study of the developmental factors responsible

for the positioning and formation of osteoderms.
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