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Limb histology of the Triassic stem turtles
Proterochersis porebensis Szczygielski & Sulej, 2016
and Proganochelys quenstedtii Baur, 1887 with insights
into growth patterns of early turtles
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Szczygielski T., Klein N., Stowiak-Morkovina J. & Scheyer T. M. 2023. — Limb histology of the Triassic stem turtles
Proterochersis porebensis Szczygielski & Sulej, 2016 and Proganochelys quensteditii Baur, 1887 with insights into growth
patterns of early turtles. Comptes Rendus Palevol 22 (32): 635-665. https://doi.org/10.5852/cr-palevol2023v22a32

ABSTRACT

Data on turtle limb bone histology and microstructure are spotty, especially for Mesozoic taxa, despite
significant progress made in recent years. Here we provide first detailed information on the stylopodia
of the Late Triassic stem turtles Proganochelys quenstedrii Baur, 1887 from Switzerland and Prozerochersis
porebensis Szczygielski & Sulej, 2016 from Poland. In both taxa we observed large, internal medul-
lary regions filled with endosteal trabeculae and poorly to moderately vascularized parallel-fibered
(grading locally to lamellar) periosteal cortices. Primary vasculature is predominantly longitudinal,
in Proterochersis porebensis locally with radial inclination. In large specimens, secondary remodeling
is significant in the deeper cortex, but it neither completely obliterates the primary tissue nor reaches
the external surface of the bone in either taxon. Comparison of histological data, limb morphology,
shell and limb lengths as well as proportions reveal differences in growth patterns between the taxa:
Proganochelys quenstedtii seems to grow faster during early life stages than Proterochersis porebensis
and attained distinctly larger body sizes earlier in ontogeny, even though the asymptotic body size
is roughly the same for both species. Overall, the histological and microstructural characteristics of
stylopodial bones of Triassic turtles more closely resemble those of more recent representatives of
that group than earlier stem turtles.
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RESUME

Histologie des membres des tortues souches du Trias Proterochersis porebensis Szczygielski & Sulej, 2016
et Proganochelys quenstedtii Baur, 1887 avec un apercu des schémas de croissance des premiéres tortues.
Les données sur I'histologie et la microstructure des os des membres des tortues sont inégales, en
particulier pour les taxons du Mésozoique, malgré les progres significatifs réalisés ces dernieres années.
Nous fournissons ici les premiéres informations détaillées sur les stylopodes des tortues souches du
Trias supérieur Proganochelys quenstedtii Baur, 1887 de Suisse et Proterochersis porebensis Szczygielski
& Sulej, 2016 de Pologne. Chez les deux taxons, nous avons observé de grandes régions médullaires
internes remplies de trabécules endo-osseuses et des cortex périostés a fibres paralléles faiblement &
modérément vascularisés (évoluant localement a lamellaires). La vascularisation primaire est prin-
cipalement longitudinale, chez Proterochersis porebensis elle est localement radiale. Dans les grands
spécimens, le remodelage secondaire est significatif dans le cortex plus profond, mais il n'efface pas
complétement le tissu primaire, ni n'atteint la surface externe de 'os dans I'un ou 'autre des taxons.
La comparaison des données histologiques, de la morphologie des membres, de la longueur de la
coquille et des membres, ainsi que des proportions, révele des différences dans les schémas de crois-
sance entre les taxons : Proganochelys quenstedtii semble croitre plus rapidement au cours des premiers
stades de la vie, par rapport & Proterochersis porebensis, et atteint des tailles corporelles nettement plus
grandes plus tot dans 'ontogénie, méme si la taille asymptotique du corps est & peu pres identique
pour les deux especes. Dans 'ensemble, les caractéristiques histologiques et microstructurales des os
stylopodiaux des tortues du Trias ressemblent davantage a celles des représentants plus récents de ce

Norien.

INTRODUCTION

Research of turtle limb bone histology has a long history with
the earliest accounts (Quekett 1849a, b, 1855) mostly noting
the large size of the osteocytes, the compactness of the corti-
ces, and the cancellous interior of extant turtle limb bones.
Probably the first more in-depth descriptions of turtle femur
histology are those of Foote (1911, 1916), who also pointed
out reduced medullary cavities frequently filled with cancel-
lous bone and thick, compact cortices with a lamellar-zonal
arrangement of tissue. Wallis (1927) provided additional data
on limb bone histology, noting that the cortices are composed
predominantly of parallel-fibered bone, and also described
bone healing in turtles. Gross (1934), in his work on fossil
reptile and amphibian bone histology, noted the scarcity of
fossilized turtle limb material and described extant turtle
limbs instead, mostly repeating the observations of previous
authors. Mattox (1936) was probably the first to notice the
presence of annular growth marks in the turtle long bones
and their potential utility for skeletochronological estimation
of an approximate age of the individual — a conclusion fol-
lowed by subsequent research (Peabody 1961; Hammer 1969;
Castanet & Cheylan 1979; Cheylan 1981; MacCulloch &
Secoy 1983; Castanet 1985, 1987, 1988, 1994; Zug & Balazs
1985; Zug et al. 1986, 1995, 1997, 2002, 2006; Zug 1990;
Klinger & Musick 1992, 1995; Chaloupka & Musick 1997;
Parham & Zug 1997; Zug & Glor 1998; Bjorndal ez al. 1998;
Coles et al. 2001; Snover 2002; Snover & Hohn 2004; Ehret
2007; Avens & Goshe 2007; Snover et al. 2007a, b; Chin-
samy & Valenzuela 2008; Snover & Rhodin 2008; Curtin
et al. 2008; Goshe ez al. 2009, 2010; Casale ez a/. 2011; Avens
et al. 2012, 2013, 2015; Petitet ez 2l 2012; Avens & Snover
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groupe que les tortues plus anciennes du groupe souche.

2013; Turner Tomaszewicz et al. 2015; Cigek er al. 2016;
Lenz et al. 2016; Schucht et 2/ 2021). Balli (1937), Haines
(1938, 1969), Crawford (1940), Enlow & Brown (1957),
Suzuki (1963), and Ricglés (1976) provided further reports
of turtle limb bone histology, microstructure, and develop-
ment during ontogenesis. Enlow (1969) improved on that,
presenting a more thorough description, and noted that the
cancellous bone in turtles tends to show little to no remodeling
with much of the primary tissue being preserved in between
the intertrabecular spaces. Rhodin ez a/. (1980, 1981) char-
acterized some aspects of limb histology and microstructure
of Dermochelys coriacea (Vandelli, 1761). That was expanded
upon by Rhodin (1985) in a broader context of aquatic turtle
evolution and growth rate including, probably for the first
time, remarks on limb histology of fossil turtles, in particular
Archelon ischyros Wieland, 1896, Rhinochelys pulchriceps (Owen,
1842) (Owen 1851), and Stupendemys geographicus Wood,
1976 (Enlow & Brown 1957 earlier presented thin sections
of femora of some Eocene species, but these were not iden-
tified taxonomically), and a follow-up study on that subject
was performed by Rhodin (1996). Montes ez 4. (2007, 2010)
and Cubo ez al. (2008, 2012) provided data on bone growth
rates in turtles. A number of authors tackled the question
of the unclear correlation between the limb microstructure
and habitat in turtles (Ricglés ez /. 2004; Germain & Laurin
2005; Kriloff et 2/ 2008; Canoville & Laurin 2010; Laurin
et al. 2011; Houssaye 2013; Nakajima ez a/. 2014; Pereyra
2022). Gonet et al. (2023) studied the correlation between
the femoral microstructure and locomotion in bipedal, facul-
tatively bipedal, and quadrupedal reptiles, including turtles.
Thorough studies of histology across different limb bones and
ontogenetic stages were performed for extant species by Botha

COMPTES RENDUS PALEVOL e 2023 22 (32)



Triassic turtle limb bone histology 4

TaBLE 1. — Visual documentation (thin section photographs, CT data, binary images of density, drawings) of testudinate long bone histology and microstructure

available in published literature.

Taxon References
Stem
Proganochelys quenstedtii Nakajima 2017; Schoch et al. 2019
Sichuanchelyidae Nakajima 2017
Xinjiangchelyidae Danilov et al. 2018
Cryptodira
Carettochelyidae Rhodin 1985; Nakajima et al. 2014
Chelonioidea Quekett 1849b; Balli 1937; Amprino & Godina 1947; Rhodin et al. 1980, 1981, 1996; Rhodin 1985; Zug
et al. 1986, 2006; Klinger & Musick 1992; Zug & Parham 1996; Bjorndal et al. 1998; Coles et al. 2001;
Snover 2002; Wilson 2023; Snover & Hohn 2004; Ricqles et al. 2004; Avens & Goshe 2007; Snover
et al. 2007a, b; Snover & Rhodin 2008; Kriloff et al. 2008; Avens et al. 2009, 2012, 2013, 2015; Goshe
et al. 2009, 2010; Casale et al. 2011; Laurin et al. 2011; Petitet et al. 2012; Houssaye 2013; Avens &
Snover 2013; Nakajima et al. 2014; Turner Tomaszewicz et al. 2015; Lenz et al. 2016
Chelydridae Foote 1911, 1916; Enlow & Brown 1957; Peabody 1961; Enlow 1969; Hammer 1969; Horner et al. 2001;
Canoville & Laurin 2010; Laurin et al. 2011; Nakajima et al. 2014; Gbnet et al. 2023; Valastro et al. 2023
Emydidae Foote 1916; Wallis 1927; Haines 1942, 1969; Enlow & Brown 1957; Suzuki 1963; Enlow 1969; Castanet

1985; Rhodin 1985; Snover & Rhodin 2008; Laurin et al. 2011; Nakajima et al. 2014; Cicek et al. 2016

Geoemydidae
Kinosternidae
Protostegidae
Testudinidae

Wilson 2023

Nakajima et al. 2014; Schucht et al. 2021
Foote 1916; Enlow & Brown 1957; Laurin et al. 2011; Nakajima et al. 2014

Foote 1916; Haines 1938; Crawford 1940; Amprino & Godina 1947; Enlow & Brown 1957; Enlow 1969;

Ricglés 1976; Castanet & Cheylan 1979; Cheylan 1981; Castanet 1988, 1994; Ricqglés et al. 2004;
Ehret 2007; Kriloff et al. 2008; Canoville & Laurin 2010; Laurin et al. 2011; Nakajima et al. 2014; Botha
2017; Botha & Botha 2019; Bhat et al. 2019, 2023; Pereyra et al. 2019; Pereyra 2022; Gonet et al. 2023

Toxochelyidae Wilson 2023
Trionychidae

Indeterminate fossil Bailleul et al. 2011

Foote 1916; Cubo et al. 2008; Montes et al. 2010; Laurin et al. 2011; Nakajima et al. 2014

Pleurodira
Araripemydidae Sena et al. 2021
Chelidae Laurin et al. 2011; Nakajima et al. 2014; Pereyra et al. 2019, 2020; Pereyra 2022
Pelomedusidae Haines 1969; Kriloff et al. 2008; Laurin et al. 2011

Podocnemididae

Unspecified extant and fossil Cerda et al. 2020

Enlow 1969; Chinsamy & Valenzuela 2008; Nakajima et al. 2014; Cadena et al. 2020

Indeterminate fossil

Enlow & Brown 1957; Danilov et al. 2018

(2017) and Botha & Botha (2019) for Stigmochelys parda-
lis (Bell, 1828), by Bhat ez al. (2019) for Chersina angulata
(Schweigger, 1812), by Pereyra et al. (2020) for Hydromedusa
tectifera Cope, 1869, and by Pereyra (2022) for Hydromedusa
tectifera, Phrynops hilarii (Duméril & Bibron, 1835), and Che-
lonoidis chilensis (Gray 1870). Pereyra ez al. (2019) described
histological correlates of muscle attachments on the pectoral
girdle and humerus in extant terrestrial and aquatic turtles
and Valastro ¢z al. (2023) documented the healing process of
a complex humeral fracture in a juvenile Caretta caretta (Lin-
naeus, 1758). Bhat ez 2/. (2023) focused on the differences in
tibial histology in Chersina angulata from different localities
covering the timespan from the late Miocene to Recent, par-
ticularly in the context of growth tempo.

Intriguingly, representatives of completely extinct genera were
largely ignored as a source for appendicular osteohistological
data, and only very recently gained some attention thanks
to the works on Annemys sp. and another Middle Jurassic
turtle from Russia by Danilov ez al. (2018), Araripemys bar-
retoi Price, 1973 by Sena ez al. (2021), Desmatochelys lowii
Williston, 1894 and Protostega gigas Cope, 1871 by Wilson
(2023), Stupendemys geographicus by Cadena ez al. (2020),
Stylemys nebrascensis Leidy, 1851 by Ehret (2007), Toxochelys
latiremis Cope, 1873 by Wilson (2023), and Yaminuechelys

COMPTES RENDUS PALEVOL e 2023 » 22 (32)

maior Staesche, 1929 by Pereyra ez al. (2020). A comprehen-
sive review of previous studies on turtle histology was finally
recently presented by Scheyer & Cerda (2021). Overall, long
bone histology and microarchitecture are probably the best
documented for the marine turtle clade Chelonioidea Baur,
1893, but at least some visual documentation exists for a
variety of other taxa (Table 1), which amounts to a relatively
wide (although uneven and in some cases only cursory) sam-
pling of recent taxa and very rudimentary exploration of fossil
turtle limb histology. Works actually focused on long bone
histology of fossil turtles are still rare (Ehret 2007; Danilov
etal. 2018; Cadena ez al. 2020; Pereyra et al. 2020; Sena ez al.
2021; Bhat ez 2l 2023).

Likewise, although information on the correspondence
between the body size, growth tempo, ecology, and limb bone
histology in turtles improved in recent years, the sampling
particularly for Mesozoic taxa is very poor (Pereyra ez al. 2020;
Sena et al. 2021; Wilson 2023), despite the potential useful-
ness of such data in evaluation of growth patterns, ecomor-
phology, and life strategies of extinct species. Though several
studies explored the interplay between the preferred habitus
and limb proportions in stem turtles (e.g. Joyce & Gauthier
2004; Lyson et al. 2016; Motani & Vermeij 2021; Dudgeon
et al. 2021) and the ecology of the earliest stem-turtles is
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» Szczygielski T. ez al.

TaBLE 2. — Measured and estimated lengths of studied Proterochersis porebensis Szczygielski & Sulej, 2016 stylopodial bones.

Estimated length (distal

Estimated length (extrapolation

Bone Specimen number Length as preserved (cm) depth/length ratio) (cm) based on complete) (cm) Used for
Humerus ZPAL V. 39/50 10.6 10.6 - CT
ZPAL V. 39/156 7.7 7.6 - CT
ZPAL V. 39/433 3.8 (incomplete) 8.2 - Histology
ZPAL V. 39/439 2.2 (incomplete) 4.7 - Histology
ZPAL V. 39/446 5.8 5.9 - CT
Femur ZPAL V. 39/48 12.7 12.3 12.7 -
ZPAL V. 39/432 14.0 14.5 14.0 CT
ZPAL V. 39/499 2.7 (incomplete) 5.6 8.8 Histology
ZPAL V. 39/500 6.6 (incomplete) 12.8 13.0 Histology

an eagerly discussed topic (e.g. Joyce & Gauthier 2004;
Scheyer & Sander 2007; Li ez al. 2008; Benson ez al. 2011;
Lyson et al. 2016; Lichtig & Lucas 2017; Lautenschlager
eral. 2018; Bajdek ez al. 2019; Schoch ez al. 2019; Dziomber
et al. 2020; Motani & Vermeij 2021; Dudgeon ez al. 2021;
Szczygielski & Stowiak 2022; Evers ez al. 2022), relevant data
for Triassic turtles are, in fac, still very scarce. Additionally,
the poor understanding of the early turtle limb ontogeny
and proportions makes it difficult to accurately evaluate the
ontogenetic stage and estimate the total body size in case of
isolated specimens. The life histories and growth strategies of
Triassic turtles remain unexplored, especially that recent data
(e.g. Joyce & Gauthier 2004; Scheyer & Sander 2007; Ben-
son et al. 2011; Lichtig & Lucas 2017; Lautenschlager ez 4.
2018; Szezygielski er al. 2018; Bajdek ez al. 2019; Dziomber
et al. 2020; Dudgeon ez al. 2021; Evers et al. 2022) have put
aside or added nuance to the historical understanding of
Proterochersis spp. as a small-bodied terrestrial form (Fraas
1913) and Proganochelys quenstedtii Baur, 1887 as a distinctly
larger semiaquatic species (Fraas 1899; Gaflney 1990), sug-
gesting instead that both genera could reach similar body
sizes, Proganochelys quenstedtii was a terrestrial turtle, while at
least Proterochersis porebensis Szczygielski & Sulej, 2016 was
semiaquatic. The same problem, to a varied extent, applies
also to more recent representatives of the group, especially
considering for example their developmental plasticity.
Here, we present a histological description of the humeri
and femora of Proterochersis porebensis from the Norian (Late
Triassic) of Poreba, Poland (Sulej e# a/. 2012; NiedZwiedzki
et al. 2014; Kubik ef al. 2015; Szulc & Racki 2015; Szulc
et al. 2015; Szczygielski & Sulej 2016; Bajdek ez a/. 2019)
and a humerus of Proganochelys quenstedtii from the Norian
(Late Triassic) of Frick, Switzerland (e.g. Braun 1920; Sander
1992; Jordan ez al. 2016; Zahner & Brinkmann 2019; Scheyer
et al. 2022). The Por¢ba assemblage is the only place known
thus far to produce well-preserved long bones of protero-
chersids (thus far only a partial humerus and femur have
been figured; Sulej er al. 2012; Szcezygielski & Sulej 2016;
comprehensive description in preparation). A second locality,
Kocury, yielded only a very fragmentary femur (Czepiniski
et al. 2021). Proterochersis porebensis is among the oldest tur-
tles presenting numerous plesiomorphic characters (e.g. Szc-
zygielski & Sulej 2016, 2019; Szczygielski 2017; Sterli ez al.
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2021). Proganochelys quenstedtii, historically known only from
Germany, is arguably the best-known stem turtle from the
Late Triassic worldwide (e.g. Quenstedt 1889; Fraas 1899;
Jaekel 1914, 1916; Ballerstedt 1922; Gaffney 1990; Joyce
2017; Scheyer et al. 2022; Werneburg et al. 2022). Limb
bone histology of non-testudinate Pantestudines (Lyson
et al. 2016; Schoch et al. 2019) and more derived turtles
was studied in the past but no studies of Triassic turtle
(Testudinata) limb histology were published to date (only
singular CT slices of a humerus and femur of Proganochelys
quenstedtii were presented thus far: Nakajima 2017; Schoch
et al. 2019). This paper provides the first insight into the
evolution of limb microstructure on the brink of the early
testudinate radiation. Moreover, we evaluate the histologi-
cal, morphometric, and morphological data in the context
of growth patterns in Triassic stem turtles.

MATERIAL AND METHODS

PROTEROCHERSIS POREBENSIS

Eight specimens of Proterochersis porebensis were selected for
study (Fig. 1A-P): two complete right humeri (ZPAL V. 39/50,
Fig. 11, J; ZPALV. 39/156, Fig. 1E, F), one complete left humerus
(ZPALV. 39/446, Fig. 1C, D), distal parts of two right humeri
(ZPALV. 39/433, Fig. 1A, B; ZPAL V. 39/439, Fig. 1G, H),
one complete right femur (ZPALV. 39/432, Fig. 10, P), and
distal parts of two right femora (ZPALV. 39/499, Fig. 1K, L;
ZPAL V. 39/500, Fig. 1M, N). Although the selected speci-
mens are isolated and some of them are fragmentary, they all
originate from Poreba, Poland, the type locality of Proterocher-
sis porebensis, which thus far has not produced any evidence
of other turtle species (Sulej ez al. 2012; Niedzwiedzki ez .
2014; Szczygielski & Sulej 2016, 2019; Szczygielski ef al.
2018; Bajdek ez al. 2019; Szczygielski & Stowiak 2022). Fur-
thermore, the femora do not show morphological differences
from the femur of the holotype (ZPAL V. 39/48) that could
not be explained by ontogeny. The bones represent various
size classes, from small, supposed juveniles (ZPALV. 39/156,
ZPALYV. 39/439, ZPALV. 39/446, ZPALV. 39/499 — individ-
uals much smaller than the holotype, ZPAL'V. 39/48, which is
considered a sub-adult), through middle-sized (ZPALV. 39/433
— about the size of the holotype), to large (ZPAL V. 39/432,
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Fic. 1. — Proterochersis porebensis Szczygielski & Sulej, 2016, studied humeri (A-J) and femora (K-P), and the studied humerus of Proganochelys quenstedtii
Baur, 1887 (Q, R) in dorsal (A, C, E, G, I, K, M, O, Q) and ventral (B, D, F, H, J, L, N, P, R) view: A, B, distal end of small right humerus ZPAL V. 39/439; C, D, small
left humerus ZPAL V. 39/446; E, F, small right humerus ZPAL V. 39/156; G, H, distal end of middle-sized right humerus ZPAL V. 39/433; I, J, large right humerus
ZPAL V. 39/50; K, L, distal end of small right femur ZPAL V. 39/499; M, N, distal end of large right femur ZPAL V. 39/500; O, P, large right femur ZPAL V. 39/432;
Q, R, large left humerus SMF 09-F2. Sectioning planes for histology indicated in red. Scale bar: 1 cm.

ZPALV. 39/500 —significantly larger than the holotype) and
seemingly mature, as suggested by an advanced development of
morphological characteristics (e.g. well-differentiated articular
surfaces and processes, distal enclosure of the ectepicondylar
foramen, pronounced muscle and tendon attachments). Note
that these classes are approximate and introduced for con-
venience, since body size and proportions do vary between
individuals of the same ontogenetic age (for discussion, see
Szczygielski & Sulej 2016, 2019; Szczygielski er al. 2018;
Szezygielski & Stowiak 2022).

The studied specimens, as well as the holotype femur
(ZPAL V. 39/48), were measured and, in the case of incom-
plete material, their length was roughly estimated to better
visualize their relative size (Table 2). Measurements included
length, distal width (maximum width between the medial and
lateral edges of the distal end), and distal depth (dorsoventral
thickness of the distal end; see Appendix 1 for exact measure-
ments). Surface area and volume were moreover calculated
for complete femora (ZPAL V. 39/48 and ZPAL V. 39/432)
based on 3D surface scans created using the Shining 3D

COMPTES RENDUS PALEVOL e 2023 » 22 (32)

EinScan Pro 2X 3D scanner fixed on a tripod with EinScan
Pro 2X Color Pack (texture scans), Ein-Turntable (alignment
based on features), and EXScan Pro 3.2.0.2-3.7.0.3 software,
using the Compute Geometric Measures tool of MeshLab
v. 2021.10 (Cignoni ez al. 2008).

Basic statistics (standard deviation, mean, etc.) were calcu-
lated using Microsoft 365 Excel 64-bit v. 2301 (compilation
16.0.16026.20002). The linear correlation was calculated
in PAST 4.03 (Hammer et 2/ 2001). Based on the mea-
sured relationship for complete humeri (ZPAL V. 39/50,
ZPAL V. 39/156, ZPAL V. 39/446), the distal depth was
found to be an adequate predictor of length (mean length
to distal depth ratio = 5.87, standard deviation = 0.06, cor-
relation r = 0.99, p = 0.01 vs mean length to distal width
ratio = 2.46, standard deviation = 0.14, correlation r = 0.99,
p = 0.06), allowing length estimation for ZPAL V. 39/433
and ZPAL V. 39/439. For femora, this relationship was less
satisfactory (mean length to distal depth ratio = 5.58, standard
deviation = 0.27 vs mean length to distal width ration = 2.91,
standard deviation = 0.38). Because there are only two
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complete femora (ZPAL V. 39/48 and ZPAL V. 39/432),
neither of which are small, and possibly due to allometric
increase in femur girth relative to length at more advanced
ontogenetic stages (see below), calculations based on the
mean ratio were found to underestimate the size of smaller
femora and overestimate the size of large femora. For that
reason, another method of estimation, based on extrapo-
lation of growth trend delineated by ZPAL V. 39/48 and
ZPAL V. 39/432, was attempted Appendix 2).

To calculate rough correspondence between the stylopo-
dial bone and on carapace sizes in Triassic turtles, additional
measurements of humeri (length, width of the head with
shoulder), scapulocoracoids (maximum width of the coracoid
facet of the glenoid), femora (length), and carapaces (midline
carapace length) of Proterochersis porebensis ZPAL V. 39/48
and ZPAL V. 39/49, Proganochelys quenstedtii SMNS 16980,
SMNS 17203, and SMNS 17204, as well as Palaeochersis
talampayensis Rougier, Fuente & Arcucci, 1995 PULR 069
were obtained. These basic methods, clearly, only allow for
limited accuracy and do not consider allometry or ontoge-
netic change of growth trajectory, but due to the very small
sample size, they are deemed sufficient within the scope of
the current work.

Fragmentary specimens (distal parts ZPAL V. 39/433,
ZPAL V. 39/439, ZPAL V. 39/499, ZPAL V. 39/500) were
cut transversely close to the mid-length. Although the sec-
tioning plane is located below the center of ossification
preserving the most complete record of growth (e.g. Balli
1937; Zug et al. 1986; Nakajima ez al. 2014), skeletochro-
nology is not the main objective of this work and, given the
limited supply of Proterochersis porebensis limb bones and
their preservation, we preferred to select a sectioning plane
allowing observation of undamaged cortex and comparisons
between specimens of varied sizes. Two adjacent thin sec-
tions were produced from the femur ZPAL V. 39/500 and
the humerus ZPAL V. 39/439, and three for the humerus
ZPALYV. 39/433. The thin sections were photographed using
Nikon Eclipse LV100 POL polarizing microscope with a
DS-Fil camera and Leica DM4 P polarizing microscope
with a FLEXACAM C3 camera in transmitted normal and
polarized light, including a quarter lambda plate. Composite
pictures of whole sections were created using NIS-Elements
4.20.01 (for the Nikon microscope) microscope imaging
software and Leica Application Suite X 5.1.0.25593 (for the
Leica microscope). Measurements of cortical thickness were
made using Image] 1.53e (Schneider ez al. 2012).

Four complete specimens (ZPAL V. 39/50, ZPAL V. 39/156,
ZPAL V. 39/432, ZPAL V. 39/446) were scanned with GE
Phoenix v|tome|x microtomograph (Laboratory of Microto-
mography, University of Silesia), 1700 projections with 500 ms
exposition time at 180 kV and 150 pA (ZPAL V. 39/50 and
ZPALV. 39/432) or 160 kV and 120 pA (ZPAL V. 39/156,
ZPALV. 39/446) with resolution of 40 pm (ZPAL V. 39/156
and ZPAL V. 39/446), 60 pm (ZPAL V. 39/50), or 75 pm
(ZPALYV. 39/432). The CT data were subsequently reviewed
and exported with Volume Graphics MyVGL 2022.2 (https://

www.volumegraphics.com/). Slice sequences (see Appen-
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dices 1-16; and Morphosource) in uncompressed video
format (MOV) were converted to MP4 to reduce file sizes
using the open source video transcoder HandBrake (https://

handbrake.fr/).

PROGANOCHELYS QUENSTEDTII

One humerus of Proganochelys quenstedtii (15.63 cm long;
Fig. 1Q, R; see Scheyer er al. 2022: fig. 13A-D) was sec-
tioned petrographically at its proximal midshaft and scanned
using a Nikon XTH 225 ST CT Scanner housed at the
Anthropological Department of the University of Zurich,
3000 projections with 500 ms exposition time at 174 kV and
435 pA, and resolution of 80 pm. The humerus belongs to
a fairly complete specimen (SMF 09-F2) from the Frickberg
(Norian) close to the village of Frick, Switzerland (Scheyer
et al. 2022). Prior to sectioning with a diamond-sintered
blade mounted on a Buehler IsoMet low speed precision
saw, the shaft of the humerus was stabilised using Technovit
5071 (two component resin on methyl-methacrylate basis).
Sections were then glued to a glass object slide and ground
down to 60-80 microns in thickness, before being studied
under normal transmitted and cross-polarized light using
a Leica DM 2500 M composite microscope equipped with
a Leica DFC 420 C digital camera. Final processing of the
CT data (contrast balancing, export of slices along particular
planes) was performed in 3D Slicer 5.2.1 (https://www.slicer.
org; Fedorov ez al. 2012; Kikinis ez al. 2014).

ABBREVIATIONS

Institutions

PULR  Universidad Nacional de La Rioja, La Rioja;

SMF  Sauriermuseum Frick, Frick;

SMNS  Staatliches Museum fiir Naturkunde Stuttgart,
Stuttgart;

ZPAL  Institute of Paleobiology, Polish Academy of Sciences,
Warsaw.

Others

EFS external fundamental system;

MaCL maximum carapace length;

MiCL midline carapace length;

OCL  outer circumferential layer.

RESULTS

LONG BONE MICROANATOMY AND BONE HISTOLOGY

OF PROTEROCHERSIS POREBENSIS

All sectioned bones of Proterochersis porebensis present a
well-developed, compact cortex and medullary area filled
with cancellous bone (Fig. 2A-I). Thickness of the cortices
(without erosion cavities and remodeling) is 2.2-3.4 mm, and
1.2-1.7 mm for the middle-sized and small humerus speci-
men and 0.7-2.4 mm and 0.7-1.3 mm for the large and small
femora, respectively. The matrix of the cortex is composed
predominantly of parallel-fibered bone (Figs 2A-I; 3A-D;
4A-F; 5; 6) that often shows high organization (approaching
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Triassic turtle limb bone histology 4

Fic. 2. — Proterochersis porebensis Szczygielski & Sulej, 2016 (A-1) and Proganochelys quenstedtii Baur, 1887 (J, K), thin sections in normal transmitted (A, D, F,
H, J), polarized (B, E, G, I, K), and polarized with quarter lambda plate | (C) light: A-E, right humeri: A-C, small ZPAL V. 39/439; D, E, middle-sized ZPAL V. 39/433;
C adjacent (slightly more distal) to A and B; F-I, right femora: F, G, small ZPAL V. 39/499; H, I, large ZPAL V. 39/500; J, K, left humerus, large SMF 09-F2. Dorsal
surface towards the top of the page, anterior surface to the left. Scale bar: 1 cm.
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but not exactly the same as the lamellar bone in the same sec-
tions) and is even locally grading into lamellar bone in some
samples, and in the middle-sized humerus ZPAL V. 39/433
(Fig. 4B) and large femur ZPAL V. 39/500 (Fig. 6D) it locally
takes a highly organized appearance, approaching lamellar
bone. The matrix shows annular (ring-like) lines of arrested
growth (LAGs), which appear relatively even in the small
femur ZPAL V. 39/499 (Figs 2F; 5A) and in the deeper part
of the cortex of the small humerus ZPAL V. 39/439 (Figs 2A;
3C, E), but show more pronounced waviness in the external
part of the cortex of ZPALV. 39/439 (Figs 2A; 3C) and in the
larger ZPAL V. 39/433 (Figs 2D; 4A, E) and ZPAL V. 39/500
(Figs 2H; GE). The vascularization in the cortex is generally
poor, especially in the external layers, although some local
variability is visible along the perimeter of the bones (e.g. the
cortex of the humeri is clearly more vascularized ventrally
than dorsally; Figs 2A-E; 3A-D; 4A-F). The vascularization
pattern is sub-longitudinal, arranged in circular patterns,
with slight radial inclination visible in all specimens except
ZPALYV. 39/499 (small femur). The vasculature in most sec-
tioned bones is predominantly primary (primary canals without
primary osteons and, locally, osteons). The incipient secondary
remodeling (sparsely scattered secondary osteons, Fig. 4E)
is present in the middle-sized humerus ZPAL V. 39/433.
Only in the large femur ZPAL V. 39/500 is the secondary
remodeling significant and, in some places, nearly reaches the
external surface, although much of the primary tissue and
some primary vascular canals are still locally present (Fig. 6).
The small femur ZPAL V. 39/499 retains mostly non-re-
modeled cortex, but evidence of active remodeling is visible
at the border between the cortex and the medullary region,
where two to three overlapping generations of lamellar bone
are present (Fig. 5). The large femur ZPAL V. 39/500 differs
from the other sampled bones in having a clearly scalloped
external surface due to a network of vascular grooves, which
is visible also macroscopically (Figs 1M, N; 2H, I; 6). These
grooves seem to be mostly imprints of superficial vasculature,
but numerous vascular openings are also present on the dor-
soposterior surface of the distal expansion of that specimen.

The extent of the cancellous area appears to be smaller in
the humeri than in the femora and more clearly defined in the
small than in the middle-sized and large specimens (Fig. 2A-1).
The trabeculae partly retain primary tissue in interstitial spaces,
which are lined by endosteal lamellar bone, especially close
to the cortex, and even in the smallest sampled specimens
clearly incorporate periosteal tissue (Figs 2A-1; 3; 4C, D; 5; 6).
Especially in the large femur ZPAL V. 39/500, the boundary
between the endosteal cancellous and periosteal cortical region
is gradual, with large areas of the periosteal cortex remodeled
into either intertrabecular spaces or irregularly meandering
secondary osteons (Figs 2H, [; 6). In the same specimen, tra-
beculae deeper inside the bone are comparatively very thin.
The thickness and length of the trabeculae is, nonetheless,
varied; they appear more slender and longer in the central and
dorsal part of the medullary area (Fig. 2A-I), but some regions
of increased thickness are locally evident, especially in the
middle-sized humerus ZPAL V. 39/433 (Figs 2D, E; 4G, H).
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The CT data (Fig. 7) illustrate a gradual ontogenetic progres-
sion of the trends observed in the histological sections and reveal
the microstructural patterns along the bone length. Both the
absolute and relative thickness of the cortices appears to increase
with increasing bone size. In that regard, ZPAL V. 39/446
(cortex 1.6-2.16 mm) and ZPAL V. 39/156 (cortex 1.9-
2.3 mm), which are intermediate in size between the sectioned
ZPAL V. 39/439 and ZPAL V. 39/433, are also intermediate
structurally — their cortices are thicker than in ZPAL V. 39/439
(1.2-1.7 mm), but thinner than in ZPAL V. 39/433 (2.2-
3.4 mm; note that the cortical thickness in sectioned speci-
mens is undervalued due to the slightly more distal plane
of sectioning). The large humerus (ZPAL V. 39/50, cortex
2.8-3.4 mm) and femur (ZPAL V. 39/432, cortex 3.2-4 mm,
compared t0 0.7-1.3 mm in ZPAL V. 39/499 and 2-2.4 mm in
ZPALV. 39.500) generally follow the trends of cortical thick-
ening with increasing size suggested by the smaller specimens.

As indicated by previous studies, the centers of ossifica-
tion are located slightly more proximally than the midshaft
and are associated with the largest thickness of the cortices
(Fig. 7A, C, E, G). In small humeri, the cortices in that region
are relatively compact (in ZPAL V. 39/446 more so than in
ZPALYV. 39/156) and the trabecular bone in the bone center
has a relatively uniform structure (Fig. 7A-D) probably indi-
cating low remodeling (although potentially also dependent
on stress distribution patterns and load). In ZPAL V. 39/50,
however, the cortex is somewhat more vascularized (although
still relatively poorly), but the interior trabecular region is
much less defined and denser than in smaller specimens,
indicating more pronounced remodeling (Fig. 7E, F). There
is no central marrow cavity in the studied humeri. Conversely,
in the large femur ZPAL V. 39/432, the internal trabecular
region is still distinct (even though it is denser than in the
areas further away from the ossification center) and there is
a small, irregular region devoid of trabeculae located around
the level of the ossification center (Fig. 7G, H). This cavity is
connected with the bone exterior via two well-defined nutrient
canals extending: 1) dorsoproximoanteriorly and eventually
opening as a nutrient foramen at the anterodorsal base of
the trochanter major; and 2) ventrodistally and opening as a
nutrient foramen in the popliteal fossa, between the tibial and
fibular condyle (see Appendices 1-16; and Morphosource).

Proximally and distally from the centers of ossification,
the thickness of the cortex steadily decreases so in the areas
of the proximal and distal articular surfaces the trabeculae
nearly reach the bone exterior (Fig. 7A, C, E, G). The cortex,
however, retains a relatively constant thickness across the
intertubercular fossa of the humeri (Fig. 7A, C; Appendi-
ces 1-16; and Morphosource). In ZPAL V. 39/446 in that
area it is perforated by numerous vascular canals roughly
parallel to the long axis of the bone (Fig. 7A).

Trabeculae are relatively long and thick in the small
humerus ZPAL V. 39/446 (Fig. 7A). In the slighty larger
ZPAL V. 39/156 they retain a similar morphology close to
the cortex (especially ventrally) and around the level of the
center of ossification, but become finer and more densely
packed in the middle of the more proximal and distal portions

COMPTES RENDUS PALEVOL e 2023 22 (32)



Triassic turtle limb bone histology 4

Fic. 3. — Proterochersis porebensis Szczygielski & Sulej, 2016, thin sections of small right humerus ZPAL V. 39/439: A, anterodorsal region showing relatively
thin, nearly avascular cortex composed of parallel-fibered bone with gently undulating collagen fibers and thin trabeculae composed mostly of endosteal lamel-
lar bone; B, dorsal region showing undulating collagen fiber layout parallel to bone surface and sparse collagen fibers oblique to the bone surface in the cortex,
slightly increased longitudinal primary vasculature, and trabeculae incorporating cortical parallel-fibered bone; C, D, ventral region showing more developed
vasculature (mostly primary canals with sporadic primary osteons, predominantly longitudinal), growth marks, and parallel-fibered matrix grading externally into
more ordered, nearly lamellar bone; E, border between the cortex and the medullary region in the ventral part of the bone, adjacent (slightly more proximally) to
A-C showing a large chunk of cortical parallel-fibered bone incorporated into the medullary region. A, B, D in polarized light with quarter lambda plate, C and E in
normal transmitted light. Abbreviations and symbols: ELB, endosteal lamellar bone; IS, intertrabecular space; PFB, parallel-fibered bone; OPFB, higher organiza-
tion of parallel-fibered bone; *, primary vascular canal; red +, primary osteon. Lines of arrested growth (LAGs) indicated with arrowheads. Scale bars: 500 pm.

COMPTES RENDUS PALEVOL © 2023 22 (32) 643



» Szczygielski T. ez al.

TaBLE 3. — Carapace, humerus, and femur measurements and length ratios in Proganochelys quenstedtii Baur, 1887, Proterochersis porebensis Szczygiel-
ski & Sulej, 2016, and Palaeochersis talampayensis Rougier, Fuente & Arcucci, 1995. Carapace length estimation for SMNS 17203 taken from Gaffney (1990).
Abbreviations: R, right; L, left; *, preservation (e.g. damage or deformation) possibly affecting length and resulting ratios.

Midline carapace Humerus Humerus/carapace Femur length Femur/carapace Humerus/femur
Species Specimen length (cm) length (cm) length ratio (cm) length ratio length ratio
Palaeochersis ~ PULR 068 45.5 L:12.7 L:0.28 L:11.9 L: 0.26 L:1.07
talampayensis R:12.0 R: 0.26 R: 11.6 R: 0.25 R: 1.03
Proganochelys SMNS 48.5 L:13.4 L:0.28 L:15.3 L: 0.32 L:0.88
quenstedtii 16980 R: 13.9 R: 0.29 R: 15.7* R: 0.32* R: 0.89*
SMNS 40* (estimated) L:9.8* L: 0.25* L:13.1 L: 0.32* L: 0.75*
17203 - - R: 14.4* R: 0.36* -
SMNS > 50* - - L:15.8 L:0.32 > 0.82*
17204 R: > 13" R: > 0.26* R:15.9 R: 0.32 -
SMF 09-F2 55 L:15.6 L:0.28 - - -
Proterochersis  ZPAL V. 39.5 - - R:12.7 R: 0.32 -
porebensis 39/48

of the bone (Fig. 7C). In the large humerus ZPAL V. 39/50,
they are generally more irregular, with larger and smaller
intertrabecular spaces and thinner and thicker trabeculae
scattered without a clear pattern (Fig. 7E). In the large femur
ZPAL V. 39/432, the pattern of longer trabeculae closer to
the cortex and finer trabeculae more interiorly is also notice-
able, but less clear than in the humeri (Fig. 7G).

Opverall, based on the histological sections and CT images,
the humeri appear denser than the femora of comparable
ontogenetic stages.

HUMERAL HISTOLOGY OF PROGANOCHELYS QUENSTEDTII

Most of the humeral cross section of SMF 09-F2 (about 77%
of the lateromedial diameter) is formed by a spongious inner
medullary region (Fig. 2], K), which is typical for all turtles
and independent of their respective life style (e.g. Nakajima
et al. 2014). The cortical thickness varies between approxi-
mately 1.8 mm and 3 mm. The “pure” cortex (i.e., without
any erosion or remodeling) is difficult to measure due to scat-
tered erosion cavities and secondary osteons (see below). The
medullary region consists of endosteal bone and irregularly
formed medium-sized and small erosion cavities (Figs 2], K;
8G, H). The medullary region grades into a perimedul-
lary region (Figs 2], K; 8C-F) where erosion cavities and
endosteal bone are intermixed or grade into, respectively,
large secondary osteons. Smaller scattered secondary osteons
reach far into the outer cortex. Only the outer third of the
cross section displays primary cortex (Figs 2], K; 8A-F). This
periosteal tissue consists generally of in overall low vascular-
ized parallel-fibered tissue, locally even grading into lamellar
tissue. The inner preserved cortex is subsequently followed or
partially intermixed with the perimedullary region. It shows
less organized and less strongly vascularized parallel-fibered
tissue. Small longitudinal and few reticular to radial simple
vascular canals, as well as some longitudinal primary osteons
occur, which are not ordered in a clear pattern. The number
of osteocyte lacunae is low and they remain small and flat-
tened throughout. At the dorsolateral bone side, the highly
organized, poorly vascularized outer cortex is followed by local
regions of less organized parallel-fibered tissue, indicating an
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area of temporary faster growth (Fig. 8A, B). This area is barely
recognizable as a slight rugosity on the bone surface. It likely
represents a kind of localized pathology, potentially a small
surface exostosis (Rothschild ez 2/, 2012). The outer cortex
contains 6-7 growth marks, indicated by thin annuli in the
inner cortex and LAGs (lines of arrested growth) or multiple
closely spaced rest lines in the outermost cortex. This resem-
bles, at least locally, an outer circumferential layer (OCL)/
external fundamental system (EFS; Ponton ez al. 2004), but
is not deposited all around the outermost cortex of the cross
section. Growth marks in the inner cortex, which would
represent earlier ontogenetic stages, are already lost due to
remodeling. Extensive secondary remodeling is also revealed
along the bone, including the area of the ossification center,
by CT data (Fig. 71, ]). There is no medullary cavity proximal
or distal to the thin-sectioning plane. Based on the increase
in tissue organization and the nearly avascular condition and
increase of the number of growth marks in the outer cortex,
growth rate was clearly reduced, and the specimen likely rep-
resents an adult individual close to or already fully-grown.
This late ontogenetic stage of SMF 09-F2 is also supported by
humerus and carapace lengths that are in the upper range of
other known individuals of Proganochelys quenstedtii (Gaftney
1990; Scheyer ez al. 2022).

LIMB-BODY SIZE-ONTOGENETIC STAGE CORRESPONDENCE
IN TRIASSIC TURTLES

Whereas comparisons between bones within one species are
relatively easy and approximate ontogenetic stages can be
established based on size and degree of ossification, interspe-
cific comparisons require some additional discussion. Ratios
between stylopodial bone and shell lengths in Triassic turtles
is in some cases difficult to establish due to limited sample
size and poor preservation (damage, deformation, etc.), but
they apparently vary between taxa (Table 3).

Proganochelys quenstedtii provides the best insight, because
its hypodigm includes associated sub-complete limbs and
shells of four specimens of varied sizes, although their pres-
ervation in some cases makes precise measurements difficult:

in SMNS 16980, the distal part of the right femur is damaged;
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Fic. 4. — Proterochersis porebensis Szczygielski & Sulej, 2016, thin sections of middle-sized right humerus ZPAL V. 39/433: A, B, anterodorsal region showing
predominantly parallel-fibered bone matrix externally grading into higher organized, nearly lamellar bone with primary vasculature (richer in the deeper cortex
than externally, longitudinal to radial) and undulating LAGs; C, D, dorsal region with sparse primary longitudinal vasculature and trabeculae incorporating cortical
parallel-fibered tissue; E, F, anteroventral region showing coarse collagen bundles in the parallel-fibered matrix, longitudinal to radial predominantly primary vas-
culature with sparse secondary osteons, and undulating LAGs; G, H, interior of the medullary region presenting thick trabeculae composed of endosteal lamellar
bone. A, C, E, G in normal transmitted light, B, D, F, H in polarized light. Abbreviations and symbols: ELB, endosteal lamellar bone; IS, intertrabecular space;
PFB, parallel-fibered bone; OPFB, higher organization of parallel-fibered bone; *, primary vascular canal; red +, primary osteon; black and white +, secondary
osteon. Lines of arrested growth (LAGs) indicated with arrowheads. Scale bars: 500 pm.
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Fic. 5. — Proterochersis porebensis Szczygielski & Sulej, 2016, thin sections of small right femur ZPAL V. 39/499: A, B, anterior region showing parallel-fibered
matrix with longitudinal primary canals and straight LAGs; C, D, posterior region with thinner and less vascularized cortex (note that the external cortex is de-
stroyed posteroventrally) and indistinct growth marks. Despite the small size of the specimen and primary nature of the cortical tissue, the boundary between the
cortex and medullary region reveals active remodeling evidenced by two to three generations of secondary lamellar bone (marked with red rectangles). A and C
in normal transmitted light, B and D in polarized light. Abbreviations and symbols: ELB, endosteal lamellar bone; IS, intertrabecular space; PFB, parallel-fibered
bone; *, primary vascular canal. Lines of arrested growth (LAGs) indicated with arrowheads. Scale bars: 500 pm.

in SMNS 17203, nearly no dermal rim of the carapace is pre-
served, the distal end of the left (only) humerus is damaged, and
the right femur is flactened; and in SMNS 17204 the carapace
is damaged and the proximal end of the right (only) humerus
is obscured by rock matrix. Limb bones of SMF 09-F2 are
compacted, but this likely has no significant effect on the length
of the humerus. Accounting for those factors, the humerus
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to midline carapace length ratio in that species is about 0.28
(non-significant positive correlation: y = 1.063 x - 0.657;
r=0.97; p>0.1), the femur to midline carapace length ratio
is about 0.32 (quite consistently; significant negative correla-
tiony = 0.85x - 0.24; r = 0.99; p < 0.01), and the humerus
is slightly shorter than the femur. Interestingly, in the smallest
and morphologically most juvenile specimen, SMNS 17203,
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Fic. 6. — Proterochersis porebensis Szczygielski & Sulej, 2016, thin sections of large right femur ZPAL V. 39/500: A, B, dorsal region showing predominantly
parallel-fibered bone matrix with longitudinal primary canals in the external part, numerous large, meandering secondary osteons in the deeper cortex, and gradual
gradation into the medullary region; C, D, anterior region with parallel-fibered bone locally grading into higher organized, nearly lamellar bone; E, F, posteroventral
region locally showing slightly less intensive invasion of remodeling, preserving undulating LAGs. Note the scalloped external surface. A, C, E in normal transmit-
ted light, B, D, F in polarized light. Abbreviations and symbols: ELB, endosteal lamellar bone; IS, intertrabecular space; PFB, parallel-fibered bone; OPFB, higher
organization of parallel-fibered bone; *, primary vascular canal; red +, primary osteon; black and white +, secondary osteon. Lines of arrested growth (LAGs)
indicated with arrowheads. Scale bars: 500 pm.
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Fig. 7. — CT slices of humeri (A-F) and femur (G, H) of Proterochersis porebensis Szczygielski & Sulej, 2016 and humerus of Proganochelys quenstedtii Baur,
1887 (I-J), sagittal (A, C, E, G, I), and transverse at the level of the ossification center or as close as possible allowed by specimen preservation (B, D, F, H, J):
A, B, small left humerus ZPAL V. 39/446; C, D, small right humerus ZPAL V. 39/156; E, F, large right humerus ZPAL V. 39/50; G, H, large right femur ZPAL V. 39/432;
I, J, large left humerus SMF 09-F2. Dorsal surface to the right for A, C, E, G, | and towards the top of the page for B, D, F, H, J. Scale bar: 1 cm.

the humerus is quite clearly proportionally smaller than in
larger specimens, even considering its damaged distal part.
This suggests that the limbs could exhibit some allometry.
The midline carapace length (MiCL) in known specimens
of Proganochelys quenstedtii spans between about 40 cm in
the presumed juvenile SMNS 17203 (estimated by Gaffney
1985, 1990), through 48.5 cm in SMNS 16980 considered
a subadult (Gaffney 1990), to 60 cm in presumably adult
SMNS 10012 (Gaffney 1985, 1990). SMF 09-F2 is almost
as large, measuring 55 cm of MiCL (Scheyer ez al. 2022).

In Palaeochersis talampayensis holotype (PULR 068), the
humerus to carapace length ratio is nearly the same as in
Proganochelys quenstedtii (average based on the left and right
humerus = 0.27). However, the femur is proportionally shorter
(femur to carapace length ratio about 0.26, humerus to femur
length ratio about 1.05). Since only one published individual
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of that species preserves shell and stylopodial bones (Rougier
et al. 1995; Stetli er al. 2007), it is not possible to estimate
the size range, however, the bones appear well-ossified, sug-
gesting an advanced ontogenetic stage.

The only individual of Proterochersis porebensis preserving
both the shell and the femur is the holotype, ZPAL V. 39/48,
a presumed subadult (Szczygielski & Sulej 2016). The MiCL
in that specimen is 39.5 cm (42.5 cm of maximum carapace
length [MaCL]) and the femur is 12.7 cm long. This results
in a femur to MiCL ratio of 0.32, the same as in Proganochelys
quenstedtii. The largest complete shell of Proterochersis pore-
bensis recovered thus far is ZPAL V. 39/49 (MaCL = 49 cm,
MiCL = 44.5 cm), but the maximum carapace length for the
species, based on fragmentary remains of a large individual
(ZPALV. 39/60), was estimated to be about 60 cm (Szczygielski

et al. 2018). Based on the average carapace measurements of
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Fic. 8. — Proganochelys quenstedtii Baur, 1887, thin sections of large left humerus SMF 09-F2: A, anterodorsal region showing predominantly parallel-fibered
bone matrix with predominantly longitudinal primary canals and primary osteons and pathological exostosis; B, closeup of the pathology, showing osteocyte
lacunae aggregations; C, D, posterodorsal region with parallel-fibered bone locally grading into higher organized, nearly lamellar bone, secondary remodeling
and gradual gradation into the medullary region; E, F, ventral region locally showing more intensive remodeling and Sharpey’s fibers; G, posteroventral region
showing intensive remodeling of the deeper cortex and numerous radially inclined primary and secondary osteons, H, interior of the medullary region present-
ing thick trabeculae composed of endosteal lamellar bone. A, D, F, G in polarized light, B, C, E in normal transmitted light, H in polarized light with 530 nm A
plate. Abbreviations and symbols: ELB, endosteal lamellar bone; IS, intertrabecular space; OPFB, higher organization of parallel-fibered bone; PAT, pathology;
PFB, parallel-fibered bone; SF, Sharpey’s fibers; *, primary vascular canal; red +, primary osteon; black and white +, secondary osteon. Scale bars: 500 pm.
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ZPALV.39/48 and ZPALYV. 39/49, the MiCL in Proterochersis
porebensis is about 92% of the MaCL, which would make the
MiCL of ZPAL V. 39/60 about 56 cm. This results in about
the same MiCL as in Proganochelys quenstedtii SMF 09-F2 and
is nearly as large as the largest individuals of the latter species.
This indicates that the asymptotic adult size in both species
could be similar, but it must be stressed that the growth curves
were clearly different: ZPAL V. 39/48 is roughly the same
size as SMINS 17203, but due to its high grade of ossifica-
tion, ZPAL V. 39/48 can be regarded as representing an older
individual. In ZPAL V. 39/48, the articular structures in the
femur appear better ossified, the girdle and shell bones are fully
fused, and there are no shell fontanelles (Szczygielski & Sulej
2016; Szczygielski ez al. 2018); in contrast, SMNS 17203 has
a rather simplified morphology of limb bones indicative of an
extensive cartilaginous finish, open sutures between the girdle
and shell bones, and large plastral fontanelles (Gaffney 1985,
1990). The ontogenetic stage of ZPAL V. 39/48 is better com-
parable with that of SMNS 16980, which is over 20% larger.
Moreover, even the smallest complete shell of Proterochersis
porebensis, ZPALV. 39/34 (MiCL = MaCL = 28 cm), although
morphologically juvenile and having unfused pelvic bones,
has a fully ankylosed shell and no trace of fontanelles (Sulej
et al. 2012; Szezygielski & Sulej 2016). These differences do
not seem to be an effect of ecologically-driven shell ossification
delay (fontanelle retention) in Proganochelys quenstedtii. On the
contrary, that species is usually recovered as either terrestrial
or less aquatic than Proterochersis spp., whereas shell histology
and bromalite material from Porgba suggest that Proterochersis
porebensis spent at least some of its lifetime in aquatic envi-
ronment (Joyce & Gauthier 2004; Scheyer & Sander 2007;
Benson ez al. 2011; Lautenschlager ef /. 2018; Bajdek ez al.
2019; Dudgeon ez al. 2021; Szczygielski & Stowiak 2022;
Evers et al. 2022). Therefore, it seems likely that Proganochelys
quenstedtii during early life stages grew faster than Proterochersis
porebensis and attained distinctly larger body sizes at earlier
ontogenetic stages. The linear correlation between the MiCL
and humerus length calculated for Palaeochersis talampayensis
(PULR 068) and Proganochelys quenstedtii (SMNS 16980,
SMF 09-F2) is found to be significant (r = 0.97; p < 0.01)
with a positive slope (y = 1.2621 x - 0.99909). The correlation
calculated for the MiCL and femur length for Proganochelys
quenstedtii SMNS 16980, SMNS 17203, SMNS 17204) and
Proterochersis porebensis (ZPAL V. 39/48) was also revealed
to be significant (r = 0.99; p < 0.001) with a negative slope
(y = 0.89106 x - 0.31484). The results imply that as the
animal’s size increases the proportional length of the femur
decreases relative to MiCL in both Proterochersis porebensis
and Proganochelys quenstedtii and the proportional length
of the humerus increases relative to MiCL in Proganochelys
quenstedtii. The linear correlation calculated for Proganochelys
quenstedtii alone shows a similar tendency (non-significant
positive correlation: y = 1.063 x - 0.657, r = 0.97, p > 0.1
for the humerus to MiCL; significant negative correlation:
y=0.85x-0.24,r=0.99, p <0.01 for the femur to MiCL),
the results, however, are less significant due to the small sample
size. See Appendices 5-16 for details.
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Itis also notable that there seems to be a proportional increase
in bone robustness (particularly at the bases of the proximal
and distal expansions) in the largest femur of Proterochersis
porebensis (ZPAL V. 39/432) relative to other specimens
(including the slightly smaller ZPAL V. 39/500), which is not
observed in the available material of Proganochelys quenstedtii
(note that although complete femora are only available for
juvenile to young adult individuals, no particular increase
in robusticity is also observed in fragments of larger adult
femora; Jackel 1916; Gaffney 1990). Although incomplete
specimens are difficult to accurately evaluate in that respect,
this is measurable for ZPAL V. 39/48 and ZPAL V. 39/432
(Table 4). That may imply that in Proterochersis porebensis the
femora at more advanced ontogenetic stages grew in girth
proportionally more than in length. This seems consistent
with numerous vascular openings visible on the distal end of
ZPALV. 39/500, suggesting continued active growth, which
seem to be absent in smaller specimens (e.g. ZPAL V. 39/26)
and the slightly larger but more massive ZPAL V. 39/432. If the
observed femur to MiCL ratio of 0.32 is used to calculate the
studied Proterochersis porebensis individuals, ZPAL V. 39/432
is estimated to have the MiCL of 43.8 cm (MaCL about
47.5), i.e., slightly smaller than ZPAL V. 39/49. Values for
other femora are provided in Table 5.

Another complication is that there are no specimens of Pro-
terochersis porebensis consisting of associated shells and humeri.
Itis tempting to ascribe the humerus to midline carapace length
ratio of about 0.27-0.28 and slight positive allometry of the
humerus (shared between Palacochersis talampayensis and Pro-
ganochelys quenstedtii) to Proterochersis porebensis, and roughly
similar proportions are suggested by the size of the glenoid.
While the exact length or height of the glenoid surface is in
some cases difficult to measure due to damage, deformation,
or the uncertainty concerning the cartilage covering, at least
the coracoid facet of the glenoid in Proganochelys quenstedtii
seems to be roughly the same width as the humeral head and
shoulder (Table 6). The MiCL to humerus length ratio would
imply that ZPAL V. 39/50 (10.6 cm long) would belong to
an individual of MiCL about 37.9 cm (MaCL . 41 cm), i.e.,
smaller than the subadult ZPAL V. 39/48. For ZPAL V. 39/156,
433, 439, and 446, the MiCL and MaCL values are given in
Table 4. The maximum width of the coracoid glenoidal facet in
ZPAL V. 39/48 is 2.6 cm, which agrees with the humeral head
width of ZPAL V. 39/50 (2.7 cm). This, however, is somewhat
problematic. Firstly, ZPAL V. 39/50 is an exceptionally well-
ossified humerus with sharply defined morphological features
(more so than in all known specimens of either Proterochersis
porebensis and Proganochelys quenstedtii, except perhaps SMF
09-F2), indicating an advanced ontogenetic stage and lack of
thick cartilaginous epiphysis. Secondly, obtained CT data reveal
that its periosteal cortex is significantly affected by secondary
remodeling and the boundary of the internal medullary region
is unclear — an image reminiscent of adult, large bones such
as SMF 09-F2 and ZPAL V. 39/500 rather than a subadult
histomorphology. Thirdly, that would make the observed size
distribution of recovered humeri of Proterochersis porebensis
heavily skewed in favor of juveniles — out of 14 specimens,
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TABLE 4. — Proterochersis porebensis Szczygielski & Sulej, 2016, massiveness of complete femora, calculations for digitized meshes.

Specimen Length (mm) Surface area (mm2) Surface area/length Volume (mm3) Volume/length
ZPAL V. 39/48 127 10615.03 83.6 38710.24 304.8
ZPAL V. 39/432 140 14942.39 106.7 78496.05 560.7

TaBLE 5. — Stylopodial bone lengths, midline carapace lengths (MiCL), and maximum carapace lengths (MaCL) for Proterochersis porebensis Szczygielski &
Sulej, 2016. Incomplete humeri lengths estimated as 5.870655 distal depth (DD). Incomplete femora lengths estimated as 5.578671329 DD or extrapolated from
proportions of complete femora (E). MiCL = humerus length / 0.28 or femur length / 0.32 (see text for discussion). MaCL = MiCL / 0.923889556 (based on aver-
age for complete carapaces ZPAL V. 39/48 and ZPAL V. 39/49). Estimated values indicated in italics. *, In juvenile specimens MiCL = MaCL, as evidenced by
ZPAL V. 39/34 (28 cm); therefore, the formula used here is not representative for them. Moreover, the available sample is too limited to determine whether they
followed the same linear size correspondence as larger specimens or if a more accurate model should be proposed. Therefore, the estimates presented here

must be treated as rough approximations.

Bone Specimen Length (cm) MiCL (cm) MaCL (cm)
Humerus ZPAL V. 39/50 10.6 37.9 41
ZPAL V. 39/157 7.7 27.5 *
ZPAL V. 39/433 8.2 29.3 31.9
ZPAL V. 39/439 4.7 16.8 *
Femur ZPAL V. 39/432 14 43.8 47.6
DD: 5.6 DD: 17.5
ZPAL V. 39/499 E: 8.8 E:27.5 *
DD: 12.8 DD: 40 DD: 43.5
ZPAL V. 39/500 E: 13 E: 40.6 E:44.2

TaBLE 6. — Measurements of glenoid and humeral head in Proganochelys quenstedtii Baur, 1887 and Proterochersis porebensis Szczygielski & Sulej, 2016.

Coracoid facet of glenoid Humeral head width (including

Species Specimen number maximal width [cm] shoulder) [cm]
Proganochelys quenstedtii SMNS 17203 L: 3.1 L: 3.1
SMSN 16980 L:3.5 L:3.7
R: 3.5 R: 3.4
Proterochersis porebensis ZPAL V. 39/48 L:2.6 -

ZPAL V. 39/50 is the second largest humerus (the poorly
preserved and incomplete ZPAL V. 39/445 being slightly
larger, but still likely smaller than, e.g. humeri of Progano-
chelys quenstedtii SMSN 16980). While such a preservation
bias is not impossible, it is not observed for scapulocoracoids
(at least 14 specimens, out of which seven are smaller than
ZPAL V. 39/48), femora (13 specimens, eight smaller than
ZPAL V. 39/48), or shell fragments (e.g. Szczygielski ez .
2018; Szczygielski & Stowiak 2022). Therefore, five scenarios
(or their mix) should be considered:

— Proterochersis porebensis, Proganochelys quenstedtii, and
Palaeochersis talampayensis all exhibit the same humerus to
carapace length ratio and positive allometry, the size distribu-
tion of humeri from Poreba is skewed, ZPAL V. 39/50 belongs
to an individual of a similar size as ZPAL V. 39/48, and its
apparent advanced stage of ossification and remodeling is an
effect of some ecological adaptation or pathology;

— Proterochersis porebensis has proportionally shorter humeri
than Proganochelys quenstedtii and Palaeochersis talampayensis
(analogically to the proportionally shorter femora in Palaco-
chersis talampayensis than in the former two species), the size
distribution of humeri from Poreba is, therefore, not skewed,
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ZPALV. 39/50 indeed represents an older, more ontogenetically
advanced specimen, and correspondence between the glenoid
and humerus size is obscured by missing articular cartilages;

— the shell-humerus size correspondence is similar between
Proterochersis porebensis, Proganochelys quenstedtii, Palacochersis
talampayensis, and the size distribution of humeri from Por¢ba
is indeed skewed, but ZPAL V. 39/50 represents an unusu-
ally small older individual; its advanced ossification stage is
therefore explained by intraspecific size variability;

— the proportion of humeral and shell growth in Prozeroch-
ersis porebensis followed a similar trajectory as in Proganochelys
quenstedtii over some life period, but then the humeral growth
slowed down allometrically, thus ZPAL V. 39/50 represents
a more advanced ontogenetic stage than ZPAL V. 39/48
but its similar size is an expected consequence of changed
growth trajectory; still, large humeri are in that case under-
represented in Poreba;

— the shell to humeral length ratio could be the same or
different in Proterochersis porebensis and other Triassic taxa
but there is some unrecognized sexual size dimorphism in
the population of Proterochersis porebensis and therefore
ZPAL V. 39/48 may be a subadult individual of the larger
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sex while ZPAL V. 39/50 belongs to an older individual of
the smaller sex; the observed size distribution is, nonetheless,
skewed in favor of smaller, less ossified specimens.

Given the lack of meaningful anatomical differences and
lack of evidence of other turtle taxa in Poreba, e.g. based on
shell finds (Szczygielski & Sulej 2016, 2019; Szczygielski ez al.
2018; Szczygielski & Stowiak 2022), taxonomic separation
between ZPAL V. 39/48 and ZPAL V. 39/50 is here consid-
ered unlikely. This issue can only be solved by future finds of
associated proterochersid humeri and shells. In any case, the
examined stylopodial bones of Prozerochersis porebensis clearly
represent a wide spectrum of sizes and ontogenetic stages, at
least the large femora (ZPAL V. 39/432, ZPAL V. 39/500)
likely belong to adult individuals but not yet approaching the
asymptotic body size. Therefore, they are likely ontogenetically
younger than Proganochelys quenstedtii SMF 09-F2. Moreover,
although Proterochersis porebensis and Proganochelys quenstedtii
could reach similar maximal body sizes, their growth trajec-
tories were clearly different.

COMPARISON OF LONG BONE HISTOLOGY OF PROTEROCHERSIS
POREBENSIS AND PROGANOCHELYS QUENSTEDTII

Both taxa show a very similar microanatomy and share histo-
logical characters. The primary tissue and vascularization consist
of moderate to poorly vascularized parallel-fibered matrix in
both taxa. Simple vascular canals are mainly longitudinally
oriented, and a few primary osteons are developed along all
samples. The humeral sample of Proganochelys quenstedtii shows
a higher grade of remodeling compared to the middle-sized
humerus of Proterochersis porebensis (ZPALV. 39/433), which
likely is the result of an older ontogenetic stage.

DISCUSSION

The stem turtles Proterochersis porebensis and Proganochelys
quenstedtii do not differ significantly from other non-marine
turtles in terms of their limb histology (primarily consisting
of parallel-fibered bone in a poorly to moderately vascular-
ized cortex, medullary region filled with trabeculae retaining
remnants of primary tissue, etc. — compare with references in
the Introduction). They both exhibit the typical derived non-
marine turtle histology and microanatomy, which is relatively
distinct (mainly in terms of microanatomys i.e., the absence
of a medullary cavity and the presence of a well-developed
and expanding cancellous medullary region during ontogeny)
from the histologically studied non-testudinate pantestudi-
nates (Lyson et al. 2016; Schoch ez al. 2019). The humeri
and femora studied herein share a thick and compact, weakly
vascularized cortex with the juvenile humerus of Eunotosaurus
africanus Seeley, 1892 presented by Lyson ez al. 2016) and
the humerus and femur of Pappochelys rosinae Schoch &
Sues, 2015 presented by Schoch ez al. (2019), however, they
generally differ from both in the lack of a central medullary
cavity. In that regard, the only exception is the large femur
ZPAL V. 39/432, which does show a small (albeit propor-
tionally of similar size to that seen in Pappochelys rosinae;
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Schoch ez al. 2019) cavity surrounded by a thick network of
trabeculae. The CT cross sections of a humerus and femur of
Proganochelys quenstedtii published by Nakajima (2017) and
Schoch ez al. (2019: supplementary material) appear to have
a thicker cortex than the small humerus and femur of Protero-
chersis porebensis, ZPAL V. 39/439 and ZPALV. 39/499, but
more restricted cancellous region compared to the large femora
ZPAL V. 39/432 and ZPAL V. 39/500, and more homog-
enous density in that region compared to the large humerus
ZPAL V. 39/50. In those respects, they are the most similar
structurally to the middle-sized humerus, ZPAL V. 39/439.
That seems appropriate given their respective size and devel-
opmental stage, as the Proganochelys quenstedtii individual
in question is interpreted as a subadult (Gaffney 1990), but
that structural difference may also represent a taxonomic
character. Significant changes to turtle long bone histology
between the forelimb and hindlimb and during ontogeny
were noted, e.g. by Botha (2017), Botha & Botha (2019),
and Bhat ez 4/. (2019). Mainly the latter makes comparisons
with older literature data, which unfortunately often lack
information on the ontogenetic age of sampled specimens,
difficult, especially because in many cases only close-ups rather
than whole cross-sections are presented.

In general, the microstructure and histology in Proteroch-
ersis porebensis and Proganochelys quenstedtii is similar to that
observed in Stigmochelys pardalis and Téstudo spp. (Castanet &
Cheylan 1979; Botha 2017; Botha & Botha 2019), and the
changes occurring in age are overall consistent between these
taxa, supporting the interpretation that ZPAL V. 39/439 and
ZPALV. 39/499 represent juveniles (older than the ones sec-
tioned by Botha 2017 and Botha & Botha 2019 but younger
than their early subadults), ZPAL V. 39/433 a subadult, and
ZPAL V. 39/500 an adult (distinctly more remodelled than
the late subadults of Botha 2017 and Botha & Botha 2019).
This assumption is also consistent with the classes used for
Proterochersis porebensis in previous works based on the body
size and stage of shell development (Szczygielski & Sulej
2016; Szezygielski ez al. 2018; Szczygielski & Stowiak 2022).
Likewise, the general histological structure of the humerus
resembles that of Chelonoidis chilensis and Phrynops hilarii
presented by Pereyra er al. (2019) and Pereyra (2022), but
is less compact (possibly partly due to the differences in the
sectioning planes). The similarities to Chersina angulata are
less pronounced, particularly in post-juvenile specimens
(Bhat ez al. 2019), due to the more random vascularization,
asymmetric growth, and significant presence of woven and
fibrolamellar bone in that taxon, despite Chersina angulara,
Chelonoidis chilensis, Stigmochelys pardalis, and Testudo spp.
all representing the same clade (Cryptodira: Testudinidae),
possibly partly due to the size and bone geometry difference
between the taxa. In contrast to the testudinid species, our
samples of Proterochersis porebensis do not show a sub-plexiform
arrangement of vasculature (Botha 2017; Bhat er 2/ 2019;
Botha & Botha 2019). The histology of femora of younger
specimens of the podocnemidid (Pleurodira) Podocnemis
expansa (Schweigger 1812) also differs in the presence of a
more randomly organized vascularization, but becomes more

COMPTES RENDUS PALEVOL e 2023 22 (32)



similar with maturity (Chinsamy & Valenzuela 2008). The
chelyid (Pleurodira) Hydromedusa tectifera and Yaminuchelys
maior present a comparable histology to Proterochersis poreben-
sis. However, the bones are compact in H. tectifera. Moreover,
specimens designated by Pereyra ez al. (2020) and Pereyra
(2022) as adults compare better to the subadult observed
in our samples and in the testudinids (Castanet & Cheylan
1979; Botha 2017; Botha & Botha 2019; Bhat ez 2/ 2019).

The large femur ZPAL V. 39/500 shows a significant resorp-
tion of the cortex and relatively thin trabeculae, giving a some-
what osteoporotic appearance. This may be simply because
of the mature age of the individual. Nakajima ez /. (2014)
noted increased bone resorption in humeri of large terrestrial
turtles and appearance of small cavities in the cortical areas
of particularly large species and Botha & Botha (2019) and
Castanet & Cheylan (1979) also observed a decrease of com-
pactness in humeri and femora of adult Stigmochelys pardalis
and Zestudo spp. compared to subadults, and presented a very
similar pattern of secondary remodeling as we observed in
ZPAL V. 39/500. Unfortunately, mature stages of ontogeny
in these studies were represented only by singular individu-
als and no information was provided about their sex. Suzuki
(1963) discovered that femora in modern turtles may serve as
a calcium reservoir for egg-bearing, mature females, produc-
ing a similar osteoporotic microstructure, but detected no
such changes in male and immature individuals. Although
speculative, it seems, therefore, possible that ZPAL V. 39/500
could have belonged to a mature female. An osteoporosis-
like change of a hypothetically similar origin (although not
observed in modern turtles; Suzuki 1963) was also noticed
in the carapace of a large individual of Proterochersis pore-
bensis (ZPAL V. 39/61) by Szczygielski & Stowiak (2022).
Interestingly, the cortex of ZPAL V. 39/432 appears to be
less vascularized (and, supposedly, less remodeled) than in
ZPAL V. 39/500, even accounting for the more distal section
plane of the latter relative to the ossification center, despite
ZPALV. 39/432 being slightly larger and clearly more robust.
This apparent difference in secondary vascularization may
partly be explained by the limited resolution of the CT scan
possibly obscuring thinner vascular structures. However,
the resolution is sufficient to observe fine vascular canals in
other specimens and intertrabecular cavities in that specimen
(the size of which in ZPAL V. 39/500 is of the same order
of magnitude as that of the secondary osteons invading the
cortex). Moreover, it is the tissue in ZPAL V. 39/500 which
is divergent relative to other specimens. Therefore, intraspe-
cific (ontogenetic or sexual) and/or seasonal (related to egg
production and oviposition, as explained above) variability
may be a better explanation.

Unlike in most tetrapods, vascular density is usually lower
in terrestrial and semiaquatic turtles than in fully aquatic
species; however, due to significant variability within and
overlap between ecotypes, it is frequently difficult to dis-
tinguish between terrestrial and semiaquatic turtles based
on long bone microstructure alone (e.g. Ricgles ez 2. 2004;
Germain & Laurin 2005; Kriloff ez 2/ 2008; Canoville &
Laurin 2010; Laurin ez a/. 2011; Nakajima ez a/. 2014; Botha
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2017; Botha & Botha 2019; Sena ez al. 2021; Pereyra 2022).
Lifestyle assessments performed by Germain & Laurin (2005)
based on radii microstructure tended to overestimate the
aquatic adaptations in most of the examined turtle species,
i.e., terrestrial turtles were recovered as amphibious, one
amphibious as aquatic, and only in one case an amphibi-
ous species was recovered as terrestrial; estimations proved
correct only for fully aquatic taxa. Similar error, with most
terrestrial and some aquatic turtle taxa wrongly assessed,
was detected in the case of estimates based on tibiae (Kriloff
et al. 2008) and humeri (Canoville & Laurin 2010). Botha
(2017) and Botha & Botha (2019) calculated compactness
indices for humeri, radii, ulnae, femora, tibiae, and fibulae
of varied ontogenetic ages of the terrestrial Stigmochelys par-
dalis and obtained variable values between the bones and
individuals, but predominantly suggesting a fully aquatic
lifestyle. This variability is also true for the specimens sec-
tioned here. Depending on the bone (humerus vs femur)
and size (ontogenetic age), the vascular density, thickness
of the cortex, extent of the cancellous area, and relative size
of trabeculae and intertrabecular spaces are vastly different.
Nonetheless, the cortices, especially in post-juvenile bones
are surprisingly thick, even in the thin sections despite the
fact that they were taken well below the most compact area.
Unsurprisingly, however, the microstructure at the level of the
growth center overall fits within the spectrum documented
by Canoville & Laurin (2010) and Nakajima ez a/. (2014)

for extant terrestrial and semiaquatic turtles.

CONCLUSION

Overall, the comparison of limb bone histology of both exam-
ined species reveals that general microstructural patterns typical
for Recent turtle appendicular bones were established already
in the Triassic, but at the same time the earliest turtle repre-
sentatives already diverged, e.g. in growth strategies. Future
finds and data may allow a more precise understanding on
the degree of variability between those taxa and, possibly, its
correlation with the environment, locomotory adaptations,

or phylogeny.
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ApPPENDIX 2. — Distal width (DW) to distal depth (DD) ratios for Proterochersis porebensis Szczygielski & Sulej, 2016 femora (all ZPAL V. 39/).
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ArPENDIX 3. — Lenghts of femora of Proterochersis porebensis Szczygielski & Sulej, 2016 estimated based on mean distal depth to bone length ratio and based
on extrapolation from complete specimens.

150 +
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100 ~
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} } } } {
0 50 @ Measured complete

Distal depth (mm) O Estimated based on distal depth
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APPENDIX 4. — Measurements and length estimations of humeri of Proterochersis porebensis Szczygielski & Sulej, 2016. Abbreviations: Distal depth (DD); Distal
width (DW; L, length; LP, length as preserved; PW, proximal width; PWP, proximal width as preserved.

L LP DW DD PW PWP Estimated length

ZPALV.39/ (mm) (mm) (mm) (mm) (mm) (mm) DW/DD L/DW L/DD L/PW DW (mm) DD (mm) Used for
50 106 - 46 18 - 50 2.555555556 2.3043478  5.888889 113.3555556  105.6717949 CT
156 77 - 30 13 39 - 2.307692308 2.5666667  5.923077 1.974359  73.92753623 76.31851852 CT
433 - 38 34 14 - - 2.428571429 - - - 83.78454106 82.18917379 Histology
439 - 22 20 8 - - 25 - - - 49.28502415  46.96524217 Histology
446 58 - 23 10 27 - 23 2.5217391 5.8 2.148148  56.67777778 58.70655271 CT
Standard deviation 0.113851231 0.1402906  0.063532 0.122888 - - -
Mean 2.418363858 2.4642512  5.870655 2.061254 - - -
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ApPPENDIX 5. — Distal width (DW). distal depth (DD) and proximal width (PW) ratios to bone length (L) for humeri of Proterochersis porebensis Szczygielski & Sulej,
2016 (all ZPAL V. 39)/).
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APPENDIX 6. — Distal width (DW) to distal depth (DD) ratios for Proterochersis porebensis Szczygielski & Sulej, 2016 humeri (all ZPAL V. 39/).
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APPENDIX 7. — Measurements of stylopodial bones and estimations of carapace lengths of Proterochersis porebensis Szczygielski & Sulej, 2016.

Species Specimen Log midline carapace length  Side Log humerus length  Log femur length

Palaeochersis talampayensis PULR 068 1.658011397 Left 1.10 -
Rougier, Fuente & Arcucci, 1995 Right 1.079181246 -

Proganochelys quenstedtii SMNS 16980 1.685741739 Left 1.127104798 1.184691431
Baur, 1887 Right 1.1430148 -

SMNS 17203 1.602059991 Left - 1.117271296

SMNS 17204 1.698970004 Left - 1.198657087

Right - 1.201397124
SMF 09-F2 1.740362689 Left 1.193124598 -

Proterochersis porebensis ZPAL V. 39/48 1.596597096 Right - 1.103803721

Szczygielski & Sulej, 2016
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APPENDIX 8. — Log of humerus length (L) to log of midline carapace length (MiCL) for Palaeochersis talampayensis Rougier, Fuente & Arcucci, 1995 and Pro-
ganochelys quenstedtii Baur, 1887.
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APPENDIX 9. — Bivariate linear fit (PAST) of the log of humerus length (L) to log of midline carapace length (MiCL) for Palaeochersis talampayensis Rougier, Fuente &
Arcucci, 1995 and Proganochelys quenstedtii Baur, 1887.

Ordinary Least Squares Regression

Slope a 1.258 Standard errora 0.18778
t 6.6995 p (slope) 0.0067851
Intercept b -0.99199 Standard error b 0.31656

95% bootstraped confidence intervals (N = 1999)
Slope a (0.35752, 1.5386)
Intercept b (-1.4634, 0.51567)

Correlation

r 0.96817
r2 0.93735
t 6.6995
p (uncorrected) 0.0067851 Permutation p 0.0343

ApPENDIX 10. — Log humerus length (L) to log midline carapace length (MiCL) for Proganochelys quenstedtii Baur, 1887 only.
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y =1.063x — 0.657 SMF 09-F2
1.2 R® = 0.9467

115 SMNS 1.6980

1.1

1.05

Log humerus L

0.95

0.9
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74 1.76
Log MiCL

COMPTES RENDUS PALEVOL e 2023 » 22 (32) 663



» Szczygielski T. ez al.

APPENDIX 11. — Bivariate linear fit (PAST) of the log of humerus length (L) to log of midline carapace length (MiCL) for Proganochelys quenstedtii Baur, 1887.

Ordinary Least Squares Regression

Slope a
t
Intercept b

1.063 Standard error a 0.25226
4.2142 p (slope) 0.14832
-0.65697 Standard error b  0.42988

95% bootstraped confidence intervals (N = 1999)

Slope a
Intercept b

(0.91741, 5.3734E15)
(-9.3516E15, 0.4035)

Correlation

r
r2
t

p (uncorrected) 0.14832

0.97298
0.94669
4.2142

Permutation p 0.3389

APPENDIX 12. — Log femur length (L) to log midline carapace length (MiCL) for Palaeochersis talampayensis Rougier, Fuente & Arcucci, 1995, Proganochelys
quenstedtii Baur, 1887, and Proterochersis porebensis Szczygielski & Sulej, 2016 (values for missing bones duplicated from contralateral side of the body).
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AppPENDIX 13. — Log femur length (L) to log midline carapace length (MiCL) for Proganochelys quenstedtii Baur, 1887 and Proterochersis porebensis Szczygielski &
Sulej, 2016 (values for missing bones duplicated from contralateral side of the body).
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APPENDIX 14. — Bivariate linear fit (PAST) log femur length (L) to log midline carapace length (MiCL) for Proganochelys quenstedtii Baur, 1887 and Proterochersis
porebensis Szczygielski & Sulej, 2016.

Ordinary Least Squares Regression

Slope a 0.89106 Standard error a  0.038666
t 23.045 p (slope) 0.00017899
Intercept b -0.31484 Standard error b  0.064075
95% bootstraped confidence intervals (N = 1999)
Slope a (0.58828, 0.96098)
Intercept b (-0.4313, 0.19812)
Correlation
r 0.99719
r2 0.99438
t 23.045
p (uncorrected) 0.00017899 Permutation p 0.0167

APPENDIX 15. — Log femur length (L) to log midline carapace length (MiCL) for Proganochelys quenstedtii only (values for missing bones duplicated from con-
tralateral side of the body).
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APPENDIX 16. — Bivariate linear fit (PAST) log femur length (L) to log midline carapace length (MiCL) for Proganochelys quenstedtii Baur, 1887.

Ordinary Least Squares Regression

Slope a 0.8451 Standard error a 0.034419
t 24.554 p (slope) 0.0016546
Intercept b -0.23703 Standard error b  0.057454

95% bootstraped confidence intervals (N = 1999)
Slope a (0.42732, 0.88453)
Intercept b (-0.30059, 0.147014)

Correlation

r 0.99835
r2 0.99669
t 24.554
p (uncorrected) 0.0016546 Permutation p 0.0821
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