Zoological Journal of the Linnean Society, 2024, 202, zlae126
h ps://doi.org/10.1093/zoolinnean/zlae126
Advance access publication 8 November 2024

Original Article

OXFORD

Original Article

Unique internal anatomy of vertebrae as a key factor for neck
elongation in Triassic archosauromorphs

Adam Rytel**“®, Dawid Surmik®"®, Tomasz Szczygielski*®, Stephan N.F. Spiekman*®,
omas van de Kamp>%®, Marcus Zuber>®, Torsten M. Scheyer*

Institute of Paleobiology, Polish Academy of Sciences, Twarda 51/55, 00-818 Warsaw, Poland
2Department of Paleontology, University of Zurich, Karl Schmid-Strasse 4, 8006 Zurich, Switzerland
®Institute of Earth Sciences, Faculty of Natural Sciences, University of Silesia in Katowice, Bedzinska 60, 41-200 Sosnowiec, Poland
“Staatliches Museum f r Naturkunde Stu gart, Rosenstein 1, 70191 Stu gart, Germany
®Institute for Photon Science and Synchrotron Radiation (IPS), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344
Eggenstein-Leopoldshafen, Germany
SLaboratory for Applications of Synchrotron Radiation (LAS), Karlsruhe Institute of Technology (KIT), Kaiserstra e 12, 76131 Karlsruhe, Germany

"Corresponding author. Institute of Paleobiology, Polish Academy of Sciences, Twarda 51/55, 00-818 Warsaw, Poland. E-mail: adam.rytel@twarda.pan.pl; Institute of
Earth Sciences, Faculty of Natural Sciences, University of Silesia in Katowice, Bedzinska 60, 41-200 Sosnowiec, Poland. E-mail: dawid.surmik@us.edu.pl

ABSTRACT

e Triassic was a key period in the evolution of vertebrates, and reptiles in particular, giving rise to a plethora of successful lineages, some of
which are still extant. One of the groups that ourished during the early Mesozoic were the tanysaurians (Archosauromorpha: Tanysauria). ey
had elongate neck vertebrae that in some genera reached extreme proportions. Here, we provide the rst comprehensive description of the in-
ternal structure of these extraordinary elements, focusing on the famously bizarre Tanystropheus.  rough computed tomography and sectioning,
we were able to reveal some intriguing features comparable to those seen in pterosaurs and birds. However, contrary to what we see in pneumatic
bones, cervicals of tanysaurians contain a singular voluminous cavity. s results in a cylindrical structure in these vertebrae, which likely pro-
vided durability, while contributing less to the weight of the neck.  ese insights are relevant for be er understanding of a unique and extreme
anatomy among tetrapods, which evolved as a result of very strict selection for some particular function. Importantly, our ndings demonstrate
that major modi cations of the internal anatomy of vertebrae were not unique to derived avemetatarsalians (pterosaurs and dinosaurs), but more

widespread among reptiles.
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INTRODUCTION

e period following the End-Permian Mass Extinction saw the
appearance, diversi cation, and radiation of several vertebrate
lineages that became major components of later faunas (e.g. Foth
et al. 2016, Ezcurra and Butler 2018, Simues et al. 2018, Benton
and Wu 2022, Laboury et al. 2023, Sues and Schoch 2023).
Among the Mesozoic tetrapods, diapsids achieved the most
extensive evolutionary success, giving rise to the lineages that
dominated terrestrial (non-avian dinosaurs, pseudosuchians,
non-mosasaur squamates), aquatic (sauropterygians, ichthyo-
saurs, mosasaurs), and aerial (pterosaurs, birds) environments.
Members of these groups evolved derived adaptations to the
niches they occupied and adopted new, unique Bauplans. In the
Triassic, one the most ecologically diverse clades of vertebrates

were the tanysaurians (Tanysauria), a group of early-diverging
archosauromorphs (Spiekmanetal. 2024a). e Tanysauria con-
tained terrestrial (e.g. Rieppel 1989, Renesto 1994), aquatic (e.g.
Spiekman et al. 2024a, b), and possibly gliding (Dzik and Sulej
2016) forms. Members of this group exhibited substantial neck
elongation, achieved through either cervical vertebrae count
increase (trachelosaurids, see Spiekman et al. 20244, b) or the
hyperelongation of the cervicals (tanystropheids, see Wild 1973,
Noso 2007, Dzik and Sulej 2016, Spiekman and Scheyer 2019,
Spiekman et al. 2021). e rst described and widely known
tanysaurian Tanystropheus demonstrated an extreme extent of
the la er condition, with its cervicals being over 10 times longer
than tall (Fig. 1A B; Spiekman and Scheyer 2019, Spiekman
etal. 2021) and its neck constituting about half of the total body
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Figure 1. Reconstruction of the neck of T. hydroides (A), a er Spiekman et al. (2020a, changed; Author: Beat Sche old) and some of the
sampled middle cervicals of Tanystropheus sp. from Miedary (B D) and T. conspicuus (E, F): (B) ZPAL V. 36/101, surface modelinle lateral
view; (C) ZPAL V. 36/1016/1, polished longitudinal cross section of an anterior portion of a vertebra; (D) ZPAL V. 36/1016/2, polished
longitudinal section of a posterior portion of a vertebra; (E) SMF R 999c, a longitudinal cross section through a posterior portion of a vertebra
as originally illustrated by von Huene (1907 1908: g.251) and (F) as currently preserved. Anatomical abbreviations: ic  internal cavity;

nc neural canal; ns  neural spine; poz  postzygapophysis; prz

length in large individuals (A. Rytel, personal observations;
Wild 1973, Tschanz 1988). e lifestyle of Tanystropheus spp.
remains not fully resolved, with recent developments in the sub-
ject pointing towards it being a shallow marine ambush predator
(Noso 2007, Beardmore and Furrer 2017, Renesto and Saller
2018, Spiekman et al. 2020a, b). Currently, the main skeletal fea-
ture not in keeping with the inferred aquatic habitat is the in-
ternal structure of the cervical vertebrae, which are preserved
as hollow inside, potentially implying a more terrestrial lifestyle
(Broili 1915, Edinger 1924, Renesto 2005, Jaquier and Scheyer
2017).

prezygapophysis.

Despite the internal anatomy of tanysaurian cervicals being
widely known and acknowledged as unique (von Meyer 1847
1855, von Huene 1907 1908, Broili 1915, Edinger 1924, Wild
1973, Dalla Vecchia 2000, Rieppel 2001, Renesto 2005, Noso i
2007, Dzik and Sulej 2016, Jaquier and Scheyer 2017, Formoso
et al. 2019, Spiekman and Scheyer 2019, Miedema et al. 2020,
Spiekman et al. 2020a), its function and evolution have never
been investigated in detail. e distinct internal anatomy of
the vertebrae was noted already in the original description of
Tanystropheus conspicuus von Meyer, 1852. von Meyer (1847
1855) hypothesized that the internal cavity was lled with
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