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Abstract: The earliest crocodylomorphs, known as

non-crocodyliform crocodylomorphs, first appeared during the

Late Triassic. In contrast to extant crocodylians, which are all

semi-aquatic, early crocodylomorphs represent terrestrial taxa

with a fully erect posture and in most cases a small body size.

Their gracile skeletons suggest an active mode of life, possibly

similar to contemporaneous, bipedal theropod dinosaurs.

Despite this remarkable body plan, the postcranial morphology

of early crocodylomorphs has rarely been documented in detail,

restricting our ability to infer aspects of their functional mor-

phology and evolution. Here, we provide a detailed description

of the postcranium of Terrestrisuchus gracilis, a small-bodied

crocodylomorph from the Late Triassic of Pant-y-Ffynnon

Quarry (southern Wales, UK), including a description of long

bone tissues based on histological thin sections. Almost all ele-

ments of the postcranial skeleton have been preserved. The

skeleton of Terrestrisuchus gracilis is highly gracile, even for a

non-crocodyliform crocodylomorph. Osteological correlates of

the appendicular skeleton suggest that Terrestrisuchus gracilis

had a digitigrade, quadrupedal posture. A quantitative analysis

of limb robustness corroborates that Terrestrisuchus gracilis was

a quadruped. Histological analysis suggests that all sampled spe-

cimens were skeletally immature and had fast growth at the

time of death, as indicated by the lack of an external fundamen-

tal system and the predominance of fibrolamellar bone. The

bone tissue is similar to that recently described for Saltoposuchus

connectens and certain non-crocodylomorph pseudosuchians,

but differs from Hesperosuchus agilis and crocodyliforms, in

which parallel-fibred bone is more prevalent.

Key words: Terrestrisuchus, Crocodylomorpha, Triassic,

postcranial osteology, quadrupedality, bone histology.

MODERN crocodylians are all semi-aquatic predators with

limited morphological disparity compared with their deep

time crocodylomorph relatives (Brochu 2003; Stubbs

et al. 2021). Aquatic propulsion of modern taxa is predo-

minantly driven by lateral undulation of the body and tail

(Fish 1984), whereas on land the relatively short limbs are

held in a position that can be broadly summarized as

semi-erect (Parrish 1987; Gatesy 1991; Reilly & Elias 1998;

Wiseman et al. 2021). During the Mesozoic, crocodylo-

morphs occupied a much wider range of habitats and had

diverse body plans (e.g. Buckley et al. 2000; Stubbs

et al. 2013, 2021; Godoy et al. 2019).

Crocodylomorphs first evolved from early pseudosu-

chian archosaur precursors during the Late Triassic. These

early non-crocodyliform crocodylomorphs (often referred

to as ‘sphenosuchians’) were all terrestrial and, although

some large-bodied taxa are known (Nesbitt et al. 2005;

Drymala & Zanno 2016), they were predominantly

small-bodied and gracile (Irmis et al. 2013). They had long

limbs that were held directly below the body in an erect and

digitigrade posture (Parrish 1987; Sereno 1991; Sereno &

Wild 1992; Cuff et al. 2022). Some authors have suggested

that Terrestrisuchus gracilis and other non-crocodyliform

crocodylomorphs might have been (facultative) bipeds

(Seymour et al. 2004; Benton 2021; Gônet et al. 2023),

interpretations that have been disputed by others

(Crush 1980, 1984; Irmis et al. 2013; Cuff et al. 2022; Pin-

tore et al. 2022). Histological investigations also indicate

that at least some taxa (including Terrestrisuchus sp.) had

fibrolamellar bone indicative of fast growth (de Ricql�es

et al. 2003, 2008; de Buffr�enil & Quilhac 2021; Spiek-

man 2023). This suggests a considerably higher basal meta-

bolic rate than in modern crocodylians, which is congruent

with data from other Triassic archosaurs, including several

non-crocodylomorph pseudosuchians (Legendre et al. 2016;

Klein et al. 2017; Botha et al. 2023).
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Even among non-crocodyliform crocodylomorphs, the

limbs of the saltoposuchids (sensu Spiekman 2023) are par-

ticularly gracile and elongate relative to their body size

(Crush 1984; Gow & Kitching 1988; Irmis et al. 2013;

Spiekman 2023). Known from nearly 200 specimens, the

saltoposuchid Terrestrisuchus gracilis represents one of

the most completely preserved non-crocodyliform croco-

dylomorphs. Due to its phylogenetic position as a

crocodylomorph that is only distantly related to crocodyli-

forms, Terrestrisuchus gracilis is crucial for understanding

the early evolution of the clade and the acquisition of cro-

codylomorph synapomorphies, such as extensive braincase

pneumaticity (Leardi et al. 2020; Spiekman 2023; Spiek-

man et al. 2023). Terrestrisuchus gracilis was previously

described by Crush (1980, 1984) and Allen (2010), whereas

its cranial morphology was recently documented in detail,

aided by digital reconstructions derived from x-ray

micro-computed tomography (x-ray lCT) (Spiekman

et al. 2023). Terrestrisuchus gracilis is known from the Late

Triassic fissure fill locality of Pant-y-Ffynnon Quarry in

southern Wales (Crush 1984). The known Pant-y-Ffynnon

fauna is composed of small-bodied tetrapods (Whiteside

et al. 2016; Keeble et al. 2018) that, besides Terrestrisuchus

gracilis, includes the coelophysoid theropod Pendraig mil-

nerae (Spiekman et al. 2021), the sauropodomorph Panty-

draco caducus, which might represent the juvenile form of

Thecodontosaurus antiquus (Galton et al. 2007; Ballell

et al. 2020), the enigmatic pseudosuchian Aenigmaspina

pantyffynnonensis (Patrick et al. 2019), and the rhynchoce-

phalians Clevosaurus cambrica, Clevosaurus sp. and Diphy-

dontosaurus sp. (Keeble et al. 2018).

Most studies of crocodylomorphs, ranging from taxo-

nomic descriptions and morphological character matrices

to investigations of macroevolutionary patterns, either

exclusively or predominantly focus on cranial anatomy

(e.g. Stubbs et al. 2013; Toljagi�c & Butler 2013; Mannion

et al. 2019; Groh et al. 2020; Stubbs et al. 2021). Conse-

quently, postcranial features are comparatively much less

well understood, despite being crucial for inferring evolu-

tionary innovation, functional morphology, taxonomy

and phylogeny (e.g. Pol et al. 2012; Leardi et al. 2015;

Godoy et al. 2016; Rio et al. 2020). Here, we describe the

postcranial anatomy of Terrestrisuchus gracilis in detail,

and include a histological investigation of its limb bones,

and an analysis of its stance (quadrupedal vs bipedal)

based on humeral and femoral circumferences.

MATERIAL & METHOD

X-ray micro-computed tomography

For this study, two specimens underwent x-ray lCT scan-

ning using a Nikon Metrology XT H 225 ST (Fernandez

2024). The craniomandibular remains of the first specimen,

NHMUK PV R 7591a, consisting of a partial skull and

mandible, a caudal vertebra, and the anterior part of the

cervical column, were treated in Spiekman et al. (2023).

Here, digital renderings of the anterior cervical column,

including the atlas and axis, are included and described.

For the second specimen, the holotype NHMUK PV R

7557, the isolated tarsal elements of the right ankle

(NHMUK PV R 7557d), comprising the astragalus, calca-

neum and distal tarsals 3 and 4, were scanned. The four

tarsal elements were imaged individually to maximize the

resolution, fine-tuning parameters for each acquisition

accordingly. The parameters for all five scans (including

that of NHMUK PV R 7591a) are listed in Table S1.

The lCT data were segmented in Avizo v2020.1

(https://www.thermofisher.com). The resulting surface

files were subsequently exported into Blender v3.2

(https://blender.org), where texture and colour were

applied to the bones. The elements were digitally

re-assembled into their inferred in vivo positions. The ball

and socket joint formed between the astragalus and calca-

neum in Terrestrisuchus gracilis represents a highly

detailed early example of the ‘crocodile-normal’ (sensu

Cruickshank 1979) or crurotarsal ankle joint (Turner &

Gatesy 2023). This joint forms the primary ankle articula-

tion in pseudosuchians, including extant crocodylians, in

which the astragalus forms a relatively inflexible crus with

the tibia and fibula, and the calcaneum similarly forms a

rotational unit with the distal tarsals and the pes (Schaef-

fer 1941; Parrish 1987; Sereno 1991; Turner & Gatesy

2023). Although limited mobility is also present in other

planes, the primary rotation of the astragalus–calcaneum
joint is along the dorsiflexion–plantarflexion axis in Alli-

gator mississippiensis, which has a similar crurotarsal ankle

joint to Terrestrisuchus gracilis (Turner & Gatesy 2023),

and this rotation was modelled for Terrestrisuchus gracilis

here. Images of the tarsal elements, as well as videos

showing the flexion and extension of the astragalus–calca-
neum joint (Appendix S1), were rendered in

Blender v3.2.

Histology

One femur (NHMUK PV R 37865) and three tibiae

(NHMUK PV R 37652, 37664 and 37653) were sampled

for histological analysis. Sections of the limb bones were

taken at roughly mid-shaft, and thin sections were pre-

pared in accordance with standard histological practices

for fossil bone (Sander 2000; Padian & Lamm 2013). The

thin sections were examined using a Leica DM CB2

polarizing microscope connected to a Windows PC.

Images of the slides were taken using an Axio Imager M2

with an AxioCam HR RS camera.
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Analysis of stance

The stance of Terrestrisuchus has been the subject of

debate in the literature (e.g. Crush 1980; Seymour

et al. 2004; Pintore et al. 2022; Gônet et al. 2023). In

order to examine whether Terrestrisuchus was most likely

to be bipedal or quadrupedal, we added it to the dataset

of McPhee et al. (2018). Linear discriminant analysis of

this dataset, which contains femoral and humeral shaft

circumferences of a range of mammalian and reptilian

(including dinosaur) taxa, demonstrates that there is a

relationship between quadrupedality and shaft robustness

that can be used to make inferences about stance. We

measured the humeral circumference of the holotype of

Terrestrisuchus, NHMUK PV R 7557 (7.96 mm). The

femur of the same specimen is preserved in a slab and

thus the circumference cannot be directly measured; we

therefore measured the diameter of the shaft (2.88 mm)

and calculated circumference assuming that the shaft was

cylindrical, giving a circumference of 9.11 mm. We added

these data to the McPhee et al. (2018) dataset, and

plotted it using ggplot2 in R v4.0.4 (Wickham 2016).

Institutional abbreviations. AMNH, American Museum of

Natural History, New York NY, USA; CMNH, Carnegie

Museum of Natural History, Pittsburgh PA, USA; NHMUK,

Natural History Museum, London, UK; SMNS, Staatliches

Museum f€ur Naturkunde Stuttgart, Stuttgart, Germany; UCMP,

University of California Museum of Paleontology, Berkeley CA,

USA; YPM, Yale Peabody Museum, New Haven CT, USA.

SYSTEMATIC PALAEONTOLOGY

ARCHOSAURIA Cope, 1869–1870 sensu Gauthier &

Padian (2020)

PSEUDOSUCHIA Zittel, 1887

CROCODYLOMORPHA (Hay, 1930) sensu Nesbitt (2011)

(= Crocodilomorphi name emend. Walker 1970)

SALTOPOSUCHIDAE Crush, 1984 sensu Spiekman (2023)

Terrestrisuchus gracilis Crush, 1984

Holotype. NHMUK PV R 7557a–h, an associated skeleton com-

prising a largely complete but disarticulated skull, the axis, dor-

sal, sacral and caudal vertebrae, as well as associated ribs,

osteoderms and gastralia, and an appendicular skeleton compris-

ing a left scapula, both ilia and pubes, the distal end of the left

humerus, the radius and ulna of both forelimbs, a

well-preserved left and poorly preserved right carpus and manus,

both femora, and the right tibia, fibula, tarsus and pes.

Referred material. Close to 200 specimens can be referred to

Terrestrisuchus gracilis, consisting of both associated and isolated

remains. A full overview of all referred specimens is provided in

the supporting information of Spiekman et al. (2023).

Diagnosis. The diagnosis was recently revised by Spiekman

et al. (2023): ‘Terrestrisuchus gracilis is a small-sized

non-crocodyliform crocodylomorph distinguished by the following

combination of character states (autapomorphies in

non-crocodyliform crocodylomorphs, in part based on the phylo-

genetic analysis in Spiekman (2023), are indicated with *; traits that
are potentially ontogenetically variable are indicated with †): squa-
mosal without a longitudinal crest on the dorsal surface (also absent

in Litargosuchus leptorhynchus)†; transverse width of anterior process
of squamosal wider than supratemporal fenestra (also present in

Saltoposuchus connectens and Litargosuchus leptorhynchus); absence

of sagittal crest on parietal (also absent in Litargosuchus leptor-

hynchus and Kayentasuchus walkeri)†; presence of a large quadrate

fenestra (also present in Saltoposuchus connectens and Almadasuchus

figarii); perilymphatic loop of the otoccipital extends approximately

as far ventrally as the subcapsular buttress in lateral view*; presence
of an otic bulla on the otoccipital*; enlarged, heavily pneumatized

parabasisphenoid body (also present in Junggarsuchus sloani, Alma-

dasuchus figarii, and Macelognathus vagans); elongate anterior pro-

cess on the lateral head of the ectopterygoid (also present in

Saltoposuchus connectens and Junggarsuchus sloani); retroarticular

process elongated, triangular shaped, and dorsally facing*; large

pneumatic cavity with dorsal and ventral openings in articular*; dis-
tinct postzygodiapophyseal laminae on posterior cervical and an-

terior dorsal vertebrae (also present in Hesperosuchus agilis); narrow

teardrop-shaped, poorly sculptured paramedian osteoderms*; prox-
imal end of radius with a medial process (also present in Hesperosu-

chus agilis); proximal ends of metacarpals overlap*; metacarpal I

more slender than other metacarpals (also present in Junggarsuchus

sloani); lateral condyle of distal end of femur projected further dis-

tally than medial condyle (also present in Macelognathus vagans);

tibia longer than femur (also present in Hallopus victor andMacelog-

nathus vagans); pedal digit V with two phalanges (at least one pha-

lanx also present in Hesperosuchus agilis).’

Ontogenetic assessment. The ontogenetic age of the material

assigned to Terrestrisuchus gracilis was recently assessed in detail

in Spiekman et al. (2023) based on external skeletal markers,

and these interpretations are summarized in brief here. Based on

the presence of unfused parietals and unfused neurocentral

sutures in most postaxial vertebrae of the Terrestrisuchus gracilis

specimens, as well as the presence of large pneumatic openings

in the articulars of the lower jaw of NHMUK PV R 7591, a fea-

ture shared with juvenile individuals of Alligator mississippiensis

(Dufeau & Witmer 2015), Terrestrisuchus gracilis is considered to

be represented by skeletally immature specimens (Spiekman

et al. 2023). Conversely, osteoderms are known to ossify a con-

siderable time after hatching in at least some crocodylomorphs

(Vickaryous & Hall 2008; de Buffr�enil et al. 2015; Griffin

et al. 2021) and in Alligator mississippiensis this ossification

occurs asynchronously (Vickaryous & Hall 2008). Given that

osteoderms are preserved in all Terrestrisuchus gracilis specimens

that include partially articulated vertebrae and these osteoderms

have the same morphology and relative size in these specimens,

this suggests that the osteoderms were fully developed and that

these specimens therefore do not represent early juvenile or peri-

natal individuals. The results of the histological analysis provide

further evidence that all known specimens are skeletally
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immature, based on the absence of an external fundamental sys-

tem in the three studied sections. For further details, see the his-

tological discussion below.

Although some have attributed the diminutive size of the fauna

at Pant-y-Ffynnon Quarry and other Late Triassic to Early Jurassic

fissure fill deposits from the Bristol Channel Area to insular dwarf-

ism (Keeble et al. 2018; Ballell et al. 2020; Skinner et al. 2020; Love-

grove et al. 2021), others have argued that this is the result of a

taphonomic bias against the preservation of larger animals, which

would not have fallen or washed into the fissures (Galton & Ker-

mack 2010). The other Pant-y-Ffynnon archosaur species for which

the relative ontogenetic age of their referred specimens has been

assessed, the theropod Pendraig milnerae and sauropodomorph Pan-

tydraco caducus, are also both exclusively known from skeletally

immature specimens (Galton & Kermack 2010; Ballell et al. 2020;

Spiekman et al. 2021). The absence of demonstrably mature indivi-

duals known for these taxa, in particular for Terrestrisuchus gracilis,

which is by far the most common archosaur from Pant-y-Ffynnon

Quarry with almost 200 specimens, appears to support the latter

hypothesis. None of the currently known Terrestrisuchus gracilis spe-

cimens would have exceeded 1 m in total body length. However,

this evidence remains conjectural, and neither hypothesis has been

rigorously tested to date (Lovegrove et al. 2021; Spiekman

et al. 2021).

Locality & horizon. Upper Triassic (Carnian–Rhaetian) fissure

fill deposits of Pant-y-Ffynnon Quarry in southern Wales (Spiek-

man et al. 2023).

Postcranial description

The material assigned to Terrestrisuchus gracilis is extensive and

composed of specimens ranging from isolated, fragmentary ele-

ments to partially complete and articulated skeletons. Elements

of all parts of the postcranium are present among the material.

The distribution of the various postcranial elements among the

specimens assigned to Terrestrisuchus gracilis is listed in

Appendix S2 and the entire hypodigm of the species is provided

in the supporting information of Spiekman et al. (2023).

Axial skeleton

Atlas–axis complex. The atlas–axis complex is predominantly

described based on the lCT data of NHMUK PV R 7591 first

presented in Spiekman et al. (2023) (Fig. 1A–D, F). In NHMUK

PV R 7591, two blocky bones are preserved anterior to the axis.

These are the atlas pleurocentrum and intercentrum, the former

forming a completely fused co-ossification with the axis inter-

centrum, which is thus absent as a separate element (Korneisel

et al. 2022). The left atlantal neural arch is an anteroposteriorly

elongated, curved element and found in close association with

its articular surface of the left side of the axis. A poorly pre-

served, plate-like bone preserved directly dorsal to the left atlan-

tal neural arch could represent the left proatlas. On the right

side of the axis, three elongate, thin bones are preserved, but

due to their disarticulation and limited morphological detail

they cannot be identified confidently (Fig. 1G, coloured in grey).

None of these elements corresponds in size to the right atlantal

neural arch. Two sets of paired ribs are preserved ventral to the

axis, clearly indicating that the atlas bore ribs in Terrestrisuchus

gracilis. Atlantal ribs have also been described for Hesperosuchus

agilis (Colbert 1952) and Junggarsuchus sloani (albeit with a very

short shaft in this taxon, Ruebenstahl et al. 2022) and are also

present in extant crocodylians (Hoffstetter & Gasc 1969; Kornei-

sel et al. 2022). With the aid of the lCT data, the atlas–axis
complex and the articulation of its various element can be

described in detail.

The atlas intercentrum is a complex, somewhat bean-shaped

bone that has three main surfaces (Fig. 1A–D). The largest of

these is the posterodorsal surface. It is concave in posteroventral

view and forms the articular surface for the ventral part of the

bulbous anterior expansion of the atlas pleurocentrum. Both

the ventral and dorsal margins of the posterodorsal surface are

transversely concave, with the dorsal margin being particularly

deeply excavated. This latter end of the posterodorsal surface

also forms the posterodorsal margin of the second surface of the

atlas intercentrum, which faced predominantly dorsally and

slightly anteriorly. This surface is deeply concave in antero-

ventral view and formed the articular surface of the postero-

ventral part of the occipital condyle of the basioccipital of the

skull (Fig. 1C–D). This surface is lateromedially wide, extending

across almost the entire width of the bone, but anteroposteriorly

short. The anteroventral margin of this articular surface is

slightly convex, and it also forms the anterodorsal margin of the

third and final surface of the atlas intercentrum. This surface

faces anteroventrally and is not an articular facet (Fig. 1A, C). It

is very slightly concave in anterodorsal view. In addition to these

three surfaces, a smaller, excavated, and anterolaterally facing

surface is present on each side of the atlas intercentrum. On

each ventrolateral end the atlas intercentrum bears a slight

expansion. These expansions have a slightly concave articular

surface that is mainly directed laterally, but also slightly

F IG . 1 . Selected elements of the atlas–axis complex of Terrestrisuchus gracilis. A–D, digitally reconstructed and reassembled atlas–axis
complex of NHMUK PV R 7591, including third cervical and fraction of the fourth cervical and associated ribs in: A, left lateral view;

B, anterior view; C, slightly anteriorly angled left lateral view, including articulation with the basioccipital and right otoccipital;

D, angled left anterolateral view; note that the right atlas neural arch and tentative proatlas represent mirrored copies of the left.

E, axis NHMUK PV R 7557g in right lateral view. F–G, the digitally reconstructed skull and associated postcranial elements of

NHMUK PV R 7591, including the atlas–axis complex, in: F, left lateral or ventral view; G, right lateral view. Abbreviations: atic, atlas

intercentrum; atlr, atlantal rib; atna, atlas neural arch; atpl, atlas pleurocentrum; ax, axis; axr, axial rib; bo, basioccipital; cev, cervical

vertebra; cr, cervical rib; l., left; ll, longitudinal lamina; ns, neural spine; ot, otoccipital; os, osteoderm; poz, postzygapophysis; prat,

proatlas; prz, prezygapophysis; r., right; srf, single rib facet. Scale bars represent: 10 mm (A–D, F, G); 5 mm (E).
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posteriorly. These represent the articular facets for the atlantal

ribs, which thus articulated with the atlas intercentrum, as is

also the condition in extant crocodylians, Hesperosuchus agilis

(AMNH FARB 6758), and probably in Carnufex carolinensis and

Protosuchus richardsoni (Colbert & Mook 1952; Drymala &

Zanno 2016). In Hesperosuchus agilis the atlas intercentrum was

previously mistaken for the atlas (pleuro)centrum (Colbert 1952),

which is missing in AMNH FARB 6758.

The atlas pleurocentrum (= odontoid) is more than twice the

size of the atlas intercentrum (Fig. 1A–D). It is a robust bone

that is also composed of three main surfaces. The surface facing

dorsally is slightly concave in anterior view (Fig. 1B) and it is

continuous with the dorsal surface of the centrum of the axis

and with the dorsal surface of the occipital condyle of the skull.

It thus forms part of the ventral floor of the neural canal as it

exits the skull through the foramen magnum (Fig. 1C). This

dorsal surface gradually tapers to a rounded tip anteriorly, which

forms the anterodorsal end of the odontoid process. The an-

terior surface of the atlas pleurocentrum, which is roofed dor-

sally by the odontoid process, is curved so that it faces

anteriorly along the midline and laterally at its posterolateral

end on either side (Fig. 1B, D). It forms the articular surface

with the atlas intercentrum ventrally and part of the occipital

condyle of the basioccipital dorsally. The posterior surface of the

atlas pleurocentrum forms the articular surface with the anterior

surface of the axial centrum (Fig. 1A). It is slightly convex in lat-

eral view, with its dorsal end extending further posteriorly than

its ventral end. The ventral margin of the atlas pleurocentrum is

gently convex in anterior view. There are no apparent articular

surfaces on the lateral sides of the atlas pleurocentrum for the

articulation of the atlantal neural arches, but this is where they

would have articulated, as in extant crocodylians and Hesperosu-

chus agilis (Colbert 1952; Hoffstetter & Gasc 1969).

The atlantal neural arch is poorly preserved. It is a curved

bone with an expanded, bulbous anteroventral end and a latero-

medially thin posterior end (Fig. 1A–D). The bulbous antero-

ventral end articulated with the atlas pleurocentrum, whereas

the posterodorsal end articulated along its medial side with the

poorly developed prezygapophysis of the axis (Fig. 1A–B).
The medial side of the shaft of the neural arch is distinctly con-

cave, and its lateral side is correspondingly strongly convex

(Fig. 1B). In lateral view the atlantal neural arch curved dis-

tinctly anteroventrally to posterodorsally, with a convex antero-

dorsal margin and a concave posteroventral margin (Fig. 1A).

The element tentatively identified as the left proatlas is preserved

on the dorsolateral side of the left atlantal neural arch. It is a

lateromedially thin plate of bone that is dorsoventrally taller

than anteroposteriorly long. In both its relative position and

shape, it could correspond to a proatlas as seen in extant croco-

dylians (Hoffstetter & Gasc 1969; Korneisel et al. 2022) and as

suggested for Sphenosuchus acutus (Walker 1990). However, due

to the disarticulation of NHMUK PV R 7591, and the presence

of several other, unidentified, plate-like bones near this proatlas,

this identification cannot be made unequivocally (Fig. 1F).

The axis neural arch and centrum are fused without any dis-

cernible suture (Fig. 1A, E). The axis is considerably shorter

anteroposteriorly than the succeeding postaxial cervical vertebrae

(Fig. 1A). The anterior articular surface of the centrum is mostly

flat, but slightly concave dorsally. The dorsal margin of the an-

terior articular surface is somewhat flattened, whereas the

remaining margin, including the ventral portion, is continuously

convex and subcircular. The posterior articular surface of the

centrum is gently concave (Fig. 1E). The axis centrum bears a

faint keel along the midline on its ventral surface, similar to the

anterior postaxial cervical vertebrae (see below). In lateral view

the ventral surface of the axis is very slightly concave, but much

less so than the succeeding postaxial cervical vertebrae (Fig. 1A).

The lateral surface of the centrum is flattened and has a slight

concavity, which is framed between faint dorsal and ventral,

longitudinal laminae (Fig. 1A). On the lateroventral side of the

anterior end of the centrum, a roughened thickening represents

the articular facet of the axial rib (Fig. 1A). The prezygapophyses

of the axis are strongly reduced compared with those of the

postaxial cervical vertebrae. They are represented only by a

slight, convex anterior projection of the neural arch ventral to

the neural spine, and no lateral expansion is discernible

(Fig. 1D–E). In contrast, the postzygapophyses are well devel-

oped, albeit still reduced compared with the postzygapophyses

of the anterior postaxial cervical vertebrae (Fig. 1A). The neural

spine of the axis extends for the entire anteroposterior length of

the neural arch. Its dorsal margin is mostly straight, but it

curves gradually anteroventrally near its anterior end. The pos-

terior end of the dorsal margin of the neural spine forms an

acute angle with the posterior margin in lateral view, and the

posterior margin is distinctly oriented anteroventrally to poster-

odorsally (Fig. 1E).

The atlantal ribs are holocephalous and straight. They are

elongate, extending to at least the anterior half of the third cer-

vical vertebra (Fig. 1A). The axial ribs are dichocephalous but

their tubercular and capitular heads are poorly developed and

placed much closer together than in the anterior postaxial cervi-

cal ribs. No free-ending anterior process is present on the axial

ribs. Both axial ribs extend to approximately the anteroposterior

mid-length of the third cervical vertebra, therefore extending

only slightly further posteriorly than the atlantal ribs (Fig. 1A).

Postaxial cervical vertebrae & ribs. The postaxial cervical verteb-

rae are approximately twice as long anteroposteriorly as their

posterior articular surface is tall dorsoventrally, similar to that in

other crocodylomorphs (e.g. Colbert 1952; Lecuona et al. 2016),

but contrasting with the comparatively shorter cervical vertebrae

seen in crocodyliform notosuchians and thalattosuchians (Georgi

& Krause 2010; Pol et al. 2012; Johnson et al. 2020). The post-

axial cervical vertebrae are amphicoelous, with both the anterior

and posterior articular surfaces of the centrum being concave

(Fig. 2). The neurocentral suture can be clearly observed in the

postaxial cervical vertebrae (Figs 2, 3).

The ventral margins of the centra of the postaxial cervical ver-

tebrae are concave in lateral view. In the anterior cervical verteb-

rae this concavity is asymmetrical, being strongly concave on its

anterior portion and gradually concave posteriorly (Fig. 2A).

Consequently, the deepest excavation of the concavity is posi-

tioned anterior to the anteroposterior mid-point of the centrum

in these elements. In addition, in these vertebrae the antero-

ventral margin of the centrum is positioned slightly higher (i.e.

further dorsally) than the posteroventral margin of the centrum
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F IG . 2 . Cervical and possibly anterior dorsal vertebrae of NHMUK PV R 7593 and associated elements. Because the vertebrae are

disarticulated the exact position in the vertebral column could not be established (see text). Therefore, the vertebrae are labelled A–
F, with A being the inferred anteriormost and F the posteriormost presacral vertebra preserved. A–D, presacral vertebra A in: A, right

lateral; B, ventral; C, anterior; D, posterior view. E–F, presacral vertebrae B–C and E–F in lateral or angled lateral view. G, axis,

exposed in left lateral view, presacral vertebra D, exposed in right lateral view, and associated elements. H–J, presacral vertebra D in:

H, ventral; I, anterior; J, posterior view. Abbreviations: acdl, anterior centrodiapophyseal lamina; ax, axis; cdf, centrodiapophyseal fossa;

dp, diapophysis; ic, interclavicle; lm, lamina; ncs, neurocentral suture; ns, neural spine; pcdl, posterior centrodiapophyseal lamina; pap,

parapophysis; po, postorbital; pocdf, postzygapophyseal centrodiapophyseal fossa; podl, postzygodiapophyseal lamina; poz, postzygapo-

physis; prcdf, prezygapophyseal centrodiapophyseal fossa; prdl, prezygodiapophyseal lamina; prz, prezygapophysis; psv, presacral verte-

bra; q, quadrate; r., right; sc, scapula; vk, ventral keel. Scale bar represents 10 mm.
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F IG . 3 . Cervical region of NHMUK PV R 7591 in: A, right lateral; B, left lateral view. Abbreviations: axns, axis neural spine; cp; capi-

tulum; cvr, cervical rib; dp, diapophysis; lcr, longitudinal crest; pap, parapophysis; psv, presacral vertebra; psvr, presacral rib; sc, sca-

pula; tb, tuberculum. Scale bars represent 10 mm.
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relative to the horizontal plane, as is the case in most archosaurs

but not Trialestes romeri (Lecuona et al. 2016). This concavity

becomes less pronounced posteriorly, but is still slightly present

in the seventh cervical vertebra of NHMUK PV R 7591

(Fig. 3B). In vertebra F of NHMUK PV R 7593 (posterior cervi-

cal or anterior dorsal vertebra) this concavity is virtually symme-

trical in lateral view (Fig. 2E–F). The anteroventral and

posteroventral margins of the centrum are positioned at the

same horizontal level in cervical vertebra 7 in NHMUK PV R

7591, while in vertebra F of NHMUK PV R7593a the antero-

ventral margin is positioned slightly lower (i.e. ventral) than the

posteroventral margin in the horizontal plane. This transition

from asymmetrical to virtually symmetrical ventral margins of

the centra in lateral view from the anterior to posterior cervical

vertebrae is also present in Hesperosuchus agilis and Dibothrosu-

chus elaphros (Colbert 1952; Wu & Chatterjee 1993).

In all postaxial cervical vertebrae of Terrestrisuchus gracilis,

the anterior articular surface of the centrum is slightly wider

lateromedially than tall dorsoventrally (Fig. 2C, I), whereas the

posterior articular surface is subcircular (Fig. 2D, J). Both are

clearly demarcated by a pronounced outer rim. Vertebra A of

NHMUK PV R 7593a (anterior cervical vertebra) bears a thin

ventral keel, which is quite distinct posteriorly but broken an-

teriorly (Fig. 2B). As such it appears as a ventral expansion on

the posterior portion of the centrum, which was misinterpreted

as a small hypapophysis by Crush (1980). A ventral keel in cervi-

cal vertebra 3 of Sphenosuchus acutus was also interpreted as a

hypapophysis by Walker (1990). However, hypapophyses, which

occur in some cervical vertebrae of extant crocodylians (Hoff-

stetter & Gasc 1969), are absent in all cervical vertebrae of Ter-

restrisuchus gracilis. Among non-crocodyliform

crocodylomorphs, unambiguous hypapophyses are present only

in Junggarsuchus sloani (Ruebenstahl et al. 2022). Anteriorly the

ventral surface of vertebra A of NHMUK PV R 7593a forms a

shallow longitudinally directed depression between the keel and

the parapophysis on each side of the vertebra. Cervical vertebra

6 of NHMUK PV R 7591 has a shallow longitudinal groove

instead of a keel on its ventral surface, and both a keel and

groove are absent in more posterior vertebrae, in contrast to

Dromicosuchus grallator, which bears a ventral keel on all cervical

vertebrae (Sues et al. 2003). In all postaxial cervical vertebrae the

centrum is somewhat lateromedially constricted at its antero-

posterior midpoint compared with the articular faces. This con-

striction is subtle in anterior cervical vertebrae, but posteriorly

the centra become gradually narrower lateromedially (i.e. the

centra are pinched) and the lateral surfaces of the centra become

more distinctly concave at their anteroposterior midpoint.

In vertebrae A and B of NHMUK PV R 7593 (anterior

cervical vertebrae), the diapophysis is positioned almost as far

anteriorly as the parapophysis, and the diapophysis is positioned

partially on the centrum, on its dorsolateral margin close to the

anterior edge of the centrum (Fig. 2A, E). As such, the diapo-

physis is positioned only slightly dorsal to the parapophysis. The

articular facet of the diapophysis is roughly oval in outline,

being longer anteroposteriorly than tall dorsoventrally, whereas

that of the parapophysis is considerably larger and triangular,

tapering posteriorly. The articular facet of the diapophysis faces

lateroventrally and that of the parapophysis predominantly

laterally. Anteriorly, the parapophysis is confluent with the lat-

eral margin of the anterior articular surface of the centrum. The

lateral surface of the centrum between the para- and diapophysis

is distinctly concave. Thin laminae project from both the para-

and diapophysis in a posterior direction (Fig. 2A, F). The lamina

of the parapophysis curves posteriorly along the lateroventral

surface of the centrum and fully fades away only on the pos-

terior portion of the centrum. It becomes gradually shorter in

subsequent vertebrae, before completely disappearing in cervical

vertebra 7 of NHMUK PV R 7591. The lamina of the diapophy-

sis is more posterodorsally oriented and is considerably shorter,

not quite reaching the anteroposterior mid-length of the cen-

trum. In vertebrae B and C of NHMUK PV R 7593a (anterior

to mid-cervical vertebrae), a low, slightly curved lamina is pro-

jected across the lateral surface of the neural arch between the

prezygapophysis and the posteroventral corner of the lateral sur-

face of the neural arch (Fig. 2F).

The diapophysis is gradually placed further posteriorly and

dorsally in subsequent cervical vertebrae. It also projects gradu-

ally further laterally, with laminae projecting along the lateral

surface of the vertebra from it. An anterior centrodiapophyseal

lamina (sensu Wilson 1999) can first be discerned in vertebra D

of NHMUK PV R 7593b (mid or posterior cervical vertebra;

Fig. 2G) and it becomes more prominent in subsequent verteb-

rae. Vertebrae E (posterior cervical vertebra) and F (posterior

cervical or anterior dorsal vertebra) additionally also possess dis-

tinct prezygodiapophyseal, postzygodiapophyseal and posterior

centrodiapophyseal laminae (sensu Wilson 1999; Fig. 2F). Pos-

terior and ventral to the diapophysis, these laminae form two

fossae, a postzygapophyseal centrodiapophyseal fossa and centro-

diapophyseal fossa, respectively (sensu Wilson et al. 2011;

Fig. 2F). A weakly demarcated prezygapophyseal centrodiapo-

physeal fossa is also present in vertebra F. These laminae are also

present in the posterior cervical vertebrae of Hesperosuchus agilis

and Carnufex carolinensis (Colbert 1952; Drymala &

Zanno 2016). In vertebra D the articular facet of the diapophysis

is still oval and oriented slightly lateroventrally (Fig. 2G–H). In

vertebrae E and F the articular facet of the diapophysis faces lat-

erally and it is no longer directly adjacent to the neurocentral

suture (Fig. 2E). In these two vertebrae the parapophysis still

has a triangular articular facet and it is confluent with the an-

terior margin of the centrum, but it is positioned more dorsally

on the centrum, with its dorsal portion being placed on the

neural arch.

In all postaxial cervical vertebrae the prezygapophyses are

directed anterodorsally from the neural arch. Their articular

facets face dorsomedially, and those of the postzygapophyses

ventrolaterally. In vertebrae A–C of NHMUK PV R 7593 the

prezygapophysis is strongly developed and extends considerably

anteriorly beyond the anterior margin of the centrum (Fig. 2A,

E, F), as in the anterior cervical vertebrae of Hesperosuchus agilis,

Sphenosuchus acutus and Trialestes romeri (Colbert 1952;

Walker 1990; Lecuona et al. 2016), but unlike the less strongly

developed prezygapophyses of the anterior cervical vertebrae of

Dromicosuchus grallator (Sues et al. 2003). It extends only

slightly beyond the anterior margin of the centrum in vertebra

D (Fig. 2G), and barely reaches beyond this margin in vertebrae

E and F (Fig. 2E). The postzygapophysis, in contrast, does not
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project, or barely projects, posteriorly beyond the posterior mar-

gin of the centrum in vertebrae A–D, whereas it is almost fully

projected beyond this margin in vertebrae E and F. The postzy-

gapophyses do not possess epipophyses in any of the cervical

vertebrae, as in other crocodylomorphs (e.g. Georgi &

Krause 2010; Lecuona et al. 2016). A hypantrum–hyposphene
articulation between the vertebrae was absent in Terrestrisuchus

gracilis (Fig. 2D, J), as in all known crocodylomorphs (Stefanic

& Nesbitt 2019). Other forms of accessory intervertebral articu-

lations as seen in Carnufex carolinensis and several

non-crocodylomorph paracrocodylomorphs (Drymala &

Zanno 2016) are similarly absent. The neural canal is roughly

subcircular in anterior view (Fig. 2C) and subrectangular in pos-

terior view (Fig. 2D, J). It is slightly taller dorsoventrally than

lateromedially wide both anteriorly and posteriorly. A clear but

shallow fossa is present on the neural arch at the base of the

neural spine in lateral view in all cervical vertebrae.

The neural spines of all postaxial cervical vertebrae are similar

in that they are positioned on the posterior half of the neural

arch and are strongly concave at the base of the anterior margin,

as in Carnufex carolinensis and Sphenosuchus acutus and in the

anterior cervical vertebrae of Hesperosuchus agilis (Colbert 1952;

Walker 1990; Drymala & Zanno 2016). In contrast, the neural

spine occupies most of the anteroposterior length of the dorsal

surface of the neural arch in Trialestes romeri and Dibothrosuchus

elaphros, and in the posterior cervical vertebrae of Hesperosuchus

agilis (Colbert 1952; Wu & Chatterjee 1993; Lecuona et al. 2016).

In lateral view the neural spines are oriented slightly antero-

dorsally, and both the anterior and posterior margin are roughly

straight on their distal halves. The neural spines are slightly taller

than half the anteroposterior length of the centrum of the corre-

sponding vertebra (Table S2), and as such they are similar in

relative height to the cervical vertebrae of Sphenosuchus acutus

(Walker 1990), but considerably taller than those of Trialestes

romeri (Lecuona et al. 2016), and shorter than those of Saltopo-

suchus connectens, Hesperosuchus agilis, Carnufex carolinensis and

Dibothrosuchus elaphros (Colbert 1952; Wu & Chatterjee 1993;

Drymala & Zanno 2016; Spiekman 2023). The neural spines are

lateromedially thin and do not laterally expand, contrary to cer-

tain non-crocodylomorph pseudosuchians such as erpetosuchids

and the only other known pseudosuchian from Pant-y-Ffynnon

Quarry, Aenigmaspina pantyffynnonensis (Patrick et al. 2019), in

which this is most clearly expressed. Among non-crocodyliform

crocodylomorphs, Hesperosuchus agilis has posterior cervical ver-

tebrae that have a narrow distal lateral expansion of their neural

spine (Colbert 1952). The neural spines of Terrestrisuchus gracilis

maintain roughly the same height and anteroposterior length

along the cervical series. The distal ends of the neural spines are

slightly and continuously convex in lateral view and very slightly

slanted anterodorsally to posteroventrally in lateral view

(Fig. 3B).

As in other archosaurs, the cervical ribs are thin and oriented

parallel to the cervical column. Cervical ribs 3 and 4 are dicho-

cephalous, with the tuberculum being considerably more elon-

gate than the capitulum (Fig. 1). They have a short but distinct

anterior free-ending process as in other crocodylomorphs,

including crocodyliforms (e.g. Hoffstetter & Gasc 1969; Leardi

et al. 2015; Lecuona et al. 2016; Johnson et al. 2020). In the

anterior cervical ribs, the capitulum and tuberculum are set at

an acute angle to each other, resulting in a V-shaped outline of

the cervical rib head in anterior or posterior view. Thin laminae

are projected posteriorly from the base of both the capitulum

and tuberculum, with a concave gully formed between them.

The articular surfaces of both rib facets are oval, being longer

anteroposteriorly than wide lateromedially. The eighth cervical

rib differs strongly from preceding cervical ribs in that the prox-

imal portion of the shaft, as well as the preserved tuberculum, is

flattened and wide (Fig. 3B). Posteriorly, this wide, plate-like

surface becomes gradually narrower, before transitioning into a

thin shaft with a subcircular cross-section as in the preceding

ribs at approximately the anteroposterior level of the diapophysis

of presacral vertebra 9. This rib also differs from preceding ribs

in that its shaft is oriented posteroventrally and slightly laterally.

Like the preceding cervical ribs, the shaft is short (i.e. it does

not project posteriorly behind the left scapulocoracoid that cov-

ers it) and straight. It is unclear whether this rib also bore an

anterior, free-ending process. The left rib of presacral vertebra 9

is much closer in morphology to the ribs of the dorsal vertebrae.

It is elongate, strongly curved ventrally, and it projects far pos-

terior to the left scapulocoracoid (Fig. 3B). The orientation of

this rib is subparallel to the subsequent dorsal ribs. In contrast

to the preceding ribs, the tuberculum is shorter than the capitu-

lum (Fig. 3B). The tuberculum is oriented roughly in the same

plane as the shaft, whereas the capitulum projects ventrally from

the main body of the rib and curves ventrolaterally. The proxi-

mal part of the shaft is considerably dorsoventrally wider than

the posterior shaft. A sharp longitudinal crest is projected on the

ventral portion of the anterior surface of the proximal portion

of the shaft. In these features, presacral rib 9 is also very similar

to subsequent dorsal ribs (see below).

The transition between the cervical and dorsal series of the

vertebral column is often difficult to establish based on fossil

material. Crush (1980) suggested that the exact number of cervi-

cal vertebrae of Terrestrisuchus gracilis could not be determined,

given that he defined cervical vertebrae ‘as those whose ribs do

not reach the sternum’ (Crush 1980, p. 128), and this informa-

tion is not available in the known material. Indeed, in extant

crocodylians the ninth presacral rib is similar in morphology

and orientation to that of the subsequent dorsal ribs, but it does

not reach the sternum. Nevertheless, the ninth presacral of cro-

codylians is unambiguously a cervical vertebra (Hoffstetter &

Gasc 1969; Mansfield & Abzhanov 2010). Therefore, the identity

of the ninth presacral vertebra in Terrestrisuchus gracilis as either

a cervical or dorsal vertebra remains ambiguous despite the

strong morphological similarities of its ribs to dorsal ribs. The

exact number of cervical vertebrae in other non-crocodyliform

crocodylomorphs has also not been established confidently, but

it has been assumed to be nine in Sphenosuchus acutus and Dibo-

throsuchus elaphros (Walker 1990; Wu & Chatterjee 1993).

Dorsal vertebrae & ribs. As explained above, the identity of pre-

sacral vertebra 9 as a cervical or dorsal vertebra cannot be

unambiguously established. However, all presacral vertebrae pos-

terior to this element almost certainly represent dorsal vertebrae.

The neurocentral suture is unfused in all known dorsal vertebrae

of Terrestrisuchus gracilis. The exact dorsal vertebral count
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cannot be established because no specimen preserves a complete

dorsal series, but it is likely to have been 15 or 16 as in other

crocodylomorphs.

The anterior dorsal vertebrae are morphologically very similar

to the posterior cervical vertebrae (Figs 4, 5A–F). The centrum

has a concave ventral margin that is symmetrical in lateral view,

as in other non-crocodyliform crocodylomorphs (e.g. Trialestes

romeri, Pseudhesperosuchus jachaleri; Bonaparte 1972; Lecuona

et al. 2016). There is no indication of a median keel on the ven-

tral margin of the anterior dorsal centrum (Fig. 5C), in contrast

to Trialestes romeri and Macelognathus vagans (G€ohlich

et al. 2005; Lecuona et al. 2016). In both the anterior dorsal and

mid-dorsal vertebrae the anterior and posterior articular surfaces

of the centrum are subequal in height and both surfaces are sub-

circular in outline (Fig. 5E, F, K, L). In the anterior dorsal verte-

bra NHMUK PV R 37874 the anterior surface is flat to very

slightly concave, whereas the posterior surface is more strongly

concave and marked by a distinct rim. In the mid-dorsal verte-

bra NHMUK PV R 37894 this situation is reversed, with the an-

terior surface being more concave than the virtually flat

posterior surface and the former being rimmed by a distinct

margin. In lateral view, the ventral portion of the posterior mar-

gin of the centrum is somewhat thickened and rugose (Fig. 5G–
H). The posterior articular surface is slightly concave and

rimmed in presacral vertebra 17 of NHMUK PV 7591 (Fig. 4B).

In ventral view, the centra are constricted, being almost twice as

wide at their ends as at their anteroposterior midpoint (Fig. 5C,

I). The centra lack a hypapophysis, contrary to extant crocody-

lians. A hypapophysis is present in the anterior dorsal vertebrae

of Macelognathus vagans and Junggarsuchus sloani (Clark

et al. 2004; G€ohlich et al. 2005). Crush (1980, 1984) suggested

that the dorsal vertebrae slightly increase in length posteriorly,

but this is not unambiguously supported by our measurements

(Table S2).

As in Carnufex carolinensis (Drymala & Zanno 2016), the pre-

and postzygapophyses do not extend very far beyond the cen-

trum in the anterior dorsal vertebrae (Figs 4A, 5A–B). In con-

trast, the pre- and postzygapophyses are considerably more

elongate in Trialestes romeri, Dibothrosuchus elaphros and Hesper-

osuchus agilis, with the prezygapophyses being directed distinctly

anterodorsally and the postzygapophyses posterodorsally (Col-

bert 1952; Wu & Chatterjee 1993; Lecuona et al. 2016). The

articular facet of the prezygapophysis faces mostly dorsally and

slightly medially, and that of the postzygapophysis faces mostly

ventrally and slightly laterally (Fig. 5). The postzygapophyses do

not bear epipophyses (Fig. 5A, B, G, H). An accessory interver-

tebral articulation, such as a hyposphene–hypantrum articulation

(Stefanic & Nesbitt 2019), is also absent in the dorsal vertebrae

(Fig. 5F–L), unlike in Carnufex carolinensis (Drymala &

Zanno 2016). The neural spine was similar in relative height to

that seen in Saltoposuchus connectens, Hesperosuchus agilis, Jung-

garsuchus sloani, Macelognathus vagans and Trialestes romeri

(Colbert 1952; Clark et al. 2004; G€ohlich et al. 2005; Lecuona

et al. 2016; Spiekman 2023), and thus not markedly tall as in

Dibothrosuchus elaphros and Carnufex carolinensis (Wu & Chat-

terjee 1993; Drymala & Zanno 2016). The distal end of the

neural spine is not laterally expanded (Fig. 5E–F), similar to

Carnufex carolinensis and Saltoposuchus connectens (Drymala &

Zanno 2016; Spiekman 2023), but in contrast to Hesperosuchus

agilis, Dibothrosuchus elaphros and Trialestes romeri, which bear a

narrow spine table on their anterior dorsal vertebrae (Colbert

1952; Wu & Chatterjee 1993; Lecuona et al. 2016).

In the anterior dorsal vertebrae, the parapophysis is posi-

tioned at the anterior margin of the neural arch, distinctly ven-

tral to the prezygapophysis (Fig. 5A–B). A very low lamina is

projected anteroventrally to posterodorsally between the para-

and diapophysis, the paradiapophyseal lamina (sensu Wil-

son 1999; Fig. 5A). As in all dorsal vertebrae, the parapophysis is

only very minorly laterally projected from the neural arch. The

diapophysis is placed on an anteroposteriorly elongate transverse

process that projects far laterally (Fig. 5D–F). It is positioned on

the same dorsoventral level as the pre- and postzygapophyses

(Fig. 5A–B). The articular facet of the diapophysis is oval, being

anteroposteriorly longer than dorsoventrally tall. There is no

fossa at the base of the diapophysis on its dorsal surface, in con-

trast to Trialestes romeri (Lecuona et al. 2016). The parapo-

physes are too poorly preserved to determine the morphology of

their articular facet. The diapophysis is connected at its base to

both zygapophyses by thin, well developed laminae on either

side, the prezygodiapophyseal lamina anteriorly and

postzygodiapophyseal lamina posteriorly (Fig. 5A–B), as in other

non-crocodyliform crocodylomorphs (e.g. Carnufex carolinensis,

Trialestes romeri, Hesperosuchus agilis; Colbert 1952; Drymala &

Zanno 2016; Lecuona et al. 2016). Anterior to the diapophysis, a

prezygapophyseal centrodiapophyseal fossa (sensu Wilson

et al. 2011) is formed that is demarcated by the prezygodiapo-

physeal lamina dorsally and paradiapophyseal lamina postero-

ventrally. In addition to the low paradiapophyseal lamina that is

projected anteroventrally from the diapophysis, a low postero-

ventrally directed lamina is also present in anterior dorsal ver-

tebrae, the posterior centrodiapophyseal lamina (Fig. 5A). The

postzygapophyseal centrodiapophyseal fossa is framed antero-

ventrally by this lamina, and dorsally by the postzygodiapophy-

seal lamina. This fossa is positioned directly posterior to the

diapophysis. In addition to this, a centrodiapophyseal fossa is

placed ventral to the diapophysis, which is framed between the

paradiapophyseal lamina anterodorsally and the posterior cen-

trodiapophyseal lamina posterodorsally. In anterior view a clear

intraprezygapophyseal lamina, as well as spinoprezygapophyseal

laminae, are also present in anterior dorsal vertebrae (Fig. 5E),

and these laminae demarcate a clear and deeply excavated spino-

prezygapophyseal fossa. In posterior view an intrapostzygapo-

physeal lamina and spinopostzygapophyseal laminae are also

present (Fig. 5F). A spinopostzygapophyseal fossa was probably

also developed, but this region is covered in sediment. All of

these laminae and fossae are restricted to the neural arch (i.e.

they do not extend onto the centrum).

The parapophysis gradually moves further dorsally on the

neural arch further posterior along the dorsal series. In presacral

vertebra 14 of NHMUK PV R 7591b and mid-dorsal vertebra

NHMUK PV R 37894 the parapophysis is confluent with the

base of the prezygapophysis (Figs 4B, 5G–H). Here, the articular

facet of the parapophysis is oval, being very slightly longer

anteroposteriorly than tall dorsoventrally. The facet of the diapo-

physis is also oval, but it is relatively more elongate antero-

posteriorly and shorter dorsoventrally than the parapophysis.
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F IG . 4 . Dorsal vertebral region of NHMUK PV R 7591. A, anterior dorsal region; B, mid-dorsal region; both in left lateral view. Abbrevia-

tions: cav, caudal vertebra; cp, capitulum; dp, diapophysis; dr, dorsal rib; hu, humerus; l., left; lcr, longitudinal crest; os, osteoderm; pap, para-

pophysis; psv, presacral vertebra; psvr, presacral rib; sc, scapula; tb, tuberculum; u, ulna. Scale bar represents 10 mm.
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The para- and diapophysis are still connected through a paradia-

pophyseal lamina (sensu Wilson 1999), which is nearly horizon-

tally oriented in this specimen, being very slightly

anteroventrally to posterodorsally directed (Fig. 5H). The pos-

terior centrodiapophyseal lamina and postzygodiapophyseal

laminae are similar in development and orientation as in the an-

terior dorsal vertebrae (Fig. 5G–H), and consequently the post-

zygapophyseal centrodiapophyseal fossa, which is demarcated by

these laminae, is also similar. A centrodiapophyseal fossa is pre-

sent, but it is extended further anterodorsally than in the an-

terior dorsal vertebrae. A prezygapophyseal centrodiapophyseal

fossa is absent. A spinoprezygapophyseal lamina is present in

presacral vertebra 15 of NHMUK PV R 7591b (Fig. 4B). A clear

spinopostzygapophyseal lamina and an intrapostzygapophyseal

lamina, which form the margins of a deeply excavated spino-

postzygapophyseal fossa, are preserved in the isolated vertebra

NHMUK PV R 37874 (Fig. 5L). The neural spines have a similar

morphology to those of the anterior dorsal vertebrae. In lateral

view the margin of the neural spine is deeply concave at its an-

terior base and slightly concave at its posterior base (Fig. 4B).

The distal half of the anterior margin is somewhat anterodorsally

directed and that of the posterior margin is very slightly postero-

dorsally directed. As such, the neural spine is somewhat fan

shaped in lateral view, being anteroposteriorly longer at its distal

end than at its base, with this expansion being most prominent

anteriorly, as in Junggarsuchus sloani (Ruebenstahl et al. 2022).

The distal margin of the neural spine is slightly convex and

slightly taller anteriorly than posteriorly.

In the posterior dorsal vertebrae the diapophysis is gradually

positioned further anteroventrally on the lateral side of the

neural arch towards the parapophysis (Fig. 6). Furthermore,

the diapophysis extends gradually less far laterally in the more

posterior dorsal vertebrae. The parapophysis remains in approxi-

mately the same position on the neural arch in the posterior

presacral vertebrae as it was in the mid-dorsal vertebrae. As in

the preceding vertebrae, the parapophysis is also only slightly

projected laterally from the neural arch in the posterior dorsal

vertebrae. However, in the second to last presacral vertebra, in

which the parapophysis connects to the diapophysis (Fig. 6A),

the parapophysis is extended further laterally comparatively.

Although the diapophysis and parapophysis are directly con-

nected in this element, they are still present as distinguishable

rib facets, whereas in the last presacral vertebra only a single rib

facet remains (Fig. 6). In contrast, in Dromicosuchus grallator the

para- and diapophysis are already confluent in the 13th presacral

vertebra (Sues et al. 2003). The articular facets of the para- and

diapophysis become gradually dorsoventrally flatter in the pos-

terior dorsal vertebrae and, as such, they appear more elongate.

These facets are particularly flattened in the third to last and sec-

ond to last presacral vertebrae. In the last presacral vertebra, the

single rib facet is enlarged and more oval than the two preceding

vertebrae, and it has a concave surface.

A clear paradiapophyseal lamina (sensu Wilson 1999) is pre-

sent between the diapophysis and parapophysis of the posterior

presacral vertebrae (Fig. 6) until these structures meet in the sec-

ond to last presacral vertebra. As in the preceding dorsal verteb-

rae, the posterior dorsal vertebrae up until the third to last

presacral vertebra possess a low posterior centrodiapophyseal

lamina and postzygodiapophyseal lamina that demarcate a post-

zygapophyseal centrodiapophyseal fossa (sensu Wilson 1999;

Wilson et al. 2011). A centrodiapophyseal fossa is still present in

the third to last presacral vertebra. In contrast to the preceding

dorsal vertebrae, the fourth to last and third to last presacral

vertebrae bear a short but distinct anterior centroparapophyseal

lamina (sensu Wilson 1999) that is projected anteroventrally

from the parapophysis and which fades away at the anterodorsal

tip of the centrum in lateral view (Fig. 6B). It is unclear whether

these laminae and fossae also occurred in the two posteriormost

presacral vertebrae, because this region is obscured by overlying

ribs and matrix in NHMUK PV R 7562. Spinoprezygapophyseal,

spinopostzygapophyseal, intraprezygapophyseal and intrapostzy-

gapophyseal laminae, as well as the spinoprezygapophyseal and

spinopostzygapophyseal fossae they demarcate, can still be

observed in the fourth presacral vertebra counted from pos-

terior. These regions are obscured in more posterior presacral

vertebrae by overlying osteoderms.

The anterior dorsal ribs are dichocephalous, with the capitulum

being considerably more elongate than the tuberculum (Fig. 4A).

The tuberculum is oriented in roughly the same plane as the base of

the shaft, whereas the capitulum is projected ventrally from the main

portion of the rib, forming an obtuse angle with the tuberculum.

The proximal portion of the shaft is anteroposteriorly flattened, as

in Hesperosuchus agilis (Colbert 1952), with a very sharp and tall

longitudinal crest projected along the anterior surface, close to its

ventral margin. Proximally, this crest terminates quite abruptly at

the level of the base of the capitulum. Its distal extent cannot be

determined because it is covered by the scapular blade in the left rib

of presacral vertebra 10, whereas it is not adequately preserved in

any of the other anterior to mid-dorsal vertebrae (Fig. 4). The crest

is directed anteriorly and slightly ventrally. Its dorsal surface is

slightly convex, whereas its ventral surface is distinctly concave. The

distal portion of the shaft is continuously curved and has an oval

cross-section.

In the mid-dorsal ribs (Fig. 4B), the tuberculum is very short

and only extends slightly from the shaft. It is separated from the

more elongate capitulum by a small concavity on the anterior

side of the tuberculum, and, as such, the two rib heads are vir-

tually confluent. As in the anterior dorsal ribs, the proximal por-

tion of the shaft is somewhat flattened, and it has a prominent

anteriorly directed crest. This crest is more mound-like in the

mid-dorsal ribs compared with the thin flange formed in the an-

terior dorsal ribs. Because of this crest and the general curvature

in this part of the rib, the proximal portion of the rib is roughly

boomerang shaped in lateral view, as in Dromicosuchus grallator

(Sues et al. 2003). Further distally in NHMUK PV R 7591b, the

shaft becomes narrower. The distal shaft has a slightly more

elongate oval cross-section compared with the anterior dorsal

ribs. The ribs are more posteriorly directed than the anterior

dorsal ribs. This morphology is very similar to that seen in the

ribs of the fifth to last and fourth to last presacral vertebrae in

NHMUK PV R 7562. In these ribs, the capitulum is much

shorter and consequently the capitulum and tuberculum are clo-

sely placed together (Fig. 6A). Compared with the ribs associated

with presacral vertebra 16 in NHMUK PV R 7591b, the distal

ends of these ribs appear to be considerably shorter and more

straight distally.
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In contrast to extant crocodylians, which have a distinct lum-

bar region in which the posterior dorsal vertebrae do not bear

ribs (Hoffstetter & Gasc 1969), all dorsal vertebrae of Terrestrisu-

chus gracilis are rib bearing (Fig. 6). All ribs up until the two

posteriormost presacral vertebrae bear a clear proximal portion,

including articular facets, and a shaft. The ribs of the two pos-

teriormost presacral vertebrae lack a distinct shaft, and instead

form only a proximal portion that is rounded off distally and

ventrally. The two distinct articular facets present in these two

posteriormost presacral ribs are confluent.

Sacral vertebrae. The centrum of the first sacral vertebra is

amphiplatyan with both the anterior and posterior articular sur-

faces being flat to very slightly concave (Fig. 7E–F). The anterior

articular surface is oval in anterior view, being considerably

lateromedially wider than dorsoventrally tall (Fig. 7E), whereas

the posterior articular surface is lateromedially narrower and

semi-circular in outline, with a flattened dorsal margin (Fig. 7F).

As in the preceding dorsal vertebrae, the ventral margin of the

centrum is concave in lateral view (Fig. 7A–B). The opening for

the neural canal is oval to rectangular in both anterior and

F IG . 5 . Selected isolated dorsal vertebrae of Terrestrisuchus gracilis. A–F, anterior dorsal vertebra NHMUK PV R 37874 in: A, right

lateral; B, left lateral; C, ventral; D, dorsal; E, anterior; F, posterior view. G–L, mid-dorsal vertebra NHMUK PV R 37894 in: G, right

lateral; H, left lateral; I, ventral; J, dorsal; K, anterior; L, posterior view. Abbreviations: aas, anterior articular surface; dp, diapophysis;

ncs, neurocentral suture; ns, neural spine; pap, parapophysis; pas, posterior articular surface; pcdl, posterior centrodiapophyseal

lamina; podl, postzygodiapophyseal lamina; poz, postzygapophysis; ppdl, paradiapophyseal lamina; prdl, prezygodiapophyseal lamina;

prz, prezygapophysis; spol, spinopostzygapophyseal lamina; sprl, spinoprezygapophyseal lamina; tpol, intrapostzygapophyseal lamina;

tprl, intraprezygapophyseal lamina. Scale bars represent 5 mm.

F IG . 6 . Dorsal vertebral region of NHMUK PV R 7562 in: A, left lateral; B, right lateral view. Abbreviations: acpl, anterior centropar-

apophyseal lamina; cp, capitulum; dp, diapophysis; dr, dorsal rib; fe, femur; ga, gastralia; il, ilium; is, ischium; l., left; os, osteoderm;

pap, parapophysis; ppdl, paradiapophyseal lamina; pu, pubis; r., right; srf, single rib facet; sv, sacral vertebra; tb, tuberculum. Scale bar

represents 10 mm.
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posterior view, being lateromedially wider than dorsoventrally

tall. The pre- and postzygapophyses of the first sacral vertebra

are directed anteriorly and posteriorly, respectively, and they

extend only slightly beyond the vertebral centrum. The articular

surface of the prezygapophysis is oriented mostly dorsally and

slightly medially (Fig. 7A, E) and that of the postzygapophyses is

directed ventrolaterally (Fig. 7A, B, F). Small but distinct fossae

are present between the prezygapophyses anteriorly, and postzy-

gapophyses posteriorly, representing a spinoprezygapophyseal

and spinopostzygapophyseal fossa (sensu Wilson et al. 2011),

respectively (Fig. 7E–F). The neural spine of the first sacral ver-

tebra is slightly expanded anteriorly on its distal end, and conse-

quently, its anterior margin would have been somewhat concave

at the base in lateral view, as in the preceding dorsal vertebrae

(Fig. 7H). The posterior margin of the neural spine is virtually

straight in lateral view. The distal margin of the neural spine is

unexpanded laterally, as in the presacral vertebrae, and it

is straight to slightly convex in lateral view (Fig. 7D).

The sacral ribs are fully fused to the transverse processes in

NHMUK PV R 37631 (Fig. 7C–D), but a curved suture is clearly

present in the first sacral vertebra of NHMUK PV R 7562

(Fig. 7H) and NHMUK PV R 7557b (Fig. 8B), showing that the

transverse process of the vertebra is a short stalk. The sacral ribs

of the first sacral vertebra are anteroposteriorly wide and robust.

They extend laterally and slightly anteriorly from the neural

arch. The dorsal surface of the sacral rib and transverse process

is very slightly convex (Fig. 7E–F). In dorsal view the transverse

process, as well as the proximal portion of the sacral rib, slightly

narrow distally, and both the anterior and posterior margins of

the area are straight (Fig. 7D). Further distally the sacral rib

widens strongly both anteriorly and posteriorly, with the an-

terior extension being the most prominent. The anterodistal tip

of the sacral rib forms a sharp point in dorsal view (Fig. 8B).

Proximal to the rounded posterior margin of the articular facet,

the posterior surface of the sacral rib, as well as that of the

transverse process of the vertebra, is concave (Fig. 7D). At the

base of the process a pit is formed on the posterior surface in its

proximodorsal corner, which is roofed dorsally by a thin lamina

of the dorsal surface of the transverse process (Fig. 7F). A shal-

lower pit is also formed in the proximoventral corner of the

posterior surface. In anterior and posterior view, the distal end

of the sacral rib is expanded ventrally (Fig. 7E–F), with the dor-

sal margin of the process being roughly straight, whereas the

ventral margin is distinctly concave.

The articular facet of the rib with the ilium has a deeply exca-

vated concavity on its anterior margin, and therefore it has the

outline of an inverted comma in lateral view (Fig. 7A–B). This
concave margin forms a groove that continues along the anterior

surface to the base of the rib. Dorsally, the anterior projection of

the dorsal margin is formed by a thin lamina. This lamina

would have articulated with the medial surface of the preacetab-

ular process of the ilium, specifically near the ventral margin of

its proximal portion based on an articulation scar on the ilium

(see below). The posterior margin is distinctly convex in lateral

view, and it is continuous with both the dorsal and ventral mar-

gins of the facet (Fig. 7A–B). The facet is most strongly rounded

on its posteroventral corner. The articular surface of the sacral

rib widens ventrally and forms a broad, oval articular surface on

its ventral half, which would have articulated with the anterior

half of the acetabular region of the ilium. This surface is flat to

very slightly concave and faces ventrolaterally and slightly

posteriorly.

The centrum of the second sacral vertebra is not fused to that

of the first sacral vertebra, in contrast to the condition in Tria-

lestes romeri and Hallopus victor (Walker 1970; Lecuona

et al. 2016). The ventral margin of the centrum is concave as in

the preceding vertebrae. The posterior articular surface of the

centrum is oval, being lateromedially wider than dorsoventrally

tall, with a roughly flat dorsal margin (Fig. 7I). The articular

surface is distinctly concave, in contrast to the flattened face of

the first sacral vertebra. The posterior end of the centrum of the

second sacral vertebra was subequal in width to its anterior end

(Fig. 8A) and would have extended slightly further ventrally.

The posterior opening of the neural canal is similar to that of

the first sacral vertebra (Fig. 7I). The lateral portion of the pre-

zygapophysis is also similar to that of the first sacral vertebra,

but no other information is available for the zygapophyses of

the second sacral vertebra (Fig. 7H). As in the preceding verteb-

rae the neural spine is not laterally expanded distally.

The suture between the transverse process and rib is unfused.

The transverse process extends less far laterally in the second

sacral vertebra compared with the first, and it protrudes only

slightly lateral to the centrum (Figs 7I, 8B). In contrast to the

slightly curved suture between the transverse process and rib in

the first sacral vertebra, the suture of the second sacral vertebra

is interdigitating. The ribs of the second sacral vertebra are both

laterally longer and anteroposteriorly wider than those of the

first sacral vertebra (Fig. 8B; Table S2). The ventral surface of

the sacral rib is convex anteriorly at the anteroposterior level

of the transverse process, whereas further posteriorly, where the

rib forms a flange-like expansion, the ventral surface is concave

(Fig. 7J). A similar, elongate, flange-like posterior extension of

the distal end of the second sacral rib is present in Hallopus vic-

tor, Saltoposuchus connectens and Dromicosuchus grallator

(Walker 1970; Sues et al. 2003; Spiekman 2023). The anterior

margin of the sacral rib is concave in ventral view and the distal

F IG . 7 . Selected sacral vertebrae of Terrestrisuchus gracilis. A–F, isolated first sacral vertebra NHMUK PV R 37631 in: A, left lateral;

B, right lateral; C, ventral; D, dorsal; E, anterior; F, posterior view. G–I, sacral vertebrae and associated elements of NHMUK PV R

7562 in: G, ventral; H, dorsal; I, posterior view. J, second sacral vertebra of NHMUK PV R 37600e in lateral view (note that the ven-

tral side faces up in this image). Abbreviations: arts, articular surface; dv, dorsal vertebra; gr, groove; il, ilium; is, ischium; l., left; lam,

lamina; ns, neural spine; obf, obturator foramen; os, osteoderm; pofl, posterior flange; poz, postzygapophysis; prz, prezygapophysis;

pu, pubis; spozf, spinopostzygapophyseal fossa; sprzf, spinoprezygapophyseal fossa; sut, suture; sv, sacral vertebra. Scale bars represent:

10 mm (A–I); 5 mm (J).
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F IG . 8 . Selected sacral vertebrae of Terrestrisuchus gracilis. A, sacral vertebrae, exposed in ventral view, and associated elements of

NHMUK PV R 37600e. B, sacral vertebrae, exposed in dorsal view, and associated elements of NHMUK PV R 7557b. Abbreviations:

cav, caudal vertebra; chv, chevron; il, ilium; is, ischium; l., left; ot, otoccipital; psv, presacral vertebra; pu, pubis; sut, suture; sv, sacral

vertebra. Scale bars represent 10 mm.
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end of the rib is slightly expanded anteriorly, with the distal end

of the anterior margin forming an acute angle with the lateral

margin. The anterior margin does not form a distinct ridge but

is rather gently rounded. The posterior margin is thin and sheet

like and distally it terminates in a sharp tip. It is slightly convex

in posterior view.

The lateral articular surface of the rib is roughly teardrop

shaped in lateral view, being anteroposteriorly wider than dorso-

ventrally tall with a rounded anterior margin and a gradually

tapering posterior end (Fig. 7J). The articular surface is oriented

anteroventrally to posterodorsally. Posteriorly, the posterior

flange is directed slightly posteroventrally. The laterally facing

articular surface on the second sacral rib is flat to very slightly

convex and characterized by a distinct groove (Fig. 7J). This

groove is positioned on the posterior half of the lateral surface,

close to its dorsal margin, and it is oriented anterodorsally to

posteroventrally. This groove probably articulated with a thin

crest at the anteroventral base of the postacetabular process of

the ilium (= medial shelf, see below), as was also suggested by

Crush (1980, 1984). This interpretation is corroborated by the

position of the anterior portion of this medial shelf on

the rugose articular facet for the second sacral rib on the medial

surface of the ilium. The dorsal margin of this groove on the

sacral rib forms the lateral margin of the posterior flange, and it

continues posteriorly beyond the groove. Here, the lateral mar-

gin of the posterior flange is very thin and its ventral surface

would probably have continued its articulation with the medial

shelf of the ilium along its postacetabular process, as in Dromi-

cosuchus grallator (Sues et al. 2003). The lateral margin of the

posterior flange is slightly convex in outline (Fig. 8B).

Caudal vertebrae & ribs. Following Crush (1980, 1984), the cau-

dal vertebrae can be subdivided into two main types: the proxi-

mal caudal vertebrae that bear transverse processes and ribs, and

the distal caudal vertebrae that do not possess transverse pro-

cesses and ribs. Like the preceding sacral and dorsal vertebrae,

the ventral margin of the centrum of the proximal caudal ver-

tebrae is distinctly and symmetrically concave in lateral view

(Fig. 9B, C, H, I). The ventral margin does not possess a ventral

keel, and the centrum is pinched in ventral view (Fig. 9A). The

anterior and posterior sides of the proximal caudal vertebrae are

exposed in the isolated proximal caudal vertebrae NHMUK PV

R 37769 and NHMUK PV R 37632 (Fig. 9F–G, K–M), which

can only tentatively be referred to Terrestrisuchus gracilis. The

centra of both specimens are amphiplatyan, with the articular

surfaces being flat to slightly concave. Both articular surfaces are

subcircular, being slightly lateromedially wider than

dorsoventrally tall. Chevrons have a typical V-shaped opening in

anterior or posterior view, which reaches until about the mid-

length of the total element in the only preserved anterior repre-

sentative of this element (Fig. 8B).

The prezygapophyses of the proximal caudal vertebrae are

positioned slightly ventral to the level of the postzygapophyses

(Fig. 9C). The prezygapophyses are predominantly anteriorly

and slightly dorsally oriented, and the postzygapophyses are

similarly mostly posteriorly and slightly dorsally oriented. Based

on NHMUK PV R 37769, the articular surface of the prezygapo-

physis mainly faced dorsally and slightly medially, and that of

the postzygapophysis mostly ventrally and slightly laterally

(Fig. 9E). The only preserved neural spine is present in a pos-

terior proximal caudal vertebra (Fig. 9B). It is considerably dor-

soventrally shorter than that seen in Hallopus victor and

Sphenosuchus acutus, and those of the tentative proximal caudal

vertebrae of Trialestes romeri (Walker 1970, 1990; Lecuona

et al. 2016). It is positioned on the posterior half of the neural

arch. It is directed posterodorsally and has a gently rounded dis-

tal margin in lateral view. The neural spine is not expanded lat-

erally. A narrow anterodorsally directed process is positioned on

the anterior portion of the neural arch. This represents the

accessory anterior spine (sensu Clark 1986), which is also present

in the caudal vertebrae of Saltoposuchus connectens (Spiek-

man 2023), but is apparently absent in Hallopus victor and Sphe-

nosuchus acutus (Walker 1970, 1990).

The ribs are positioned on the lateral surface of the neural

arch, just posterior to its anteroposterior midpoint (Fig. 9C, H,

I), as in the proximal caudal vertebra of Sphenosuchus acutus

(Walker 1990). The ribs project laterally and slightly posteriorly

in ventral view (Fig. 9A), as in Dromicosuchus grallator and

Sphenosuchus acutus (Walker 1990; Sues et al. 2003). As in the

preceding sacral vertebrae, the caudal ribs of NHMUK PV R

37600e are not fused to the vertebra, given that a clear suture

with the short transverse process can be observed at their base

(Fig. 9A). The ribs gradually taper distally and terminate in a

rounded end in dorsal or ventral view. In anterior and posterior

view, the ribs of the anterior proximal caudal vertebrae are

curved with a convex dorsal and concave ventral margin

(Fig. 9F–G). The ribs are flattened, being considerably laterome-

dially wider than dorsoventrally tall. In NHMUK PV R 37769, a

suture between the rib and transverse process is observable only

in dorsal view (Fig. 9E), whereas this suture is completely absent

in NHMUK PV R 37632 (Fig. 9H–K).

The distal caudal vertebrae are considerably more elongate

relative to their height compared with the proximal caudal ver-

tebrae (Table S2), and consequently are cylindrical in shape.

F IG . 9 . Selected proximal caudal vertebrae of Terrestrisuchus gracilis. A, two proximalmost caudal vertebrae, exposed in ventral view,

and associated elements of NHMUK PV R 37600e. B, four disarticulated proximal caudal vertebrae, exposed in lateral and ventrolateral

view, of NHMUK PV R 7561. C–G, isolated proximal caudal vertebra NHMUK PV R 37769 in: C, right lateral; D, ventral; E, dorsal;

F, anterior; G, posterior view. H–M, isolated proximal caudal vertebra NHMUK PV R 37632 in: H, right lateral; I, left lateral;

J, ventral; K, dorsal; L, anterior; M, posterior view. Abbreviations: aas, anterior articular surface; accs, accessory anterior spine; car, cau-

dal rib; cav, caudal vertebra; fe, femur; il, ilium; is, ischium; l., left; ncs, neurocentral suture; ns, neural spine; pa, parietal; pas, pos-

terior articular surface; poz, postzygapophysis; prz, prezygapophysis; pu, pubis; r., right; sar, sacral rib; sut, suture; sv, sacral vertebra;

tp, transverse process. Scale bars represent: 10 mm (A–G); 5 mm (H–M).
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They are considerably more elongate than the distal caudal ver-

tebrae of Saltoposuchus connectens (Spiekman 2023), as was also

observed by Sereno & Wild (1992). Clark et al. (2000) suggested

that this observation was problematic because the terminal cau-

dal vertebrae are not known for Saltoposuchus connectens. How-

ever, the posteriormost caudal vertebrae of SMNS 12597 are

diminutive in size compared with those of the more anterior

distal caudal vertebrae in the same articulated series, clearly indi-

cating that the former are positioned close to the end of the tail.

The distal caudal vertebrae of Terrestrisuchus gracilis become

gradually smaller in size and relatively more elongate posteriorly

(Fig. 10C). Their ventral margin is concave in lateral view

(Fig. 10), but less so than in the proximal caudal vertebrae. The

lateral surface of many distal caudal vertebrae possesses a longi-

tudinal lamina near the transition between the centrum and

neural arch (Fig. 10B–C). This lamina is slightly curved, arching

slightly ventrally both anteriorly and posteriorly. The lamina is

further demarcated by a shallow longitudinal groove positioned

directly ventral to it, which is oriented parallel to the lamina on

the lateral surface of the vertebra. The prezygapophyses are pre-

dominantly oriented anteriorly and very slightly dorsally and the

postzygapophyses similarly posteriorly and very slightly dorsally

(Fig. 10). Neither extends markedly beyond the centrum. The

neural spines are poorly developed and therefore difficult to

observe in the distal caudal vertebrae. The neural spine is

restricted to the posterior end of the neural arch, forming a

small posterodorsally oriented process that is largely positioned

between the postzygapophyses. The accessory anterior spine is

also present in the distal caudal vertebrae as a small antero-

dorsally projecting process (Fig. 10D). The chevrons associated

with distal caudal vertebrae are oriented posteriorly to slightly

posteroventrally along the ventral margins of the caudal verteb-

rae (Fig. 10C). These chevrons possess a slight anterior curvature

along their lengths. Posteriorly, the chevrons become gradually

narrower and shorter in length. The posteriormost chevron is

preserved between the 11th and 12th caudal vertebrae, but it

is unclear whether chevrons were absent in more distal caudal

vertebrae, or merely not preserved.

Crush (1980, 1984) estimated that the total number of cau-

dal vertebrae in Terrestrisuchus gracilis was c. 71 based on

comparisons with extant crocodylians (Crush 1980, pp. 154–
155). Due to the high number of caudal vertebrae,

Crush (1980, 1984) reconstructed the tail as being very long,

with the distal portion dragging along the ground as in extant

crocodylians during terrestrial locomotion. The latter aspect of

the interpretation is quite unlikely based on the highly elon-

gate limbs of Terrestrisuchus gracilis (see also the modified

reconstruction of Terrestrisuchus gracilis by Sereno &

Wild 1992). The caudal vertebral count of Crush (1980, 1984)

might also have been inspired by that of Saltoposuchus connec-

tens, which was reconstructed as having c. 70 caudal vertebrae

by Huene (1921). However, as for Terrestrisuchus gracilis, no

F IG . 10 . Selected distal caudal vertebrae of Terrestrisuchus gracilis. A, proximal part of distal caudal vertebral column of NHMUK

PV R 7571 in lateral view. B, distal part of the distal caudal vertebral column of NHMUK PV R 7571 in lateral view. C, distal caudal

vertebral column, exposed in lateral view, and associated elements of NHMUK PV R 7557. D, isolated distal caudal vertebra NHMUK

PV R 37896 in left lateral view. Abbreviations: accs, accessory anterior spine; chv, chevron; de, dentary; fe, femur; fi, fibula; ll, longitu-

dinal lamina; mx, maxilla; ns, neural spine; os, osteoderm; poz, postzygapophysis; prz, prezygapophysis; r., right; ti, tibia. Scale bars

represent: 10 mm (A–C); 5 mm (D).
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complete caudal series is preserved for Saltoposuchus connec-

tens, with only an articulated series of nine proximal and a

separate series of 15 distal caudal vertebrae being preserved in

SMNS 12597 (Spiekman 2023). In early crocodylomorphs, the

caudal vertebral count can be established with some confi-

dence only in the Early Jurassic crocodyliform Protosuchus

richardsoni, given that AMNH FARB 3024 of this taxon pre-

serves a complete, almost completely articulated tail, which

consists of c. 35 caudal vertebrae (Colbert & Mook 1952).

Colbert (1952) considered the tail of Hesperosuchus agilis to

possess c. 45–50 vertebrae, although this interpretation was

provided tentatively. Allen (2010) suggested that the caudal

vertebrae count of Crush (1980, 1984) is exaggerated and con-

sidered a caudal vertebral count of c. 30. Unfortunately, a

confident approximation of the caudal vertebral count cannot

be made, although it seems likely that the approximation of

72 caudal vertebrae of Crush (1980, 1984) is a considerable

overestimation.

Osteoderms. Terrestrisuchus gracilis has osteoderms that are

organized in a single paramedian row formed by a pair of scutes

placed dorsal to the vertebral column (Fig. 7H). Most early cro-

codylomorphs have a similarly arranged osteoderm covering

(Nesbitt 2011), with the possible exception of Junggarsuchus

sloani, which might lack osteoderms all together (Clark

et al. 2004; Ruebenstahl et al. 2022). The osteoderms of Terres-

trisuchus gracilis are clearly present in the cervical and anterior

dorsal series (Fig. 4B) and the posterior dorsal and sacral series

(Fig. 11C). They are also present in the caudal series (Fig. 10A),

and although their exact arrangement is not preserved, it is very

likely that the osteoderms also formed a single, paired, para-

median row, as in other early crocodylomorphs, such as Saltopo-

suchus connectens and Protosuchus richardsoni (Colbert 1952;

Spiekman 2023). The osteoderms form an overlapping articula-

tion, with the posterior end dorsally covering the anterior end

of the succeeding osteoderm (Fig. 11C). Medially, the paired

osteoderms probably had a simple abutting contact.

F IG . 11 . Selected osteoderms of Terrestrisuchus gracilis. A, isolated left osteoderm of NHMUK PV R 37802 in dorsal view. B, two

associated left osteoderms of NHMUK PV R 7572a in ventral view. C, articulated right osteoderms and associated elements of

NHMUK PV R 7562 in lateral view. Abbreviations: ap, anterior process; cc, circular concavity; im, impression; lg, longitudinal groove;

lr, longitudinal ridge; ns, neural spine; os, osteoderm. Scale bars represent: 5 mm (A, B); 10 mm (C).
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The osteoderms of Terrestrisuchus gracilis are elongate and leaf

shaped, being approximately fourfold longer than wide

(Fig. 11A–B). The osteoderms of most other non-crocodyliform

crocodylomorphs are also anteroposteriorly longer than latero-

medially wide, although none is as relatively elongate as those of

Terrestrisuchus gracilis (Colbert 1952; Wu & Chatterjee 1993;

Sues et al. 2003; Spiekman 2023). In contrast, the osteoderms of

early crocodyliforms such as Protosuchus richardsoni and the

non-crocodyliform crocodylomorph Kayentasuchus walkeri are

considerably wider than long (Colbert & Mook 1952; Clark &

Sues 2002). Anteriorly, the osteoderms of Terrestrisuchus gracilis

terminate in an elongate process or peg (Fig. 11B), as in Saltopo-

suchus connectens, Hesperosuchus agilis and Dromicosuchus gralla-

tor (Colbert 1952; Sues et al. 2003; Spiekman 2023).

The osteoderms bear a low, relatively wide, longitudinal ridge

along most of their length (Fig. 11A). The sculpture of the dor-

sal surface of the osteoderms is limited to the presence of several

small pits, with most of these being positioned medial to the

longitudinal ridge (Fig. 11A). This contrasts with the osteoderms

of most other crocodylomorphs, which are distinctly sculptured

with extensive pits and ridges (e.g. Colbert 1952; Wu & Chatter-

jee 1993; Clark et al. 2000; Sues et al. 2003; Hill 2010; Johnson

et al. 2020; Spiekman 2023), although some other exceptions

exist (e.g. Pol 2005). A circular concavity present on the

posterolateral portion of the dorsal surface of some of the osteo-

derms (Fig. 11A) was interpreted as a muscle scar by

Crush (1980). We disagree with this interpretation because the

placement of a muscle dorsal to an osteoderm is highly unlikely.

The osteoderms are asymmetrical; the longitudinal ridge is

placed medial to the mid-line of the element, and the lateral

margin is convex, whereas the medial margin is straight along

most of its length (Fig. 11A–B). From the anterior peg, the

osteoderms gradually widen posteriorly for two-thirds of their

length. Here, the osteoderm is at its widest, and posterior to this

point the osteoderm narrows until the posterior end of the

bone, which is almost rectangular in outline. The osteoderms

are mostly flat as in Saltoposuchus connectens (Spiekman 2023),

but in contrast to Dromicosuchus grallator and Kayentasuchus

walkeri, in which the osteoderms are somewhat ventrally

deflected on their lateral side (Clark & Sues 2002; Sues

et al. 2003). The ventral surface of the osteoderms is mostly flat,

but on its posterior end it bears a distinct longitudinal groove

(Fig. 11B). This groove is widest posteriorly and narrows an-

teriorly, and forms the articular surface for the anterior peg of

the succeeding osteoderm.

Gastralia. The gastralia of Terrestrisuchus gracilis are closely

packed together, forming a tight gastral basket (Fig. 12), as in

Sphenosuchus acutus and CMNH 29894 (Walker 1990; Clark

et al. 2000). Each gastralium is V shaped, with the two branches

of each element forming an acute angle. The cross-section of the

gastral shaft is oval, being distinctly lateromedially wider than

dorsoventrally tall. The entire extent of the gastral basket is

unclear, because no complete gastral baskets are exposed in their

natural position relative to the vertebral column.

Appendicular skeleton

Scapula. The scapula is composed of a ventral portion, which

includes the articular surfaces for the coracoid and humerus,

and a scapular blade. The ventral portion is expanded relative to

the scapular blade both anteriorly and posteriorly (Fig. 13A–D).
The glenoid fossa is positioned on its posteroventral margin. Its

surface is gently concave and oval, being lateromedially wider

than anteroposteriorly long (Fig. 13E, G, H). The glenoid fossa

faces ventrally, as well as slightly posteriorly and medially. As

such, it is very similar to that described for Junggarsuchus sloani

(Ruebenstahl et al. 2022) and seen in Trialestes romeri (Lecuona

et al. 2016). In contrast to Dromicosuchus grallator (Sues

et al. 2003) and Dibothrosuchus elaphros (Wu & Chatterjee 1993),

a rugose thickening dorsal to the glenoid fossa is absent. The

ventral margin of the scapula anterior to the glenoid fossa

formed the articular surface with the coracoid. It is laterome-

dially widest posteriorly, adjacent to the glenoid fossa, and

becomes narrower anteriorly, providing the ventral margin with

F IG . 12 . Selected gastral baskets of Terrestrisuchus gracilis in: A, NHMUK PV R 7557f; B, NHMUK PV R 7562. Abbreviations: ga,

gastralia; l.pu, left pubis. Scale bars represent: 10 mm (A); 20 mm (B).
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a roughly triangular outline in ventral view (Fig. 13G). A dis-

tinct acromial process is present on the anterolateral part of the

ventral portion of the scapula (Fig. 13D), as is typical for non-

crocodyliform crocodylomorphs. It forms a distinct ridge that

originates on the anterior margin of the ventral portion of the

scapula and from there curves posterodorsally. The lateral sur-

face of the scapula posteroventral to the acromial process is

gently concave. The entire ventral portion of the scapula

is directed distinctly ventromedially relative to the scapular blade

(Fig. 13E–F).

The scapular blade is tall and narrow in lateral view and very

thin in anterior or posterior view (Fig. 13D–F). Distally it is

expanded both anteriorly and posteriorly in lateral view

(Fig. 13C–D). The anterior extension is less pronounced than

the posterior one, and the former expansion is positioned

further ventrally than the latter. The distal margin of the

scapular blade is distinctly convex in lateral view. This config-

uration of the distal portion of the scapular blade is strongly

reminiscent of that of Saltoposuchus connectens and Hesperosu-

chus agilis (Colbert 1952; Spiekman 2023). Both the anterior and

posterior margin of the scapular blade are slightly concave in

lateral view. The scapular blade is more than threefold taller

than the ventral portion of the scapula.

Coracoid. The coracoid is a crescent-shaped bone (Fig. 14). Its

dorsal margin mirrors that of the ventral margin of the scapula,

with which it would have articulated, in that it is lateromedially

wide posteriorly and becomes gradually narrower anteriorly, giv-

ing the margin a triangular outline in dorsolateral view

(Fig. 14B). The glenoid, which is positioned directly posterior to

the articular surface with the scapula, is slightly convex and

roughly quadrangular in outline (Fig. 14B). Its articular surface

F IG . 13 . Selected scapulae of Terrestrisuchus gracilis. A, right scapula in lateral view and surrounding elements of NHMUK PV R

7571. B, left scapula in lateral view and surrounding elements of NHMUK PV R 7591. C, left scapula in lateral view and surrounding

elements of NHMUK PV R 7553. D–H, isolated left scapula of NHMUK PV R 7557e in: D, lateral; E, posterior; F, anterior;

G, medioventral; H, lateroventral view. Abbreviations: acrp, acromion process; co, coracoid; cof, coracoid facet; gl, glenoid; hu,

humerus; l., left; r., right; sc, scapula; scb, scapular blade. Scale bars represent 10 mm.
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faces posterodorsally and slightly laterally relative to the dorsal

margin of the coracoid (Fig. 14A). On the mediodorsal surface

of the coracoid, directly ventrolateral to the glenoid, a small but

very pronounced tubercle is present (Fig. 14B). A similar tuber-

cle also occurs in Sphenosuchus acutus (Walker 1990), Dibothro-

suchus elaphros and Junggarsuchus sloani (Ruebenstahl

et al. 2022). Near its dorsal end, the surface of the coracoid is

pierced by the subcircular coracoid foramen, which is slightly

longer anteroposteriorly than dorsoventrally tall (Fig. 14A, C).

The anterior margin of the coracoid is rounded in lateral view

and oriented anterodorsally to posteroventrally. Posteriorly the

coracoid bears a long, posteriorly and slightly laterally directed

process, which is approximately as long as the main body of the

coracoid. This makes this process comparatively longer than that

seen in Trialestes romeri (Lecuona et al. 2016), shorter than

that of Sphenosuchus acutus (Walker 1990), much shorter than

the rod-like posterior processes of Dibothrosuchus elaphros and

Junggarsuchus sloani (Ruebenstahl et al. 2022), and similar in

relative length to that in Hesperosuchus agilis and Dromicosuchus

grallator (Colbert 1952; Walker 1970; Sues et al. 2003). It is

curved with a convex ventral margin and concave dorsal margin

in lateral view and terminates in a rounded tip posteriorly.

The lateroventral surface of the coracoid is smooth and dis-

tinctly convex anteroventral to the coracoid foramen (Fig. 14C).

The lateroventral surface is characterized by a strongly pro-

nounced ridge that is also present in Sphenosuchus acutus, Dro-

micosuchus grallator, Pseudhesperosuchus jachaleri and

Hesperosuchus agilis (Colbert 1952; Bonaparte 1972; Walker 1990;

Sues et al. 2003), but absent in Trialestes romeri, Dibothrosuchus

elaphros and Junggarsuchus sloani, and crocodyliforms (Sertich &

Groenke 2010; Chamero et al. 2013; Leardi et al. 2015; Lecuona

et al. 2016; Ruebenstahl et al. 2022). This ridge originates ventral

to the glenoid, where it is poorly developed and oriented dorso-

ventrally. Ventral to this, at approximately the dorsoventral mid-

point of the base of the posterior process, the ridge curves and

is oriented posteriorly. At this transition the ridge is most

strongly pronounced and directed laterally and slightly ventrally

relative to the lateroventral surface of the coracoid. Posteriorly,

the ridge gradually decreases in height and ultimately completely

fades at approximately the anteroposterior midpoint of the pos-

terior process. The ventral margin of the coracoid is slightly lat-

erally inflected at the base of the posterior process, directly

ventral to the most pronounced portion of the ridge. Conse-

quently, a distinct concave groove is formed in between the ven-

tral margin and the ridge. Articulated specimens of Sphenosuchus

acutus and Pseudhesperosuchus jachaleri show that the interclavi-

cle articulated in this groove in these taxa (Bonaparte 1972;

Walker 1990). Crush (1984) considered this region to be the

articular surface for an ossified sternum rather than the intercla-

vicle. However, as outlined below, Terrestrisuchus gracilis did not

have an ossified sternum.

Interclavicle. As in other archosaurs (Nesbitt 2011), the intercla-

vicle of Terrestrisuchus gracilis lacks anterolateral processes and

thus forms an elongate plate that is approximately sixfold longer

than wide (Fig. 15). Its lateral margins are slightly convex. It

cannot be determined which end of the bone represents the an-

terior and which the posterior end, because none of the known

F IG . 14 . Selected coracoids of Terrestrisuchus gracilis. A–B, right coracoid of NHMUK PV R 37785 in: A, mediodorsal;

B, posterodorsal view. C, left coracoid of NHMUK PV R 37799 in lateroventral view. Abbreviations: cofo, coracoid foramen; gl, gle-

noid; pop, posterior process; ri, ridge; scf, scapular facet; tub, tubercle. Scale bars represent 10 mm.
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elements preserves both termini intact (Appendix S2). In

NHMUK PV R 37726 both surfaces of the interclavicle are

exposed. One side is gently convex, which is interpreted to be

the ventral surface, and the opposing, dorsal surface is gently

concave. In the larger element preserved in NHMUK PV R 7593

the ventral surface is more strongly convex.

Crush (1980) considered an interclavicle to be preserved only

in NHMUK PV R 7553. The interclavicles preserved in NHMUK

PV R 7591, NHMUK PV R 37726 and NHMUK PV R 7593

were interpreted to be elements of an ossified sternum. The

main distinction made between these elements and the intercla-

vicle identified by Crush (1980) in NHMUK PV R 7553 was that

the latter was relatively narrower and had straight lateral mar-

gins, whereas those of the identified sternal elements were con-

vex. In part, this identification was made based on observations

by Walker, who had observed the presence of what he inter-

preted to be ossified sternal elements in Sphenosuchus acutus and

Pseudhesperosuchus jachaleri (Crush 1980, p. 119). However,

Walker (1990, p. 64) later reconsidered his interpretations and

suggested that the sternal elements of Terrestrisuchus gracilis are

interclavicles. Walker (1990) suggested that the more slender

morphology and straight lateral margins of NHMUK PV R 7553

relative to the other specimens could be the result of incomplete

ossification of this element in the small specimen. The overall

size of NHMUK PV R 7553 is indeed comparatively small

(Table S2). Furthermore, a partial and partially articulated pec-

toral girdle and front limb are preserved in NHMUK PV R

10002, a crocodylomorph specimen from Cromhall Quarry.

Although it is not referable to Terrestrisuchus gracilis (Fraser

et al. 2002; Spiekman et al. 2023), this specimen is morphologi-

cally similar to Terrestrisuchus gracilis from Pant-y-Ffynnon

Quarry. It shows a close association between the right(?) cora-

coid and the interclavicle, without the presence of an ossified

sternum. No ossified sternal plates are known for any early cro-

codylomorphs. Therefore, an ossified sternum is considered

absent for Terrestrisuchus gracilis.

Humerus. Like all of the limb bones of Terrestrisuchus gracilis,

the humerus is a slender element (Fig. 16). The proximal articu-

lar surface is rugose and strongly convex in anterior or posterior

view (Fig. 16A–B). On the posterior side of the humerus, this

articular surface bulges over the smooth surface of the humerus

directly distal to it on its lateral portion, close to the deltopec-

toral crest, as can also be seen in Sphenosuchus acutus

(Walker 1990, fig. 43d) and Hesperosuchus agilis (Colbert 1952,

fig. 22c). In contrast to Dibothrosuchus elaphros (Wu & Chatter-

jee 1993), there is no clear depression directly distal to the prox-

imal head on the anterior surface. In proximal view, the anterior

margin of the proximal head is convex medially and concave lat-

erally, whereas the posterior margin is concave medially and

convex laterally (Fig. 16E). The deltopectoral crest extends from

the anterolateral margin of the proximal head. The crest

increases in size distally as it curves anteriorly and eventually

slightly medially. At its lateralmost extent, where the crest starts

to curve somewhat medially, the crest is thickened to form a

tuber on its posterolateral surface (Fig. 16A, C, E). A similar

structure was also described for Sphenosuchus acutus

(Walker 1990). This proximal portion of the crest is slightly

convex in lateral or medial view. The deltopectoral crest reaches

its apex, which is directed anteriorly and slightly medially, at c.

20% of the total length of the bone. Distal to this, the margin of

the deltopectoral crest is slightly concave in lateral or medial

view until it gradually fades into the humeral shaft distally. The

overall shape of the deltopectoral crest in lateral or medial view

is triangular.

The humeral shaft is very slightly anteriorly curved in lateral

or medial view (Fig. 16C–D), which is similar to the humerus of

Dibothrosuchus elaphros (Wu & Chatterjee 1993), but in contrast

to the more sigmoidal humeri of Sphenosuchus acutus, Trialestes

romeri and Junggarsuchus sloani (Walker 1990; Lecuona

et al. 2016; Ruebenstahl et al. 2022). The shaft is thin walled

and subcircular in cross-section. The angle formed between the

proximal and distal ends of the humerus is 43°. On the distal

portion of the shaft, the posterior surface bears a gently concave

groove that extends and deepens distally and reaches the distal

end of the bone (Fig. 16B), where it separates the two

distal condyles in distal view (Fig. 16F). The distal end is slightly

expanded relative to the shaft, both lateromedially and antero-

posteriorly (Fig. 16A–D). The (medial) entepicondyle extends

distinctly further distally than the (lateral) ectepicondyle, as in

F IG . 15 . The interclavicle of NHMUK PV R 37726 preserved over two slabs. A, NHMUK PV R 37726a in ventral view. B, NHMUK

PV R 37726b in dorsal view. Scale bar represents 10 mm.
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Sphenosuchus acutus, Hesperosuchus agilis and Dibothrosuchus

elaphros (Colbert 1952; Walker 1990; Wu & Chatterjee 1993).

The ectepicondyle is considerably wider than the entepicondyle

anteroposteriorly and it bears a convexity proximally on its

posterolateral margin. The condyles are distally separated by a

distinctly concave groove (Fig. 16B) as in most crocodylomorphs

except Trialestes romeri, in which this groove is poorly developed

(Lecuona et al. 2016).

Ulna. The ulna is a slender and elongate element (Fig. 17A).

The proximal end of the ulna is anteriorly expanded and has a

more rugose surface texture relative to the shaft. It is defined by

a well-developed olecranon process on its posterior part

(Fig. 17B–F). In addition, the proximal end also possesses small

tubers or processes on its anterolateral (= lateral tuber sensu

Nesbitt 2011) and anteromedial portions, as in other non-

crocodyliform crocodylomorphs (Leardi et al. 2017). Thus, the

ulna has a roughly triangular outline in proximal view

(Fig. 17F). The anteromedial process is positioned slightly more

distally than the anterolateral process. The anterior margin of

the proximal end, forming the margin between the anteromedial

and anterolateral process, is slightly concave in proximal view

and it articulates tightly with the posterior margin of the proxi-

mal end of the radius in NHMUK PV R 37634 (Fig. 17F). The

medial margin, separating the anteromedial process and the ole-

cranon, is similarly slightly concave in proximal view, whereas

the lateral margin, between the olecranon and the anterolateral

process, is very gently convex. The anteromedial process is more

pronounced than the anterolateral process. It is squared in out-

line in proximal view, whereas the anterolateral process is

rounded. The medial edge of the anteromedial process forms a

lip that overhangs the shaft directly distal to it. The proximal

surface is oriented posteroproximally to anterodistally, with the

tallest or most proximal apex being formed by the tip of the ole-

cranon process. The proximal surface is distinctly convex poster-

iorly and anterolaterally, whereas it is concave anteromedially.

The shaft of the ulna is smooth and straight to very slightly

sigmoidal in lateral or medial view (Fig. 17A). Terrestrisuchus

gracilis lacks the distinct ridge on the posterolateral surface of

the proximal portion of the shaft present in Trialestes romeri

F IG . 16 . The left humerus NHMUK PV R 38851 in A, anterior; B, posterior; C, lateral; D, medial; E, proximal; and F, distal view.

Abbreviations: dpc, deltopectoral crest; ect, ectepicondyle; ent, entepicondyle; gr, groove; tub, tuberosity. Scale bars represent: 10 mm

(A–D); 5 mm (E, F).
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F IG . 17 . Selected radii and ulnae of Terrestrisuchus gracilis. A, associated left radius and ulna of NHMUK PV R 7557b in lateral view

and surrounding elements. B–F, the proximal ends of the associated left radius and ulna of NHMUK PV R 37634 in: B, medial;

C, lateral; D, anterior; E, posterior; F, proximal view. G–K, the distal ends of the associated left radius and ulna of NHMUK PV R

7562 in: G, lateral; H, medial; I, anterior; J, posterior; K, distal view. Abbreviations: alt, anterolateral tuber; amt, anteromedial tuber;

dc, distal carpal; l., left; le, lateral extension; me, medial extension; olp, olecranon process; poe, posterior extension; ps, pisiform; r,

radius; r., right; ra, radiale; sms, smooth surface; u, ulna; ul, ulnare. Scale bars represent: 10 mm (A, G–J); 5 mm (B–F, K).
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(Lecuona et al. 2016). Similar to the proximal end, the surface

texture of the distal end of the ulna is distinct from that of the

shaft. However, in contrast to being more rugose, the surface of

the distal end is smoother than the surface of the shaft

(Fig. 17G). In lateral view, the extent of this surface texture is

oriented anteroproximally to posterodistally, with a curved,

slightly concave margin. In medial view, this texture is restricted

to the distal end of the ulna (Fig. 17H). The distal end is longer

anteroposteriorly than it is wide lateromedially (Fig. 17G, H, J).

In lateral view it is expanded posteriorly relative to the shaft,

whereas on its anterior end the distal margin forms a roughly

right angle with the anterior margin of the shaft (Fig. 17G). In

distal view the medial margin of the posterior extension is con-

cave, thus making the posterior extension quite lateromedially

narrow (Fig. 17K). This concavity continues into a proximodis-

tally short groove on the medial surface of the distal portion of

the shaft. The distal surface bears a shallow central concavity on

its distal end, whereas the edges of the distal surface, including

that of the posterior process, are convex.

Radius. The radius is distinctly more slender than the ulna and

completely straight in lateral view (Fig. 17A). It is slightly shorter

than the ulna (Table S2). The proximal end is more than twofold

wider lateromedially than long anteroposteriorly (Fig. 17B–F). In
anterior view the lateral portion of the proximal end is slightly

expanded relative to the shaft, whereas the medial portion is con-

siderably more strongly expanded (Fig. 17D). This strong medial

expansion of the proximal head was considered a synapomorphy

for the crocodylomorph clade ‘Group H’, composed of Hesperosu-

chus agilis and Dromicosuchus grallator, recovered by Drymala &

Zanno (2016). The unambiguous presence of this feature in Ter-

restrisuchus gracilis suggests that this feature is more common in

early crocodylomorphs than previously considered. The rugose

surface of the proximal end of the radius is restricted to the proxi-

mal margin and does not expand onto the shaft. The proximal

surface is convex in lateral and medial view (Fig. 17B–C); in an-

terior view it is convex on its lateral and medial ends and slightly

concave in its central portion (Fig. 17D). The proximal end is oval

in proximal view, with short and distinctly convex medial and lat-

eral margins, and considerably longer and slightly convex anterior

and posterior margins (Fig. 17F).

The distal end of the radius is only very slightly expanded an-

teriorly and posteriorly relative to the shaft (Fig. 17G–H). In dis-

tal view the distal end of the radius has an oval shape that is

oriented anterolaterally to posteromedially (Fig. 17K). The

posterolateral and anteromedial sides are considerably longer

than the anterolateral and posteromedial sides. The distal surface

is slightly concave and set at a slight angle, extending furthest

distally at its posteromedial end and being most proximal

anterolaterally (Fig. 17G–H). The anterolateral, posteromedial

and anteromedial margins are all distinctly convex in distal view,

whereas the posterolateral margin is flat to slightly concave

(Fig. 17K). On this surface, the radius would have articulated

with the flattened anteromedial margin of the ulna. The smooth

surface seen on the distalmost portion of the shaft in the ulna is

also present in the radius, albeit to a lesser extent. The smooth

surface is mainly present on the posterolateral and anteromedial

sides of the element (Fig. 17G–H).

Radiale. The radiale is an elongate bone with a slightly

expanded distal end and a more pronounced proximal head

(Fig. 18A–F). The shaft length is a little less than threefold the

maximum width of the proximal head. It is straight in anterior

and posterior views, whereas it is gently curved in lateral and

medial views with a gently concave anterior side and a slightly

convex posterior side. The shaft is wider lateromedially than it is

deep anteroposteriorly. The surface of the radiale is smooth but

it bears a clear, mostly straight longitudinal crest that is oriented

from the proximal end on the lateral side, directly distal to the

proximolaterally oriented facet for the ulna, to the anterolateral

side at the distal end (Fig. 18A–B). This ridge is possibly homo-

logous with the longitudinal ridge on the posterolateral surface

of the shaft in Trialestes romeri (Lecuona et al. 2016).

The proximal head of the radiale bears two clearly distinct

articular surfaces, one of which faces entirely proximally

(Fig. 18E). The surface of this facet is concave in its postero-

medial portion, where it forms the main articular surface with

the radius. On its lateral portion, the surface is convex and

forms a slightly proximally raised process on its anterolateral

extremity. The entire facet has a semi-circular outline in proxi-

mal view, being more than twofold wider lateromedially than

deep anteroposteriorly. The anterior margin is strongly convex,

whereas the posterior margin is convex laterally and medially,

and concave in its central portion. The second articular surface

is confluent with the first facet and is located on the postero-

lateral region of the proximal head (Fig. 18A, B, E). Its surface

is proximolaterally oriented and would have articulated with the

ulna. A similar, triangular articular surface for the ulna is also

present in Dibothrosuchus elaphros (Wu & Chatterjee 1993; sur-

face erroneously considered to articulate with the ulnare therein)

and Junggarsuchus sloani (Ruebenstahl et al. 2022). Although the

proximal end of the radiale is expanded towards the ulna in

Hallopus victor, the exact morphology of its articular surfaces is

unknown (Walker 1970). Such a separate articular surface

is absent in Trialestes romeri (Lecuona et al. 2016). In the view

perpendicular to its surface, the facet for the ulna has a roughly

triangular outline (Fig. 17B). The articular surface is slightly

concave. The posteromedial and lateral margins of the facet are

delineated by clear ridges. The former is roughly straight,

whereas the latter is convex and possesses a process at its lateral-

most extension, close to its proximal end. It is pyramoidal in

shape, with three concave faces sloping distally from the apex.

Distal to the concave posteromedial face a clear subcircular fossa

or depression is present on the shaft. The proximal face forms

part of the articular facet, whereas the lateral and mediodistal

faces are part of the shaft.

The distal end of the radiale is roughly square in outline in

distal view, with all faces being roughly equally long (Fig. 18F).

Of the four distinct margins, the anteromedial, posteromedial

and anterolateral margins are all slightly convex, whereas the

posterolateral margin bears a clear concavity. This concavity

forms the distal end of a longitudinal trough that extends proxi-

mally along approximately one-third of the posterolateral surface

of the shaft, which was interpreted as a muscle attachment site

by Crush (1980). The distal end of the longitudinal ridge of the

shaft forms the anterolateral margin of this trough. The distal

end of the radiale is only very slightly expanded relative to the
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shaft both in posterolateral or anteromedial views and in antero-

lateral or posteromedial views. The surface of the distal end

bears another, roughly posterolaterally to anteromedially

oriented, clearly concave trough. Consequently, the anteromedial

and posterolateral edges of the distal end extend further distally

than the posteromedial and anterolateral edges.

Ulnare. The ulnare is also an elongate element, albeit shorter

than the radiale (Fig. 18G–L, S). The shaft is smooth without

any clearly discernible ridges. It therefore does not possess the

clear longitudinal ridge on the anterior surface of the ulnare pre-

sent in Trialestes romeri (Lecuona et al. 2016). It is oval in

cross-section, being widest anteromedially to posterolaterally and

narrowest anterolaterally to posteromedially, which differs con-

siderably from the L-shaped cross-section of the ulnare shaft

described for Hallopus victor (Walker 1970). The proximal head

is only slightly expanded anteriorly, medially and posterolater-

ally, relative to the shaft. It is triangular in proximal view, with

the three corners of the head forming rounded convexities

(Fig. 18K). The convexities on the anterior and medial portions

are confluent with each other, whereas both are separated from

the posterolateral convexity by a clear anterolaterally to postero-

medially directed trough on the proximal surface. In proximal

view, the anteromedial margin of the proximal head is slightly

convex, whereas the posterior and lateral margins are clearly

concave. The concavity on the lateral margin forms the proximal

end of a short, longitudinally directed trough present on the lat-

eral surface of the proximal part of the shaft.

The distal end of the ulnare is considerably larger than the

proximal head and it is expanded mainly anteromedially to pos-

terolaterally (Fig. 18G–H). This is similar to the condition in

Dibothrosuchus elaphros and Junggarsuchus sloani (Wu &

Chatterjee 1993; Ruebenstahl et al. 2022), but contrasts with

Trialestes romeri, in which the proximal and distal ends of the

ulnare are roughly similar in size (Lecuona et al. 2016). The lat-

ter condition might also occur in CMNH 29894 (Clark

et al. 2000). Consequently, the distal end has a teardrop-shaped

outline in distal view with two main faces: an anterolateral

and a posteromedial face (Fig. 18L). The former is continuously

and quite strongly convex. The latter is sinusoidal in outline

with a distinctly concave anterior portion and a convex pos-

terior portion. Because of this concavity, the anteromedial end

of the distal end forms a flange. This concavity also forms the

distal margin of a short, longitudinally oriented trough on the

distal end of the shaft. The distal surface of the ulnare is gener-

ally concave except for the anteromedial end, which is gently

convex.

Pisiform(?) & distal carpal. Besides the radiale and ulnare, carpal

elements are rarely preserved in non-crocodyliform crocodylo-

morphs, and a (most likely) complete set of carpals has been

described only for Terrestrisuchus gracilis, Dibothrosuchus elaphros

and Junggarsuchus sloani to date (Crush 1980, 1984; Wu & Chat-

terjee 1993; Clark et al. 2000; Ruebenstahl et al. 2022). In the

first two taxa two additional carpals are present, which have

been interpreted as a pisiform (an element preserved directly

proximal to the ulnare), and a single distal carpal considered to

be a fusion of distal carpals 3 and 4. A similar configuration has

also been described for the early crocodyliforms Protosuchus

richardsoni and Orthosuchus stormbergi (Colbert & Mook 1952;

Nash 1975). In contrast, no pisiform is known for Junggarsuchus

sloani and this taxon possesses two to three distal carpals (Rue-

benstahl et al. 2022). NHMUK PV R 7557b represents the only

specimen of Terrestrisuchus gracilis that preserves a partially

articulated carpus (Fig. 18S). In this specimen, the distal carpal

is preserved in articulation with the left radiale and ulnare at

their distal end, whereas the element identified by Crush (1980,

1984) as the pisiform is disarticulated and somewhat displaced

from the other carpal elements. Therefore, the identification of

this element as a pisiform cannot be corroborated confidently.

Nevertheless, its identification is tentatively maintained based on

the general similarity of this configuration to the majority of

early terrestrial crocodylomorphs. Due to its articulation, the

other element is confidently identified as a distal carpal. Despite

this, its exact homology with the various distal carpal elements

plesiomorphically present in archosaurs cannot be established,

given that the ossification of the distal carpals is variable even

among extant crocodylians and extinct crocodyliforms

(Gregorovi�cov�a et al. 2018). Therefore, we identify this element

simply as a distal carpal here in Terrestrisuchus gracilis.

The tentatively identified pisiform of NHMUK PV R 7557b is

small and poorly preserved. The distal carpal is slightly larger

and bulkier than the pisiform and, as exposed, has a roughly tri-

angular outline. The pisiform and distal carpal are also

present in NHMUK PV R 7562 and fully freed from matrix

(Fig. 18M–R). Their association with the surrounding elements

is unknown but, based on their overall size and shape, the flat-

tened and smaller element is identified as the pisiform

(Fig. 18M–N) and the larger, triangular element is identified as

the distal carpal (Fig. 18O–R), contra Crush (1980). Our identifi-

cation corresponds with the size and shape of these respective

elements in NHMUK PV R 7557b, as well as the condition in

Dibothrosuchus elaphros, in which the pisiform is also flat and

disc-like and the distal carpal is slightly larger and rather block-

like (Ruebenstahl et al. 2022).

F IG . 18 . Selected carpal elements of Terrestrisuchus gracilis. A–F, left radiale of NHMUK PV R 7562 in: A, anterolateral;

B, posterolateral; C, posteromedial; D, anterior; E, proximal; F, distal view. G–L, left ulnare of NHMUK PV R 7562 in:

G, posteromedial; H, anterolateral; I, anteromedial; J, posterolateral; K, proximal; L, distal view. M–N, left pisiform of NHMUK PV R

7562 in: M, proximal or distal(?) view; N, the opposite orientation to M. O–R, left distal carpal of NHMUK PV R 7562 in:

O, anterior; P, posterior; Q, lateral; R, medial view. S, associated left carpus of NHMUK PV R 7557b approximately in lateral view.

Abbreviations: ac, anterior convexity; dc, distal carpal; fl, flange; l., left; lr, longitudinal ridge; lt, longitudinal trough; mc, medial con-

vexity; plc, posterolateral convexity; ps, pisiform; r, radius; r., right; ra, radiale; rf, radius facet; tr, trough; u, ulna; uf, ulna facet; ul,

ulnare. Scale bars represent: 5 mm (A–R); 10 mm (S).
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The pisiform of NHMUK PV R 7557b has an irregular sur-

face, indicating that it is incompletely preserved (Fig. 18S).

The pisiform of NHMUK PV R 7562 is more completely pre-

served, but its exact orientation cannot be ascertained. The

main surfaces of the element, which probably represent

the proximal and distal sides, have an oval to roughly trian-

gular outline (Fig. 18M–N). Of the three corners forming the

triangular shape from this perspective, two are positioned in

close proximity to each other. One of these forms a roughly

right angle, whereas the angle formed by the other is obtuse.

The margin separating these two adjacent corners is virtually

straight. The third corner forms an acute angle. The margins

connecting this corner to the two opposing corners diverge

from each other, with one being virtually flat and the other

gently convex.

The left distal carpal of NHMUK PV R 7557b is most likely

to be exposed in lateral view, based on its tight articulation with

the laterally exposed left ulnare (Fig. 18S). The orientation of

the left distal carpal of NHMUK PV R 7562 is based on compar-

isons with this element. The distal carpal has a complex shape.

Its proximal margin is roughly flat in anterior and posterior

view (Fig. 18O–P). It has a large bulbous medial side that is

strongly convex in anterior and posterior view, whereas the lat-

eral side is tapered. The anterior(?) surface is roughly flattened

(Fig. 18O) whereas the posterior(?) surface bears a deep concav-

ity that is directed medioproximally to laterodistally and a pro-

minent convexity on its proximolateral portion (Fig. 18P). The

lateral side of the element is narrow and badly broken. The

distal surface of the distal carpal is composed of a lateromedially

oriented ridge.

Manus. All metacarpals are slender and elongate (Fig. 19). Both

the proximal and distal ends of the metacarpals, as well as the

phalanges, are only slightly expanded relative to the shaft.

The metacarpals of the best preserved, articulated manus,

NHMUK PV R 7562, clearly overlap proximally (Fig. 19B). The

cross-section of the metacarpals is oval, with the long axes of

the proximal ends being oriented dorsolaterally to ventrome-

dially, as in extant crocodylians (e.g. Klinkhamer et al. 2017).

The proximal ends are quite narrow in metacarpals I–IV, but
more rounded in metacarpal V. In NHMUK PV R 7562, shal-

low, poorly developed extensor pits can be discerned on the dor-

sal surface of the distal ends of metacarpals II, III and IV, as

well as a more prominent pit on the first phalanges of digits II

and III (Fig. 19A). Extensor pits have also been described for the

metacarpals and phalanges of Saltoposuchus connectens and

CMNH 29894 (Clark et al. 2000; Spiekman 2023).

As in all known non-crocodyliform crocodylomorphs, meta-

carpal I is considerably shorter than the other metacarpals, but

it does contact carpal elements proximally, in contrast to the

condition in Junggarsuchus sloani (Ruebenstahl et al. 2022).

Metacarpal I is also considerably more slender (i.e. has a consid-

erably smaller circumference of the shaft) than the other meta-

carpals. This character was previously considered to be unique

to Junggarsuchus sloani but might be more widespread among

non-crocodyliform crocodylomorphs than previously considered

F IG . 19 . Selected manus of Terrestrisuchus gracilis. Left manus of NHMUK PV R 7562 in A, dorsal; and B, proximal view. C, left

manus of NHMUK PV R 7557b in dorsal view. Abbreviations: exp, extensor pit; mc, metacarpal; r, radius; u, ulna. Scale bars represent

10 mm.
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(Clark et al. 2004; Leardi et al. 2017). Metacarpal IV represents

the longest metacarpal in Terrestrisuchus gracilis (Table S2),

whereas in all other non-crocodyliform crocodylomorphs for

which these measurements are known (Saltoposuchus connectens,

Dibothrosuchus elaphros, and Junggarsuchus sloani), as well as

extant crocodylians, metacarpal III is longer than metacarpal IV

(Wu & Chatterjee 1993; Ruebenstahl et al. 2022; Spiekman 2023).

In NHMUK PV R 7562 metacarpal V is longer than metacarpals

I and II and only slightly shorter than metacarpals III and IV

(Fig. 19A). In contrast, a manual element preserved lateral to

metacarpal IV in NHMUK PV R 7557b, ostensibly in the loca-

tion of metacarpal V, is relatively much shorter than metacarpal

V in NHMUK PV R 7562. This element is slightly displaced

relative to the metacarpals and although its distal end appears

intact, it is possible that its proximal end is either missing or

covered by the fully articulated metacarpals (Fig. 19C). This ele-

ment could also represent a displaced phalanx, in which case

metacarpal V is not preserved in the left manus of NHMUK PV

R 7557b. Both interpretations were also suggested by

Crush (1980, pp. 67–68, fig. 36(II)).

The phalanges are incomplete in both NHMUK PV R 7557b

and NHMUK PV R 7562 and therefore the manual phalangeal

formula cannot be determined. In NHMUK PV R 7562 two

phalanges are preserved in digit II, one of which is an ungual

(Fig. 19A). Three phalanges are preserved in digit III, with the

first phalanx being relatively long and well preserved, whereas

the other two phalanges represent incomplete fragments. Digit

IV preserves two relatively complete phalanges and possibly a

small fragment of a third phalanx. No phalanges are preserved

for digits I and V. In NHMUK PV R 7557b a small fragment is

preserved, which might represent a phalanx of digit I (Fig. 19C).

Three phalanges are preserved for each of digits II–IV. Digit V
preserves two or three phalanges. No unguals can be discerned

in NHMUK PV R 7557b.

All preserved phalanges are shorter than the metacarpals of

the corresponding digit. Besides the well-excavated extensor pits

present in the first phalanges of digit II (note that this phalanx

is preserved in lateral view and thus the pit cannot be discerned

in Fig. 19A) and digit III of NHMUK PV R 7562, small excava-

tions are also present on the lateral and medial sides of the distal

end of these elements, resulting in both sides slightly converging

towards the distal end (Fig. 19A). The preserved ungual of

NHMUK PV R 7562 (Fig. 19A, II 3?) is curved and terminates

in a tapered but blunt tip distally. It is not enlarged relative to

the other manual phalanges and preserves a shallow longitudinal

groove on its exposed medial surface.

Ilium. The iliac blade is relatively low, with the height of the

acetabular portion of the ilium being taller than the height

between the supra-acetabular process and the dorsal margin of

the iliac blade (Table S2), as in Trialestes romeri and Dromicosu-

chus grallator but unlike in Hallopus victor and Dibothrosuchus

elaphros (Walker 1970; Wu & Chatterjee 1993; Sues et al. 2003;

Lecuona et al. 2016). The dorsal margin of the iliac blade is

roughly flat in lateral view (Figs 20A, 21A, E). It is laterome-

dially rounded and thin. Dorsal to the supra-acetabular crest,

the dorsal margin of the iliac blade is somewhat expanded later-

ally and its lateral surface possesses dorsoventrally oriented

striations (Figs 20A–B, 21A, C). This represents an attachment

site for the M. iliotibialis (Hutchinson 2001a). In NHMUK PV R

7561c and most other specimens, including the holotype,

NHMUK PV R 7557, the dorsal margin of the iliac blade is

straight in dorsal view (Fig. 21C). In contrast, in both ilia of

NHMUK PV R 7562 and in NHMUK PV R 37788, the dorsal

margin is curved laterally at the level of its thickened and rugose

portion (Fig. 21G). This apparently represents a form of intras-

pecies variation independent of size, given that both the straight

and curved margins are found in smaller sized specimens

(NHMUK PV R 7557 and NHMUK PV R 37788, respectively)

and larger sized specimens (e.g. NHMUK PV R 7561c and

NHMUK PV R 7562) represented in the material (Table S2).

Terrestrisuchus gracilis possesses a long, slender, and gradually

tapering preacetabular process (Figs 20, 21). It is oriented an-

teriorly and curves slightly ventrally and laterally on its distal

portion. Consequently, the dorsal margin of the preacetabular

process is convex in lateral view, whereas the ventral margin is

concave (Fig. 21A). The preacetabular process is relatively longer

(i.e. protrudes further anterior relative to the pubic peduncle)

than in Trialestes romeri (Lecuona et al. 2016), and it has a

gently rounded to sub-rectangular terminus (Fig. 20B–C).

The postacetabular process is moderately developed, poster-

iorly directed and gradually tapering. It is considerably dorso-

ventrally taller than the preacetabular process in lateral view

(Fig. 21A). Its dorsal margin is slightly convex in lateral view,

whereas its ventral margin is concave proximally and straight

distally. The ventral portion of the medial surface of the post-

acetabular process bears a distinct anteroposteriorly oriented

ridge that is identified as the medial shelf (Figs 20C, 21B–D, F,
H; mr2 sensu Hutchinson 2001a). The crest of the shelf is direc-

ted medially and somewhat ventrally. The shelf originates on the

medial surface of the acetabular region, where it would have

articulated with a groove on the dorsal portion of the distal end

of the second sacral rib (Fig. 7J, see description of sacral verteb-

rae above). The shelf extends to the posterior terminus of the

postacetabular process (Fig. 21D). In its well-developed mor-

phology this shelf is very similar to that described for Trialestes

romeri (Lecuona et al. 2016, medioventral shelf therein), albeit

not as distinctly ventrally curved in Terrestrisuchus gracilis.

The shelf forms the dorsomedial margin of a prominent, ven-

trally facing fossa, the brevis fossa (Figs 20C, 21B, D, F, H). A

brevis fossa framed by a distinct medial shelf is best-known and

most strongly developed in avemetatarsalian archosaurs, specifi-

cally in non-avian dinosaurs, but it is also well developed in

some pseudosuchians, such as Gracilisuchus stipanicicorum

(Hutchinson 2001a; Lecuona & Desojo 2012), and, to a lesser

extent, in some ornithosuchids and proterochampsids

(Hutchinson 2001a; von Baczko et al. 2019). Among Crocodylo-

morpha, a distinct brevis fossa is known only for Trialestes

romeri, but it is possible that this feature occurred more widely

(e.g. a prominent medial ridge on the medial surface of the

postacetabular process was also reported for Dromicosuchus gral-

lator, Sues et al. 2003). The brevis fossa forms an attachment site

for the M. caudofemoralis brevis, which, in addition to the ven-

trolateral surface of the postacetabular process of the ilium, also

attaches to the second sacral rib and first two proximal caudal

vertebrae in extant crocodylians (Hutchinson 2001a). The
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posteroventral margin of the brevis fossa is formed by a ridge

that also forms the posteroventral margin of the ilium. This

ridge is poorly developed and does not form a distinct brevis

shelf, a feature that is present in many avemetatarsalians, includ-

ing dinosaurs (Nesbitt 2011). Anteriorly, this ridge is quite pro-

minent in Terrestrisuchus gracilis, forming the margin of a thin

flange of bone posterior to the acetabulum. Here, this ridge is

oriented anteroventrally to posterodorsally. Posterior to this,

where the ridge forms the ventrolateral margin of the post-

acetabular process, it is more anteroposteriorly oriented and less

clearly demarcated as a distinct ridge.

The lateral surface of the main body of the ilium is mainly

composed of a well-excavated acetabulum (Figs 20, 21). The

dorsal margin of the acetabulum is formed by a well-developed

supraacetabular crest, which is oriented laterally. The supraace-

tabular crest fades posteriorly quite abruptly, just anterior to

the posterior end of the acetabulum (Figs 20A, 21A, C). The

crest extends considerably further anteriorly, being virtually

straight and oriented posterodorsally to anteroventrally in lat-

eral view, before fading as it reaches the pubic peduncle. In

lateral view, the ventral margin of the ilium is slightly convex

anteriorly, whereas it has a distinct notch in its posterior por-

tion (Figs 20A, C, 21A, B, E, F). This indicates that the aceta-

bulum was perforated by a small opening (Fig. 20A), as in

other early crocodylomorphs (Crush 1984; Lecuona

et al. 2016).

F IG . 20 . Selected ilia of Terrestrisuchus gracilis. A, left ilium, exposed in lateral view, and associated elements, including a largely articu-

lated left pubis and ischium, of NHMUK PV R 7562. B, right ilium, exposed in lateral view, and associated elements of NHMUK PV R

7562. C, left ilium, exposed in medial view, and associated elements of NHMUK PV R 7561a. Abbreviations: ac f, acetabular fenestra; atr,

antitrochanter; bf, brevis fossa; dv, dorsal vertebra; fe, femur; il, ilium; is, ischium; l., left; ms, medial shelf; os, osteoderm; prap, preacetabu-

lar process; pu, pubis; r., right; rug str, rugose striations; sv, sacral vertebra; sv f, sacral vertebra facet. Scale bars represent 10 mm.
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The posteroventral surface of the acetabulum is slightly

rugose, which represents the antitrochanter (Figs 20A–B, 21A,

D, E, H). Tentative iliac antitrochanters have also been identified

in Kayentasuchus walkeri and Dromicosuchus grallator among

non-crocodyliform crocodylomorphs (Clark & Sues 2002; Sues

et al. 2003). In addition, a clear subcircular rugosity is present

on the anterior portion of the acetabulum (Fig. 21A), which

might also represent a muscle or ligament attachment site. This

subcircular rugosity is not known for any other non-

crocodyliform crocodylomorph.

The anterior margin of the main body of the ilium is straight

ventrally and concave dorsally in lateral view and angled at

approximately 50° relative to the horizontal level (Figs 20C,

21A). The anteroventral corner of the ilium, which forms the

pubic peduncle, is moderately expanded lateromedially and

anteroposteriorly (Fig. 21A, D). The pubic peduncle is turned

laterally in ventral view as in Dromicosuchus grallator and Tria-

lestes romeri (Fig. 21D; Sues et al. 2003; Lecuona et al. 2016).

The posteroventral margin of the ilium is concave in lateral view

and oriented anteroventrally to posterodorsally at an angle of

120° relative to the horizontal plane (Fig. 21A). This orientation

is also seen in Dromicosuchus grallator and Dibothrosuchus elaph-

ros (Wu & Chatterjee 1993; Sues et al. 2003) but differs from

the posteroventrally to anterodorsally oriented posteroventral

margin of the ilium in Trialestes romeri (Lecuona et al. 2016).

The posteroventral corner of the ilium, forming the ischial ped-

uncle, is slightly lateromedially expanded and oriented postero-

laterally in ventral view as in Dromicosuchus grallator and

Trialestes romeri (Fig. 21D; Sues et al. 2003; Lecuona

et al. 2016).

F IG . 21 . Selected ilia of Terrestrisuchus gracilis. A–D, right ilium of NHMUK PV R 7561c in: A, lateral; B, medial; C, dorsal;

D, ventral view. E–H, right ilium of NHMUK PV R 37788 in: E, lateral; F, medial; G, dorsal; H, ventral view. Abbreviations: atr, anti-

trochanter; bf, brevis fossa; ms, medial shelf; poap, postacetabular process; prap, preacetabular process; rug str, rugose striations; sac

cr; supraacetebular crest; sc rug, subcircular rugosity; sv f, sacral vertebra facet. Scale bars represent: 10 mm (A–D); 5 mm (E–H).
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The medial surface of the ilium is characterized by the rugose

and slightly depressed articular facets for the ribs of the two

sacral vertebrae (Figs 20C, 21B, F). The facet for the first sacral

vertebra is oval in medial view and oriented anteroventrally to

posterodorsally on the anteroventral portion of the main body

of the ilium, which corresponds to the anteroventral portion of

the acetabulum. The articular surface for the second sacral verte-

bra is comparatively smaller but more deeply excavated and

rugose. It is also oval in shape and oriented anteroventrally to

posterodorsally. The medial surface of the acetabulum is latero-

medially convex, whereas the medial surface of the iliac blade is

mostly flat. A distinct concavity is formed on the medial surface

of the postacetabulum between the medially projected medial

shelf and the medially facing surface of the iliac blade. Addition-

ally, a shallow fossa is formed anterodorsal to the articular facet

for the first sacral rib. The dorsal margin of this fossa is formed

by a poorly developed anteroposteriorly directed ridge, which

occurs in a wide range of archosaurs (mr1 sensu

Hutchinson 2001a).

Pubis. The pubic shaft forms an elongate, flattened plate

(Fig. 22). It is oriented anteroventrally and curves very slightly

posteriorly in lateral view. The two main, smooth surfaces of the

plate are directed anterodorsally and posteroventrally, respec-

tively. The pubic shaft is gently bowed, so that the anterodorsal

surface is slightly convex and the posteroventral surface, slightly

concave in lateral view (Fig. 22B), as in Saltoposuchus connectens

(Spiekman 2023). The lateral margin of the pubic shaft is

anteroposteriorly thin and rounded. The pubic shaft would have

contacted its counterpart medially for most of its proximodistal

length through the thin, medial pubic apron (Crush 1984),

which is even thinner anteroposteriorly than the lateral margin.

In anterior or posterior view, the lateral margin is somewhat

concave, whereas the medial margin is straight (Fig. 22C). The

pubic shaft is considerably longer than the length of the iliac

blade and that of the ischial shaft (Fig. 20A, Table S2). The

pubic shaft only narrows very gradually distally but does not

taper; its distal end is gently rounded (Fig. 22A, C). Therefore,

there is no expanded ‘pubic boot’ in Terrestrisuchus gracilis, in

contrast to the tentatively identified pubic shaft of Hallopus vic-

tor and the pubis of the indeterminate crocodylomorph UCMP

129740 (Walker 1970; Parrish 1991). The distalmost portion

of the posterior surface of the pubic shaft is somewhat rugose in

the left pubis of NHMUK PV R 7562, probably forming

an attachment site for M. puboischiofemoralis externus

(Hutchinson 2001a).

The proximal region of the pubis is composed of a curved

plate, a large obturator foramen, and two proximal articular sur-

faces (Fig. 22B, D). The obturator foramen is large and oval

(Fig. 22A), similar to that seen in Saltoposuchus connectens

(Spiekman 2023). It is longest anteroventrally to posterodorsally.

In this plane the foramen is a little less than twofold longer than

tall. The proximal pubic region is oriented anterolaterally to

posteromedially, and consequently, the obturator foramen is not

fully obscured by the pubic shaft in anterior view (Fig. 22C), in

contrast to Saltoposuchus connectens. The anterior margin of the

proximal pubis bears a faint pubic tubercle (Fig. 22A–B), similar

to the condition in Trialestes romeri and Saltoposuchus connectens

(Lecuona et al. 2016; Spiekman 2023). The lateral margin is

thickened in this part of the pubis, and directly anteromedial to

the tubercle this surface bears a shallow concavity. Another con-

cave surface is positioned proximomedially to the tubercle. The

latter surface is subtriangular in lateral view, widening proxi-

mally. The tubercle and the two associated concave surfaces

represent attachment sites for ligaments and M. obliquus abdomi-

nus and M. ambiens, respectively (Hutchinson 2001a). Distally,

the tubercle transitions into a small ridge that is placed on the

lateral margin of the pubis, which extends approximately until

the level of the anteriormost margin of the obturator foramen.

This small ridge is demarcated medioventrally by a shallow and

short groove that is oriented parallel to it (Fig. 22A–B).

The proximal or dorsal surface of the pubis possesses a rugose

and concave facet for the articulation with the pubic peduncle

of the ilium (Fig. 22B). In proximal view this facet forms an

elongate oval that is oriented anteromedially to posterolaterally.

Directly posterolateral to this facet there is a rugose, slightly

convex, and crescent-shaped surface that faces posterodorsally as

well as laterally. This is the small acetabular contribution of the

pubis. The posterior margin of the pubis is positioned almost

directly posterior to the obturator foramen. Dorsally, it is sepa-

rated from the acetabular contribution of the pubis by a shallow

groove that is subtriangular in outline in lateral view, expanding

anteriorly (Fig. 22B). The posterior margin is oriented dorsoven-

trally and it is slightly concave in lateral view. It forms the

articular surface with the ischium. In posterior view this facet is

widest dorsally and tapers ventrally. Further ventrally, the mar-

gin curves anteroventrally. It is unclear whether this represents

an original section of the margin or whether the posterior mar-

gin is partially broken off ventrally in NHMUK PV R 7562

(Fig. 22B).

Ischium. The ischium is composed of a proximal portion and

a long, plate-like, posteroventrally directed ischial shaft

(Fig. 23). The shaft possesses two main surfaces, which are

both flat: one is directed ventrally and the other dorsally. Like

the pubic shaft, the ischial shaft slightly reduces in width dis-

tally but does not taper (Fig. 23A–B). Instead, the distal end is

rounded off. This is similar to the morphology observed in

Trialestes romeri (Lecuona et al. 2016), but differs from the

expanded distal end of the ischium in Hallopus victor

(Walker 1970). The ventral surface of the distal end of the

ischial shaft is rugose (Fig. 23A), probably representing an

attachment site for m. puboischiofemoralis externus

(Hutchinson 2001a). In contrast, the dorsal surface of the distal

end is smooth. The lateral margin of the ischial shaft is some-

what thickened and rounded proximally, but it becomes very

thin distally. The medial margin would have connected to its

antimere across most of its length (Crush 1984). The medial

margin is thin along its entire proximodistal length (Fig. 23D).

Both the lateral and medial margins are straight on their distal

halves and concave proximally (Fig. 23B). The dorsal surface of

the ischial shaft bears a low ridge proximally, which is directed

distomedially from the lateral margin of the shaft. It probably

represents a continuation of the posterior margin of the proxi-

mal portion of the ischium and it fades as it reaches the later-

omedial midpoint of the ischial shaft.
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F IG . 22 . Selected pubes of Terrestrisuchus gracilis. A–B, the left pubis and associated elements of NHMUK PV R 7562; left pubis in:

A, lateroventral; B, laterodorsal view. C–D, the larger of the two right pubes and associated elements of NHMUK PV R 7561b; right

pubis in: C, anterior; D, medial view. Abbreviations: acc, acetabular contribution of pubis; cav, caudal vertebra; ilf, ilium facet; gr,

groove; obf, obturator foramen; pus, pubic shaft; put, pubic tubercle; rug, rugosity. Scale bars represent 10 mm.
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F IG . 23 . Selected ischia of Terrestrisuchus gracilis. A, both ischia and associated elements of NHMUK PV R 7562, the left ischium is

exposed in lateroventral view, and the right ischium is partially exposed in medial view. B, left ischium of NHMUK PV R 7561a,

exposed in lateroventral view, and associated elements. C–E, left ischium of NHMUK PV R 37728 and associated elements; left

ischium in: C, lateral; D, ventral; E, dorsal view. Abbreviations: ac f, acetabular fenestra; atr, antitrochanter; gr, groove; ilf, ilium facet;

ipis, iliac peduncle of the ischium; is, ischium; iss, ischial shaft; la, lacrimal; r., right; rug, rugosity. Scale bars represent 10 mm.
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The iliac peduncle of the ischium projects dorsally relative to

the rest of the ischium in lateral view (Fig. 23C). On its dorsal

surface it possesses a crescent-shaped articular facet for the ilium

(Fig. 23E), similar to that seen in Saltoposuchus connectens

(Spiekman 2023). This facet faces dorsally and slightly anteriorly.

Its surface is formed by raised posteromedial and anteromedial

portions with a distinct concavity between them. The surface

directly anterolaterally to this facet forms a platform and is con-

fluent with the former. It is slightly convex and directed dorsally,

anteriorly and slightly laterally. It represents the ischial contribu-

tion of the antitrochanter (Fig. 23C, E). An antitrochanter is

absent on the ischia of Saltoposuchus connectens and Trialestes

romeri (Lecuona et al. 2016; Spiekman 2023). The ischial anti-

trochanter is roughly rectangular in outline and demarcated an-

teriorly and laterally by a sharp ridge. This antitrochanter

cannot be discerned in the left ischia of NHMUK PV R 7562

and NHMUK PV R 7561a, which represent smaller specimens

compared with the ischium of NHMUK PV R 37728 (Table S2).

Although these specimens do not preserve this region as well as

in NHMUK PV R 37728, it is likely that the antitrochanter was

less well developed in smaller individuals of Terrestrisuchus

gracilis.

The dorsal margin of the ischium is separated by a distinct

notch from the antitrochanter positioned posterior to it. This

margin, which forms the posteroventral border of the perforated

acetabulum as in Trialestes romeri (Lecuona et al. 2016), is dis-

tinctly concave in lateral view and is oriented anteroventrally to

posterodorsally. The posterior margin of the ischium proximal

to the ischial shaft is characterized by a distinct longitudinal

groove (Fig. 23C, E). In posterior view this margin is thickest

proximally and it tapers gradually distally until it transitions into

the posterolateral margin of the ischial shaft. The dorsoventrally

oriented anterior margin of the ischium articulated with the

pubis. It is poorly preserved in all available specimens and was

not completely fused in any of the known specimens. The ven-

tral margin of the ischium proximal to the ischial shaft is gently

convex in lateral view and oriented anterodorsally to

posteroventrally.

Femur. The femur of Terrestrisuchus gracilis is elongate and gra-

cile (Fig. 24A). It is slightly shorter than the tibia and fibula,

based on the complete right femur and left tibia and fibula of

NHMUK PV R 37600 (Table S2). This feature possibly also

occurs in Macelognathus vagans (G€ohlich et al. 2005), but is

more typical of pterosaurs, lagerpetids, and some small thero-

pods and early ornithischians (Nesbitt 2011). The proximal head

of the femur is inturned and directed mostly medially and

slightly anteriorly to articulate with the pelvic acetabulum

(Fig. 20B). Ventrally, this inturned head is not very strongly off-

set, but it is instead connected to the shaft by a gradually con-

cave ventromedial surface. This represents the condylar fold

(sensu Brochu 1992; Nesbitt et al. 2006), which is a crocodylo-

morph synapomorphy. In proximal view, the head is oval to

subtriangular in outline, with a wider medial portion and a nar-

rower lateral portion (Fig. 24G). The medial margin of the head

is convex in proximal view and is characterized by a small

anteromedial tuber and a considerably larger posteromedial

tuber (Fig. 24A). The lateral margin is convex anteriorly, which

represents the anterolateral tuber, and concave posteriorly in

proximal view (Fig. 24G).

The lateral margin of the proximal head transitions distally

into a ridge (Fig. 24A–B). In NHMUK PV R 7562 the surface

directly anterolateral to this ridge is slightly depressed and

rugose. Further distally, this ridge thickens into a more clearly

defined, elongate tubercle (Fig. 24B). In NHMUK PV R 37600a

this ridge is differentiated from the shaft medially by a shallow

longitudinal groove that runs parallel to the ridge (Fig. 24A).

The ridge and associated rugosity represent the pseudointernal

trochanter first identified by Walker (1970) for Hallopus victor,

which is widely present among non-crocodyliform crocodylo-

morphs (e.g. Sues et al. 2003; G€ohlich et al. 2005; Pol

et al. 2013). Although Crush (1980, 1984) described this lateral

ridge, he did not consider it homologous to the pseudointernal

trochanter. Another muscle attachment site is widely present in

non-crocodyliform crocodylomorphs (e.g. Almadasuchus figarii,

Macelognathus vagans, Dromicosuchus grallator, Kayentasuchus

walkeri, Hallopus victor; Pol et al. 2013): the lesser trochanter

(sensu Walker 1970). This structure is absent in all available spe-

cimens of Terrestrisuchus gracilis. The presence of femoral muscle

scars is strongly ontogenetically variable in archosaurs (Grif-

fin 2018), and therefore it is uncertain whether the lesser tro-

chanter was truly absent in Terrestrisuchus gracilis. The fourth

trochanter forms a low, mound-like tuberosity as is typical for

crocodylomorphs (Fig. 24A, E, F) and is located relatively proxi-

mal to the head, about one-quarter of the way down the femur.

The anteromedial surface of the fourth trochanter bears a shal-

low concavity (the medial pit of Hutchinson 2001b) and the tro-

chanter is oriented slightly proximoanteriorly to distoposteriorly

across the medial surface of the shaft.

The shaft has a continuous anterior curvature along its proxi-

mal half, as well as a slight lateral curvature in posterior or lat-

eral view (Fig. 24A–B). This corresponds to the morphology

seen in other non-crocodyliform crocodylomorphs (e.g. Dromi-

cosuchus grallator, Kayentasuchus walkeri, Hallopus victor), but

differs from the sigmoidal curvature present in crocodyliforms

(Clark & Sues 2002; Sues et al. 2003).

The distal end of the femur is characterized by prominent fib-

ular (lateral) and tibial (medial) condyles (Fig. 24H–L), as well

as an additional prominent process posterior to the lateral con-

dyle, the crista tibiofibularis (Nesbitt 2011). The crista tibiofibu-

laris forms a prominent posterior extension in distal view

(Fig. 24L). It is separated from the lateral condyle by a shallow

groove, which is oriented anteromedially to posterolaterally on

the distal surface. The medial condyle is at the same distal level

as the crista tibiofibularis, whereas the lateral condyle extends

slightly further distally (Fig. 24H–I), as in Hesperosuchus agilis

and Dromicosuchus grallator (Parrish 1991; Sues et al. 2003). In

the hallopodids Macelognathus vagans and Almadasuchus figarii

the lateral condyle extends further distally than the medial con-

dyle to a much larger extent (G€ohlich et al. 2005; Pol

et al. 2013). The lateral and medial condyle are separated by a

shallow anteroposteriorly directed groove on the distal surface

(Fig. 24L). In distal view the anterior margins of the medial and

lateral condyles are distinctly convex and separated by a clear

concavity that is deepest slightly medial to the lateromedial mid-

point of the anterior margin. This concavity reaches a short
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distance onto the anterior surface of the femur near its distal

end, and it is framed on either side by a longitudinal ridge that

is confluent with one of the condyles. The ridge on the medial

side is most strongly developed. In distal view, the medial mar-

gin of the distal end is roughly flat to very slightly convex and

anteroposteriorly directed. In NHMUK PV R 37875 the lateral

margin of the crista tibiofibularis is rounded, whereas it is

almost flat in NHMUK PV R 37636. The lateral margin of the

crista tibiofibularis forms almost a right angle with the posterior

margin of the lateral condyle in NHMUK PV R 37636, whereas

in NHMUK PV R 37875 this angle is considerably more obtuse.

This variation is possibly attributable to size differences, given

that neither specimen is compressed in this region. The mor-

phology seen in NHMUK PV R 37636 has also been reported

for Dromicosuchus grallator (Nesbitt 2011, char. 319). Posteriorly

the medial condyle forms a relatively sharp apex in distal view

on its posteromedial corner (Fig. 24L). In contrast, the posterior

margin of the lateral condyle is gently rounded. The medial con-

dyle is separated from the crista tibiofibularis by a notch on the

posterior margin in distal view. The posterior surface of the

shaft is flat to slightly concave between the two distal condyles.

Tibia. The tibia is an elongate element with a virtually straight

shaft, except for a slight medial curvature of the distal portion

(Fig. 25A). In contrast, the tibia is considerably curved in most

non-crocodyliform crocodylomorphs, including Saltoposuchus

connectens (Colbert 1952; Walker 1990; Spiekman 2023). The

tibia is slightly more slender than the femur and considerably

more robust than the fibula (Fig. 25A; Table S2). The proximal

and distal ends are expanded relative to the shaft. As in Dromi-

cosuchus grallator (Sues et al. 2003), the proximal end is stron-

gest expanded posteromedially, whereas the distal end is

expanded anterolaterally to posteromedially.

The proximal surface of the proximal end is mostly flat but

strongly convex anteriorly (Fig. 25D). The posterolateral corner

of the proximal surface, which forms the lateral condyle that

would have articulated with the proximal portion of the fibula,

is very slightly concave (Fig. 25F). In several other non-

crocodyliform crocodylomorphs (e.g. Dromicosuchus grallator,

Hesperosuchus agilis, Sphenosuchus acutus) this depression is con-

siderably more distinct (Sues et al. 2003; Nesbitt 2011). The

proximal end is sloped anteroproximally to posteroventrally. In

proximal view the tibia has a roughly straight lateral margin

(Fig. 25F), which lacks the notch present in Saltoposuchus con-

nectens (Spiekman 2023). The anterior margin forms an acute

angle with the lateral margin. It is slightly convex and medially

it is confluent with the similarly convex medial margin. The

medial margin is rounded posteriorly on the expanded

posteromedial corner of the proximal head. In proximal view

the lateral condyle forms a posteriorly directed mound-like

expansion on the posterolateral corner of the proximal end. It is

separated from the posteromedial expansion by a distinct notch

on the posterior margin of the proximal end. The anterior sur-

face of the tibia directly distal to the proximal head is distinctly

convex, particularly anterolaterally. The medial and posterior

surfaces are concave and overhung by the proximal head. The

lateral surface directly distal to the proximal head is flat.

The distal end of the tibia is expanded anterolaterally to pos-

teromedially. The posteromedial side reaches slightly further dis-

tally than the anterolateral side (Fig. 25G–J), as in Hesperosuchus

agilis, Dromicosuchus grallator and Macelognathus vagans (Col-

bert 1952; Sues et al. 2003; G€ohlich et al. 2005). The distal sur-

face of the anterolateral side, as well as the anterior third of the

anteromedial surface, are strongly convex. The posteromedial

side is very weakly convex, whereas the posterolateral side is

weakly concave between the posteromedial and anterolateral

portions. The posterolateral half of the distal surface is sloped

anterodistally to posteroproximally. In distal view the postero-

medial and anterolateral halves of the distal end are separated by

a distinct groove on the posterolateral margin (Fig. 25K), which

also occurs in other non-crocodyliform crocodylomorphs (Nes-

bitt 2011). The anterolateral and posteromedial margins of the

distal end are strongly convex, whereas the anteromedial margin

is most convex medially and only slightly convex laterally.

Fibula. The fibula is more slender than the tibia (Fig. 26). In

lateral and medial view the proximal head is slightly expanded

posteriorly and, as a result, the surface directly distal to the head

is concave in this region (Fig. 26C). The proximal head is oval

in outline in proximal view, with the longest margins being lat-

eral and medial (Fig. 26D). The anterior and posterior margins

are strongly convex and the medial margin is slightly convex.

The lateral margin cannot be observed in any of the available

specimens. The proximal surface is mostly flat, but it has a shal-

low concavity in its centre (Fig. 26D).

The proximal portion of the fibular shaft is thickened an-

teriorly due to the presence of the low ridge, which forms an

attachment site for the M. iliofibularis (Huene 1921; anterior tro-

chanter sensu Sereno 1991). The ridge forms a poorly differen-

tiated longitudinal crest along the anterolateral side of the fibula

(Fig. 26B, C, E). This crest is slightly thickened laterally, with

the lateral surface directly adjacent to it being slightly concave.

The anterior half of the shaft is slightly curved anteriorly,

whereas the rest of the shaft is straight (Fig. 26A–B). This differs
from the strongly sigmoidally curved fibula of Saltoposuchus con-

nectens (Spiekman 2023). The fibula is also straight in Trialestes

F IG . 24 . Selected femora of Terrestrisuchus gracilis. A, right femur of NHMUK PV R 37600a in posterior view. B, right femur,

exposed in lateral view, and associated elements of NHMUK PV R 7562. C–G, proximal end of the right femur of NHMUK PV R

37878 in: C, anterior; D, posterior; E, medial; F, lateral; G, proximal view. H–L, distal end of the right femur of NHMUK PV R 37636

in: H, posterior; I, anterior; J, medial; K, lateral; L, distal view. Abbreviations: alt, anterolateral tuber; amt, anteromedial tuber; crtf,

crista tibiofibularis; gr, groove; lc, lateral condyle; lr, longitudinal ridge; mc, medial condyle; pmt, posteromedial tuber; pst, pseudoin-

ternal trochanter; 4th tr, fourth trochanter. Scale bars represent: 30 mm (A); 10 mm (B, H–K); 5 mm (C–G, L).
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romeri (Lecuona et al. 2016). The cross-section of the shaft is

oval, with the shaft being slightly longer anteroposteriorly than

lateromedially.

The distal surface of the distal end bears a concavity on its

medial portion for the articulation of the astragalus (Nesbitt

2011), but it is otherwise flat (Fig. 26A). The outline of the dis-

tal end is roughly oval in distal view.

Astragalus. The astragalus is a complex bone, consisting of a

proximolaterally directed process, which contains the articular

surfaces for the fibula (proximolaterally) and part of the tibia

(proximomedially), a laterally projected peg for articulation with

the calcaneum, and a large block-like medial portion that

proximally articulated with the tibia (Fig. 27). The peg forms a

ball-and-socket joint with the deeply excavated articular surface

on the calcaneum (see below). As such, the articulation between

astragalus and calcaneum is typical of crocodylomorphs (the so-

called ‘crocodile-normal’ ankle joint, Cruickshank 1979; Ser-

eno 1991), with the possible exception of Trialestes romeri

(Lecuona et al. 2016).

The proximolateral process is square (Fig. 27A, C, D). The fibu-

lar facet on its proximolateral surface is slightly concave and trape-

zoidal in outline (Fig. 27C), in contrast to the rectangular outline

seen in, for instance, Trialestes romeri and Hesperosuchus agilis

(Lecuona et al. 2016). Its posterior margin is the longest, whereas

its anterior margin is the shortest; the medial and lateral margins

F IG . 25 . Left tibia of NHMUK PV R 7566, in A, posterior view. B–F, the proximal end in B, anterior; C, posterior; D, lateral;

E, medial; and F, proximal view. G–K, the distal end in G, anteromedial; H, posterolateral; I, posteromedial; J, anterolateral; and

K, distal view. Abbreviations: als, anterolateral side; gr, groove; latc, lateral condyle; no, notch; pme, posterior expansion; pms, postero-

medial side. Scale bars represent: 20 mm (A); 5 mm (B–J).
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are subequal and intermediate in length. The fibular facet is

slanted medially to posterolaterally on its posterolateral portion.

The majority of the proximal surface of the astragalus forms

the complex tibial facet (Fig. 27C, E). The lateral portion of this

facet is formed on the proximomedial surface of the proximolat-

eral process. This surface is slanted both proximoposteriorly to

distoanteriorly and proximolaterally to distomedially, and it can

best be observed in anterior and proximal view (Fig. 27A, C).

The proximal surface of the astragalus forms the remainder of

the tibial facet and it is deeply excavated, forming a bowl-like

concavity (Fig. 27C, E). The anterior margin of the tibial facet

forms a thin but distinct lamina along the proximal margin of

the astragalus in anterior view (Fig. 27A). It is oriented proxi-

molaterally to distomedially. This anterior lamina is virtually

straight along most of its length but it curves slightly more

proximally on its lateral portion on the proximolateral process

of the astragalus. The medial and posterior margins of the tibial

facet are distinctly raised. In proximal view the medial margin is

strongly convex, whereas the shape of the posterior margin is

more complex: it is concavoconvex, being distinctly convex

medially and concave laterally before reaching the proximolateral

process of the astragalus (Fig. 27C). In posterior view the medial

portion of the posterior margin is semi-circular (concave) in

outline (Fig. 27D). Laterally, the posterior margin curves

strongly proximally to form the posteromedial margin of the

proximolateral process.

The laterally projected peg of the astragalus is placed on the

distolateral portion of the bone (Fig. 27A, D). It has a complex

shape, being convex distoanteriorly and concave proximopos-

teriorly, where it forms the main articulation facet for the cal-

caneum, in lateral view (Fig. 27B). The lateral terminus of the

peg is positioned distoposteriorly. The peg is separated from

the proximolateral process of the astragalus by the posterior

groove, which extends along the posterolateral surface of the

astragalus in an anterolateral to posteromedial direction and,

as such, the groove is clearly visible in lateral and posterior

views (Fig. 27B, D).

The distomedial portion of the astragalus forms a large bul-

bous expansion. In medial view this expansion is distinctly con-

vex anteriorly, whereas it is slightly concave posterodistally and

its posteroproximal margin, which forms the medial margin of

the tibial facet, is straight (Fig. 27E). Its medial surface bears a

small but distinct pit. The posterior surface of the bulbous

expansion is slightly concave because of the expanded margins

on the proximal and distal ends of the surface (Fig. 27D). Later-

ally, this surface is separated from the posterior groove by a

slight convexity. The anterior surface of the bulbous expansion

is distinctly convex and forms the distomedial portion of the an-

terior surface of the astragalus (Fig. 27A). The remainder of the

anterior surface is formed by a large concavity (= the anterior

hollow of Nesbitt 2011), which is framed distomedially by the

bulbous expansion, proximally by the anterior lamina, and

F IG . 26 . Selected fibulae of Terrestrisuchus gracilis. A, left fibula, exposed in anterior or anteromedial view, and associated elements

of NHMUK PV R 37600b. B, partial left fibula missing the distal end of NHMUK PV R 37898 in lateral view; C, close up of the prox-

imal portion of the same element. D–E, partial left fibula missing the distal end of NHMUK PV R 38297 in: D, proximal; E, medial

view. Abbreviations: con, concavity; fe, femur; fi, fibula; l., left; lcr, longitudinal crest; poe, posterior expansion; pu, pubis; r., right; ti,

tibia. Scale bars represent: 20 mm (A); 10 mm (B, C, E); 5 mm (D).
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laterally by the medial margin of the laterally oriented peg. This

concavity is more deeply excavated and extends further medially

than in Trialestes romeri (Lecuona et al. 2016). The distal surface

of the astragalus is convex medially due to the presence of the

bulbous expansion (Fig. 27F). Laterally, the laterally directed peg

forms a surface on the distal surface that is continuously curved

anteromedially to posterolaterally in distal view. This curved sur-

face wraps around the laterally oriented peg to form the pos-

terior surface of the peg in posterior view. Anteriorly, this

surface is connected with the anterior hollow via a shallow

groove (Fig. 27A).

Calcaneum. The calcaneum is composed of a main body and a

large calcaneal tuber (Fig. 28), as in all other crocodylomorphs

(Nesbitt 2011). The main body bears a very deep excavation on

its medial surface, which represents the socket for the laterally

projecting peg of the astragalus (Fig. 28E). A deeply excavated

articular surface for the astragalar peg is present in most non-

crocodyliform crocodylomorphs, except possibly Trialestes romeri

(Lecuona et al. 2016). In medial view the outline of the socket is

subcircular (Fig. 28E), as in Macelognathus vagans (G€ohlich

et al. 2005). The socket is most deeply excavated on its anterior

portion; this deeper excavation is quite abrupt and can therefore

clearly be distinguished from the rest of the socket. The pos-

terior margin of the astragalar facet is formed by a distinct

medially directed lip. In anterior view this lip is slightly wider

than the anterior surface of the calcaneum (Fig. 28A). The lip

follows the curvature of the margin of the astragalar facet, and

therefore has a concave anterior surface and a convex posterior

surface. The medial end of the lip is continuously rounded. This

lip was interpreted by G€ohlich et al. (2005) as an insertion site

for the distal ligament of m. flexor hallucis.

The anterodistal surface of the calcaneum is virtually flat in

lateral and medial view. This surface is the articular facet for

distal tarsal 4 (Fig. 28E). The anteroproximal and proximal sur-

face of the main body is convex, being continuously rounded in

lateral and medial view (= hemicylindrical calcaneal condyle of

Sereno 1991). This surface formed a sliding articular surface for

the fibula (Fig. 28E). Together with the ball-and-socket joint

formed between the calcaneum and astragalus, this surface

F IG . 27 . Right astragalus of NHMUK PV R 37789 in: A, anterior; B, lateral; C, proximal; D, posterior; E, medial; F, distal view.

Abbreviations: anth, anterior hollow; bule, bulbous expansion; fibf, fibular facet; pogr, posterior groove; tibf, tibial facet. Scale bar

represents 5 mm.
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allowed for the majority of the rotation of the calcaneum, and

through it also the distal tarsals and pes, relative to the astraga-

lus and epipodials. The lateral surface of both the main body

and calcaneal tuber is continuous, smooth and flat to very

slightly concave (Fig. 28B), as in Saltoposuchus connectens and

Macelognathus vagans (G€ohlich et al. 2005; Spiekman 2023), but

in contrast to the more distinctly concave lateral surface of the

calcaneum in Dromicosuchus grallator (Sues et al. 2003). The cal-

caneal tuber is perpendicular to the astragalar facet, and was

oriented directly posterior relative to the main axis of the body,

as in other non-crocodyliform crocodylomorphs (Walker 1970;

Sues et al. 2003; G€ohlich et al. 2005; Lecuona et al. 2016). This

configuration is indicative of an erect posture in early crocody-

lomorphs that is shared with some notosuchians (e.g.

Gomani 1997; Pol 2005), but which contrasts with the postero-

laterally directed calcaneal tuber and semi-erect posture of

eusuchians, including extant crocodylians (Parrish 1987). The

proximal surface of the calcaneal tuber is deeply excavated at its

base (i.e. directly posterior to the main body of the calcaneum)

(Fig. 28C). In proximal view both the lateral and medial mar-

gins of the calcaneal tuber form distinct laminae that are raised

relative to the centre of the proximal surface of the tuber, as in

Saltoposuchus connectens (Spiekman 2023). The lateral margin is

anteroposteriorly directed and straight. The medial margin is

concave and posterolaterally to anteromedially directed, such

that it anteriorly connects to the calcaneal lip. The concavity is

subrectangular in proximal view, being anteroposteriorly longer

than lateromedially wide.

The distal surface of the calcaneal tuber is similarly character-

ized by a strongly depressed surface bordered by raised medial

and lateral margins (Fig. 28F). Similar concavities on both the

proximal and distal surfaces of the tuber are present in Trialestes

F IG . 28 . Right calcaneum of NHMUK PV R 37782 in: A, anterior; B, lateral; C, proximal; D, posterior; E, medial; F, distal view.

Abbreviations: antd, anterior depression; asf, astragular facet; calt, calcaneal tuber; caltea, calcaneal tendon attachment site; dt 4 f, distal

tarsal 4 facet; fibf, fibular facet. Scale bar represents 5 mm.
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romeri (Lecuona et al. 2016). The concavity on the distal surface

possesses up to seven clear pits in it (Fig. 28F), which were sug-

gested by Crush (1980) to be indicative of muscle insertion. The

lateral margin is most distinctly raised and forms a clear lamina

that is slightly convex in distal view. The distal concavity has

similar proportions to its counterpart on the proximal surface of

the calcaneal tuber.

The posterior end of the calcaneal tuber is proximodistally

expanded in lateral or medial view (Fig. 28B, E), particularly

proximally, as in other crocodylomorphs (Sereno 1991). On its

anterior portion the calcaneal tuber is wider lateromedially than

tall proximodistally, as in other pseudosuchians (Sereno 1991).

The posterior surface of the calcaneal tuber served as an attach-

ment site for the calcaneal tendon (Fig. 28B, D), which attaches

to the M. gastrocnemius. It bears a proximodistally oriented

depression along its entire height that is positioned slightly later-

ally to the lateromedial midline of the posterior surface

(Fig. 28D). The posterior surface of the tuber is distinctly convex

in lateral and medial view (Fig. 28B, E), as in Saltoposuchus con-

nectens and Macelognathus vagans (G€ohlich et al. 2005; Spiek-

man 2023). This contrasts with the posterior surface of the tuber

in Trialestes romeri, which is concave with a distally located pro-

jection (Lecuona et al. 2016).

Distal tarsals. As in other pseudosuchians, the ankle of Terrestri-

suchus gracilis possesses two distal tarsals: distal tarsal 3 and 4,

as can be discerned from the holotype NHMUK PV R 7557

(Fig. 29; Appendix S2). The maximum width of distal tarsal 3 is

about twofold smaller than that of distal tarsal 4 (Table S2). It

is elliptical and elongate, being considerably lateromedially wider

than both proximodistally tall and anteroposteriorly deep

(Fig. 29G–L).

Distal tarsal 4 is slightly smaller in width and height than the

astragalus and calcaneum (Table S2). It consists of two flattened

expansions that are perpendicular to each other (Fig. 29A–F), as
in YPM 41198 (Nesbitt 2011). These two flattened expansions

represent an anteriorly placed surface with proximally and dis-

tally directed faces and a posteriorly placed surface with laterally

and medially directed faces. The lateral and proximal faces

represent the articular surfaces for metatarsal V and the calca-

neum, respectively (Sereno 1991; Nesbitt 2011). The articular

surface for metatarsal V on the lateral surface of distal tarsal 4 is

quite deeply excavated, in contrast to the flattened surface pre-

sent in YPM 41198 (Nesbitt 2011). The calcaneal facet on the

proximal surface forms a flattened subcircular platform. On

the posteromedial portion of the medial surface a clear concavity

is present that has two or three smaller pits inside it. These exca-

vations, which were indicated as foramina by Nesbitt (2011), are

also present in several pseudosuchian-line archosaurs, including

YPM 41198 (Nesbitt 2011).

Pes. All metatarsals are long and slender (Fig. 30). Metatarsal III

is the longest, but it is only slightly longer than metatarsal II

(Table S2). Metatarsals I and IV are distinctly shorter, with the

latter being a bit longer than the former. Metatarsal V is poorly

developed and considerably shorter, being less than half the

length of metatarsals II and III and slightly more than half the

length of metatarsals I and IV. This configuration is common

among early crocodylomorphs, although in Trialestes romeri

metatarsal V is similar in length to the other metatarsals, and

metatarsals III and IV form the longest metatarsals (Lecuona

et al. 2016). The midshaft diameters of metatarsals II, III and IV

are subequal in width. In contrast, the diameter of the midshaft

in metatarsal I is slightly narrower, whereas it is considerably

narrower in the reduced metatarsal V. A narrower metatarsal I

relative to metatarsals II–IV also occurs in the ornithosuchid

Riojasuchus tenuisceps and is common in avemetatarsalians (Ser-

eno 1991). In Hallopus victor, metatarsal I is apparently very thin

and splint-like (Walker 1970).

The articulated pes of NHMUK PV R 37600b shows that

metatarsals I–IV were tightly bunched (Fig. 30A), overlapping

each other for at least their proximal halves, with the lateral side

of each metatarsal overlapping the medial side of the metatarsal

directly lateral to it, and being only slightly separated at their

distal ends, as in Macelognathus vagans and possibly Sphenosu-

chus acutus (Walker 1990; G€ohlich et al. 2005). In contrast,

metatarsal V is positioned posterior to metatarsals IV and III,

and it can thus not be observed in anterior view, but only in

posterolateral view (Fig. 30B).

The proximal ends of metatarsals I–IV are considerably later-

omedially and slightly posteriorly expanded compared with the

shaft (Fig. 30A), albeit not as strongly as in Sphenosuchus acutus

(Walker 1990). They are oval in proximal view and, like the

metacarpals, their long axes are oriented dorsolaterally or

anterolaterally to plantomedially relative to the main body axis,

as in extant crocodylians (e.g. Klinkhamer et al. 2017). The

lateral and medial portions of the proximal head are slightly

convex, and they are separated by a shallow concavity on the

proximal surface. The distal ends of metatarsals I–IV are not

expanded and are therefore subrectangular in anterior view.

Their medial side bears a distinct concavity, which represents a

ligamental pit (Fig. 30A), as in Sphenosuchus acutus

(Walker 1990). The anterior surface of the shaft directly proxi-

mal to the distal end also possesses a clear lateromedially

oriented excavation on these four metatarsals. Their distal sur-

face is roughly flat. The posterior portion of the distal end is

slightly expanded relative to the shaft and, as such, the posterior

margin of the shaft is distally slightly concave in lateral or med-

ial view. The metatarsal shaft has a thin cortex and is approxi-

mately circular in cross-section.

The morphology of metatarsal V differs distinctly from that

of the other four metatarsals. Its proximal end is approximately

fourfold wider than its shaft at mid-length due to a predomi-

nantly medial and slightly anteroposterior expansion (Fig. 30B).

The proximal head is slanted lateroproximally to mediodistally.

It is subtriangular in proximal view, narrowing medially. The

proximal surface is slightly convex in lateral or medial view. The

shaft gradually narrows distally along most of its length, before

widening somewhat towards its distal end. The distal end is

rounded and bulbous.

With the possible exception of the small ungual of the third

digit, all phalanges are accounted for between the right pes of

NHMUK PV R 7557a (Spiekman et al. 2023, fig. 1) and the left

pes of NHMUK PV R 37600b (Fig. 30), and the phalangeal for-

mula is 2-3-4-4-2. The phalanges are all several times shorter than

the metatarsals of the corresponding digit. The non-terminal
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phalanges of metatarsals I–IV are slightly expanded on both their

proximal and distal ends. Proximally, they are equally expanded

in all orientations and, as such, their proximal end is subcircular

in proximal view; the distal end is expanded only lateromedially.

The proximal surface of the phalanges is slightly concave. The dis-

tal ends bear clear extensor pits on their medial and lateral sides

(Fig. 30A). Consequently, the lateral and medial margins of the

distal end converge slightly distally, and the lateral and medial

surfaces are concave. The dorsal surface directly proximal to the

distal end also bears a shallow concavity. The posterior surface of

the distal end is flat.

The unguals of digits I and II are considerably larger than

those of the other digits, but they are nevertheless considerably

smaller than the preceding phalanges of the same digit

(Fig. 30A). They are also conspicuously curved, with a strongly

convex dorsal margin and concave plantar margin in lateral or

medial view. Distally, these unguals terminate in a relatively

sharp tip. The ungual of digit III is incompletely preserved in

F IG . 29 . Digital renderings of the right distal tarsals of NHMUK PV R 7557d. A–F, distal tarsal 4 in: A, anterior; B, posterior;

C, proximal; D, distal; E, lateral; F, medial view. G–L, distal tarsal 3 in: G, ?anterior; H, ?posterior; I, ?proximal; J, ?distal; K, ?lateral;

L, ?medial view. Abbreviations: calf, calcaneal facet; mfo, medial foramen; mtVf, metatarsal V facet. Scale bar represents 2 mm.
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NHMUK PV R 37600b and might have been similarly developed

as in digits I and II. The ungual of digit IV is short and blunt,

forming a rounded apex in dorsal or lateral view. The two pha-

langes of digit V are preserved in articulation with right metatar-

sal V in NHMUK PV R 7557a (Spiekman et al. 2023, fig. 1).

Both the non-terminal phalanx and the ungual are much smaller

than the phalanges of the other digits, with the diminutive

ungual of digit V being four- to fivefold smaller than the preced-

ing phalanx. The proximal and distal ends of the non-terminal

phalanx are very slightly expanded and rounded. The distal end

of the ungual is gently rounded.

Histological description

In one specimen, a partial tibia (NHMUK PV R 37652), bacter-

ial invasion has entirely destroyed the bone tissue, and no fea-

tures can be discerned clearly. The medullary cavity is filled with

sparry calcite cement in all specimens. Calcite crystals are smal-

lest closest to the bone, and become larger in the centre of the

medullary cavity. The preservation of the endosteal margin is

variable, and it has probably been weathered due to exposure

that also allowed for the subsequent calcite infilling during diag-

enesis. In all specimens, the cortex is relatively thin.

F IG . 30 . Left pes of NHMUK PV R 37600b in: A, dorsal; B, lateral view. Abbreviations: dt, distal tarsal; exp, extensor pit; fi, fibula;

l., left; mt, metatarsal; ti, tibia. Scale bars represent: 20 mm (A); 10 mm (B).
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In the femur, NHMUK PV R 37865 (Fig. 31A), the cortex is

composed entirely of fibrolamellar bone. Primary osteons are

evenly distributed throughout the cortex and are arranged longi-

tudinally, although near the outer cortex they become flattened

and the vascularity slightly decreases. A single line of arrested

growth (LAG) is present close to the periosteal margin of the

bone (Fig. 31A, yellow arrow). The histological characteristics of

this femur are similar to those of a humerus attributed to Ter-

restrisuchus sp. by de Ricql�es et al. (2003).

In the best preserved tibia, NHMUK PV R 37653 (Fig. 31B–D),
a layer of endosteal bone can be seen extending around parts of

the endosteal margin of the cortex (Fig. 31C–D, purple arrow).

This layer is composed of parallel-fibred bone and is poorly vascu-

larized (Fig. 31D). Endosteal bone lining the medullary cavity was

also observed in a humerus attributed to Terrestrisuchus sp. by de

Ricql�es et al. (2003). The majority of the inner cortex is composed

of fibrolamellar bone with large, equally spaced, longitudinal pri-

mary osteons, but one section of the inner cortex has been

F IG . 31 . Histological thin-sections of three individuals of Terrestrisuchus gracilis. A, cross-section through the femur of NHMUK PV

R 37685; the yellow arrow indicates a single line of arrested growth (LAG). B–D, cross-section through the tibia of NHMUK PV R

37653: in B, the locations of the higher-magnification sections in C and D are shown by the red and green boxes respectively; C–
D, endosteal bone is indicated by a purple arrow; C, a remodelled region of the inner cortex is indicated by the blue line, while an

annulus is indicated by the yellow line. E–F, cross-section through the tibia of NHMUK PV R 37664. LAGs are indicated with yellow

arrows. Scale bars represent: 250 lm (A, C, E, F); 500 lm (B); 200 lm (D).
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remodelled, and is formed of fibrolamellar bone forming circum-

ferential rings around large secondary osteons (Fig. 31C, region

indicated by blue line). The outer cortex is composed of parallel-

fibred bone with small, sparse simple vascular canals, and the

boundary between the inner and outer cortex is marked by a low-

vascularity annulus (Fig. 31C, region indicated by yellow line).

A second sectioned tibia (NHMUK PV R 37664; Fig. 31E–F)
is not as well preserved. It has been damaged by bacterial

alteration, and only parts of the original bone tissues can be

seen. However, where preserved, it can be seen that the cortex

is predominantly composed of fibrolamellar bone, with longitu-

dinal primary osteons distributed throughout it. Vascularity is

greatest in the inner cortex and decreases outwards. Three con-

tinuous LAGs appear to be present, marked by dark lines

(Fig. 31E–F, yellow arrows). These are evenly spaced through-

out the cortex.

DISCUSSION

Ontogenetic status & growth rates

None of the three histological sections studied preserve

an external fundamental system, indicating that all of the

animals were still growing at time of death. Fibrolamellar

bone with longitudinal primary osteons appears to predo-

minate early in growth, and the cortex of both NHMUK

PV R 37865 (Fig. 31A) and NHMUK PV R 37664

(Fig. 31E–F) is composed of this bone tissue, indicating

that these animals were still growing relatively fast and

that they were not skeletally mature at time of death. In

contrast, NHMUK PV R 37653 has parallel-fibred bone

in the outer cortex and a partly remodelled inner cortex

(Fig. 31C), indicating that this animal was probably from

a later ontogenetic stage than the others. NHMUK PV R

37865 preserves one LAG in the rapidly deposited fibro-

lamellar cortex (Fig. 31A), while NHMUK PV R 37664

preserves three LAGs (Fig. 31E–F). In contrast, NHMUK

PV R 37653 preserves an annulus that marks the bound-

ary between the remodelled bone and the outer cortex

(Fig. 31C). De Ricql�es et al. (2003) suggested that pseu-

dosuchian archosaurs generally had a lamellar–zonal
growth pattern, a cyclical pattern in which fibrolamellar

bone gives way to parallel-fibred annuli, which terminate

in a LAG. This growth pattern was observed in the early

diverging crocodylomorph Hesperosuchus (de Ricql�es

et al. 2008). LAGs observed in our samples of Terrestrisu-

chus are not underlain by annuli, suggesting relatively

high growth rates for a pseudosuchian, as also suggested

by de Ricql�es et al. (2003).

None of the Terrestrisuchus specimens that have so far

been histologically sampled appear to be skeletally

mature, and it is possible that all of the preserved speci-

mens of this taxon are sub-adult or younger, and the

lamellar–zonal pattern of tissue organization might have

been established as the animals reached skeletal maturity

(de Ricql�es et al. 2008). However, the closely related cro-

codylomorph Saltoposuchus connectens also has a cortex

composed of fibrolamellar bone with no evidence of a

lamellar–zonal pattern (Spiekman 2023). The histologi-

cally sampled specimen of this taxon did not constitute

an early ontogenetic stage, indicating that saltoposuchid

crocodylomorphs probably had genuinely higher growth

rates than later crocodyliforms (Spiekman 2023). The pre-

sence of fibrolamellar bone and elevated growth rates in

saltoposuchids contrasts with the recent findings of Botha

et al. (2023), who concluded that all early crocodylo-

morphs predominantly exhibit parallel-fibred or lamellar

bone tissue in middle to late ontogeny and thus had

growth patterns comparable with Jurassic crocodyliforms.

Interestingly, saltoposuchid crocodylomorphs extended

into the Early Jurassic in the form of Litargosuchus leptor-

hynchus (Clark & Sues 2002; Spiekman 2023), suggesting

that ‘fast-growing’ crocodylomorphs might even have sur-

vived the end-Triassic mass extinction. Alternatively, the

mixed presence of predominantly fibrolamellar and

parallel-fibred bone tissue might also be reflective of

highly variable growth regimes among early crocodylo-

morphs, as has been observed in a wide range of Triassic

Archosauromorpha (Botha-Brink & Smith 2011; Jaquier

& Scheyer 2017).

LAGs are thought to be due to pauses in growth

related to resource-poor intervals, and are usually consid-

ered to occur annually, hence they have been used to esti-

mate the age of animals at time of death (Bailleul

et al. 2019). In Terrestrisuchus, two specimens that are

histologically relatively immature have different numbers

of LAGs in the inner cortex, while one specimen that

appears histologically more mature has no LAGs in the

inner cortex at all. This discrepancy could be interpreted

in a number of ways. It could indicate developmental

plasticity in Terrestrisuchus such that different individuals

took different lengths of time to reach maturity and for

growth to slow. Developmental plasticity of this type has

been identified in the early sauropodomorph dinosaur

Plateosaurus (Sander & Klein 2005), and was used to sug-

gest an ectothermic metabolism in this dinosaur, given

that all extant amniotes that show this sort of develop-

ment are ectothermic and their growth rates are strongly

affected by environmental factors (Sander & Klein 2005).

Under this scenario, NHMUK PV R 37664 was 4 years of

age but still growing rapidly when it died, while NHMUK

PV R 37653 was a maximum of 1 year old, but its growth

had slowed significantly at time of death, and it would

presumably have reached a smaller adult body size.

Conversely, the discrepancy in the number of LAGs in

the inner cortex could indicate that LAGs (and annuli) in

Terrestrisuchus were not always deposited annually, but

instead were laid down during resource-poor intervals,

50 PAPERS IN PALAEONTOLOGY



which may have occurred more frequently than once per

year. Woodward (2019) identified ‘localized vascular

changes’ (LVCs) in the tibiae of individuals of the dino-

saur Maiasaura thought to be less than 1 year old, which

were interpreted as a slowing in growth rate due to tem-

porary but repeated stress, and were not expressed

annually. Under this scenario, LAGs observed in the inner

cortex of Terrestrisuchus could relate to frequent environ-

mental stress in early ontogeny, equivalent to LVCs

observed in Maiasaura.

Stance in Terrestrisuchus gracilis

When the humeral and femoral shaft circumferences of

Terrestrisuchus gracilis (NHMUK PV R 7557) were added

to the dataset of McPhee et al. (2018), Terrestrisuchus was

found to plot firmly in the quadrupedal region, along

with a number of small-bodied amphibians, mammals

and reptiles (Fig. 32). This result is consistent with most

previous assessments of the stance of Terrestrisuchus,

which considered it a cursorial, terrestrial quadruped (e.g.

Crush 1980; Sereno & Wild 1992; Irmis et al. 2013).

However, Gônet et al. (2023) found the taxon to be a

biped or facultative biped based on femoral cortical thick-

ness. Our histological analysis indicates that, at least in

some specimens, the innermost region of the cortex is

eroded, which may have led to thinning of the cortex

after death. Furthermore, all specimens of Terrestrisuchus

that we have examined to date appear to be skeletally

immature, and this may also have resulted in a thinner

cortex than in adult specimens. A caveat, however, of this

analysis is that the McPhee et al. (2018) dataset is depau-

perate in small-bodied bipedal taxa, and indeed any bipe-

dal taxa that are not dinosaurs. This is a consequence of

a scarcity of bipeds among extant terrestrial taxa rather

than incomplete sampling.

Nevertheless, other morphological observations lend

strong additional support to the interpretation of Terres-

trisuchus gracilis as a quadruped. The radiale and ulnare

are strongly elongate, resulting in a long and stiffened

carpus (Fig. 18). Furthermore, the metacarpals are tightly

bunched in articulated specimens (Fig. 19), forming a sin-

gle functional unit. Combined, these features suggest a

distal forelimb that was clearly weight bearing and digiti-

grade, thus implying a quadrupedal posture, as was also

F IG . 32 . A plot showing the relationship between femoral and humeral circumference in a range of quadrupedal and bipedal amphi-

bians, dinosaurs, mammals and non-dinosaurian reptiles. Terrestrisuchus gracilis is indicated in pink, and lies within a region of small

quadrupeds. Data from McPhee et al. (2018).
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inferred by Crush (1980) based on similar observations. A

digitigrade configuration of the carpus and manus has

also been described for Trialestes romeri (tentatively),

Saltoposuchus connectens, CMNH 29894, Hallopus victor

and Junggarsuchus sloani (Walker 1970; Sereno &

Wild 1992; Clark et al. 2000, 2004; Lecuona et al. 2016;

Spiekman 2023), which might suggest that most, if not

all, small-bodied non-crocodyliform crocodylomorphs

were quadrupedal.

CONCLUSION

The postcranial anatomy of the small-bodied and highly

gracile crocodylomorph Terrestrisuchus gracilis is documen-

ted, representing the most detailed postcranial description

of a non-crocodyliform crocodylomorph to date. The pre-

sacral vertebrae lack hypapophyses (Figs 2–6). The anterior
and mid dorsal ribs have a marked longitudinal crest along

the anterior margin of the rib shaft (Fig. 4). There is no dis-

tinct lumbar region (Fig. 6). The vertebral count of the tail

cannot be determined, but it was probably roughly similar

to that seen in Protosuchus richardsoni, c. 35 caudal verteb-

rae (Colbert & Mook 1952), rather than the previously esti-

mated count of c. 70 (Crush 1980, 1984). Terrestrisuchus

gracilis had a single paired row of paramedian osteoderms,

which are relatively small, mostly unsculptured, and leaf

shaped (Fig. 11).

The known specimens of Terrestrisuchus gracilis do not

preserve an ossified sternum (contra Crush 1980, 1984).

The proximal head of the radius is strongly expanded

medially, suggesting that this feature is more widespread in

early crocodylomorphs than previously thought (Fig. 17B,

D, E). The ilium has a long and slender preacetabular pro-

cess (Fig. 20). The femur has a strongly inturned proximal

head (Fig. 23A–D). The tibia and fibula are slightly longer

than the femur (Table S2), a feature shared with Macelog-

nathus vagans and certain avemetatarsalian archosaurs

(G€ohlich et al. 2005; Nesbitt 2011). In contrast to most

early crocodylomorphs, the tibia and fibula are virtually

straight (Figs 25A, 26A–B).
The carpus is characterized by an elongate radiale and

ulnare (Fig. 18). Together with the closely bundled meta-

carpals and metatarsals of the fore- and hindlimbs (Figs 18,

30), this suggests a digitigrade posture, as has also been

inferred for other crocodylomorphs (Irmis et al. 2013).

The astragalocalcaneal articulation reflects the classical

crurotarsal ankle joint (e.g. Sereno 1991; Appendix S1),

and the posteriorly directed calcaneal tuber (Fig. 28C) is

indicative of a fully erect posture (Parrish 1987). The

unguals of both the manus and pes are poorly developed

(Figs 19, 30). The pedal phalangeal formula is 2-3-4-4-2.

The inferred quadrupedal posture of Terrestrisuchus

gracilis is corroborated by a statistical analysis of humeral

and femoral shaft circumferences (Fig. 32), using a data-

set with a broad sample of tetrapods (McPhee

et al. 2018). Analysis of the long bone histology of sev-

eral Terrestrisuchus gracilis specimens shows that all spe-

cimens were probably immature at the time of death, as

indicated by the absence of both an external fundamen-

tal system and extensive bone remodelling (Fig. 31). The

sample is dominated by fibrolamellar bone tissue with

longitudinal primary osteons, although one specimen

(NHMUK PV R 37653) has parallel-fibred bone in the

outer cortex and a partly remodelled inner cortex. The

overall histological pattern is similar to that recently

described for the larger saltoposuchid Saltoposuchus con-

nectens (Spiekman 2023).
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doi.org/10.1002/spp2.1577):

Table S1. Scanning parameters used for the ankle bones of
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Table S2. Postcranial measurements of Terrestrisuchus gracilis.

Appendix S1. Digital rendering of the astragalus–calcaneum
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