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First occurrences of neural canal ridges in Crocodylia

WILLIAM JUDE HART, JESSIE ATTERHOLT, and MATHEW J. WEDEL

Crocodylia is a crown group inclusive of the last common an-
cestor of extant crocodylians, followed by successive extinct 
and extant taxa forming Alligatoroidea, Crocodyloidea, 
and Gavialoidea. Rigorous work on fossil and extant croc-
odylian postcrania is vital for understanding the evolution 
of their functional morphology. Here, we document neu-
ral canal ridges (NCRs) in the genera Thecachampsa and 
Deinosuchus. The morphology of the NCRs in these taxa is 
consistent with bony spinal cord supports that anchor the 
denticulate ligaments in extant taxa. To date, we have only 
found NCRs in the caudal vertebrae of Thecachampsa and 
Deinosuchus, consistent with the serial distribution of NCRs 
in non-avian dinosaurs. However, NCRs are present in more 
regions of the vertebral column in non-amniotes, and absent 
in Anura, Aves, and Mammalia. Many vertebrate clades 
await systematic surveys for NCRs, in both fossil and extant 
representatives. Additional methods, such as osteohistology 
and embryology, may shed further light on the functional 
morphology and biomechanical underpinnings of neural ca-
nal ridge development and evolution. Our findings expand 
known axial postcranial morphology in Crocodylia and 
broaden the known distribution of NCRs in vertebrates.

Introduction
While studying vertebral development of extant salamanders, 
Wake and Lawson (1973) discovered ossified “nerve cord sup-
ports” in the neural canals; these are bony protrusions pro-
jecting medially from the lateral wall of the neural canal that 
anchor the denticulate ligaments that support the spinal cord. 
Skutschas (2009) subsequently reported the presence of these 
structures in fossil salamanders from the Upper Cretaceous. 
Skutschas and Baleeva (2012) broadly surveyed vertebrates 
for bony spinal cord supports, recovering them in extant bony 
fish, lungfish, additional extant species of salamander, and 
possibly within a squamate. Averianov and Lopatin (2020) and 
Atterholt et al. (2024) identified similar bony structures in var-
ious non-avian dinosaurs. The latter authors referred to these 
structures as “neural canal ridges” (NCRs), evaluated multiple 

hypotheses for their function, and favored the hypothesis that 
they are osteological correlates of the denticulate ligaments. 
Santos et al. (2025) and Zverkov et al. (2025), respectively, 
identified “spinal cord supports” for the first time in caecilians 
and plesiosaurs. However, there are still clades that have not 
yet been assessed for the presence of these structures (Fig. 1A).

Herein we document the first occurrence of neural canal 
ridges (NCRs) in fossil crocodylians (Fig. 1B), specifically 
the Miocene tomistomine gavialoid Thecachampsa and the 
Upper Cretaceous Deinosuchus, which may be an alligatoroid 
(Cossette and Brochu 2020) or a stem crocodylian (Walter et al. 
2025). Osteological correlates for specific soft tissue structures 
in extant crocodylians have been of interest for inferring the 
presence of similar structures in extinct taxa, yet most oste-
ological correlates currently known are restricted to the skull 
and appendicular skeleton (e.g., Fujiwara et al. 2010; Schachner 
et al. 2021; Grand Pré et al. 2023). Less work has been done on 
osteological correlates of the crocodyliform axial postcranium 
(but see Frey et al. 1989; Wilhite 2023).

Institutional abbreviations.—AMNH FR, American Museum 
of Natural History, Fossil Reptiles, New York, USA; WSC, 
Western Science Center, Hemet, USA.

Other abbreviations.—NCR, neural canal ridge.

Material and methods
As part of a descriptive project on a specimen of Thecacha­
mpsa sp. (AMNH FR 34089; Hart et al. 2024), one of us (WJH) 
noted that NCRs were observed inside the neural canal. This 
inspired a survey of fossil crocodylian vertebrae in other col-
lections, which is currently ongoing and led to our subsequent 
discovery of NCRs in a specimen of Deinosuchus sp. (WSC 
285.8). We are currently undertaking a broader survey of NCRs 
in extant and fossil crocodylians, the results of which will be 
presented elsewhere. Measurements of the Thecachampsa sp. 
and Deinosuchus sp. vertebrae are given in Table 1.

AMNH FR 34089 was recovered from a rockfall deposit 
from the Conoy Member of the Uppermost Choptank Forma

Table 1. Measurements (in mm) of specimens used in this study. See Institutional abbreviations regarding specimen numbers. Abbreviations: 
CH, centrum height; CL, centrum length; N/A, not avaliable; NCW, neural canal width; TH, total height; TL, total length; WR, width ratio.

Specimen number NCW anterior end NCW posterior end CH anterior end CH posterior end CL TH TL TL : WR 
AMNH FR 34089 16.1 15.5 44.3 44.3 73 82.6 96 1.16
WSC 285.8 14 7 60 ~40 115 >90 115 N/A
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tion, dated to ~11.6–11.0 Ma (Tortonian, Late Miocene; Kidwell 
et al. 2015) during a 1998 Geological Society of America 
Penrose meeting field trip in the Calvert Cliffs Fossil Region of 
Maryland (Hart et al. 2024; Fig. 2).

Systematic palaeontology
Crocodylia Gmelin, 1789
Gavialidae Adams, Baikie, & Barron, 1854
Tomistominae Kälin, 1955
Genus Thecachampsa Cope, 1867
Type species: Thecachampsa sericodon Cope, 1867, Middle Miocene 
of the Upper Plum Point Member, Calvert Formation near the resi-
dence of James T. Thomas, near the Patuxent River, Charles County, 
Maryland, USA.

Thecachampsa sp.
Fig. 2.

Material.—AMNH FR 34089, an isolated caudal vertebra of a 
large crocodylian from the Conoy Member of the Uppermost 
Choptank Formation (~11.6–11.0 Ma, Tortonian, Miocene; Kid
well et al. 2015), Calvert Cliffs Fossil Region, Maryland, USA.
Description.—The vertebra lacks pre- and post-zygapophyses, 
the right transverse process, the dorsal half of the neural spine, 
and the chevron. Some minor breakage is present around the 
posterior condyle, with some cracking along the dorsal and 
ventral surfaces of the centrum. The articular surfaces for the 
haemal arch have both minor breakage and erosion. The left 
transverse process has been restored with putty clay. Overall, 
the morphology of the vertebra best resembles one of the ante-
riormost caudals of Thecachampsa, a large-bodied tomistom-

ine gavialoid known to be present along the Atlantic seaboard 
during the late Oligocene–Late Miocene (cf., caudal 2–4; see 
Piras et al. 2007; Klein 2016; Hart et al. 2024).

The neural canal in AMNH FR 34089 is mediolaterally 
wider ventrally than dorsally but lacks the pronounced bilobed 
morphology present in some other crocodylian vertebrae (see 
Zippel et al. 2003). Ventrolaterally within the neural canal, 
paired longitudinal ridges show where the neurocentral joints 
were located, but the joints are fully fused with no open suture 
line, indicative of the individual being late in ontogeny at the 
time of death (Brochu 1996). Paired, shallow grooves run ante-
rioposteriorly along the floor of the neural canal and have small 
foramina; these are likely neurovascular channels (Wedel et al. 
2021). Projecting medially from the lateral walls of the neural 
canal are small, paired, bony ridges with sharp medial edges 
(Fig. 2A2–A4). These NCRs are most like, but even more pro-
nounced than, the NCRs in a juvenile Alamosaurus (Atterholt 
et al. 2024: fig. 6D). The NCRs in AMNH FR 34089 are 
slightly below the dorsoventral midpoint of the neural canal, 
near its anterioposterior midpoint, roughly even with shallow 
fossae on the lateral aspects of the neural spine.

Crocodylia Gmelin, 1789
Alligatoroidea Gray, 1844
Genus Deinosuchus Holland, 1909
Type species:  Deinosuchus hatcheri Holland, 1909, middle Campanian, 
Judith River Formation, three miles west of Nolan and Archer’s ranch 
along the Willow Creek, Fergus County, Montana, USA.

Deinosuchus sp.
Fig. 3.

Material.—WSC 285.8, proximal caudal vertebra from the 

A B

Crocodylia

Borealosuchus

Longirostres

Planocraniidae

Alligatoroidea

CrocodyloideaGavialoidea

NCRs present

NCRs ambiguous

NCRs unobserved (no data)

NCRs absent

non-avian
dinosaurs

Fig. 1. Cladograms representing neural canal ridges (NCRs) across Vertebrata. A. Overview of NCRs occurring in select clades. B. Overview of Croco-
dylia with NCR occurrence per this paper’s results.
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Allison Member of the Menefee Formation (~78.2–78.5 Ma, 
Campanian, Late Cretaceous; Mohler et al. 2021), Juan Lake 
Beds, whilst the country is San Juan County, New Mexico, 
USA.
Description.—WSC 285.8 is missing the following: both trans-
verse processes, pre- and post-zygapophyses, the dorsal half of 
the neural spine, anterior and posterior ends of the neural canal 
roof, and chevron. The articular surfaces for the haemal arch, 
the anterior cotyle, and posterior condyle are broken and worn. 
Despite abrasion, most of the original bone surface is preserved.

The neural canal is crushed mediolaterally, which makes 
inferring any anatomical detail difficult (Fig. 3A2); however, 
its interior has been prepared free of matrix. The presence of a 
dorsal recess for the venous sinus is ambiguous. A short bony 
ridge projects medially about halfway up the left wall of the 
neural canal, at roughly the anteroposterior midpoint of the 
canal. This ridge is anteroposteriorly elongated and tallest at 
its midpoint, most like the NCRs in a caudal vertebra of the 
sauropod Astrophocaudia illustrated by Atterholt et al. (2024: 

fig. 6C). In WSC 285.8, no corresponding ridge is present on 
the right side of the neural canal, but this is probably a result 
of poor preservation rather than a genuine anatomical absence.

Discussion
NCRs have previously been identified in a phylogenetically 
broad subset of vertebrate clades (Fig. 1A), including teleosts, 
dipnoans, salamanders, caecilians, plesiosaurs, and non-avian 
dinosaurs. The results presented here add crocodylians to this 
list. The phylogenetic positions of Thecachampsa as a gavia-
loid and Deinosuchus as either an alligatoroid or a stem-croco-
dylian (Cossette and Brochu 2020; Walter et al. 2025) suggest 
that NCRs may be more broadly distributed in Crocodylia.

Previous work on NCRs in extant taxa has established that 
they anchor the denticulate ligaments that support the spinal 
cord (Wake and Lawson 1973; Skutchas 2009; Skutchas and 
Baleeva 2012). Unlike other taxa with NCRs, the crocodylian 
neural canal houses both the spinal cord and a large dorsal ve-
nous sinus, often giving the neural canal a bilobed morphology. 

Fig. 2. Caudal vertebra of gavialid crocodylian Thecachampsa sp. from Calvert Cliffs Fossil Region, Maryland, USA, Conoy Member of the Uppermost 
Choptank Formation, Tortonian, Miocene. AMNH FR 34089 in right lateral (A1) and posterior (A2) views with the node denoting the location of the upper 
recess for the venous sinus. View of the interior neural canal on an oblique angle in right (A3) and left (A4) lateral views. Arrows point to the neural canal ridge.

A1 2A

4A3A

50 mm

(A ,A )1 2



752	 ACTA PALAEONTOLOGICA POLONICA 70 (4), 2025

The “waist” of the bilobed neural canal, when present, anchors 
connective tissues associated with the dorsal venous sinus and 
the spinal cord (Parker et al. 2024). NCRs documented here in 
Thecachampsa and Deinosuchus are restricted to the central 
third of the anteroposterior length of the canal and do not alter 
the overall geometry of the canal by conferring a bilobed shape 
(see discussion in Atterholt et al. 2024). They also do not occur 
in vertebrae with bilobed neural canals; thus, the NCRs are vis-
ible as distinct structures. Nonetheless, more work is necessary 
to establish unequivocally whether crocodylian NCRs are in-
deed bony spinal cord supports, and whether they can co-occur 
with bilobed neural canals present in some taxa (e.g., Alligator; 
Klein 2016; Atterholt et al. 2024). The potential presence of 
both denticulate ligaments and soft-tissue septa associated with 
the dorsal venous sinus also requires elucidation by careful dis-
section, soft-tissue and osteohistology, or all of the above.

To date, we have only found NCRs in caudal vertebrae of 
crocodylians, which is consistent with their expression in non-
avian dinosaurs (Atterholt et al. 2024). The apparent restric-
tion of NCRs to the caudal vertebrae in archosaurs is puzzling, 
given that NCRs can be present in any region of the vertebral 
column in non-amniotes (Skutschas and Baleeva 2012; Santos 
et al. 2025). A necessary caveat is that the presence of NCRs in 

archosaurs has only recently been established, and no system-
atic surveys have been done to explore their distribution either 
phylogenetically across Archosauria or serially within well-pre-
served complete skeletons. Nevertheless, NCRs are prevalent 
in clades with laterally undulating locomotion (e.g., Teleosti; 
Skutchas and Baleev 2012), tail-driven femur retraction (e.g., 
Dinosauria; Atterholt et al. 2024), or both (e.g., Urodela; Wake 
and Lawson 1972), and absent in clades that have more rigid tor-
sos, an absence of tail-driven femur retraction, or both, such as 
Anura, Aves, and Mammalia (Fig. 1A). This apparent distribu-
tion is consistent with the hypothesis that NCRs anchor the spi-
nal cord against lateral undulatory motion. The hypothesis that 
NCRs serve a biomechanical function by anchoring denticulate 
ligaments is tantalizing, but much work remains to be done.

Concluding remarks
Further surveys of NCRs in Crocodyliformes and other verte-
brate clades, both extinct and extant, are crucial. In particular, 
complete vertebral series of extant and well-preserved fossil 
crocodylians will be critical for gauging serial and ontogenetic 
variation in NCR expression (Araújo and Fernandez 2023) 
and countering possible losses caused by poor preservation, 
incomplete ossification, or historical preparation techniques 
(Green 2001). The vertebrate neural canal is an area of great 
paleobiological relevance yet remains understudied. Extant 
crocodylians could provide model systems for investigating 
the embryological and post-hatching development of NCRs, as 
well as their functional morphology, to better clarify the role of 
NCRs in vertebrate anatomy and evolution. To this end, we are 
currently working to extend our sampling to extant crocodyl-
ians, and we will present those results in the future.
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