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In brief

Living crocodilians grow slowly,

contrasting with their ancestors, who

grew rapidly. Botha et al. constrain the

origin of this transition to the Late

Triassic. Thus, crocodylomorphs already

differed from their concurrent relatives

(including dinosaurs), prior to the End-

Triassic extinction, with only slow-

growing crocodylomorphs surviving the

event.
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SUMMARY
Crocodilians grow slowly and have lowmetabolic rates similar to other living reptiles, but palaeohistology in-
dicates that they evolved from an ancestor with higher growth rates.1–5 It remains unclear when slow growth
appeared in the clade due to the sparse data on key divergences among early Mesozoic members of their
stem lineage. We present new osteohistological data from a broad sample of early crocodylomorphs, eval-
uated in a phylogenetic context alongside other pseudosuchians. We find that the transition to slow-growing
bone types during mid-late ontogeny occurred around the origin of Crocodylomorpha during the Late
Triassic. Earlier-diverging pseudosuchians had high maximum growth rates, as indicated by the presence
of woven bone during middle and (sometimes) late ontogeny.6–9 Large-bodied pseudosuchians in particular
exhibit some of the fastest-growing bone types, giving evidence for prolonged, rapid growth. By contrast,
early-branching crocodylomorphs, including a new large-bodied taxon, had slow maximum rates of bone
deposition, as evidenced by the presence of predominantly parallel-fibered or lamellar bone tissue during
middle-late ontogeny. Late Triassic crocodylomorphs show skeletal anatomy consistent with ‘‘active’’ terres-
trial habits,10–12 and their slow growth rates reject hypotheses linking this transition with sedentary, semi-
aquatic lifestyles or sprawling posture. Faster-growing pseudosuchian lineages go extinct in the Triassic,
whereas slow-growing crocodylomorphs do not. This contrasts with the Jurassic radiation of fast-growing
dinosaurs on the bird-stem lineage,13 suggesting that the End-Triassic mass extinction initiated a divergent
distribution of growth strategies that persist in present-day archosaurs.
RESULTS

Morphology of BP/1/8484
Both tibiae are large (366mm in length; Table S1), complete, and

well preserved (Figures 1A–1F; see details in STAR Methods).

The robust proximal end expands anteroposteriorly and medio-

laterally, and the distal end expands mediolaterally to a lesser

degree from the shaft. The rugose proximal end of the tibia is

subovoid in proximal view (Figure 1E). It bears a horizontally ori-

ented, sigmoidal ridge on the medial surface, forming a broad,

‘‘U’’-shaped, proximally concave region that faces proximome-

dially. The shaft is nearly straight and ‘‘D’’-shaped in cross-sec-

tion, with the convex portion facing anteriorly. Its middle portion

bears a low, raised band of bone that runs from the proximolat-

eral surface to the distomedial surface (Figure 1D). The distal

condyles of the tibia are subequal in their distal extent, with a

reniform outline in distal view (Figure 1F). The medial condyle

is a tab-like structure, and the lateral condyle has a large, poster-

odistally oriented facet that is subcircular in posterodistal view.
Current
This facet is bounded proximally, medially, and laterally by a pro-

nounced lip of bone oriented at approximately 48� to the long

axis of the shaft (Figure 1D). The condyles are separated by a

depression that runs across the distal surface from anteromedial

to posterolateral.

Many characters of the tibia indicate that it pertains to a

pseudosuchian archosaur. These include the following: the

lack of a cnemial crest, a lateral condyle with a well-developed

depression on its proximal surface, and the absence of a

distinct posterolateral process on the distal tibia.14 The general

shape of the tibia is similar to that of loricatans, especially the

concavity of the proximal end and the sharp division between

the distal condyles. The tibia is more robust than those of Post-

osuchus species.15,16 The posteriorly extensive rugose lip is a

common feature in later-branching pseudosuchians, including

Batrachotomus kupferzellensis,17 Dromicosuchus grallator,18

Sphenosuchus acutas,10 and Hesperosuchus agilis.14 The

distal tibial condyles are subequal in their distal extent, in

contrast to Poposaurus gracilis,19 Postosuchus kirkpatricki,15
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Figure 1. Right tibia and fibula of BP/1/8484

(A–F) Right tibia in (A) anterior, (B) lateral, (C) medial,

(D) posterior, (E) proximal, and (F) distal views.

(G–J) Right fibula in (G) lateral, (H) medial,

(I) proximal, and (J) distal views. Dashed lines indi-

cate diagonal band. Scale bars, 30 mm.

IFT, iliofibularis trochanter; L, lip; LDC, lateral medial

condyle; MDC, medial distal condyle.
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Hesperosuchus agilis,14 and Dromicosuchus grallator,18 where

the medial condyle projects much farther distally. The angle of

the bounding lip of the lateral distal condyle is lower than in

most late-branching non-crocodyliform pseudosuchians, for

example, P. kirkpatricki2 (60�), Hesperosuchus agilis14 (52�),
and Dromicosuchus grallator5 (65�). The diagonal band on the

posterior surface of the shaft (Figure 1D) is not present in other

pseudosuchian species.

The left fibula is complete and well preserved, with an eroded

proximal end (Figures 1G–1J). It is long, straight, and slender,

with expanded proximal and distal ends. The proximal end isme-

diolaterally compressed and anteroposteriorly expanded, and its

posterolateral margin meets the posteromedial corner at almost

90� (Figure 1I). A flange-like, mediolaterally compressed iliofibu-

laris trochanter extends along the anterior surface of the shaft

and is approximately semicircular in lateral view (Figure 1G).

The trochanter begins proximally at �25% of the shaft length,

reaches its maximum anterior width at about 38%, and grades

into the diaphysis at 57% of the distance along the shaft, repre-

senting�34%of the total fibula length. The thinner anterior distal
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condyle expands more than its robust pos-

terior counterpart, which is shallowly

concave posteriorly. The concave distal

end is subovoid in distal view (Figure 1J).

It is bound by a small lip along its lateral

and medial margins, and the two distal

condyles are subequal in length.

The general shape of the fibula is similar

to that of Dromicosuchus grallator.18 The

fibula bears one loricatan synapomor-

phy—the positioning of the iliofibularis

trochanter near the midpoint of the

bone.14 This feature is labile among closely

related pseudosuchians—the iliofibularis

trochanter of BP/1/8484 is on the proximal

half of the fibula, as in Poposaurus graci-

lis,19 Litargosuchus leptorhynchus BP/1/

5237, and Dromicosuchus grallator,18 but

in Postosuchus kirkpatricki, it is more

distally positioned at the shaft midpoint.15

The medial surface of the distal portion of

the fibula has the banked articular facet

seen in later-branching pseudosuchians,

such as Postosuchus kirkpatricki15 and

Hesperosuchus agilis.14

When scored in a phylogenetic data ma-

trix aimed at understanding broad archo-

saurian relationships and heuristically

analyzed under the maximum parsimony
criterion, BP/1/8484 is recovered in a restricted set of phyloge-

netic positions close to the origins of Crocodylomorpha

(Figure S1).

Osteohistology
The bone tissue of the left tibia of BP/1/8484 (Figure 2A) com-

prises highly vascularized parallel-fibered bone (PFB)

(Figures 2B–2E and S2A–S2F). There is little evidence of second-

ary remodeling, small resorption cavities are rare (Figures 2C and

S2D), and secondary osteons are absent. The PFB tissue con-

tains ellipsoid and flattened, evenly spaced osteocyte lacunae

within the intercellular matrix and spindle-shaped osteocyte

lacunae in the lamellae surrounding the primary osteons

(Figures 2C and 2D). The vascular arrangement is predominantly

laminar (Figures 2D and 2E). The presence of three lines of ar-

rested growth (LAGs) indicates temporary cessations in growth.

There is a decrease in zone width toward the outer cortex, indi-

cating an overall decrease in growth rate. However, outer

circumferential lamellae (OCL) are absent, indicating growth

had not ceased (Figures 2E and S2E).



Figure 2. Osteohistology of crocodylomorph

BP/1/8484 tibia

(A) Whole cross-section.

(B) Inner cortex of parallel-fibered bone.

(C) Middle cortex showing parallel-fibered bone

containing ellipsoid osteocyte lacunae in the inter-

cellular matrix and flattened osteocyte lacunae

within the primary osteon (in brackets). <br>(D)

Outer cortex showing moderately vascularized

parallel-fibered bone.

(E) Overall cortex showing a decreased spacing

between LAGs toward the sub-periosteal surface.

Arrowheads indicate growth marks.

Scale bars, 5,000 mm (A), 100 mm (B–D), and 500 mm

(E). MC, medullary cavity; ol, osteocyte lacunae;

PFB, parallel-fibered bone; PO, primary osteon.

See also Figures S2–S4.
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The right fibula of BP/1/8484 (Figure 3A) contains similar bone

tissues to those of the tibia (Figures 3B–3F) but with more longi-

tudinally oriented primary osteons. A mid-cortical LAG traverses

the bone, but a further three distinct LAGs extend around the

outermost cortex. The second and fourth consist of double

LAGs (Figures 3B and 3D–3F). The three outermost LAGs are

closely spaced but do not form an OCL, indicating a substantial

decrease in overall growth rate (Figures 3D–3F) and a subadult

stage.

The tibia of Sphenosuchus (SAM-PK-3014; Figure S3A) con-

tains highly vascularized longitudinally oriented primary osteons

in a woven-parallel complex (Figure S3B) within the first year of

growth and thereafter transforms to poorly vascularized lamellar

bone tissue toward the subperiosteal surface that may be inter-

preted as an OCL, except for a small outer region of vascularized

bone (Figures S3C and S3D). The slow-growing region contains

multiple closely spaced LAGs, but the region of active tissue

growth suggests a subadult status. It is probable that
Current Bi
Sphenosuchus grew larger than this partic-

ular specimen. Secondary remodeling in

the form of resorption cavities and second-

ary osteons is absent. A thin layer of

endosteal bone tissue lines the medullary

cavity.

The Orthosuchus tibia (SAM-PK-K409;

Figure S3E) contains slowly forming

lamellar and PFB interrupted by at least

four LAGs. The bone tissue is relatively

poorly vascularized, with longitudinally ori-

ented simple canals evenly dispersed

throughout the cortex (Figures S3F and

S3G). The scan does not provide enough

resolution to confirm the presence of pri-

mary osteons. Hyper-dense scan regions

appear as small white triangles, some of

which are associated with osteocyte

lacunae (Figure S3G, see red circle). If

these represent osteocyte lacunae, com-

bined with the increased vasculature in

this region, it suggests that PFB is present

here. There is no decrease in the spacing
between LAGs toward the subperiosteal surface; consequently,

this individual is likely a subadult but still growing slowly.

Three small crocodylomorphs referable to Notochampsoidea

(based on their morphological similarity) were sampled for com-

parison (Figures S4A–S4G). The fibula BP/1/4686 (Figure S4A),

tibia of BP/1/8685 (Figures S4B–S4D), and the femur, tibia, and

fibula of SAM-PK-K1322 (Figures S4E–S4G) all contain predom-

inantly PFB tissue with predominantly longitudinally oriented

simple canals, with some patches of woven bone in tibia BP/1/

8685. They likely represent relatively young individuals. Fibula

BP/1/4686 does not contain any growth marks, tibia BP/1/

8685 and tibia SAM-PK-K1322 each contain two, and the femur

and fibula of SAM-PK-K1322 contain one each. The zones be-

tween the two growth marks in tibiae BP/1/8685 and SAM-PK-

K1322 are narrower than the innermost zone of growth

(Figures S4C, S4D, and S4F), indicating a slight decrease in

growth rate. BP/1/4686 cannot represent a hatchling of BP/1/

8484 as it came from a different part of the formation, and the
ology 33, 4261–4268, October 9, 2023 4263



Figure 3. Osteohistology of crocodylomorph

BP/1/8484 fibula

(A) Whole cross-section.

(B) Parallel-fibered bone with a laminar vascular

arrangement interrupted by LAGs. Green arrow-

head indicates a separate LAG in the image but joins

the previous double LAG around the rest of the

bone.

(C) Showing parallel-fibered bone.

(D) Outer cortex in cross-polarized light showing

parallel-fibered bone interrupted by growth marks.

(E) Same in polarized light.

(F) High magnification showing an absence of

woven bone and the presence of closely spaced

LAGs. Blue arrowheads indicate double LAGs.

Scale bars, 5,000 mm (A) and 100 mm (B–F). MC,

medullary cavity; PFB, parallel-fibered bone; PO,

primary osteon.

See also Figures S2–S4.
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osteohistology indicates that BP/1/8685 and SAM-PK-K1322

are more likely to represent distinct species rather than exam-

ples of intraspecific growth variation.

DISCUSSION

Extant crocodilians are ectotherms with slow metabolic and

growth rates.20 This contrasts strongly with the high metabolic

and growth rates of their endothermic living sister taxon, birds.21

Fossil bone histology (osteohistology) surprisingly shows that

many stem archosaurs and Triassic pseudosuchians had high

rates of bone deposition6–9,13 and rapid growth rates. Combined

with other anatomical evidence from living crocodilians such as

four-chambered hearts1,12 and unidirectional airflow through the

lungs,3 the available data indicate that the slow growth of extant

crocodilians reflects a secondary decrease in growth rate, inde-

pendent of the similar physiological traits seen in other modern

reptiles.1,22

Many Triassic pseudosuchians sampled so far, including aeto-

saurs, poposauroids, and rauisuchids, show rapid bone growth

(evidenced by a woven-parallel complex) until at least mid-

ontogeny.6,7,9,23 This differs from extant crocodilians, which

have slow rates of bone deposition and either parallel-fibered

or lamellar bone tissue types,24,25,26,27,28 with woven-parallel

complexes only observed in very young individuals or, rarely,

in captive animals raised in optimal growing conditions.27,29–33
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Slow-growing bone tissues (e.g.,

lamellar-zonal bone) are also evident

among many extinct relatives of extant

crocodilians, including most notosuchians

and early-diverging neosuchians34–36 (but

see Navarro et al.37 for different observa-

tions in Notosuchus), the phylogenetically

labile Thalattosuchia, and the small-

bodied Hesperosuchus.13 The phyloge-

netic distribution of these observations

suggests that crocodilian-like slow growth

originated after the divergences of Popo-

sauroidea or Rauisuchidae from the line
leading to Crocodilia and potentially among early crocodylo-

morphs. If so, then the transition from fast to slow growth rates

along the crocodilian stem might have coincided with an evolu-

tionary decrease in body size. However, species with small adult

body sizes grow slower and have histological traits characteristic

of slow bone deposition,38,39 raising questions about whether

the limited crocodylomorph sample reflects a physiological

slowdown or evolutionary body size miniaturization.

Identifying the transition to slow growth on the crocodilian

stem lineage is central to explaining the physiological disparity

between the two living archosaur groups, crocodilians and birds.

The scarcity of osteohistological data for early-branching croco-

dylomorphs, especially for larger-bodied taxa that lived in the

Late Triassic-Early Jurassic, obscures the timing of the shift be-

tween rapid bone deposition and high growth rates in early-

diverging pseudosuchians1,7–9,13,23 to slower growth in crocodil-

ians and their closest relatives.34,35 Understanding this change is

relevant regarding the role of physiological traits in relation to

survivorship during the End-Triassic mass extinction event

(ETE).40

The osteohistological data we present here fill this critical

knowledge gap, allowing us to refine the timing and nature of

this transition (Figure 4). The highly vascularized PFB with a

laminar arrangement observed in BP/1/8484 has not previously

been found in other pseudosuchians. A similar bone tissue com-

bination was noted recently in the rauisuchian Prestosuchus



Figure 4. Time-calibrated phylogenetic croc-

odylomorph tree showing the appearance of

slowed growth in the crocodylomorph line-

age

Phylogeny based on Nesbitt14 and Dollman et al.48
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chiniquensis41 but contains clear evidence for woven bone as

part of a typical woven-parallel complex within the mid-cortex

of the humerus and fibula in their study (their Figures 7A–7D).

Paradoxically, although the PFB present in BP/1/8484 provides

evidence for slower maximum rates of bone growth during

mid-ontogeny, its high vascularity is associated with relatively

rapid growth rates in other taxa42 and markedly contrasts with

the lamellar-zonal bone indicative of slower growth in smaller-

bodied early crocodylomorphs, such as Hesperosuchus. This

apparent contradiction in growth strategies in BP/1/8484 may

be explained by conservation of biomechanical function (laminar

vascular orientation), as has been found in several large mam-

mals and sauropod dinosaurs.43,44 The bone tissue contrasts

with the presence of abundant woven bone in the earlier-branch-

ing Batrachotomus, which indicates rapid growth rates through

mid-ontogeny. If the identification of the juvenile Terrestrisuchus

specimen (VMNH 2374) described by de Ricqlès et al.6 can be

confirmed, it would show that juveniles of early crocodylo-

morphs were still capable of producing woven bone at very yo-

ung ages, as in extant crocodilian juveniles (see above). This is

supported by our findings from the Sphenosuchus tibia, which

shows rapid woven bone growth during early ontogeny, which

is lost in later ontogenetic stages. Isolated, small patches of

woven bone have been cited among some notosuchians, but

so far only Notosuchus might exhibit a woven-parallel complex

into mid-ontogeny37 (but see Garcia Marsà et al.36 for a contrast-

ing description).

The comparative anatomy of BP/1/8484 places it phylogeneti-

cally close to the base of Crocodylomorpha (Figure 4), suggesting

that decreased growth rates arose early in the history of this clade,

as hypothesized by Faure-Brac et al.35 The predominance of PFB

in this large-bodied taxon confirms that the slow-growing bone

types seen in small adult crocodylomorphs are not a consequence

of body size. Later-branching pseudosuchians suchasBP/1/8484

are the largest known predators of the late Norian, facing little
Current Bi
competition fromsmaller contemporaneous

theropod dinosaurs or cynodonts. The rarity

of large-bodied apex predators at this time

may have relaxed selection for rapid growth

to large body sizes in early crocodylo-

morphs. Regardless of whether this hypoth-

esis is true, our data suggest that once large

predators became more abundant in the

Early Jurassic, slow growth rates were

already fixed in crocodylomorphs.

Most early-branching crocodylomorphs

are hypothesized to have been terrestrial,

based on limb proportions and sedimen-

tological observations of their host

strata.1,11,12,45 This differs from the semi-

aquatic habits of all living and many
extinct members of the lineage. Adaptation to semiaquatic

habits was previously hypothesized as a driver of decreased

growth rates on the crocodilian stem lineage due to lower activ-

ity levels and increased reliance on external thermal energy

sources in sluggish, semiaquatic ambush predators.1,11 Our

observation that slow-growing tissue types first appeared in

gracile-limbed, terrestrial taxa, prior to the transition to semi-

aquatic lifestyles, directly contradicts this hypothesis and con-

firms predictions made by Faure-Brac et al.35 Our results there-

fore necessitate investigation of alternative explanations for the

origin of slow growth in living crocodilians.

Although osteohistology does not provide direct evidence for

thermophysiology, it has been used to infer the broader meta-

bolic strategies and body temperatures of extinct species (e.g.,

Legendre et al.4,5 and Grigg et al.46). Our findings provide critical

data that show that the transition to slow growth rates occurred

in the Late Triassic (Norian) at the base of Crocodylomorpha

(Figure 4). This suggests that the physiology of Late Triassic

crocodylomorphs already differed from that of earlier-branching,

contemporaneous pseudosuchian lineages. These findings

complete the critical knowledge gap laid out by Faure-Brac

et al.35

By the Early Jurassic, crocodylomorph growth patterns were

essentially identical to those of modern-day ectothermic croco-

dilians. This suggests that decreased metabolic rates were pre-

sent in crocodylomorphs prior to the ETE and persisted after this

biotic crisis. Hypotheses for successful survival strategies

across the extinction event must therefore include the possibility

that a range of growth characteristics were potentially advanta-

geous, complicating the narrative that high metabolic rates pro-

vided competitive advantages to amniote lineages, which has

been suggested as an explanation for survival and diversification

of dinosaurs during this event.40,47 Our findings suggest that the

ETE acted as a physiological filter, with differential survival of

crocodylomorphs with slow and fast growth rates, notably the
ology 33, 4261–4268, October 9, 2023 4265
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extinction of the latter. This led to the earliest Jurassic commu-

nities consisting of fast-growing dinosaurs and slow-growing

crocodilians, thereby establishing the bimodal distribution of

physiological strategies that so clearly differentiates the two

living archosaur clades.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Geological Context of Specimens
The discovery of a new species of large-bodied (see Table S1 for comparativemeasurements), early-branching crocodylomorph (BP/

1/8484) from Qhemegha Village in the Eastern Cape Province of South Africa, prompted this study. BP/1/8484 was found ex-situ but

associated in the float from amulti-taxon bonebed in the lower half of the lower Elliot Formation, situatedwithin theScalenodontoides

Assemblage Zone.49 The specimen includes a left tibia and a right tibia and fibula, which are readily distinguishable from the sauro-

podomorph and theropod dinosaur remains in the bonebed. Litho- and biostratigraphic comparisons with well-dated nearby strata

indicate that BP/1/8484 is Late Triassic (Norian) in age.50 We compared the morphology to other Crocodylomorpha and the osteo-

histology to several other small crocodylomorph specimens referrable to Notochampsoidea collected from Lower Jurassic strata, as

well as Sphenosuchus acutus and Orthosuchus stormbergi from the Early Jurassic upper Elliot Formation of South Africa.

METHOD DETAILS

Phylogenetic analysis
To assess the phylogenetic position of BP/1/8484, we scored it as anOTU in the phylogenetic datamatrix of Butler et al.51 Thismatrix

is aimed at understanding relationships among archosaurs, particularly pseudosuchian higher phylogenetic relationships and con-

tains a sufficient taxon sample to adequately test the position of the new specimen among them.Wewere able to score 18 total char-

acters for the tibia and fibula (out of 413 total characters). Using the resulting matrix of 85 taxa and 413 characters, we searched for

most-parsimonious tree (MPT) topologies using TNT v.1.6 and the following search settings: hold up to 10,000 trees; conduct 1000

random addition of sequences (Wagner builds) with a random seed of 1; hold up to 1 tree per replicate; search using TBR. We sub-

mitted theMPTs from that analysis protocol to an additional round of TBR swapping holding up to 10000 topologies. Our results show

that BP/1/8484 can hold multiple most-parsimonious positions, but only at a restricted set of nodes (see Figure S1), summa-

rized here:

d As sister taxon to or among early branches of Crocodylomorpha

d As a rauisuchid (either sister to Rauisuchus or Postosuchus)

d As sister to the clade comprising Rauisuchidae + Crocodylomorpha.
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Character scores for BP/1/8484 following Butler et al.51
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Thin Sections
The thin-sectioning was conducted at the National Museum, Bloemfontein using similar techniques to those described in Botha-

Brink et al.28 Transverse sections were taken from the mid-diaphysis from all elements as far as possible. Given that there was

enough material, a section from the mid-diaphysis/metaphysis was also taken from the tibia and sectioned in longitudinal section

for further analysis. The left tibia and right fibula were sectioned for osteohistological analysis. These thin-sections were compared

with those from the other small notochampsoid specimens: the fibula of BP/1/4686; the tibia of BP/1/8685; and the femur, tibia and

fibula of SAM-PK-K1322. Propagation phase contrast Synchrotron X-ray micro-Computed Tomography was used to achieve virtual

histological thin sections at the European Synchrotron and Radiation Facility (Grenoble, France) on BM05 (10.15151/ESRF-ES-

817601169). We obtained scans for Sphenosuchus acutus (tibia; SAM-PK-3014) and Orthosuchus stormbergi (tibia; SAM-PK-

K409) at the midshaft of each bone. The beamline setup was for propagation phase-contrast synchrotron X-ray micro-computed to-

mography with a polychromatic beamof 97.8 keV, withmolybdenum (0.95mm) and copper (1.18mm) attenuator filters, a 500nm thick

luAg scintillator, a sample-detector distance of 1.4 metre, and a voxel size of 2.42mm. We used a PCO edge 4,2 sCMOS (PCO, Kel-

heimGermany), recording 9900 projections with a total exposure time of 30ms, with three accumulated images of 10ms.52 The centre

of rotation was shifted to near the edge of the field of view (half-acquisition mode), to increase the size of the reconstructed images.53

The final tomographic volume was reconstructed using PyHST254 and the single distance Paganin phase retrieval approach.55 All

histological thin sections were realised in VG (Volume Graphics, Heidelburg, Germany) using a protocol established by Smith

et al.56 The tibia and fibula of BP/1/8484 were moulded and cast before a piece was removed from each element for thin-sectioning.

Osteohistological terminology follows that of de Buffr�enil.13

Comparative anatomy
The morphological descriptions were done with personal inspection of the specimens and reference to the published literature.

Linear measurements were taken with a Mitutoyo digimatic caliper (model: CD-6’’C, Aurora, [IL], US) and angular measurements

were taken using ImageJ57 on high-resolution digital photographs in orthogonal viewing planes. We employ non-standard Romerian

terminology for our anatomical observations (e.g., anterior/posterior rather than rostral/caudal). We use the descriptive terms ‘‘long/

short’’, ‘‘tall/low’’, and ‘‘broad/narrow’’ to describe variation in the anteroposterior, dorsoventral, and mediolateral directions,

respectively.

The complete right tibia (Figures 1A–1F) is broken in three places along the shaft, but it is otherwise missing only small fragments of

its cortical surface. The proximal end of the left tibia is weathered, and its cortical surface is slightly eroded. The distal end of the left

tibia has a small fragment of rib adhering to its posterior surface, obscuring the view of the medial facet. In general, the tibia has a

robust proximal end that is expanded anteroposteriorly and mediolaterally. Its shaft is straight with only slight medial bowing. The

distal end is less expanded than the proximal end, and the expansion is primarily in the mediolateral direction (Figures 1B and 1C).

The proximal end of the tibia is subovoid in proximal view and has a rugose proximal surface bearing numerous small bumps and

pits (Figure 1E). This rugose surface extends onto the proximalmost end of the lateral side of the anterior surface for a short distance,

where it is bounded by a low lip of bone that forms an encircling margin between the proximal surface and the shaft. The anterolateral

quarter of the proximal surface is convex, the anteromedial quarter is shallowly concave and slopes medially, the posteromedial

quarter is flat, and the posterolateral quarter is deeply concave, sloping into a distinct subcircular area that forms the lateral side

of the fibular facet. The anterior surface of the proximal end is smooth and highly convex. A pennate array of faint striations is present

on its cortical surface, which splay proximolaterally and proximomedially, and converge at the junction with the shaft as they extend

distally. The most conspicuous feature of the medial surface of the proximal end is a horizontally oriented, sigmoidal ridge that marks

the junction with the proximal surface. This sigmoidal feature makes a broad, ‘U’-shaped, proximally concave region that faces prox-

imomedially, which is in turn bordered posteriorly by a proximally convex margin along the fibular condyle. The border between the

medial and posterior surfaces is marked by a proximodistally extending ridge that grades into the fibular condyle proximally and into

the shaft distally at the level of the proximal expansion. The posterior surface of the proximal end is bounded proximomedially by the

fibular condyle, and proximally by a mediolaterally broad, posteriorly extensive rugose lip that is deeply concave proximally. Distal to

this lip, the posterior surface is flat. The lateral surface of the proximal end is strongly convex and rugose, bearing a low, proximo-

distally extending ridge along its posterior margin and a large, rugose, hemispherical tubercle on its anteroproximal margin. Distal to

these features, the surface is smooth and convex, and grades into the tibial shaft (Figure 1).

The tibial shaft is almost ‘D’-shaped in cross-section, with the convex portion facing anteriorly and the flat portion facing poste-

riorly. The entire anterior surface of the shaft is convex mediolaterally, extending onto the anterior surface of the distal condyles.

The lateral boundary between the anterior surface and the posterior surface is marked by a low ridge that is subtriangular in

cross-section, and that extends proximodistally from the expanded proximal end to the distal condyles. The proximal and distal

ends of the posterior surface are flat, but the middle portion bears a low, raised band of bone that runs diagonally from the proximo-

lateral surface to the distomedial surface of the shaft (Figure 1D).
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The distal end of the tibia (Figure 1F) is slightly expanded medially and laterally, and the distal condyles are subequal in their distal

extent. In distal view, the condyles have a reniform outline, with the anterior margin smoothly convex, the posterior margin concave,

the medial margin bulbous, and the lateral margin bearing a laterally directed point that forms the distalmost extent of the low ridge

along the shaft. Themedial condyle is a tab-like structure that extends distomedially. It is flat on the posterior and distal surfaces, and

its medial surface is convex. The lateral condyle has a large, conspicuous facet that is subcircular in posterodistal view and which is

oriented strongly posterodistally. This facet is bounded proximally, medially, and laterally by a pronounced lip of bone. In particular,

the proximolateral margin of this lip is oriented at approximately 48� to the long axis of the shaft. The condyles are separated by a

concave depression that runs diagonally across the distal surface from the anteromedial side to the posterolateral side.

The left fibula (Figures 1G–1J) is well preserved and is nearly complete with the exception of the proximal end, which is weathered

(Figures 1G and 1H). The anteroproximal portion of the proximal end is weathered away at a roughly 45� to the rest of the bone. The

shaft is mediolaterally crushed with an artificial longitudinal depression along its posterior surface. In general, the fibula is a long,

straight, and slender bone with expanded proximal and distal ends.

The proximal end of the fibula (Figure 1I) is mediolaterally compressed. In proximal view, the posterolateral margin of the proximal

end is rounded until it meets the posteromedial corner at almost 90�. The medial margin is generally straight in proximal view. The

anterior portion of the proximal end is badly eroded andmedial and lateral margins taper to a point anteriorly. The proximal end tapers

towards the shaft gently and slightly on the anterior side of the proximal end, but more abruptly on the posterior side after a prominent

expansion. This expansion points proximoposteriorly at 45� to the shaft. The proximal expansion does not appear to be part of a gen-

eral curve of the bone but rather a discrete feature limited to the proximal end.

The most prominent feature of the shaft is the iliofibularis trochanter (Figure 1G), a prominent mediolaterally compressed flange

that extends along the anterior surface of the shaft and is approximately semicircular in lateral view. The trochanter has a total length

of 122 mm, representing �34% of the total fibula length. The distal end of the shaft expands anteriorly more than it does on the pos-

terior side, creating a more prominent anterior condyle.

In distal view, the distal end is subovoid in outline and its distal surface is concave (Figure 1J). The distal surface is bound by a small

lip along its lateral andmedial margins. The medial surface is crushed inwards just below this lip. The two distal condyles of the fibula

are subequal in length. The anterior condyle is thinner and has a straighter anterior surface compared to the more robust posterior

condyle which is shallowly concave posteriorly.

The posterior expansion of the proximal end is a pseudosuchian character seen in almost all crocodile-line archosaurs.1 However,

the posterior expansion is unlike that seen inDromicosuchus grallator5 which appears to be part of the general curvature of the bone.

The fibula is also similar to later branching pseudosuchians such as Postosuchus kirkpatricki2 and Hesperosuchus agilis1 where the

medial surface of the distal portion of the element has a banked articular facet.
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