Article

Fibular reduction and the evolution of
theropodlocomotion

https://doi.org/10.1038/s41586-024-08251-w

Received: 24 June 2024

Armita R. Manafzadeh'?*%, Stephen M. Gatesy*, John A. Nyakatura® & Bhart-Anjan S. Bhullar*®

Accepted: 18 October 2024

Published online: 20 November 2024

M Check for updates

Since Hampé's classic developmental experiments in the mid-twentieth century'?,
thereduced avian fibula has sparked sustained curiosity®. The fibula transformed
throughout dinosaur evolution from a columnar structure into its splint-like avian
form, achange long thought to be of little biomechanical consequence*®. Here we
integrated comparative three-dimensional kinematic analyses with transitional
morphologies from the fossil record to refute this assumption and show that the
reduced fibulaserves a crucial function in enabling extreme knee long-axis rotation
(LAR). Extreme LAR is fundamental to avian locomotion and is regularly exploited by
living birds to execute complex terrestrial manoeuvres’. We infer that the evolution
of this capacity was preceded by restriction of the knee to hinge-like motionin early
theropod dinosaurs, driven by the origin of amid-shank articulation® that precluded

ancestral patterns of tibiofibular motion. Freeing of the fibula from the ankle joint
later enabled mobilization of this initially static articulation and, in doing so,
established a novel pattern of tibiofibular kinematics essential to the extreme levels
of LARretained by modern birds. Fibular reduction thus ushered in a transition to
LAR-dominated three-dimensional limb control, profoundly altering the course of
theropod locomotor evolution.

From diving ducks to hovering hummingbirds, the more than 10,000
species of extant birds exhibit myriad variations on arecognizable avian
theme. The basic bauplan uniting this diversity originated during the
Mesozoic Era, when it was slowly assembled through piecewise modi-
fication of the ancestral reptilian condition®. Perhaps most famously,
the forelimbwas elaborated into a feathered and aerodynamic wing™® —
essential in the evolution of powered flight" — and the snout was elon-
gated into a pointed and dexterous beak — a key component of the
avian kinetic apparatus®. In concert with the acquisition of these mor-
phofunctional innovations, the hindlimb also underwent a dramatic
transformation. Whereas the ancestral reptilian crus (shank) comprised
arobust, columnar tibiaand fibulaextending from the knee to the ankle,
the fossil record of theropod dinosaurs documents a sequential and
severereduction of the fibula ontheline to birds. Modern birds conse-
quently possess gracile, splint-like fibulas radically different from those
oflepidosaurs and crocodilians (Fig.1a,b). Such crural disparity haslong
perplexed developmental biologists, who have sought to elucidate its
underpinnings by inducingatavistic morphology in avianembryos' .
Despite an enduring fascination with fibular reduction, however, this
transformation is widely assumed to have no direct adaptive value®®,
and its biomechanical implications remain largely unexplored.

Skeletal motionin the reptilian crus

Toilluminate the functionalimpact of fibular reduction, we visualized
and measured skeletal motionin the hindlimbs of three species of living

reptiles: alepidosaur, the green iguana (I[guana iguana); a crocodil-
ian, the American alligator (Alligator mississippiensis); and abird, the
helmeted guineafowl (Numida meleagris), using X-ray Reconstruction
of Moving Morphology (XROMM)™"5, As predicted by the reptilian
‘crural mechanism’ hypothesis'®, both the iguana and the alligator
demonstrate anteroposterior and proximodistal skewing of the fibula
relative tothetibia (Fig.2a,b, Extended DataFig.1and Supplementary
Videos1and2). However, we found that the avian crus displays a funda-
mentally different kinematic pattern: the fibula rolls axially, pivoting
about its unique midshaft articulation with the tibiotarsus (as predicted
by ref.17; Figs. 1b and 2¢, Extended Data Figs.1and 2 and Supplemen-
tary Video 3). Evidence from our XROMM animations (Extended Data
Fig. 3) suggests that this rolling motion is most pronounced during
sequences of knee LAR (sensu ref. 18; Fig. 2d,e). Although avian knee
joints were long thought to operate as simple hinges®, recent analyses
have indicated that the tibiotarsus can spin axially by more than 100°
relative to the femur”?,

LAR at the archosaur knee

Motivated by the dissimilarity of intracrural kinematics that we
observedinliving animals, we then undertook amore comprehensive
analysis of cadavericindividuals to characterize passive differencesin
tibiofibular mobility. XROMM investigation of cadaveric archosaurs
(alligators and birds; following refs. 21,22; Extended DataFig. 4) enabled
usto uncover the skeletal basis of extreme avian knee LAR potential, of
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Fig.1|Crural architecture of extantreptiles. a, The hindlimbs of extant lizards
(represented by /. iguana) and crocodilians (represented by A. mississippiensis)
retain the ancestral reptilian condition of robust, columnar tibias and fibulas.
By contrast, the avian crus (represented by N. meleagris) features a highly reduced
fibulawithaunique midshaftintracruralarticulation (indicated by the arrowhead)
butnodistal connection to the anklejoint. The end of the fibulaisindicated

by anasterisk. Theright cruraare inanterior view. b, Inbirds, the fibulaand
tibiotarsusarticulate at the site of alateral bony expansion of the tibiotarsus:
the fibular crest. Theright fibulaandtibiotarsusarein lateral view. The
proximodistal extent of theintracrural articulationis indicated with dashed
lines. The fibulaisin cyan throughout.

which the reduced fibula is an essential component. Through articu-
lar raycasting analysis?, we found that the archosaur knee involves
three homologous relationships: (1) medial femoral condyle-medial
proximal tibia, (2) lateral femoral condyle-lateral proximal tibia, and
(3) femoralfibular trochlea-fibular head (femoral terminology follows
ref.24;Fig.3, Extended DataFig. 5and Supplementary Videos 4 and 5).
During LAR in both alligators and birds, the medial femoral condyle
traces an arc across the proximal medial tibia or tibiotarsus while the
lateral femoral condyle traces an arc along the proximal lateral tibia or
tibiotarsus. Extreme avian LAR s facilitated by the flattened, reniform
morphology of the proximal medial tibiotarsal surface and the canted,
conical morphology of the proximal lateral tibiotarsal surface, which
createanextended arclength traversed by the femur (Fig. 3h). Inboth
taxa, intracrural motion allows the fibular head to remain engaged with
the femoral trochleathroughout this dynamictibiofemoralinteraction.
LAR in the alligator is limited because the fibula contributes to both
the knee and the ankle joints, necessitating a kinematic compromise
between femoral and pedal motion. Similar constraints presumably
apply to iguanas and other reptiles with comparable crural architec-
ture. By contrast, the reduced avian fibulais detached from the ankle,
permittingit greater freedom to maintainarticulation with the femur
throughout LAR. Over 85° of hinge-like mobility at the midshaftintrac-
ruralarticulation allows the avian fibular head to remain nestled tightly
within the femoral trochlea while the tibiotarsus undergoes extreme
axial rotation (Extended Data Fig. 4).

Evolution of extreme LAR

With the understanding gained from living animals that extreme knee
LAR relies on both proximal tibial or tibiotarsal geometry and fibular
reduction, we turned to the fossil record to reconstruct the evolutionary
assembly of this functional capacity. We collated arepresentative sam-
ple of extinctreptiles ontheline to birds — the dinosauromorph Mara-
suchus lilloensis, the tetanuran Allosaurus fragilis, the dromaeosaur
Deinonychus antirrhopus, the probable basal avialan Rahonavis ostromi
and the ornithuran Ichthyornis dispar — and applied our knowledge
of articulation in extant archosaurs (Fig. 3) to delineate homologous
osteological surfaces for each taxon (Fig. 4 and Supplementary Fig.1).
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Fig.2|Intracruralmotioninlivingreptiles. a, Intheiguanancrus, thefibula
undergoes skewing relative to the tibia (inright lateral view). b, Intracrural
motioninthealligatoris muchlike thatin theiguana (inright lateral view).

¢, Inthebird, the fibuladisplays afundamentally different kinematic pattern,
hinging aboutits midshaftarticulation with the tibiotarsus to roll axially (in
posterior view). This rolling motion is most prominent during sequences of
knee LAR.Birds exploit extreme knee LARto manoeuvre.d, Standard camera
images of ahelmeted guineafowl making asharp left turn. The left foot (L)
remains planted on the ground as the body reorients. The right foot (R) crosses
over theleft toinitiate astep onthe new heading. e, XROMM-derived avian
hindlimb skeletons at three time points (¢,-t;) during asharp left turn,
shownrelative to a fixed pelvicreference frame in anterior view (top) and
corresponding kinematic curves (bottom). Ayaw of 73° (grey solid line) is
accompanied by 54° of relatively steady internal left knee LAR (black solid line
(bottom) and black curved arrows (top)), which spins the body relative to the
planted left foot (¢,-t;). Oncelifted (¢,-¢t;), the right knee undergoes rapid
internal knee LAR of 55° (black dashed line (bottom) and curved dashed arrow
(top)) toreorient the foot for the next step. Fibulasare in cyan throughout.

By tracking evolutionary transformations in knee joint articular mor-
phology, we found that the elaborated tibiotarsal arc presentin modern
birds arose late in theropod evolution and was not the culmination of
aunidirectional trend. Rather, an initial transformation away from
the primitive reptilian condition of moderate tibial articular curva-
ture” % (maintained by Alligator and Marasuchus), yielded straighter,
more anteroposteriorly directed surfaces in Allosaurus and other
non-maniraptoran tetanurans®° (of various body sizes; Extended
Data Fig. 6 and Supplementary Information). This straightening was
then followed by a gradual return to tibial surface curvature, exem-
plified by Deinonychus, Rahonavis and other non-ornithothoracine
maniraptorans® 3, ultimately resulting in the extended arc present
in ornithothoracines including Ichthyornis and modern birds**3¢
(Extended Data Fig. 6 and Supplementary Information).

Viewing these transformations in tibial or tibiotarsal articular
surface geometry within the context of concurrent modifications
to hindlimb architecture (Fig. 4) exposes aninitial trend in the thero-
pod knee not towards extreme mobility, but rather towards hinge-like
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Fig.3|Articular raycasting analysis of archosauriankneeLAR. a, Casting
rays fromthe crus to the femur enables evaluation of articular surfaceinteractions
throughoutalligator knee LAR. Therightkneeisin posterior view. b, Motion of
theright cruralbones and corresponding articular rays atinternally rotated (i),
intermediate (ii) and externally rotated (iii) knee poses relative to a fixed femoral
reference frame. A proximal view of the right crus through a fixed distal femur
(semi-transparent) isshown. The arrows follow the rotation of the anterior tibia.
c,Delineation ofinteracting articular regions on osteological surfaces: medial
femoral condyle-medial proximal tibia (yellow), lateral femoral condyle-lateral

restriction. The ancestral reptilian hindlimb had substantial potential
forintracrural and intertarsal motion*%, Using homologous intracru-
ralkinematics broadly similar to the ‘skewing’ of the living iguana and
alligator (Fig. 2a,b) allowed early reptiles to achieve moderate levels of
knee LAR during both steady and manoeuvring locomotion. By con-
trast, non-dinosaurian dinosauromorphs such as Marasuchus modified
the ancestral tarsus and metatarsus, decreasing ankle mobility* and
therefore the distal independence of the tibia and fibula. Reduced
intracrural mobility forced the tibia and fibula to move largely in uni-
son, limiting the extent to which the tibia could spin without the fibular
head either colliding with or disengaging from the femoral trochlea.
In tetanuran theropods such as Allosaurus, not only were the tarsus
and ankle joint further rigidified but the tibia also possessed a novel,
lateral expansion of a midshaft bone called the ‘fibular crest’. This
structure more firmly anchored the proximal fibula to the tibia and
severely restricted intracrural mobility®". Coupled with the presence
of more linear crural articular surfaces, such immobility rendered
appreciable LAR all but impossible, constraining the tetanuran knee
to hinge-like motion.

Perhaps counterintuitively, we found that this rigidification phase of
theropod hindlimb evolution was anecessary precursor for the origin
of extreme knee LAR. The tarsal and crural structure of early paravians
such as Deinonychus was much like that of non-paravian theropods,
albeit with amore slender fibula. The return towards increased proxi-
maltibial curvature probably facilitated amodestincreasein knee LAR
among these taxa. However, it was not until avialans tapered the fibula
to the point of flexibility and freed it from its distal connection to the
ankle that LAR capacity could markedly increase. We propose that
fibular reduction enabled mobilization of the articulation between the
tibia and the fibula at the site of the theropodan fibular crest, leading
to the reacquisition of intracrural mobility. Co-option of the previ-
ously stabilizing midshaft articulation led the fibula to take on anew,

0.50 cm

proximal tibia (green) and femoral fibular trochlea-fibular head (blue).d, The
femoral condyles trace arc-like paths across the proximal tibial surfaces, while
the fibulamoves relative to the tibia, throughout knee LAR. The motion is
represented relative to a fixed tibial reference frame. The Roman numerals
denote the positions of a fixed point on each femoral condyle and correspond
tothe three configurations shownin panelb.e-h, Asfor panelsa-d, respectively,
but for the bird knee. Articular raysin panels a,b,e,fare coloured by their lengths
asindicatedinthelegend.

rolling kinematic pattern resembling that of the living bird (Fig. 2c).
Ornithothoracines then built from this fundamentally new mechanism
for knee LAR by further elaborating the proximal tibiotarsal arc. As a
result, these animals were able to achieve, for the first time, the extreme
levels of LAR that we see retained by birds today.

Of course, theropod evolution was not an orthogenetic march
towards the avian condition. Current phylogenetic hypotheses?#04
depict the dinosaur tree as rife with convergence, featuring at least
three independent reductions of the fibula (and concomitant trans-
formations of kneejoint surfaces) following the theropod origin of the
fibular crest. The form-function relationships that we have uncovered
hereintroduce anew lens through which to reassess the full spectrum
oftheropod hindlimb diversity. Adopting this perspective, we hypoth-
esize that co-option of the tibiofibular articulation, reacquisition of
intracrural mobility and enhancement of knee LAR took place not only
among avialans but also among alvarezsaurids**** and oviraptoro-
saurs*** (Supplementary Information). The implications of independ-
entfibular reductionin pterosaurs remain to be explored, complicated
by controversy surrounding basic aspects of pterosaurian locomotion.
Onthebasis of the presence of areduced fibula, amidshaftintracrural
articulation and arced proximal tibiotarsal geometry in at least some
pterodactyloids*¢, we tentatively suggest that these taxamay also have
evolved anavialan-style mechanismfor knee LAR. Although some orni-
thischian dinosaurs also display slender fibulas grossly similar to those
of non-avialan paravians, in the absence of afibular crest, it remains to
be determined what the functional implications of such morphology
might be, if any.

Functional impact of fibular reduction

It has long been assumed that a reduced fibula is merely the develop-
mental byproduct of adaptive changes to other hindlimb elements.
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Fig.4|Theevolutionary origin ofextreme knee LARin birds. a, Differences
inthe distal femoral, crural and proximal tarsal skeletal architecture (posterior
view of the right limbs) suggest transformationsinintracrural kinematics. The
fibulaisin cyan;the femoral coloursreflect articular surface homology asin
Fig.3.Theslanted arrows indicate skewingintracrural kinematics; the brackets
indicate limited intracrural motion; the curved arrows indicate axial rolling of
the fibulaabouttheintracrural articulation; and the relative size of arrows
reflects the degree of intracrural mobility. The black arrowheads indicate the
presence of afibular crest onthetibia; the white arrowheads indicate mobility
atthe midshaftintracrural articulation. The asterisks indicate the end of the

Here we reject this premise and propose, much to the contrary, that
fibular reduction had asubstantial functional role in theropod locomo-
tor evolution. Early tetanuran theropods, with their hinge-like knees
and ankles, probably relied on hip mobility in conjunction with tail
dynamics to navigate terrestrial environments®. However, forelimb
enlargement, tail reduction, anterior centre of mass displacement and
thetransitiontoamore crouched posture along the bird-line rendered
this strategy progressively less effective in modulating pedal place-
mentand orientation”*”*%, even as the knee gained some LAR potential
among early paravians (Fig. 4).

Fibular reductionand co-option of the midshaft tibiofibular articula-
tionunlocked anovel, LAR-dominated solution for three-dimensional
limb control, vastly expanding the avialan — and ultimately avian —
locomotor repertoire. Our XROMM analyses captured birds in the
laboratory exploiting extreme knee LAR to nimbly turn, manoeuvre
and evade obstacles. We suspect that among the avialan radiation,
this capacity also had (and continues to have) an unappreciated role
in navigating complex arboreal substrates and in foot-propelled div-
ing, aswell asin crucial non-locomotor behaviours, such as preening,
courtship and prey capture.

In avian embryos, fibular reduction appears to involve migration
of the fibulare, which becomes closely appressed to the distal end of
the fibula and acts as a ‘surrogate epiphysis’ before later separating
and disrupting the paracrine feedback loop underlying distal fibular
growth?. The fibula-fibulare proximity necessary for such ‘surroga-
tion” has been suggested to be an ornithodiran apomorphy?, making
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reduced fibula.b, Crural articular geometry (in proximal view) demonstrates
changesin curvature of the proximal medial tibial or tibiotarsal surface (in yellow),
resulting in differencesin the capacity of the medial femoral condyle to travel
along anarc-like path, summarized by actual (bold) and inferred potential
trajectories marked on each surface, following Fig. 3. The coloursreflectarticular
surface homology asinFig. 3. Medial femoral condyle paths for Alligator and
Numidareproduce observed cadaveric datafromFig. 3. ¢, Inferred evolutionary
trendsinknee LAR potentialamong archosaurs, based on the morphological
changesinpanelsa,band theresults from extantanimals depicted in Figs.2and 3.
The phylogenetic placements follow refs.29,40,41.

it probable that embryonic separation of the fibulare and disruption
of the distal fibular signalling regime also led to fibular reduction in
alvarezsaurids, oviraptorosaurs and pterosaurs. We therefore conclude
that the adaptive benefits of fibular reduction drove convergent trans-
formation of crural development at least three, possibly four, timesin
the known history of reptiles. Such intricate interplay between func-
tional and developmental mechanismsis undoubtedly commonplacein
the origin of morphological innovations**’, underscoring the need for
furtherintegration of whole-organism biomechanics and evolutionary
developmental biology*°.
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Methods

Invivo motion analysis

All procedures involving live animals were approved by the Brown
University Institutional Animal Care and Use Committee or the respon-
sible authorities in Thuringia, Germany (Thiringer Landesamt fiir
Verbraucher-und Umweltschutz). Experiments were neither blinded
nor randomized.

Hindlimb skeletal motion for the helmeted guineafowl (N. meleagris,
hereafter ‘guineafowl’), the American alligator (A. mississippiensis,
hereafter ‘alligator’) and the greeniguana (/. iguana, hereafter ‘iguana’)
was visualized using a combination of marker-based XROMM™ and
scientific rotoscoping®.

To minimize live animal use, we reanalysed subsets of existing
datasets of guineafowl (adult, female) and alligator (juvenile, female)
hindlimb skeletal motion that were previously visualized using
marker-based XROMM”*!, with extended details of surgical method-
ology, X-ray technique and analysisincluded therein. In brief, three to
five radiopaque conical markers made from carbide steel rods were
surgicallyimplanted in the guineafowl pelvis, femur, tibiotarsus and
tarsometatarsus, and the alligator pelvis, femur and tibia (as well as
other skeletal elements not analysed here). Two markers were also
implanted in the alligator fibula, facilitating scientific rotoscoping
(seebelow). Animals were imaged while walking on motorized tread-
mills (alligator) and manoeuvring in acrylic enclosures (guineafowl)
in the W. M. Keck Foundation XROMM Facility at Brown University.
Computed tomography (CT) or micro-CT-derived mesh models
of each skeletal element were cleaned using Geomagic Wrap 2017
(3D Systems).

Archosaur X-ray videos were calibrated, and radiopaque markers
were tracked using XMALab*? (v2.1.0; see Code availability). Unfiltered
rigidbody transformations were used to animate the guineafowl pelvis,
femur, tibiotarsus and tarsometatarsus and the alligator tibia bone
models in Maya 2020-2025 (Autodesk). These marker-based anima-
tions were then augmented with fibular motion through scientific
rotoscoping in Maya. For the guineafowl, mesh models of the fibula
were registered to bone shadows in both X-ray video views®. For the
alligator, a‘hybrid animation’approach®was used in which abase ani-
mation of the fibula based on the two implanted markers was refined
through registration to bone shadows.

We also reanalysed a subset of an existing dataset of iguana (adult,
female) hindlimb motion that was previously visualized by ref. 54, with
extended details of X-ray technique and analysis included therein. In
brief, oneiguanawalking along a trackway was imaged at the X-ray facil-
ity of the Institut fiir Zoologie und Evolutionsforschung at Friedrich
Schiller University. X-ray videos were calibrated using the MATLAB
calibrationroutine available at xromm.org. For this study, CT-derived
mesh models of the pelvis, femur, tibiaand fibula were independently
registered to bone shadows in both X-ray video views in Maya®.

Geomagic Wrap was used to fit geometric primitives to femoral,
tibial or tibiotarsal and fibular articular surfaces for each individual
(following ref. 18). The mesh models and geometric primitives were
imported into Maya to create standardized coordinate systems and
reference poses following the archosaur coordinate system standards
developed by ref.18, herealso applied to [guana. The workin ref.18 did
not outline standards for the creation of separate tibial or tibiotarsal
and fibular anatomical coordinate systems (ACSs), instead opting to
simplify the crus asarigid unit to facilitate holisticcomparison of knee
motion among archosaurs. Given theinadequacy of this simplification
forthefocus of the present study, here we established a fibular conven-
tion following their basic principles. The proximal ACS for each tibia or
tibiotarsus (‘kneeM’sensu ref. 18) was shifted to the centre of the tibial
or tibiotarsal proximal articular region, and was also duplicated and
translated to the centre of the corresponding fibular head. This fibular
ACS was then rotated about its x axis to orient its y axis parallel to the

major axis of the fibular head. To account for intraspecific differences
intibial or tibiotarsal torsion, proximal tibial and tibiotarsal ACSs were
rotated about their x axes to maximize proximal crural alignment and
comparability within the articular context of this study.

Relative bone motion was calculated from these coordinate systems
using a custom Maya embedded language script, oRelFast.mel (see
Codeavailability). This script builds from the existing ‘Output Relative
Motion’ tools available in the XROMM Maya Tools package (see Code
availability) to more quickly calculate rotations and translations using
node-based matrix calculations.

Cadaveric motion analysis

Potential motion of the femur, tibia or tibiotarsus, and fibula at the knee
joints of cadaveric guineafowl and alligators was determined following
the ex vivo XROMM protocol previously outlined”. Experiments were
neither blinded nor randomized. Two intact, fresh-frozen guineafowl
(adult, female) cadavers and two intact, fresh-frozen alligator (juve-
nile, female) cadavers were obtained from colleagues for a previous
comparative analysis of archosaur hindlimb mobility®®, with extended
details of X-ray technique and analysis included therein. Inbrief, three
tofive radiopaque zirconium oxide ball bearings were implanted into
hand-drilled holes in one femur, tibiotarsus and fibula of each guine-
afowl; one femur, tibia and fibula of one alligator; and both femora,
tibias and fibulas of the other alligator. All ball bearings were affixed
with cyanoacrylate adhesive. Additional skeletal elements were also
marked but are notincluded in the analysis here. Damage to soft tissues
was minimized using blunt dissection techniques; all incisions were
sutured after marker implantation. Each marked hindlimb was imaged
inthe W.M.Keck Foundation XROMM Facility at Brown University while
being manipulated using one or two 1.0-m wooden dowel rods loosely
connected to the hindlimb. Of the guineafowl X-ray data, 10,800 frames
were analysed;in 77 of these frames, fibular markers were insufficiently
visible to facilitate reliable tracking and these frames were excluded
fromanalysis. Because the alligator fibulareaches the ankle and pedal
positiontherefore influencesintracrural kinematics, 19,800 frames of
thealligator X-ray data were analysed to ensure inclusion of additional
modes of cadaveric manipulation and more complete coverage of
mobility; in 11 of these frames, the fibula was out of view and these
frames were excluded from analysis.

CT and micro-CT scanning, mesh model creation, geometric primi-
tive fitting, coordinate system creation, video calibration and marker
tracking were conducted as described for live individuals. Unfiltered
rigid body transformations were calculated using XMALab and used
to animate meshes in Maya, where relative bone motion was calcu-
lated using oRelFast.mel as above. For the alligator, meshes were
created including cartilage to facilitate articular raycasting analysis
(see below).

To identify homologous interactions among knee joint articular
surfaces, we followed the articular raycasting methodology previ-
ously described?. Inbrief, meshes for the femur, tibia/tibiotarsus and
fibulafor one guineafowl individual and one alligator individual were
imported into Maya. Cartilage was included in the alligator meshes
to attain the most informative evaluation of in vivo articular relation-
ships; bone meshes were used for the guineafowl because avian knee
articular cartilage is thin and does not appreciably change functional
articular shape. Functional articular surfaces were estimated based on
anatomy and were delineated on the distal femur and proximal tibia or
tibiotarsus and fibula for both taxa. Rays of infinite length were then
cast fromthe crural articular surfaces along their vertex normals, and
allrays that successfully hit the femur were coloured by their resulting
lengths. The results of this preliminary raycast were used to further
refine the selection of articular surfaces, and the raycasting process was
thenrepeated. Osteological articular surfaces were delineated for the
alligator by identifying the regions of bone overlain by cartilaginous
articular surfaces.



Fossil morphology

Three-dimensional meshes of skeletal elements for asample of extinct
reptiles were assembled for comparative anatomical analysis from a
combination of existing models and new models created from micro-CT
scans of fossils or high-resolution research casts. All new micro-CT
scans were conducted at Yale University (Nikon Xtek H225 ST microCT,
Nikon Metrology), and the resulting data were processed using the
‘surface determination’ and ‘convert to mesh’ functions in VGStudio
MAX 3.4 to create three-dimensional mesh models in OBJ format.
Osteological articular surfaces were delineated on each mesh based
onchangesinsurface texture and curvature, and coloured by inferred
region homology based on the results of articular raycasting for the
guineafowl and alligator (see above).

Meshes of the right femur, right tibia and right fibula of M. lilloensis
(PVL 3870/3871) were provided by J. Hutchinson and originally pub-
lished™ (the details of mesh construction are included in the paper).
Existing mirrored left femoral, mirrored left tibial and mirrored left
fibular meshes for A. fragilis (YPM 4944) originally created by ref. 55
and deposited at the Yale Peabody Museum were supplemented with
new meshes created for the mirrored left astragalus (original) and right
calcaneum (cast) of the same specimen (175 kV, 68 mA, 1-s exposure
and 2,000 projections); all meshes have now been deposited in Mor-
phosource. The Allosaurustibia was taphonomically anteroposteriorly
bowed and therefore retrodeformed to straighten the shaft, using the
right tibia of YPM 4944 as areference, with lattice deformers in Maya.
Meshes for the right femur and right crus of D. antirrhopus (for femur,
YPM 53258 (MCZ 4371); for crus, YPM 53258 (AMNH 3015)) were created
from micro-CT scans (182 kV, 130 pA, 1-s exposure and 800 projec-
tions) of high-resolution casts housed in the Yale Peabody Museum
and havebeen deposited in Morphosource. The Deinonychus crus was
taphonomically mediolaterally bowed and therefore retrodeformed to
straighten the tibial and fibular shafts, using the YPM cast of MCZ 4371
(YPM53258) as areference, with lattice deformers in Maya. In all cases,
retrodeformation only served to straighten bone shafts and did not
influence the morphology of articular surfaces; images of the original,
unretrodeformed meshes are provided as Supplementary Fig. 1. Meshes
for theright femur and mirrored left tibiotarsus and fibula of R. ostromi
(UA 8656) were originally created by O’Connor and Groenke and were
downloaded from Morphosource. An existing mirrored left fibular
mesh for /. dispar (FHSM 18702) was downloaded from Morphosource
and supplemented with new meshes for the mirrored left femur and
tibiotarsus (composite of amirrored left proximal fragment and right
distal fragment) of I. dispar (all YPM 1450) created from micro-CT scans
(75-86 kV,70-80 pA, 1-sexposure and 3,142 projections) and deposited
in Morphosource. All Morphosource project IDs are provided in the
Data availability statement.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Helmeted guineafowl and American alligator calibrationimages, X-ray
videos and CT files for both in vivo and cadaveric studies have been
depositedinthe XMAPortal at http://xmaportal.org/webportalin col-
lections titled ‘Fibular Reduction’ under study identifiers BROWN20,
BROWNS8 and BROWN?71. Greeniguana X-ray data have been deposited

intheJena Collection of X-ray Movies at https://szeb.thulb.uni-jena.de
and are available on request as described by ref. 54. Meshes for
Marasuchus are available on request fromJ. Hutchinson, and meshes
for Dinornis are available on request from the Collections Manager of
the Natural History Collections of the Canterbury Museum; both have
been published'®. Meshes and/or CT files for all other fossil specimens
are available on Morphosource at https://www.morphosource.org/
(Rahonauvis (project ID 00000C784); Allosaurus, Deinonychus and
Ichthyornis (project ID 000638782; open download)). Extant avian
meshes are available for download from Morphosource (Poecile
(media ID 000093666; https://www.morphosource.org/concern/
media/000093666?locale=en)) or the Idaho Museum of Natural His-
tory Virtualization Laboratory (all other taxa) at https://virtual.imnh.
iri.isu.edu/. Source data are provided with this paper.

Code availability

The custom oRelFast.mel Maya embedded language script used to
calculatejoint kinematics in this study is available at https://bitbucket.
org/xromm/xromm_other_mel_scripts/src/main/misc_utilities/. XMA-
Lab is pre-existing software previously described® and is available at
https://bitbucket.org/xromm/xmaportal/src/master/,and the XROMM
Maya Tools are pre-existing scripts available at https://bitbucket.org/
Xxromm/xromm_mayatools/src/master/.
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Extended DataFig.1|Invivointracrural kinematicsinreptiles. XROMM-
derived kinematics measured from/guana (a), Alligator (b), and Numida (c) for
thesequencesdisplayedin Supplementary Videos1-3. Representative crural
posesreproduced from Fig. 2 are marked on each graph; note that Alligator
configurationii precedes configurationi, temporally. All scale bars for crura
arelcm. Datawere originally collected fromleftlimbs in [guana and Numida
buthave been mirrored to match right-handed sign conventions following
ref.18.Followingref.18, at the knee, Z rotation corresponds to flexion-extension,
extensionis positive; Y rotation corresponds to abduction-adduction, adduction
ispositive; and X rotation corresponds to long-axis rotation, external rotation

is positive. Within the crus, Z rotation corresponds to pitch, distal fibula rotating
anteriorly is positive; Y rotation corresponds to yaw, distal fibularotating
medially is positive; X rotation corresponds to long-axis rotation or roll, external
rotationis positive; Z translation is mediolateral, lateral motion of the fibula is
positive; Y translation is anteroposterior, anterior motion of the fibula is positive;
and X translationis proximodistal, distal motion of the fibulais positive. Note
theflipped vertical axisingraphs displaying Knee LAR versusintracrural LAR.
Video frames figured aren=1200 for /guana, n =266 for Alligator,and n =226
for Numida.



Extended DataFig.2|X-ray Reconstruction ofMoving Morphology evidence
for avianintracrural motion. Scientific rotoscoping™ requires alignment of
mesh modelsto the shadows of bonesin X-ray videos. During the guineafowl
sequence displayedinFig.2, the proximal fibulais visiblein X-ray videos as a faint
shadow lateralto thelarger elements of the knee. When the left fibular meshis
properly aligned toitsshadow in two video frames (i and ii; a), the fibular head

nestles within the femoral fibular trochlea (b; posterior view; proper articulation
indicated witharrows). However, if the intracrural configurations fromthese
two frames are swapped, the fibular head eitherinterpenetrates with the lateral
femoral condyle or disarticulates from the femur (c; posterior view; articular
errorsindicated with circles). Time pointsiandii match thoseinFig.2 (i=t,and
ii=t;) and Extended DataFig.1.
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Extended DataFig.3|Morphology of the avianintracrural articulation. fibula (to therightineachslice).Slice positions are indicated ona3-D model of
Eight microcomputed tomography slices taken at five-millimetre intervals thecrusinposterior view, with the fibula coloured cyanasinFigs.1,2and 4. The
alongaportionofaright helmeted guineafowl crus, demonstratingmorphology  brightspotwithinthefibulainsliceivresults fromthe presence of animplanted
of the articulation between the tibiotarsus (to the leftin each slice) and the radiopaque marker for ex vivo XROMM analysis (see Methods).



Extended DataFig. 4 |Exvivointracrural kinematicsin archosaurs.
XROMM-derived kinematics measured from manipulations of Alligator (a),
compared againstinvivodatareproduced from Extended Data Fig.1(b), and
from manipulations of Numida (c), compared against in vivo datareproduced
from Extended DataFig.1(d), display differencesinintracrural mobility between
species. Inthelefthand column, points falling parallel to the horizontal axis
(bolded) reflect the fibula axially rotating perfectly in concert with the
tibiotarsus/tibia, with no measured intracrural LAR, whereas points paralleling
thel:1line (bolded) reflect no axial rotation between the fibulaand the femur.
Notethatinthebird,amuchlarger range of intracrural motion allows the fibula

tostay tightly nestled within the femoral fibular trochlea (as indicated by
proximity tothel:1line throughout), although this capacity weakens somewhat
withinternalrotation at the knee (left-hand portion of the graph). Note that in
thealligator, anegativeslopeinthe X-Y intracrural translation graph (compared
tothe negligible slope inthe same graph for the bird) captures the skewing
motion of the fibulavisiblein Fig.2and Supplementary Video 2. Representative
knee poses corresponding to thosein Fig.3 are marked oneachgraphinaandc.
Sign conventions match those in Extended DataFig. 1. Video frames figured are
n=19,789 for Alligator and n=10,723 for Numida.
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Extended DataFig.5|Additional views of articular raycastsforarchosaurian  view.d, Fullraysshown onisolated crura. Proximal view. e, Origin points of the
knee long-axisrotation. a, Articular raycasts in the alligator (left) and bird rays shown onisolated crura. Proximal view. Rays coloured by length asin
(right) right knee joints. Posterior view. b, Target points of the rays shown on Fig.3, throughout.

isolated femora. Caudal view. ¢, Full rays shown onisolated femora. Caudal



Extended DataFig. 6 | Comparison of non-maniraptoran tetanuranand
avian proximal tibias/tibiotarsiacrossbody sizes. a, Homologous medial
and lateral proximal surfaces coloured on non-maniraptoran tetanuran tibias
demonstrate consistently roughly linear medial articular surfaces (yellow).
Redrawnafter literature figures; sources listed in Supplementary Information.
b, Homologous medial and lateral proximal surfaces colored on avian tibiotarsi

demonstrate consistently curved medial articular surfaces (yellow). All scale
barsare1lcm, except for Poecile, whichis 1 mm. Differences in proximal medial
surface curvature inthese two groupsyield astark differenceintheinferred
capacity of the medial femoral condyle to travel along an arc-like path between
rows, summarized by potential trajectories marked on each surface, following
Figs.3and 4.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Existing in vivo hindlimb skeletal motion datasets (Kambic et al., 2014; Manafzadeh et al., 2021; Tsai et al., 2020; Nyakatura et al., 2019) were
reanalyzed. One hindlimb from each of two cadaveric birds, and three hindlimbs total from two cadaveric alligators, were analyzed, as were
one sequence of in vivo data from each taxon (bird, alligator, iguana). In vivo analysis was exploratory in nature, requiring only one sequence
of data per animal, resulting in n = 1200 video frames for Iguana, n = 266 video frames for Alligator, and n = 226 video frames for Numida.
Cadaveric sample sizes were deemed sufficient to capture joint mobility based on previous mobility analyses of the same individuals
(Manafzadeh et al. 2021 PNAS), resulting in n = 10800 video frames analyzed for Numida and n = 19800 video frames analyzed for Alligator.

Data exclusions In 77 frames of Numida video, fibular markers were insufficiently visible to facilitate reliable tracking and these frames were excluded from
analysis. In 11 frames of Alligator video the fibula was out of view and these frames were excluded from analysis.

Replication N/A; this study did not involve experimental groups, all cadaveric mobility data were pooled on a per-taxon basis as previously described by
Manafzadeh et al. 2021 (PNAS) to ensure complete coverage of joint mobility.

Randomization  N/A; this study did not involve experimental groups.

Blinding N/A; this study did not involve experimental groups.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Palaeontology and Archaeology

Specimen provenance N/A; the specimens used in this study are existing specimens and casts housed at the Yale Peabody Museum.
Specimen deposition The specimens used in this study are existing specimens and casts housed at the Yale Peabody Museum.

Dating methods N/A; the specimens used in this study are existing specimens and casts housed at the Yale Peabody Museum.5205.
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All reptile in vivo data reported here was originally reported by Kambic et al., 2014; Manafzadeh et al., 2021; Tsai et al., 2020;
Nyakatura et al., 2019; see those publications for full information.

Wild animals N/A
Reporting on sex N/A
Field-collected samples  N/A

Ethics oversight All procedures involving live animals were approved by the Brown University Institutional Animal Care and Use Committee or the
responsible authorities in Thuringia, Germany (Thiringer Landesamt fir Verbraucher- und Umweltschutz).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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