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Abstract

The unique morphology of mammalian lumbar vertebrae allows the spine to flex and extend in the
sagittal plane during locomotion. This movementincreases stride length and allows mammals to
efficiently breathe while running with an asymmetric gait. In extant mammals, the amount of flexion that
occurs varies across different locomotor styles, with dorsostable runners relying more on movement of
longlimbs torun and dorsomobile runnersincorporating more flexion of the back. Although long limbs
and a stabilized lumbarregion are commonly associated with each otherin extant mammals, many
“archaic” placental mammals with short limbs had lumbar vertebrae with revolute zygapophyses. These
articulations with an interlocking S-shapeare found only in artiodactyls among extant mammals and
have been hypothesized to stabilize against flexion of the back. This would suggest that archaic placental
mammals may not have incorporated dorsoventral flexion into locomotion to the same extent as extant
mammals with similar proportions. We tested the relative mobility of fossil lumbar vertebrae from two
early placental mammals, the creodonts Patriofelis and Limnocyon, to see how these vertebrae may
have functioned. We compared range of motion (ROM) between the original vertebrae, with revolute
morphology and digitally altered vertebrae with aflat morphology. We found that the revolute
morphology had relatively little effect on dorsoventral flexion and instead that it likely prevented
disarticulation due to shearforces onthe spine. These results show that flexion of the spine has been an
important part of mammalian locomotion foratleast 50 million years.

Introduction

Extant mammals can dorsoventrally flex and extend the spine, which facilitates breathingand increases
stride length during locomotion (Hildebrand, 1959; Gambaryan, 1974; Carrier, 1987; Schillingand
Hackert, 2006). The extentto which the spine bends varies across extant mammals, corresponding to
locomotor style and gait, but the evolution of this function has not been explored in the fossil record
(Slijper, 1946; Gambaryan, 1974; Boszczyk etal., 2001). Placental mammals, the dominant extant group,
firstexperienced a major radiation after the end Cretaceous mass extinction as they rapidlyincreased in
size and diversified into newniches (Alroy, 1999; Grossnickle etal., 2019). This radiation included first
appearances of many crown orders, but the first placental mammalsto reach large size belonged to
“archaic” groups, such as the carnivorous creodonts. Many archaicmammals had lumbar vertebrae with
unusual, interlocking zygapophyses (Halpert etal., 1987; Zhou etal., 1992; Wood etal., 2010; Argot,
2013; Rose etal., 2019; Kort etal., 2022). This feature could indicate uniquelumbarfunctionin early
Paleogene mammals and ashiftinfunction laterin the Cenozoic. To assess the function of lumbar
vertebrae in archaicPaleogene mammals, we tested the relative mobility of fossil lumbar vertebral joints
fromtwo creodonts from this time.

Lumbar vertebrae sit between the thoracicvertebrae, which supportthe ribcage, and the sacrum, which
supportsthe pelvis. Unlike the posterior dorsal vertebrae of non-mammalian synapsids, lumbar
vertebrae in mammals lack ribs, and tend to have elongated centra and vertically oriented zygapophyses,
making this region more mobile in the sagittal plane (Slijper, 1946; Jenkins, 1970). Lumbar joints have a
higherrange of motionin the sagittal plane than those of thoracicor sacral vertebrae, allowing the
lumbarregiontoact as a hinge between the fore and hindlimbs during locomotion. Because lumbar
vertebrae dually functioninlocomotion and body support, their relative mobility varies with body size
and locomotorstyle across extant mammals (Slijper, 1946; Hildebrand, 1959; Boszczyk et al., 2001;
Alvarezetal., 2013; Jones, 2015). Smalleranimals and sprinters tend to have a more mobile lumbar



region, whilelargeranimals and long-distance runnerstend to have a more stabilized lumbar region
(Hildebrand, 1959; Gambaryan, 1974). Many morphological changes can affect the relative mobility of
lumbarvertebrae, like shortening of the centra or widening of the transverse processes (Boszczyk et al.,
2001). Though many of these changes have evolved multiple times across Mammalia, revolute
zygapophyses, articulations with an interlocking S-shape appearto have only evolved once (Kort, 2023).

In most mammals, lumbar zygapophyses are relatively planar, with aslight overall curve to the surface. In
contrast, revolute zygapophyses are more strongly curved with a distinct dorsal ridge (Slijper, 1947,
Halpertetal., 1987). The prezygapophyses of the more posteriorvertebrawrap around peg-shaped
postzygapophysis of the more anterior vertebra. Additionally, the postzygapophyses have aridge along
the dorsal edge that matches the shape of the prezygapophyses, creating akind of lock and key (Figure
1). Historically, this shape has beenreferred to as revolute, referring to the leaf-like, S-shape of the
postzygapophysis when viewed head-on (Wortman, 1894; Slijper, 1946). Among extant mammals, only
artiodactyls, and possibly pangolins, have retained revolute zygapophyses (Slijper, 1946; Halpertetal.,
1987; Kawashimaetal., 2015). The interlocking configuration of revolute zygapophyses has been
hypothesized to restrict movement of the lumbarvertebrae (Halpertetal., 1987). Large bovids have
especially dorsostable running gaits, with most dorsoventral movement of the spine seemingly restricted
to the lumbosacral joint by exceptionally tall postzygapophyseal ridges (Halpert et al., 1987; Belyaev et
al., 2021; Belyaevetal., 2022).

Revolute zygapophyses have been documented in avariety of Paleogene taxa, but their developmentin
creodontsis especially unexpected (Mellett, 1977; Zhou etal., 1992; Wood et al., 2010; Argot, 2013;
Gould and Rose, 2014; Kort etal., 2022). Creodonts are a group of carnivorous placental mammals with
uncertain phylogeneticaffinity and questionable monophyly that appearedin the Paleocene and went
extinctinthe Miocene (Gunnell, 1998; Halliday etal., 2017; Polly, 1996). They are often placed within
Ferae, the clade encompassing extant carnivorans and pangolins, as a basal polyphyleticor paraphyletic
group, though the exact placementvaries (Gunnell, 1998; Zack, 2019; Halliday, 2017; Beck and Baillie,
2018). The two major groups of creodonts commonly recognized are the dog-like hyaenodonts and the
cat-like oxyaenodonts (Gunnell, 1998). Compared to extant carnivorans, creodonts tended to have
shorter, more robustlimbs and more plantigrade posture (Ahrens, 2017; Van Valkenburgh, 1985; Janis
and Wilhelm, 1993).

The combination of short limbs and a seemingly stabilized spine presents an apparent contradictionin
the interpretation of creodontlocomotion. In artiodactyls, the only living analog for revolute
zygapophyses, the combination of longlegs and astabilized spine has been interpreted as an adaptation
forefficientlongdistance running across open environments (Halpertetal., 1987; Boszczyk etal., 2001;
Galisetal., 2014). On the otherhand, most creodonts are decidedly not cursorial (Gunnell, 1998; Morlo,
1999). Even Hyaenodon, alater creodont that was somewhat cursorial, did not reach the same limb
proportions as living dogs (Mellett, 1977; Van Valkenburgh, 1985; Janis and Wilhelm, 1993). In extant
carnivores with short legs, like mustelids, flexion and extension of the spine are alarge component of the
stride length (Gambaryan, 1974). The relative mobility of the lumbarregion would therefore have a
majorimpact on the locomotor capabilities of creodonts.

Three primary functions have been proposed for revolute zygapophyses based on the observations of
spine movementin livingmammals with this feature: 1.) stabilizing against dorsoventral flexion, 2.)
resisting dorsoventral shear and disarticulation, and 3.) resisting torsion or axial rotation (Halpertetal.,



1987; Boszczyk etal., 2001; Jones, 2015). We tested each of these functionsin exceptionally preserved
lumbarvertebrae from two creodont specimens by running digital range of motion (ROM) tests. ROM
measures how much bones ata joint can rotate and move relative to each other. Inlumbarvertebrae,
the primary axes of rotation are defined as dorsoventral flexion (up and down bending), lateral flexion
(side toside bending), and axial rotation (twisting). Toisolate the effect of revolute zygapophyses, we
created edited versions of the vertebrae with flattened zygapophyses and compared ROM between
revolute and flattened zygapophyses.

Materials and Methods

Specimens

We acquired pairs of fossil lumbar vertebrae in articulation from two creodonts: Patriofelis ulta (UMNH
VP 550) and Limnocyon potens (AMNH 13138) from the Natural History Museum of Utah (UMNH) and
the American Museum of Natural History (AMNH), respectively (Figure 1). These specimens were
selected becauseboth had intact, in articulation vertebrae that were identifiable as lumbar vertebrae
based on morphology and comparison to othervertebrae within the specimens. Additionally, unlike
many of the partial skeletons with articulated vertebrae from this time period, neither specimenwasina
slab, which presents substantial challenges for CT scanning. Both creodonts are thought to have six
lumbarvertebrae, but thisis difficult to confirm from the specimens preserved (Matthew, 1909; Kort et
al., 2022). The pairsselected are the anterior-most vertebrae pairs that are intact, estimated to be L2
and L3 forboth specimens.

Both specimens come from the Bridger Formation of Wyoming, a series of limestones and siltstones
deposited around 50-45million years agoina wet, forested environment (Buchheim etal., 2000).
Patriofelisis a large oxyaenodont, approximately the size of a cougar, with a cat-like skull and short,
robustlimbs. [t was likely one of the largest predators in the ecosystem (Gazin, 1957; Kort et al., 2022).
Limnocyonisa smaller, basal hyaenodont, around the size of araccoon, with relatively shortlimbs. It had
a longersnoutthan Patriofelis and was likely more omnivorous and insectivorous (Borths et al., 2016;
Matthew, 1909).

Scanning and Model Preparation

To digitize the vertebrae, we CT scanned both specimens. Patriofelis was CT scanned with a slice
thickness of 0.6 mm on the Siemens Dual Source medical CT scannerat the University of Utah Hospital in
Salt Lake City, Utah. Limnocyon was CT scanned at a resolution of 38 microns on the X5000 high
resolution micro-CT system at the University of Minnesotain Minneapolis, Minnesota. We used 3D Slicer
to segmentthe two mostintact adjacentvertebraefrom each specimen (Fedorov etal., 2012). For both
these were amore anterior pair, likely L2and L3. We exported the models as OBl files for furtherediting
(Table S1).

We used GeomagicDesignto clean and smooth the models (Figure 2). We decimated each model to
around 25k faces. Because of minordeformationinthe Patriofelis vertebrae, we used the sheartool to
manually make the right and left halves of the vertebrae symmetrical. For Limnocyon, the zygapophyses
were only fullyintacton one side of the vertebrae. We created afully intact set of vertebrae by deleting
the broken half and mirroring the intact half. Finally, we used the smooth tool to reduce any rough
geometry that came from the segmentation process.



To testthe effect of revolute zygapophyses, we created an edited set of vertebrae for both specimens by
flattening the zygapophyses. The morphology of these edited vertebrae is entirely hypothetical for the
purposes of experimentation (Jurestovsky et al., 2020). Although measurements of ROMin the edited
vertebrae do not reflect the function of any real animal, experimenting with the morphology in this way
allowed ustoisolate the effects of the zygapophysis shape. This experimental approach is particularly
useful forfossils, given the possible effects of deformation on any absolute measurements.

We primarily focused on flattening the prezygapophyses. In Patriofelis, we also flattened the
postzygapophyses tolook more like those of a carnivoran, though we did not adjust the angle of
projection. For Limnocyon, we did not flatten the postzygapophyses extensively because the articulating
surface was already relatively flat. In total, this resulted in four sets of two vertebrae each: an unedited
setwith revolute zygapophyses for both Patriofelis and Limnocyon and an edited set with flattened
zygapophyses for both species (Figure 2).

Range of Motion Test

We used the 3D animation software Maya and Python package AutoBend to measure the range of
motion (ROM) for each set of vertebrae (Jones etal., 2021). AutoBend systematically rotates vertebrae
around 3 axes of the joint: anteroposterior (axial rotation), dorsoventral (lateral bending), and
mediolateral (sagittal bending). Although ROMtraditionally uses only bony intersection to determine the
limit of rotation, in the spine, ligaments play an especially importantrole in preventing disarticulation of
the joint (Slijper, 1946; Evans, 1993). To estimate the role of ligamentsin ROM, AutoBend measures
distances between landmarks onthe centraand zygapophyses of the vertebrae to estimate strain on the
intervertebraljoint. Excessive strain, which would stop rotation of the joint, was validated against data
fromateguand cat (Jonesetal., 2021). When eitherjointstrainis exceeded orbonyintersection occurs,
rotation stops.

We setup each pairof vertebrae using the recommended protocol, placinglandmarks on the centraand
zygapophyses and setting the center of rotation in between the centrum faces of the articulating
vertebrae (Figure S1). We set the neutral starting position by starting with the articulated positionin
which each pair of vertebrae was preserved. We then adjusted the alignment of each pairso centrafaces
were parallel and the zygapophyses were maximumly overlapped (Jones etal., 2021). We then setthe
center of rotation (COR) using a sphere mesh centered between the faces of the centra. Because the
zygapophyses of Patriofelis had a slight curve, we adjusted the position of the COR usingasphere fit to
thiscurve.

AutoBend rotates the vertebraaround one axis atatime, butany jointina livinganimal will often
experience rotation and potentially translation in more than one direction at a time. To test how
different combinations of rotation and translation affected ROM, we created six alternate starting
positions that deviated from the neutral position (Figure 3). Three positions varied the starting rotation
of the vertebrae and three varied the relative position of the vertebrae. Seven starting positions,
including the neutral position, for each of the four sets of vertebrae resulted in 28 models total (Table
S2). Foreach of these models, we ran 23 trials, varying parameters fortolerance of bony intersection,
the exact position of the center of rotation, and the amount of joint strain allowed for the zygapophyses
and the centra(Table S3).



ANOVA

We performed aset of two way analysis of variance (ANOVA) tests on the resulting range of motion data
to compare edited and unedited zygapophyses for each species. We used starting position and shape of
zygapophysis as the two factors affecting range of motion, treating each trial as a data point. This
resultedin 280 trials for each species, after removing the three trials that failed to intersect. We then
performed eight total ANOVAs, one for each direction of rotation (dorsal, ventral, lateral, and axial) for
each species (SeeSupplementary Data Code).

Dorsal and ventral directions of rotation were treated separately because vertebrae are dorsoventrally
asymmetric. For lateral and axial rotation, leftand right rotation were averaged for each trial, and the
ANOVAs were performed on these average rotations from the neutral position. Because the data
generated by AutoBend is non-parametric, we used the RRPP package for Rto perform the ANOVAs
(Collyerand Adams, 2018). We used the Im.rrpp function to fit a linear model to the dataand calculate
effectsizes usingrandomized residuals of the data. We then used the pairwise functionin the same
package to compare effects between zygapophysis shape within each starting position.

Results

Dorsoventral Flexion

In Patriofelis, revolute zygapophyses showed significant differences in both dorsal and ventral flexion
(p<0.001) (Table S4). However, pairwise comparison of zygapophysis shape within each starting position
showed significant difference only for the trials where the posterior vertebra was translated either
ventrally or posteriorly (Table S5, S6). When the posterior vertebrastarted ventrally translated from the
neutral position, dorsal flexion was substantially reduced in the unedited, revolute zygapophyses but not
inthe flattened zygapophyses. Similarly, when the posterior vertebra started posteriorly translated, both
dorsal and ventral flexion were reduced in the revolute zygapophyses but notin the flattened.

In Limnocyon, revolute zygapophyses had little effect on dorsoventral flexion (Figure 4). The ANOVA
showed significant difference between zygapophysis shape in the level of dorsal flexion (p<0.001), and
no significant difference in level of ventral flexion (p=0.605) (Table S4). Pairwise comparison of
zygapophysis shape for each starting position showed significant differences in the neutral starting
position for each of these directions of rotation (Table S7, S8; Figure 4). Unexpectedly, the revolute
zygapophsyes showed higher ROMthan the flattened zygapophyses forthesetrials.

Lateral Flexion and Axial Rotation

Patriofelis shows consistently higher ROMin the flattened zygapophyses than the unedited
zygapophyses forthese axes of rotation. Like with dorsoventral flexion, the only pairwise comparisons of
zygapophysis shape that show significant difference are the ventrally and posteriorly translated starting
positions (Table S9, S10; Figure 4). Limnocyon, onthe other hand, showed significant difference (p<0.05)
between edited and unedited zygapophyses for range of axial rotation (torsion) and lateral flexion only
when starting from the neutral position (Table S11, S12; Figure 4). Again the unedited zygapophyses
show slightly higher values for ROMthan the flattened zygapophyses for both axial rotation and lateral
flexion.



Discussion

Function of Revolute Zygapophyses

In both creodonts, the revolute zygapophyses appearto prevent disarticulation rather than heavily
stabilize against dorsoventral flexion. In Patriofelis, the S-shape of the articulation acts as a track,
restricting axial rotation and lateral flexion, and only allowing rotation in the sagittal plane. The large
ridge of the postzygapophysis can move only along the anteroposterior axis, sliding by the overhang of
the prezygapophysis. Because the postzygapophysis has a slight curve in the sagittal plane,
anteroposterior movementalong this “track” becomes rotation in the sagittal plane (Figure 5). The limit
of sagittal rotationis set by the length of the zygapophyses,as a longer “track” allows for more
movement beforethe zygapophyses separate.

Limnocyon shows a higher ROM in all directions compared to Patriofelis, and the tracked effectis not
present, likely due tothe reduced dorsal ridge along the postzygapophysis. Instead, lateral flexion and
axial rotation are slightly higherin the original zygapophyses compared to the flattened zygapophyses.
This may be due to the curved, bulging shape of the original zygapophyses having aball and socket like
effect (Figure 6). Like in Patriofelis, the lower part of the postzygapophysis is more curved thanin the
zygapophyses of most mammals, and the prezygapophysis matches this curve with amore cupped,
indented shape (Figure 2). By flattening the prezygapophysis, the surface of the prezygapophysis was
raised slightlyrelativeto original curved morphology. This appears to have caused the flattened
zygapophysestointersect afterless rotation than the revolute zygapophyses. Additionally, the smaller
ridge alongthe dorsal edge of the postzygapophysisin Limnocyon does not track movementinto one
direction as in Patriofelis. However, the overhang on the prezygapophysis would still actas a bony stop
that would prevent dorsoventral disarticulation, unlike with flattened zygapophyses.

Although revolute zygapophyses have been long hypothesized to restrict dorsoventral flexion, these
results suggest that otherfeatures are more importantin the mobility of the lumbarregion (Slijper,
1946; Halpertetal., 1987). Forinstance, taller centrain Patriofelis compared with Limnocyon may be
responsible forthe decreased ROM, as the edges of the centra farther out from the center of rotation
would come into contact more quickly thanin dorsoventrally shallow centra (Gambaryan, 1974).
Revolute zygapophyses may have instead functioned to decrease the chances of disarticulation, by
increasing surface areaand spreading out forces acting on the joint (Jones, 2016). Notably, Patriofelis has
taller dorsal ridges along the postzygapophysis compared with the reduced ridges of Limnocyon. This
matchesthe patternfoundin extant artiodactyls, where larger animals, like Bison, have prominent ridges
that create the distinctive S-shape, and smalleranimals, like the dik-dik (Madoqua kirkii) have reduced
ridges (Halpertetal., 1987). This suggests thatthe ridge may play a role in resisting breakage, though
this cannot be confirmed with asimple range of motion test.

Locomotor Function

When comparingthe ROM from the creodont vertebraeto measurements from extant mammals,
Patriofelisis comparable to a sheep, while Limnocyon is comparable to acat (Gal, 1993; Jonesetal.,
2020). The dorsoventral ROMfor Patriofelis falls in line with ex vivo measurements from a dissected
sheep (Ovis aries) spine, wherethe more anteriorlumbarvertebrae show around 5degrees of dorsal
and ventral flexion from the neutral position (Gal, 1993). Sheep, like other artiodactyls tend to be more
dorsostable when running, though notto the extremes of larger bovids (Belyaev etal., 2021). On the
otherhand, the higher ROM, particularly in the dorsoventral direction, of Limnocyon,is closerto the 10-



15 degrees measured from the dissected spine of a cat (Felis catus) (Jones etal., 2020). Cats are
generally considered dorsoflexible, incorporating more dorsoventral flexion into their running gaits
(Gambaryan, 1974).

Previous locomotorinterpretations of Patriofelis and Limnocyon limb morphology suggest that both
animals were likely ambulatory terrestrial (Matthew, 1909; Morlo, 1999; Kortet al., 2022). Given the
mobility of its vertebrae, Limnocyon may have been able to run with a bounding gait, similarto living
mustelids (Gambaryan, 1974; Schutz and Guralnick, 2007). Mobility in lateral and axial rotation may have
also allowed forahigh amount of agility in its movements. Patriofelis, on the other hand, shows more
restrictionin dorsoventralflexion, and little to no lateral or axial rotation. Though it would have likely
had some capacity to run with a bounding gait or gallop, it would have not had the same level of bending
as Limnocyon.

The increased stabilization of the lumbarregionin Patriofelis may be related toits large size compared
with Limnocyon. Patriofelis is estimated to have weighed between 30-100 kg, around the size of a
cougar, while Limnocyon is estimated to have weighed 3-10kg, around the size of a raccoon (Morlo,
1999). Lumbar vertebrae typically experience afunctional trade-off between mobility and stability as
mammalsincrease insize and the relative force of body weight on the spine increases (Halpertetal.,
1987; Jones, 2015). Creodonts were some of the first large placental mammals and, Patriofelis especially,
would have experienced increased forces on the spine compared to earlier placentals (Bi et al., 2018;
Lyson etal., 2019). By preventing disarticulation while allowing dorsoventral flexion, revolute
zygapophyses seemto, at least partially, bypass the trade-off between mobility and body support. In
domestic cats and dogs, disarticulation of the posteriorthoracicand anteriorlumbaris the most
common spinal injury (Grasmueck and Steffen, 2004; Bali etal., 2009). This regionis where the most
flexion occurs, and in cats especially, muscleand ligaments are primarily responsible for preventing
vertebrae from disarticulatingin response to shear stresses (Slijper, 1946; Evans, 1993; Boszczyketal.,
2001). Because spinal injuries are so often fatal, itis plausiblethat the revolute zygapophyses evolvedin
some early placental groups thatincreased in size and experienced increased forces onthe spine. Thisis
furthersupported by the elaboration of the revolute zygapophyses in Patriofelis, the larger of the two
creodonts, which resultsinamore stabilized joint.

Evolution of Lumbar Vertebrae Function

These results demonstrate that dorsoventral flexion of the spine has been acomponent of mammalian
locomotion forat leastthe past 50 millionyears. Both creodontvertebrae have morphological features
that enhance dorsoventral flexion: elongated centra, vertically oriented zygapophyses, and anteriorly
pointed neural spines (Slijper, 1946; Gambaryan, 1974).

Atthe beginning of the Cenozoic, mammals rapidly increased in body size (Lyson et al., 2019; Bertrand et
al., 2022). This increased forces on the spine and may have led to the evolution of stabilizing features
that overwrote earlier, mobile features, like shortening of the elongated centra. Revolute zygapophyses
appearto a unique, derived feature, that stabilized the spine against disarticulation while still allowing
flexion. Among Paleogene mammals, revolute zygapophyses appear widespread in taxa thought to fall
under Ferungulata, the superorderthatincludes living ungulates and carnivorans, while many other
groups, including those more basal to Placentalia, have relatively flat zygapophyses (Zhou et al., 1992;
Wood etal., 2010; Argot, 2013; Rose et al., 2019; Kortetal., 2022; Kort, 2023). Paleogene mammals that
have revolute zygapophyses include some of the largest mammals for the time period, like mesonychids,



but many large mammals, like uintatheriids, lacked this feature. Thus, as mammals diversified in size and
locomotorstyle, lumbar function also diversified.

Conclusion

Revolute, interlocking zygapophyses have previously been interpreted as an adaptation for efficient long-
distance running, restricting dorsoventral flexion (Halpertetal., 1987; Zhou etal., 1992). However,
among extant mammals, these zygapophyses are only found in artiodactyls, limiting functional
comparisons to extinct mammals with dissimilar ecology (Slijper, 1946). These range of motion tests
show that the revolute zygapophsyes found in the lumbar vertebrae of early placental mammals did not
restrict dorsoventral flexion and extension of the spine. Instead, this feature stabilizes lumbar vertebrae
againstshearforces and disarticulation. The capacity for dorsoventral flexionin these creodonts
demonstrates that flexion of the spine was acomponent of mammalian locomotion, even as placentals
diversified andincreased in size. Stabilizing features likely evolved secondarily in responsetoincreased
forces onthe spine duringlocomotion as mammals rapidly increased in body size at the beginning of the
Cenozoic(Lysonetal., 2019).

Though the fossil record contains valuable information about the complex evolution of mammalian
locomotion, interpreting the function of fossil organisms by comparison with the anatomy of extant
organismsislimited. Fossil organisms may have unique ecology and functional adaptations unlike those
of any livinganimal. Functional experiments, like ROMand modifying morphology, can therefore provide
deeperinsightto how ancientanimals moved.
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Figure Captions

Figure 1.) Fossil vertebrae scanned forbending experiments. All scalebarsare 1 cm. A.) Lateral view of
lumbarvertebrae from Patriofelis ulta (UMNH-VP 550) with anteriorto the right. Likely L2 and L3,
though, this was not possible to confirm. The black line shows the approximate location of B.) transverse
CT slice through the zygapophysesin articulation. Note the revolute, S-shape of the zygapophyses. C.)
Lateral view of lumbarvertebrae L1through L3 from Limnocyon potens (AMNH FM 13138), with anterior
to the right. The black line shows the approximate location of D.) transverse CT slice through the
zygapophysesinarticulation. Note the less pronounced ridge compared to Patriofelis. Abbreviations:
pre, prezygapophysis; post, postzygapophysis.

Figure 2.) Final models of posterior vertebrae used for ROMtests show from anterolateral view Red axis
isanteroposterior, with light red pointing towards anterior. Prezygapophyses are indicated with black
arrows. All scale bars 1 cm. A.) L3 from Patriofelis cleaned and retrodeformed to be as symmetricalin
articulating elements. B.) Edited L3 from Patriofelis with prezygapophyses flattened. C.) L3 from
Limnocyon cleaned and retrodeformed to be symmetrical in articulating elements. D.) Edited L3 from
Limnocyon with flattened prezygapophyses.

Figure 3.) Variations on starting pose for ROM trialsillustrated with Limnocyon vertebrae pair. The neural
poseisshowningray, froma posterolateralangle (posterioristo the left). The deviation from the neutral
poseisshown by the blue vertebra. Axes of rotation are dorsoventral (blue), axial (red), and lateral
(green). Variations are A.) posterior vertebra flexed dorsally, B.) posteriorvertebra flexed ventrally, C.)

posteriorvertebraflexed laterally, D.) posterior vertebrae translated dorsally, E.) posterior vertebra
translated ventrally, and F.) posterior vertebra translated posteriorly.

Figure 4.) Comparison of maximum degrees of rotation for each axisin ROM trials between revolute and
digitally flattened zygapophyses. Pairwise comparisons between zygapophysis shape with the same
starting position that show significant difference in rotation (p<0.05) are highlighted in red. Starting
positionsforeachtrial are labelled at the bottom of the chart from left to right: neutral, dorsal flexion
(DF), ventral flexion (VF), lateral flexion (LF), dorsal translation (DT), ventral translation (VT), and



posteriortranslation (PT). Each barrepresents the mean value fortrials run for that model and starting
conditions with errorbars showing one standard deviation. Limnocyon shows little difference between
the two types of zygapophyses. Patriofelis shows similar values across most trials, but reduced flexionin
the revolute zygapophyses when the posterior vertebra starts with some ventraltranslation orsome
posteriortranslation. Notethatin Patriofelis, values for both lateral flexion and axial rotation are
consistently higherinthe flattened zygapophyses compared with the revolute zygapophyses. However, in
Limnocyon, the unedited zygapophyses show slightly higher degrees of rotation.

Figure 5.) Illustration showing how the interlocking morphology of Patriofelis zygapophyses acts to allow
dorsoventral flexion. The prezyapophysis of the posterior (gray) vertebrais drawn with the middle
section cut away, so thatthe postzygapophysis of the anterior (red) vertebrais visible. The red and black
dotted line outlines the surface where the prezygapophysis and postzygapophysis slide past each other
The posterior (left) vertebraisshown in maximum dorsal flexion (top) and maximum ventral flexion
(bottom) relative to the anterior (right) vertebra, whichis stationary. Note how the rotation of the
posteriorvertebrafollows the curve of the postzygapophysis of the anterior vertebra. This “track” allows
dorsoventral flexion while restricting movementin other directions.

Figure 6.) lllustration of Limnocyoninlateral (A-C)and ventral flexion (D-F). Anterior vertebraeis shown
ingrey and posteriorvertebrae isshowninblue. A.) Limnocyon vertebrae shown from a dorsoposterior
angle inthe neutral position. B.) Limnocyon vertebrae with revolute zygapophyses shown in maximum
lateral flexion. C.) Limnocyonvertebrae with flattened zygapophyses shown in maximum lateral flexion.
Note how the flattened face of the prezygapophysis touches the lateral most point of the
postzygapophysis. D.) Limnocyon vertebrae shown from a dorsal angle in the neutral position. E.)
Limnocyon vertebraewith revolute zygapophyses shown in ventral flexion. F.) Limnocyon vertebrae with
flattened zygapophyses shownin ventral flexion.
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