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Synopsis  Salamanders are often used as analogs for early tetrapods in paleontological reconstructions of locomotion. How-

ever, concerns have been raised about whether this comparison is justifiable, necessitating comparisons of a broader range of
early tetrapods with salamanders. Here, we test whether the osteological morphology of the hindlimb in the early tetrapod
(temnospondyl amphibian) Eryops megacephalus could have facilitated the sequence of limb configurations used by salaman-

ders during terrestrial locomotion. To do so, we present a new method that enables the examination of full limb configurations
rather than isolated joint poses. Based on this analysis, we conclude that E. megacephalus may indeed have been capable of
salamander-like hindlimb kinematics. Our method facilitates the holistic visual comparison of limb configurations between
taxa without reliance on the homology of coordinate system definitions, and can thus be applied to facilitate various compar-
isons between extinct and extant taxa, spanning the diversity of locomotion both past and present.

Introduction

The origin of terrestrial locomotion is one of the key
transitions in vertebrate history, but we still do not know
how most early tetrapods moved on land. To address
this question, paleontologists have often turned to sala-
manders as an analog due to similarities in morphol-
ogy and presumed habitat (Schaeffer 1941; Ashley-Ross
1994; Kawano and Blob 2013). However, several stud-
ies have suggested that salamanders may not always be
the most appropriate model for early tetrapod locomo-
tion. For example, analyses of osteological joint mobil-
ity have concluded that the stem tetrapod Ichthyostega,
unlike a salamander, was unable to draw its pes beneath
its body to contact the substrate with the plantar sur-
face of the foot (Pierce et al. 2012). Similarly, an inte-
gration of joint range of motion (RoM), dynamic simu-
lations, a robot model, trackway information, and com-
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parisons with extant taxa indicated that the stem am-
niote Orobates may have walked more like a caiman
(i.e., more erect) than a salamander (Nyakatura et al.
2019). As a result, further biomechanical studies span-
ning a broader range of early tetrapods are needed to
test whether some of these animals may have been ca-
pable of a salamander-like gait, or whether this compar-
ison is truly uninformative across the board.

“Early tetrapods” includes stem tetrapods such as
Acanthostega and Ichthyostega, which seem to have re-
tained some of their ancestral aquatic specializations,
as well as crown-group Tetrapoda, including stem tem-
nospondyls (Clack 2002b). Temnospondyli have been
proposed to include crown group Lissamphibia (ex-
tant amphibians), forming the sister group to Amniotes
(Sigurdsen and Green 2011; Pardo et al. 2017, but see
Marjanovic and Laurin 2019 for data supporting the
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Fig. | Eryops megacephalus photogrammetry models, scaled to fit
limb proportions of a single individual. Pelvis FMNH UC 446 in (A)
right lateral and (B) left lateral views. (C) Right femur FMNH UC
33 in a lateral view; (D) right fibula FMNH UC 203 in a lateral
view; (E) right tibia FMNH UC 1250 in a lateral view; (F) right
tibia FMNH UC 1250 in a medial view; (G) right fibula FMNH UC
203 in a medial view; and (H) right femur FMNH UC 33 ina
medial view. Scale bar = 10 cm.

lepospondyl origin of Lissamphibia). One early tetra-
pod displaying seemingly strong similarities with sala-
manders is the Permian tetrapod Eryops megacephalus
Cope 1877, a large temnospondlyl known from many
fossils. Shared morphological features between E. mega-
cephalus and salamanders include a shallow acetabulum
(Fig. 1) and an enlarged capitulum on the humerus, the
latter of which is characteristic of lissamphibians and
some temnospondyls (Sigurdsen and Bolt 2009). Fur-
thermore, these animals have very similar limb segment
proportions, sharing a tibia/femur length ratio of about
0.6. Granted, salamanders and E. megacephalus are quite
different in some ways that could alter locomotion, es-
pecially the very large size of the latter (~3 m adult body
length; Schoch 2002). Testing whether E. megacephalus
is capable of walking like a salamander would there-
fore illuminate whether living salamanders may still be
an appropriate model for some early tetrapods. If E.
megacephalus appears incapable of a salamander-like
walk, then early tetrapods less morphologically simi-
lar to salamanders would likely also have been inca-
pable. However, if E. megacephalus appears capable of
salamander-like limb configurations, then salamanders
may still be an informative analog for the locomotion of
some early tetrapods.

Here, we test whether the hindlimb of E. mega-
cephalus may have been capable of salamander-like
hindlimb configurations using data from (1) osteolog-
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ical simulations of joint mobility in E. megacephalus
(following Manafzadeh and Padian 2018; Manafzadeh
and Gatesy 2021) and (2) in vivo Fire salamander (Sala-
mandra salamandra) walking data (Herbst et al. in re-
view). To account for the interacting effects of joint mo-
bility and limb segment proportions (Gatesy and Pol-
lard 2011), we present a novel method using a “digital
marionette” to evaluate full-limb configuration viability
by checking the osteological viability of multiple joints’
poses at once. We then use this approach to test whether
keylimb configurations in the stride cycle of S. salaman-
dra can be assumed by the hindlimb of E. megacephalus.
Ultimately, we discuss the implications of this work for
future paleontological reconstructions of locomotion.

Materials and methods
Specimens and photogrammetry models

We examined all available E. megacephalus material in
the collections at the Cambridge Museum of Zoology
(UMZC) and the Field Museum in Chicago (FMNH).
We chose specimens for photogrammetry (details in
Supplementary Information) based on preservation
(completeness and quality of element, especially the ar-
ticular surfaces), to avoid taphonomic artifacts such as
distortion or abrasion of articular surfaces. Between the
two museums, no single individual with a complete
and well-preserved hindlimb exists. Therefore, we se-
lected specimens and scaled the models based on data
from the literature (Cope 1880, 1888; Pawley and War-
ren 2006; details in Table 1, Supplementary Text 1 and
Supplementary Table S1) so that the proportions of the
pelvis, femur, tibia, and fibula were realistic. Specimens
used were FMNH UC 446 (pelvis), FMNH UC 33 (fe-
mur), FMNH UC 203 (fibula), and FMNH UC 1250
(tibia) (Fig. 1). The pelvis was somewhat flattened but
primarily on the left side (except some slight distortion
in the dorsal iliac process, which would not affect os-
teological RoM analyses); therefore, we used the right
side for our RoM analyses (see Supplementary Text 1
for more information).

We then used photogrammetry to create 3D digital
models of the bones. We took between 119 and 320
photos for each half of each specimen, ensuring that
all angles of view of the object were sufficiently sam-
pled in the photographs. Using the photogrammetry
software AgiSoft Metashape (AgiSoft PhotoScan Stan-
dard, Version 1.5.4, 201, retrieved from http://www.ag
isoft.com/downloads/installer/), we aligned these pho-
tos (settings: high accuracy, generic preselection, adap-
tive camera model fitting, 50,000 key point limit, and
4000 tie point limit) and produced a dense point cloud
(settings: high quality and aggressive filtering) and sub-
sequently a mesh of both sides of each element. We
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Table | Eryops megacephalus hindlimb proportions from the literature, and S. salamandra measurements from our rotoscoping specimen

(length is maximum length in the given dimension)

Elements

Measurement dimensions

Ratio Source

E. megacephalus Femur : pelvis

Proximodistal length : anteroposterior length 0.92

Cope 1880, Plate IV

E. megacephalus Tibia : femur Proximodistal length : proximodistal length 0.62 Pawley and Warren 2006, Figs. 10
and ||

E. megacephalus Fibula : tibia Proximodistal length : proximodistal length 0.98 Cope 1888, Text

S.salamandra Femur : pelvis Proximodistal length : anteroposterior length 0.62:x Own measurements

S.salamandra Tibia : femur Proximodistal length : proximodistal length 0.57 Own measurements

S.salamandra Fibula : tibia Proximodistal length : proximodistal length 0.85 Own measurements

* Note: S. salamandra pelvis is not fully ossified anteriorly.

then manually cleaned the model in AgiSoft, removing
the background. Measurements and scaling were per-
formed in MeshLab software (Meshlab v1.3.3, Cignoni
et al. 2008). The final scaled models of the E. mega-
cephalus hindlimb are displayed in Fig. 1. For informa-
tion on salamander CT scans and rotoscoping data, see
Herbst et al. (in review).

Rigging and osteological RoM simulation

We first implemented the RoM reconstruction meth-
ods developed by Manafzadeh and Padian (2018) and
Manafzadeh and Gatesy (2021) to test the osteolog-
ical RoM allowed by the hip and knee joints of E.
megacephalus. We created right-sided digital mari-
onettes (i.e., forward kinematic rigs) for both joints in
Maya (versions 2019 and 2022, Autodesk, San Rafael,
CA, USA) and then animated each joint in 5 de-
gree increments in all three rotational degrees of free-
dom (flexion—extension [FE], abduction-adduction
[ABAD], and long-axis rotation [LAR]) to automat-
ically sample all possible combinations of rotations
(186,624 unique poses). At each frame of animation,
we assessed pose viability by checking for a Boolean in-
tersection (i.e., interpenetration of distal and proximal
bone meshes); if there was no intersection, the pose was
marked as viable (Manafzadeh and Padian 2018). Maya
Embedded Language (MEL) scripts for such osteolog-
ical RoM sampling can be found in Manafzadeh and
Gatesy (2022).

To set up the hip joint, we aligned the proximal
femoral anatomical coordinate system (ACS) to the
right acetabular ACS (Fig. 2; see Supplementary Text
1 and Supplementary Fig. S1 for ACS creation infor-
mation). The ACSs were developed using the same
methodology as used for the salamander (Herbst et al.
in review) to allow standardized comparisons between
species. For the proximal femoral ACS of E. mega-
cephalus, we subsequently rotated the ACS by 90 de-
grees about the LAR axis. This reorientation was nec-
essary because our ACSs were defined based on prox-

Fig. 2 Eryops megacephalus right hip joint in an (A) anterior view
and (B) lateral view, with right acetabular ACS and right proximal
femur ACS in null pose (with femur laterally extended). The
proximal femur ACS was translated slightly laterally and dorsally to
account for cartilage and to prevent the femur intersecting with
the ventral acetabular rim (translation values discussed in text).
The animation joint in Maya was positioned mid-way between the
two ACS origins with a point constraint, and the axes of the joint
were aligned with the axes of the ACSs in null pose with an orient
constraint. (C and D) Salamandra salamandra hip joint in anterior
and lateral views. The Z-axis (FE, blue) points ventrally, the Y-axis
(ABAD, green) points posteriorly, and the X-axis (LAR, red) points
laterally. Not to scale.

imal femoral morphology, and S. salamandra and E.
megacephalus differ in proximal femur morphology rel-
ative to the distal end; this relationship is often termed
femoral “torsion.” In E. megacephalus, the long dimen-
sions of the distal femur and proximal femur are roughly
aligned, whereas in S. salamandra they are 90-degrees
offset (Fig. 2). The ACS rotation enabled us to ensure
that in E. megacephalus and S. salamandra the distal fe-
mur and tibia/fibula orientations are similar between
the taxa in the null pose and have the same spatial rela-
tionships to the femoral ACS in both taxa.
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To account for cartilage on the surface of the bones,
we then translated the femur 10.83 mm laterally (along
the X-axis) and 6.28 mm dorsally (along the —Z-axis),
centering the proximal femur within the acetabulum.
We then placed a Maya animation joint in the center of
the joint space (between the proximal and distal ACSs)
and oriented it to the ACSs using animation constraints
(Fig. 2).

To set up the knee joint, we first orient- and point-
constrained the proximal tibia/fibula ACS to the ACS
of the distal femur (following Kambic et al. 2014). We
then created a double animation joint positioned and
oriented to these ACSs (the parent joint for position and
the child joint for joint rotations). We used the prism-
based hinge joint protocol developed by Manafzadeh
and Gatesy (2021) to create joint spacing that remains
more constant throughout rotations of the joint, which
would not have been possible with a simple rotational
joint in this case. In the salamander joint, the simple ro-
tational animation joint was used in combination with
added translations as needed at some poses to track the
bone movement; however, this would not have been fea-
sible for E. megacephalus, as we needed to include such
translations before the osteological RoM tests.

The joint spacing was determined by positioning the
joint in 45-degree FE (i.e., 45-degrees flexed from the
null pose where the knee is extended; a position cho-
sen to objectively assign joint configuration without bi-
asing extremely flexed or extended poses) and adjust-
ing translations until the articular surfaces were aligned.
This is referred to as E. megacephalus knee B (Fig. 3
B) (letters refer to knee joint tightness in ascending or-
der). To quantify the spacing, we measured the distance
in local X from the distal femoral ACS to the proxi-
mal tibiofibular ACS (Supplementary Fig. S2). This dis-
tance was 2.9 cm. Note that since the ACSs are placed
slightly below the bone surface, the actual joint “space”
is slightly smaller.

As a sensitivity study to determine how different
joint spaces affect the osteological joint RoM (i.e., infer-
ring different cartilage thicknesses; Holliday et al. 2010;
Molnar 2021), we created two other models in addition
to our initial model.

Eryops megacephalus knee C joint spacing was a
model in which the joint spacing was based on relative
joint spacing in our salamander model, which is based
on in vivo joint spacing (Fig. 3 C). We positioned the
salamander model into a fully extended limb pose (zero
rotations about all axes) and measured the distance be-
tween the distal femoral ACS and proximal tibia/fibula
ACS along the X-axis. This distance was 26% of the tib-
ial length (longest proximodistal direction). We then
created this same joint spacing (relative to tibia length)
between the ACSs of the E. megacephalus knee joint. To
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Fig. 3 Eryops megacephalus right knee joint in anterior view, flexed
(rotated about Z) at 45 degrees from the null pose (in which the
proximal tibia/fibula ACS is aligned with the distal femoral ACS).
(A) Knee spacing option A (tight joint spacing); (B) knee spacing
option B (intermediate joint spacing); and (C) knee spacing option
C (large joint spacing, based on the same relative joint spacing as in
S.salamandra in the null pose).

determine the translations along the other axes, as in
knee B, we rotated the knee joint to 45 degrees and then
adjusted the bones so that the articular surfaces lined
up. To compare the joint spacing with model A, we used
the same method as above, measuring the spacing at the
null pose: the distance between ACSs along the X-axis
was 3.59 cm. Again note that since the ACSs are placed
slightly below the bone surface, the actual joint “space”
is slightly smaller. Eryops megacephalus knee joint A was
amodel in which we added a tighter joint spacing (Fig. 3
A) than in models B and C, to test the effects of this on
the RoM. The distance between the distal femoral ACS
and proximal tibia/fibula ACS was 2 cm in this model.
We used scientific rotoscoping (a method in which
CT scanned bones of an animal are aligned to two bi-
planar X-ray videos to obtain 3D bone motion [Gatesy
et al. 2010]) to determine the hip and knee joint poses
and full hind limb configurations used during a walking
stride in the Fire salamander (S. salamandra) (Herbst
etal. in review). The relative hindlimb bone proportions
are given in Table 1. We chose four key hind limb con-
figurations to re-create in E. megacephalus: mid-swing
(i.e., maximal anterior excursion of the limb, frame
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565), toe-on (frame 636), mid-stance (frame 716), and
toward the end of the stance, just before toe-off (frame
852) (500 Hz recording) (Fig. 4 B-E). We chose these
poses to represent various points of the stride cycle,
to show a range of limb orientations in the salaman-
der hindlimb during walking. Furthermore, we picked
these poses in the salamander independently of the vi-
able pose space in E. megacephalus, to prevent bias-
ing pose choice toward poses we observed in E. mega-
cephalus.

A new multi-joint method for testing limb
configuration viability

We devised a new method combining osteological RoM
(graphed as Euler alpha shapes [polygonal envelopes
representing the bounds of the point cloud of viable
poses]; Manafzadeh and Padian 2018) with a forward
kinematic model whose joints could be interactively
manipulated. This enabled us to recreate key hindlimb
configurations used in S. salamandra during walk-
ing (Herbst et al. in review) in the early tetrapod E.
megacephalus. The method then gives automatic feed-
back whether the hip and knee poses required for this
hindlimb configuration are viable, based on the osteo-
logical RoM data. This setup also enabled us to test the
sensitivity of our results to the knee joint spacing. The
advantage of this method over simply comparing pos-
sible joint angles was that we took into consideration
the whole limb morphology and the contributions of
both the hip and knee to various limb configurations,
and obtained results independent of the specifics of our
joint coordinate system definitions. This is important
because the morphology of S. salamandra and E. mega-
cephalus is not exactly the same (although they do share
the same femur to tibia length ratio).

We created a rig in Maya that included both the hip
and knee joints and the pelvis, femur, tibia, and fibula
bone meshes. For each anatomical joint, we used a dou-
ble animation joint system in which one joint specified
the location of the actual joint, and another animation
joint (the first joint’s child) could be used to manipulate
the rotations at that joint. These animation joints will
be referred to as the position animation joint and the
rotation animation joint. The orientation and location
of these animation joints were the same as the joints set
up for the osteological RoM study (see above).

For each joint, we created an alpha shape in MAT-
LAB R_2019b (Mathworks, Natick, MA, USA) from the
viable poses from the osteological joint RoM analysis
(where FE rotations were graphed on the X-axis, ABAD
rotations were graphed on the Y-axis, and LAR rota-
tions were graphed on the Z-axis) (Manafzadeh and Pa-
dian 2018). The alpha radius was determined by plot-
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ting the points and alpha shape on the same graph and
adjusting the alpha radius until the alpha shape wrapped
all of the viable poses (without including unviable poses
[see the "Results" section]). The alpha mesh was then
imported into Maya as an .obj file (code for graphing
points, alpha shapes, and exporting as .obj available on
Github; see the "Data Availability" section). Note that
alpha shape meshes must be clean (no non-manifold or
self-intersecting faces, with uniform normals) in order
for the method to work properly.

To enable comparisons between the salamander
hindlimb poses used during walking and the E. mega-
cephalus models, we scaled the S. salamandra model
such that the distance between the centroid of the ac-
etabular ACS to the distal tibia/fibula in the null pose
was consistent between models. This scaling step was
done separately for the two knee options. The measure-
ment point on the distal tibia/fibula was determined
as the intersection point of the LAR axis and a plane
aligned to the distal-most points on the tibia and fibula,
with the tilt in the FE axis at about 90 degrees to the LAR
axis. We then exported the salamander model in the
four key configurations chosen above (mid-swing, toe-
on, mid-stance, and toward end of the stance) and im-
ported it into the Maya scene with the E. megacephalus
model. For each configuration, we aligned the salaman-
der model’s acetabular ACS to the E. megacephalus ac-
etabular ACS with a point and orient constraint, and
then manipulated the E. megacephalus hip and knee
joints to match the S. salamandra bones, to achieve
gross morphological similarity of the body and limb
configuration relative to the ground. Such similarity was
defined as aligning the bones as closely as possible to
each other. Due to differences in femoral “torsion” (i.e.,
relationship of proximal and distal articular surfaces) in
E. megacephalus and S. salamandra, exact alignment of
all bony features is not possible; in these cases we gave
priority to aligning the distal femoral articular surfaces
and the articular surfaces of the tibia and fibula. We set
the limits of the hip and knee animation joints from 180
to —180 FE, 90 to —90 ABAD, and 180 to —180 LAR
to prevent redundant poses that inadvertently exceeded
the sampled poses in the osteological RoM analysis.

To check whether these limb positions were viable
in E. megacephalus, we automatically checked them
against the osteological RoM results (via alpha shapes)
using a GUI (graphical user interface) called “multi-
JointPoseChecker.mel” developed for the purpose of
checking the validity of several joints at once (Supple-
mentary Fig. S3). These steps were done for both knee
spacing options and are described below.

“multiJointPoseChecker.mel” enables the user to in-
put between one and three animation joints and the
meshes for corresponding joint rotation alpha shapes.
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Fig. 4 Hindlimb configurations in S. salamandra (A) from rotoscoping of in vivo walking, during (B) mid-swing, (C) toe-on, (D) mid-stance,
and (E) just before toe-off. These limb configurations were recreated in E. megacephalus (F) with three different knee spacing options:
(G-)) tight knee spacing; (K-N) intermediate knee spacing; and (O-R) larger knee spacing, based on the amount of knee spacing present
in the rotoscoped salamander at the null pose. Salamandra salamandra configurations in (B—E) were scaled to E. megacephalus knee B.

Table 2 Eryops megacephalus osteological RoM.

Joint Max FE Min FE Max ABAD Min ABAD Max LAR Min LAR

Hip 40,-20,-40 -65,-5,95 -15,45,-155 -30,-60, 15 -35,-5,180 -35,-5,-180
Knee A 125,-15, 10 -60,-45, 130 15,90, 100 0,-90,-125 5,-15,150 95,-80,-170
Knee B 145, -45, 30 -80 -60, 130 -30, 90,85 -50,-90,-100 -25,-10, 180 -25,-10,-180
Knee C 150,-50, I5 -95,0,-25 -55,90,80 -60,-90,-100 -45,-5,180 -45,-5,-180

Knee A is a tight joint space model, knee B is medium joint space,and knee C is a larger joint space (same relative joint spacing as salamander in the
null pose). Euler angles for max and min values are shown in bold. The other angles show interaction of degrees of freedom, by showing the rotations
about the other two axes at the maxima and minima of the axis of interest. Values are listed in a Z)Y X format, corresponding to FE, then ABAD, then
LAR. For example, for maximum FE, the first angle is in bold and the next to values are the ABAD and LAR values to achieve this maximum. For both
the knee and hip, positive rotation about the Z-axis is flexion, positive rotation about the Y-axis is abduction, and positive rotation about the X-axis
is external rotation. Angle values are relative to a null pose in which the femur extends laterally from the acetabular ACS and the knee is extended,

so that the tibia/fibula also extend laterally.

Then, when the user manipulates the joints, the script
tests whether the joint rotations fall within the viable
pose space; if they do not, the alpha shape turns red.
This enables the user to manipulate several joints to
achieve specific limb orientations with instantaneous
feedback of whether all of the given joint positions are
viable.

Results

The E. megacephalus hip had 8500 unique viable poses
out of 186,624 sampled, knee A had 8309 unique viable

poses, knee B had 30,628 unique viable poses, and knee
C had 48,034 unique viable poses. Euler angle rotations
(maximum and minimum rotational values of each axis,
and the corresponding rotations about the other axes
at these poses) obtained from E. megacephalus osteo-
logical RoM are shown in Table 2. Alpha shapes are
shown in Fig. 5. An alpha shape radius (i.e., “tight-
ness” of wrapping the viable Euler space) of 10 was cho-
sen after iterative tests with various radii to determine
the tightest possible bounding value that included all
of the points without excluding viable poses. Note that
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Fig. 5 Alpha shapes illustrating osteological RoM for the E. megacephalus hip (A and B) and knee (C-H) joints. (C and D) Knee spacing
option A (tight spacing); (E and F) knee spacing option B (intermediate spacing); and (G and H) knee spacing option C (large spacing, same
relative joint spacing as salamander in null pose). Salamander joint poses used during key phases of the walking stride cycle are depicted as
circles, replicated poses in E. megacephalus are depicted as triangles. Purple: mid-swing, blue: toe-on, green: mid-stance, and yellow: just
before toe-off.
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we did not cosine-correct the Euler space (Manafzadeh
and Gatesy 2020) for our study (since we were not com-
paring overall volumes); therefore, direct comparisons
of alpha shape volumes and viable percentage of total
poses samples do not reflect exact quantitative differ-
ences in pose space. However, the differing numbers of
viable poses do demonstrate that overall reconstructed
osteological joint mobility at the knee was sensitive to
the joint spacing (cf. Demuth et al. 2020; Manafzadeh
and Gatesy 2021).

That said, the main goal of this study was not to
compare overall mobility but rather to reconstruct
salamander-like limb configurations and determine
where the joint poses they require fall within the viable
pose space. The osteological RoM of E. megacephalus
permitted four key limb configurations similar to those
used in Fire salamanders during walking (Fig. 4). This
was true for all three knee spacing options. However,
there were some slight differences between the E. mega-
cephalus and salamander poses. For mid-swing, the E.
megacephalus hip was not capable of quite as much
femoral protraction relative to the femoral position of
the salamander. In this case, we had the option to either
position the E. megacephalus knee such that the distal
tibia and fibula aligned with the S. salamandra bones,
or recreate the knee joint pose from the salamander in
E. megacephalus. We opted to reconstruct the latter. Re-
gardless, these slight differences in hip and knee poses
likely do not affect the capacity of E. megacephalus for
salamander-like hindlimb kinematics, because they oc-
cur in the non-weight-bearing swing phase.

At the point just before toe-off, the E. megacephalus
hip could not extend (retract the femur) quite as much
as the salamander. For more exact alignment of the
femora, the E. megacephalus hip would have had to ex-
tend about 8 more degrees, which was not possible due
to bony intersections at that position. However, with a
slight bit of extra knee flexion, the distal ends of the tibia
and fibula could be brought into a similar position as in
the salamander even with slightly less hip extension in
E. megacephalus. Furthermore, including translational
motions at the joints in the model would likely allow an
even more similar pose at the hip at both mid-swing and
just before toe-off poses.

Tables 3 and 4 show the hip and knee joint poses
used in S. salamandra during key configurations used
in walking: mid-swing (i.e., maximal anterior excursion
of the limb, frame 565), toe-on (frame 636), and mid-
stance (frame 716). Tables 3 and 4 also show the hip and
knee joint poses in E. megacephalus used to replicate
the salamander-like limb configurations. Fig. 5 shows
the joint poses at the hip and knee associated with these
configurations in both E. megacephalus and S. salaman-
dra, plotted on the alpha shapes.

E. C.Herbst et al.

Discussion

The osteology of the pelvis and stylopodial and zeu-
gopodial hind-limb bones permitted E. megacephalus to
achieve four configurations characteristic of four main
points in the stride cycle of a salamander: mid-swing,
toe-on, mid-stance, and just before toe-oft. Overall, our
data lend support to the idea that E. megacephalus could
have moved with (Fire) salamander-like hindlimb kine-
matics.

Joint RoM and limb postures

Investigating joint RoM during locomotion in an ex-
tant animal can help us understand the coordination of
joint positions that enable its gait. As a result, testing
for possible gait(s) in a fossil requires not only com-
paring the joint RoM values between extant and fos-
sil taxa but checking how the various poses at the limb
joints interact to produce, for example, an appropriate
foot orientation. Joint angles at the hip and knee joint
cannot be simply transferred from any animal to an-
other; foot ground contact, hip height, and limb seg-
ment lengths impose constraints on possible poses. If
two animals have differing limb segment lengths, ap-
plying the joint angle of the first animal to the second
will probably produce an unfeasible gait in the latter
(Gatesy and Pollard 2011). Similar limb proportions are
important when comparing joint angles to infer overall
limb and body position relative to the ground (Gatesy
and Pollard 2011). However, the morphology of the seg-
ments is still important; the same combination of rota-
tions at the hip and knee joint in both animals could re-
sult in a different foot orientation on the ground given
differences in torsion between the proximal and distal
articular surfaces of a bone (Gatesy and Pollard 2011;
Carney 2016).

Indeed, there were some salient differences in the
morphology of E. megacephalus and S. salamandra.
These differences did not prevent similar overall poses
but instead highlight that combinations of different
morphologies can produce similar overall limb config-
urations (and by inference, locomotor patterns) in dif-
ferent animals. For example, the shapes of the proxi-
mal femur in E. megacephalus and S. salamandra dif-
fered. In the null pose with the leg laterally extended, the
longest dimension of the femoral heads of the two ani-
mals were roughly 90 degrees offset from each other. In
order words, with the limb extended and the longest di-
mension of the distal articular surface aligned between
the two models, the salamander proximal femur had
a more antero-posteriorly compressed shape, in con-
trast to the more dorsoventrally compressed proximal
femur of E. megacephalus (Fig. 2). Differences in hip
LAR (Table 3 and Fig. 5) between S. salamandra and E.
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Table 3 Hip joint poses, rounded to the nearest tenth of a degree, listed in the order of FE, ABAD, and LAR for the four key
configurations used in this study

Mid-swing Toe-on Mid-stance Just before toe-off
S. salamandra 43.1,26.2, —46.5 —20.2,-0.2,54.9 —3.3,-6.9,—485 29.0,0,—109.6
E. megacephalus A —29.2,20.6, —12.3 —163,—-1.2,-168 0.1,-9.7,-32.0 24.3,-2.3,-86.9
E. megacephalus B —29.2,20.6, —12.3 —163,—-1.2,-168 0.1,-9.7,-32.0 24.3,-2.3,-86.9
E. megacephalus C —29.2,20.6, —12.3 —163,—-1.2,-168 0.1,-9.7,-32.0 24.3,-2.3,-86.9

Table 4 Knee joint poses, rounded to the nearest tenth of a degree, listed in the order of FE, ABAD, and LAR for the four key
configurations used in this study

Mid-swing Toe-on Mid-stance Just before toe-off
S. salamandra 32.1,-3.9,—175 44.1,-9.1,82 120.2,13.7,—11.8 23.1,-7.2,-6.0
E. megacephalus A 20.8,—1.6,—1.2 38.0,-0.7,14.5 101.1,-5.3,-35 38.0,—1.9,20.2
E. megacephalus B 20.8,—1.6,—1.2 38.0,-0.7,14.5 101.1,-5.3,-35 38.0,—1.9,20.2
E. megacephalus C 20.8,—1.6,—1.2 38.0,-0.7,14.5 101.1,-5.3,-35 38.0,—1.9,20.2

megacephalus can be attributed to the difference in this
femoral “torsion” (the relationship between proximal
and distal articular surfaces). This leads to more mea-
sured internal rotation in hip LAR in S. salamandra rel-
ative to E. megacephalus for a visually similar proximal
femur orientation. However, while S. salamandra did
have higher hip internal rotation (Table 3 and Fig. 5), it
is not as large as this 90 degree morphological offset, be-
cause we prioritized matching the distal femur between
the two taxa over exactly matching the proximal femur
given the distal femur’s importance in setting up the
functional axis of the knee joint. The benefit of the new
method we present here is that it facilitates pose com-
parisons despite differences in morphology and ACSs
(see the “Methodology” section).

Another difference between the two taxa is the mor-
phology of the distal fibula. The distal fibula in E. mega-
cephalus does not reach as distally as the distal tibia in E.
megacephalus. In the salamander, on the other hand, the
distal tibia and fibula were about the same height rela-
tive to the ground. However, despite this difference, the
two animals could still have had a similar stance phase
position of the foot. An articulated fossil of the distal
tibia and fibula and tarsals of E. megacephalus shows
that the intermedium and fibulare were large in E. mega-
cephalus and articulated with the distal fibula (Dilkes
2015, Fig. 6). The distal articular surface of the fibu-
lare roughly aligns with the distal surfaces of the tib-
iale and centrale 4 (Dilkes 2015), forming a hinge-like
flexion axis with the distal centralia and fourth and fifth
tarsals, and another flexion region between the distal
tarsals and metatarsals (as described for the Permian
tetrapod Trematops in Schaeffer 1941). Therefore, al-

Fig. 6 Hindlimb pose just before toe-off for S. salamandra (A,B)
and E. megacephalus (C-F) in lateral (A, C,and E) and posterior (B,
D, and F) views of the hip joint. C and D show the version of the E.
megacephalus hindlimb from Fig. 4 (with intermediate knee joint
spacing option), with the limb bones aligned as closely as possible
to those of S. salamandra. E and F show an alternative just before
toe-off pose for E. megacephalus, with less internal rotation of the
hip, resulting in a hip joint where the proximal femoral surface is
more aligned with the acetabular shape.

though the distal tibia and fibula were offset, these ankle
and foot bones could have permitted a “hinge-like” flex-
ion in the foot to place the plantar surface of the foot on
the ground. Future studies could test this by modeling
E. megacephalus foot and ankle mobility and rotoscop-
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ing the salamander foot and ankle joint, to add possible
foot positions to the limb configurations tested in this
study.

Furthermore, since foot positioning likely involves
some movement of the fibula relative to the tibia
(Schaeffer 1941), future models could incorporate this
additional movement to analyze the interaction of the
crus and foot position. Such studies may help eluci-
date the mechanism in which the foot faced anteriorly
during retracting of the femur in sprawling locomotion
to produce forward propulsion during femoral retrac-
tion (e.g., the “rotation problem” discussed for lizards
in Rewcastle 1983). An anteriorly facing foot may be
achieved via different mechanisms in lizards than in E.
megacephalus and S. salamandra. The lizard ankle joint
differs from that of amphibians and early tetrapods;
lizards fuse some of their tarsals (see Schaeffer 1941 for
an extensive description of amphibian and reptile tarsal
anatomy). In E. megacephalus and S. salamandra, the
morphology of the tarsals (including a relatively large
intermedium, fibulare, and centrale) may facilitate the
forward foot orientation, but further studies are needed
to test this hypothesis.

Early tetrapod locomotion

Our study contributes to a growing literature examin-
ing the locomotor capabilities of early tetrapods. When
Pierce et al. (2012) used a posture-based approach to
compare the Devonian tetrapod Ichthyostega to sala-
manders, they concluded that Ichthyostega could not
have achieved a sprawling mid-stance pose similar to
that of a Tiger salamander (Ambystoma tigrinum), and
that the hip had much lower LAR capacity than mod-
ern tetrapods. By contrast, our RoM studies show that
the Permian tetrapod E. megacephalus has unrestricted
LAR when the limb is extended laterally; however, with
high hip extension (retraction) such as at toe-off, our
inferences of LAR also become a bit more restricted.
No studies to date have quantitatively compared the ap-
pendicular morphology or mobility of stem tetrapods
and later tetrapods such as E. megacephalus on a like-
for-like basis to address just how similar or different the
joint form and function were. As a result, future com-
parative studies using similar null poses and joint mo-
bility methods are needed to investigate how variation
in early tetrapod morphology relates to locomotor func-
tion, whether certain salamanders are better analogs for
locomotor analyses in some early tetrapods than others,
and why.

Our inferences of hip LAR are likely sensitive to
hip joint spacing. We did not test a model of E. mega-
cephalus with less joint spacing at the hip, but such a
model could have resulted in more restriction of LAR.

E. C.Herbst et al.

Specifically, the supra-acetabular buttress may con-
strain internal rotation of the femur. Salamanders also
have this buttress, but relative to the distal femur, the
longest dimensions of the proximal femoral articular
surface are offset by about 90 degrees in salamanders
and E. megacephalus; in the toe-off position, the E.
megacephalus proximal femur has the longest dimen-
sion dorsoventrally, whereas the salamander femur has
the longest dimension anteroposteriorly. Therefore,
in mid stance and end of stance poses (Figure 4), the
buttress does not restrict the femoral head as much
in S. salamandra (when the distal femoral articular
surfaces are aligned between E. megacephalus and S.
salamandra). On the other hand, allowing a range of
translations in all three degrees of freedom will likely
permit more mobility in E. megacephalus (Manafzadeh
and Gatesy 2021), requiring future sensitivity
analyses.

As discussed above, the E. megacephalus limb con-
figuration just before toe-off was possible, but the
femoral head in this position has its longest dimension
dorsoventrally, rather than the more anteroposteriorly
oriented acetabulum, and the space between the femur
and supraacetabular buttress is very small (Fig. 4D, I,
M, and Q). Therefore, we also tested another possible
toe-off configuration in E. megacephalus (Fig. 5E and
F). In this configuration, we allowed for more varia-
tion between E. megacephalus and S. salamandra, with
the E. megacephalus femur less internally rotated to bet-
ter align the femoral head and acetabulum in E. mega-
cephalus. Such a pose is less constricted at the hip joint;
therefore, it is less sensitive to hip joint spacing. It results
in the whole limb being oriented a bit more anteriorly
and a bit less internally rotated than in the salamander.
However, the relative positions of the distal tibia and
fibula relative to the body are not very different from
those of the salamander (Fig. 5A, B, E, and F). There-
fore, we conclude that even if E. megacephalus exhib-
ited less internal rotation than the salamander at the
end of stance (Fig. 6E and F), it could have had a sim-
ilar sprawling movement to a salamander, but proba-
bly varied in details of the movement, such as stride
length. Further tests of articular and soft tissue con-
straints might elucidate which toe-off position is more
likely, but regardless, both options support our hypothe-
sis that salamander-like hindlimb kinematics were per-
mitted by the osteological RoM of E. megacephalus.

Methodology

One big advantage of the new method we present here is
that it avoids confusion resulting from ascribing homol-
ogy to different anatomical axes in different taxa, since
we are not directly comparing Euler angles between two
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taxa. Instead, we take the series of limb configurations
used by an extant animal for a specific gait, and replicate
those overall limb configurations in the fossil, then test
the joint poses required for each configuration against
the boundaries of the osteological RoM in the fossil.
Although the potential poses could have been checked
visually for bone-on-bone interpenetrations, this new
approach enables direct visualization of joint rotations
within their respective possible pose spaces and simul-
taneous objective assessment of their viability, and is es-
pecially useful for “tight” joints such as the hip or verte-
bral elements, where visual checks are difficult because
the bones often obscure the joint morphology. Further-
more, the method could be used to enforce joint mo-
bility limits (including interaction of degrees of free-
dom) in digital and robotic simulations of whole limb
and even whole body movement. Although bony col-
lisions could also be measured in such simulations via
Boolean intersections between the bones, our method
could be used with alpha shapes generated from joint
RoM including soft tissues to enforce joint RoM limits
beyond bony intersections.

Future directions

We demonstrated that, based on osteological joint RoM,
E. megacephalus could have adopted the hindlimb con-
figurations used in the sprawling gait of a Fire salaman-
der, suggesting that certain salamanders may yet be use-
ful analogs for early tetrapod locomotion in some cases.

Our study is one example of where the choice of
“analog” (or homolog) is very important to consider
carefully, and specifically. For example, it should be
explicitly stated what is being tested as potentially
analogous—for example, mobility of a particular joint
or similarity of overall limb configurations, as in this
study, or other aspects of locomotor biomechanics such
as muscle function or kinetics. It may be unlikely that
all aspects of locomotion are analogous between an ex-
tinct taxon and an extant taxon, given the complex mo-
saic of potential differences between them in overall 3D
morphology and dynamics. Salamanders may not be
good analogs for certain aspects of locomotion in early
tetrapods, especially in highly specialized forms such
as Crassigyrinus (Clack 2002b; Herbst and Hutchinson
2018); or early amniotes such as Orobates (Nyakatura
etal. 2019).

Early tetrapods also varied dramatically in adult body
sizes, from small sizes closer to that of the Fire sala-
mander in this study to larger sizes ~2m in length
(e.g., Clack 2002a). Limb posture in vertebrates on land
tends to get more erect/upright with increasing body
size in order to satisfy biomechanical constraints such
as supportive tissue stresses (Dick and Clemente 2017).
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Hence, the issue of body size and limb kinetics deserves
consideration in conjunction with analyses of kinemat-
ics.

Ideally, future studies could build on our passive
joint RoM studies. This range of poses could be fur-
ther narrowed down, for example, by following the ki-
netic (biomechanical) constraints described in Gatesy
etal. (2009) and Nyakatura et al. (2019) or the ligament
modeling approach described in Manafzadeh and Pa-
dian (2018). Our study only focused on the hindlimb—
future models could also include the forelimb as well as
spine kinematics, which play an important role in sala-
mander locomotion (Ashley-Ross 1994).

Musculoskeletal models of E. megacephalus and other
early tetrapods could be made based on muscle recon-
structions (e.g., those discussed in Molnar et al. 2018,
2021), to thoroughly test the scope of possible mo-
tions and whether the large size of E. megacephalus
would impose kinetic (as opposed to kinematic) lim-
its on salamander-like motions. Notably, the trochanter
on the salamander femur and the trochanters on the
E. megacephalus femur (fourth and internal trochanter
[Pawley and Warren 2006]) were in similar positions
throughout the stride cycle. This suggested similarities
in muscle attachment and function, and more detailed
examination of osteological correlates and their loca-
tion throughout the stride could enable the modeling of
muscles.

Furthermore, there is the potential to further develop
our new multi-joint pose viability methods. For exam-
ple, this workflow would benefit from automatic meth-
ods to best match up bone meshes, or align anatomi-
cal landmarks automatically (e.g., via algorithms similar
to the software CloudCompare; https://www.cloudcom
pare.org/), to objectively ensure that specific osteologi-
cal correlates—and therefore the muscles that drive the
limb motion—are aligned between animals. Addition-
ally, all three translational degrees of freedom could be
included in the model and incorporated into the pose
viability analysis to test their effects on potential limb
configurations Manafzadeh and Gatesy (2021). Further
studies in extant animals on joint spacing (e.g., Molnar
2021; Holliday et al. 2010) will help to inform the rela-
tionships between bone and cartilage morphology and
size in extant species and to determine how much joint
translation to allow.

Moving forward, additional analyses of early tetra-
pod locomotion will benefit from the development of
more objective articulation criteria in evaluating pose
viability (Manafzadeh and Gatesy 2022). For example,
in this study, full extension of the knee was possible in
the E. megacephalus model, but the tibia and fibula were
substantially more dorsal than the femur (ie., poten-
tially subjectively “disarticulated”). Determining when
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to assess such poses as viable or inviable will strongly in-
fluence the inferences we draw about which gaits were
possible. The work presented here offers a foundation
for these future analyses.

Conclusion

Here, we provide insight into the possible locomotor
mode of E. megacephalus, demonstrating that its osteo-
logical joint anatomy did not prohibit a salamander-like
sprawling hindlimb gait. Our new multi-joint pose via-
bility method provides a new tool to test whether a fossil
is capable of achieving the overall limb postures char-
acteristic of a certain gait. It can readily be applied to
other taxa to examine the limb postures that could have
been achieved across a range of taxa. Together with soft
tissue reconstructions, this will enable us to better un-
derstand the major locomotor transitions in vertebrate
evolutionary history.
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