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Summary

A quantitative study of hindlimb kinematics during terrestrial locomotion in a non-
specialized salamander was undertaken to allow comparisons with limb movements in
other groups of tetrapods. Five Dicamptodon tenebrosus were videotaped at
200fieldss~1 walking on atreadmill. Coordinates of marker points on the salamander’s
midline, pelvic girdle and left hindlimb were digitized through at least three strides at
both awalk (0.77 SVL s~1, where SVL is snout—vent length) and atrot (290SVL s™1).
Marker coordinates were used to compute kinematic variables summarizing trunk
flexion, pelvic girdle rotation, femoral protraction/retraction and knee flexion/extension.
The stride is characterized by uninterrupted trunk and pelvic girdle oscillation, femoral
retraction throughout stance phase, and knee flexion in early stance followed by
extension. Mean angular excursions are. trunk, 66°; pelvic girdle, 38.5°; pelvic
girdle-femur, 106°; and knee, 65°. The hindlimb and pelvic girdle also show a
complicated pattern of lateral movement related to knee flexion/extension and periods of
support by the contralateral hindlimb during the step cycle. Dicamptodon shares the
following features of the hindlimb step cycle with other tetrapod taxa: rotation of the
pelvic girdle through a30-40° arc, femoral retraction beginning simultaneously with and
persisting throughout stance phase, flexion of the knee in early stance, and extension of
thekneein |ate stance.

I ntroduction

Vertebrate morphologists have a long history of using salamanders as a window into
the locomotor capabilities of primitive tetrapods. Howell (1944, p. 224) stated that ‘ The
earliest tetrapods, when they emerged from an aguatic habitat, must have progressed
much as does a salamander today.” In their skeletal and gross morphology, fossil
primitive tetrapods more closely resemble salamanders than any other extant tetrapod
group (Schaeffer, 1941; Carroll, 1988), though current understanding of tetrapod
phylogeny clearly shows that modern amphibians are an offshoot lineage and not on the
main branch leading to higher tetrapods (Carroll, 1988; Milner, 1988; Panchen and
Smithson, 1988). Nonethel ess, many researchers have examined modern salamanders in
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an attempt to identify primitive locomotor features (Romer and Byrne, 1931; Schaeffer,
1941; Howell, 1944; Gray, 1968), and this clade is dtill recognized as the closest
approximation to the primitive tetrapod condition (Gans and De Gueldre, 1992). The
other two extant lissamphibian clades, frogs and caecilians, do not possess |ocomotor
morphologies similar to those of early tetrapods. Caecilians lack legs, while the highly
modified skeleton and saltatory locomotor mode of frogs are found only in this clade
(Duellman and Trueb, 1986). In contrast, modern salamanders retain severa features
thought to be shared by the earliest tetrapods. These characteristics include sprawling
posture (generally accepted to be primitive for tetrapods; Gregory and Camp, 1918;
Romer, 1922; Schaeffer, 1941; Howell, 1944; Gray, 1968; Rewcastle, 1981; Carrall,
1988) and the ability to generate undulatory waves with their axial musculature (Daan
and Belterman, 1968; Gray, 1968; Frolich and Biewener, 1992). Also, the skeletal
structure of the pectoral/pelvic girdles, limbs and particularly the tarsus is the closest
available analogue to that of the earliest tetrapods (Schaeffer, 1941). Findly, during the
stance phase of a stride, the major axis of the pes of salamanders aways points forward,
unlike those of many previously studied lizards (such asiguanids), whose feet point out to
the side during later stance (Schaeffer, 1941; Brinkman, 1980b, 1981). This maintenance
of pes orientation is accomplished by the long-axis rotation of the bones of the crus, with
thetibia crossing in front of the fibula, much as the radius and ulna of the human forearm
cross during rotation of the wrist. Fossil trackways show that the earliest terrestrial
tetrapods also possessed this characteristic of the pes always pointing forward during
walking (Romer and Byrne, 1931; Schaeffer, 1941).

Previous studies of salamander locomotion have ranged in subject matter from
attempting to understand probable movements of labyrinthodont limbs by analyzing films
of walking newts (Schaeffer, 1941) and categorizing the typical salamander gait
(Hildebrand, 1966, 1976), to deriving forces exerted by the limbs (Barclay, 1946) and
investigating the relationship between sensory feedback and central neural commandsin
the control of the forelimbs (Szekely et al. 1969). Edwards (1977) measured the relative
contributions of girdle rotation, limb retraction and limb rotation to locomotion, and both
Edwards (1977) and Gray (1968) have offered theoretical discussions of how each of
these facets of limb movement can combine to produce the greatest stride length. More
recently, a focus has been put on the axia locomotor system, with severa studies
describing lateral undulations of the body and attempting to dissect standing from
travelling waves (Daan and Belterman, 1968; Sukhanov, 1974; Edwards, 1977; Frolich
and Biewener, 1992). Carrier (1993) has described differentia functioning of a
component of the axial locomotor system, the hypaxial musculature, during swimming
and walking.

In spite of this volume of work, several avenues of investigation remain unexplored.
For instance, salamanders represent one of the two possible tetrapod groups in which to
examine simultaneous functioning of two locomotor systems that are each believed to be
independently capable of driving forward progression: lateral bending produced by the
axial musculature and stepping by the limbs. It haslong been known that salamanders use
only symmetrical gaits (walk and trot; Hildebrand, 1976, 1985; Edwards, 1977).
Asymmetrical gaits (gallop) are thought to be impossible for quadrupeds with sprawling
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posture because they lack support by legs positioned directly under the body (as in
mammals), a consequence of both the wide track of the feet and lateral displacements of
the trunk during axial bending. Although the studies of Frolich and Biewener (1992) and
Carrier (1993) have demonstrated the plasticity of the axial locomotor system in response
to different physical environments, patterns of axial bending are generally treated as
being stereotyped (either standing or travelling waves) and independent of limb
movements (Gray, 1968; Edwards, 1977; Frolich and Biewener, 1992). To date, no
attempt has been made to interrelate detailed limb movements with movements of the
body (Gansand De Gueldre, 1992). Such information may illuminate possible constraints
on the timing of limb protraction and retraction with phases of axial bending.

Comparative data for tetrapods also remain incomplete. While salamanders have been
used as models to identify general features of primitive tetrapod locomotion (Schaeffer,
1941; Gray, 1968), quantitative kinematic data are scarce. Severa authors (Gray, 1968;
Edwards, 1977, 1989; Peters and Goslow, 1983) have maintained that the salamander
hindlimb operates according to the ‘double crank’ mechanism proposed by Barclay
(1946, see explanation in Fig. 10A). However, to date, no attempt has been made to
describe in detail the movements of the various sections of the salamander limb, which
would serve as atest of the applicability of the double crank model. Also, no dataexist on
the similarity of limb kinematics between salamanders and other tetrapod groups, such as
lizards (Brinkman, 1981) and crocodilians (Schaeffer, 1941; Brinkman, 1980a; Gatesy,
1991), or birds (Gatesy, 1990; Johnston and Bekoff, 1992) and mammals (Goslow et al.
1973, 1981; Wetzel et al. 1976; Jenkins and Camazine, 1977; Goslow and Van De Graaff,
1982; Vilensky and Gankiewicz, 1990). Hindlimb joint angle profiles during stepping
have been published for mammals and birds, but no equivalent data exist for any
sprawling tetrapod. Such comparisons may offer insight into possible constraints that
sprawling or upright posture may impose on kinematic patterns. Finally, comparison of
step cycle variables and kinematics among tetrapod groups may reveal common features
that could have been inherited from the common ancestor of all tetrapods.

Therefore, the objectives of this study are to describe in detail the movements of the
hindlimb (and their timing in relation to movements of the trunk) during terrestrial
locomotion in a non-specialized salamander, Dicamptodon tenebrosus, and to compare
the kinematic patterns with those of other tetrapod taxa. Some basic observations of speed
effects on salamander locomotion are also made. The primary focus of this paper is
descriptive; arigorous statistical analysis of speed effectsis presented elsewhere (Ashley-
Ross, 1994). Some of this material has appeared previously in abstract form (Ashley-
Ross, 1990).

Materials and methods
Animals
The Pacific giant salamander (Dicamptodon tenebrosus Good, 1989) was chosen asthe
subject for this study as this species leads a generalized terrestrial existence after

metamorphosis, with no specializations for burrowing. In addition, Dicamptodon
demonstrates good walking ability and has robust limbs. Five individuals collected as
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larvaein Mendocino County, CA (California scientific collector permits no. 7058 and no.
7614), were used for this study. At the time of these recordings, all had recently (within 3
months) and completely metamorphosed. Specimens were anaesthetized with MS-222
and their snout—vent lengths (SVL; measured from the tip of the snout to the anterior
angle of the vent) were measured with calipers. In addition, the position of the
acetabulum was determined by palpation of the hip region, and the distance that the
acetabulum lay cranialy of theilium on the left side was also measured with calipers (see
description of variables, below). The SV Ls of the specimens used were asfollows: animal
1,9.51cm; animal 2, 9.62cm; animal 3, 8.14cm; animal 4, 8.51cm; animal 5, 8.09cm.

Video recording

Salamanders were videotaped walking on a variable-speed, motor-driven treadmill.
White dots were painted (using Testor’s flat white model paint) over the dorsal ends of
thetwo ilia, at the left knee, at the distal end of the left fibula and in a series of 7-9 dots
along the animal’ s midline (points were equally spaced, beginning at a point between the
two scapulae and ending between the two ilia) to ensure reliable identification of these
points. Dissection of a preserved specimen revealed that Dicamptodon have 13 vertebrae
(inclusive) between the pectoral and pelvic girdles; therefore, adjacent midline marker
dots spanned 1-2 intervertebral joints.

Salamanders walked readily towards a ‘hiding place’, a section of black
polyvinylchloride tubing suspended at the far end of the treadmill, or were encouraged to
walk by touching or gently squeezing the base of thetail. Animals were always placed on
the treadmill so that their left side faced the cameras. Salamanders were videotaped using
a NAC high-speed video system (NAC Industries, Japan; sampling frequency
200fieldss™1) equipped with two cameras: one for a direct lateral view, and the other,
which was equipped with a zoom lens, for a dorsal view through a front-surface mirror
inclined above the treadmill surface at an angle of 45°. The zoom lens was adjusted so
that both lateral and dorsal views of a scale bar were the same size. A 1c¢m grid was
affixed to the rear wall of the treadmill, below the mirror, and the treadmill belt was
marked with lines 10 cm apart to enable accurate distance measurements to be taken from
the videotape frames.

Video analysis

Only stride sequencesthat showed the animal in continuous, steady-speed motion were
selected for analysis. Stridesin which locomotion started or stopped were not used. Gaits
were classified following the conventions of Hildebrand (1976). Three strides were
obtained for each animal at both a moderate diagonal -couplets lateral sequence walk (see
Results;, average speed 0.77SVL s™1; referred to as the ‘walk’ hereafter) and a trot
(average speed 2.90SVL s™1; referred to as the ‘trot’ hereafter). At least 20 equally
spaced fields from each stride were captured on magnetic or optical media for later
digitizing. A video-analysis program (MeasurementTV, DataCrunch Software, San
Clemente, CA) was used to digitize the coordinates of the painted marker points. All
marker points were digitized from the dorsal view, while only the points over the left
ilium, knee and ankle were also digitized from the lateral view. These coordinates were
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imported into a spreadsheet program, which was used to compute the angle variables
defined below. The curves produced by plotting these angles over the duration of astride
(the ‘kinematic profile’) were smoothed by Gaussian filtering using the curve-fitting and
analysis program lgor (WaveMetrics, Lake Oswego, OR) in order to reduce digitizing
error. These smoothed kinematic profiles were then used for determination of minimum
and maximum values for each kinematic variable (defined below).

Definition of variables

A stride was defined as the time (in ms) from left hindfoot contact with the treadmill
belt to the subsequent left hindfoot contact. Cycle duration was the time between the start
of one stride and the start of the following stride. Pelvic girdle angle was defined as the
angle between the line connecting the two marker points over theilia(‘ pelvic girdleline’)
and the edge of the treadmill (Fig. 1A). Pelvic girdle-femur angle was measured between
the pelvic girdle line and the line connecting the calculated position of the acetabulum
(see Animals, above) and the knee marker dot (‘femur line'; Fig. 1B). This angle was
zero when the femur was in line with the pelvic girdle line, and assumed positive values
when the femur was inclined forward of that line (protracted), and negative values when
inclined back of that line (retracted). Femur—crus angle was measured between the femur
line and the line connecting the knee marker and the dot at the distal end of the fibula
(‘crus line’; Fig. 1C). Two different types of variables measured lateral bending of the
trunk. A measure of the overall bending of the trunk was provided by the angle between
the lines connecting the anteriormost and posteriormost pairs of marker dotsin the trunk
region (anterior—posterior angle; Fig. 1D). Localized bending in the anterior, middle and
posterior regions of the trunk was measured by the angle between adjacent pairs of
midline markers in the appropriate trunk regions (trunk segment angle, Fig. 1E). All of
the preceding angle variables were calculated from coordinates digitized in the dorsal
view of the salamander. One additional angle variable, the lateral crus angle, was
digitized from the lateral view of the animal and was measured as the angle between the
line connecting the knee and fibula marker points and the treadmill surface (Fig. 1F).

Several timing variables were also measured. Contact interval (footfall to lifting of the
foot), relative timing between the beginning of stance and the maximum value of several
variables (pelvic girdle angle, pelvic girdle-femur angl€e) and relative timing between the
beginning of swing and the minimum value of severa variables (pelvic girdle angle,
pelvic girdle-femur angle, femur—crus angle) were all expressed as a percentage of the
step cycle duration. Hildebrand-style footfall diagrams (Hildebrand, 1966, 1976) were
also generated by plotting foot contact intervals as a percentage of the step cycle.

Results

Dicamptodon typically use a diagonal-couplets lateral sequence walk (in which the
hind footfall is followed by that of the forefoot on the same side of the body, and the
footfalls of adiagonal limb pair are closely spaced in time; Hildebrand, 1976) or atrot (in
which diagonal limb pairs move more or less in synchrony; Hildebrand, 1976), though
there is variation from stride to stride within individuals. The most common variation
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observed was that in a diagonal pair of limbs, the order in which footfalls occurred was
reversed from that expected. For instance, the expected order during a lateral sequence
walk for the left forefoot/right hindfoot diagonal pair is LF up, RH up, LF down, RH
down. In 30% of strides analyzed, such an order was modified to be LF up, RH up, RH
down, LF down. In 11% of strides, the feet of a diagonal pair lifted off or struck the
ground synchronously. Diagonal gaits (in which the strike of a hindfoot was followed by
that of the forefoot on the opposite side of the body) were never observed. A

A Pelvic girdleangle D Anterior—posterior trunk angle
‘
— =<
B Pelvic glrdle—femur angle E Trunk segment angle
C Femur—crus angle F Latera crus angle
/\
~— Head Body axis
7 Femur% Foot
Crus
e ]| \
0" - C{E{;&J
3 2 1

Fig. 1. Schematic representation of the angular variables measured. (A) Pelvic girdleanglein
degrees. (B) Pelvic girdle-femur angle. The angleis 0° when the femur isin line with the two
ilia, positive when the femur is protracted relative to that position, and negative when it is
retracted relative to that position. (C) Femur—crus angle. (D) Anterior—posterior trunk angle.
(E) Trunk segment angle. Anterior trunk segment is illustrated. (F) Latera crus angle. The
salamander outline was traced from a video frame. See text for details. In the dorsal view
illustrated, the marker dots accurately represent the location of the markers on the back of the
salamander, which have been painted along the midline of the animal. They appear to be off
the midline for two reasons: (i) the vertebral column undergoes torsion during stepping
movements, and (ii) the belly of the salamander tendsto bulge out towards the concave side of
the trunk. See Fig. 2 for more examples of these phenomena. Inset: schematic diagram to
illustrate the abrupt switch of lateral crus angle from 180to 0° astheleg is swung forwardsin
the ‘overarm crawl’ during protraction. Upper panelsillustrate the left hindlimb (femur, crus
and foot) and adjacent regions of the axial skeleton from the dorsal view, lower panels show
the lateral view. The inset model is in the same orientation as the other figure panels (the
salamander would be facing to the left). The stippled region represents the crus. Panel 1: the
limbisfully retracted, and the crusis parallel to the treadmill surface (lateral crusangle 180°).
Panel 2: the limb is midway through protraction and is sticking straight out towards the
camerain the lateral view. The thin line follows the long axis of the crusin this position and
represents the plane at which the 180°-to-0° switch occurs. Panel 3: the limb is protracted,
with the crus parallel to the treadmill surface (lateral crusangle0°).
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representative (lateral sequence) stride at a walking pace of 0.8SVL s 1 is shown in
Fig. 2. Note that the mgjority of the cycle duration is taken up by the stance phase, and
that the swing phaseis confined to approximately 25 % of thetimetaken by astride at this
speed. Note aso that, even at a walking pace, there are substantial periods during the
stride when the animal is supported solely by adiagonal pair of limbs (Figs 2, 3A). This
pattern is accentuated as the animal’s speed increases and the gait converges on a trot
(Fig. 3B). The average gait diagram in Fig. 3A is classified in Hildebrand's (1976) gait
formula scheme as a dow diagonal-couplets lateral-sequence walk. The left hindlimb
spends 72 % of the step cycle on the ground, while the strike of the left forefoot follows
the strike of the left hindfoot by 43% of the stride. The higher-speed gait shown in
Fig. 3B isclassified as afast trot, with the left hindlimb spending 53 % of the step cycle
on the ground, and the left forefoot following the left hindfoot by 50% of the stride. In
both the walk and trot, most of the time during the stride is spent with the animal
supported by either two legs (40.6 % walk, 91.5% trot) or four legs (34.8% walk, 4.8%
trot), with a shorter transition time between these two states when the animal is supported
by three legs (24.6 % walk, 3.7 % trot).

Fig. 4 shows representative kinematic profiles of the major angular variables measured
for three walking strides from one salamander. As the stride begins with the placement of
the left foot on the treadmill, the pelvic girdle is oriented with the left ilium forwards
(Fig. 4A; aso refer to Fig. 2), the femur is angled forward relative to the pelvic girdle

A
LH L]
LF T ———
RF —
RH —————————
0 10 20 30 40 50 60 70 8 90 100
B
LH L]
LF ————
RF -
RH - ——

0O 10 20 30 40 50 60 70 80 90 100
Percentage of step cycle
Fig. 3. Hildebrand-style gait diagrams for Dicamptodon tenebrosus (A) walking and
(B) running versus percentage of the step cycle. Thick bars represent the time when the foot is
in contact with the ground; the ends of the bars are calculated as the mean touchdown/lift-off

times for al individuals. Thin bars represent one standard error of the mean, N=20 for A,
N=16 for B. LH, Ieft hindfoot; LF, left forefoot; RF, right forefoot; RH, right hindfoot.
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Fig. 4. Representative kinematic profiles of five angle variables defined in Fig. 1 from three
strides of Dicamptodon tenebrosus 2 versus percentage of the step cycle. All angles are
measured in degrees. (A) Pelvic girdle angle. (B) Pelvic girdle-femur angle. (C) Femur—crus
angle. (D) Lateral crusangle. (E) Anterior—posterior trunk angle. Negative anglesindicate that
the trunk is concave to the left. In al panels, dots are raw data and lines are the smoothed
kinematic profiles used to cal cul ate variable minimaand maxima (see Materials and methods:
video analysis). Dotted lines with upward-pointing arrows indicate the time of the beginning
of the swing phase; dotted lines with downward-pointing arrows indicate placement of the left
hindfoot for the beginning of the next stride.
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(Fig. 4B) and the crus is extended, making a shallow angle with the treadmill surface
(Fig. 4C,D). At this point, the trunk is concave towards the left (Fig. 4E). As the stride
progresses, one sees straightening of the trunk (towards 0°; Fig. 4E) followed by flexion
towards the opposite side and smooth oscillation of the pelvic girdle. The knee joint
(Fig. 4C) shows the most variable kinematic profile of this sequence, but is generally
characterized by dlight extension (or is unchanged) during the early stance phase until the
contralateral hindlimb beginsits swing phase, followed by flexion as the salamander pulls
its body towards the foot, followed by extension as the hip joint passes over the foot and
the animal beginsto push off with the foot. The kneejoint reachesits greatest extension at
the time of foot lift-off, after which it flexes throughout the swing phase. The femur is
retracted steadily until the opposite hindfoot is placed on the ground, which coincides with
the time when the knee joint begins to extend. At this point, the femur decreasesits rate of
retraction for a short time, followed by resumption of a more rapid rate of retraction.
During the swing phase, the pelvic girdle-femur angle shows a rapid increase (from
negative to positive values) and the lateral crus angle drops abruptly to zero as the entire
leg is protracted by being swung straight out to the side of theanimal inan ‘ overarm crawl’
motion (similar to that used in swimming in humans). The abrupt switch from 180° to 0°
in the lateral crus angle is an unavoidable result of the manner in which the angle is
calculated (see inset to Fig. 1F); when the ankle marker is straight out to the right of the
knee marker (on the video screen), the angleis 180° (Fig. 1F, inset panel 1), but when the
leg is protracted, it is swung in a horizontal arc so that the crus comes to point directly at
the camera (inset panel 2), and then continues on so that the ankle marker is straight out to
the left of the knee marker (inset panel 3). The calculated angle is then 0° and,
consequently, the lateral crus angle will switch almost instantaneously from 180° to 0°.
Table 1 summarizes the mean values for the kinematic variables measured for both a
walk and a trot (also refer to Fig. 4 for representative kinematic profiles). Mean stride
length at awalk (mean speed 0.77 SVL s~ 1) was 72.9% of SVL, increasing to over 100 %
of SVL at atrot (mean speed 2.90SVL s~1). Both the cycle duration (0.97 swalk, 0.42s
trot) and the contact interval (72% walk, 53% trot; see also Fig. 3) decreased in the
transition from awalk to a trot. The pelvic girdle and the trunk oscillate symmetrically
through ranges of 38.5° and 65.7°, respectively, at a walk. Both of these oscillations
increase their amplitudes at a trot (to 73.3° and 88.1° respectively). At a walking pace,
the pelvic girdle reaches its minimum value 22 % of the cycle before the swing phase
begins, resulting in the pelvic girdle having returned nearly half way to its starting
position by the time the foot is lifted from the ground. Maximum pelvic girdle angle
occurs almost simultaneously with the beginning of the stride. In contrast, during trotting
the minimum pelvic girdle angle is reached only 10% of the step cycle before the
beginning of swing, while the maximum value is reached approximately 7% before the
beginning of the next stride. The pelvic girdle-femur angle during walking moves
through a range of 106° as it protracts from a minimum angle of —55° just before the
beginning of the swing phase to a maximum of 51° slightly before the foot is put down
for the beginning of the next stride. The femur is maximally retracted just before the start
of the swing phase and attains maximal protraction just before the beginning of the next
stride. Femoral excursion is essentially unchanged in trotting, with the exception that
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maximal retraction is reached after the foot has been lifted from the ground. The
femur—crus angle has a range of approximately 65°, beginning with the knee nearly
straight at 173° during walking, and flexing to 108°. Knee flexion is greatest 43% of the
step cycle before the beginning of swing phase. In trotting, the excursion of the kneejoint
is unchanged except that the minimum femur—crus angle is reached just 8% of the cycle
before the initiation of swing phase. From the lateral view, the crus is angled to the
treadmill surface at an average of 42° and reaches a maximum of 185° before the foot is
lifted at awalk (indicating that the ankle is higher than the knee, which occurs when the
foot rolls up on the toes during | ate stance phase). These values are unchanged in trotting.

Fig. 5 illustrates the lateral displacements, measured from the dorsal view, of the
marker points at the left ilium, knee and ankle for the same strides shown in Fig. 4. The
ankle remainsrelatively fixed throughout the stance phase. At the beginning of the swing
phase, the ankle shows an increase in lateral displacement as the limb is swung straight
out from the body during protraction. The foot is brought far forwards, with the trunk
flexed concave towards the left side, resulting in the sharp decrease in ankle
displacement, and finally moves back laterally before foot touchdown. In the early part of
the stride, the knee and ilium show decreases in lateral displacement. The knee marker

Table 1. Summary of kinematic values measured from Dicamptodon tenebrosus walking

and trotting
Variable Walk Trot
Stride length (% SVL) 72.9 (5.47) 107.1 (24.68)
Cycleduration (s) 0.97 (0.12) 0.42(0.14)
Contact interval (% of step cycle) 72.0(5.42) 52.9(13.47)
Pelvic girdle angle range (degrees) 38.5(6.97) 73.3(29.06)
Minimum pelvic girdle-femur angle (degrees) -55.2(19.79) -49.1(14.28)
Maximum pelvic girdle-femur angle (degrees) 51.1(8.74) 57.9(8.65)
Pelvic girdle-femur angle range (degrees) 106.2 (13.54) 106.9 (14.40)
Minimum femur—crus angle (degrees) 108.0 (17.67) 102.3 (17.34)
Maximum femur—crus angle (degrees) 172.6 (19.59) 159.2 (14.12)
Femur—crus angle range (degrees) 64.7 (20.96) 56.9 (14.14)
Maximum lateral crus angle (degrees) 185.0(7.32) 192.2(8.18)
Initial crus angle (degrees) 42.0 (15.74) 52.6 (26.47)
Anterior—posterior trunk angle range (degrees) 65.7 (13.95) 88.1(12.26)
Minimum pelvic girdle angle/swing initiation -22.2(6.28) -9.8(12.14)
phase (% of step cycle)
Maximum pelvic girdle angle/stanceinitiation 0.2(3.88) —-7.0(7.89)
phase (% of step cycle)
Minimum pelvic girdle-femur angle/swing -1.6 (5.51) 10.2 (12.00)
initiation phase (% of step cycle)
Maximum pelvic girdle-femur angle/stance -3.3(3.52) -6.8 (4.71)
initiation phase (% of step cycle)
Minimum femur—crus angle/swing initiation -42.8(7.73) -8.2(36.62)

phase (% of step cycle)

All values are given as mean (standard deviation) and are calculated from three strides for each of five
individuals (N=15 for each entry).
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Fig. 5. Plots of lateral displacement, from the dorsal view, of painted marker points over the
left ilium, the left knee and the left ankle versus percentage of the step cycle for the three
strides shown in Fig. 4. Dotted lines with upward-pointing arrows indicate the time of the
beginning of the swing phase; dotted lines with downward-pointing arrows indicate placement
of the left hindfoot for the beginning of the next stride. Stick figures above the middle stride
represent the pelvic girdleline, the femur line and the crusline, and indicate the position of the
pelvic girdleand limb at theindicated times. The anima would be moving from left to right on
the graph.

records a relatively small movement towards the body as the crus pivots about the fixed
ankle. The ilium marker shows a larger-amplitude movement towards the contralateral
limb asit isinfluenced by the double movement of the crus pivoting about the ankle and
the femur pivoting about the knee joint, which is extending dightly (Fig. 4C). This
movement towards the contralateral side continues until the contralateral hindlimb is
lifted, at which point the pelvic girdle begins to move back towards the supporting side,
and the knee joint flexes, pulling the knee marker towards the ankle. The knee is
positioned directly ahead of the ankle as the knee joint beginsto extend (Figs 4C, 5), and
the ilium moves further towards the supporting foot. Asthe foot islifted, the ilium moves
back towards the contralateral (supporting) side, and the knee marker shows a
displacement increase and decrease paralleling that of the ankle marker as the leg is
protracted.

To visualize better how the salamander as awholeis moving throughout astride, Fig. 6
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A . B

\

Direction of travel

Fig. 6. Stick figure plots from the dorsal view of trunk and left limb positions throughout a
complete stride for awalk (A,B) and atrot (C,D). The stick figures were made by connecting
the marker points over the midline, pelvic girdle (both right and left ilia) and left hindlimb
(knee and ankle). A and C show the spatial progression of the animal through the stride. The
salamander is moving from left to right (the head is towards the right). The downward-
pointing arrows indicate the time of placement of the foot at the beginning and end of the
stride, the upward-pointing arrow indicates the lifting of the foot. In B and D, all the trunk
sections of the stick figures from the corresponding sequence have been superimposed by
lining them up on the anteriormost midline marker dot. (A,B) D. tenebrosus 4, (C,D)
D. tenebrosus 3. These strides were chosen because they are particularly clear examples of
standing wave and travelling wave patterns. Other strides from these and other individuals
were similar in appearance, but tended to show more blending of standing and travelling wave
characteristics.

shows stick figures made by connecting the marker dots along the midline, the two ilia
and over the left knee and ankle for representative strides at a walk (Fig. 6A) and atrot
(Fig. 6C). As the stride progresses, the entire animal swings forward on the fixed pivot
point of the foot, then the body is pulled over towards the foot as the knee flexes, the body
is pushed forward on the foot as the knee joint extends and the limb is further retracted,
and finally the body weight is shifted back towards the contralateral side during the swing
phase. At both walking and trotting paces, the limb has begun its retraction phase before
the foot is placed on the ground for the beginning of the next stride (Fig. 6A,C).
Movements of the trunk region may contribute to the effective stride length. As can be
seen from Fig. 6A, at a walking pace the salamander spends the early part of the stride
with the trunk stably flexed with concave towards the left, followed by a smooth
transition through a straightened position to being flexed with concave to the right once
theright leg entersits swing phase and coinciding with the left knee moving past the point
where it is ahead of the left ankle. The trunk has already begun to be flexed back to its
origina position before the foot is lifted, and it completes this movement during the
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Fig. 7. (A) Superimposed traces of lateral displacement of the nine midline marker dots versus
percentage of the step cycle for three strides at awalking pace of Dicamptodon tenebrosus 4.
Marker 1 is the anteriormost point; marker 9 is the posteriormost dot. Zero displacement is
arbitrary. (B) Lateral flexion at the numbered midline marker points. Each numbered point is
the vertex of the angle being measured; for instance, flexion measured at marker 2 isthe angle
between the line segment joining markers 1 and 2 and the line segment joining markers 2 and
3. Open dots indicate minimum and maximum flexion for each stride.
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swing phase of the left leg. Note that the trunk movements describe an alternation
between two stable curved configurations; the transition between one curve and the other
serves to advance the trunk by one ‘half-wavelength’. This pattern tends to conform to
that usually described for a standing wave with nodes in the pectoral and pelvic girdle
regions, which can be seen more clearly when the various stick figures for the axial
markers are superimposed (Fig. 6B).

In contrast to this pattern for the walking pace, Dicamptodon shows more travelling-
wave characteristics when trotting. As shown in Fig. 6C, all points on the trunk pass
along approximately the same path, which is usualy indicative of a travelling wave
passing down the trunk. That the trunk does not follow a simple side-to-side bending
pattern can be seen particularly well in the superimposed stick figure (Fig. 6D).

Fig. 7 shows the latera displacement (Fig. 7A) and lateral flexion (Fig. 7B)
experienced at each of the trunk marker points for three strides at a walking pace. As
expected for a primarily standing wave pattern, displacement is greatest in amplitude
towards the middle of the trunk and least at the anterior and posterior regions (Fig. 7A,
Table 2). Flexion is aso greatest in amplitude in the middle regions of the trunk, and
maximal flexionis nearly synchronous at al segments (Fig. 7B).

Fig. 8 plots lateral displacement and flexion for two strides at a trot. Though the
displacement patterns are not symmetrical for the two strides, the first stride in particular
shows that awave of maximal displacement passes posteriorly down the trunk (Fig. 8A),
aswould be expected of atravelling wave pattern. However, asimilar travelling wave of
maximal flexion does not seem to be present (Fig. 8B). Instead, maximal flexion seemsto
be nearly synchronous at all trunk levels, with the only segmental difference being that
the degree of flexion (and displacement) is greater at the middle and posterior trunk
regions than at the anterior segments (Fig. 8B, Table 2). Overall trunk flexion is greater
during trotting than during walking (Table1).

Discussion
Gaits

The sprawling posture has been considered to be intrinsically unstable and inefficient
owing to theinability to balance the centre of gravity over thelegs. It has been argued that
animalsthat sprawl would need to choose extremely stable gaits, offering a broad base of
support to avoid pitching over, particularly at low speeds (Hildebrand, 1966, 1985; Gray,
1968; Edwards, 1977). The lateral sequence walk has been described as theoretically the
most stable gait because the centre of gravity isalwayslocated inside atriangle formed by
the three supporting legs (Hildebrand, 1985). Dicamptodon does use the lateral sequence
walk; however, at awalk thereisrelatively little time during the stride when the animal is
supported by three legs. The largest proportion of the stride is spent supported by
diagona limb pairs (40.6%), followed by periods of support by four legs (34.8%).
Periods of support by three legs occupied the smallest fraction of the stride (24.6%).
During atrot, the percentage of support by two legs increases to 91.5 %, with only 4.8%
of the cycle supported by four legs and only 3.7 % supported by three.

Inthisstudy, the fastest sustainable gait observed in Dicamptodon was atrot. However,



M. A. AsHLEY-Ross

270

*(Anus ydes 10} 6=N [£101) S[eNPIAIPUI 88U JO YJea 1o} SSp LIS 891U) LOJ ) PRI N0 [e0 a.1e pue (UoIeIASp piepuels) Ueall se UsAIB afe ssnfea ||V

(s92160p)
(etv)eriec (88€)Se8c  (eLv)sTlz  (9g€)08te (T0s)esee  (909)8TTZ  (29°€)2L 8T uoixs|4
(wo)
(880)0zz (s60)2ez B0 EVT w60z  (160)ece  (060)¥TC 680098 T (G60)69T (€60)ELT Wewede|ds1q
1011
(so2160p)
(T2)85T1e (9z9)10ce  (099)aLte (T2¥)TTve (657)€922  (ZL€)eT6T (WL T)6TST uoixs|4
(wo)
o) v¥9T (9r0)26T  (6Y0)ETC (6v0)ozz (ro)tvTe (Tr0)z6T (ee0)ogT (zo)erT  (0£0)TL0 Wewsde|ds1q
ABM
6 38 L 9 S 4 € Z T psads

PN

SJOP SU I[P ILU BUIU U}V DS Jew SEM LD 1M
JO yoes ‘4 pue g ‘T uopoldwedid Jo siuiod ey .ewl suljp il Je pa Insesiu saBUe UoIXa|) pue Siuswade [dsIp [eJale| Jo sspnlijdwy Z aigel




Dicamptodon hindlimb kinematics 271

a few sequences were recorded in which the salamander used a symmetrical run with
periods of support by a single leg and brief periods of suspension. Speeds for these
sequences were approximately 7 SVL s~1. During these strides, there was considerable
rocking of the trunk from side to side, as has been described by Snyder (1949) for
bipedally running lizards. However, these speeds were not sustainable for more than one
or two strides before the salamander landed in an uncoordinated fashion on its belly. At
no time was any animal observed to fold the limbs back against the body and progress
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Fig. 8. Lateral displacement (A) and lateral flexion (B) of the nine midline marker dots versus
percentage of the step cycle for two strides at a running pace for D. tenebrosus 3. Same
conventionsas Fig. 7.
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forwards using axial undulation alone, as had been described in the salamander species
studied by Edwards (1977).

Salamander limb kinematics

The movements of the various limb segments and their integration with the
simultaneous movements of the trunk are complicated (Figs 4, 5, 6). Combining the
information in Figs 4 and 5 yields some interesting observations. First, the body axis is
not maintained in a position midway between the feet throughout the stride. There is
considerable movement from side to side by the body in the region of the pelvic girdle, as
shown by thetracefor theiliumin Fig. 5. It isreasonabl e to assume that the same kinds of
movements are al so taking place at the pectoral girdle (with reduced amplitude; see Table
2) asthe forelimbs progress through their step cycle. Sincethe diagonal limbs are roughly
synchronized in their movements, one would expect to see the same displacements (in the
opposite direction) of the pectoral girdle taking place at the contralateral forelimb. The
greatest displacement towards the left hindlimb by the pelvic girdle occursjust before the
left hindfoot leaves the ground, so one would expect to see the greatest displacement of
the pectoral girdle towards the right forelimb at approximately the same time. These
simultaneous movements would result in the vertebral column assuming an S shape. Note
that such a pattern can be seen in Fig. 2 (panel 46:420), and that S-shaped configurations
are present in the stick figure overlays shownin Fig. 6B,D.

Second, in spite of these S-shaped curves and the consequent disruption of a pure
standing wave pattern, the pattern of oscillation of the pelvic girdle and the
anterior—posterior trunk angle remain remarkably smooth (Fig. 4A,E). Note that these
variables have progressed approximately half way back towardstheir initial values before
the foot is lifted from the ground. Thus, a a walking pace, the salamander is not
maximizing stride length, since the full arcs travelled by the pelvic girdle and trunk
segments are not contributing to the effective limb length (Fig. 9). Asspeed increases, the
swing phase begins earlier in the step cycle and occupies a larger proportion of the step
cycle. The swing phase begins closer to the time when the pelvic girdle begins its
oscillation back to itsinitial position. Thus, the oscillation of the pelvic girdle is able to
contribute more to the effective limb length, and consequent stride length, at higher
speeds (Fig. 9). However, seeming to undermine this effect is the tendency for maximum
femoral retraction to occur after the beginning of swing phase and for maximum knee
flexion to occur closer to the beginning of swing (reducing the time available for knee
extension in late stance) during trotting (Table 1).

Third, the ‘double crank’ system described by Barclay (1946; explained in Fig. 10A)
for trandating rotation of the humerus to anterior-to-posterior movement of the forefoot
in the toad cannot be transplanted wholesale to the analysis of the salamander hindlimb,
as has been implied previously (Barclay, 1946; Gray, 1968; Edwards, 1977, 1989; Peters
and Goslow, 1983). The double crank model is well suited to the toad forelimb for three
reasons. (1) the radio-ulnamaintains arelatively constant angle to the humerus during the
stance phase; (2) the humerus does not undergo extensive retraction, nor does the elbow
joint extend far to push the animal forward (Barclay, 1946; see hisFig. 2) in late stance;
and (3) the body does not move very far laterally towards the supporting foot (Fig. 10A).
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Fig. 9. Effect of minimum pelvic girdle angle/swing initiation phase value on stride length.
(A) Pelvic girdle angle oscillation over 1.5 strides. Dotted line with downward-pointing arrow
indicates the beginning of the next stride, lines with upward-pointing arrows show therelative
phasing of swing initiation at awalk and atrot. Swing during trotting coincides more closely
with the minimum pelvic girdle angle. (B) Diagram to show the contribution of pelvic girdle
oscillation to distance moved by theleg during the swing. Stick figures (from the dorsal view)
represent the pelvic girdle (right and left ilia), left knee and left ankle. See Fig. 6 for
comparison. Black stick-figure limb represents the trot, grey stick-figure represents the walk.
Joint angles are the same in both, only the excursion of the pelvic girdle is shown differently
for the two speeds. Thelight stippling showsthe arc covered by the entire effective limb (from
theright ilium to the left ankle) during the swing in the trot, while the dark stippling showsthe
same arc for the walk. The larger arc made by the pelvic girdle during the swing phasein the
trot increases the size of the step.

These three conditions alow the forelimb to act as * probably the nearest approach to that
of awheel and axle to be found anywhere in the animal kingdom’ (Gray, 1968, p. 119).
While the double crank system undoubtedly may function for part of the step cyclein the
hindlimb of the salamander, it should be recognized that it is able to function for only a
short time during the stance phase, in the period between the time when the lateral crus
angle has reached 90° (at approximately 25% of the step cycle; Fig. 4D) and the time
when the pelvic girdle has moved laterally towards the foot (at approximately 50 % of the
step cycle; Fig. 5). The reason why it may only function during this short period is that,
earlier in the stance, the mgjor axis of the crus lies along roughly the same line as the
femur, so that rotation of the femur would result in only a small trangdlation of the ankle
(Fig. 10B). Later in the stance, when the femur is strongly retracted with the knee joint
extended, rotation of the femur would result in pronation of the foot and might lead to loss
of contact with the substratum (Fig. 10B). The data of Peters and Goslow (1983) support
these predictions: the activity period of the caudofemoralis muscle (the muscle thought to
power the double crank mechanism) does not begin until the kneeisfully flexed (and the
crus has reached 90°) and stops approximately two-thirds of the way through stance
phase.

Fig. 11 schematically summarizes the independent contributions made by each of the
angular variables measured from the dorsal view to the overall movement of the
salamander. Protraction and retraction of the femur account for most of the movement
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Fig. 10. (A) The double crank mechanism proposed by Barclay (1946) for trand ating rotation
of the humerus or femur into movement of the foot. In the hindlimb, the caudofemoralis
muscle (represented by the thick black arrow) originates on the caudal vertebrae and pulls on
the femoral crest (Ai), causing the femur to rotate (Aii) and propelling the body over the foot
(Aiii). The thin arrow in Aii indicates the trajectory of movement of the foot. Note that this
model assumes arelatively constant angle of approximately 90° between the femur and crus
throughout the stance phase (modified after Edwards, 1977). (B) A morerealistic model of the
positions assumed by the leg at the beginning (Bi), middle (Bii) and end (Biii) of the stance
phase. Only in Bii is the leg in the appropriate position for the double crank mechanism to
operate. At the beginning and end of the stance phase, the probable consequences of femoral
rotation are sideways movements of the foot, which would not contribute to effective
locomotion.

Ai

(and presumably most of the motive power) of the limb, followed by flexion and
extension of the knee joint. Back-and-forth oscillations of the pelvic girdle are relatively
small, and so would seem to contribute little to any potential increase in stride length. In
contrast, bending of the trunk islikely to be an important component for increasing stride
length through appropriately timed movements.

Axial undulations

Both standing and travelling wave patterns of axial undulation are used by tetrapods
with sprawling posture during locomotion. It has been argued that these two patterns
serve different purposes for the animal (Edwards, 1977). Standing waves are thought to
act simply to increase the stride length during stepping of the limbs, while travelling
waves actively power forward movement. Determination of wave patterns during various
types of locomotion yields information on where the primary locomotor power comes
from, the axial motor system or the limbs, and on coordination between the two systems.

Swimming salamanders use travelling waves exclusively (Frolich and Biewener,
1992), while both travelling and standing waves have been detected in anumber of taxain
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Fig. 11. Schematic diagram of the angular ranges of the variables measured from the dorsal
view superimposed on a stick figure. Ranges, minima and maxima are taken from the values
givenin Table 1. Thin lines areintended as reference lines; the line extending from the pelvic
girdle represents a pelvic girdle-femur angle of 0°, while the line extending from the femur
line represents afemur—crus angle of 180°.

terrestrial locomotion. Species with robust limbs typically show a standing wave pattern
at slow speeds, which is replaced by travelling waves at higher speeds (Daan and
Belterman, 1968; Edwards, 1977; Ritter, 1992). However, Roos (1964) maintained that
newts exhibited only standing waves, and only standing waves with nodes at the limb
girdleswere observed by Frolich and Biewener (1992) in trotting Ambystoma. In contrast,
Edwards (1977) stated that the salamanders he studied used standing waves at a walking
gait and only travelling waves at a trot. One crucial factor seems to be the size and
muscularity of the limbs. In both salamanders (Daan and Belterman, 1968) and lizards
(Daan and Belterman, 1968; Ritter, 1992), the more reduced are the limbs, the slower the
speed at which travelling waves appeared. Lizard species with very diminutive limbs
used travelling waves exclusively, even at extremely slow speeds (Daan and Belterman,
1968; Ritter, 1992). In the present study, the pattern of lateral bending at awalking speed
most closely matches a standing wave, while at atrot the pattern seems to show features
of both standing and travelling waves. Similarly ‘intermediate’ wave patterns, where the
amplitude and velocity of the travelling wave is not constant through the trunk, have been
shown for lizards by Ritter (1992). Also, the ‘isoskolie’ diagrams of Daan and Belterman
(1968) and Edwards (1977) show that the travelling wave patterns of most lizards and
salamanders contain elements of standing waves superimposed on them.

One caveat in attempting to determine the role of standing versus travelling waves in
this study is that markers were located only between the pectoral and pelvic girdles. It
may be that the trunk region is too short to resolve accurately waves of bending passing
down the body, and marker points down the entire length of the animal would be required



(G 614)

(¢66T) 210WP LA 26 - - - - - - - - Jor—oe SL - - 1S19€0T ARMST siydppouoi
(epunN)
(7 *614) (066T) £91RD WN - v, 1008 - - S - - VN 8 LT - - (fepadia) Yem ImoyEsUIND
(ce6T)
HoXeg pue uosuyor  WN vST 8 1498 18T 129 1aTE iot 4 LUN Ies 16e0 - - (repedia) 3eM palle}
(SAwesAyd)
(G'61) (T26T) BIEM  +VYN  JGLT-GOT 106 ise 86 19 1€9 10 1€9 VN 198—v2 T IAS8L0-990 1STOT90HED Jems |NL
(€ B1) 40809 A0T- 10907
(0667 ‘166T) AsoRD  J0E-02 - 106 9808 0ET-SZT 4050V 4GC-ST [eiegeios 009  40e02 €L T - 1-SWST0-T0 semybiH Joyebi| Y
$ (1 614) +69 6ET oL ¥EET - 18
o} (Tv6T) JoyjeRuUs - 8.1 €0T €9 STT 4] 95 8T- 8¢ o 95 - - - JemubiH Jogebi|iy
x ('€ sb) ¥/S L€T 08 ¥90T Y- 29 dem
0 (e086T) Leunjuug - 08T zeT 1L 8ctT 15 8 0 54 114 72 1.0 - - Buimelds s uewed
B (¢ ‘Tsbw) «6T zeT €TT 08 €c- 15
I (e086T) UewnuLig - 29T 80T 15 444 19 €9 vI- 67 - 1S 950 - 1-S19SET-¥50 semybiH uewe)
T - - - - - - - - - - 1985 /S0  IASPB0-SL0  1UUDIGT
M (Tolgel) - - - - - - - - - - ¥9-T9 06'0-8L0 IASBL0-990 1-UWHE0
(066T) " e P auker - - - - - - - - - - 6/-89 99'T-9GT TIASKPSO0-ZV'0 1-UWYED SdeMm snuesen
A. (poynuspyuN)
. (1 61) (vg6T) SBPAUS - 9T 9% 20T 99T 9 - - - - - - Inst - i1 pezi1
s (snosiseq)
(T '614) (6v6T) JopAus - 08T S8 +50T 08T S. - - - - - - - - (fepodig) 1011 prezi
(S'e‘Z Tsb1)
(T86T) Ueunjug €L 4081 8eT 00T 4ssT 1S5 JSOT-OVT 89- 1€ zL - - - 1-SIAST90 Jems euenb|
(T 6w)
(qossT) tewnuug - - - 16 ¥ET L€ 81T 99- 4] Iz - - - 1-SIAST90 IeMS euend|
88 26T €5 Jie] 65T 20T 20T 67— 85 €L €5 o INSLOT 1 STIAS06C j011
ApnssiyL 99 S8t 44 g9 €LT 80T 90T [ 15 S'8E 2L 160 INSELO  1STIASLL0 ARMST uopoidureaiq
20UBRRY (se0u00p) wnwixe\ U obuey  uosueixg  uoe Sfuey  uondessy uondelold (seibep) (epAodersjo  (S)uomeinp bWl paads e uoxe
uoral (s90.Bep) 8 |Bue (s9916ap) 8|Bue JuI0[a8U N (s90.Bap) 8 [Bue [eowe uomeIol %) eARI aphd apls
SuniL snio e aIpiBoInpd  10e0D

276

exe] pode 1191 SNOLLIeA JO SQUITPUIY 8} 10} 8.InTe 81| 3y} Ul pa1Joda . SaneA d1jewsu iy Jo Afewwns '€ aigel



277

Dicamptodon hindlimb kinematics

9|geot|dde Jou ‘¥N ‘Lbus| wen—Inous TAS ‘yibus| Apog ‘g yibus| adedesed ‘1D emaousnbss eRR| HEMST
"papNoul Sa.NB 1y 8Y1 WoJ} PaTe NI 22 8( 10U PIN0D PUR 80UR8 81 BY) Ul paISI| 10U Sema|ge LleASIL] JoJan[eA v —
"Pa1s 1| SaNnb 1) 90UB B jo BU) WO Pt NJ[e0 88M SaNeA JBYIO ||V “UBAID souase el auj] Ul A[10811p palels Ssem anjeA sy} Jeyl safedipul)
"MBIA [eJoRe| 8Y] WOJJ painseall aom (3|Bue jeiows] "6:9) dnoib siyl ulsa|gelenayl eyl S Ipu| «
"a[p11b 21ARd 81 0 ;e noipuad.ed INWs )3yl SR IpUI MBIA [eRR|
81 WoJ} pansesw ajbue elows) 0 ‘ApNiS SIYl Ul pasn uouaAuod ubis syl yolew 0} pawiojsue.) usaq aney UaAIb ssibue feioweH 'ssaibep ulalke ssibue ||y
‘uos Liedwod Ases 10} papn|oul usag aney uopoldurediq Jojsene A 'seouase jol UBAID ay) ul saunbiy WoJy paTe|nd [ed usaq aney SsaneA 1So N

(€ 614)
(066T) ZoIMOIILED (snoay1idos D)
pue AsUBIIA - - - G 6ET 76 L€ z 6 - - - - 1.SWZ90 Aem feruo
(861) et SST 00T «09 G- ST - 44 - - ywzg j01L
(186T) "fe ® MOS0 - - - +GE 0ST STT WS 8T- 9 - 9. 6.0 - yu e M Boa
(7 ‘esolI0R L) TG oTT 65 S 45 ov - o L€0 - yu 8§ 1011
(€L6T) "fe ® MO0 - - - € (414 SL 05 TI- 6 - €9 69'0 - Ty v'Z ARM 'O
(T 614)
(926T) "le ® PZBM - - - «£€ TIT 8L 19 Se- 9 - 9 - - - AemMs 5o}
(226T)
auiZeured pue subiler - - - - - - b«€L69 - - 1175 - - - Y G-9T ARMST ')
(2261)
auiZewred pue su L - - - - - - 49965 - - LTT-0T - - - YU G-9T ARMS x04
(T 614) (226T)
auiZeured pue suBiLeL - ST 6L - - - 10899 - - lgT-21 - - - YWy G-9T ARMST uooaoey
(9 ‘7sbi) S 114 10T (siydpp!a)
(T26T) sunjuer - 08T 06 - - - € z€ €9 - - - - - 3EeMms wnssodo
(¢ ‘Tsb1)
(e86T) 4ee1o «09 61— 14 (Sniydon)
3Q Ue A\ pUe MO[S0D - €91 1L 65 vt 8 %6 62— 29 1T - - - 1Swgzo ARMST Juns
20UBRRY (ss0ifop) wnwixe N Ul ebuey  uosweXg  uope ebuey  uondesRY uUOnINOd (Seifep) (BpAodeisjo  (S)uomeinp  yibue) peads =) uoxe L
UOPOI ™ s iBop) 0 LR (soe10p) 3 BUe UI0[ 38U (ssouBop) alfiLe [elowe uomEI0) %) AL apko apuis
ML o eEn a|piibonpd  13eIu0D

penunuo) "galqeL



278 M. A. AsHLEY-Ross

to visualize them. However, it is clear that any travelling wave pattern that emerged
would have to be a modified travelling wave, since the amplitude of displacement is
reduced in the region of the pelvic girdle, instead of remaining constant, as in some
lizards (Ritter, 1992), or increasing down the length of the animal, asin fish (Gray, 1968;
Grillner and Kashin, 1976; Videler, 1981).

Thelocation of minimum displacements and flexion anglesin the anterior region of the
trunk may be related to the salamander’s habit of keeping the head pointed in the
direction of travel throughout the stride. The damping of oscillationsin the head and neck
may spill over to the anterior regions of the trunk and, consequently, the amplitude of
flexion may likewise be damped in these regions. This same tendency to keep the head
pointing forwards has been shown in lizards (Ritter, 1992) and in a marsupial,
Monodelphis domestica, which also shows lateral bending of the trunk at low speeds
(Pridmore, 1992). Steadiness of the head in Monodel phis is accomplished by bending of
the anterior thoracic vertebrae in the direction opposite to the bending of the rest of the
trunk.

In fish that use carangiform locomotion, there is a point of minimum lateral
displacement located one-quarter to one-third of the distance down the body, beyond
which the amplitude of the travelling wave increases steadily as it passes to the tip of the
tail (Grillner and Kashin, 1976; Videler, 1981). This location of minimum displacement
roughly corresponds to the position of the pectoral girdle in salamanders (at
approximately 25% of SVL) and al so corresponds to the expected location of one of the
nodes for a standing wave pattern (Frolich and Biewener, 1992).

It appears that Dicamptodon is incapable of using ‘pure travelling waves for
locomotion at any speed (short of abandoning the limbs atogether in favour of fast
undulatory locomotion). This could be a consequence of relying primarily on the limbs
for propulsion, which would require specific configurations of the body at the appropriate
times for lifting and placement of the limbsin order to run in a coordinated fashion. The
swing phase of theleft leg should be started when the trunk is still strongly concave to the
right (Fig. 6C) and ended when the trunk is concave to the left, in order to ensure that the
distance travelled by the limb during the swing will derive the greatest benefit from the
trunk movements. Perhaps introduction of atravelling wave might disrupt this necessary
phase-locking of trunk and limb movements, thereby hampering forward speed.

Comparison of limb kinematics with that of other tetrapods

Table 3 provides a summary of values from the literature of angular minima and
maxima and excursions for a number of tetrapod taxa. Many of the values presented in
this table have been calculated by measuring limb segment angles from figures in the
given references. These values must be interpreted with caution, as they represent only
one observation, and not a mean value. Variation is often high in kinematic data
(Sukhanov, 1974), particularly in what Hildebrand (1966) styled ‘poor walkers or
sprawling tetrapods. Nonethel ess, comparison of these values, where available, may help
to highlight major similarities and differences among tetrapod locomotor systems. These
may, in turn, aid in determining which kinematic features of the step cycle may be
plesiomorphic for limbed vertebrates (Peters and Goslow, 1983).
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The pelvic girdle

Rotation of the pelvic girdleisevident in all of the taxonomic groups given in Table 3
except for turtles and birds. Pelvic girdle rotation isimpossiblein birds because it is fused
into the rigid synsacrum (Gatesy, 1990; Johnston and Bekoff, 1992). Walker (1971)
reports no rotation of the pelvic girdle in Chrysemys, even though it is not rigidly held in
place by the shell. Lizards and crocodilians show the same range of pelvic girdle rotation
as sdlamanders (Table 3). Monodelphis, a marsupial mammal, also shows equivalent
rotation, of the order of 30-40° (Pridmore, 1992). Available data for other mammals
typically reveal asmaller degree of pelvic rotation, which probably correlates with amore
upright stance. The pelvic girdle of the skunk rotates approximately 17° (Goslow and
Van De Graaff, 1982). Jenkins and Camazine (1977) have shown rotations of the pelvic
girdleof 13.5° inraccoon, 10.4° infox and 7.8° in cat. The mammalian pelvic girdle also
undergoes lateral movements during the step cycle, but these movements are generally
opposite to the pattern seen in salamanders. Fig. 5 shows that the salamander pelvic
girdle moves first away from, then towards, the supporting limb as the stance phase
progresses. In contrast, the corresponding movements in skunk (Goslow and Van De
Graaff, 1982; Van De Graaff et al. 1982), opossum (Jenkins, 1971), raccoon, fox and cat
(Jenkins and Camazine, 1977) are towards the propulsive leg during early stance phase,
then away from the propulsive leg later in stance, as the femur retracts and abducts. The
two movement patterns probably result from postural differences between the two
groups. |n mammals, the weight of the body must be balanced over the vertically oriented
supporting limb; hence, the movement of the pelvic girdle towards the foot after it is
placed on the ground and its subsequent movement to the opposite side after placement of
the contralateral foot of the pair. Salamanders, however, may be forced to movethe pelvic
girdle away from the foot during early stance in order to advance the hip joint; thisis
because the femur is held parallel to the substratum while rotating about the relatively
fixed lower leg.

Protraction and retraction of the femur

Table 3 givesvaluesfor the range of femaral protraction and retraction (measured from
the dorsal view) that are generally smaller than those measured for Dicamptodon
(Table 1). Exceptions are Iguana and, surprisingly, skunk. The reduced ranges are
primarily due to reduced retraction associated with amore upright stance or, in the case of
theturtle, to physical restrictionsimposed by the shell (Walker, 1971).

Available values for femoral movements measured from the lateral view (Table 3)
show ranges similar to those of the salamander (in the dorsal view) in crocodilians and a
smaller rangein birds and mammals. Again, the smaller range results from lessretraction
of the femur. Values for femoral protraction are similar in every animal except for the
opossum, whose large protraction angle probably results from its tendency to crouch
(Jenkins, 1971).

In spite of differences in the degree to which the femur is abducted relative to a
parasagittal plane, one of the most constant features of the stance phase in tetrapods is
steady femora retraction, which begins almost immediately after the foot has been placed
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on the ground (Iguana, Brinkman, 1981; Caiman, Brinkman, 1980a; Alligator, Gatesy,
1991; skunk, Goslow and Van De Graaff, 1982; Van De Graaff et al. 1982; opossum,
Jenkins, 1971; Carnivora, Goslow et al. 1973, 1981; Wetzel et al. 1976; Jenkins and
Camazine, 1977; vervet monkey, Vilensky and Gankiewicz, 1990). Birds tend to have a
relatively small arc of femora retraction during walking (Gatesy, 1990; Johnston and
Bekoff, 1992), although Gatesy (1990) reports that retraction is abruptly increased once
velocity passes athreshold speed.

Knee flexion and extension

Most ranges of motion for the knee joint of the taxa given in Table 3 are similar to the
range for Dicamptodon (Table 1). Lizards seem to have a somewhat larger excursion,
while cursorial mammals show adlightly smaller range. In spite of the general equality of
angle rangesfor most of the taxa, it should be noted that flexion is greater (i.e. theangleis
smaller) for many other taxa than for salamanders, and the amount of extension is
correspondingly reduced. The reduced knee joint excursion in cursorial mammals is
principally dueto asmaller amount of extension in the kneejoint.

Two different patterns of knee joint action are seen in the studies listed in Table 3. In
one pattern, which is shown by Dicamptodon, knee flexion occurs in the first half of the
stance phase, and extension begins after the femur has retracted to a position
perpendicular to the pelvic girdle. This pattern is seen in Caiman (sprawling walk;
Brinkman, 1980a), opossum (Jenkins, 1971), various Carnivora (Jenkins and Camazine,
1977), skunk (Goslow and Van De Graaff, 1982; Van De Graaff et al. 1982), cat (Goslow
et al. 1973; Wetzel et al. 1976), dog (Goslow et al. 1981) and vervet monkey (Vilensky
and Gankiewicz, 1990). Mammals typically show a biphasic knee flexion/extension
pattern during a stride, with one episode of flexion and extension during the stance phase
and another during the swing phase (Goslow et al. 1973; Wetzel et al. 1976; Goslow and
Van De Graaff, 1982; Vilensky and Gankiewicz, 1990). This biphasic pattern may be a
consequence of trying to maintain a stable height of the body as it passes over thefoot. In
contrast, salamanders show a fundamentally uniphasic pattern of flexion beginning in
swing phase and continuing through to mid-stance, when extension begins (Fig. 4). A
variable, small-amplitude extension/flexion episode at the very beginning of stance is
often superimposed on this basic pattern. Birds show yet another variation, with only
knee flexion during the stance phase, followed by flexion and then extension during the
swing (Gatesy, 1990; Johnston and Bekoff, 1992).

The other general pattern seen intetrapodsisonein whichthekneejointisheld fixed in
early stance and subsequently extends in late stance. All flexion of the knee joint occurs
during the swing phase. This pattern is seen in Iguana (Brinkman, 1981) and in the high
walk of crocodilians (Brinkman, 1980a; Gatesy, 1991).

Positioning of the crus

Initial positioning of the crus divides the animals listed in Table 3 into three groups:
those that place the foot ahead of the knee (initial crus angle <90°), those that place it
directly under the knee (=90°) and those that place the foot behind the knee (>90°).
Dicamptodon falls into the first category, along with guinea fowl, skunk and raccoon.
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These animals flex the knee in early stance to pull the body forwards on the foot before
they thrust the body forwards on the leg. Animal s that place the foot essentially under the
kneeinclude lizards (excluding Iguana), Alligator, turtle, chick and opossum. Those that
place the foot behind the knee are Iguana and Caiman. Both of these categories may push
the body forwards on the foot throughout the entire stance phase. Maximum elevation of
the crus is either the same (Iguana, Basiliscus, sprawling Caiman, Alligator, turtle,
opossum) or less (high walk Caiman, chick, skunk, raccoon) than in Dicamptodon.

Asin mammals, the crus of salamanders points directly forwards throughout the stance
phase. However, unlike mammals, the femur becomes directed laterally in the middle part
of the stance phase, which would tend to force the crusto face outwardsiif thetibia, fibula
and metatarsus were immobile. Thisisthe condition in many lizards (Snyder, 1949, 1952;
Brinkman, 1981), whose lower limbs do rotate laterally during the stance. In
salamanders, the metatarsus does not rotate to point outwards as the limb is retracted,
necessitating the tibiaand fibula to rotate about their long axes and cross during the stance
phase (Schaeffer, 1941).

Plesiomor phic features of the hindlimb step cycle

On the basis of the comparisons presented above, | propose the following features as
plesiomorphic for the hindlimb step cycle of tetrapods: (1) rotation of the pelvic girdle
through a 30-40° arc (Tables 1, 3), with simultaneous lateral bending of the vertebral
column in a standing wave pattern; (2) femoral retraction beginning at the start of stance
phase and persisting through stance phase; (3) flexion of the knee in early stance phase
pulling the body towards the forwardly placed foot; and (4) extension of the kneejoint in
late stance phase, after the femur has been retracted past an orientation perpendicular to
the pelvic girdle. These features are applicable to the lateral sequence walk, which was
undoubtedly used by many groups of primitive tetrapods. The first two movement
features are shared by all tetrapod groups, regardless of posture, whereas those relating to
knee flexion (movement in a uniphasic pattern) are associated with sprawling postures
and are modified (to abiphasic profile) in mammals.

From the available evidence, it is unclear whether other features of the salamander step
cycle may be considered to be plesiomorphic. Further studies must be carried out on a
larger sample of sprawling-postured tetrapod species (including other salamanders)
before any conclusions may be reached on probable hip and knee angle excursions, initial
positioning of the crus and possible constraints on the timing of limb movements with
axial undulations. This last issue should also be investigated using fish capable of
terrestrial locomotion, such as lungfish and walking catfish. Such investigations will
further our understanding not only of the likely locomotor capabilities of the earliest
tetrapods but also of general mechanisms of integration between locomotor systems.
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