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Summary

Lizardsarethemost diver se extant lineage of vertebrates
believed to have retained the sprawling limb posture of
ancestral tetrapods and, although the sprinting speeds of
lizards are well documented, quantitative analyses of limb
movements are lacking. We therefore examined a wide
range of steady running speedsto quantify variation in the
kinematics of a morphologically generalized hindlimb
in the lizard Dipsosaurus dorsalis. From speeds of 50 to
350cm s, stride length, step length and stride frequency
all had significant curvilinear increases from 13.3 to
39.4cm, from 89 to 12.8cm and from 3.9 to 8.6Hz,
respectively, wher eas duty factor (per centage of cycle when
foot is on ground) decreased from 63 to 34% with
increased speed. For five standar dized speedsranging from
50 to 250cmsl, analyses of variance detected highly
significant (P<0.001) effects of speed on 27 out of a total of

46 kinematic variables. The height of the hip at the time of
footfall increased significantly with increased speed,
whereas the amount of pelvic rotation in the horizontal
plane (mean 36°) per stride was unaffected by speed. The
orientation of the long axis of the foot changed by nearly
50° with increased speed such that the foot was nearly
straight forward at 250cms™1, and at high speeds the heel
often did not touch the ground. The effective length of the
limb at footfall nearly doubled with increased speed as a
combined result of increased plantar flexion and knee
extension and a more erect femur. The pervasive effects of
speed on hindlimb kinematics observed for this species do
not conform simply with previous generalizations of lizar ds
as having plantigrade foot posture and sprawling limbs.
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Introduction

Limb postures of vertebrates are commonly grouped into
categories that are defined by examples rather than by
quantitative criteria (Gatesy, 1991). For example, the limb
posture of most extant birds and mammals is categorized as
upright, whereas most extant amphibians and reptiles have a
sprawling limb posture, which is generally regarded as the
ancestral condition for tetrapodal vertebrates (Rewcastle,
1981, Hildebrand, 1985). In anterior view, limbswith upright
posture appear to extend straight down from the hip so that
the foot appears to be directly beneath the hip. In contrast,
for hindlimbs with typical sprawling posture, the femur is
nearly parallel to the ground, the knee is latera to the hip, the
ankle is below the knee and, thus, the ankle and foot are
lateral to the hip. Hence, during locomotion, the upright limbs
of endothermic vertebrates are largely confined to a
parasagittal plane, whereas the sprawling limbs of
ectothermic vertebrates have considerable movement in the
horizontal (frontal) plane (Rewcastle, 1981). However, with
the exception of Reilly and Delancey (1997), most of the
scant kinematic data available for the limbs of ectothermic
vertebrates are for asingle speed or arange of relatively slow
speeds. Thus, it is not entirely clear whether generalizations
regarding sprawling limb posture for ectothermic vertebrates

have been biased by the lack of quantitative kinematics at
high speeds.

Lizards and salamanders are two major lineages of extant
vertebrates with species that most closely resemble the
sprawling limb posture of ancestral tetrapods (Ashley-Ross,
1994a). Although several species of lizards retain many
aspects of the ancestral sprawling posture and limb movement
(Brinkman, 1981), many species of lizards also have a variety
of derived morphologies and locomotor behaviors not found in
salamanders. For exampl e, the length of the hindlimbsin many
species of lizards is often much greater than that of the
forelimbs, and this morphological specidization is associated
with the specialized behavior of bipedal running (Snyder,
1952, 1954). Most species of lizards also appear to move with
agreater range of velocities than those that can be élicited from
salamanders. Hence, comparative studies of the kinematics of
the limbs of lizards are especialy useful for clarifying: (1) the
nature of locomotion with sprawling limbs, (2) the extent to
which morphological specializations are correlated with
specialized locomotor behaviors, and (3) the extent to which
different speeds are attained by atering the posture and
movement of the limbs.

Several species of lizards have served as model systems for
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studying whole-animal locomotor performance such a
sprinting speed (reviewed in Garland and Losos, 1994
however, the limb movements involved in rapid locomotion
have not been studied quantitatively. For many species 1
lizards, the front limbs commonly do not contribute propulsive
force at higher speeds; hence, understanding the function of t Peliic: Pemne Tibia Tarsals | Fourth toe
hindlimbs of lizards is especially important since they are use | | +Meta.
for all speeds of locomotion in all species of lizards. Snyder’. | 6% | 149 12% | Q0% 13%
(1952, 1954) qualitative analysis of the hindlimb movement.
of lizards focused primarily on bipedal species, and mocFig. 1. Radiograph of a dorsal view of the right hindlimb of a desert
additional studies of hindlimb movements in lizards have alsi9uanabipsosaurus dorsaliwith a snout-vent length of 12.0cm. The
been qualitative and for a minimal range of locomotor speecrelat_lve_lengths given below each anatomical location are perc_:e_ntages
(Brinkman, 1981). Even Reilly and Delancey’s (1997) recen? Nindiimb span, and they are mean values for the four individuals
L - . . - studied rather than for the single individual shown in the figure. As
qu:?mtltatlve .study of the hindlimb k'_nematlcs of a lizard was, many iguanian lizards, the lengths of the femur and tibia are similar,
limited to Q'fferent ;peeds of walking (duty factor >50 %)'and the fourth toe is extremely long. Meta., metatarsals.
Some previous studies of the locomotor performance of lizarc
have also documented the stride frequency and/or stride length
during sprinting (Huey, 1982; Huet al. 1984; Marsh, 1988), are large and the fourth toe is extremely long (Fig. 1). This
but additional movement data are minimal. Although Losospecies also runs reasonably well on a treadmill over a broad
and Sinervo (1989) and Losos (1990) correlated hindlimbange of speeds, and considerable background information is
morphology to the sprinting ability @nolislizards, no aspects available on its locomotor performance and muscle physiology
of the limb movements involved in attaining maximal sprinting(Gleeson, 1991).
speed were quantified. We collected all lizards near Yuma, Arizona, and
Locomotor performance is a complex result of morphologytransported them back to the University of Cincinnati for
physiology and behavior; therefore, the functionalexperiments. Lizards were caged individually or in pairs and
consequences of morphological variation are usually nanhaintained on a diet of lettuce, broccoli and a powdered
apparent until the movements and behaviors of intact animafsixture of Purina Puppy Chow and Kellogg Special K cereal.
are documented. For example, if species of lizards with lon@Vithin the cages, incandescent light bulbs were on for 12 h per
limbs took short steps, then they might not move any fastefay and allowed lizards to thermoregulate and attain their
than a species of lizard with short limbs that takes long steppreferred body temperature of approximately 40°C (Gleeson
Hence, behavior can confound the relationship betweeand Harrison, 1988), which also approximated the body
morphology and performance, and the current lack ofemperatures during experiments. Video-taping sessions
information on limb movements complicates ourextended from approximately 1 week to 3 months after we had
understanding of the relationship between limb morphologgaptured the lizards. After video-taping eight individuals, we
and locomotor performance. selected four individuals that matched all the speeds required
The goal of the present study is to quantify the hindlimifor a balanced experimental design for the primary statistical
kinematics of a lizard Ofipsosaurus dorsaljs with a  analysis. We chose four lizards that also had very similar size,
generalized limb morphology over a broad range of speedas indicated by the following mean sem. values (and
Specifically, we determine the effects of speed on: (1) strideanges): mass 62+3.2g (60-69g), snout—vent len§i)(
frequency and length, (2) step length, (3) effective limb lengthl2.2+0.1cm  (11.9-12.5cm), tail length 21.5+1.1cm
(4) foot posture and (5) several additional variables describin@.9.2—24.5)cm, and hindlimb span (HL span) 17.3+0.3cm
the positions and amplitudes of movements of the hip, kneé16.8—-17.7 cm). For these four individuals, we obtained the
ankle, metatarsals and fourth toe. following mean xs.e.M. values (% HL span): the width of the
pelvis (between the acetabula) 5.5+0.2 %, and the lengths of
the femur 14.2+0.1 %, tibia 12.4+0.1 %, foot (from heel to base

l cm

Materials and methods of the fourth toe) 7.9+0.1 % and fourth toe 12.6+0.2 % (Fig. 1).
Experimental subjects
We studied the desert iguaBapsosaurus dorsaliBaird Experimental protocol

and Girard) partly because its hindlimb morphology is fairly ~ We obtained simultaneous dorsal and lateral views of lizards
generalized for iguanian lizards. For exampledorsalislacks  moving on a treadmill using a two-camera NAC HSV-500
the extreme elongation of the hindlimbs found in bipedahigh-speed video system operating at 250imageskor
specialists (Snyder, 1954) or any of the specialized fod0min prior to each trial, we kept the lizards in thermally
structures for prehension or clinging that are found in maninsulated boxes with hot water bottles at 40°C, and trials
arboreal specialists (Williams and Peterson, 1982; Petersonsually lasted less than 30s. Immediately before and after the
1984). Furthermore, as for many iguanian lizards, the lengtiizards ran on the treadmill in preliminary trials using this
of the femur and tibia in this species are nearly equal, the feptotocol, we used a thermocouple and a Tegam model 871A
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digital thermometer to measure cloacal temperatures, whidinee (KNEE), the ankle (ANKLE), the distal end of the fourth
ranged from 35 to 40 °C. Over the course of several weeks, weetatarsal (META) and the base of phalanx 2 (MIDTOE) and
video-taped lizards at five standardized speeds ranging from H@e tip of the fourth toe (TOETIP). We used one frame of
to 250cm st at 50cm st intervals. Prior to video-taping, we reference that was relative to the locomotor (tread) surface and
painted key landmarks on the pelvis and hindlimb of eachnother that was relative to the hip of the lizard. To facilitate
lizard in order to facilitate digitizing. The pelvic landmarks visualizing movements of the limb relative to the hip,xlaad
painted on the surface of the lizards averaged 5mm posterigicoordinates of each limb location were standardized so that
and 5mm dorsal to the hip joint; hence, before calculating théne hip was positioned at the origin in they plane. Plots of
kinematic quantities, we transformed the coordinates of ththese relative coordinates facilitated visualizing hindlimb
pelvic landmarks to approximate the coordinates of the hip. Wemovements because each of the resulting loops represented the
concentrated on the following landmarks of the hindlimb: hippath traveled by a limb element as seen in lateral view while
knee and ankle, and the base, middle and tip of the long fourthe hip of the lizard remained stationary. For each such loop
toe (excluding the claw). We excluded the claw because it®presenting a single cycl¥min and Xmax described the most

tapering tip was difficult to see on the video tapes. anterior and mostposterior positions relative to the hip,
_ _ respectively. Positive and negative values Xfindicate
Kinematics positions anterior and posterior to the hip, respectively. The

For each stride, we divided stride length (cm) by striddotal horizontal excursion relative to the hifpX] equaled
duration (s) to calculate an average forward velocity. For eackmaxXmin. Similarly, we calculated the maximum height
lizard at each speed, we selected four strides of steady-speethtive to the hipYmax and the minimum height relative to
(+10% of average forward velocity) locomotion for frame-by-the hip {min), where positive and negative values indicate
frame motion analysis. We defined thaxis as the horizontal positions dorsal and ventral to the hip, respectively. The
dimension parallel to the overall direction of travel and thevertical excursion of each limb elemenfAY] equaled
tread surface, they-axis as the vertical dimension YmaxYmin. Hence, the names of the thirty variables describing
perpendicular to the tread surface, and thexis as movements within the limb all include a dimension and an
perpendicular to thex-y plane. We used video analysis anatomical location. For example, the variahd ANKLE
software (MeasurementTV, Datacrunch Inc., San Clementegfers to the total vertical movement per stride of the ankle
CA, USA) to digitize thex-y coordinates of the pelvis, knee, relative to the hip.
ankle, metatarsals and phalanx 2, and the toe tip of the longEight variables described limb and foot posture. At footfall,
fourth toe, from the lateral view. We used the dorsal view tave measured the effective limb length (LIMBL) of the entire
digitize the angles of the metatarsals and phalanges relativeltmb as the straight line distance in lateral view from the hip
thex-axis, and th& andz coordinates of the right and left sides to the most posterior portion of foot contact (Fig. 2). After
of the pelvis and heel. From the coordinates, we calculatedetermining LIMBL, we determined the contributions of the
variables describing (1) whole-limb movements (2) hip andemur (FEMURL), the tibia (TIBIAL), the tarsals plus the
pelvic movements, (3) movements within the hindlimb, and (4jourth metatarsal (METAL) and the fourth toe (TOEL)
limb and foot posture. (Fig. 2). We measured three additional variables from the

Five variables described movements of the whole limb and
attributes of the entire locomotor cycle. Stride length
(STRIDEL) was the distance traveled alongstrexis between
successive footfalls of the right hind foot, whereas step lengt
(STEPL) was the distance traveled by the body alongethe
axis while the foot touched the ground. Cycle duratior
(CYCLE) was the time between successive footfalls of the
same foot, and stride frequency (FREQUENCY) was the
inverse of CYCLE. Duty factor (DUTY) was the percentage
of CYCLE when the foot was on the ground.

Three variables described movements of the hip and pelvi
For each stride, we calculated the mean height of the h
relative to the tread surface (HHEIGHT), and vertical hip
excursion (VHIPEXCUR) equaled the difference betweer
maximum and minimum heights of the hip within a stride.
After we had calculated the angle of the pelvis relative to th
X—aXI§ from the dorsal view of each |m.age, we calculated DEIVIFig. 2. Schematic diagram of the right hindlimb in lateral view at
rotation (PROTATION) as the difference between thefootfall, The straight-line distance from the hip to the most posterior
maximum and minimum values within each stride. point of foot contact equals the effective limb length (LIMBL), and

To describe movements within the hindlimb, we calculatewe partitioned LIMBL into contributions from the femur, tibia,
six variables for each of five anatomical locations including thmetatarsals (Meta.) and phalanges (Phal.).
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dorsal views at the earliest time during the stance phase whéequency from speed, and in these analyses we used combined
heel height was at a minimum: the angles of the metatarsadata from the five standardized speeds and some faster
(AMETA) and fourth toe (ATOE) relative to theaxis, and (>270cms?) speeds that were not used in the ANOVAs.

the width of stride (WIDTH), which equaled the difference

between the coordinates of the right and left heels (at the

earliest time of minimum heel height for each foot). Results
General description of limb movement
Statistical analyses The hip (Figs 3B, 4B) and axial structures of the lizard

For statistical analysis, we performed two-way mixed-modemoved forward with a constant speed as the limb oscillated
analysis of variance (ANOVA) using SYSTAT version 5.0.relative to the hip. The hindlimb and hip also oscillated
Speed was the fixed factd¥<5), whereas individual was the vertically relative to the tread surface with complicated, non-
random factor N=4). For each ANOVA, four strides were sinusoidal patterns (Figs 3A, 4A). The amplitudes of vertical
analyzed for each individual. Following Zar (1996), weoscillations of the hip were small compared with those of the
calculatedrF-tests for significant effects of speed by dividinglimb elements. Consequently, the waveforms of vertical
its mean squares by the two-way interaction term. Forty-sidisplacement of the limb elements relative to the tread
ANOVAs were performed; hence, a Bonferroni correction for(Figs 3A, 4A) and hip were fundamentally similar. In contrast,
multiple comparisons would yieldRxvalue of approximately transforming the longitudinal displacements of the limb from
0.001. Consequently, we emphasize results Witi0.001. a tread (Figs 3B, 4B) to a hip frame of reference created a
However, because this is a very conservative correction thatdsfferent pattern of oscillation very similar to a sinusoid.
quite likely to reject genuinely significant effects, we also From immediately after footfall until the middle of the
provide the exact values of thetests to clarify the magnitude stance phase (Fig. 5, Fig. 3A at 75ms; Fig. 4A at 20 ms), the
of the speed effects. We also calculated linear and quadratieight of the hip declined, and then it usually increased for the
least-squares regressions that predicted stride length aremainder of the stance phase. During the stance phase,
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Fig. 3. Longitudinal (A) and vertical (B) displacements of the hip, knee, ankle, metatarsals (META) and the middle (MIDT(DE& }ipraf

the fourth toe (TOETIP) relative to the tread surface for one stride at a forward speed of 5@pess and filled symbols represent the stance
and swing portions of the stride, respectively. To enhance the clarity of the illustration, we used a low-bandpass fittet-ofitfrequency

of 45Hz on the raw data (sampled at 250 Hz). The time between successive points of the illustrated filtered data is 8 méorTRigsales
and 4 are drawn to the same scale to facilitate comparison of the slopes of the graphs.
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move up and away from the tread surface (Fig. 3A, 50 ms;
Fig. 4A, 12ms), a progression of movements lifted the foot
from proximal to distal, such that the tip of the fourth toe had
the last contact with the tread surface. Interestingly, elevation
of the ankle began while the height of the knee was still
decreasing relative to the tread surface, and the ankle was
commonly as high or higher than the knee during late stance
(Figs 3A, 4A, 5). During stance, the vast majority of
longitudinal limb movements were oriented posteriorly. For
ectothermic tetrapods, posterior and anterior movements of the
knee caused by rotating the femur relative to the hip (as seen
in dorsal view) are referred to as femoral retraction and
protraction, respectively (Edwards, 1977).

At the start of the swing phase (Fig. 3A, 180 ms; Fig. 4A,
50 ms), the height of the ankle relative to the tread was near its
maximum and equal to that of the knee, but for the remainder
of the swing phase the height of the knee greatly exceeded that
of the ankle. The height of the knee relative to the tread
increased for approximately the first two-thirds of the swing
phase and then decreased rapidly through the end of swing
(Figs 3A, 4A). Maximal height of the hip generally occurred
B during the latter half of the swing phase (Figs 3A, 4A). During
the final portion of the swing phase, the heights of all parts of
the limb rapidly decreased as the foot approached the tread
surface (Figs 3A, 4A).

Longitudinal movements of the limb during the swing phase
were initially anterior but then reversed direction just prior to
the end of swing. Thus, the swing and stance phases did not
correspond exactly with the protraction and retraction of the
limb, respectively. The velocities of movements relative to the
hip increased from proximal to distal in the limb, and this was
most conspicuous for the velocities of limb protraction during
swing.

In addition to considering the components of movement in
the x andy directions independently, the stick figures of the
hindlimb (Fig. 5) facilitate visualization of the combined
effects of vertical and longitudinal movements. Furthermore,
plottingy versus »helps to visualize the paths (loops) traveled
by the different portions of the hindlimb relative to the hip (Fig.
6). As indicated by the closer spacing between successive
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40 -

HIP
KNEE
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MIDTOE
TOETIP

oo >nmO <«

30 ~

X (cm)
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10 A

0.6:0:030"¢ f
SIS S RPL>
<> S
XXSRHS
=N

O T T T T T 1
0 25 50 75 100 125 150  boints, velocities in the direction were generally lowest at the
extreme anterior and posterior portions of the loops, which
Time (ms) corresponded to the transition between stance and swing and

Fig. 4. Longitudinal (A) and vertical (B) displacements of the hip,bfnggmsxtn ?eggrits)ltiigcg,szrispﬁgcsta/aesé Sjit:: ert:\?neltlri];sl:(?tﬁz
knee, ankle and metatarsals (META), and the middle (MIDTOE) an . ’
tip of the fourth toe (TOETIP) relative to the tread surface for Oni‘)ops 9¢”era”y Iacl'(ed any S|m'ple .pattern' of overall symmetry
stride at a forward speed of 250 cthOpen symbols represent the adout either a vertical or longitudinal axis. These loops glso
stance portion of the stride, and filled symbols represent the swirfgicely illustrate the successive increases in longitudinal
portion of the stride. Data were filtered as in Fig. 3, and the timélistance traveled proceeding from the proximal to the distal
between successive points is 4 ms. The axes for Figs 3 and 4 are draglements of the hindlimb.
to the same scale to facilitate comparison of the slopes of the graphs.
Effects of speed

Modulating the frequency and amplitude of limb movements
changes in the heights of the hip and knee were nearly in phasee two general mechanisms by which animals can modulate
but the amplitude of vertical movements of the knee was nearkpeed and, as shown in Fig. 7, both the length and frequency
twice that of the hip (Figs 3A, 4A). After the ankle began toof the strides ofD. dorsalis showed highly significant
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Fig. 5. Stick figures showing a lateral view of hindlimb movements relative to the treadmill for one stride at speeds of @¢)camel
250cms? (B). From proximal to distal, the line segments represent the femur, tibia, metatarsals, the proximal two phalangesstatd the di
two phalanges of the fourth toe. Stick figures include the beginning and end of stance and times at approximately midsiareeiagd
Numbers above each stick figure indicate elapsed time (ms). The strides shown are for the same data in Figs 3 and 4. &peicesl fill
indicate the hip during stance and swing, respectively.

6
0 1 1 1
A e KNEE
— . = ANKLE
§ A META
N e MIDTOE
-2 - e TOETIP

y (cm)

Fig. 6. A lateral view of the paths traveled relative to the hip of the KNEE, ANKLE, META, MIDTOE and TOETIP landmarks ferapeed
50cms? (A) and 250cmd (B). The hip is located at (0,0). The open symbols represent the stance portion of the stride, and the filled symbols
represent the swing portion of the stride. The direction of overall movement in the loops is clockwise. In A and B, teérterasshccessive

points are 8 and 4 ms, respectively.

curvilinear increases as speed increased. For 50, 200 andror the remainder of the results, we restricted our statistical
350cms?, values of stride length (Fig. 7A) and frequencyanalyses to the five standardized speeds ranging from 50 to
(Fig. 7B) predicted from the regressions were 13.3, 28.8 an2b0cms?, for which we able to obtained a balanced
39.4cm and 3.9, 7.0 and 8.6 Hz, respectively. Hence, the ra¢gperimental design suitable for analysis of variance
of increase in stride frequency diminished more rapidly wit(ANOVA). All of the following F-tests for the significance of
increasing speed than that of stride length. For 50, 200 arspeed effects that are indicated parenthetically in the text had
350cm s, values of step length (Fig. 7A) and duty factor (Fig.d.f.=4,12.

7C) predicted from the regressions were 8.9, 12.2, 12.8 cm andFrom 50-250 cmg, speed had highly significant effects on
63, 42 and 34 %, respectively. all five variables describing whole-limb movements and
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Fig. 8. Mean values of kinematic variables for each of the five
100 - C standardized speeds used in the ANOVAs for (A) mean hip height,
HHEIGHT, and vertical hip excursion, VHIPEXCUR, and (B) pelvic
75 4 rotation (PROTATION) in the horizontal plane.
g
> 5 - ° Table 1.Summary of-values (d.f.=4,12) testing for speed
5 ° effects in the two-way ANOVAs performed separately for
o d each variable describing the hindlimb position and
25 1 i movements relative to the hip
Landmark Xmax Xmin Ymax Ymin AX AY
O T T T T T T 1
KNEE 0.8 22 141 6.3* 2.0 3.0
0 05 10 15 20 25 30 35 ANKLE 16.8** 1.2 1.9 12.7%* 13.5** 23.3**
Speed (ms™) META 15.0% 52%  6.9%* 12.1% 14.7* 16.9*

. ) ) MIDTOE 18.7** 54* 57* 12.1** 21.2** 13.5*
Flg. 7. Plots of the regressions fOI’- (A) stride Ieng.th, STR|DELTOET|P 13.9%* 5.7* 4.5*% 12.4%%  15.0% 11.7**
(circles), and step length STEPL (triangles), (B) stride frequency
FREQUENCY, and (C) duty factor, DUTYersusforward velocity, *P<0.05; **P<0.001.

V. The Fotal of 94 strides shown includes those from the five Xmax Xmin and AX are the most anterior and posterior positions
standardized speeds and 14 strides from speeds greater than’2.7 Mrelative to the hip, respectively, aAX=Xmax-Xmin.

Filled sy_mb_ols indicate individual ob_servations, 'whereas OP€l v, . Ymin are the most dorsal and ventral positions relative to the
symbols indicate mean values for the five standardized speeds Uship, respectively, anAY=YmaxYmin.

in the ANOVAs. STRIDEL=0.071+0.136-0.01? (r2=0.94,
P<0.001). STEPL=0.074+0.0850.0056/2 (r2=0.59, P<0.001).
FREQUENCY=2.50+2.988-0.360v2 (r>=0.88,  P<0.001). Only one of the three variables for the hip and pelvis varied
DUTY=73.1-21.0v+2.78/2 (r?=0.85,P<0.001). significantly with speed. Mean height of the hip (Fig. 8A,
HHEIGHT) had a significantF=6.7, P<0.05) increase of
1.1 cm with increased speed. In contrast, the amplitude of the
attributes of the entire locomotor cycle. Stride frequencyertical oscillations of the hip (Fig. 8A, VHIPEXCUR) did not
(F=66.0,P<0.001) and stride lengtlr£260.0,P<0.001) both  change significantlyH=3.2) with speed, and its grand mean
increased with increased speed (Fig. 7). Despite the significawias 0.82 cm. The amount of pelvic rotation per stride (Fig. 8B,
(F=24.6,P<0.001) effects of speed on step length, the incread@ROTATION) also did not change significantiy=0.5) with
in step length was relatively small compared with that of stridspeed, and its grand mean approximated 36 °.
length (Fig. 7A). Cycle duration decreased=104.4, Twenty-four of the total of 30 variables describing limb
P<0.001) with increasing speed from a mean value of 0.27 s pbsitions and movements relative to the hip varied significantly
50cms? to 0.13s at 250cnt& Duty factor also decreased (P<0.05) with speed, and 17 of these variables had highly
significantly ¢=53.3,P<0.001) with increased (Fig. 7C). significant P<0.001) speed effects (Table 1). The proportion
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Fig. 9. Mean values of positions and movements of the KNEE, ANKLE, META, MIDTOE and TOETIP landmarks, relative to the hip.
(A) Maximum anterior position{max), (B) maximum posterior positiofiXfin), (C) horizontal excursiom\X=Xmax—Xmin), (D) maximum height
(Ymax), (E) minimum heightYmin) and (F) vertical excursiom\{{=Ymax—Ymin)-

of the kinematic variables that changed significantly with speetklative to the hipXmin), and the few apparent changes in this
for each location within the limb also generally increased fronguantity were only between 50 and 100 cin(&ig. 9B). The
proximal to distal (Table 1). For all locations of the limb thattotal (per stride) longitudinal movements relative to the hip
were distal to the knee (ANKLE, META, MIDTOE, TOETIP), (AX) had highly significant variation with speed for all parts of
the most anterior position relative to the hip during a strideéhe limb that were distal to the knee (Table 1). For the portions
(Xmax) increased with increased speed (Fig. 9A). For exampla&f the limb distal to the knee, the overall pattern of change in
at the slowest and fastest speeds, the tip of the toe extend®d with increased speed was generally similar to tha¢ak
anterior to the hip by an average amount of 4.3 and 6.8 cr(iig. 9A,C; Table 1). Within every speed, the rank order of the
respectively. A noteworthy result was that at lower speeds thaean values oAX was from proximal to distal (Fig. 9C). The
ankle did not attain as great an anterior position relative to thmost dorsal location of the knee within the stride cy®e)

hip as did the knee, whereas at faster speeds the ankle hadaal a highly significant increase with increased speed, but this
greater anterior position relative to the hip than that of the kneguantity lacked a clear pattern of change with speed for the
(Figs 5, 6, 9A). In contrast max, little conspicuous (Fig. 9B) more distal locations of the limb (Fig. 9D; Table 1). The most
or statistically significant (Table 1) variation occurred withventral locations of the limb elements relative to the Wign§
speed for the most posterior position of the limb elementgaried significantly (Table 1) with speed as values increased
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conspicuously from 100 to 200cmis (Fig. 9E). The e LIMBL A
significant pattern of variation with speed for the total m  FEMURL

dorsoventral movement relative to the hif¥) was generally 61 & TIBIAL

congruent with that o¥min (Fig. 9E,F). As can be seen most : ¥§g€L

readily from the plots of the paths traveled by the limb
elements relative to the hip (Fig. 6), the effects of increased
speed on the amounts of change in the longitudinal positions
and movements of the limb relative to the hip were larger than
those in the dorsoventral direction.

Seven of the eight variables describing the effective lengths
of limb elements and foot posture changed significantly with

Effective length (cm)
N

speed. Effective limb length at footfall (LIMBL) increased @ 50 - B
significantly £=16.0,P<0.001) with increased speed, ranging D

from a mean value of 3.0 to 5.1cm (Fig. 10A). The % 40 1

contributions of the femur (FEMURL), tibia (TIBIAL) and D 30

metatarsals (METAL) to the total effective limb length & 20 4

(LIMBL) all increased significantly with increased speed z

(F=20.6,P<0.001; 5.6P<0.05; and 7.4P<0.05; respectively). g 101

Furthermore, at the fastest speed, the mean value of FEMURL g 0 : : : : .

(2.26 cm) closely approximated the anatomical length of the

femur (mean 2.46cm), which suggests that the femur was 5 -
nearly parallel to the sagittal plane. The toe did not contribute
to the effective length of the limb because the distal portions 41 ¢

1S
O
of the metatarsals always contacted the ground at the moment 8 3
of footfall for the five standardized speeds (Fig. 10A). 7
The angles of the both the metatarsals (Fig. 10B, AMETA) “55 2 1
and phalanges (APHALANX) had highly significant decreases & 1.
with increased speed withvalues of 26.6#<0.001) and 18.6 =
(P<0.001), respectively. Hence, at the fastest speeds, the long 0 . . . . .
axis of the foot was pointed nearly straight forward (mean 0 50 100 150 200 250
AMETA 5°), whereas at the slowest speeds it pointed laterally Speed (cm 7Y

with a mean angle of 50° (Fig. 10B). The extent of

plantarflexion during foot contact also increased with increaseFig. 10. Mean values of (A) effective limb length at footfall (LIMBL)
speed. For example, the heel touched the ground at some pcand the contributions (FEMURL, TIBIAL, METAL and TOEL) of
during the stance phase for all 48 strides observed with speedlfferent eler_nents of the Ilm_b (femur, tibia, metatarsals and the fourth
of 150cm st or slower, whereas 19%. 13% and 24 % of thetoe, respectively) to effective limb length. (B) The angle of the

strides lacked heel contact at speeds approximating 20¢cm metatarsals relative to threaxis at the earliest time in the stance phase
P PP 9 ‘with maximum foot contact with the ground. A value of 0° indicates

(N:16)’_250 cms! (N=17) and grea’Ferthan 270cm §N=17), that the long axis of the metatarsals is pointing straight forward.
respectively. Foot posture at the time of footfall also change(c) wigdth of stride is the lateral distance between the right and left
considerably with speed: the heel did not touch the ground fifeet at the times when the feet are completely touching the ground.
only one of the 48 strides with speeds of less than 150¢ms

whereas 31 % and 59 % of the strides at 250¢rarsd greater

than 270cm¥ lacked heel contact at footfall.

To clarify how erect the limbs ob. dorsalis were, we 200cmsl. Femoral adduction properly refers to the angle
determined the angle of the femur relative to the horizontddetween the femur and the pelvis as seen from an anterior (two-
plane {=arcsine[{hip—Ykned*(femur length)l]}, where 0°  dimensional) view. Values Ofmin of the knee were generally
indicates that the femur is in a horizontal plane and 90¢€oincident with mid-stance when theoordinates of the knee
indicates that the femur is pointing down, perpendicular to and hip were the same; hence, at mid-stance, the angles of
horizontal plane. For our study¥max and Ymin of the knee femoral depression and adduction would be the same if the
indicate when depression of the femur (and knee) is least apelvis were parallel to a horizontal plane. Assuming symmetry
greatest, respectively. The angles of femoral depression basefdleft and right hip movements, then the angle of the pelvis
on mean values ofmaxof the knee (Fig. 9D), ranged from only relative to the horizontal plane equals the arcsine of the
-5°to 1°, indicating that for at least part of the swing phaséelifference between the height of the right hip and values of the
the femur was nearly parallel to a horizontal plane. In contrastight hip which have been shifted by one-half cycle (to
angles of femoral depression based on the mean vallYes,of approximate left hip height) divided by the distance between
for the knee (Fig. 9E) ranged from 35° at 100 chkts 63° at  the left and right pelvic landmarks (13 mm). For speeds of 50
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and 250cmd¥, based on the values of hip height in Figs 3 andetrapods better than an upright limb because the knee of
4, the angle of the pelvis relative to the horizontal plane at migsrimitive mammals is often quite lateral to the hip but little
stance approximated 12 ° and 42 °, respectively. Consequentigmoral rotation occurs in the step cycle of these animals.
increased amounts of pelvic roll at higher speeds probablynderstanding the function of sprawling vertebrate limbs is
contributed to the more erect position of the femur relative tthus facilitated by examining the extent to which various
the horizontal plane. Calculating the exact angles of femorapecies of salamanders and lizards may be used
adduction during early and late stance requires threénterchangeably as models.

dimensional methods that are beyond the scope of this study. To facilitate interspecific comparisons of hindlimb

Despite the increased erectness of the femur with increaskthematics of ectothermic tetrapods, Table 2 summarizes the
speed, the width of strides (WIDTH) increased significantlyanimal sizes and speeds used for previous studies of hindlimb
(F=13.5,P<0.001) with increased speed (Fig. 10C), with mearkinematics of one species of salamander (Ashley-Rossp1994
values ranging from 3.4 to 5.0 cm. Increased values of WIDTHind three species of lizards (Brinkman, 1981; Jayak 1990;
at greater speeds partly reflect the greater lateral distances tRailly and Delancey, 1997). Ashley-Ross (189fbund that
the lizards travel during the suspended phase between left aodt of a total of 21 kinematic variables describing the hindlimb
right hind footfalls. WIDTH was also not simply a constantmovements ofDicamptodon tenebrosusnly stride length,
proportion of stride length, as indicated by mean values ditride duration and step duration changed significantly or
WIDTH)/stride length of 25% and 15% for 50 and 250cts showed strong trends with increased speed. For the lizard
respectively. Varanus exanthematicudayneet al.(1990) found statistically

Some additional trends with increased speed were apparesignificant changes in stride length, stride duration, step length,
for aspects ok andy movement which we did not quantify. step duration and duty factor with increased speed. Reilly and
For example, we plottexlandy (in both fixed and hip frames Delancey (1997) found that only five of 38 kinematic variables
of referenceyersusgtime for 50 and 250 cnTsusing the same of the lizard Sceloporus clarkiichanged significantly with
x andy scales to facilitate visual comparisons of velocitiesspeed and concluded that increased stride frequency was the
(slopes). Throughout the stance phase, the speeds of limbmary mechanism for increasing speed. In our study of
retraction were greater for faster speeds of locomotion. DurinDipsosaurus dorsalis 37 of 46 kinematic variables had
stance, the maximal speeds of foot (landmarks from ANKLESignificant P<0.05) changes with increased speed and 27
to TOETIP) elevation relative to the hip were also faster fowariables had such loR-values (<0.001) that a correction for
the faster speeds. Interestingly, despite the fivefold differenaaultiple comparisons would not alter the conclusions. Thus,
in speed, the maximal speeds of limb protraction during swingompared withD. tenebrosusand S. clarkii speed had
and limb depression during the latter portion of swing wergrofound effects on the kinematicsf dorsalis Differences
very similar. in statistical power may have contributed to the different

conclusions of these studies regarding the effects of speed, but
. , below we consider in more detail some of the other factors
Discussion contributing to these apparent differences among taxa with
Comparative hindlimb kinematics sprawling limbs.

Of all extant groups of vertebrates, salamanders are Theoretical considerations convincingly show how
generally considered the best model for understanding thecreased amounts of pelvic rotation can enhance step length
ancestral condition of tetrapodal vertebrates. Consequentlgnd thus speed (Ashley-Ross, 1894Edwards, 1977).
studies of salamanders have figured most prominently iRurthermore Ashley-Ross (1994ound that, aBicamptodon
clarifying how sprawling vertebrate limbs function (Edwards,tenebrosusincreased speed, pelvic rotation nearly doubled
1977; Ashley-Ross 199). For vertebrates with sprawling (from 39° to 73°). lllustrations in Brinkman (1981) indicate
limbs, pelvic rotation and femoral retraction and rotation carthat pelvic rotation in a walking iguanaapproximates 75 °.
all contribute substantially to the forward movement of theNeither Reilly and Delancey (1997) nor our study detected
animal, whereas these movements contribute little to thstatistically significant effects of speed on the amounts of
propulsion of vertebrates with erect limbs (Edwards, 1977)elvic rotation, and the mean values fr clarkii and D.
Lateral bending of the vertebral column contributes to rotatiodorsaliswere 41° and 36 °, respectively. Future comparative
of the pelvic girdle within the horizontal plane. Femoralwork is necessary to resolve whether the amounts of pelvic
retraction refers to the amount of posterior rotation of the distabtation are statistically different among different species of
femur relative to the hip (as seen in a projection onto &zards, but the available data present the intriguing possibility
horizontal plane). Femoral rotation refers to rotation of thehat pelvic rotation is important for modulating speed in
femur about its long axis. Femoral rotation causes anter@alamanders but not in lizards.
posterior movements of the footia a ‘double crank’ For both Dicamptodon tenebrosu@Ashley-Ross, 199%)
mechanism described in more detail elsewhere (Ashley-Rosand S. clarkii (Reilly and Delancey, 1997), the maximum
1994p; Edwards, 1977). Brinkman (1981) suggested that largangles of femur protraction and retraction do not change
amounts of femoral rotation in salamanders and lizards miglsignificantly with speed, and within a particular stride the
actually differentiate ancestrakrsusderived step cycles of maximum angular protraction of the femur is consistently less
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than the maximal angular retraction of the femur. Bor length ofS. clarkiiranged from 8.0 to 15.0cm and changed
dorsalis the amounts of femur protraction and retraction areignificantly with speed. Furthermore, step lengths can be
proportional to values 0fmaxandXmin for the knee, which did calculated from tabular summaries in Reilly and Delancey
not change significantly with speed and were approximatelg1997) and, when analyzed similarly to the values for stride
equal to each other. In contrast to the knee, valu¥sgffor  length, step lengths &. clarkiialso increase significantly with
more distal portions of the limb iD. dorsalisdid change increased speed. Thus, all previously studied lizards and
significantly with speed. Furthermore, at low speeds, thealamanders modulate speed with a combination of changes in
unequal distal values ofmaxandXmin in D. dorsalisresemble  the frequency and amplitude of whole-limb movements.
the asymmetry in the amounts of femur protraction and Brinkman (1981) suggested that the kinematick iofuana
retraction found by Reilly and Delancey (1997) $rclarkii and salamanders differed in three major respects. (1) At the
Lateral views of additional species of lizards also commonlypeginning of stance in salamanders, the foot is anterior to the
show asymmetry in the amplitudes of anteviersusposterior  knee, whereas ih iguanathe foot is either below or posterior
movements of the limb relative to the hip (Snyder, 1952, 1962p the knee. (2) During stance in salamanders, the metatarsals
Sukhanov, 1974). However, for. dorsalis asymmetry in the are directed anteriorly, whereas in lizards they are directed
longitudinal movements of the limb diminishes with increasedaterally. (3) In salamanders, the foot rolls off the substratum
speed. passively and does not dorsiflex until the end of retraction,
Comparing the amounts of femoral rotation betweerwhereas inl. iguanathe foot is actively plantarflexed at the
different species of lizards and salamanders is complicated lend of protraction and actively dorsiflexed at the beginning of
the fact that these movements do not occur within a singlerotraction. FoiD. dorsalis the foot was commonly anterior
plane. For salamanders, Edwards (1977) proposed that femotal the knee at footfall and the metatarsals pointed forward
rotation is the second most important contributor to forwardluring rapid locomotion (Figs 5B, 10B); therefore, points 1
propulsion after limb retraction, whereas Ashley-Ross (4994 and 2 are not general differences between salamanders and
suggested that that femoral rotation contributes little to forwartizards. Similar to Brinkman'’s (1981) findings foriguang
propulsion since it can occur only during a limited portion ofconsiderable dorsiflexion of the foot . dorsalis occurs
the stance phase. However, neither Edwards (1977) nduring the first half of femoral protraction (Fig. 5A, 18Fsus
Ashley-Ross (1999) directly measured femoral rotation. 224 ms; Fig. 5B, 5&ersusl00 ms). In addition, plantarflexion
Brinkman (1981) used dorsal view X-rays bfiguanato  of the foot may occur during limb protraction (Fig. 5B,
estimate femoral rotation on the basis of the changing width df00-148 ms), but this was not obvious during all speeds in
the distal part of the femur, and he obtained a valudorsalis(Fig. 5A, 224-260 ms). Although the kinematicdof
approximating 70° during the stance phase. Lateral viewdorsalisseem to be consistent with the active plantarflexion
suggest that bot8. clarkii(Reilly and Delancey, 1997) am during stance, electromyograms are needed to clarify the extent
dorsalis (Fig. 5) also have considerable amounts of femorato which these movements are active.
rotation during stance, but three-dimensional analyses areln the light of the conspicuous changes in the hindlimb
needed to determine the amount and importance of thlignematics that we found ID. dorsalis speed has the potential
movement in sprawling-limbed tetrapods. to confound interspecific comparisons. The fastest speed
Pelvic rotation, limb retraction and femoral rotation are allstudied by Reilly and Delancey (1997) was 44% of the
movements that can theoretically increase stride length andaximum sprinting speed &. clarki, and the fastest speed
thus speed, but another mechanism for modulating speed dé Dicamptodon tenebroswanalyzed kinematically was 32 %
simply changing the frequency of strides. In contrast to ouof the fastest speed observed (Ashley-Ross, dBR40ur
findings for D. dorsalis as well as those of Ashley-Ross fastest standardized speed (250 chapproximates 60 % of
(1994) and Jaynest al. (1990), Reilly and Delancey (1997) the values reported for the maximal running speed of
suggested thatS. clarkii modulates speed primarily by dorsalis(Marsh, 1988). Thus, many of our observationdfor
modulating the frequency and speed of limb movemenudorsalis were for relatively faster speeds than those of
However, Reilly and Delancey (1997) found that the stridgpreviously studied ectothermic tetrapods (Table 2).

Table 2.Comparisons of selected studies on the speed and hindlimb kinematics of ectothermic vertebrates

MeanSVL Speed Frequency DUTY
Species (cm) (cnTd) (Hz) (%) Reference
Dicamptodon tenebrosus 8.8 4-19 0.7-2.1 72-58 Ashley-Ross (1804
Iguana iguana 57 35 0.9-1.4 67 Brinkman (1981)
Varanus exanthematicus 30 27-138 0.6-1.8 75-58 Jayaeeal. (1990)
Sceloporus clarkii 9.1 27-83 3.8-6.1 60-54 Reilly and Delancey (1997)
Dipsosaurus dorsalis 12.2 50-250 3.7-75 68-38 Present study

SVLis snout-vent length; DUTY is step duration as a percentage of stride duration.
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Animals with similar Froude numbers are often considereghysiology limit locomotor speed by constraining stride length
to be moving at physiologically similar speeds (e.g. Fagtey and/or frequency are still not well understood (Marsh and
al. 1993). The Froude number is equal to the speed dennett, 1985; Marsh, 1988; Swoaipal. 1993).
locomotion divided by the square root of the gravitational Finally, when making interspecific comparisons, one should
constant times a characteristic length. Previous studies hakeep in mind the considerable diversity in the morphology,
used different characteristic lengths to calculate Froudbehavior and habitats of different species of lizards. For
numbers. We used mean values of effective limb length axample,S. clarkii belongs to a clade of lizards with many
footfall, mean hip height and anatomical limb length tospecies that frequently climb rocks (Miles, 1994). Thus, the
calculate the Froude numbersixfdorsalis which were 0.87, lack of noticeable femoral adduction reported $or clarkii
0.79 and 0.54, respectively, at 50cthand 3.40, 3.51 and (Reilly and Delancey, 1997) may reflect behavioral and/or
2.72, respectively, at 250 cimts The transition between a walk morphological specializations of climbing forms that facilitate
and run for many quadrupedal mammals occurs when Froudeeping the center of gravity close to the locomotor surface.
numbers are between 2 and 3 (Alexander and Jayes, 198Bffectively all of the individuals ofD. dorsalis that we
which agrees well with the Froude numbers (1.68-2.48).of encountered while collecting were on the ground, and this
dorsalis near the walk—run transition (150cm)s Using species is not very closely relatedSoclarkii (Etheridge and
Froude numbers calculated from values of mean hip height fale Queiroz, 1988). These differences in species phylogenetic
D. dorsalisin the scaling equations of Alexander and Jayeselationships, behavior, habitat and morphology emphasize the
(1983) for non-cursorial mammals predicts relative strideneed for comparative studies to test the robustness of
lengths (stride length divided by hip height) of 4.0 and 4.7 agjeneralizations regarding the function of the limb in
50 and 250cnTd, respectively, whereas the experimentallyectothermic vertebrates.
observed values were 3.9 and 7.2, respectively. Thus,
compared with the locomotion of many species of mammals Limb and foot posture
with similar Froude number®). dorsalishas unusually long Although lizards are generally characterized as having
strides at higher speeds. Unfortunately, Froude numbers are rsprawling limb posture and plantigrade foot posture, we found
available for previous kinematic studies of salamanders andariation with speed that does not conform simply to this
lizards (Table 2). Furthermore, the discrepancies betweegeneralization. For example, the femur Bipsosaurus
values calculated for slow speeds Df dorsalis using dorsalisbecame strikingly more upright with increased speed,
anatomical lengths rather than kinematic quantities indicate ttes indicated by some angles of femoral depression differing by
difficulty of estimating Froude numbers of other species ofmore than 60° from the expectation for a ‘sprawling’ limb.
lizards and salamanders retrospectively. Discussions of the sprawling limb posture of lizards are often

The lack of running (duty factor <50 %) in previous studiesnot clear about whether the posture being referred to is for
(Table 2) may also have contributed to the contrastingnimals that are moving or at rest, and our results emphasize
conclusions that speed had widespread effects on thbe importance of accounting for whether an animal is moving
kinematics ofD. dorsalis but not on that oDicamptodon as well as the speed of movement.
tenebrosus(Ashley-Ross, 1999 or S. clarkii (Reilly and Qualitative categories of erect and sprawling may have
Delancey, 1997). Fdb. dorsalis the transition from a walk to limited utility for describing what is actually a continuum of
a run occurred between 100 and 150cthsand some variation in limb posture (Gatesy, 1991). Sprawling and erect
kinematic quantities (Figs 8A, 9E, 10A) had discontinuitiesimb postures are often defined by examples and illustrations
near the walk—run transition rather than showing simple lineamather than by strict quantitative criteria, and mammals and
increases with speed. The difference between a walk and a rhinds are two clades of vertebrates that are commonly used to
also affects the ability to determine the contributions ofllustrate erect limbs. However, even though the Ilimb
different movements such as limb retraction and pelvic rotatiomovements of many species of mammals and birds are largely
to stride length. During a walk, at least one foot within a girdleeonfined to a parasagittal plane, within these groups limb
always contacts the ground and, hence, calculating the relatipestures vary considerably as a result of different longitudinal
contributions of different limb movements during stance (steplpcations of the hip and more distal joints of the limb. For
provides insights into the relative importance of movements texample, Gatesy (1990) emphasized that the femur of birds is
forward progression (Ashley-Ross, 1894However, because often nearly horizontal because the knee is substantially
neither foot touches the ground during the suspended phaseariterior to the hip. Crocodilians are often considered to have
running inD. dorsalis stride length is not simply the sum of semi-erect limb posture, and Gatesy’s (1990) illustration
the left and right step lengths (Fig. 5). For example, asuggests that the toes of the hind foot can also be oriented quite
250cm s, the mean stride length BX dorsaliswas 33.8cm, anteriorly. Although mammals such as elephants and certain
whereas twice the step length was only 26.0cm (Fig. 7A)ngulates have limbs resembling a column perpendicular to the
Therefore, the amplitudes of limb movements during the steground (Hildebrand, 1985), both the longitudinal and lateral
are inadequate for predicting stride length, and the speed apdsitions of the knee relative to the hip vary considerably
force of limb movements become important determinants foamong mammalian species (Jenkins, 1971). Hence, limb
stride length during running. Exactly which aspects of musclposture may vary with speed within a single species as well as
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among species within clades that are categorized as havistability of an animal with a ‘sprawling’ gait, it is useful to
either erect or sprawling limbs. emphasize the probable dynamic role these structures have for

In addition to changes in the orientation of the femur, thattaining rapid running speeds. Most studies correlating
foot posture of D. dorsalis changed substantially with morphology to sprinting performance in lizards have used total
increased speed. At fast speeds, the long axis of the fourth ttb length (reviewed in Garland and Losos, 1994). However,
and metatarsal was nearly parallel to the direction of forwardshen Miles (1994, Table 10.7) used multiple regressions of
travel. If the tip of the foot of a tetrapod is oriented laterally within-limb dimensions to account for interspecific variation
then plantarflexion of the foot while it is touching the groundin sprinting speeds of lizards, the length of the metatarsus was
will contribute minimally to forward propulsion and will tend highly significant but the lengths of the femur and tibia were
to push the body of the animal towards the contralateral sideot significant. The congruence between our kinematic
(Brinkman, 1981). In contrast, for a foot that points forwardanalysis, which suggests a prominent role of the foot in
a greater proportion of the forces generated by plantarflexicsttaining rapid speeds, and the correlative comparative analysis
will facilitate propelling the animal upwards and forwards.of performance (Miles, 1994) highlights how kinematics and
Consequently, the forward orientation of the fodDoflorsalis ~ comparative tests of performance can complement each other
at high speeds suggests that plantarflexion assumes a gredter determining the predictive value of morphology for
role in the production of propulsive force than duringperformance.
locomotion at low speeds.
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