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Lizards are the most diverse 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 speeds to quantify variation in the
kinematics of a morphologically generalized hindlimb
in the lizard Dipsosaurus dorsalis. From speeds of 50 to
350cm s−1, stride length, step length and stride frequency
all had significant curvilinear increases from 13.3 to
39.4cm, from 8.9 to 12.8cm and from 3.9 to 8.6Hz,
respectively, whereas duty factor (percentage of cycle when
foot is on ground) decreased from 63 to 34% with
increased speed. For five standardized speeds ranging from
50 to 250cm s−1, 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 250cm s−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 lizards
as having plantigrade foot posture and sprawling limbs.

Key words: locomotion, kinematics, lizard, Dipsosaurus dorsalis.

Summary
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, limbs with 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 lateral 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 a single speed or a range of relatively slow
speeds. Thus, it is not entirely clear whether generalizations
regarding sprawling limb posture for ectothermic vertebrates

Introduction
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 example, the length of the hindlimbs in many
species of lizards is often much greater than that of the
forelimbs, and this morphological specialization is associated
with the specialized behavior of bipedal running (Snyder,
1952, 1954). Most species of lizards also appear to move with
a greater range of velocities than those that can be elicited from
salamanders. Hence, comparative studies of the kinematics of
the limbs of lizards are especially 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 altering the posture and
movement of the limbs.

Several species of lizards have served as model systems for
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Fig. 1. Radiograph of a dorsal view of the right hindlimb of a desert
iguana Dipsosaurus dorsaliswith a snout–vent length of 12.0 cm. The
relative lengths given below each anatomical location are percentages
of hindlimb span, and they are mean values for the four individuals
studied rather than for the single individual shown in the figure. As
in many iguanian lizards, the lengths of the femur and tibia are similar,
and the fourth toe is extremely long. Meta., metatarsals.
studying whole-animal locomotor performance such 
sprinting speed (reviewed in Garland and Losos, 199
however, the limb movements involved in rapid locomotio
have not been studied quantitatively. For many species
lizards, the front limbs commonly do not contribute propulsi
force at higher speeds; hence, understanding the function o
hindlimbs of lizards is especially important since they are us
for all speeds of locomotion in all species of lizards. Snyde
(1952, 1954) qualitative analysis of the hindlimb movemen
of lizards focused primarily on bipedal species, and m
additional studies of hindlimb movements in lizards have a
been qualitative and for a minimal range of locomotor spe
(Brinkman, 1981). Even Reilly and Delancey’s (1997) rece
quantitative study of the hindlimb kinematics of a lizard w
limited to different speeds of walking (duty factor >50 %
Some previous studies of the locomotor performance of liza
have also documented the stride frequency and/or stride le
during sprinting (Huey, 1982; Huey et al.1984; Marsh, 1988),
but additional movement data are minimal. Although Los
and Sinervo (1989) and Losos (1990) correlated hindlim
morphology to the sprinting ability of Anolislizards, no aspects
of the limb movements involved in attaining maximal sprintin
speed were quantified.

Locomotor performance is a complex result of morpholog
physiology and behavior; therefore, the function
consequences of morphological variation are usually 
apparent until the movements and behaviors of intact anim
are documented. For example, if species of lizards with lo
limbs took short steps, then they might not move any fas
than a species of lizard with short limbs that takes long ste
Hence, behavior can confound the relationship betwe
morphology and performance, and the current lack 
information on limb movements complicates ou
understanding of the relationship between limb morpholo
and locomotor performance.

The goal of the present study is to quantify the hindlim
kinematics of a lizard (Dipsosaurus dorsalis) with a
generalized limb morphology over a broad range of spee
Specifically, we determine the effects of speed on: (1) str
frequency and length, (2) step length, (3) effective limb leng
(4) foot posture and (5) several additional variables describ
the positions and amplitudes of movements of the hip, kn
ankle, metatarsals and fourth toe.

Materials and methods
Experimental subjects

We studied the desert iguana Dipsosaurus dorsalis(Baird
and Girard), partly because its hindlimb morphology is fairl
generalized for iguanian lizards. For example, D. dorsalislacks
the extreme elongation of the hindlimbs found in biped
specialists (Snyder, 1954) or any of the specialized f
structures for prehension or clinging that are found in ma
arboreal specialists (Williams and Peterson, 1982; Peters
1984). Furthermore, as for many iguanian lizards, the leng
of the femur and tibia in this species are nearly equal, the 
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are large and the fourth toe is extremely long (Fig. 1). Th
species also runs reasonably well on a treadmill over a bro
range of speeds, and considerable background information
available on its locomotor performance and muscle physiolog
(Gleeson, 1991).

We collected all lizards near Yuma, Arizona, and
transported them back to the University of Cincinnati fo
experiments. Lizards were caged individually or in pairs an
maintained on a diet of lettuce, broccoli and a powdere
mixture of Purina Puppy Chow and Kellogg Special K cerea
Within the cages, incandescent light bulbs were on for 12 h p
day and allowed lizards to thermoregulate and attain the
preferred body temperature of approximately 40 °C (Gleeso
and Harrison, 1988), which also approximated the bod
temperatures during experiments. Video-taping sessio
extended from approximately 1 week to 3 months after we ha
captured the lizards. After video-taping eight individuals, we
selected four individuals that matched all the speeds requir
for a balanced experimental design for the primary statistic
analysis. We chose four lizards that also had very similar siz
as indicated by the following mean ±S.E.M. values (and
ranges): mass 62±3.2 g (60–69 g), snout–vent length (SVL)
12.2±0.1 cm (11.9–12.5 cm), tail length 21.5±1.1 cm
(19.2–24.5) cm, and hindlimb span (HL span) 17.3±0.3 cm
(16.8–17.7 cm). For these four individuals, we obtained th
following mean ±S.E.M. values (% HL span): the width of the
pelvis (between the acetabula) 5.5±0.2 %, and the lengths 
the femur 14.2±0.1 %, tibia 12.4±0.1 %, foot (from heel to bas
of the fourth toe) 7.9±0.1 % and fourth toe 12.6±0.2 % (Fig. 1

Experimental protocol

We obtained simultaneous dorsal and lateral views of lizard
moving on a treadmill using a two-camera NAC HSV-500
high-speed video system operating at 250 images s−1. For
30 min prior to each trial, we kept the lizards in thermally
insulated boxes with hot water bottles at 40 °C, and tria
usually lasted less than 30 s. Immediately before and after t
lizards ran on the treadmill in preliminary trials using this
protocol, we used a thermocouple and a Tegam model 871
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Fig. 2. Schematic diagram of the right hindlimb in lateral view at
footfall. The straight-line distance from the hip to the most posterior
point of foot contact equals the effective limb length (LIMBL), and
we partitioned LIMBL into contributions from the femur, tibia,
metatarsals (Meta.) and phalanges (Phal.).
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digital thermometer to measure cloacal temperatures, wh
ranged from 35 to 40 °C. Over the course of several weeks,
video-taped lizards at five standardized speeds ranging from
to 250 cm s−1 at 50 cm s−1 intervals. Prior to video-taping, we
painted key landmarks on the pelvis and hindlimb of ea
lizard in order to facilitate digitizing. The pelvic landmark
painted on the surface of the lizards averaged 5 mm poste
and 5 mm dorsal to the hip joint; hence, before calculating 
kinematic quantities, we transformed the coordinates of 
pelvic landmarks to approximate the coordinates of the hip. 
concentrated on the following landmarks of the hindlimb: h
knee and ankle, and the base, middle and tip of the long fo
toe (excluding the claw). We excluded the claw because
tapering tip was difficult to see on the video tapes.

Kinematics

For each stride, we divided stride length (cm) by stri
duration (s) to calculate an average forward velocity. For ea
lizard at each speed, we selected four strides of steady-sp
(±10 % of average forward velocity) locomotion for frame-by
frame motion analysis. We defined the x-axis as the horizontal
dimension parallel to the overall direction of travel and t
tread surface, the y-axis as the vertical dimension
perpendicular to the tread surface, and the z-axis as
perpendicular to the x–y plane. We used video analysis
software (MeasurementTV, Datacrunch Inc., San Clemen
CA, USA) to digitize the x–y coordinates of the pelvis, knee
ankle, metatarsals and phalanx 2, and the toe tip of the l
fourth toe, from the lateral view. We used the dorsal view
digitize the angles of the metatarsals and phalanges relativ
the x-axis, and the x and zcoordinates of the right and left side
of the pelvis and heel. From the coordinates, we calcula
variables describing (1) whole-limb movements (2) hip a
pelvic movements, (3) movements within the hindlimb, and (
limb and foot posture.

Five variables described movements of the whole limb a
attributes of the entire locomotor cycle. Stride leng
(STRIDEL) was the distance traveled along the x-axis between
successive footfalls of the right hind foot, whereas step len
(STEPL) was the distance traveled by the body along thex-
axis while the foot touched the ground. Cycle duratio
(CYCLE) was the time between successive footfalls of t
same foot, and stride frequency (FREQUENCY) was t
inverse of CYCLE. Duty factor (DUTY) was the percentag
of CYCLE when the foot was on the ground.

Three variables described movements of the hip and pel
For each stride, we calculated the mean height of the 
relative to the tread surface (HHEIGHT), and vertical h
excursion (VHIPEXCUR) equaled the difference betwe
maximum and minimum heights of the hip within a strid
After we had calculated the angle of the pelvis relative to 
x-axis from the dorsal view of each image, we calculated pel
rotation (PROTATION) as the difference between th
maximum and minimum values within each stride.

To describe movements within the hindlimb, we calculat
six variables for each of five anatomical locations including t
ich
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knee (KNEE), the ankle (ANKLE), the distal end of the fourth
metatarsal (META) and the base of phalanx 2 (MIDTOE) an
the tip of the fourth toe (TOETIP). We used one frame o
reference that was relative to the locomotor (tread) surface a
another that was relative to the hip of the lizard. To facilita
visualizing movements of the limb relative to the hip, the x and
y coordinates of each limb location were standardized so th
the hip was positioned at the origin in the x–y plane. Plots of
these relative coordinates facilitated visualizing hindlim
movements because each of the resulting loops represented
path traveled by a limb element as seen in lateral view wh
the hip of the lizard remained stationary. For each such lo
representing a single cycle, Xmin and Xmax described the most
anterior and mostposterior positions relative to the hip
respectively. Positive and negative values of X indicate
positions anterior and posterior to the hip, respectively. Th
total horizontal excursion relative to the hip (∆X) equaled
Xmax−Xmin. Similarly, we calculated the maximum height
relative to the hip (Ymax) and the minimum height relative to
the hip (Ymin), where positive and negative values indicat
positions dorsal and ventral to the hip, respectively. Th
vertical excursion of each limb element (∆Y) equaled
Ymax−Ymin. Hence, the names of the thirty variables describin
movements within the limb all include a dimension and a
anatomical location. For example, the variable ∆Y ANKLE
refers to the total vertical movement per stride of the ank
relative to the hip.

Eight variables described limb and foot posture. At footfal
we measured the effective limb length (LIMBL) of the entire
limb as the straight line distance in lateral view from the hi
to the most posterior portion of foot contact (Fig. 2). Afte
determining LIMBL, we determined the contributions of the
femur (FEMURL), the tibia (TIBIAL), the tarsals plus the
fourth metatarsal (METAL) and the fourth toe (TOEL)
(Fig. 2). We measured three additional variables from th
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dorsal views at the earliest time during the stance phase w
heel height was at a minimum: the angles of the metatar
(AMETA) and fourth toe (ATOE) relative to the x-axis, and
the width of stride (WIDTH), which equaled the differenc
between the z coordinates of the right and left heels (at th
earliest time of minimum heel height for each foot).

Statistical analyses

For statistical analysis, we performed two-way mixed-mod
analysis of variance (ANOVA) using SYSTAT version 5.0
Speed was the fixed factor (N=5), whereas individual was the
random factor (N=4). For each ANOVA, four strides were
analyzed for each individual. Following Zar (1996), w
calculated F-tests for significant effects of speed by dividin
its mean squares by the two-way interaction term. Forty-
ANOVAs were performed; hence, a Bonferroni correction f
multiple comparisons would yield a P-value of approximately
0.001. Consequently, we emphasize results with P<0.001.
However, because this is a very conservative correction tha
quite likely to reject genuinely significant effects, we als
provide the exact values of the F-tests to clarify the magnitude
of the speed effects. We also calculated linear and quadr
least-squares regressions that predicted stride length 
Fig. 3. Longitudinal (A) and vertical (B) displacements of the hip
the fourth toe (TOETIP) relative to the tread surface for one stride
and swing portions of the stride, respectively. To enhance the cla
of 45 Hz on the raw data (sampled at 250 Hz). The time betwee
and 4 are drawn to the same scale to facilitate comparison of th
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frequency from speed, and in these analyses we used combin
data from the five standardized speeds and some fas
(>270 cm s−1) speeds that were not used in the ANOVAs.

Results
General description of limb movement

The hip (Figs 3B, 4B) and axial structures of the lizard
moved forward with a constant speed as the limb oscillate
relative to the hip. The hindlimb and hip also oscillated
vertically relative to the tread surface with complicated, non
sinusoidal patterns (Figs 3A, 4A). The amplitudes of vertica
oscillations of the hip were small compared with those of th
limb elements. Consequently, the waveforms of vertica
displacement of the limb elements relative to the trea
(Figs 3A, 4A) and hip were fundamentally similar. In contrast
transforming the longitudinal displacements of the limb from
a tread (Figs 3B, 4B) to a hip frame of reference created 
different pattern of oscillation very similar to a sinusoid.

From immediately after footfall until the middle of the
stance phase (Fig. 5, Fig. 3A at 75 ms; Fig. 4A at 20 ms), th
height of the hip declined, and then it usually increased for th
remainder of the stance phase. During the stance pha
, knee, ankle, metatarsals (META) and the middle (MIDTOE) and the tip of
 at a forward speed of 50 cm s−1. Open and filled symbols represent the stance
rity of the illustration, we used a low-bandpass filter with a cut-off frequency

n successive points of the illustrated filtered data is 8 ms. The axes for Figs 3
e slopes of the graphs.

me (ms)

150 175 200 225 250 275
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Fig. 4. Longitudinal (A) and vertical (B) displacements of the h
knee, ankle and metatarsals (META), and the middle (MIDTOE) 
tip of the fourth toe (TOETIP) relative to the tread surface for 
stride at a forward speed of 250 cm s−1. Open symbols represent th
stance portion of the stride, and filled symbols represent the s
portion of the stride. Data were filtered as in Fig. 3, and the t
between successive points is 4 ms. The axes for Figs 3 and 4 are 
to the same scale to facilitate comparison of the slopes of the gr
changes in the heights of the hip and knee were nearly in ph
but the amplitude of vertical movements of the knee was ne
twice that of the hip (Figs 3A, 4A). After the ankle began 
ase,
arly
to

move up and away from the tread surface (Fig. 3A, 50 m
Fig. 4A, 12 ms), a progression of movements lifted the fo
from proximal to distal, such that the tip of the fourth toe ha
the last contact with the tread surface. Interestingly, elevati
of the ankle began while the height of the knee was s
decreasing relative to the tread surface, and the ankle w
commonly as high or higher than the knee during late stan
(Figs 3A, 4A, 5). During stance, the vast majority o
longitudinal limb movements were oriented posteriorly. Fo
ectothermic tetrapods, posterior and anterior movements of 
knee caused by rotating the femur relative to the hip (as se
in dorsal view) are referred to as femoral retraction an
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
maximum and equal to that of the knee, but for the remaind
of the swing phase the height of the knee greatly exceeded 
of the ankle. The height of the knee relative to the trea
increased for approximately the first two-thirds of the swin
phase and then decreased rapidly through the end of sw
(Figs 3A, 4A). Maximal height of the hip generally occurred
during the latter half of the swing phase (Figs 3A, 4A). Durin
the final portion of the swing phase, the heights of all parts 
the limb rapidly decreased as the foot approached the tre
surface (Figs 3A, 4A).

Longitudinal movements of the limb during the swing phas
were initially anterior but then reversed direction just prior t
the end of swing. Thus, the swing and stance phases did 
correspond exactly with the protraction and retraction of th
limb, respectively. The velocities of movements relative to th
hip increased from proximal to distal in the limb, and this wa
most conspicuous for the velocities of limb protraction durin
swing.

In addition to considering the components of movement 
the x and y directions independently, the stick figures of th
hindlimb (Fig. 5) facilitate visualization of the combined
effects of vertical and longitudinal movements. Furthermor
plotting y versus xhelps to visualize the paths (loops) travele
by the different portions of the hindlimb relative to the hip (Fig
6). As indicated by the closer spacing between success
points, velocities in the x direction were generally lowest at the
extreme anterior and posterior portions of the loops, whi
corresponded to the transition between stance and swing 
between swing and stance, respectively. Rather than the lo
of movement resembling a simple shape such as an ellipse,
loops generally lacked any simple pattern of overall symmet
about either a vertical or longitudinal axis. These loops al
nicely illustrate the successive increases in longitudin
distance traveled proceeding from the proximal to the dis
elements of the hindlimb.

Effects of speed

Modulating the frequency and amplitude of limb movemen
are two general mechanisms by which animals can modul
speed and, as shown in Fig. 7, both the length and freque
of the strides of D. 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 50 cm s−1 (A) and
250 cm s−1 (B). From proximal to distal, the line segments represent the femur, tibia, metatarsals, the proximal two phalanges, and the distal
two phalanges of the fourth toe. Stick figures include the beginning and end of stance and times at approximately mid-stance and mid-swing.
Numbers above each stick figure indicate elapsed time (ms). The strides shown are for the same data in Figs 3 and 4. Open and filled circles
indicate the hip during stance and swing, respectively.

−6 −4 −2 0 2 4 6

−4

−2

0

KNEE
ANKLE
META
MIDTOE
TOETIP

A

B

−6 −4 −2 0 4 6

−2

0

x (cm)

y 
(c

m
)

y 
(c

m
)

Fig. 6. A lateral view of the paths traveled relative to the hip of the KNEE, ANKLE, META, MIDTOE and TOETIP landmarks for speeds of
50 cm s−1 (A) and 250 cm s−1 (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, the times between successive
points are 8 and 4 ms, respectively.
curvilinear increases as speed increased. For 50, 200 
350 cm s−1, values of stride length (Fig. 7A) and frequenc
(Fig. 7B) predicted from the regressions were 13.3, 28.8 a
39.4 cm and 3.9, 7.0 and 8.6 Hz, respectively. Hence, the 
of increase in stride frequency diminished more rapidly w
increasing speed than that of stride length. For 50, 200 
350 cm s−1, values of step length (Fig. 7A) and duty factor (Fi
7C) predicted from the regressions were 8.9, 12.2, 12.8 cm 
63, 42 and 34 %, respectively.
and
y
nd

rate
ith
and
g.
and

For the remainder of the results, we restricted our statistic
analyses to the five standardized speeds ranging from 50
250 cm s−1, for which we able to obtained a balanced
experimental design suitable for analysis of varianc
(ANOVA). All of the following F-tests for the significance of
speed effects that are indicated parenthetically in the text h
d.f.=4,12.

From 50–250 cm s−1, speed had highly significant effects on
all five variables describing whole-limb movements and



615Lizard hindlimb kinematics

d
,

he

,

ly
ly

L
en

gt
h 

(m
)

0

0.1

0.2

0.3

0.4

F
R

E
Q

U
E

N
C

Y
 (

H
z)

0

3

6

9

A

B

STEPL
STRIDEL

0       0.5 1.0 1.5 2.0 2.5 3.0 3.5

D
U

T
Y

 (
%

)

0

25

50

75

100 C

Speed (m s−1)

Fig. 7. Plots of the regressions for (A) stride length, STRIDEL
(circles), and step length STEPL (triangles), (B) stride frequency,
FREQUENCY, and (C) duty factor, DUTY, versusforward velocity,
V. The total of 94 strides shown includes those from the five
standardized speeds and 14 strides from speeds greater than 2.7 m s−1.
Filled symbols indicate individual observations, whereas open
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Fig. 8. Mean values of kinematic variables for each of the five
standardized speeds used in the ANOVAs for (A) mean hip height,
HHEIGHT, and vertical hip excursion, VHIPEXCUR, and (B) pelvic
rotation (PROTATION) in the horizontal plane.

Table 1.Summary of F-values (d.f.=4,12) testing for speed
effects in the two-way ANOVAs performed separately for

each variable describing the hindlimb position and
movements relative to the hip

Landmark Xmax Xmin Ymax Ymin ∆X ∆Y

KNEE 0.8 2.2 14.1** 6.3* 2.0 3.0
ANKLE 16.8** 1.2 1.9 12.7** 13.5** 23.3**
META 15.0** 5.2* 6.9* 12.1** 14.7** 16.9**
MIDTOE 18.7** 5.4* 5.7* 12.1** 21.2** 13.5**
TOETIP 13.9** 5.7* 4.5* 12.4** 15.0** 11.7**

*P<0.05; **P<0.001.
Xmax, Xmin and ∆X are the most anterior and posterior positions

relative to the hip, respectively, and∆X=Xmax−Xmin.
Ymax, Ymin are the most dorsal and ventral positions relative to the

hip, respectively, and ∆Y=Ymax−Ymin.
attributes of the entire locomotor cycle. Stride frequen
(F=66.0, P<0.001) and stride length (F=260.0, P<0.001) both
increased with increased speed (Fig. 7). Despite the signific
(F=24.6, P<0.001) effects of speed on step length, the incre
in step length was relatively small compared with that of str
length (Fig. 7A). Cycle duration decreased (F=104.4,
P<0.001) with increasing speed from a mean value of 0.27
50 cm s−1 to 0.13 s at 250 cm s−1. Duty factor also decreased
significantly (F=53.3, P<0.001) with increased (Fig. 7C).
cy
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Only one of the three variables for the hip and pelvis varie
significantly with speed. Mean height of the hip (Fig. 8A
HHEIGHT) had a significant (F=6.7, P<0.05) increase of
1.1 cm with increased speed. In contrast, the amplitude of t
vertical oscillations of the hip (Fig. 8A, VHIPEXCUR) did not
change significantly (F=3.2) with speed, and its grand mean
was 0.82 cm. The amount of pelvic rotation per stride (Fig. 8B
PROTATION) also did not change significantly (F=0.5) with
speed, and its grand mean approximated 36 °.

Twenty-four of the total of 30 variables describing limb
positions and movements relative to the hip varied significant
(P<0.05) with speed, and 17 of these variables had high
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 (Xmax), (B) maximum posterior position (Xmin), (C) horizontal excursion (DX=Xmax−Xmin), (D) maximum height
(Ymax), (E) minimum height (Ymin) and (F) vertical excursion (DY=Ymax−Ymin).
of the kinematic variables that changed significantly with spe
for each location within the limb also generally increased fro
proximal to distal (Table 1). For all locations of the limb th
were distal to the knee (ANKLE, META, MIDTOE, TOETIP)
the most anterior position relative to the hip during a stri
(Xmax) increased with increased speed (Fig. 9A). For examp
at the slowest and fastest speeds, the tip of the toe exte
anterior to the hip by an average amount of 4.3 and 6.8
respectively. A noteworthy result was that at lower speeds 
ankle did not attain as great an anterior position relative to 
hip as did the knee, whereas at faster speeds the ankle h
greater anterior position relative to the hip than that of the k
(Figs 5, 6, 9A). In contrast to Xmax, little conspicuous (Fig. 9B)
or statistically significant (Table 1) variation occurred wit
speed for the most posterior position of the limb eleme
ed
m

at
,
de
le,

nded
cm,
the
the
ad a

nee

h
nts

relative to the hip (Xmin), and the few apparent changes in thi
quantity were only between 50 and 100 cm s−1 (Fig. 9B). The
total (per stride) longitudinal movements relative to the h
(∆X) had highly significant variation with speed for all parts o
the limb that were distal to the knee (Table 1). For the portio
of the limb distal to the knee, the overall pattern of change
∆X with increased speed was generally similar to that of Xmax

(Fig. 9A,C; Table 1). Within every speed, the rank order of th
mean values of ∆X was from proximal to distal (Fig. 9C). The
most dorsal location of the knee within the stride cycle (Ymax)
had a highly significant increase with increased speed, but t
quantity lacked a clear pattern of change with speed for t
more distal locations of the limb (Fig. 9D; Table 1). The mo
ventral locations of the limb elements relative to the hip (Ymin)
varied significantly (Table 1) with speed as values increas
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Fig. 10. Mean values of (A) effective limb length at footfall (LIMBL)
and the contributions (FEMURL, TIBIAL, METAL and TOEL) of
different elements of the limb (femur, tibia, metatarsals and the fourth
toe, respectively) to effective limb length. (B) The angle of the
metatarsals relative to the x-axis at the earliest time in the stance phase
with maximum foot contact with the ground. A value of 0 ° indicates
that the long axis of the metatarsals is pointing straight forward.
(C) Width of stride is the lateral distance between the right and left
feet at the times when the feet are completely touching the ground.
conspicuously from 100 to 200 cm s−1 (Fig. 9E). The
significant pattern of variation with speed for the tot
dorsoventral movement relative to the hip (∆Y) was generally
congruent with that of Ymin (Fig. 9E,F). As can be seen mos
readily from the plots of the paths traveled by the lim
elements relative to the hip (Fig. 6), the effects of increas
speed on the amounts of change in the longitudinal positi
and movements of the limb relative to the hip were larger th
those in the dorsoventral direction.

Seven of the eight variables describing the effective leng
of limb elements and foot posture changed significantly w
speed. Effective limb length at footfall (LIMBL) increase
significantly (F=16.0, P<0.001) with increased speed, rangin
from a mean value of 3.0 to 5.1 cm (Fig. 10A). Th
contributions of the femur (FEMURL), tibia (TIBIAL) and
metatarsals (METAL) to the total effective limb lengt
(LIMBL) all increased significantly with increased spee
(F=20.6, P<0.001; 5.6, P<0.05; and 7.4, P<0.05; respectively).
Furthermore, at the fastest speed, the mean value of FEMU
(2.26 cm) closely approximated the anatomical length of 
femur (mean 2.46 cm), which suggests that the femur w
nearly parallel to the sagittal plane. The toe did not contrib
to the effective length of the limb because the distal portio
of the metatarsals always contacted the ground at the mom
of footfall for the five standardized speeds (Fig. 10A).

The angles of the both the metatarsals (Fig. 10B, AMET
and phalanges (APHALANX) had highly significant decreas
with increased speed with F-values of 26.6 (P<0.001) and 18.6
(P<0.001), respectively. Hence, at the fastest speeds, the 
axis of the foot was pointed nearly straight forward (me
AMETA 5 °), whereas at the slowest speeds it pointed latera
with a mean angle of 50 ° (Fig. 10B). The extent 
plantarflexion during foot contact also increased with increa
speed. For example, the heel touched the ground at some 
during the stance phase for all 48 strides observed with sp
of 150 cm s−1 or slower, whereas 19 %, 13 % and 24 % of t
strides lacked heel contact at speeds approximating 200 cm−1

(N=16), 250 cm s−1 (N=17) and greater than 270 cm s−1 (N=17),
respectively. Foot posture at the time of footfall also chang
considerably with speed: the heel did not touch the ground
only one of the 48 strides with speeds of less than 150 cm−1,
whereas 31 % and 59 % of the strides at 250 cm s−1 and greater
than 270 cm s−1 lacked heel contact at footfall.

To clarify how erect the limbs of D. dorsalis were, we
determined the angle of the femur relative to the horizon
plane {=arcsine[(Yhip−Yknee)×(femur length)−1]}, where 0 °
indicates that the femur is in a horizontal plane and 9
indicates that the femur is pointing down, perpendicular to
horizontal plane. For our study, Ymax and Ymin of the knee
indicate when depression of the femur (and knee) is least 
greatest, respectively. The angles of femoral depression b
on mean values of Ymaxof the knee (Fig. 9D), ranged from only
−5 ° to 1 °, indicating that for at least part of the swing pha
the femur was nearly parallel to a horizontal plane. In contr
angles of femoral depression based on the mean values ofYmin

for the knee (Fig. 9E) ranged from 35 ° at 100 cm s−1 to 63 ° at
tal

0 °
 a

and
ased

se
ast,
 

200 cm s−1. Femoral adduction properly refers to the ang
between the femur and the pelvis as seen from an anterior (t
dimensional) view. Values of Ymin of the knee were generally
coincident with mid-stance when the x coordinates of the knee
and hip were the same; hence, at mid-stance, the angle
femoral depression and adduction would be the same if 
pelvis were parallel to a horizontal plane. Assuming symme
of left and right hip movements, then the angle of the pelv
relative to the horizontal plane equals the arcsine of t
difference between the height of the right hip and values of 
right hip which have been shifted by one-half cycle (t
approximate left hip height) divided by the distance betwe
the left and right pelvic landmarks (13 mm). For speeds of 
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C. L. FIELER AND B. C. JAYNE
and 250 cm s−1, based on the values of hip height in Figs 3 a
4, the angle of the pelvis relative to the horizontal plane at m
stance approximated 12 ° and 42 °, respectively. Consequen
increased amounts of pelvic roll at higher speeds proba
contributed to the more erect position of the femur relative
the horizontal plane. Calculating the exact angles of femo
adduction during early and late stance requires thr
dimensional methods that are beyond the scope of this stu

Despite the increased erectness of the femur with increa
speed, the width of strides (WIDTH) increased significant
(F=13.5, P<0.001) with increased speed (Fig. 10C), with mea
values ranging from 3.4 to 5.0 cm. Increased values of WIDT
at greater speeds partly reflect the greater lateral distances
the lizards travel during the suspended phase between left
right hind footfalls. WIDTH was also not simply a constan
proportion of stride length, as indicated by mean values
WIDTH/stride length of 25 % and 15 % for 50 and 250 cm s−1,
respectively.

Some additional trends with increased speed were appa
for aspects of x and y movement which we did not quantify.
For example, we plotted x and y (in both fixed and hip frames
of reference) versustime for 50 and 250 cm s−1 using the same
x and y scales to facilitate visual comparisons of velocitie
(slopes). Throughout the stance phase, the speeds of 
retraction were greater for faster speeds of locomotion. Dur
stance, the maximal speeds of foot (landmarks from ANKL
to TOETIP) elevation relative to the hip were also faster f
the faster speeds. Interestingly, despite the fivefold differen
in speed, the maximal speeds of limb protraction during sw
and limb depression during the latter portion of swing we
very similar.

Discussion
Comparative hindlimb kinematics

Of all extant groups of vertebrates, salamanders 
generally considered the best model for understanding 
ancestral condition of tetrapodal vertebrates. Consequen
studies of salamanders have figured most prominently
clarifying how sprawling vertebrate limbs function (Edward
1977; Ashley-Ross 1994a,b). For vertebrates with sprawling
limbs, pelvic rotation and femoral retraction and rotation c
all contribute substantially to the forward movement of th
animal, whereas these movements contribute little to 
propulsion of vertebrates with erect limbs (Edwards, 197
Lateral bending of the vertebral column contributes to rotati
of the pelvic girdle within the horizontal plane. Femora
retraction refers to the amount of posterior rotation of the dis
femur relative to the hip (as seen in a projection onto
horizontal plane). Femoral rotation refers to rotation of t
femur about its long axis. Femoral rotation causes ante
posterior movements of the foot via a ‘double crank’
mechanism described in more detail elsewhere (Ashley-Ro
1994a; Edwards, 1977). Brinkman (1981) suggested that lar
amounts of femoral rotation in salamanders and lizards mi
actually differentiate ancestral versusderived step cycles of
nd
id-
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tetrapods better than an upright limb because the knee
primitive mammals is often quite lateral to the hip but little
femoral rotation occurs in the step cycle of these anima
Understanding the function of sprawling vertebrate limbs 
thus facilitated by examining the extent to which variou
species of salamanders and lizards may be us
interchangeably as models.

To facilitate interspecific comparisons of hindlimb
kinematics of ectothermic tetrapods, Table 2 summarizes t
animal sizes and speeds used for previous studies of hindli
kinematics of one species of salamander (Ashley-Ross, 199b)
and three species of lizards (Brinkman, 1981; Jayne et al.1990;
Reilly and Delancey, 1997). Ashley-Ross (1994b) found that
out of a total of 21 kinematic variables describing the hindlim
movements of Dicamptodon tenebrosus, only stride length,
stride duration and step duration changed significantly 
showed strong trends with increased speed. For the liza
Varanus exanthematicus, Jayne et al.(1990) found statistically
significant changes in stride length, stride duration, step leng
step duration and duty factor with increased speed. Reilly a
Delancey (1997) found that only five of 38 kinematic variable
of the lizard Sceloporus clarkiichanged significantly with
speed and concluded that increased stride frequency was
primary mechanism for increasing speed. In our study 
Dipsosaurus dorsalis, 37 of 46 kinematic variables had
significant (P<0.05) changes with increased speed and 2
variables had such low P-values (<0.001) that a correction for
multiple comparisons would not alter the conclusions. Thu
compared with D. tenebrosusand S. clarkii, speed had
profound effects on the kinematics of D. dorsalis. Differences
in statistical power may have contributed to the differen
conclusions of these studies regarding the effects of speed,
below we consider in more detail some of the other facto
contributing to these apparent differences among taxa w
sprawling limbs.

Theoretical considerations convincingly show how
increased amounts of pelvic rotation can enhance step len
and thus speed (Ashley-Ross, 1994b; Edwards, 1977).
Furthermore Ashley-Ross (1994b) found that, as Dicamptodon
tenebrosusincreased speed, pelvic rotation nearly double
(from 39 ° to 73 °). Illustrations in Brinkman (1981) indicate
that pelvic rotation in a walking I. iguanaapproximates 75 °.
Neither Reilly and Delancey (1997) nor our study detecte
statistically significant effects of speed on the amounts 
pelvic rotation, and the mean values for S. clarkii and D.
dorsaliswere 41 ° and 36 °, respectively. Future comparativ
work is necessary to resolve whether the amounts of pel
rotation are statistically different among different species 
lizards, but the available data present the intriguing possibil
that pelvic rotation is important for modulating speed i
salamanders but not in lizards.

For both Dicamptodon tenebrosus(Ashley-Ross, 1994b)
and S. clarkii (Reilly and Delancey, 1997), the maximum
angles of femur protraction and retraction do not chan
significantly with speed, and within a particular stride th
maximum angular protraction of the femur is consistently le
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than the maximal angular retraction of the femur. For D.
dorsalis, the amounts of femur protraction and retraction a
proportional to values of Xmaxand Xmin for the knee, which did
not change significantly with speed and were approximat
equal to each other. In contrast to the knee, values of Xmax for
more distal portions of the limb in D. dorsalis did change
significantly with speed. Furthermore, at low speeds, 
unequal distal values of Xmax and Xmin in D. dorsalisresemble
the asymmetry in the amounts of femur protraction a
retraction found by Reilly and Delancey (1997) for S. clarkii.
Lateral views of additional species of lizards also commo
show asymmetry in the amplitudes of anterior versusposterior
movements of the limb relative to the hip (Snyder, 1952, 19
Sukhanov, 1974). However, for D. dorsalis, asymmetry in the
longitudinal movements of the limb diminishes with increas
speed.

Comparing the amounts of femoral rotation betwe
different species of lizards and salamanders is complicated
the fact that these movements do not occur within a sin
plane. For salamanders, Edwards (1977) proposed that fem
rotation is the second most important contributor to forwa
propulsion after limb retraction, whereas Ashley-Ross (199a)
suggested that that femoral rotation contributes little to forw
propulsion since it can occur only during a limited portion 
the stance phase. However, neither Edwards (1977) 
Ashley-Ross (1994b) directly measured femoral rotation
Brinkman (1981) used dorsal view X-rays of I. iguana to
estimate femoral rotation on the basis of the changing width
the distal part of the femur, and he obtained a va
approximating 70 ° during the stance phase. Lateral vie
suggest that both S. clarkii(Reilly and Delancey, 1997) and D.
dorsalis (Fig. 5) also have considerable amounts of femo
rotation during stance, but three-dimensional analyses 
needed to determine the amount and importance of 
movement in sprawling-limbed tetrapods.

Pelvic rotation, limb retraction and femoral rotation are 
movements that can theoretically increase stride length 
thus speed, but another mechanism for modulating spee
simply changing the frequency of strides. In contrast to o
findings for D. dorsalis as well as those of Ashley-Ros
(1994b) and Jayne et al. (1990), Reilly and Delancey (1997
suggested that S. clarkii modulates speed primarily by
modulating the frequency and speed of limb moveme
However, Reilly and Delancey (1997) found that the stri
Table 2.Comparisons of selected studies on the 

Mean SVL Speed
Species (cm) (cm s−1)

Dicamptodon tenebrosus 8.8 4–19
Iguana iguana 57 35
Varanus exanthematicus 30 27–138
Sceloporus clarkii 9.1 27–83
Dipsosaurus dorsalis 12.2 50–250

SVL is snout–vent length; DUTY is step duration as a percenta
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length of S. clarkii ranged from 8.0 to 15.0 cm and change
significantly with speed. Furthermore, step lengths can 
calculated from tabular summaries in Reilly and Delance
(1997) and, when analyzed similarly to the values for strid
length, step lengths of S. clarkiialso increase significantly with
increased speed. Thus, all previously studied lizards a
salamanders modulate speed with a combination of change
the frequency and amplitude of whole-limb movements.

Brinkman (1981) suggested that the kinematics of I. iguana
and salamanders differed in three major respects. (1) At 
beginning of stance in salamanders, the foot is anterior to 
knee, whereas in I. iguanathe foot is either below or posterior
to the knee. (2) During stance in salamanders, the metatar
are directed anteriorly, whereas in lizards they are direct
laterally. (3) In salamanders, the foot rolls off the substratu
passively and does not dorsiflex until the end of retractio
whereas in I. iguana the foot is actively plantarflexed at the
end of protraction and actively dorsiflexed at the beginning 
protraction. For D. dorsalis, the foot was commonly anterior
to the knee at footfall and the metatarsals pointed forwa
during rapid locomotion (Figs 5B, 10B); therefore, points 
and 2 are not general differences between salamanders 
lizards. Similar to Brinkman’s (1981) findings for I. iguana,
considerable dorsiflexion of the foot in D. dorsalis occurs
during the first half of femoral protraction (Fig. 5A, 184 versus
224 ms; Fig. 5B, 52 versus100 ms). In addition, plantarflexion
of the foot may occur during limb protraction (Fig. 5B
100–148 ms), but this was not obvious during all speeds in D.
dorsalis(Fig. 5A, 224–260 ms). Although the kinematics of D.
dorsalis seem to be consistent with the active plantarflexio
during stance, electromyograms are needed to clarify the ext
to which these movements are active.

In the light of the conspicuous changes in the hindlim
kinematics that we found in D. dorsalis, speed has the potential
to confound interspecific comparisons. The fastest spe
studied by Reilly and Delancey (1997) was 44 % of th
maximum sprinting speed of S. clarkii, and the fastest speed
of Dicamptodon tenebrosusanalyzed kinematically was 32 %
of the fastest speed observed (Ashley-Ross, 1994a,b). Our
fastest standardized speed (250 cm s−1) approximates 60 % of
the values reported for the maximal running speed of D.
dorsalis(Marsh, 1988). Thus, many of our observations for D.
dorsalis were for relatively faster speeds than those o
previously studied ectothermic tetrapods (Table 2).
speed and hindlimb kinematics of ectothermic vertebrates

Frequency DUTY
(Hz) (%) Reference

0.7–2.1 72–58 Ashley-Ross (1994b)
0.9–1.4 67 Brinkman (1981)
0.6–1.8 75–58 Jayne et al. (1990)
3.8–6.1 60–54 Reilly and Delancey (1997)
3.7–7.5 68–38 Present study

ge of stride duration.



620

h
d

ld
y,
or

e

or

e.

is

tic
the
of

g
d

is

d,
by
.
n

for
ize
g

e

ct
ns
nd
 to

b
ely
b
al
r
 is
lly
ve
n
uite
ain
the
al
ly
b

 as

C. L. FIELER AND B. C. JAYNE
Animals with similar Froude numbers are often consider
to be moving at physiologically similar speeds (e.g. Farleyet
al. 1993). The Froude number is equal to the speed
locomotion divided by the square root of the gravitation
constant times a characteristic length. Previous studies h
used different characteristic lengths to calculate Frou
numbers. We used mean values of effective limb length
footfall, mean hip height and anatomical limb length 
calculate the Froude numbers of D. dorsalis, which were 0.87,
0.79 and 0.54, respectively, at 50 cm s−1 and 3.40, 3.51 and
2.72, respectively, at 250 cm s−1. The transition between a walk
and run for many quadrupedal mammals occurs when Fro
numbers are between 2 and 3 (Alexander and Jayes, 19
which agrees well with the Froude numbers (1.68–2.43) ofD.
dorsalis near the walk–run transition (150 cm s−1). Using
Froude numbers calculated from values of mean hip height
D. dorsalis in the scaling equations of Alexander and Jay
(1983) for non-cursorial mammals predicts relative stri
lengths (stride length divided by hip height) of 4.0 and 4.7
50 and 250 cm s−1, respectively, whereas the experimental
observed values were 3.9 and 7.2, respectively. Th
compared with the locomotion of many species of mamm
with similar Froude numbers, D. dorsalishas unusually long
strides at higher speeds. Unfortunately, Froude numbers are
available for previous kinematic studies of salamanders 
lizards (Table 2). Furthermore, the discrepancies betw
values calculated for slow speeds of D. dorsalis using
anatomical lengths rather than kinematic quantities indicate
difficulty of estimating Froude numbers of other species 
lizards and salamanders retrospectively.

The lack of running (duty factor <50 %) in previous studi
(Table 2) may also have contributed to the contrast
conclusions that speed had widespread effects on 
kinematics of D. dorsalis but not on that of Dicamptodon
tenebrosus(Ashley-Ross, 1994b) or S. clarkii (Reilly and
Delancey, 1997). For D. dorsalis, the transition from a walk to
a run occurred between 100 and 150 cm s−1, and some
kinematic quantities (Figs 8A, 9E, 10A) had discontinuitie
near the walk–run transition rather than showing simple lin
increases with speed. The difference between a walk and a
also affects the ability to determine the contributions 
different movements such as limb retraction and pelvic rotat
to stride length. During a walk, at least one foot within a gird
always contacts the ground and, hence, calculating the rela
contributions of different limb movements during stance (ste
provides insights into the relative importance of movements
forward progression (Ashley-Ross, 1994a). However, because
neither foot touches the ground during the suspended phas
running in D. dorsalis, stride length is not simply the sum o
the left and right step lengths (Fig. 5). For example, 
250 cm s−1, the mean stride length of D. dorsaliswas 33.8 cm,
whereas twice the step length was only 26.0 cm (Fig. 7
Therefore, the amplitudes of limb movements during the s
are inadequate for predicting stride length, and the speed
force of limb movements become important determinants 
stride length during running. Exactly which aspects of mus
ed
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physiology limit locomotor speed by constraining stride lengt
and/or frequency are still not well understood (Marsh an
Bennett, 1985; Marsh, 1988; Swoap et al. 1993).

Finally, when making interspecific comparisons, one shou
keep in mind the considerable diversity in the morpholog
behavior and habitats of different species of lizards. F
example, S. clarkii belongs to a clade of lizards with many
species that frequently climb rocks (Miles, 1994). Thus, th
lack of noticeable femoral adduction reported for S. clarkii
(Reilly and Delancey, 1997) may reflect behavioral and/
morphological specializations of climbing forms that facilitate
keeping the center of gravity close to the locomotor surfac
Effectively all of the individuals of D. dorsalis that we
encountered while collecting were on the ground, and th
species is not very closely related to S. clarkii (Etheridge and
de Queiroz, 1988). These differences in species phylogene
relationships, behavior, habitat and morphology emphasize 
need for comparative studies to test the robustness 
generalizations regarding the function of the limb in
ectothermic vertebrates.

Limb and foot posture

Although lizards are generally characterized as havin
sprawling limb posture and plantigrade foot posture, we foun
variation with speed that does not conform simply to th
generalization. For example, the femur of Dipsosaurus
dorsalisbecame strikingly more upright with increased spee
as indicated by some angles of femoral depression differing 
more than 60 ° from the expectation for a ‘sprawling’ limb
Discussions of the sprawling limb posture of lizards are ofte
not clear about whether the posture being referred to is 
animals that are moving or at rest, and our results emphas
the importance of accounting for whether an animal is movin
as well as the speed of movement.

Qualitative categories of erect and sprawling may hav
limited utility for describing what is actually a continuum of
variation in limb posture (Gatesy, 1991). Sprawling and ere
limb postures are often defined by examples and illustratio
rather than by strict quantitative criteria, and mammals a
birds are two clades of vertebrates that are commonly used
illustrate erect limbs. However, even though the lim
movements of many species of mammals and birds are larg
confined to a parasagittal plane, within these groups lim
postures vary considerably as a result of different longitudin
locations of the hip and more distal joints of the limb. Fo
example, Gatesy (1990) emphasized that the femur of birds
often nearly horizontal because the knee is substantia
anterior to the hip. Crocodilians are often considered to ha
semi-erect limb posture, and Gatesy’s (1990) illustratio
suggests that the toes of the hind foot can also be oriented q
anteriorly. Although mammals such as elephants and cert
ungulates have limbs resembling a column perpendicular to 
ground (Hildebrand, 1985), both the longitudinal and later
positions of the knee relative to the hip vary considerab
among mammalian species (Jenkins, 1971). Hence, lim
posture may vary with speed within a single species as well
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among species within clades that are categorized as hav
either erect or sprawling limbs.

In addition to changes in the orientation of the femur, t
foot posture of D. dorsalis changed substantially with
increased speed. At fast speeds, the long axis of the fourth
and metatarsal was nearly parallel to the direction of forwa
travel. If the tip of the foot of a tetrapod is oriented laterall
then plantarflexion of the foot while it is touching the groun
will contribute minimally to forward propulsion and will tend
to push the body of the animal towards the contralateral s
(Brinkman, 1981). In contrast, for a foot that points forwar
a greater proportion of the forces generated by plantarflex
will facilitate propelling the animal upwards and forwards
Consequently, the forward orientation of the foot of D. dorsalis
at high speeds suggests that plantarflexion assumes a gr
role in the production of propulsive force than durin
locomotion at low speeds.

Recent studies of the lower leg of vertebrates have clarifi
some of the implications of foot posture for both mechani
and muscle function. For example, for the human foot duri
the stance phase, the location of the ground reaction for
moves from the heel towards the tips of the toes (Carrieret
al. 1994). Consequently, the length of the out lever and t
gear ratio of the human foot increase from early to late stan
(Carrier et al. 1994). Furthermore, changes in the foo
position of running humans appear to lengthen t
gastrocnemius muscle initially but then, as the stance ph
continues, the gastrocnemius shortens with progressiv
faster speeds such that the maximum speed of mus
shortening is nearly coincident with the highest gear ratio
the end of stance (Carrier et al. 1994). Prestretching muscle
is one mechanism for enhancing the mechanical power out
of muscle. The relevance of the power output of a mus
depends on whether the muscle is being used to perfo
mechanical work or to generate high isometric forces 
facilitate elastic recoil of stretched tendons (Roberts et al.
1997). At the fastest speeds observed for D. dorsalis
(>300 cm s−1), not only did the foot land in a digitigrade
posture, but the foot commonly remained in a digitigrad
posture throughout the stance phase, and the amount of a
flexion appeared relatively small. Such minimal amounts 
flexion at the ankle are consistent with the expectations of 
limb acting more as a spring; however, the strongest evide
of vertebrate limbs acting as springs is for animals mu
larger than D. dorsalis (reviewed in Alexander, 1988;
Biewener and Bertram, 1991). Thus, the changing fo
postures of D. dorsalis with increased speed seem likely to
affect both the gearing and muscle function of the limb, a
the relatively enormous size of the feet (Fig. 1) seems like
to exaggerate some of these effects.

As indicated by effective limb lengths, which nearly double
with increased speed, the combination of the limb dimensio
and movements give D. dorsalis a remarkable capacity to
modulate the length of the limb behaviorally during differen
speeds of locomotion. Rather than viewing the large feet
many species of lizards only as a mechanism for enhancing
ing
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stability of an animal with a ‘sprawling’ gait, it is useful to
emphasize the probable dynamic role these structures have
attaining rapid running speeds. Most studies correlati
morphology to sprinting performance in lizards have used to
limb length (reviewed in Garland and Losos, 1994). Howeve
when Miles (1994, Table 10.7) used multiple regressions 
within-limb dimensions to account for interspecific variatio
in sprinting speeds of lizards, the length of the metatarsus w
highly significant but the lengths of the femur and tibia we
not significant. The congruence between our kinema
analysis, which suggests a prominent role of the foot 
attaining rapid speeds, and the correlative comparative anal
of performance (Miles, 1994) highlights how kinematics an
comparative tests of performance can complement each o
for determining the predictive value of morphology fo
performance.
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