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Summary

The caudofemoralis muscle is the largest muscle that the femur.

inserts onto the hindlimb of most ectothermic tetrapods,

However, knee extension only increased
caudofemoralis strain when the femur was protracted.

and previous studies hypothesize that it causes several The maximum and minimum length of the caudofemoralis

movements that characterize the locomotion of
vertebrates with a sprawling limb posture. Predicting
caudofemoralis function is complicated because the
muscle spans multiple joints with movements that vary
with speed. Furthermore, depending on when any muscle
is active relative to its change in length, its function
can change from actively generating mechanical work
to absorbing externally applied forces. We used
synchronized electromyography, sonomicrometry and
three-dimensional kinematics to determine in vivo
caudofemoralis function in the desert iguanaDipsosaurus
dorsalisfor a wide range of speeds of locomotion from a
walk to nearly maximal sprinting (50-350cmst). Strain
of the caudofemoralis increased with increasing tail
elevation and long-axis rotation and protraction of

muscle and its average shortening velocity increased from
the slowest speed up to the walk—run transition, but
changed little with further increases in speed. The times of
muscle shortening and lengthening were often not equal at
higher locomotor speeds. Some (20-25ms) activity
occurred during lengthening of the caudofemoralis muscle
before footfall. However, most caudofemoralis activity was
consistent with performing positive mechanical work to
flex the knee shortly after foot contact and to retract and
rotate the femur throughout the propulsive phase.

Key words: terrestrial, locomotion, muscle, electromyography,
sonomicrometry, physiology, kinematics, lizardDipsosaurus
dorsalis.

Introduction

During steady locomotion when muscles are loadedurkeys (Roberts et al., 1997) and hopping wallabies (Biewener
cyclically, differences in the timing of muscle activity and theet al., 1998b).
length of the contractile tissue allow muscle and tendon In addition to these differences in muscle function, in many
together to function in three ways: to generate positive worlkspecies of animal, limb function during locomotion may also
to generate negative work or to act as a spring (Biewenebge affected by differences in posture. Compared with birds and
1990). For example, the anterior myomeric musculature of fismammals, lizards and salamanders have a more sprawling limb
is electrically active mainly when the muscle shortens an@Ashley-Ross, 1994a; Ashley-Ross, 1994b; Edwards, 1977,
flexes the fish towards the side of muscle activity that generatéBldebrand, 1985; Rewcastle, 1981; Sukhanov, 1974). In
positive work (for a review, see Rome, 1994). In contrast, theontrast to most endothermic vertebrates, the movements of
posterior myomeric musculature of fishes often has substantigprawling vertebrate limbs involve substantial long-axis
electrical activity during lengthening and, hence, may performotation of the femur and femur retraction in a horizontal plane
negative work that stiffens the body to retard bendingBrinkman, 1981; Jayne and Irschick, 1999; Rewcastle, 1981).
movements away from the side of muscle activity (AltringhanHowever, the posture and movements of the hindlimb in
et al., 1993). Similarly, negative work performed by limbsome ectothermic vertebrates change as the limb becomes
muscles can prevent a limb joint from collapsing (Abrahamincreasingly erect with increasing speed (Jayne and Irschick,
and Loeb, 1985) or decelerate an oscillating appendage (Fu999).
et al.,, 1998). If the contractile tissue of muscle generates Many of the hindlimb movements that characterize
sufficient force to become stiffer than the tendon, then thegertebrates with sprawling limbs are probably caused by the

tendon can act like a spring by lengthening and shorteséng

caudofemoralis muscle (CF). The CF is the single largest

elastic recoil, as in the gastrocnemius muscle of runningindlimb muscle in many species of ectothermic tetrapod, and
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such a large size implies an important locomotor function. Fc
example, in generalized species of iguanian lizard, the CF ofte
makes up more than 20% of the entire mass of the hindlim
musculature and is 2—-4 times more massive than the ne
largest hindlimb muscle (Snyder, 1954). In salamander
(Ashley-Ross, 1995; Peters and Goslow, 1983), lizards (Reilly
1995) and crocodilians (Gatesy, 1990; Gatesy, 1997), tr
electrical activity of the CF is correlated with retraction of the
femur while the foot contacts the ground (stance). Snyder’
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(Snyder, 1962) stimulation of the isolated CF in both lizard: AT \\h
and alligators caused femur retraction, and the extent of fem \ \\
\

rotation and knee flexion depended on the angle of femt Sttel \} \
retraction. Available data for lizards (Brinkman, 1981; Irschick v \

and Jayne, 1999a; Jayne and Irschick, 1999) indicate th

femur retraction and rotation occur nearly simultaneoush

during stance, and these kinematic variables together with kn

flexion change significantly with increasing locomotor speec

(Jayne and Irschick, 1999). However, no previous study of C ‘
function in ectothermic tetrapods has quantified either femt

rotation or any effects of locomotor speed.

Understanding the function of the CF is complicated becaus
the muscle spans more than one joint. The CF of a
ectothermic tetrapods originates from several caudal vertebr: lcm ’
and insertwia a short stout tendon on the ventral and proxima l
portion of the femur. A unique feature of saurian reptiles
(lizards and crocodilians) is a long, thin auxiliary tendon tha ‘
runs parallel to the femur and attaches to the joint capsule \'
the knee (Fig. 1). Consequently, the auxiliary tendon coulu
stretch when the muscle is active. Furthermore, threeFig. 1. Ventral view of the caudofemoralis muscle of the right
dimensional methods are required to measure both femhindlimb of Dipsosaurus dorsaliswith the illiocaudalis and
rotation and knee flexion for a sprawling limb. Forishiqcaqdalis removed. The .symbols indicate the approximate
steady terrestrial locomotion of tetrapods, simultaneoy'ongitudinal and Iatergl locations of electromyographic .(EMG)
measurements of vivo muscle activity and length are only €l€ctrodes and sonomicrometry crystals. Electrodes were implanted

. . ) at two sites. AT and PT indicate the auxiliary and primary tendons of
available for a few endothermic species (Abraham and I‘Oelthe caudofemoralis muscle, respectively, and IL is the illioischiadic
1985; Biewener et al., 1998b; Carrier et al., 1998; Roberts figament, ’ ’
al.,, 1997). Such data are lacking for the CF and all othe
locomotor muscles of ectothermic tetrapods.

In this study, we determined the three-dimensional hindlimi®f shortening to maximal velocity for isotonic tetanic
movements anth vivo activity and length changes of the CF contractions and values determined for cyclical loading using
in Dipsosaurus dorsaligluring steady terrestrial locomotion Work loops (Askew and Marsh, 1998; Johnson et al., 1993;
over a wide range of speeds from a walk to a nearly maxim&woap et al., 1993).
sprint (50-350cm3). Besides gaining general insights into
how the limb muscles function during the terrestrial
locomotion of animals, we were interested in testing the
following specific hypotheses. We hypothesized that the Experimental subjects
maximum length of the caudofemoralisn dorsaliswould The desert iguandipsosaurus dorsalisis useful for
increase with increasing speed because the overall amountsstfidying hindlimb function because it moves over a large range
femur protraction, femur rotation and knee extension increasgf locomotor speeds and has a generalized hindlimb
with increasing speed (from 50 to 250cis(Jayne and morphology relative to some other terrestrial species of lizard
Irschick, 1999). The duration of the stance phad2 dbrsalis  (Fieler and Jayne, 1998). Furthermore, extensive background
decreases significantly with increased speed (Fieler arghta exist forD. dorsalis for both the limb movements
Jayne, 1998; Jayne and lIrschick, 1999). Consequently, wéschick and Jayne, 1999b; Jayne and Ellis, 1998) anihthe
hypothesized that the shortening velocity of the CF woulditro physiology of different muscle fiber types (Gleeson,
increase with increasing speed. We also wanted to compare dii83; Gleeson and Dalessio, 1990; Gleeson et al., 1993;
in vivo values of muscle shortening velocity with those thatGleeson and Johnston, 1987; Gleeson et al., 1980; Marsh and
may maximize power on the basis of Hill's (Hill, 1938) ratio Bennett, 1985; Marsh and Bennett, 1986). The caudofemoralis
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(CF) muscle of adultD. dorsalis is sufficiently large to implantation, we used cyanoacrylate glue to attach electrode
accommodate several electromyographic (EMG) electrodesires to the skin of the lizard’s tail and plastic model cement
and sonomicrometry crystals. Thus, this system is well-suitetb glue together the two wires of each electrode and all
for a study ofin vivo function. All of the five individuals that electrodes together into a single cable. The lengths of wire
we used for statistical analyses were adults with meafiom the animals to the probes of the recorder was
(+ s.E.M.) values of snout—vent length and mass of 12.1+0.3 crapproximately 2 m, which was long enough to allow the lizard
(range 11.3-12.4 cm) and 45+4 g (range 34-55 @), respectivelyp move freely. We implanted a total of four EMG electrodes
into the longus head of the right CF (Fig. 1).
Experimental protocol To measurén vivomuscle length, we implanted two 0.7 mm

We used Halothane to anesthetize all animals befordiameter piezoelectric crystals (Sonometrics Corp.). After
implanting sonomicrometry crystals and electromyographicutting through the skin of the anesthetized lizard, the fascia
(EMG) electrodes. Animals were allowed to recover frombetween the illiocaudalis and the ischiocaudalis muscles was
anesthesia for 2—-4 h before being placed on a variable-speseparated to expose the CF. The sonomicrometry crystals were
motorized treadmill. Dipsosaurus dorsaliswere run for then placed in separate small incisions (1 or 2mm deep) in
30-60s on the treadmill after their body temperature hathe CF parallel to the orientation of the muscle fibers
reached 37-40°C, which is similar to the average field activapproximately 6 mm apart and between the second and fourth
body temperatures (40°C) of this species (Johnston armhudal vertebrae (Fig. 1). We used cyanoacrylate glue to
Gleeson, 1984). Rest periods between trials varied from 15 &ecure the sonomicrometry crystals within the muscle. One
60 min. We attempted to obtain data for seven standardizéeMG electrode was placed in the muscle between the two
steady speeds ranging from 50 to 350chis 50cms®  crystals while the incision was open (site 1). We used 4-0 silk
increments. We defined steady-speed locomotion as that feuture to close the incision and hold the wire leads of the
which the change in average forward velocity of successiveonomicrometry crystals in place. We then percutaneously
strides varied by less than 10%. The order in which lizardenplanted three additional EMG electrodes. One electrode was
were run at different speeds was randomized to minimize armplaced 1-2 vertebrae caudal to the first electrode (site 2). The
confounding effects of time on the effects of speed. Afteremaining two electrodes were implanted at the same
each experiment, the lizard was Kkilled, and radiographkngitudinal positions as sites 1 and 2 but lateral to the
and dissection were used to determine the position greviously implanted electrodes (Fig. 1).
sonomicrometry crystals and EMG electrodes. Electromyograms (EMGs) were amplified 580Qising

We obtained simultaneous dorsal and lateral views of th&rass P511k series amplifiers with high- and low-bandpass
lizards using a two-camera NAC HSV-500 high-speed videdilters of 100 Hz and 10 kHz, respectively, and a 60 notch filter.
system operating at 250imageksVideo recordings were The analog EMG and sonomicrometry signals were recorded
synchronized with EMG and sonomicrometry recordings usingt 9.5cms! using a Teac XR-7000 FM data recorder. We
a 100Hz square-wave generator that provided output to bottonverted the analog signals to digital data using a Keithley
the video system and EMG and sonomicrometry tap&00A analog-to-digital converter with an effective sampling
recordings. Paint marks on the pelvis, on the hindlimb and aate of 8 kHz (Jayne et al., 1990b). Digital EMGs were filtered
intervals of 2—3 vertebrae along the mid-dorsal line of the tailising a high-pass finite-impulse response filter to reduce the
facilitated digitization of the video images. The most proximalamplitude of the signal below 100 Hz to less than 10% of the
paint mark on the tail had approximately the same longitudinairiginal amplitude.
position as the sonomicrometry crystals. We used a customized computer program (written by Garr

For three lizards, we also tested the effects of isolatedpdegraff, San Clemente, CA, USA; garru@uci.edu,
movements and combinations of movements on the length garru@fea.net) to measure onset and offset times (+ 1 ms) and
the caudofemoralim vivo. Immediately after implantation, we the rectified integrated area (area) for each burst of muscle
placed the deeply anesthetized lizard on an apparatus aativity. The following EMG variables were calculated for all
manipulate the hindlimb. We retracted, rotated and depress&F sites: EMG duration (emgdur=offset minus onset), EMG
the femur, as well as flexed and extended the kneétensity (intensity=area/emgdur) and EMG duty factor
independently and in various combinations, to determine th@emgdur cycle/duration). To facilitate the pooling of data from

effects on muscle length. different individuals, we divided each value of intensity per
_ burst by the maximal value of intensity observed within each
Electromyography and sonomicrometry individual over the entire range of speeds (50-350¢mand

We used fine-wire bipolar electrodes to recordithgivo  the resulting values of relative intensity were expressed as
activity of the muscle, and the general methods of constructingercentages.
bipolar EMG electrodes followed those of Jayne (Jayne, 1988). Eleven variables described the magnitude and timing of
We used 0.051 mm diameter polycoated stainless-steel winhanges in length of the muscle. For each locomotor cycle, we
(California Fine Wire Co., USA) with approximately 0.7 mm determined the maximunigax and minimum Kmin) length
of insulation removed from the recording end. A ground wireof contractile tissue between the sonomicrometry crystals and
was also implanted in the epaxial musculature of the tail. Aftethe times at which these lengths occurr€dmax and TLmin).
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We used the average bfmax and Lmin at the slowest speed A

(50cms?) to estimate resting length.d). To facilitate the Femur retraction Anterior =
pooling of muscle length data among individuals (with minor

differences in initial crystal position), we convertiedax and | .._.,

Lmin to relative changes in lengtiAl{max and ALmin) by

subtracting_o and expressing the result as a percentag. of

Net percentage strain per cycld ey equaledALmax—ALmin. (] —
Average shortening velocity) wasALne{(TLmax=TLmin). The B

percentage of each cycle spent lengthenin@idfne) was Femur rotation
calculated as TlLmin—TLmax/(cycle duration), where cycle

duration was the time between successive beginnings of swil - @
phase (foot above the tread surface). At slow speedsl aiice \ //‘
had been attained, the length often remainetat for a

substantial period; therefore, the percentage of the cycle spe

shortening (%shorten Was calculated using the difference C

between TLmax and the subsequent earliest time lgfin
(TLmin). Consequently, the sums ofT¥ngthenand Yshorten
were frequently less than 100 %. «| L

Femurdepresson

length to muscle activity and kinematics. We calculated the la

times between the times of maximum and minimum muscl

length relative to the beginning (Lagax-on=TLmax-0nset) and

end (Lagmin-off=TLmin—0ffset) of the electrical activity of the

muscle, respectively. The lag times betw@émax and the

times of footfall (Lagmaxdowr), maximum femur protraction Eig. 2. A schematic right lateral view of major movements of thg
(LaQimax-femprd, Maximum  anterior femur  rotation right femur. The most dorsal rectangulqr bpx represents the pelvis.
(Lag.max-antro) and maximum knee extension near footfalIThe long cylinder attached to the pelvis is the femur. The s_mall_
(Lagmasckex) Were calculated adlmax minus kinematic rectangle on the femur represents the greater trochanter, which is

e iabl imilarly. the | . _ h parallel to the black reference line on the distal end of the femur. The
timing variable. Similarly, the lag times betwelafin and the more distal cylinder represents the lower leg, and the most ventral

times of foot-up (Lagnin-up), Maximum femur retraction (ectangle represents the tarsals and metatarsals. For each pair of
(Lagmin-femre) ~@nd ~ maximum  posterior  rotation figures in a row, the figure on the right illustrates the movement
(LagLmin-pstro) Were calculated a3Lmin minus kinematic relative to the initial position shown on the left. For the sake of
timing variable. For all these lag times, positive values indicatsimplicity, rotation of the pelvis in the horizontal plane is not shown,
that the first event indicated in the subscript occurred after trbut this movement occurs in most lizards and salamanders.

second event listed in the subscript.

Nine variables related the timing of changes in muscle |

Kinematics ankle and two points on the mid-dorsal line of the proximal

The duration of the stance and swing phases (stancedujl. We also digitized the two-dimensional coordinates of the
swingdur) were the time elapsed within each stride when theeft pelvic landmarkx,z) and a point on the mid-dorsal line of
right hind foot touched or was above the tread surfacehe neck X)y). Several other variables, including two- and
respectively, and the sum of these two quantities was the cydleree-dimensional angles, were calculated from coordinates
(stride) duration (stridedur). Cycle frequency equaledusing macros for Microsoft Excel version 7.0 (written by G.
1/stridedur. The kinematic duty factor (stancedur/stridedurYpdegraff and B. C. Jayne).
was expressed as a percentage of the cycle duration. Before calculating the kinematic quantities, we transformed

We used customized video-analysis software (Sterethe coordinates of the pelvic landmarks to approximate the
Measurement TV, written by Garr Updegraff, San Clementegoordinates of the hip (as in Jayne and Irschick, 1999) by
CA, USA; garru@uci.edu, garru@fea.net) to digitize all thecorrecting for the vertical and horizontal distance from the
two- and three-dimensional coordinates. Depending on theelvic landmarks to the hip joint on the basis of measurements
stride duration, images were digitized at either 4 or 8 mfrom preserved specimens. We could not reliably measure the
intervals, resulting in 20—40 images for each stride. For thamount of pelvic roll about the longitudinal axis of the lizard
three-dimensional coordinate system,xfexis was horizontal because the right hip generally obscured the view of the left
and parallel to the overall direction of travel and the motion ohip, which was needed to determineyitsoordinate (Jayne and
the tread surface, thyeaxis was perpendicular to the tread, andirschick, 1999). Consequently, we determined certain
the z-axis was perpendicular to tlg/ plane. We digitized the movements of the femur relative to fixed planes of reference.
three-dimensional coordinates of the following landmarksThe angle of femur retraction (Fig. 2A) was a two-dimensional
painted on the animal: the right pelvic landmark, knee andngle determined from a dorsal view of the femur and the line
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connecting the left and right hips, so a value of 0° indicatednd length changeN(=2) and (iii) length changes and their
when the femur was perpendicular to the longitudinal axis dfiming relative to kinematicsNj=4). We used SYSTAT
the pelvis, and greater magnitudes of positive and negatiwersion 5.0 (Wilkinson, 1992) to perform a two-way mixed-
values indicated greater amounts of retraction and protractiomodel ANOVA for which speed was a fixed factbi=g) and
respectively. The angle of femur rotation about its long axigndividual was a random factor. Consequently, Fheatio for
(Fig. 2B) was a three-dimensional angle between the plartee main effect of speed was the mean square for speed divided
containing the femur and the tibia and a vertical referencby the mean square for the speeddividual interaction term
plane passing through the femur, so larger positive valugZar, 1999). The criterion for statistical significance was
indicated greater clockwise (posterior) rotation of the rightP<0.05.
femur in a right lateral view. The angle of femur depression Unless stated otherwise, the mean values for each speed
(Fig. 2C) was a three-dimensional angle between the femuyoresented in the text and graphics for descriptive purposes are
and a horizontal plane passing through the right hip, so positiggven +£s.e.m. and were calculated on the basis of the number
and negative values indicated that the femur was below af strides KNs) pooled across all individuals at a particular
above the horizontal reference plane through the higpeed. Depending on the particular variable, mean values were
respectively. The angle between the femur and the tibia, tfeom a different numbers of individual®lij. As emphasized
knee angle, was calculated such that smaller values betweeliove, one should rely on the ANOVA results for the tests of
and 180 ° indicate greater flexion of the joint. statistical significance since only these methods properly
The tail dorsal angle was a two-dimensiongl)(angle account for the repeated-measures experimental design.
determined from the line segments connecting the third caudal To clarify whether the effects of speed on EMG and muscle-
vertebra (proximal tail paintmark) to the pelvic landmark andength variables were similar among different individuals, we
from the pelvic landmark to a point on the mid-dorsal line ofcalculated least-squares regressions with both linear and
the neck. Greater magnitudes of positive and negative valugsiadratic polynomials of speed including data from 350@ms
indicated more elevated and depressed tail positionsyhen they were available. To clarify how kinematics were
respectively. We used the dorsal view to determine the twaelated to muscle length, we also calculated multiple
dimensionalX,2) tail lateral angle as the angle between the lingegressions using kinematic data (pooled from all individuals)
segments representing the most proximal segment of the tait the independent variables and muscle-length variables as the
(from the most proximal tail paintmark to a point midway dependent variables.
between the left and right pelvic landmarks) and the
longitudinal axis of the pelvis (through the pelvic midpoint).
Positive and negative values of tail lateral angle indicated that
the base of the tail pointed to the right and left, respectively. Morphology
We estimated tail lateral flexion in the region of the The caudofemoralis longis muscle Dipsosaurus dorsalis
sonomicrometry crystals by determining the two-dimensionabriginates from the third to thirteenth caudal vertebrae and
(x,2) angle between the most anterior tail segment (from thimsertsvia a thick tendon near the greater trochanter of the
pelvic midpoints to the first paintmark) and the second modemur, and an auxiliary tendon extends to the distal part of the
anterior tail segment (from the first to the second paint markknee joint capsule that attaches to the proximal portion of the
Positive and negative values of tail lateral flexion indicated therus (Fig. 1). The proximal portions of both tendons of the
tail was concave to the right and left, respectively. caudofemoralis pass through the illioischiadic ligament, which
forms a loop on the pelvis (Fig. 1).

Results

Statistical analyses

Although EMG electrodes and sonomicrometry crystals Electromyography and sonomicrometry
were implanted in 11 lizards, we were only able to obtain The locomotor speeds for which EMGs were detectable for
balanced data sets suitable for analysis of variance (ANOVAJifferent electrodes implanted in a single caudofemoralis
for a subset of these individuals. Qualitatively, the data fronmuscle varied considerably (Fig. 3), and this implied
all individuals appeared grossly similar. Some descriptivesubstantial spatial heterogeneity in the distribution of the
statistics are provided for trials at a speed of 350@ms different fiber types. For example, only one of the three
however, all ANOVAs were restricted to six speeds ranginglectrodes for which data are shown in Fig. 3 (1M) had
from 0 to 300 cmd. The measurements used in all ANOVAs substantial activity over the entire range of speeds from 50 to
were from 2—4 strides per individual per speed. 350cmst. Other electrodes detected little substantial activity

One individual used for ANOVAs of EMG data lacked until locomotor speeds exceeded 150ch(&ig. 3, 2M) or
muscle-length data, and two individuals used for ANOVAs of250cms! (Fig. 3, 1L). For two electrodes at the same
muscle-length data lacked accompanying EMG data. Twiongitudinal position (site 1) and for all speeds of the same
additional individuals were used for ANOVAs of all types of individual shown in Fig. 3 (1M, 1L), the EMG onset from the
data. Consequently, ANOVAs were performed on three groupslectrode that detected activity only at the faster locomotor
of variables for which the number of individuaNj)(was as speeds lagged significantly behind that from the electrode that
follows: (i) EMGs only Ni=3), (ii) lag times between EMGs detected activity at slower locomotor speeds (mean paired
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Fig. 3. Angles of the tail and hindlimb, and strain and electromyograms from the caudofemoralis muscle, for one strid®cgdledfvidual

of Dipsosaurus dorsaliat each of three speeds 50 ch(#), 200cm st (B) and 350cm$ (C). The muscle strain is expressed as a percentage
change from resting lengthd). The elapsed time within each stride shown at the bottom of each panel starts and ends at the beginning (foot-
up) of the swing phase (white bar), and the black bar indicates the duration of the stance phase after footfall. Theorthméztlot each
electromyogram indicate the longitudinal positions of three different electromyograms electrodes within a single musgleljsemdriM

and L indicate the medial and lateral locations within a longitudinal position, respectively.

difference + 95% CL=20+11ms, where CL is confidencesignificant (Table 2). Because of the nearly proportional
limit, Ns=13,Ni=1). Furthermore, the magnitude of the lag timedecreases in EMG duration and cycle duration with increasing
between onsets of these regions with different thresholdpeed, EMG duty factor did not change significantly with
locomotor speeds for recruitment decreased significantly witepeed (Table 2; Fig. 4A), and the grand mean for data pooled
increasing speed%£-0.69,P=0.009,Ns=13,Nj=1). In contrast across all individuals and speeds was 34 %. As shown in Fig. 3,
to the variable onset times from different regions of the muscleéhe amplitudes of EMGs generally increased with increasing
the lag time between EMG offsets was neither significantlyjocomotor speed, and the ANOVA of relative intensity
different from zero nor significantly correlated with speed. Theonfirmed that this trend was significant (Table 2). The
relationships between the timing of EMG activity from regionsincreases in relative intensity were most conspicuous and
with different threshold locomotor speeds for recruitment wereonsistent as speed increased from 50 to 200%(iable 1).
statistically similar for a second individual. Additional resultsAlthough the relative intensity of some individuals increased
only use data from the region of the muscle within eaclover the entire range of increased locomotor speed, other
individual that had the lowest threshold locomotor speed foindividuals showed little apparent change in relative intensity
recruitment, and these regions were defined operationally &®m 200 to 350 cms.
the slower fiber type on the basis of differences in EMGs stated Both maximum ALmay) and minimum ALmin) muscle strain
above. Thus, we chose electromyographic data to pool acroslsanged significantly with locomotor speed (Table 3) such that
individuals that would minimize the effects of different fiber values increased regularly with increasing speed up to a value
types and for which data would be available for the slowedtetween 150 and 200 cms whereupon little change was
standardized speeds. apparent for further increases in speed (Fig.4B). The
As locomotor speed decreased from 300 to 50¢ntke  significant speed by individual interaction terms/tmaxand
values of both EMG duration and cycle duration showed aALmin (Table 3) partly reflect that the muscle strains of one
approximately threefold increase (Table 1) that was highlyndividual increased linearly with increasing speed, whereas
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Table 1.Descriptive statistics of electromyographic and length variables
Speed (cm3¥)

Variable Ni 50 100 150 200 250 300 350
Cycle duration (ms) 3 253+14 177411 15245 13445 11446 10316 9614
Kinematic duty factor (%) 3 68+2 602 53+1 49+2 46+2 45+3 40+3
EMG duration (ms) 3 106x10 61+6 475 364 39+3 29+3 33+4
Relative intensity (% of maximum) 3 17+1 3245 377 62+10 49+10 61+10 70+6
Lag.max—on(mMs) 2 30+10 9+8 21+4 1442 21+6 2845 304
%Tiengthen(%0 Of cycle) 4 41+4 4514 52+3 5542 50+2 55+3 67+3
%Tshorten(% Of cycle) 4 44+4 39+4 3443 3143 3743 35+3 3243
ALmax (%Lo) 4 9+1 151 19+1 21+1 20£2 2142 1743
ALmin (%Lo) 4 -7%1 0£2 6+2 412 5+2 5+2 5+2

Values are meansse.m.

Ni, number of individuals. Fd¥i=2, 3 or 4, the number of strides used to calculate means for each speed for each variable ranged from 4 to

8, from 7 to 12 and from 7 to 16, respectively.

Lag max-onis the lag time between EMG onset and maximal muscle lendibadtenand % shortenare the percentages of the cycle that the
muscle lengthened or shortened, respectivelyMi@x andALmin are maximum and minimum muscle strains, respectively.

See Table 2 and Table 3 for tests of significant variation among locomotor speeds.

Table 2.Summary oF-tests for two-way ANOVAs performed Table 3.Summary oF-tests for significance of effects in two-

separately for each variable way ANOVAs performed separately for each muscle variable
Dependent variable Speed Individwaspeed Speed Individuak speed
Cycle duration 37.2% (5,10) 2.7* (10,38) Dependent variable d.f.=5,15 d.f.=15,58
EMG duration 11.7** (5,10) 0.8 (10,38) ALmax 5.8* 4.4%
EMG duty factor 1.9 (5,10) 1.0 (10,38) ALmin 5.0* 6.4%*
EMG relative intensity 6.0* (5,10) 1.3 (10,38) ALnet 1.0 5.9**
Lag max—on 0.9 (5,5) 5.9 (5,24) \Y 12.9%* 1.1
LagLmin—off 0.6 (5,5) 8.3** (5,24) Cycle frequency 75.9%* 1.1
%Tshorten 2.3 0.6
*P<0.05; **P<0.001. %Tiengthen 2.0 4.0**

Degrees of freedom are indicated in parentheses.

Lag max—onand La@min—off are the lag times between EMG anse  *P<0.05; **P<0.001.
and maximum muscle length and EMG offset and minimum muscl  ALmax,ALmin andALnetare the maximum, minimum and net strain,
length, respectively. respectively.
V, average shortening velocity of the muscle.

_ o %Tiengthenand Y shortenare the percentages of the cycle that the
the muscle strains of the other three individuals changed imuscle lengthened or shortened, respectively.

negative quadratic functions of locomotor speed.

In contrast tAALmaxandALmin, the net muscle strait\(ney)
showed no regular (Fig. 4C) or significant (Table 3) changelid have a highly significant speed by individual interaction
with increasing locomotor speed. The estimates of the averagerm (Table 3) partly as a result of both linear and quadratic
relative speed of muscle shortening,(which were based on changes with speed occurring in different individuals. The
values of ALne; showed highly significant changes with mean values of ¥shortenand % iengthenshowed a quite regular
increasing locomotor speed (Table 3), primarily as a result giattern of variation with increasing speed (Table 1), such that
the decreased times over which shortening occurred. From Hlese two quantities were nearly equal at 50@mand
to 200cmst, Vincreased nearly threefold from 1.5 to €91 %Tiengthen tended to be greater than T8foren at higher
(Fig. 4D), whereL is the resting length of the CF, but little locomotor speeds.
change inv occurred with increased locomotor speeds greater The entire duration of shortening of the CF was generally
than 200cmd. As was the case with muscle strains, theconfined to the stance phase of each stride (Fig.5). The
changes inV could be either a linear or negative quadraticbeginning of muscle shortening relative to the beginning of
response with increasing locomotor speed, depending on tiseance (footfall) did not have any significant (Table 4,
individual. Lag.max-down) Or consistent pattern of variation (Fig. 5) with

The main effect of locomotor speed on the percentages oicreasing locomotor speed, and the overbli=82) mean
the cycle spent shortening orted and lengthening value (is.E.M.) of Lag max-down for the six speeds was 4+1 ms
(%Tiengthe Was not significant (Table 3). HoweverTfégihen  after the beginning of stance. The end of muscle shortening
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Fig. 4. Mean values (s.e.M.) of kinematic and electromyographic
(EMG) duty factors (A), maximumALmay and QALmin) Minimum
muscle strain (B), net muscle straibl ge) (C) and average muscle
shortening velocity (Dyersusspeed. All values of strain are given
as a percentage of resting muscle lendif). (Mean values were
calculated for the total number of strides pooled across three (A)
four (B-D) individuals. W/R, walk—run transitiof, resting length
of the caudofemoralis muscle.

Speed (cm s1)
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Fig. 5. The mean (is.e.m.) times of electromyographic (EMG)
activity, the beginning of swing, the end of stance and shortening of
the caudofemoralis muscle (CF) relative to footfall (dashed vertical
line) for each of the speeds of locomotion. For each speed, the top
and middle rectangles represent the times of electrical activity of the
muscle and muscle shortening, respectively. The bottom rectangle
represents the stride cycle, for which the swing and stance phases are
indicated by white and black, respectively. Mean values of EMG
onset and offset were calculated for the total number of strides
pooled across three individuals, and all other variables were
calculated for all the strides from four individuals.

relationships between the extreme values of muscle length
relative to the extremes of femur rotation, femur retraction and
knee extension, none of which changed significantly with
increasing speed. Furthermore, the mean values of these lag
times were often only a few milliseconds and not significantly
different from zero (Table 4). Consequently, the time of
Lmax Was nearly synchronous with that of maximal femur
protraction, anterior femur rotation and knee extension, and the
time of Lmin was nearly synchronous with that of maximal
femur retraction and posterior rotation (Fig. 3).

The tail dorsal angle was effectively constant within a stride
or . 7 i . )
cycle (Fig. 3) and, hence, the significant increases in this
variable with increasing speed were similar at both the times
of Lmax and Lmin (Table 5; Fig. 6). Within a stride cycle, the
tail lateral angle showed clear periodic change at high speeds

occurred almost simultaneously with the end of stance at tHaut not at low speeds (Fig. 3), and this angle increased

fastest speed, but the magnitude of hagup increased

significantly with increasing speed hBhax but not atLmin

significantly with decreasing locomotor speeds up to gTable 5). Tail lateral flexion did not change significantly with

maximum mean value of51ms for the slowest speed

speed at either the time bf\ax (F=0.9, d.f=5,15) or the time

(Table 4; Fig. 5). The timing of electrical muscle activity of Lmin (F=0.9, d.f=5,15), and the grand means gg&Mm.,
relative to muscle length did not change significantly withNs=82) of lateral tail flexion at these times weré.4+0.6

speed (Table 2, Lagaxon and Lagmin-off). The average

and 0.8%£0.6°, respectively. The angles of knee and femur

times +s.e.m. for which the CF was electrically active begandepression increased significantly with increasing speed at the
21+2 ms Ns=40) prior to maximum length and ended 27+4 mstime of Lmax but not at the time dfmin (Table 5; Fig. 6). The

(Ns=40) before reaching minimum muscle length.

angle of dorsal tail flexion increased quite steadily over the

Table 4 includes variables that describe the timingentire range of seven speeds, whereas the angles of knee and
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Table 4.Summary oF-tests and select mean values of lag times (ms) between the extremes of kinematics and muscle length fro
two-way ANOVAs performed separately for each variable using data from six standardized speeds (501B00cm s

ANOVA F-values Mean values &E.M.
Speed Individuak speed 50cnd 200cmst 300cmst

Variable df=515 d.f.=15,58 Ne=12) (Ns=14) (Ns=11)
Langax_down 13 17 4i2 4i2 7i2
Lagl_max_antrot 28 11 0i2 Oi2 5i2
Langax_fempro 1.1 1.1 102 5+2 5+2
LagL max—kext 2.3 1.4 1+4 8+3 8+3
LagLmin-up 7.6%* 0.9 -51+11 -2015 —214
LagLmin—pstrot 1.8 0.5 3+11 -3+4 11+4
Langin_femret 16 12 _5110 _714 7i4

** P<0.001.
Subscripts of Lmax and down, antrot, fempro, kext indicate lag times between maximum muscle length and the times ofafdottath, m

anterior rotation of the femur, maximum femur protraction and maximum knee extension near the time of footfall, respectively.

Subscripts of Lmin and up, pstrot and femret indicate lag times between minimum muscle length and the times of foot-up, maximum
posterior rotation of the femur and maximum femur retraction, respectively.

Ns, number of strides.

Table 5.Summary oF-tests and select mean values of kinematic angles (degrees) at the times of maximum and minimum muscl
length from two-way ANOVAs performed separately for each variable using data from six standardized speeds (583-300cm s

ANOVA F-values Mean values &E.M.
Speed Individuak speed 50cnTd 200cms? 300cms?

Variable d.f.=5,15 d.f.=15,58 Ns=12) (Ns=14) (Ns=11)
TLmax

Femur retraction 0.6 2.8* -42+42 -46+3 -3916

Femur rotation 1.3 2.1* -31+3 —22+42 -32+6

Knee 6.1* 2.9* 61+2 101+4 102+8

Femur depression 6.9* 1.4 -3+2 12+3 17+2

Tail dorsal angle 5.5* 2.5*% -5+1 4+3 7+3

Tail lateral angle 6.1* 1.7 -1+2 9+1 7+2
TLmin

Femur retraction 1.0 1.9* 39+2 31+3 35+4

Femur rotation 0.7 2.5* -91+3 -97+2 -99+3

Knee 0.2 2.6* 119+3 11745 11945

Femur depression 1.2 3.0* 12+2 22+2 16+2

Tail dorsal angle 5.5% 2.2* -2+1 6+3 11+3

Tail lateral angle 0.5 0.9 242 412 1+2

*P<0.05.

TLmaxandTLmin indicate the time of maximum and minimum length of the muscle.
Ns, number of strides.

femur depression had the most conspicuous increase from B6vary both within a single stride cycle (Fig. 3, femur
to 200 cms! and little regular change with further increases inretraction and rotation) and among different strides as speed
speed. Femur retraction and femur rotation did not changacreases (Fig. 6). For example, for data pooled from all
significantly with increasing speed at either the timengfcor  strides atimax and Lmin from 50 to 350cm3 (Ns=178), alll
the time ofLmin (Table 5; Fig. 6). the pairwise combinations of the kinematic variables
We used both multiple regressions and supplementalescribing limb position in Table 5 had significant simple
observations to gain further insights in the relationshipsearson correlation coefficients witR<0.01. Of these
between individual kinematic variables and muscle straikinematic variables, only femur retraction, femur rotation and
because isolating the effects of a particular movement oknee angle had significant simple correlations with muscle
muscle strain was complicated by two sources ostrain (=—0.75, r=—0.69, r=-0.43, respectively,Ns=178,
intercorrelations among kinematic variables. Joint angles caP<0.001). Our final choice of a model predicting muscle strain
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&/ P— femur remained maximally protracted (Fig. 7, 110-1305s) only
{ decreased muscle strain to those values observed for isolated
g femur protraction (Fig. 7, 40-80s) rather than allowing the

_ o _ ) muscle to return to its resting length.
Fig. 6. Schematic right lateral views showing the effects of speed

on the kinematics of the hindlimb. The uppermost cylinder in each
figure represents the proximal portion of the tail, and the remaining Discussion

objects are as in Fig. 2, and from proximal to distal represent the S d had . f he i di .
pelvis, the femur, the lower leg and the tarsals and metatarsals peed had pervasive effects on the time course and intensity

respectively. To facilitate comparison of limb positions, the pelvis® muscle activity, the kinematics of the hind limb and the
is shown at the same height within each row of figures, but in thEYaximum and minimum length of the CF muscle. Rather than
real lizards the height of the pelvis relative to the tread surface did Simple linear increase with increasing speed, several
vary significantly within the stance phase. From left to right withinvariables measured in this study increased from the slowest
each row that represents a different speed of locomotion, thspeed up to the walk—run transition (duty factor 50%) but
average limb positions are shown at the beginning of stance and ganged little with further increases in speed. The maximal
the times of maximallnay and minimal kmin) length of the  gprinting speeds of adulipsosaurus dorsalisested (Marsh,
caudofemoralis muscle. Each figure illustrates the mean valuefgss) in the laboratory at 40 °C range from approximately 3 to
(using all strides pooled across four individuals) of the dorsal angms_l and scaling equations (Marsh, 1988) predict an average
lateral angles of the proximal tail and the angles of pelvic rotation ' '

femur retraction, femur rotation, femur depression, knee erxiorqnaXImal sprinting speed of 3.6 mifor the animals used in

and ankle flexion. The average times of maximum and minimun?Y' Stl,Jd.y' The mgXImum aerobically sustainable spedol of

muscle length occurred within the stance phase when the fo&torsalisis approximately 30cnt$ (John-Alder and Bennett,

touches the ground; however, this is not apparent in some figurd$81). Consequently, we used a range of speeds that nearly

because the height of the pelvis has been standardized and the t&p&ns the range that is physiologically possible for this species,

are not shown. but none of the standardized speeds that we used appears to be
aerobically sustainable.

Footfall Limax Lmin from kinematics was for the forced-fit multiple regression that
— ./ = ¥ — simultanezou“sly met the following th.ree criteriq: (i) the highest
50 T / / ‘__u/ value .ofr' , (ii) that eaEh of the partlal regression cqe_fflments
y 4 e ( was significant and (iii) that the sign of each coefficient was
consistent with the effects of movement on muscle strain
observed from manipulating the anesthetized specimens.
— — — Femur retraction and dorsal tail angle both had highly
100 ’ / ‘h‘/ f—— signifi_cant P<0.001)'partial regression cc_)efficients in the
4 4 ¢ [ § following model: strain=0.20(femur retraction)+0.23(dorsal
tail angle)+8.02 2=0.60, Ns=178, P<0.001). Femur
retraction had greater importance than dorsal tail angle for
— — — predicting muscle strain, as implied by the greater magnitude
150 7/ ’s/./ o 8f2itls) standardized partial regression coefficiefit {9versus
4.._ ' Isolating joint movements by manipulating the limbs of three
_ anesthetized specimens (Fig. 7) consistently showed that the
Hg — — — effects of knee extension and femur rotation on musclg strain
S o0 '1 / ' 7 were strongly depepdent'on the extent of femur protraction. Eor
3 ( example, large cyclic flexions of the knee and moderate rotation
;)i . ‘- of the femur did not affect muscle length when the femur
remained markedly retracted (Fig. 7, 0—10s). The strain of the
— — ~ muscle t_axcegded resting length only when the knee was anterior
e / / ~ to the hip (Fig. 7, 40—80§, 100—14Qs, femur retraction <0°).
( When the knee was anterior to the hip and the amounts of femur
rotation and knee movement were minimal, protracting and
retracting the femur were sufficient to produce large amounts
— — == of muscle lengthening and shortening, rgspectively (Fig. 7,
/ ) , - 40-80s). Large amounts of knee extension produced peak
300 / { strains of less than 3% (Fig. 7, 90—-100s) when the femur was
- S only slightly protracted (<5°) and produced peak strains
exceeding 20% (Fig. 7, 110-130s) while the femur remained
HI \1N — maximally protracted (45 °). Pronounced knee flexion while the
350
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Fig. 7. Effects of femur retraction (B), femur rotation (C) and knee angle (D) on the length (A) of the caudofemoralis raBiplsosaurus
dorsalis The data shown are from one of the three individuals for which the hindlimb was manipulated while the lizard was anédtbetized
strain of the caudofemoralis muscle is expressed as a percentage change from its resting)length (

Muscle fiber type EMGs from the electrodes that detected activity at the slowest

The caudofemoralis muscle (CF) Dipsosaurus dorsalis speeds, but the EMG intensities increased over the entire range
has three major fiber types: fast glycolytic, fast oxidativeof increased speed in other individuals. At certain speeds, the
glycolytic and slow twitch, which comprise 72%, 24 % andonset of EMG activity in the red fibers precedes that in the
4% of the cross-sectional area, respectively (Putnam et afgster white fibers in some species of teleost fishes (Coughlin
1980). Red regions in the skeletal muscles of lizards commongnd Rome, 1996; Gillis, 1998; Jayne and Lauder, 1994), and
include substantial portions of both fast oxidative glycolyticthis is similar to the timing differences between the electrode
and slow-twitch fibers, whereas white regions have almosh eachD. dorsalisthat was operationally defined as being in
exclusively fast glycolytic fibers (Gleeson et al., 1980). the slowest fiber type and the other electrodes in the same

Differences in muscle fiber type are correlated withcaudofemoralis muscle. Therefore, the EMGs that we analyzed
differences in (i) the speed at which muscle fibers are recruiteduantitatively were from electrodes that appeared to detect
(i) how EMG amplitude changes with increasing speed andctivity from slow twitch or fast oxidative glycolytic fibers, but
(iii) the timing of EMGs. For example, aerobically sustainablesome electrodes also appeared to be detecting activity from
locomotion of lizards probably involves activity of only the redadditional faster fiber types.
region fibers (Jayne et al.,, 1990a), as is the case for theThe contractile properties determined framvitro studies
swimming of many species of fishes (for reviews, see Bone eflow one to predict when the CF developed force during our
al., 1978; Rome et al., 1984). The EMG electrodes in some biit vivo experiments which were performed near a temperature
not all of the individuals oD. dorsalisdetected CF activity of 40°C. For isometric twitches of the iliofibularis muscle of
during irregular bouts of locomotion (not analyzedD. dorsalis at 40°C, the time from the onset of force
quantitatively) that were slow enough to be sustainable. Durindevelopment to peak tension for the red region is only slightly
the terrestrial locomotion of monitor lizards, EMGs from a redonger than that for the white region (2&rsu21 ms), whereas
region of a limb muscle increase in intensity up to arthe time from peak tension to half-relaxation of the red region
intermediate speed, after which little change is apparent witls considerably longer than that of the white region@&us
further increases in speed (Jayne et al., 1990a). For sori8 ms) (Gleeson et al., 1980). The graphical data of Johnson et
individuals ofD. dorsalis we found a similar pattern for the al. (Johnson et al., 1993) for. dorsalissuggest that the time
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from half-relaxation to complete relaxation generally exceedéag min-off) Was 27 ms, and the lag times between CF offset
the time from peak tension to half-relaxation time. Thusand maximum femur retraction and posterior rotation were
conservative estimates of the minimal times to completsimilar to Lagmin-off. Thus, the offset of CF activity
relaxation of red and white muscle Df dorsalisat 40°C are corresponds closely to the cessation of femur retraction and
approximately 56 and 36 ms, respectively. posterior rotation after correcting for the likely relaxation time
(Gleeson et al., 1980; Johnson et al., 1993).
Comparisons with previous EMG and kinematic studies of  The flexion of the knee during early to mid-swingDn
tetrapods dorsalisis not caused by the CF because it lengthens during

As a result of sharing a fundamentally sprawling limbthis time. This emphasizes how, when the knee is posterior to
posture, many similarities in limb function are likely for the hip, the angle of the knee is irrelevant to strain of the CF.
salamanders, alligators and lizards (Ashley-Ross, 1994a; While the foot contacts the ground, the forward momentum
Barclay, 1946; Gatesy, 1991; Reilly and Delancey, 19970f a lizard moving steadily could move the limb posteriorly
Rewcastle, 1981), but these groups have some importaf8nyder, 1954). Similarly, the impact of landing tends to flex
differences in morphology. For example, the auxiliary tendonhe knee during early stance when the ground reaction force is
of the CF that extends to the knee of alligators and lizardsriented such that it exerts a braking effect (Farley and Ko,
(Fig. 1) is absent from salamanders and birds. Consequentl997). Consequently, one cannot rule out the possibility that
although many insights into limb function can be gained byhese passive mechanisms contribute to the limb movements
comparing vertebrate taxa with sprawling limbs, the additionabf D. dorsalis However, during stance dd. dorsalis the
joint spanned by the CF in alligators and lizards could resutiming of CF activity and shortening are consistent with the
in the functions of this muscle in salamanders being only enuscle actively causing femur retraction and posterior femoral
subset of the functions that are possible in alligators andbtation nearly throughout stance and causing knee flexion
lizards. during early stance. The gross pattern of CF activity in

The CF ofDipsosaurus dorsalisvas active during late salamanders, fence lizards, alligators and birds is also
swing and early stance (Fig. 5), which is grossly similar to theonsistent with actively retracting the femur (Ashley-Ross,
findings of previous studies of alligators and lizards (Gatesyl995; Gatesy, 1997; Gatesy, 1999; Peters and Goslow, 1983;
1997; Reilly, 1995). In contrast to these reptiles, the onset dReilly, 1995).
CF activity occurs after the beginning of stance by Besides the functions of the caudofemoralis for limb
approximately 50 % of the duration of stance in birds (Gatesynovement, both Peters and Goslow (Peters and Goslow, 1983)
1999) and by approximately 20 % of the duration of stance iand Gatesy (Gatesy, 1990) suggested that the CF of
salamanders (Ashley-Ross, 1995; Peters and Goslow, 1988ktothermic tetrapods moves the tail laterally towards the side
The offset of CF activity foD. dorsalisoccurs slightly before of the active muscle. Gatesy (Gatesy, 1990) also suggested that
mid-stance (38% of stance duration), whereas the offset ¢fie CF contributes to undulating the tail laterally. Lateral
activity is after mid-stance for salamanders (64—70 %), fencaendulations are generally regarded as a combination of lateral
lizards (59 %), alligators (76 %) and birds (70—75 %) (Ashley-displacement of axial structures and lateral flexion. In this
Ross, 1995; Gatesy, 1997; Gatesy, 1999; Peters and Goslastydy ofD. dorsalis the lateral tail angle best indicates lateral
1983; Reilly, 1995). movement, whereas the angle of lateral flexion indicates

In D. dorsalis the onset of CF activity averaged 21 mslocalized lateral bending.
before the time ofmax, Which occurred an average of 4ms Contrary to one hypothesized function of the CF (Gatesy,
after footfall. At all speeds fdD. dorsalis the average times 1990; Peters and Goslow, 1983), when the talD oflorsalis
of maximal knee extension, maximal femur protraction andhad detectable lateral movement, it was away from the side of
maximal anterior femur rotation were nearly synchronousCF activity (Fig. 3, Fig. 8). When lateral flexion of the tail was
(often within 4 ms) withLmax. The short times for developing detectable, the tail changed from being convex to concave
force in the skeletal muscle Bf dorsalis(21-25 ms) (Gleeson towards the side of CF activity (Fig. 8) in a manner consistent
et al., 1980) and the potential of stretch activation to decreaséth active bending caused by the CF. However, the activity
these times suggest that the CHBoflorsaliscould contribute  of the CF and nearby axial muscles in the base of the tail are
to retarding femur protraction, anterior femur rotation and kneeut of phase (Jayne and Daggy, 2000; Reilly, 1995; and
extension near the end of the swing phase. preliminary results from this study). Similar to our findings for

The CF activity in the alligator prior to footfall (Gatesy, D. dorsalis midline diagrams of a fence lizard at the onset of
1990; Gatesy, 1997) may facilitate retardation of kneeCF activity indicate that the tail is convex and pointed towards
extension in a fashion similar to that in lizards, but the absendhe side of activity (Reilly, 1995), but similar data are lacking
of a CF insertion on the crus in salamanders and bird®r alligators and salamanders (Ashley-Ross, 1995; Gatesy,
precludes a similar function. In contrast to lizards andl997; Gatesy, 1999; Peters and Goslow, 1983).
alligators, the onset of CF activity in salamanders and birds
occurs too late to facilitate this reversal of femur protraction Integratingin vivo muscle activity wittin vitro muscle
during late swing. physiology

The average time betweénin and the offset of CF activity Several factors that are intrinsic and extrinsic to the muscle
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Fig. 8. Simultaneous lateral and dorsal views oDi@sosaurus
dorsalisrunning at 350cm3 at the beginning (A) and end (C) of
electrical activity and at the maximumo{ax B) and minimum I(min;

D) length of the right caudofemoralis muscle. The images are from
the same sequence as shown in Fig. 3C, and the time elapsed since
the beginning of the swing phase (foot-up) of the right hind limb is
given above each panel. The base of the tail moves away from the
side of caudofemoralis activity.

affect its force production and power output during cyclical
loading. For example, differences in contractile kinetics are
associated with different fiber types. Furthermore, the
mechanical output of muscle may change with cycle
frequency, muscle length, shortening velocity, the timing of
muscle activation relative to strain and the proportions of the
cycle spent lengthening and shortening.

In our study ofD. dorsalis the mean durations of the limb
cycles (253-96ms) and their corresponding frequencies
showed nearly threefold variation (3.9-10.4Hz). Such large
variation in the time course of events can affect the power
produced by muscle and whether or not the muscle is able to
relax completely between successive cycles. The power output
during in vitro work loops of fast glycolytic fibers from the
iliofibularis muscle of largeD. dorsalis is maximized at a
frequency of approximately 10Hz and declines at higher
frequencies partly because the muscle does not relax
completely (Johnson et al., 1993; Swoap et al., 1993). In our
experiments, the mean EMG duration at 350¢hn&s 33 ms
and, when added to the times to complete relaxation for red
(56 ms) and white (36 ms) muscle frdin dorsalis (Gleeson
et al., 1980; Johnson et al., 1993), the resulting times (89 and
69ms) are less than the cycle duration of the fastest speed.
Consequently, at the fastest running speed oidorsalis
complete relaxation of both slow and fast fibers seems likely.

The CF ofD. dorsalisis unlikely to be functioning only on
the plateau of the sarcomere length/tension curve where
isometric force is maximized (Gordon et al., 1966) because of
the significant changes iALmax and ALmin With increasing
locomotor speed. The plateau of the sarcomere length/tension
curve extends over a range of strain of less than 10% of the
resting sarcomere length (Gordon et al., 1966). Consequently,
if the CF strains oD. dorsalisat low speeds encompass the
plateau of the sarcomere length/tension curve, the greater
values ofALmin at speeds of 150 cmisand above could be
sufficiently large to shift the strain cycle and eliminate any
overlap with the region of the sarcomere length/tension curve
where force is maximized. In contrast to the CPBoflorsalis
the amplitudes ofALmax and ALmin of the axial muscles of
steadily swimming fishes have equal and opposite amplitudes
that increase with increasing speed and, hence, always overlap
the plateau of the sarcomere length/tension curve (Coughlin,
2000; Rome, 1994).

With increasing speed of locomotion fdDipsosaurus
dorsalis increased elevation of the tail is probably a major factor
contributing to the increases in b@hmaxandALmin of the CF.
Although the joint angles within the limb change periodically
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during steady locomotion, the dorsal tail angle can remaisinusoidal or saw-toothed patterns of strain for which the times
effectively constant within a stride cycle. Thus, postural changesf lengthening and shortening are equal (for a review, see
in the tail may be an important mechanism for modulatingarsh, 1999). For the undulatory swimming of fishes, such
muscle strain that is largely independent of limb movements. symmetrical changes in strain closely approximiatevivo

The average shortening velocity of the CF increased witbhonditions over a wide range of steady speeds (Coughlin et al.,
locomotor speed iDipsosaurus dorsalias a result of the 1996). However, a striking difference between limbed and
decreased duration of shortening rather than changes in retial locomotor movements is that, as the speed of limbed
strain. Hill (Hill, 1938) suggested that muscle producedocomotion increases, the propulsive (stance) proportion of the
maximal power by shortening over a small range (0.2-0.4) afycle decreases significantly. Thus, for limbed locomotion,
VI/Vmax. The maximum shortening velocitie¥n{ay of D.  even if the speed of muscle shortening were constant over the
dorsalisfast-twitch glycolytic, fast-twitch oxidative glycolytic entire propulsive phase, the change in duty factor that occurs
and slow-twitch oxidative fibers are 18.7, 7.1 andLa8,  with changing speed is likely to cause a temporal asymmetry
respectively (Gleeson and Johnston, 1987; Marsh and Bennétt,the strain cycle experienced by a muscle.
1985). For locomotor speeds from 50 to 200ch average In the light of the naturally asymmetric strain regimes of
shortening velocity increased from 1.5 to B9?; hence, from  muscle, Askew and Marsh (Askew and Marsh, 1998) performed
the fastest to the slowest fiber type, this represents 0.08-0.24¢rk-loop experiments in which manipulating the symmetry of
0.21-0.56 and 0.54-NMAmax respectively. The slowest CF the strain cycle revealed that increasing the shortening portion
fibers in D. dorsalis cannot contribute to force production of the cycle generally increases power output when other factors
during shortening at locomotor speeds above 150&msare held constant. Furthermore, previdmsvivo studies of
becauseV/Vmax exceeds 1, and several additional values otcallop swimming (Marsh et al., 1992), bird flight (Biewener et
V/Vmax were outside the expected optimal range. Electrical., 1998a) and frog calling (Girgenrath and Marsh, 1997) have
activity of the fastest muscle fiber type in the CF was generallijpund muscle strain cycles with longer periods of shortening
confined to locomotor speeds that exceeded 200%nas rather than lengthening. In contrast, thevivo strain cycle of
which the values 0¥/Vmax (0.21) were similar to the optimal the CF muscle oD. dorsalis often had greater periods of
range predicted by Hill (Hill, 1938). lengthening rather than shortening. Additional muscles that

The work-loop method provides an alternative foractively cause limb movement during stance are likely to spend
determining the shortening velocity of muscle that maximizesnore time lengthening than shortening because the duration of
power by loading muscle cyclically and varying the strain andtance is less than that of swing during running. These
pattern of stimulation until power output is maximized.combined observations of vivo muscle strain demonstrate an
Contrary to the narrow optimal range \WVmax predicted by impressive diversity of muscle function that would be difficult
Hill (Hill, 1938), Askew and Marsh (Askew and Marsh, 1998)to predict from a few relatively simple optimizing criteria.
found that a large range (0.075—-0.30Md¥max can optimize  Consequently, as emphasized by Askew and Marsh (Askew and
power depending on the frequency of cyclical loading and thilarsh, 1998), futur@n vitro studies of muscle physiology that
amount of time spent shortening. However, many values ohtegratein vivo data are particularly promising for gaining a
V/Vmax 0bserved for the slower fibers in the CHXofdorsalis  comprehensive understanding of muscle function.
are also outside the large range of values found by Askew and
Marsh (Askew and Marsh, 1998). This research was supported by NSF grants IBN 9514585

Work-loop experiments have also demonstrated that thg B.C.J. and IBN-9983003 to B.C.J. and D.I. The acquisition
power output of a muscle is affected by changes in the phas¢ a high-speed video system and a sonomicrometry system
of muscle stimulation relative to the strain cycle (Josephsonyas supported by NSF grant BIR 9217409 and a University of
1999). Rather than having a constant phase relationsh@incinnati University Research Council Grant for Faculty
between EMG onset and the strain cycle, the lag time betwe®evelopment, respectively, to B.C.J. We thank Richard
onset of CF activity and the initiation of muscle shortening wastarsh for his assistance in teaching us how to implant
constant (grand mean Lagx-on=21ms) and nearly sonomicrometry crystals and use the sonomicrometry system.
coincident with the time to peak twitch tension (21-25msWe also thank R. German and D. Gist and T. Roberts for their
Gleeson et al., 1980). As a result of the decreased cyc#iggestions on the manuscript. J. Rodenburg helped to collect
duration, the corresponding phase lags (lag time divided e lizards used for the research. D. Scovill of the Mojave
cycle duration) more than doubled (8-21 % of a cycle) as spe@¢htional Preserve and J. Brode of California Fish and Game
increased from 50 to 350 crris Similar speed-induced phase provided timely processing of our permit applications. The
shifts between EMG activity and muscle strain also occur itfacilities of the Sweeney Granite Mountains Desert Research
other rhythmic locomotor behaviors as speed increaseSenter facilitated the collection of animals.
(Coughlin et al., 1996; Jayne and Lauder, 1995). Work-loop
experiments with the caudofemoralis would be useful for
determining how much negative work might be performed by References
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