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Summary

Arboreal animals often move in habitats with dense
vegetation, narrow perches and variable inclines, but
effects of arboreal habitat structure on locomotor function
are poorly understood for most animals. Several species of
Anolis lizards, which have served as a model group for
relating locomotor performance to morphology, have
decreased maximal sprinting speeds when perch diameter
decreases. However, the effects of perch diameter on the
limb movements of Anolis have not been previously
studied. Hence, we quantified the hindlimb movements of
Anolis sagrej which naturally occurs on a wide variety of
perch diameters and inclines. We analyzed similar speeds
of steady locomotion for combinations of flat surfaces and
round perches with diameters of 1, 3, 6 and 1m and
inclines of @ and uphill 45° and 9C°. Diameter
significantly affected more kinematic variables than
incline, but many kinematic variables changed little with
increases in diameter beyond 6m. As surface diameter
increased, the Ilimb posture of A. sagrei became
progressively more sprawled. Significantly greater knee

flexion during stance was important for locating the foot
more medially during movement on narrow perches.
Stride length increased and femur depression, femur
retraction and long-axis femur rotation decreased
significantly as the surface diameter increased. The low
hip heights on the vertical incline and the narrowest
perches suggest that bringing the center of mass closer to
the locomotor surface is important in these circumstances
for reducing the tendency to topple backwards or
sideways. Most of the kinematic changes @&. sagreiwith
decreased perch diameter were opposite those correlated
with increased speeds of locomotion for terrestrial lizards.
The foot was most lateral to the hip during the swing
phase and maximal lateral displacements decreased with
decreased perch diameter. Consequently, the width
required to accommodate limb movement also decreased
as perch diameter decreased.

Key words: arboreal, locomotion, kinematics, lizafaholis sagrei
incline, perch diameter, limb posture.

Introduction

The structure of arboreal habitats imposes several functionfélosos and Sinervo, 1989). Moreover, decreases in diameter

demands for the locomotion of animals including steemre usually accompanied by increased density of branches and
inclines, narrow round perches and cluttered, obstacle-filledecreased distance between nodes that may interfere with
pathways. Increased inclines commonly increase energetic casbvement of appendages (Crome and Richards, 1988) and
of locomotion (Full and Tullis, 1990; Farley and Emshwiller,influence habitat selection (Pianka, 1969; Williams, 1983).
1996), decrease maximal speeds and acceleration (Huey andAlthough the limb function of primates is well studied
Hertz, 1982; Irschick and Jayne, 1998; Zaaf et al., 2001a) arfckviewed in Jenkins, 1974; Strasser et al., 1998), limb function
affect kinematics (Buczek and Cavanagh, 1990; Jayne arahd movement is poorly understood for most other lineages of
Irschick, 1999), but many of these incline effects are sizeertebrates with well-documented arboreal specializations. For
dependent (Taylor et al., 1972). The discrete footholds ofxample, the adaptive radiation of nearly 400 species within
perches may also constrain locomotion by limiting the laterathe lizard genusAnolis forms a diverse clade of arboreal
extent of foot placement, and the increased curvature ofertebrates that has been a model system for correlating
perches with decreased diameter could also change theorphology to habitat partitioning and locomotor speed.
orientation of the foot and decrease the vertical clearanc&noles have morphologically and behaviorally distinct forms,
between the body and the perch (Cartmill, 1974; Moermondyr ecomorphs, which have evolved convergently (Williams,
1986; Fig.l). Decreased perch diameter significantly1983). The morphology of anoles is correlated to both habitat
decreases maximal speed of several speciésalis lizards  selection and locomotor performance. For example, species of
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A B C locomotor surface, which would decrease the tendency to

topple backwards when climbing a steep surface.

Variation in perch diameter may also affect limb posture in
several ways. On perches with large diameters, a lizard could
have either an overall sprawling limb posture, with the knees

6 am 6 cm

lcm lateral to the hip (FiglLA), or a more upright posture with both
the knees and ankles located more medially (Fj. On
197 narrow perches, if the limbs were sprawled and the ankles were
D directly below the knees, the foot would be too lateral to touch
a perch with a diameter less than the inter-knee distance
(Fig. 1A,D). When the feet must be placed more medially to
fit onto a narrow perch, hip height might decrease to lower the
0.4 center of mass and reduce the torques that tend to topple the
_ animal sideways (Cartmill, 1985). Thus, we expected anoles
0 . . . . . . moving on narrow perches to use some combination of femur
0 10 20 30 depression and knee flexion to facilitate placing the feet more
medially, as well as reducing hip height with the same
mechanisms expected for locomotion on inclined surfaces.
Fig.1. An anterior, schematic view of potential effects of perch Many aspects of the geometry of placing the limbs on a
diameter on limb posture showing a sprawling limb (A) and a moreound perch do not have simple linear increases with increased
upright limb posture on a wide (B) and narrow perch (C). The pelvigerch diameter. For example, for a constant lateral distance
width, and Igngths of the femu.r and tibia, are anatomically correqhanveen the two feet within a girdle, the slope of clearance
for A. sagrei The transverse axis of the pelvis, femur and tibia, arg wween the ventral surface of the body and the top of the perch

all in the plane of the illustration. (D) The expected effects of perd\‘/ersu erch diameter decr with incr d perch di t
diameter on hip height (*), and the clearance between the top of t P ecreases creased perch diameter

perch and the ventral surface of the lizard when the limbs have t ig. 1D). Similarly, for a given distance between contralateral

posture shown in A. The horizontal broken line indicates the lengtfE€t the steepness of the perch surface making contact with the
of the tibia. feet declines with increased perch diameter as the values for

large diameter perches asymptotically approach those of a

horizontal flat surface. Thus, for those kinematic variables
Anoliswith short limbs, such as the twig ecomorphs, generallghanging significantly with perch diameter, a non-linear
use narrow perches and have slow maximal runningattern of change similar to that in Figo would seem likely.
speeds (Moermond, 1979; Williams, 1983; Losos, 1990)Non-linear changes in kinematics with increased perch
Consequently, limb length, combined with locomotordiameter may also be likely because variation in perch
behavior, may directly influence the ability to traverse a giverliameters less than the inter-knee distance may pose a greater
habitat (Losos, 1990; Higham et,&2001). However, little is need to modify kinematics than variation in perch diameters
known of how the limbs move and are used by any species tfat exceed the inter-knee distance of lizards with an overall
Anolis much less how diameter or incline affect limb function.sprawling limb posture.
Hence, we quantified the limb movements during arboreal We focused on the hind limb function of anoles for the
locomotion with varying perch conditions usiAgolis sagrei  following reasons. First, previous studies of anoles correlating
which naturally occurs on perches with a wide range immorphology, locomotor speed and perch diameter have dealt
diameter and inclines (Mattingly and Jayne, 2004). primarily with the dimensions of the hind limb (Losos and

Phylogenetically diverse animals moving on inclines ofterSinervo, 1989; Losos and Irschick, 1996). Second, more

stay nearer to the surface by reducing hip height and verticabmparative data are available for the hind limbs of lizards
oscillation of the hip (Vilensky et al., 1994; Carlson-Kuhtabecause kinematic studies of terrestrial species have
et al.,, 1998; Jayne and lIrschick, 1999). By having a moreoncentrated on the hind limb since it is used during all speeds
crouched limb posture with greater flexion at the hip (= femuof locomotion (Irschick and Jayne, 1999; Jayne and Irschick,
elevation in sprawling limb vertebrates), knee and ankle joint$999; Reilly and Delancey, 1997). Finally, the shoulders of
can contribute to decreasing hip height of animals with eithdizards have some translational movements that complicate
upright or sprawling limbs. Furthermore, a terrestrial speciekinematic analyses (Goslow and Jenkins, 1983; Peterson,
of lizard has greater long-axis femur rotation associated witth984).
decreased hip height on inclined surfaces (Jayne and Irschick, This study had the following four main objectives. First, we
1999). Thus, for locomotion oAnolis lizards on inclined manipulated perch diameter and incline to determine their
surfaces, we expected decreased hip height as a result effects on hind limb posture and kinematics during steady-
increased femur rotation and increased flexion of the jointspeed locomotion. Second, we used a large range of perch
within the limb. Decreased hip height should reflect aliameters to determine whether kinematics changed more for
decreased distance between the center of mass and thechange in diameter among narrower perches than for a

Perch diameter (cm)
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change in diameter among wider perches. Third, we testddzards were placed in a thermally insulated container at a
whether the effects of perch diameter depended on incline (haeimperature similar to the active field body temperature of this
interactive effects). Finally, we compared the effects of surfacepecies (29-31°C) for at least @ prior to eliciting
and incline on hind limb kinematics betweAn sagreiand locomotion. We determined body temperature immediately
other tetrapod vertebrates including the specialized arborebé&fore trials using a thermocouple and a Tegam model 871A
lizard Chamaeleo calyptratugHigham and Jayne, 2004) and digital thermometer (Geneva, Ohio, USA). We covered all
the more generalized terrestrial lizafipsosaurus dorsalis perch and treadmill surfaces with Tin mesh fiberglass
(Jayne and Irschick, 1999). screen to enhance the traction of the lizards, as in Irschick and
Losos (1998) and Higham et al. (2001). All of the round perches
, were 122m long with diameters of dm (wooden dowel), 3,
Materials and methods 6 or 10cm (polyvinylchloride pipe). For each round perch, we
Experimental subjects obtained locomotion on a level, 45° and 90° uphill incline. The
Anolis sagreiDumeril and Bibron 1837 has many of the flat surface trials, which used a rubberized belt of a stationary
morphological specializations for arboreality found throughoutreadmill, as in Fieler and Jayne (1998) and Higham and Jayne
the clade ofAnolislizards. For example, this species has toe42004), were either level or uphill at 45°. We could not obtain
with specialized adhesive structures (Williams and Petersodata for the flat, vertical surface because the lizards would not
1982; Irschick et al., 1996). Howeveh, sagreilacks the move reliably under this condition. Thus, a total of 14
extreme reduction of limb length found in narrow perchcombinations of surface and incline were used for each of the
specialists (Irschick and Losos, 1998).sagreiis categorized four individuals in our experimental design.
as a trunk-ground ecomorph because it commonly occurs onTo facilitate frame-by-frame motion analysis, we painted
the lower portions of tree trunks, but adult males of this specidandmarks on a prominent protuberance of the pelvis and
move on perches with diameters ranging from a few mm tgeveral joints of the right hind limb (Fi@). The pelvic
several cm (Schoener, 1968; Mattingly and Jayne, 2004)andmark coordinates were transformed to approximate the
Morphological correlates of habitat use and locomotoicoordinates of the hip as in Fieler and Jayne (1998) and Jayne
performance withirAnolislizards are based primarily on adult and Irschick (1999). All lizards ran no more than four times in
males (Williams, 1983; Losos, 1990). For this reason and trmapid succession within each testing session, and were allowed
avoid the confounding effects of size, we used only adult malds recover for more thant2between sessions. Over the course
with very similar size (ranges of snout—vent length and massf several weeks, we randomized the order of perch conditions
of 5.2-5.5cm and 4.0-5.@, respectively). and we always provided at least one day of rest between
All lizards used in the study were obtained from asuccessive days of testing.
commercial supplier in Florida and shipped to the University Each stride analyzed was from a different trial. As a result
of Cincinnati for experiments. Lizards were caged individuallyof using a stationary surface and becausagreioften moves
and maintained on a diet of crickets with a vitamin supplemerit short bursts rather than steadily, we had to conduct a large
and given watead libitum Incandescent bulbs provided light number of trials to obtain adequate samples of reasonably
and heat for 14 per day and adequate conditions for thesteady locomotion with similar speeds. The strides selected for
lizards to thermoregulate to their active field temperature rangenalysis were in the middle of a bout of locomotion with three
(29-31°C). or more strides that subjectively appeared to be of similar
To obtain dorso-ventral view radiographs, we anesthetizespeed. Hence, we selected strides with little if any acceleration.
the lizards with Halothane following a protocol approved by Rather than selecting a random sample of all strides
the Institutional Animal Care and Use Committee of thevideotaped on the different perches, we selected a subset of
University of Cincinnati. We measured skeletal dimensionglata to avoid speed confounding the potential effects of
from radiographs for all fouh. sagreiand the measurements diameter and incline. Although our experimental protocol was
and mean values (s.EM.) were as follows: tail length not designed to elicit maximal locomotor speed, we did
(97£0.2mm), longitudinal distance between the shoulder an@bserve some regular patterns of variation in the speeds of
hip joints (32.3+0.2nm), width between the two hip joints locomotion. Speeds greater thand®@s were rare on the on
(6.4+0.1mm), and the lengths of the femur (13.3+0\®), the 1cm perch regardless of incline. Speeds greater than
tibia (11.6+0.5mm), hind foot (8.1+0.2nm) and fourth toe 100cm s 1 were fairly common for horizontal and 4perches
(12.2+0.2mm) of the right hind limb. Hence, the averagewith diameter >3m, and some individuals obtained speeds
distances from the hip to the tip of the fourth toe and betweemetween 120 and 13fns! under these conditions. For a
outstretched knees were 45.0£1.2 and 33.0xDvii given perch diameter, speeds were usually slowest on the
respectively. vertical surface compared to the other inclines.
For our frame-by-frame motion analysis, we selected 2—4
Experimental protocol strides of similar-speed, steady locomotion for each individual
We obtained simultaneous dorsal and lateral views of steadyn each combination of surface and incline. An analysis of
speed locomotion using a two-camera NAC (Tokyo, Japanjariance (ANOVA) of speed for the strides on round perches
HSV-500 high-speed video system operating ati@&@esst.  confirmed the lack of significant main effects of diameter
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(F3,9=1.12,P=0.39) and inclineK2,6=2.87,P=0.13) effects on means =185) for speed and duty factor &e.m.) were
speed, and none of the two-way interaction terms involving4+0.5cms and 54+0.6%, respectively.

individual, diameter and incline was significant. The ANOVA _ _

of strides including the flat surface but excluding data from Kinematics

vertical inclines also confirmed a lack of diameter(=1.91, We used custom-designed video-analysis software (Stereo
P=0.30) and inclineR1,3=0.66,P=0.48) effects on speed. This Measurement TV, written by Garr Updegraff, San Clemente,
lack of significant variation in speed with variation in CA, USA; garr@uci.edu) to digitize all of the two- and three-
locomotor surface is important since speed often has significadimensional coordinates. We calculated all of the kinematic
effects on kinematics (Jayne and Irschick, 1999). The granguantities from these coordinates using macros for Microsoft

Fig. 2. Right lateral and dorsal views Bf sagrei(snout—vent length 5&m, mass 5.9) moving on level Tm (A-D) and 1&m (E—H)
diameter perches at footfall (A,E), midstance (B,F), endstance (C,G) and midswing (D,H). The elapsed times after foatfelsifesu
images for the tm and 1@&m are 32, 60 and 88s and 36, 72 and 1098s, respectively. The vertical lines on the perches ara &part.
The forward speeds of the strides on themland 1&m perches were 52 and &® s, respectively. See http://www.biology.uc.edu/
faculty/jayne/videos.htm for digital videos Aholislocomotion.
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Excel version 7.0 (written by G. Updegraff and B. Jayne). Wéourth metatarsal and a straight line extending from the base to
sampled images every s, which provided 20 or more the tip of the fourth toe, such that values greater than 180°
images per stride. Two two-dimensional coordinates digitizeéthdicated plantar flexion.
from a dorsal perspective were the right and left pelvic For each of three angles describing the orientation of the
landmarks. Three-dimensional coordinates digitized from bothight femur, we determined the maximum, minimum and
a dorsal and lateral view included the right pelvic landmarkexcursion (maximum — minimum), during an entire stride
knee, ankle, distal end of the fourth metatarsal and both theycle. Femur retraction was the two-dimensiomak) angle,
middle (joint) and tip of the fourth toe. For our fixed frame ofbetween the femur and a line connecting the hips such that
reference, the-axis was parallel to the overall direction of a value of 0° indicated the femur was perpendicular to the
travel, which was parallel to the long axis of the locomotoiong axis of the pelvis, and greater magnitude positive and
surface. Theg-axis was within a vertical plane containing the negative values indicated greater retraction and protraction,
x-axis. Thez-axis was perpendicular to thkey plane. respectively. Long-axis femur rotation was determined from a
The following seven variables described attributes of théhree-dimensional angle between the plane containing the
entire locomotor cycle or orientation of the pelvis. Stridefemur and the tibia and a vertical reference plane passing
length was the difference betweeraxis positions of through the femur. Greater clockwise long-axis rotation of the
successive right hind footfalls, and step length wasxthe right femur, as seen in right lateral view, is indicated by greater
distance traveled by the body during stance of one limb. Strideositive values, and a value of zero indicates that the plane
duration was the elapsed time between successive right higdntaining the femur and tibia is within the vertical reference
limb footfalls, and stride frequency was the inverse of stridglane passing through the femur. Lastly, femur depression was
duration (Hz). Duty factor was the percentage of the total stridea three-dimensional angle between the femur and a horizontal
cycle when the right hind foot contacted the perch, and measlane passing through the right hip where greater positive and
forward velocity was stride length (cm) divided by stridenegative values equalled greater amounts of depression (knee
duration (s). A two-dimensionat,(z) angle indicated the angle below the hip) and elevation (knee above the hip), respectively.
between the line passing through both hips and-tngs, and
the difference of the maximum and minimum values of these Statistical analyses
angles was pelvic rotation. We used SAS version 8.0 for all of the statistical analyses,
Five linear variables described positions and displacemengnd a 3-way mixed model ANOVA, for which incline and
relative to the locomotor surface or the hip. Hip height relativeliameter were fixed factors and individual was a random
to the top of the path surface (location of the greatest value &dctor. Thus, according Scheffe (1959) the denominators for
Y in ay—zsection through the perch) was described with thre¢he F-tests of the main effects were the mean squares of the
linear variables, standardized so that the top of the patiwo-way interaction terms involving the fixed effect and
surface wasy=0: hip height at the moment of footfall individual, and the denominator for thetest of the diameter
(Ynipfootfall), hip height at footfall minus minimum hip height x incline interaction term was the incline diameter x
or the change in hip height during stanffpstance), and individual interaction mean square. Although we u3€0.05
the maximum hip height minus the minimum hip height (totalas the primary criterion for statistical significance, we provide
vertical oscillation of the hip) for the entire stride cycletables with degrees of freedom (d.f.) drdalues to clarify
(AYniptotal). Effective limb lengths were also measured as thpotential effects of making multiple comparisons. Unless
straight-line distance between the hip and the ankle in botttated otherwise, all mean values are presenssn:, where

two (X, y) and three dimensions. N equals the total number of strides observed for each
Thirty-six linear variables used relative coordinates so thatombination of surface and incline.
the hip was located at (0, O, 0) and positiyg andz values We performed principle component analyses, primarily to

indicated anterior, dorsal and lateral, respectively. For thelarify the relative importance of kinematic variables when

relative coordinates of each dimension, we determinedonsidered simultaneously for explaining the total variance

minimum Emin, Ymin, Zmin) and maximum Xmax Ymax Zmax) associated with different locomotor surfaces rather than for

positions and the difference (excursion) between the Ao ( testing for the effects of different inclines and perches. Thus,

AY, AZ) for the knee, ankle, distal end of the fourth metatarsalve were most interested in the factor loadings for providing

and the tip of the fourth toe during each entire stride cycle. insights that were not evident in the univariate analyses. We
Six variables described three-dimensional angles of kneesed 15 kinematic variables used previously to analyze

ankle and the joint between the metatarsal and fourth toe withterrestrial lizard locomotion iDipsosaurus dorsaligJayne

the right hind limb at footfall and the end of stance. Smalleand Irschick, 1999). For our multivariate analysig\oéagrej

values of the knee angle (between 0° and 180°) indicateghch strideN=185) was a data point.

greater flexion of the joint. The ankle angle was measured

between the tibia and the metatarsal on the dorsal surface of

the foot so that decreasing values (between 0° and 180°) Results

indicated greater dorsiflexion of the foot. Toe angle, measured ~ General description oA. sagreilimb movements

at both footfall and end of stance, was the angle between theFig. 2 shows lateral and dorsal viewsfofsagreiduring the
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stride cycle for locomotion on level surfaces. At footfall, thesubstantially posterior to the knee and occasionally even
femur was protracted and slightly depressed resulting in a kna#ightly posterior to the hip (Figd-4). The knee angle at
position anterior and slightly ventral to the hip (FisE, 3, footfall was usually less than 9ut the ankle angle at footfall
4A,B). At footfall, long-axis femur rotation commonly could be either acute or obtuse depending on the locomotor
exceeded 40(Fig.5). Consequently, the ankle was usuallysurface (Fig5). The fourth metatarsal and toe were usually

A Anterior view Right lateral view
0 0° 45° 90° 0° 45° 90°
5—1 7 ? i i lcm
>
-2
0
5—1 )/ i 3cm
>
-2
0
5 1 f f Z Z 6cm
>
-2
0
>
-2
0 2 1 0 0o 1 2
- f /— z(cm) 1— Z x(cm)
5 Flat
>
-2
2 1 02 1 0 0 1 2 0 1 2
z(cm) z(cm) x(cm) x(cm)
B
0
Fig.3. Mean values for the E ? Ai l
positions of the right hindlimb i;/ ! T/ \\/ 1em
relative to the right hip x€0, )
y=0, z=0, wherex, y and z 0
indicate anterior, dorsal and __
lateral, respectively) for each g—l 3cm
combination of incline (0°, 45° X
and 90°; columns) and )
locomotor surface (rows) at 0
footfall (A) and midstance (B) .~
on different diameter perches 5_1 6cm
(cm, 3cm, 6cm, 1Ccm and >
flat). From proximal to distal the -2
endpoints of the line segments 0
represent the hip, knee, ankle, = f / < g 6
distal end of the metatarsals and & —1 10cm
tip of the fourth toe. Sample >
sizes range from 10 to 16 strides  —2
ge from 1t o 2 1 0 2 -1 0
(from four individuals per z(cm) x (cm)
species) for each combination of g Flat
the two factors. The projections \"; -1 a
onto the y-z and y—x planes .
correspond to anterior view and ) 1 02 1 0 -2 -1 0 -2 -1 0
right lateral views, respectively. z(cm) z(cm) x(cm) x(cm)
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Fig.4. Lateral (A,B) and
dorsal (C,D) views of the
positions for the right knee,
ankle, metatarsal and toe tip

’g relative to the hip (0, 0, 0)
g during one stride on a level
-2 1 l1cm (AC) and 1@m (B,D)

diameter perch. Positive values
3 A 0°1cm | of x, y andz indicate anterior,

dorsal and lateral movement,
respectively. Open symbols,
stance; filled symbols, swing
portions of the stride; the

g overall direction of movement
N e Knee is clockwise. The time
21 = ,:\Ankle | | between successive points is
:Toeéztarsa 4ms, and the strides are from
3 P C 0°1cm | D 0°10cm  the same individual.

anterior and lateral to the ankle rather than being pointe(Figs2, 5). At midstance the tibia was often nearly horizontal
directly forward at footfall (FigA,E, 3). (Fig.3) as values of long-axis femur rotation often
During most of stance, the knee extended, and the femapproximated 90(Fig. 5). During the first half of stance femur
retracted and rotated in a clockwise direction, and all of thes#epression often increased slightly to a maximum value and
angles usually attained maximum values near the end of stantbeen femur depression usually decreased gradually during the

180,

D o0°10cm |

» Depression
e Retraction
o Rotation

Angle (degrees)

Angle (degrees)

Fig.5. Angles of the knee,

@ ankle, femur rotation, femur

% retraction and femur
3 depressionyersustime for one

Py stride of a single individual on
@ 9. a lcm (A-C) and 1@m (D-F)
< diameter perch inclined at®°0
(AD), 45 (B,E) and 90

—90 (C,F). Footfall occurred at 0%,

0 20 40 60 80 1000 20 40 60 80 100 and the vertical broken line
Percentge of stride gcle Percentge of stride gcle represents the end of stance.
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later half of stance (Fig3, 4). Despite considerable variation surface data, 8 and 12 variables had either a significant main
in femur depression associated with variation in the locomotaor interaction effect of diameter and incline, respectively.
surfaces, values of femur depression during stance were rarelyDiameter had more widespread effects on kinematics than
less that zero (Fidh), indicating that the knee usually remainedincline. For example, the main effect of diameter was
ventral to the hip throughout stance (F&gs4). The ankle significant for 26 variables, whereas the main effect of incline
usually flexed during the first half of stance and extendedas significant for only 17 of the 45 linear and timing variables
during the latter half of stance (Fig). All portions of the limb  for the round perch data (Tables2). For the ANOVA results
were usually most posterior relative to the hip at the end cfummarized in Tables and 3, only seven diameteiincline

stance (Fig4). interactions were significant, and five of these seven interaction
Femur protraction usually started and continued for the firderms were only marginally significant (0.04<0.05).
two-thirds of the swing phase of the stride (5. Stride length and step length increased significantly with

Consequently, the arc traveled by the knee relative to the hipcreased diameter, whereas stride frequency decreased
during swing had its most lateral position near mid swingsignificantly with increased diameter (Tafile Fig.6A,B).
(Figs2D,H, 4). In contrast to the early lateral movements ofof the four whole-stride characteristics, incline only had
the knee relative to the hip, the more distal portions of the limbignificant main effects on stride length (Tabje For a
often moved medially relative to the hip during early stancearticular perch diameter, mean values of stride length were
(Fig. 4). Counter-clockwise long-axis rotation of the femurconsistently the smallest on vertical inclines (%ig), and the
usually started and continued throughout the swing phase, asthallest mean value of stride length was for tlenlperch

the femur was usually elevated slightly during the first half ofnclined at 90°.

swing and depressed slightly during the latter half of swing Hip height at footfall and effective limb length indicate the
(Fig.5). The knee and ankle usually began to flex near thextent to which the limb is directly beneath the hip and straight.
beginning of swing and continued to flex until mid-swingDiameter and incline had significant interactive effects on
(Fig. 5). During the latter one-half to one-third of swing, thehip height at footfall (Tabld) such that values were nearly
angles of the knee, ankle and femur retraction often changednstant on the 90incline, but usually increased with

little or increased slightly (Figp). increased perch diameter on the other inclines @Y.
_ o Values of hip height at footfall on the flat surface were nearly
Effects of diameter and incline twice as large as those for therh perch (Fig6C). The three-

Variation in the locomotor surfaces had profound effects odimensional effective limb length had highly significant
the hindlimb kinematics ofA. sagrei (Tables 1-4). For increases with increased diameter (Tdblebut it increased
example, of 45 linear and timing variables, 38 variables for thkess with increased diameters beyond an intermediate diameter
round perch data (Tables 1, 2) and 36 variables for the datgig.6D). The three-dimensional effective limb length also
including the flat surface (Tables 1, 3) had significant effectdiffered significantly among inclines, and the°4ixcline
of either diameter, incline or the diameteincline interaction  consistently had the lowest values for each diameter §bip.
term. Of 14 angular variables (Taldgfor the round and flat As diameter increased the most anterior positions of the

Tablel. Fvalues from three-way ANOVAs performed separately on each kinematic variable describing pelvic rotation, whole-
stride characteristics and select linear measurements

ANOVA effects (d.f)

Round perches only All surfaces except 90

Incline x Incline x
Dependent variable Incline (2,6) Diameter (3,9) Diameter (6,18) Incline (1,3) Diameter (4,12) Diameter (4,12)
Stride lengtf 10.3* 8.8* 24 0.5 8.8* 0.6
Step length 0.8 9.1* 0.9 0.3 4.5* 0.9
Stride frequency 1.8 14.3* 0.2 0.2 14 5% 0.8
Duty factor 5.5% 1.5 0.1 0.1 1.4 1.7
Yhip footfallt 5.2* 1.4 3.3* 2.6 10.9** 14
AVhip Stance 0.1 3.5 0.3 0.0 0.9 0.9
AYhip total 1.5 0.6 1.2 1.6 1.8 13
2-D effective length (ff) 3.1 8.3* 0.5 53 4.4* 0.7
3-D effective length (ff) 8.9* 27.8** 0.2 170.1** 16.5** 0.2

*P<0.05, **P<0.001.

TUsed in the principle component analysis (Table-5).

Yhip footfall, the hip height at time of footfallyYhip stance, the change in hip height during staA¥gi total, the total vertical oscillation of
the hip for entire stride cycle; ff, footfall; 2-D, two-dimensional; 3-D, three-dimensional.
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Table2. Fvalues from three-way ANOVAs of round perch data performed separately on each kinematic variable indicating
maximum and minimum linear positions and displacements i thandz dimensions relative to the hip during the stride cycle

Kinematic variable

Limb location Xmin Xmax AX Ymin Ymax AY Zmin Zmax NZ
Incline (2,6)
Knee 5.0 0.7 5.3* 5.5* 0.6 5.5* 2.8 6.2* 2.7
Ankle 6.0* 2.4 0.6 4.4 9.9* 2.8 3.6 2.9 12.2*
Metatarsal 10.9* 1.2 4.4 3.7 4.0 6.1* 4.2 3.1 10.0*
Toe tip 17.9* 0.0 4.3 1.9 2.7 8.1* 35 2.2 9.2*
Diameter (3,9)
Knee 6.2* 3.1 1.5 5.6*% 5.0* 0.7 4.7* 2.3 3.7
Ankle 2.9 29.6** 12.9* 2.9 2.3 5.1* 16.3** 30.8** 0.8
Metatarsal 4.7* 43.3** 21.2** 4.6* 2.3 0.8 14.1* 26.9** 0.8
Toe tip 3.0* 39.6** 9.7* 26.9** 2.9 0.2 17.0** 32.5** 3.7
Diameterx Incline (6,18)
Knee 1.8 2.0 1.9 1.0 0.6 1.9 1.4 0.6 0.2
Ankle 1.6 1.3 1.1 1.9 0.3 3.0* 1.1 1.0 1.5
Metatarsal 1.1 1.3 1.4 1.2 0.6 2.2 0.6 1.8 0.8
Toe tip 1.0 1.7 2.3 0.3 0.6 1.3 0.6 1.2 0.8

*P<0.05, **P<0.001.
ANOVA effects (d.f.) are above each group of hind limb locations.
X, anterioryy, dorsal;z, lateral dimensions.

ankle, metatarsal and toe tip relative to the Kipaf) increased metatarsal and toe tip increased significantly with increased
significantly, whereas the most posterior positiodsid{) of  diameter, and the distal limb was positioned progressively
these distal limb locations had less regular or significantnore anterior to the hip as diameter increased. Average values
change with increased diameter (Taldles3; Fig.7A). of the ankle at footfall were posterior to the hip for tharil
Consequently, the longitudinal excursiods) of the ankle, diameter perches on all inclines and some of it 8liameter

Table3. Fvalues from three-way ANOVASs of all surfaces except vertical inclines performed separately on each kinematic
variable indicating maximum and minimum linear positions and displacementsxnytiaad z dimensions relative to the hip
during the entire stride

Kinematic variable

leb |Ocati0n Xmin Xmax AX Ymin Ymax AY Zmin Zmax AZ
Incline (1,3)
Knee 5.0 0.2 4.9 5.9 0.5 12.9* 2.6 7.6 0.3
Ankle 7.8 3.9 14.5* 8.1 18.6* 3.1 4.8 0.4 15.8*
Metatarsal 8.7* 2.8 9.7 3.8 17.9* 15.7* 4.4 0.2 10.9*
Toe tip 15.6* 2.8 9.4 1.3 12.5* 8.8 3.8 0.1 10.7*
Diameter (4,12)
Knee 3.7 5.7* 0.5 18.6** 16.0** 1.1 34 21.5%* 0.9
Ankle 1.2 21.6** 6.8* 7.3* 18.5** 28.9** 57.4** 62.0** 1.9
Metatarsal 1.9 28.2** 11.4** 4.2* 30.7** 17.2*%* 79.7** 66.5** 0.9
Toe tip 1.6 33.0** 9.0* 41.4** 30.9** 1.3 79.7** 43.3** 2.1
Diameterx Incline (4,12)
Knee 3.4 2.3 1.2 1.4 1.0 1.2 2.2 1.4 0.2
Ankle 3.8* 1.3 0.6 0.3 1.0 0.8 1.0 0.6 0.5
Metatarsal 4.0* 1.3 1.1 0.5 3.2 3.8* 1.4 1.7 0.4
Toe tip 5.1* 1.7 2.7 0.2 4.3* 4.7 0.9 1.5 0.3

*P<0.05, *P<0.001.
ANOVA effects (d.f.) are above each group of hind limb locations.
X, anterior;y, dorsal;z, lateral dimensions.
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Table 4. Fvalues from three-way ANOVAs performed separately on each angular kinematic variable
ANOVA effects (d.f.)

Round perches only All surfaces except 90

Incline x Incline x
Dependent variable Incline (2,6) Diameter (3,9) Diameter (6,18) Incline (1,3) Diameter (4,12) Diameter (4,12)
Knee angle (ff) 8.0* 47.8%* 0.5 16.3* 18.2** 0.1
Knee angle (e$) 33 1.2 1.7 5.2 0.7 3.7*
Ankle angle (ff} 5.5% 3.7 1.5 70.0%* 1.4 0.6
Ankle angle (eS) 1.5 2.8 0.7 0.9 5.7* 1.4
Pelvic rotatior 3.1 1.9 1.8 35 1.8 1.0
Max. femur retractioh 11.8* 7.6* 1.0 12.9* 7.0* 2.0
Min. femur retractioh 0.3 1.1 0.6 1.9 0.9 0.4
Retraction excursion 3.4 5.4* 2.2 9.9 6.2* 3.6
Max femur depressidn 5.5% 4.3* 0.8 8.5 24.0%* 1.9
Min. femur depression 2.3 5.1* 0.6 1.7 12.8** 1.0
Depression excursion 5.0 2.5 1.8 15.3* 0.6 1.9
Max. femur rotatiofi 7.3* 1.6 1.1 35.2* 4.6* 15
Min. femur rotatiofi 0.5 4.5*% 0.8 0.8 6.5* 15.4*
Rotation excursion 35 25 11 10.2 20.3** 5.4*

*P<0.05, **P<0.001.
ff, footfall; es, end of stance
fUsed in the principle component analysis (Table 5).

perches, whereas for broader surfaces the ankle was whélteral excursionXZ) was unaffected by diameter (Tables 2, 3).
anterior to the hip at the beginning of stance (Bjgincline  Thus, although the amounts of lateral limb movement were
significantly affectedXmin of both the metatarsal and the toe similar for different diameters, the overall location of the limb
tip such that the greatest magnitude of the values wahroughout the entire stride cycle shifted laterally as diameter
uniformly observed for the 45ncline for each perch diameter increased (FigéA,B, 8).
(Fig. 7A). For all combinations of diameter and incline, the Knee angle at footfall increased significantly with diameter
magnitude oXmin exceeded that dfmaxfor the ankle and more and the largest increases were from the smallest to intermediate
distal locations of the limb (Fig/A). Thus, the extreme diameter (Tabld; Fig.9A). For each perch diameter, the
longitudinal positions of the limb relative to the hip are notvalues of both knee and ankle angle at footfall were uniformly
symmetric, and positions posterior to the hip dominate théhe smallest for the 4%ncline (Fig.9A,B). Pelvic rotation was
stride cycle (Fig4). not affected significantly by either diameter or incline alone
For most portions of the limb, the most ventral position(Table4). However, the mean values of pelvic rotation on the
relative to the hip Ymin) changed significantly, whereas the level surfaces were usually the lowest for each perch diameter
most dorsal positionYfhay) changed little with the diameter of (Fig. 9C).
round perches (TabB). For the kneeYmin had decreased Maximum (most posterior) femur retraction decreased
magnitude with increased diameter, wheréas of the toe tip ~ significantly with increased diameter, and the most
often had the greatest magnitude on the narrowest perch asanspicuous decrease was from tharilto the m diameter
result of the foot and the toe pointing downward and wrappin¢Table4; Fig.10A). However, minimum femur retraction was
around the narrow perches (Fj. The height of the ankle at nearly equal for all surfaces (FOA). Consequently, the
footfall often approximated that of the knee on theml mean values of protraction—retraction excursion decreased
diameter perches, but with increasing surface diameter thggnificantly with increased perch diameter in a manner similar
height of the knee relative to the ankle at footfall generallyto that of maximum femur retraction (TadlgFig.11A). Both
increased (Fig3). minimum and maximum femur depression had highly
Both the most medialZfin) and the most lateralZfay significant decreases with increased diameter (Tgble
positions of the ankle, metatarsal and toe tip increaselig.10B), but the excursion of femur depression was nearly
significantly with increased diameter (TabEs), and the most constant for increases in perch diameter greater than 3
conspicuous increases were from the smallest to intermediateig. 11B). For each perch diameter, the maximum (most
diameter (Fig7C). On the m diameter perches, the ankle clockwise) long-axis rotation of the femur was less for the level
was consistently located medial to the knee at footfall, but fosurface compared to the other two inclines, and this variable
larger perch diameters the ankle was commonly slightly latergenerally decreased with increased surface diameter
to the knee at footfall (Fi@®). In contrast t&min andZmax the  (Fig. 10C). The amount of femur rotation decreased
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g o0 90° Tables 2 and 3 summarize the statistical comparisons of these
ey ' D variables.
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Perch diameter (cm) In the principle components (PC) analysis (performed

Fig.6. Mean values of stride (black symbols) and step (WhitéNithout rotation of the axes), values of the first PC generally

symbols) length (A), stride frequency (B), hip height at footfall (C)Incrgasgd with increased . surface. diame'Fer _(1_‘2@- In
and three-dimensional effective limb lengths at footfall (D) formultivariate space, locomotion on different inclines was not

each perch diameter and incline. Tablesummarizes statistical Kinematically very distinct (FigL2). A more extended knee at

comparisons of these variables among all surfaces. footfall, smaller values of maximum femur retraction and
smaller values of femur depression all contributed to the high
scores of PC1 (Tab). The first three principle components

considerably from the &m to the m diameter surface, but accounted for 28%, 21% and 9.6% of the total variance in

changed little with further increases in diameter (EIC). kinematics, respectively.

Non-linear changes in kinematics with increased diameter
were very common. The most common pattern of non-linear

change was that the magnitude of change in the kinematic PiSCUSSiO”
variable decreased with increased diameter for a similar Limb posture
incremental increase in perch diameter (80s 7C, 9A, 11C). Limb posture of tetrapodal vertebrates is a continuum of

For example, 22 of the 32 kinematic variables with a significantariation (Gatesy, 1991) ranging from sprawling (salamanders
main effect of diameter (round perch data in Taklez 4) had and lizards) to erect (birds and mammals). The distinctions
a greater difference between the mean values (pooled acrdsstween sprawling and erect limbs often emphasize the
all inclines) of 3cm and Icm than those of the 1n and &m  appearance of the limbs in two-dimensional anterior views in
diameter. which the femur is oriented horizontally and projected laterally
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of the fourth metatarsal (green) and tip of the fourth toe (blue) of all the strides of one individual for each diametievehiticéine. For
overlapping data, the more proximal points are layered on top of the more distal points. The horizontal line represeoitsh@eavph.

from the hip, and the ankle is directly below the knee (e.goelow the hip and the extent to which joints are flexed
Fig. 1A; Russell and Bels, 2001). Two-dimensional definitiongcrouched) or extended (erect). Thus, many species of
of limb posture can be misleading because, when the femurisammals (Biewener, 1989) and birds (Gatesy and Biewener,
slightly depressed, increased amounts of femur protractiot991) have limb bones and movements that are mostly
appear to increase erectness in an anterior view even thougbplanar, but the limbs are often crouched rather than straight.
the height of the distal femur is unchanged relative to the hifConsistent with most previous definitions, our operational
Additional aspects of an erect limb posture include whethedefinition of ‘typical’ sprawling posture is: femur
limb bones move in a parasagittal plane, whether the foot gepression=0 femur rotation=0, femur retraction=0 and
knee angle=90

% 135- The nearly horizontal femur (femur depressiof)=6f A.
Q .
@ sagreiat footfall on the flat level surface conforms to one key
§ 9 W attribute of sprawling limb posture. For femur rotation, femur
g retraction and knee angle, the minimum values approximate
I the values at footfall and the mean values of these variables
g 45 //,x__. were 36, —60° and 82°, respectively (Fi§#\, 10A,C). Near
Q midstance, femur retraction &. sagreiapproximated zero
X A as is the case for nearly all vertebrates with sprawled limbs,
0 ' and values of femur depression, femur rotation and knee
& 135, angle approximated 16°, 62° and 90°, respectively. Thus, on
@ the flat level surface, at both footfall and midstance, femur
;'; depression and knee angles conformed closely to typical
S 904 sprawling posture. However, the rotated femur results in the
g — foot being considerably posterior to the knee rather than
& 45l below it (Fig.3).
2 Of the previously studied species of lizards, the limb posture
g B of A. sagreimost closely resembles that®¢eloperus clarkiji
0 which commonly traverses steep rock faces. For locomotion of
D 40, S clarkii on a flat surface and with duty factors similar to those
g of A. sagrei S clarkii has a nearly horizontal femur and the
g 130! foot is markedly posterior to the knee (Reilly and Delancy,
° 1997) as a result of long-axis femur rotation. Thus, the hind
%C)» 201 limbs of bothA. sagreiandS. clarkii have an overall dorsal-
8 5,4 Level ventrally flattened appearance as a result of this limb posture.
S 104 o,m  45° In contrast, for a more generalized terrestrial lizard,
g o, 90° C Dipsosaurus dorsalison a flat level surface with slightly
0 1 3 6 10 Flat higher duty factors (63%) and similar speeds q3G7),
compared toA. sagreiand S clarkii at footfall the ankle is
Perch diameter (cm) more nearly beneath the knee and the tibia is more nearly

Fig.9. Mean values of knee (A) and ankle (B) angles at footfaliPerpendicular to the ground as a result of less femur rotation
(black symbols) and end of stance (white symbols) and pelvi€Jayne and Irschick, 1999). Similar o sagreion the flat
rotation (C) for each perch diameter and incline. Tdtdammarizes surface, the knee angle at midstanc&.atlarkii (Reilly and

the statistical comparisons of these variables. Delancy, 1997)D. dorsalis(Jayne and Irschick, 1999), several
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Fig. 10. Mean values of the minimum (black symbols) and maximunfétraction (A), depression (B) and long-axis rotation (C) for each
(white symbols) angles of femur retraction (A), depression (B) aniPerch diameter and incline during the entire stride cycle. Pable
long-axis rotation (C) for each perch diameter and incline during thSummarizes the statistical comparisons of these variables.
entire stride cycle. Tabke summarizes the statistical comparisons of
these variables. If A. sagreihad a typical sprawling posture (Figd), then
the ankles could not contact the&rh diameter perch because

terrestrial lizard species (Irschick and Jayne, 1999) and ah is considerably narrower than the distance between
arboreal specialis€hamaeleo calyptratugligham and Jayne, outstretched knees of the lizard {8&1). The midline of the
2004) all approximate 90 However, unlikeA. sagreiand  pelvis of A. sagreiis approximately centered over the perch at
terrestrial species of lizards at low speeds, the kne€. of footfall, which facilitates the following calculations for the
calyptratusis much more extended at footfall (125°). Hence,level 1cm diameter perch. If the knee angle weré 8Ad
A. sagrej S clarkii andC. calyptratusall have morphological femur depression and femur rotation wefg then for the
and behavioral specializations for climbing, but only theobserved mean values of pelvic rotation °j2&nd femur
former two species have similar limb posture. protraction (—558) the ankle would be more tham¥m lateral

As expected, with decreased perch diameter the femuir of to the perch. Accounting for the observed value of femur
sagreibecame more depressed throughout stance X6R),  depression (33 only decreases this distance by approximately
and femur depression is one mechanism for locating themm. For the observed value of knee angle®Y4®hile
foot more medially. Although increased femur protractionholding other angles constant, the lateral distance from the
is another potential mechanism for locating the foot moreniddle of the pelvis to the ankle is only 2m8n and hence fits
medially, this angle at footfall did not change significantly withwell within a 1cm diameter perch.
decreased perch diameter (Fi@A). Increasing the amount of  For perches with diameters larger thaoni, all of the above
knee flexion is perhaps the most important mechanism used byechanisms are used to varying degrees to locate the feet more
A. sagreifor locating the foot more medially when moving on medially. After meeting the requirements to make contact with
narrow perches, and the most conspicuous difference in kné®e perch, further medial locations of the foot on a round perch
flexion of A. sagreiwas between the & and Icm diameter will change the orientation of the locomotor surface that
perches. contacts the foot. On a perch of a given diameter, a foot located
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Fig. 12. Principle component 2 (PC2¢rsusprinciple component 1 (PC1) from a single analysis of 15 kinematic variabfessafreifor all

strides observed on each perch diameter and incline. Each point is an individuaNstti8®)( and the points are separated by incline: level

(A), uphill 45° (B) and 90 (C). Red circles, yellow squares, green triangles, blue inverted-triangles and black hexagons represent strides on 1,
3, 6, 10cm and flat surfaces, respectively. Tablgrovides the loadings for the principle components.

more medially will be on a surface that is more nearlyl994; Carlson-Kuhta et al., 1998; Jayne and Irschick, 1999).
horizontal, similar to the manner in which the feet on largeFor A. sagrej incline and perch diameter had significant
diameter perches are located on more nearly horizontatteractive effects such that hip height was lowest on the
surfaces (Fig8). Unlike A. sagrej the values of knee angle steepest incline for most perch diameters and hip height did
and femur depression fo€. calyptratus did not change not change conspicuously with perch diameters for the
significantly for locomotion on a narrow round perch comparedteepest incline (FiggC). Reducing the height of the hip and
to a flat surface (Higham and Jayne, 2004). the center of mass reduces some of the adverse effects of
Although many kinematic variables &f sagreichanged torques that tend to make the animal fall off of the locomotor
significantly with increased incline, fewer variables changedurface (Cartmill, 1985). For a vertical uphill perch, falling
than with perch diameter. With increased incline, hip heighby tipping from side to side is not a problem, but the tendency
decreases in many diverse groups of vertebrates to minimize fall backwards is greatest and constant regardless of perch
the risk of falling backwards (Cartmill, 1985; Vilensky et al., diameter. The tendency to tip from side to side increases

with decreased perch diameter, but for both the level and

Table 5Load|ngs from ap”nC'pIe Component (PC) analys|s 450 |nC||neS the tendency to fa” baCkWardS |S absent or
on 185 strides of level, 4and 9¢° uphill locomotion for
A. sagreion surfaces that were 1, 3, 6 andcif diameter

and flat

Variable PC1 PC2 PC3
Stride length 0.418 0.801 0.059
Step length 0.517 0.620 0.176
Stride duration 0.384 0.754 -0.037
Yhip footfall 0.294 0.022 -0.221
Knee angle (ff) 0.661 0.091 0.233
Knee angle (es) —-0.359 0.758 0.041
Ankle angle (ff) 0.464 —-0.307 0.386
Ankle angle (es) 0.221 0.526 0.039
Pelvic rotation 0.175 0.366 0.320
Min. femur retraction 0.001 0.237 -0.747
Max. femur retraction -0.777 0.480 -0.023
Min. femur depression —-0.800 0.106 -0.126
Max. femur depression  —0.852 0.112 0.216
Min. femur rotation 0.277 0.187 -0.598
Max. femur rotation -0.741 0.373 0.252

Substantial loadings (magnitug®.5) are marked in bold type.
ff, footfall; es, end of stancéhip footfall, hip height at footfall.

constant. Thus, the interactive effects of incline and diameter
on hip height correspond well with the different functional
problems associated with the three inclines in our study of
sagrei

A more crouched limb posture will decrease hip height, and
diverse groups of vertebrates commonly use increased amounts
of flexion at the knee and ankle as mechanisms for increasing
the extent to which the limb is crouched on uphill surfaces
compared to level surfaces (Vilensky et al., 1994; Carlson-
Kuhta et al., 1998; Jayne and Irschick, 1999). Unexpectedly,
the angles of the knee and ankle at footfalhagagreion 45
uphill were lower than those of both the level and @ghill
(Fig.9). Additional mechanisms of decreasing hip height
include orienting the femur more nearly parallel to the
locomotor surface and increasing long-axis femur rotation in
animals with sprawling limbs. Femur depressiorAosagrei
did not change significantly with incline. In contrast, the values
of femur rotation ofA. sagreiwere significantly less on the
level surface compared to the uphill inclines (Hi@), which
is similar to the manner in which a generalized terrestrial lizard
decreases hip height with increased femur rotation on downhill
inclines (Jayne and Irschick, 1999).
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Responses to incline and diameter of specialized and limb was functioning according to the ‘mass-spring’ model
generalized lizards (Blickhan, 1989). However, foA. sagreion narrow perches,
The three lizard taxa for which the most detailedearly stance flexion of the knee was absent as the knee
comparisons are possible regarding the effects of incline aextended throughout stance (F&y. Perhaps, the extremely
Anolis Chamaleo calyptratuandDipsosaurus dorsalisBoth  posterior location of the foot relative to the knee and the nearly
Anolis lizards (Losos, 1990; Irschick and Losos, 1996) andhorizontal orientation of the tibia at footfall (F@A) make
chameleons (Peterson, 1984; Russell and Bels, 2001) hausing the limb as a spring unlikely.
several divergent morphological and behavioral specializations
for moving in arboreal habitats. For example, chameleons have Implications of variable perch diameter for performance
prehensile feet and tails, move very slowly and have unusually Previous studies of anoles have described linear increases in
high proportions of slow muscle fibers in their limbs (Abu-maximal speed\(max) with increased perch diameter (Losos
Ghalyun et al., 1988Anolislizards have toe pads that adhereand Sinervo, 1989; Losos and Irschick, 1996), but closer
to surfaces (Williams and Peterson, 1982; Irschick et al., 1996¢xamination suggests this relationship for may be nonlinear for
The low endurance and rapid running speeds of mMamofis  some species. F@k. sagrei running up a 38incline in the
species suggest they have a preponderance of fast glycolytaboratory, mean values &fmax are 0.97, 1.44, 1.73 and
fibers, as seen in most other lizards (Bonine et al., 2001).77m s for perch diameterd)) of 0.6, 1.6, 2.5 and 5dm,
Anoles commonly jump to bridge gaps between perchesespectively (from figl in Losos and Irschick, 1996). We
Chameleons do not jump, but do have several features oélculated least-squares regressions for these valMagobf
forelimb and hindlimb movement that appear to facilitateA. sagreiand found that a simple linear regression predicting
reaching forward (Peterson, 1984; Higham and Jayne, 2004max from D was not statistically significantF{ »=4.2,
In contrast toA. sagreiand C. calyptratus the desert iguana P=0.18). However, a quadratic polynomial®{not calculated
D. dorsalislacks feet with specializations for either adhesionin the previous study) predictingnax was significant overall
or prehension, and most of its locomotion is on the groun¢F2,:1=7000,P<0.01,r2=0.99), and the coefficients of both the
rather than on perches. Consequeriflydorsalisis a good linear and quadratic terms Dfwere both significantq<0.01)
model for a morphologically and behaviorally generalizedn the regression modeVmax=0.60+0.60-0.082. The
lizard (Fieler and Jayne, 1998). negative quadratic effect of diameter\gsaxcorresponds well
In A. sagreij the percentage of kinematic variables that hadvith the non-linear effects of increased diameter that we found
significant main effects of incline (incline factor significant for several kinematic variables. However, we note that our
regardless of interaction term significance) was 40%. Thikinematic data forA. sagrei were for a constant speed
value is intermediate between the low percentage (11%) @54 cms) that was substantially less th¥imax, and the data
variables affected i€. calyptratus(Higham and Jayne, 2004) for narrower perches were greater fractiond/g@éx than the
and the high percentage (73%) of kinematic differencedata for wider perches.
reported by Jayne and Irschick (1999) Bordorsalis Unlike The hindlimb kinematics of several species of terrestrial
our study ofA. sagrej the data forD. dorsalis and C. lizards have several general trends with increased speed (Jayne
calyptratusincluded both uphill and downhill inclines. The and Irschick, 1999; Irshick and Jayne, 1999) that are nearly
downhill locomotion ofD. dorsalis is kinematically most opposite the changes in kinematics that we observed.for
distinct and hence, was likely responsible for many of theagreias perch diameter decreased. For example, stride length
significant main effects of incline (Jayne and Irschick, 1999)and hip height have the greatest values at maximal speeds of
The only other study to quantify diameter effects on hind limlderrestrial lizards, and in some species stride width increases
kinematics of lizards was f@. calyptratuson 2.4cm diameter with speed on level surfaces (Jayne and Irschick, 1999).
round perchesersusflat surfaces (Higham and Jayne, 2004).Pelvic rotation during high-speed locomotion of terrestrial
Diameter had significant main effects for approximately twicdocomotion usually exceeds 45At footfall during high speed
the percentage of variables farsagrei(67%) compared t€. running, the knee of most lizards is extended slightly more than
calyptratus(32%) (Higham and Jayne, 2004). calyptratus  90°. Furthermore, the minimum values of femur rotation often
is striking for its uniformly small changes in limb kinematics approximate © for high-speed quadrapedal running, and
with changes in incline and perch diameter compared to theegative values of femur rotation often occur during bipedal
former two species of lizards, and the tokay gegk&ko gecko locomotion (Irshick and Jayne, 1999). As a combined
is another arboreal specialist that may have only minimatonsequence of knee extension and femur rotation, the foot is
changes in limb kinematics with variable incline (Zaaf et al.generally anterior to the knee at footfall and the greatest
2001b). Perhaps, the greater modulation of limb kinematics iforward reach of the distal limb usually occurs at highest
A. sagreiandD. dorsalisfacilitates their ability to move with speeds during terrestrial locomotion. In addition, the long-axis
a wider range of speeds on different locomotor surfaces thaf the foot is nearly oriented parallel to the overall direction of
some climbing specialists. travel at high speeds, whereas at low speeds the long-axis of
A very general feature of the hind limb kinematics of lizardshe foot is often oriented laterally with an angle greater than
and other vertebrates is that the knee flexes briefly during ear3@°. At very high speeds, the effective limb length of terrestrial
stance (Higham and Jayne, 2004), as would be expected if theards is often enhanced as a result of increased plantar flexion
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resulting in digitigrade foot posture throughout the stancsurface, theoretically, the height of the hip and ankle could be
phase (Jayne and Irschick, 1999). For terrestrial lizards runniregual if the femur were either rotated or elevated considerably.
rapidly, the large amounts of plantar flexion during late stancelowever, on a round perch the upward bulge of the surface
and hyperextension of the toe during early swing imply thesbetween the points of foot contact precludes the possibility of
movements have an important role for increasing forcéaving the foot and hip at the same height. For example, for
(Irschick and Jayne, 1999) or increasing the period of timéypical sprawling limb posture and the anatomical dimensions
during which force can be applied to the substrate. of A. sagrei(Fig. 1A), the upward bulge of a 3¢in diameter

The following examples illustrate some of the changes iperch is as great as the length of the tibia and hence, the ventral
hind limb kinematics ofA. sagrei with decreased perch surface of the lizard would contact the top of this perch
diameter that are contrary to those changes observed witRig. 1D). For perch diameters of 4.0, 4.8 and & the
increased speeds in terrestrial lizards. With decreased perclearances between the ventral surface and the top of the perch
diameter on the level surface, stride length decreased, hipe 25%, 50% and 75% of the length of the tibia, respectively
height decreased, effective limb length at footfall decreasedFig. 1D). Thus, forA. sagrei potentially large differences in
pelvic rotation decreased, femur rotation at footfall waghe clearance between the body and the top of the perch occur
considerable (greater than°30knee flexion increased and the for perches with diameters less thancih) Locating the feet
foot was located more posterior relative to the knee at footfalmore medially reduces the magnitude of the effects of perch
The angle between the long-axis of the metatarsals and tkarvature on the clearance between the top of the perch and
perch also increased dramatically from a mean value®adrl9 the ventral surface of the lizard, and we previously discussed
the flat surface to ?9n the icm diameter perch. As perch several mechanisms that the lizards use to locate the foot more
diameter decreases, the orientation of the surface from whichedially.
the foot pushes off becomes less horizontal @igThus, the In natural arboreal habitats, as perch diameter decreases the
combination of the lateral orientation of the foot and thedistances between nearest neighbor perches usually decrease,
surface that it contacts on narrow perches is likely to reduaesulting in a relatively cluttered environment. Thus, the
the ability to use plantar flexion to produce a large forwardliameter of a cylinder that could penetrate vegetation without
directed component of the ground reaction force as appeacuching it would be expected to decrease as the average
likely for rapidly running terrestrial species. diameter of perches in an area decrease. Consequently, the limbs

Although our observations of. sagrei are for speeds of a moving animal are more likely to bump into an obstacle
substantially less than maximal speeds, the kinematics that wehen it travels through environments that are increasingly
observed on narrow perches are so contrary to those obsenaditered with smaller perch diameters. The limb&osagrei
for the high speed locomotion of other lizards, they stronglysed less lateral space for locomotion on perches with decreased
suggest some of the functional difficulties for obtaining highdiameters (FiggC, 8). Thus, altering the kinematics of the limbs
speeds on narrow perches. Future studies determining groucahn facilitate moving through a cluttered environment, and the
reaction forces on perches of different diameter would be verlyinematics during the swing phase of the stride are likely to be
useful for further resolving why locomotor performancemost important for affecting the clearance of the limbs relative
decreases with decreased perch diameter. Perhaps thethe obstacles in the environment.
orientation of the foot and limb on narrow perches will result Shorter limbs have evolved convergently in several species
in disproportionate increases in the laterally oriented reactioof Anolislizards that are found mostly on narrow perches and
force and decreases in the reaction forces inytb&ection  known as twig ecomorphs (Moermond, 1979; Williams, 1983;

relative to the forward-directed forces. Losos, 1990). Twig ecomorphs uniformly have slow maximal
_ _ speeds of running, which change little with perch diameter,
Clearance in arboreal environments whereas species with longer limbs can attain quite rapid

For the arboreal locomotion of lizards, the effects of habitatmaximal speeds, which decrease substantially with decreased
structure on locomotor performance have been discussgerch diameter (Losos and Sinervo, 1989; Irschick and Losos,
widely (Losos and Sinervo, 1989; Losos, 1990; Irschick and996). Some studies suggest the short limbs of twig ecomorphs
Losos, 1998). However, a neglected but important functionahay increase their stability when moving on narrow perches
consideration for movement in arboreal habitats is théLosos and Sinervo, 1989; Irschick and Losos, 1996).
clearance between the body of the lizard and the perch upéfowever, a frequently neglected fact is that long-limbed
which it moves and adjacent perches that obstruct the pafipecies manage to run faster on narrower perches than short-
traveled by the animal. limbed species in laboratory tests. We suggest that the short

The clearance between the ventral surface of the body oflimbs of twig ecomorphs have additional benefits that have
lizard and the locomotor surface depends on both the curvaturarely been considered. If the kinematics of species with
of the locomotor surface and the lateral distance between tléfferent limb dimensions are similar, then the shorter-limbed
contralateral points of contact with the locomotor surfacespecies will have more medial foot placement, which may
Decreasing the height of the hip relative to the point of foobenefit the orientation of the foot on the substrate as well as
contact with the perch is beneficial for decreasing the tendendycreasing the clearance between the top of the perch and the
of the body to tip away from the locomotor surface. On a flatentral surface of the body. Furthermore, shorter-limbed
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species will have greater lateral clearance in cluttered naturdchick, D. J., Austin, C. C., Petren, K., Fisher, R. N., Losos, J. B. and

environments. Most studies of locomotion emphasize EIIer_s, O_. (1996)_. A comparative analysis of clinging ability among pad-
. . h . bearing lizardsBiol. J. Linn. Soc59, 21-35.
morphology and movements that are involved in enhancingscpick, b, J. and Jayne, B. C.(1998). Effects of incline on speed,

propulsive forces and hence are relevant to variation in acceleration, body posture, and hindlimb kinematics in two species of lizard,

i i Callisaurus draconoideandUma scopariaJ. Exp. Biol.201, 273-287.
maximal Iocomthr speed. However, a relatively .negleCtecljrschick, D. J. and Jayne, B. C.(1999). Comparative three-dimensional
factor for locomotion in arboreal and cluttered environments " cmatics of the hindlimb for high-speed bipedal and quadrupedal
is the simple ability to fit the body within confined spaces. locomotion of lizardsJ. Exp. Biol.202, 1047-1065.
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