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Variation in speed, gait characteristics and microhabitat use in lacertid lizards
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Summary

We quantified four gait characteristics (stride length, distance. However, when hindlimb length is statistically
stride frequency, step length and floating distance) over a controlled for, mass has a negative effect on step length.
range of running speeds in 11 lacertid lizard species None of the three morphological variables explained the
known to vary in maximal sprint speed and microhabitat  interspecific variation in stride frequency at maximal
use. For each species, we measured snout-vent lengthsprint speed. Possibly, differences in physiological
(SVL), body mass and hindlimb length. We tested which properties (e.g. muscle contraction speed) underlie the
variables determine sprint speed, how each species variation in stride frequency. The 11 species modulate
modulates sprint speed and whether species occurring their speed in different ways. Lacertids often seen in
in different microhabitats differ in speed modulation  vertical microhabitats do not seem to be either
strategy. In doing so, we aimed to test the assumption that pronounced stride length or frequency modulators. These
sprint speed is correlated with hindlimb length through its  species alter their speed by combining the two strategies.
effect on stride length. Variation in maximal sprint speed However, species occurring mostly in open and vegetated
is determined by variation in both stride length and microhabitats are, respectively, stride length and stride
frequency, but those species that modulate their sprint frequency modulators. This difference in running style is
speed mainly by altering stride length appear to attain the substantiated by interspecific morphological differences.
highest maximal speeds. At maximal sprint speed, long-
limbed species take larger strides because of the positive Key words: ecomorphology, gait characteristics, interspecific
effect of hindlimb length on step length and floating comparison, locomotion, Lacertidae, phylogenetic analysis.

Introduction

Locomotor performance varies considerably within andGarland, 1999; Melville and Swain, 2000). In all these cases,
among species. In some cases, variation in locomotdhe underlying biomechanical assumption is that long limbs
performance has been linked to ecological differences (e.gllow animals to take large strides, resulting in high sprint
Garland et al., 1988; Garland and Losos, 1994; McPeek et aspeeds.

1996; Shipley et al., 1996; Garland, 1999; Perry, 1999; We have three problems with the cause/effect assumption
Melville and Swain, 2000). For instanc&nolis lizards that that hindlimb length affects stride length, which affects sprint
differ in sprint performance on dowels of different diameterspeed. First, this often-cited assumption has never been
use differently sized perches in nature (Irschick and Losogxplicitly tested. Second, stride length is not the sole
1999). The relationship between locomotor performance andeterminant of sprint speed. Stride length is made up of two
ecological factors is generally interpreted in evolutionarycomponents: step length (or the distance the body moves
terms, i.e. differences in selective pressures among species fwevard during stance) and floating distance [or the distance
considered to shape the tight correlation between the twihe body moves forward when the (hind)limbs are not in
variables. However, the variation in locomotor performanceontact with the substratum]. Moreover, sprint speed is the
may also be explained by proximate factors. A large body afesult of combining a particular stride length with a particular
literature exists on the influence of morphological differencestride frequency. This implies that, in theory, species that are
on the variation in performance (e.g. Garland, 1983; Heglundnable to lengthen their stride (for whatever reason) can
and Taylor, 1988; Emerson, 1991; Srygley and Dudley, 1993jltimately attain identical sprint speeds solely by increasing
Garland and Losos, 1994; Miles, 1994; Rayner, 1995; Kolokheir stride frequency. Moreover, interspecific variation in
1999; Melville and Swain, 2000) and, for terrestrialstride length and stride frequency at maximal sprint speed
locomotion, the positive correlation between (hind)limb lengthcould originate in different ways. One possibility is that
and speed seems self-evident (e.g. Garland and Janis, 19€8ferent species employ different speed modulation strategies,
Garland and Losos, 1994; Bauwens et al., 1995; Bonine ang. they alter stride length and frequency with speed to
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different extents. Ultimately, maximal sprint speed will differ speed,; (iii) that differences in morphology (snout—vent length,
between species that alter stride length and frequency witBVL, mass, hindlimb length) explain differences in step length,
speed in diverse ways because different speed modulatifioating distance and stride frequency at maximal sprint speed;
strategies place different limits on the maximal attainabl€iv) that the variation in maximal sprint speed is due to
speed. However, all species might employ the same spediferences in modulation strategies (stride leng#rsus
modulation strategy, but the increase in stride length direquency); (v) that the way in which stride length changes
frequency with speed might be limited at different pointswith speed depends on the way in which both step length and
among species. How far each species can increase its stritleating distance change with speed; (vi) that morphological
length or frequency might be determined by its design (e.glifferences explain the way in which step length, floating
morphology, physiology, biochemistry). In this case, speciedistance and stride frequency change with speed and (vii) that
will differ in maximal sprint speed. To elucidate the species occurring in different microhabitats use different speed
mechanistic basis of the variation in sprint speed, we thereforaodulation strategies.
need information on how each species realises its maximal
sprint speed (i.e. speed modulation strategy) and on the values ,
of the gait characteristics at maximal sprint speed. Materials and methods

The third problem with the hindlimb lengthstride Animals
length- sprint speed assumption is that the way in which We collected nine of the 11 species during the summers of
animals realise their maximal sprint speed might differ amon@994—-1999 at different sites in Western Europe and the Canary
species occupying different microhabitats. To our knowledgdslands (see Table 1 for a list of speciég)astia longicaudata
no quantitative data exist on the relationship betweeand Takydromus sexlineatugzere obtained commercially.
ecological variables and speed modulation. White anddult males and non-gravid females were used in this study.
Anderson (1994) hypothesised that differences in gaitVe transported all lizards to the laboratory at the University
characteristics with speed might reflect differences in foragingf Antwerp, Belgium. Small species (<80mm SVL) were
strategy (activerersusambush predators) among teiid lizards, housed in groups of four or five, with species kept apart, in
and Van Damme et al. (1998) suggested that the way in whigjlass terraria (100 csd0cm) with a sandy substratum, some
lizards realise their ultimate sprint speed may be influenced tstones and patches of vegetation. Multiple refuges and basking
predation pressure. spots were available in each terrarium, and two light bulbs

One of the most obvious potential ecological factors likely(100 W each) provided light and heat for 10 h per day, enabling
to influence locomotor style is microhabitat use becausthe lizards to thermoregulate. The larger sped&alotia
different substrata (e.g. open, sandy, patches of vegetatiogelloti and Lacerta bilineata were housed individually in
inclined substrata) will impose different or even conflictingidentical terraria. We fed the animals live crickets dusted with
demands on steady-running style. Species from open areas @afcium daily. Water was always present.
increase sprint speed by increasing both stride length and
frequency; the former by including large floating distances in Morphometrics
the stride cycle. Species living among patches of vegetation, We took the following external measurements with digital
in contrast, would be expected to modulate speed by alterir
stride frequency. Because these species will often have Table 1.Species used in this study, number of individuals for
move around obstacles, they must be able to change directi which we obtained data on gait characteristics, number of

fast and frequently. In this context, it seems beneficial ti digitised sequences and maximal sprint speed
increase the number of ground contact phases (and thus str

frequency) as these present the only possibilities for alterin
the direction of motion. Species occurring on inclined surface
can increase speed by increasing stride frequency or striGallotia galloti (Oudart) 8 41 1.93
length; in the latter case, only if the change in stride length j-acerta oxycephaléumeril 8 47 2.02
due to an increase in step length alone. No floating phases ¢ & Bbron)

Number of Number of Vmax
Species individuals sequences (Hs

be incorporated in the stride cycle because losing contact wil“"“:e'rt"’.1 be_driagaeg(_:amerano) 10 46 179
. .~ . Podarcis siculgRafinesque) 9 43 1.67

the surface may have disastrous consequences, for climbipgyacis muraligLaurenti) 10 48 214
animals Podarcis hispanic&teindachner 8 40 2.03
In this study, we aimed to test the hindlimb leng8iride  pgdarcis atrataSteindachner 8 40 1.09
length- sprint speed assumption for 11 lacertid lizard speciepodarcis tiliguertaGmelin 10 47 1.55
known to vary considerably in maximal sprint speed an(Lacerta bilineataDaudin 4 26 2.68
microhabitat use. Specifically, we test the following Takydromus sexlineati®audin 8 24 1.33
hypotheses: (i) that differences in both stride length anlatastia longicaudatgReuss) 6 31 3.34

frequency contribute to variation in maximal sprint speed; (ii;
that differences in both step length and floating distanc Pata are taken from Vanhooydonck and Van Damme (2001) an

contribute to differences in stride length at maximal sprin’Vanhooydonck etal. (2001).
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callipers (Mitutoyo, CD-15DC) to the nearest 0.01mm:We arcsine-transformed all proportions before subsequent
snout—vent length (SVL), measured from the tip of the snowtatistical analyses. We used the arcsine transformation
to the posterior edge of the anal scale; femur length, measurbdcause it is the most appropriate when dealing with
from the hip to the knee joint; tibia length, measured from th@roportions (Sokal and Rohlf, 1995).
knee joint to the ankle; and metatarsal length, measured fromWe were unable to make observations on microhabitat use
the ankle to the base of the third toe. All animals were weigheid Podarcis hispanicaand Podarcis atrata because the
on an electronic balance (A&D Instruments, FX-3200) to theexperimental arrangement described above was not available
nearest 0.01g. The sum of femur length, tibia length andthen we performed the morphological, performance and
metatarsal length (hereafter referred to as hindlimb length) wdgnematic measurements on these two species. All analyses
used in subsequent analyses. Thus, our measurement aoincerning microhabitat use are thus for nine species only.
hindlimb length does not correspond to the measure of
hindlimb span (e.g. Bonine and Garland, 1999), which takes Gait analysis
variation in the width of the pelvis into account. To obtain estimates of gait characteristics, we filmed all
We calculated the mean values for each species of the thriggards with a high-speed video camera (NAC 1000) at
morphological variables (SVL, mass, hindlimb length) and500framess! in dorsal view while they were running on a
logarithmically (logo)-transformed them before statistical moving treadmill belt. To facilitate subsequent digitisation, we
analyses. marked the lizards with small white dots (of non-toxic paint)
mid-dorsally on the pelvis and on the dorsal and ventral sides
Performance of the second toe of the hindlimb. After marking, the lizards
Data on maximal sprint speed of the 11 species are takevere placed in an incubator set at the different species-selected
from our previous studies (Vanhooydonck and Van Dammeyody temperatures (38°C far. longicaudata 35°C for the
2001; Vanhooydonck et al., 2001) and given in Table 1. Wether species) (see Castilla et al., 1999) for at least 1 h. The
calculated the logarithm (lag of the mean maximal sprint lizards were then placed, one at a time, on the belt moving at
speed for each species and used these values in subsequelotv speed. Once the animals started running, the speed of the

analyses. belt was increased slowly but steadily. We therefore obtained
video sequences of each individual lizard at a wide range of

Microhabitat use running velocities.
We observed lizards in a large (&4m) terrarium In an initial analysis, the speed attained during each recorded

containing the following eight types of microhabitat: (i) arunning bout was assessed by digitising (using a NAC-1000
dense stand of purple moor gradfolinia caeruleg, with a XY coordinator) a marker on the moving belt, as a reference,
total area of 3 (i) a strip of grassRoa annuj, with an area  and the pelvic marker on the first and last frame of potentially
of 3, (i) a patch of moss with a surface area of?3 (iv) useful sequences. A sequence was considered ‘potentially
an area of approximately @ntlosely planted with shrubs useful’ only if the lizard took at least five sequential steps at a
(Loniceraspp.); (v) a strip of sand, also 3im surface area; constant speed and moved in a straight line. For each
(vi) a wall of piled stones, 0.5m high and with a top surfacéndividual, we then aimed to select (at least) five sequences
area of 0.5 (vii) a series of logs, loosely stacked to a heightevenly spread throughout the range of speeds for further
of 0.3m; and (viii) a tree trunk of 20 cm diameter, cut off at adetailed analyses. For practical reasons (e.g. narrow range of
height of 40cm. Eight 500 W lamps, one above each type a&peeds), this was not always possible. On these sequences, we
microhabitat, provided heat and light throughout thedigitised a marker on the moving belt and the pelvic and toe
experiment. markers every third frame (i.e. with a time interval of 0.006s).
The smaller species (SVL<80 mm) were introduced into th&Ve chose to digitise a hindfoot because the posterior limbs
test terrarium in groups of no more than eight individuals, thgenerate most of the propulsive power in these animals
larger species in groups of no more than five individuals(Snyder, 1952). The numbers of individuals and sequences
Species were always kept apart. To avoid disturbance, alsed for complete digitisation and determination of maximal
observations were made from behind a blind. After an initiabprint speed (see Vanhooydonck and Van Damme, 2001;
habituation period of 1h, we recorded the microhabitaVanhooydonck et al., 2001) are given in Table 1. The speeds
occupied by each individual lizard in the terrarium at 30 mirat which lizards ran for each digitised sequence and species are
intervals. To facilitate interpretation, we decided to pool theresented in Fig. 1.
types of microhabitat described above into three classes thatWe obtained the following variables from the digitised
clearly differ in structural features: an ‘open’ microhabitatimages using the method described by Van Damme et al.
[a combination of low grass (ii), moss (iii) and sandy (iv) (1998): (i) stride length, the distance travelled by the centre of
patches], a ‘vegetated’ microhabitat [a combination of moomass during one complete cycle of limb movements (cf.
grass (i) and shrub (v) patches) and a ‘vertical’ microhabitaAlexander, 1977a,b, 1982), here measured as the distance
[stone wall (vi), logs (vii) and tree trunk (viii)]. travelled from the time the hindfoot touches the ground until
For each species, we measured the proportion of time spethe time when that same hindfoot touches the ground in the
in each of the three microhabitats (open, vertical or vegetatedpllowing cycle; (ii) stride frequency, the number of complete
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the kinematic variables. For each species, we

L. longicaudata © e o cem @ momes @ oo o o then regressed each of the four gait
T seXineatus{ o emeswes o o characteristics against running speed (see
L. bilincata ]! eweeess o oo . Table 2 for regression equations). We used the
P, tiliguerta | e e veroe ome = eescree meren o w . regres;ion equatiqn ?o egtimatg the values of the
four gait characteristics (i.e. stride length, stride

Parata) esew comocen  omee o frequency, step length and floating distance) at
P.hispanica {  ems sce @@ eccmes m oo maximal sprint speed (as measured on the
P. muralis - @0 Moo ®esemswe 000000 Wem o o0 0 . mOVing bE|t) for each SDECieS. These estimated
Pocula] e o oosccsmoncm swes o emo o values at maximal sprint speed and the slopes (
L.bedriagae | oo emessmsem amen cmme moe oo oee in Taple 2) of each regression equation were
used in subsequent analyses, the former to test

L. oxyceplalay ¢ me e mescmmeee e : which variables determine maximal sprint speed
G.galloti{ esseamems o « . and the latter to test how species realise their

: : : : maximal sprint speed and whether speed

0 05 10 15 20 25 modulation strategies differ among species

Speed (M) occupying different microhabitats.

Fig. 1. Speeds at which the lizards ran on the treadmill for each species. Each dot

. : o Statistical analyses
represents a digitised sequence. Full species names are given in Table 1.

Because species share parts of their
evolutionary history, they cannot be regarded as
cycles per second; (iii) step length, the distance travelled hipdependent data points in statistical analyses (Felsenstein,
the centre of mass during the stance of a particular [e§985, 1988; Harvey and Pagel, 1991; Garland et al., 1993). A
(Alexander, 1977a; McMahon, 1984), here measured as tliendamental assumption in traditional statistical analyses,
distance travelled from the time the hindfoot touches théowever, is that data points are independent of each other. In
ground until the time that same hindfoot loses contact with theecent years, various computer programs have been developed
substratum in the same cycle; (iv) floating distance, théo take phylogenetic relationships into account in statistical
distance travelled by the centre of mass when neither of trenalyses (Harvey and Pagel, 1991; Garland et al., 1993; Losos
hindfeet is in contact with the ground [(calculated as stridand Miles, 1994). In the present study, we used the
length minus 2(step length)], here measured as the distanpghylogenetic independent contrasts approach (Felsenstein,
travelled from the time both hindfeet lose contact with thel985, 1988).
substratum until the time one of the hindfeet touches the The independent contrasts method requires information on
ground again. the topology of the phylogenetic tree. The phylogeny of the
We logarithmically (logo)-transformed running speed and Lacertidae is incompletely resolved, and we had to use a

Table 2.Regression equations describing the relationships between the gait characteristics and running speed of lizards running
on the moving belt

Stride length Stride frequency Step length Floating distance
Species a b a b a b a b
Gallotia galloti 0.40 -1.01 0.60 1.01 0.26 -1.34 0.009 0.001
Lacerta oxycephala 0.35 -1.09 0.65 1.09 0.27 -1.38 0.006  -0.001
Lacerta bedriagae 0.42 -0.94 0.58 0.94 0.33 -1.19 0.003 —-0.006
Podaras sicula 0.48 -0.95 0.52 0.95 0.36 -1.24 0.009 0.0001
Podaras muralis 0.46 -1.11 0.54 1.11 0.43 -1.34 0.6003 —0.006
Podaras hispanica 0.33 -1.15 0.67 1.15 0.29 -1.41 0.00001 -0.004
Podaras atrata 0.25 -1.17 0.75 1.17 0.25 -1.40 0.001 —0.005
Podaras tiliguerta 0.53 -0.98 0.47 0.98 0.41 -1.23 0.005  -0.006
Lacerta bilineata 0.38 —-0.96 0.62 0.96 0.24 -1.26 0.010 —-0.001
Takydromus sexlineatus 0.31 -1.11 0.69 111 0.18 -1.33 0.004  -0.007
Latastia longicaudata 0.53 -0.97 0.47 0.97 0.37 -1.26 0.015 -0.001

We pooled all sequences per species.

All regressions were significant, except the regressions of floating distance against running speed in some speciesli{typr)in ita

Equations are of the form lggalogx+b, wherex is running speed angis the gait characteristic. On the basis of these regression equations,
we estimated stride length, stride frequency, step length and floating distance at maximal sprint speed.
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Gallotia galloti microhabitat) and of the species-specific slopes of the
regressions of the four gait characteristics (stride length, stride

Lacerta oxyceplala frequency, step length, floating distance) against running speed
and of the same gait characteristics at maximal sprint speed

Lacerta bedriagae (extrapolations based on regression equations, see above).

The independent contrasts were then used as input for a
series of backward stepwise multiple regressions through the
origin (see Garland et al., 1992). A graphical representation
L Ppodarcis muralis of the different regression analyses, apart from those
concerning microhabitat use, is shown in Fig. 3A. In the
regressions in which we used the contrasts of the slopes of the
gait characteristics against speed, we never introduced the
contrasts of the slopes of stride length against speed and the
contrasts of the slopes of stride frequency against speed
simultaneously in the analyses because these two variables
are, by definition, inversely related. To test for the context-
dependency of speed modulation among the 11 lizard species,
Lacerta bili neata we correlated the contrasts of the three microhabitat variables
with the contrasts of the slopes of stride frequency against
speed. By definition, introducing the contrasts of the slopes of

stride length against speed in the analyses gives the opposite
Latastia longicaudata result.

— Podarcis sicula

—— Podarcis hispanica

—— Podarcis atrata

Podarcis tiliguerta

Takydromus sexXineatus

Fig. 2. Hypothesised phylogenetic relationships among the 11
lacertid lizard species under study. The phylogeny is incompletely

Results
resolved, and this tree should be considered a best approximation. . . ) )
Polytomies are treated as ‘hard’ for the purposes of phylogenetic Gait characteristics at maximal sprint speed
analyses (see text). The variation in contrasts of maximal sprint speed is

explained, by definition, by the variations in contrasts of stride
length and frequency (Fig. 3B). Species that attain a high sprint
combination of results from mitochondrial DNA (Harris et al.,speed do so by taking larger (standardised regression
1998; Harris and Arnold, 1999) and morphological studiesoefficientr=0.90) and more frequent=0.69) strides.
(Arnold, 1989, 1998) to compile a tree that is the best The variation in contrasts of stride length, in turn, is largely
approximation currently available (Fig. 2). Some unresolved97 %) explained by the variations in contrasts of step length
polytomies remain. However, all attempts at phylogenyand floating distance (Fig. 3B). In other words, large strides
reconstruction in lacertids, even those using moleculaare accomplished by taking large steps0(80) and having
techniques, have been unable to unravel these relationshipsng floating phases£0.37).
and the polytomies may, in fact, represent explosive speciation The variation in contrasts of step length is largely explained
events (Arnold, 1989; Harris et al., 1998; Harris and Arnoldpy the variations in contrasts of mass and hindlimb length (Fig.
1999; Fu, 2000). We therefore considered the unresolved nod8B). The variation in contrasts of SVL does not contribute
to be ‘hard’ polytomies (see Purvis and Garland, 1993). Alkignificantly to the variation in contrasts of step length. Species
branch lengths were set to unity, because few data are availaktitat take large steps have relatively long hindlimis<l.92)
on divergence times within lacertids. It has been shown thand are relatively lightré—1.45).
the actual length of the branches does not usually greatly affectOnly the variation in contrasts of hindlimb length
the outcome of phylogenetic statistical analyses (Martins ancbntributes significantly to the variation in contrasts of floating
Garland, 1991; Walton, 1993; Irschick et al., 1996; Diazdistance (Fig. 3B). The variations in contrasts of SVL and mass
Uriarte and Garland, 1998). Moreover, checks of brancldo not contribute significantly to the variation in contrasts of
lengths with the PDTREE program (Garland et al., 1999) didloating distance. Thus, species with long hindlimbs have long
not show any significant correlation between the absolutBoating phases.
values of the standardised contrasts and their standardVariation in none of the contrasts of the three morphological
deviations, implying that branch lengths were adequate for allariables (SVL, mass and hindlimb length) explains the
traits. variation in contrasts of stride frequencey@.50, F37=0.76,
For each species, we calculated the independent contrastsRsf0.55).
the log-transformed mean values of the morphological (SVL,
mass, hindlimb length) and performance (maximal sprint Speed modulation
speed) variables, of the arcsine-transformed proportions of the The variation in contrasts of maximal sprint speed is
observations on microhabitat use (open, vertical, vegetatedarginally explainedR=0.075) by the variation in contrasts
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A Morphology Gait characteristics
SVL
Mass » Step length
Hindlimb
length )
, Stride
length
SVL
Mass _ Floating
o " distance
Hindlimb —
length
SVL
Mass ,. Stride
freque
Hindlimb edueny
length
Morphology Gait characteristics
Fig. 3. Graphical representations of
the multiple regression analyses we Mass
performed on the morphological, gait Hindlimb » Step length
characteristics and performance data length P=0.015
in the 11 lacertid lizard species.
(A) All potential relationships. Each r=097 |  stride
arrow  represents one  analysis. P<0.0001/  length
Independent variables introduced into
the same multiple regression are Hindlimb " Floating
boxed. Arrows are drawn from the length | p= > distance
independent variables box to the P=0.010
dependent  variable  box. We
performed two series of analyses: one
that included the (contrasts of the)
values for the four gait characteristics )
at maximal sprint speed, and the Stride
second on the (contrasts of the) slopes frequercy
of each of the four gait characteristics
against speed. (B) Significant
relationsh_ips in _the multiple regression Morphology Gait characteristics
analyses including the contrasts of the
estimated values of the four gait SVL
characteristics at maximal sprint — » Step length
speed. (C) Significant relationships in Hlnl(;l!]mt?] P=0.064
the multiple regression analyses 9
including the contrasts of the slopes of r=097 Stride
each gait characteristic against speed. > length
By definition, the contrasts of the P<0.0001
slopes of stride length and stride Mass ]
frequency against speed are inversely Hindlimb , Floating
related so we never introduced them length P=0.005 | distance
simultaneously into the analyses.
Instead, we included only the contrasts
of the slopes of stride frequency
against speed in the analysis; Mass
including the contrasts of the slopes of - r=0.84 _ Stride
stride length against speed gives the Hmld“m?] P=0.008 " frequercy
opposite resultr0.56;P=0.075). engt

Performance

Maximal
sprint speed

Performance

r=1.00 Maximal

> .
P<0.0001 SPrint speed

Performance
r==056  Maximal
P=0.075 Sprint speed
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of the slopes of stride length against speed (Fig. 3C). Becau @ 4
the contrasts of the slopes of stride frequency and stride leng '§ A r=076
against running speed are inversely related (by definition), tF E P=0.017
opposite relationship is obtained for the contrasts of the slopt s 021
of stride frequency and maximal sprint speed. This means th &
species attain a higher maximal sprint speed if they modula . 0
their speed mainly by increasing stride length rather than stric §
frequency. & _go.

The variation in contrasts of the slopes of stride length, it 2
turn, is explained by the variations in contrasts of the slopes ( Z
step length and floating distance against speed (Fig. 3C ; —044
Lizards modulate their stride length by changing both ste 8 °
length ¢=0.83) and, to a lesser extent, floating distance § _06 , , , ,

(r=0.37). 010 06 0 06 010 05 020

The variation in contrasts of SVL and hindlimb length
explains the variation in contrasts of the slopes of step leng
against speed (Fig. 3C). The variation in contrasts of mass do
not contribute to this variation. Species in which step lengtl
changes with speed have relatively long hindlimiz=2,30)
and a relatively small SVLr£-2.16).

The variation in contrasts of the slopes of floating distanc
against speed is explained by the variations in contrasts
mass and hindlimb length (Fig. 3C). The variation in contrast
of SVL does not contribute significantly to the variation in
contrasts of the slopes of floating distance against spee
Species with relatively long hindlimbsr=1.77) and a
relatively small massr£—1.12) alter their floating distance
with speed.

The variations in contrasts of mass and hindlimb lengtl 3
explain a significant proportion of the variation in contrasts o
the slopes of stride frequency against speed (Fig. 3CFig. 4. Bivariate correlations between the contrasts of microhabitat
relatively heavy speciesr=1.78) with relatively short use and the contrasts of the slopes of stride frequency against speed
hindlimbs ¢=-2.14) alter stride frequency with speed. The(forced through the origin). (A) Relationship between the contrasts
variation in contrasts of SVL does not contribute significantlyof time spent in the open microhabitat and the contrasts of the slopes

to the variation in contrasts of the slopes of stride frequencf stride frequency against speed. (B) Correlation between the
against speed. contrasts of time spent in the vegetated microhabitat and the

The variation in contrasts of time spent in the Opercontrasts of the slopes of stride frequency against speed. In both

microhabitat is explained by the variation in contrasts of th‘cases, ipcluding the cc_)ntrasts of the slopes of stride length against
. . . speed gives the opposite resuitq.76,P=0.017;r=—0.62,P=0.074,
slopes of stride frequency against speed (Fig. 4A). Afrespectively).
mentioned above, the contrasts of the slopes of stride leng
and stride frequency are inversely related, so the opposite _
true for the relationship between the contrasts of time spent in Discussion
the open microhabitat and the contrasts of the slopes of strideAmong the 11 lacertid lizards under study here, it is clear
length against running speed. This means that speciéisat the variation in maximal sprint speed is determined by
occurring mostly in open microhabitats increase their speedariation in both stride length and stride frequency. The highest
mainly by increasing stride length and less by increasing stridgprint speeds are, however, achieved by those species that
frequency. modulate their speed mainly by increasing stride length. This
The variation in contrasts of time spent in the verticals not surprising because stride frequency cannot be increased
microhabitat is not explained by the variation in contrasts oindefinitely. The dynamics, such as the force/velocity
the slopes of stride frequency against speed.20,F1,7=0.30, relationships, of the muscles involved and the inertial
P=0.60). The variation in contrasts of time spent in theproperties of the musculo-skeletal system at the moment of
vegetated microhabitat is, however, explained by the variatiomaximal performance (i.e. maximal activation of muscles) set
in contrasts of the slopes of stride frequency against spedlge potential maximal frequency. Because of the great overall
(Fig. 4B). In other words, species occurring mostly amongstesemblance between lacertid lizards, it can be assumed that
vegetation increase their speed mainly by increasing stridde maximal attainable stride frequencies for the different
frequency and less by increasing stride length. species will be of the same order of magnitude. When
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comparing stride frequencies at maximal sprint speed amorgride frequency. For example, limb cycling frequency
species, the lowest stride frequency is more than half thacreases with increasing body temperatureDindorsalis
highest (the lowest stride length is one-third of the highest). IfSwoap et al., 1993). It has been suggested that the positive
species were to employ a stride frequency modulation strategselationship between frequency and temperature is due to
they would reach their respective stride frequency limit earliethe thermal dependence of muscle contraction speed (e.g.
(i.e. at a lower speed) than if they were to employ a stridBauwens et al., 1995). However, the seemingly straightforward
length modulation strategy. In the latter case, they -calink between muscle contractile properties and maximal stride
therefore continue to increase sprint speed for longer, resultifigequency remains obscure because muscle cycling frequency
in a higher maximal sprint performance. for maximal power output largely exceeds maximal limb
Stride length, in turn, is determined by step length andycling frequency irD. dorsalis(Johnson et al., 1993; Swoap
floating distance. In this case, speed-dependent changes in sé¢@l., 1993).
length have a greater effect on changes in stride length thanSpeed modulation strategy during steady locomotion differs
does variation in floating distance with speed. Hindlimb lengttamong lacertid species occurring in different microhabitats.
correlates positively (for a given body mass) both with steBpecies that occur mainly in open microhabitats increase sprint
length and with floating distance. The positive effect ofspeed mainly by increasing stride length, while species occurring
hindlimb length on step length is expected if the joint angles patches of vegetation mainly increase stride frequency. This
at touch-down and take-off are equal in short-limbed and longs as expected. In an open microhabitat, species can include a
limbed lizards. In this case, the distance the body movefoating phase in their stride cycle to increase stride length. A
forward during stance will be greater in species with longevegetated microhabitat, in contrast to an open one, poses
limbs. Long-legged birds and mammals appear to be able twnflicting demands on running style. Lizards occurring among
take longer steps (Hoyt et al., 2000), but Irschick and Jayrgatches of vegetation need to change direction fast and
(1999) found no correlation between limb length and stefrequently. They can do so only when their feet are touching the
length among five species of lizards. ground. Therefore, it seems logical for these animals to increase
The positive effect of hindlimb length on floating distancespeed mainly by increasing stride frequency. This reasoning is
is in agreement with biomechanical predictions. A stride cycldased on our data on steady-speed locomotion. In contrast,
that includes a floating phase can be regarded as two single lé&gring unsteady locomotion, such as when accelerating, some
jumps in sequence. The distance an animal can jump Igard species are known to increase speed by increasing stride
determined, amongst other factors, by the distance throudrequency initially and by subsequently increasing stride length
which it accelerates during push-off (Alexander, 1972). In thiglrschick and Jayne, 1998).
case, the latter distance relates to hindlimb length. Thus, long- Each steady-running style (stride lengtersus stride
limbed animals are predicted to perform the longest jumpsrequency modulation) seems to place specific demands on the
Quantitative data on jumping performanceAnolis lizards  locomotor apparatus of the lizards. While stride-length-
(Losos, 1990) and tree frogs (Emerson, 1991) substantiate thisodulating species appear to be long-limbed (for a given mass
prediction. or SVL) and light or small (for a given hindlimb length), stride-
Among the 11 lacertid species under study, mass hasfi@quency-modulating species are short-limbed (for a given
negative effect on step length for lizards with equallymass) and heavy (for a given hindlimb length). Long-limbed
long hindlimbs. If we assume that muscle mass scaldizards are able to change stride length over a greater range
proportionally with body massm) and that forceR) scales because limb length sets the upper limit on step length (in
proportionally with the cross-sectional area of the musclegheory, maximal step length equals twice leg length) and
thus withm?/3, the acceleratiora] of the centre of mass will floating distance (as argued above). Because, at a given speed,
be lower for a given muscle activation pattefR¥rid. This  stride length and frequency are inversely related, long-limbed
will then result in a smaller forward displacement of the bodyizards have lower stride frequencies at any speed than short-
and, thus, a shorter step length. Hoyt et al. (2000) also fouritnbed animals.
that relative step length (i.e. expressed in units of leg length) It is unclear why stride-length-modulating species should be
is smaller in larger mammals and birds than in smaller oneslight or small and stride frequency modulators heavy (all
None of the morphological variables that we introduced inelative to hindlimb length). In Mammalia, the opposite effect
the regression analysis explained a significant proportion of thegas found (Strang and Steudel, 1990): larger mammals change
interspecific variation in stride frequency at maximal sprintspeed mainly by altering stride length, while smaller mammals
speed. Among seven teiid lizard species, however, striddo so mainly by increasing stride frequency. However,
frequency appeared to be negatively affected by body mass@trang and Steudel (1990) state that it is not clear how the
body-length-equivalent speeds (White and Anderson, 1994interrelationship between size and hindlimb length affects their
and stride frequency at burst running speed decreased witksults. Therefore, the morphological basis for the differences
body mass in the lizarDipsosaurus dorsali¢Johnson et al., in how species change their sprint speed is far from clear. Data
1993). In contrast, mass had no effect on stride frequency are needed on the physiology and architecture of the musculo-
painted turtle€hrysemys pictéZani and Claussen, 1995). The skeletal system to determine the factors that affect the way in
physiological properties of the limb muscles may determingvhich animals modulate sprint speed.



Speed modulation and microhabitat use in lacertid®5

Species occurring mainly in vertical microhabitats do notstudied here is plastic, we need quantitative data on their speed
seem to be either pronounced stride length or frequenayodulation strategies on different, ecologically relevant,
modulators. They alter their speed by combining the tweubstrata (e.g. levekrsusnclined surfaces, open areassus
strategies. Neither stride length nor frequency can bpatches of vegetation).
indefinitely increased in this context. When climbing up
vertical surfaces, animals need to establish a secure grip on thene would like to thank Jan Scholliers for taking care of the
surface because slipping could be disastrous. This is in shaspimals. Ignacio Barandalla and Jan Scholliers helped with
contrast to locomotion on the level, where slipping does nahe digitisations. Duncan J. Irschick and an anonymous
constitute such a major hazard. Taking time to get a good griviewer provided constructive comments on an earlier draft
and to position the legs precisely potentially constrains stridef the manuscript. B.V. was a scholarship student at the IWT
frequency. Taking larger strides in the same context can onlgrant no. 951359) when most of this work was carried out.
be done by increasing step length; floating phases will causeV.D. is a senior research assistant of the Science Fund —
the animals to fall from a vertical surface. We tested this ideRlanders (FWO-VI). This research was supported financially
by correlating the contrasts of the slopes of floating distandgy a GOA-BOF project of the University of Antwerp
against speed with the contrasts of time spent in the verticed 999-2002).
microhabitat. The relationship between the two variables was
negative (=—0.65; P=0.057) and therefore appears to
substantiate our hypothesis. The inability to include roatingM References . o
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