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Summary
Tropidurid lizards have colonized a variety of Brazilian  remarkable differences in jumping performance, while
open environments without remarkable morphological Tropidurus oreadicus the more distantly related species,
variation, despite ecological and structural differences exhibited intermediate values.Tropidurus psamonastesa

among habitats used. This study focuses on two
Tropidurus  sister-species that, despite systematic
proximity and similar morphology, exhibit great

ecological divergence and a third ecologically generalist
congeneric species providing an outgroup comparison. We
quantified jumping capacity and sprint speed of each
species on sand and rock to test whether ecological

species endemic to sand dunes, exhibited high absolute
sprint speeds on sand, jumped rarely and possessed a high
proportion of glycolytic fibers and low activity of citrate
synthase. The sister-speciebropidurus itambere endemic
to rocky outcrops, performed a large number of jumps
and achieved lower absolute sprint speed thanT.
psamonastes This study provides evidence of rapid

divergence was also accompanied by differences in
locomotor performance. Relevant physiological traits

possibly associated with locomotor performance
metabolic scopes and fiber type composition, power output
and activity of the enzymes citrate synthase, pyruvate
kinase and lactate dehydrogenase of the iliofibularis
muscle — were also compared among the thr@@opidurus  Key words: locomotion, Tropidurus muscle physiology,
species. We found that the two sister-species exhibited metabolism, enzyme activity, habitat divergence, evolution.

divergence of locomotor parameters between sister-species
that use different substrates, which is only partially
explained by variation in physiological parameters of the
iliofibularis muscle.

Introduction

The performance of individuals, and consequently theidifferentiation compared with that reported fatolis Species
fitness, is affected by morphological and physiological trait§rom forested and more open environments differ in limb and
(Arnold, 1983; Garland and Losos, 1994). Because differertail morphology, but species from sand dunes, rock outcrops,
suites of morphological and physiological characters increassemiarid grasslands and other habitats exhibit similar body
behavioral performance in specific ecological contexts, onshape and size (Kohlsdorf et al., 2001).
can expect that natural selection favors traits that improve The limited morphological diversity among Tropidurinae
performance in an individual’s current habitat (Garland andizards from non-forested environments is surprising given the
Losos, 1994). The hypothesis of a relationship betweestriking ecological diversity that exists among these species.
structural habitat, morphology and locomotor performance ifor example, rock and sand are common substrates for
supported by studies witAnolis lizards (Losos, 1990, 1992; Tropidurus but contrast dramatically in friction and force
Losos et al.,, 1998; Beutell and Losos, 1999) but is notestitution coefficients. Sand involves a higher energetic cost
unambiguously supported by data from other lizard taxaf locomotion and limits acceleration in comparison with non-
(Miles, 1994; Vanhooydonck and Van Damme, 1999). Fogranular surfaces (Hawkey, 1991; Lejeune et &b98;

example, the sub-family Tropidurinae (including gerféliea,
Strobilururs Eurolophosaurus and Tropidurug exhibits

Kerdork et al., 2002). In addition, the greater exposure to
predators and increased risk of overheating in sand dunes

remarkable ecological diversity but minimal morphologicalenvironments (Rocha, 1998) may favor high sprint speeds. In
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the context of Arnold’s paradigm (Arnold, 1983), therefor A
sand species should exhibit traits that improve performance
this demanding substrate. However, given the absence
remarkable morphological differentiation within this taxo
physiological divergence may be responsible for relat
changes in the locomotor performance of tropidurines fri
sandy habitats. This hypothesis is the focus of the pre: &
paper.

Various aspects of muscle physiology and enel
metabolism are known to enhance the locomotor performa *
of lizards exhibiting contrasting behaviors and ecologies. |
example, an increase in proportion of fast-glycolytic fibe
associated with high limb cycle frequency appears to enhe &
sprint speed in phrynosomatid species that locomote on ¢
(Bonine et al 2001). Improved endurance capacity, involve
in the large distances covered by lizards that forage activ
is associated with high proportions of oxidative fibers in t
leg muscles (Mutungi, 1992), high field metabolic rat
(Anderson and Karasov, 1981) and high metabolic sco
(Frappell et al., 2002). Muscle fibers of a glycolytic natu
contract quickly but fatigue rapidly, whereas slow-oxidati
fibers, aerobic in nature, exhibit high endurance (Brooks et "=
1996) but require improved oxygen delivery to the musc
Because of this functional link, positive correlations &
expected among the proportion of aerobic fibers in leg musc
the activity of oxidative enzymes, the muscle fatigl

. . .
resistance, the aerobic scope and the degree of SUStaIr\Fig.l. Pictures of Cerrado (A), the Brazilian habitat typicalTof

activity of lizard species. The daily activity pattémsjiampereandT. oreadicuswhich is characterized by rock outcrops
demonstrated by a species should be related to the ecologiand spaced trees, and Caatinga (B), the Brazilian habitat typi€al of
pressures affecting that species (Irschick and Garland, 200;psamonasteswhich is characterized by loose sand dunes and
The metabolic design of animal muscle tissue varies accordirscattered vegetation.
to daily locomotor activity patterns (Kernell et al., 1998) anc
would consequently affect muscle power output and fatigu
resistance (Rome, 1998). Therefore, species that use differejattered trees and bushes and exposed rocks; for a description,
habitats and locomote on substrates with distinct mechanicgée Van Sluys, 1991), whil&. psamonastegxclusively
and energetic demands should exhibit variation in locomotaitilizes the sand dunes of the Caatinga (ERj.a northeastern
performance supported by differences in organismal aerobBrazilian habitat characterized by sandy soil, scattered shrubs,
capacity and muscle functioning, which is influenced by theénigh substrate temperatures and seasonal and limited rainfall;
proportion of fiber types and the activity of specific enzymesor a description, see Rocha, 1998). As an outgroup for
from glycolytic and oxidative pathways. additional comparison (see Garland and Adolph, 1994), and to
In the present study, we predict that (tppidurusspecies represent a species that uses more than one substrate type, we
that inhabit sandy environments will exhibit higher sprintincludedT. oreadicusa generalist species typical of Cerrados
speeds but will be less prone to jump, since their specifithat moves amongst the rocks, fallen branches and bushes
substrate does not favor activities that demand very hig{Colli et al., 1992). We quantified the maximal sprinting
propulsive forces, (2) physiological differentiation of the legcapacity on rocky and sandy surfaces and the mean number of
muscles, specifically in the proportion of fiber types andumps produced for each of the thiE®pidurusspecies. This
enzyme activity, will be associated with the improved sprintatter variable was considered a behavioral indicator of
speed performance in sand species and (3) variation in aerolpipensity to jump in undisturbed animals and a physiological
capacity (indicated by metabolic scopes) to sustain activity wilindex of endurance in tests with uninterrupted stimulation. We
be associated with an increased capacity to sustain jumpirgso examined aerobic metabolic scopes as a whole-organism
activity in rock species. We focus on two sister-species in thmeasurement of the ability to sustain activity aerobically.
genusTropidurus— T. itambereand T. psamonastes that,  Additionally, to explore the underlying physiological basis of
despite systematic proximity and overall morphologicalany interspecific variation in performance, we compared fiber
similarity, exploit the two contrasting habitats in question.type composition, power output and maximal activities of key
Tropidurus itambereis a rock-outcrop specialist found in metabolic enzymes (citrate synthase, pyruvate kinase and
Brazilian Cerrados (FidlA; a habitat characterized by lactate dehydrogenase) of the iliofibularis muscle.
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Materials and methods Relative sprint speed (corrected by body length) is indicative
Animals of the speed physiologically relevant for the lizards, since it
Ten to 15 individuals of eacfiropidurus species were indicates how fast musclgs can contract and imp.ulse the body
collected by noose from different Brazilian localities: ©oWards the movement, independently of the animal size. To
T. itambere Rodrigues 1987 (Atibaia, SP). oreadicus verify whether or not performance had changed with captivity,

Rodrigues 1987 (Lageado, TO) ahdpsamonasteRodrigues € SPrint speed of. oreadicusand T. psamonastesvas
1988 (Ibiraba, BA). Animals were transported to the lab id’nea;ured again prior to sacrifice, two and four months after
cloth bags and maintained on al40h light:dark cycle at the first trials; no changes were observedest, P=0.735,
27°C mean temperature in cages provided witW4amps, d.f.=36).

allowing behavioral thermoregulation. Lizards were fed thre?umping capacity

times a week, always after performance experiments, and water i ) ) )

was offeredad libitum Individuals were maintained in _ JUMPIng capacity was tested on a jumptrackof@Owidth;
captivity for one T. itamberg, two (T. oreadicuy or four (.~ F19-2A) with barriers of different heights. Tests were
psamonastdsnonths. The general condition of each lizard wagonducted with one individual at a time. First, undisturbed
monitored every week by measurements of body mass. Ti&Mals inside the jumptrack were filmed oveh,6and

animals used in the experiments maintained original body ma&4mpPing behavior and performance were quantified from the
while in captivity. videotapes (Fig2A). In a second test series, individuals were

stimulated to jump each barrier by tail tapping, starting with
Locomotor performance tests the lowest barrier, which was replaced by the next highest
Sprint speed and jumping capacity were measured at 35€yery time that the individual successfully jumped (2i8).
in eight to 10 individuals of each species. One hour before thEne experiment was finished when the individual was
onset of experiments, animals were placed inside a climatRxhausted and refused to move even when turned with the

chamber set at the test temperature. abdomen up. Jumps were classified as ‘successful’ when
_ lizards crossed the barrier and as ‘attempts’ when lizards
Sprint speed jumped but did not cross the barrier. Jumping success ratio for

Sprint speed was measured using a racetrack with five setach species was calculated as the fraction of individuals that
of photocells at intervals of &fin, connected to a computer crossed the barriers in relation to the total number of
using customized software. The substrate of this track could Iedividuals tested.
changed to either rock or dry, white, fine-grained sand.

Animals were stimulated to run by hand. Three trials on each Respirometry

substrate were conducted for each individual, and only the Metabolic scopes were calculated as the difference between
shortest time was used in computations. Races in whichctivity metabolic rates (AMR), measured on a treadmill at
individuals ran against the walls of the racetrack or turned badhorizontal level and inclined level, and resting metabolic rates
before the end of the track were discarded and new trials wefBMR). RMR and AMR were estimated from oxygen
conducted an hour later. Both absolute and body lengtleonsumption in 9—10 individuals df itambere T. oreadicus
independent sprint speeds were analyzed. Absolute spriabhdT. psamonastassing open-flow respirometry, as described
speed was considered indicative of the speed ecologicallyg detail by Withers (1977). Both experiments were conducted
relevant for the lizards, since it indicates the time necessary & 35°C using a PA-1 £fAnalyzer (Sable Systems, Henderson,
cross a specific distance whilst escaping from a predatoNV, USA) and a flow of 42.481 O min- for resting

A B

25cm
30 cm
35cm
40 cm
85 cm

g 15
/IE" & % /(I Fig.2. Diagram of the jumptrack used to

verify motivation to jump (A, undisturbed
I 165 cm 1 animals) and jumping performance and
endurance (B, by tapping lizards).
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experiments and 150.98] Oz min—1 for activity experiments, species. Body mass was measured to the neares.0.01
with lizards in a post-absorptive state. Resting experimentsizards were then killed using a guillotine. The right
were conducted with the lizard inside a metabolic chambeiljiofibularis muscles were used for muscle mechanics and the
and the oxygen consumption was recorded overnighh)12 left ones used for biochemical assays. lliofibularis muscle was
The lowest nadir of the signal generated by the gas analyzesolated at room temperature {29 in oxygenated (95% £
(duration of at least 1in) was used to calculate RMR. AMR 5% CQ) Ringer solution for reptiles (NaCl 146moll-1,
were measured using a latex mask around the animal's heBl@geHPQs 2.15mmoll-1, NaHPQ: 0.85mmoll-1, KCI
and stimulating the lizard to run on a treadmill set aid2! 4 mmolI-%, glucose 1@nmoll-2, CaCp solution 2.5mmol -4,
at two inclinations (0° and 20°). AMR was calculated from thepH 7.60 at room temperature pre-oxygenation). lliofibularis
peak of oxygen consumption (usually three points, less thamuscle is a flexor of the superior part of the leg and pulls the
1 min, since the animals don’t run at a steady speed and preséinid leg behind, pushing the body towards the movement
episodic ventilation). Three races were conducted at eagRRomer, 1985). It is active during the swing phase of running
incline, and the maximal value at each level of AMR wasor walking, when the femur is abducted and the knee is bent
considered. All metabolic measurements were divided by bodydayne et a] 1990). For each muscle, a small section of bone
mass and corrected for standard conditions of pressure amés left at the end of both proximal and distal tendons.
temperature. Aluminum foil clips were wrapped around the tendons at either
end of the muscle, leaving both sections of bone unwrapped to
Histochemistry prevent tendon slippage in the clips.
Histochemistry was used to determine the proportion of
different fiber types in the iliofibularis muscle of the threelsometric studies
Tropidurus species. Four individuals of each species were The muscle preparation was attachea the foil clips to
weighed and then anesthetized and killed with ara load cell (UF1; Pioden Controls Ltd, Canterbury, UK;
intraperitoneal injection of 0.8l of hypnol. The right legs calibrated to 77.8nN V-1) at one end and a motor arm (V201;
were dissected and iliofibularis muscles removed withouting Dynamics Systems, Royston, UK) attached to an LVDT
damaging the tissues. Muscles were dehydrated in talcurtiinear variable displacement transformer; DFG 5.0; Solartron
frozen in liquid nitrogen and stored at —85°C. Serial transversdetrology, Bognor Regis, UK; calibrated to 1.38nV-1) at
sections (Um thickness) were obtained in a cryostat at —20°Ghe other. The muscle was then maintained at 33€0ib
and stained with hematoxylin—eosin for morphologicalcirculating oxygenated Ringer solution for reptiles. The
examination. Subsequent sections were also stained fpreparation was stimulateda parallel platinum electrodes
NADH-TR (nicotinamide adenine dinucleotide tetrazoliumwhile held at constant length to generate a series of twitches
reductase) and myofibrillar ATPase (alkaline preincubation pHstimulus amplitude, pulse width and muscle length were
10.4 or acid preincubation pH 4.5) to evaluate oxidativeadjusted to determine the stimulation parameters and muscle
activity and relative contraction speed (fast or slow)length corresponding to maximal isometric twitch force
respectively (Bancroft and Stevens, 1982). Digital images frorproduction). A tetanic force response was then elicited by
histological laminae were obtained from a light microscopesubjecting the muscle to a train of stimulation (2%). After
connected to a computer by a video camera using the softwaBanin, a twitch response was then initiated to confirm that there
program Stereo Investigator 2000 (MicroBrightField Inc.,had been no slippage of the tendons in the foil clips. In the rare
Colchester, VT, USA). Five to six fields of each cut werecases where twitch force had dropped, the muscle was re-
obtained using a *Omagnification. The frequency of fiber clipped and twitch force was again maximized before tetanic
types was determined from digital images, and muscle fibestimulation was resumed. Stimulation frequency (180-+22)0
were classified as fast-glycolytic fibers (FG), slow-oxidativewas then altered to determine maximal tetanic force. A rest
fibers (SO) or fast-oxidative and glycolytic fibers (FOG),period of 5min was allowed between each tetanic response.
according to Bancroft and Stevens (1982). We used only the
NADH-TR results to perform statistical analyses becaus¥Vork loop studies
NADH-TR and ATPase reactions are complementary, which After optimization of stimulation parameters, the muscle
was confirmed by preliminary results. This complementarity isvas then subjected to cycles of three sinusoidal length changes
explained by the characteristic of oxidative fibers to sustaifwork loops; Josephson, 1985). Muscle stimulation and length
activity aerobically, contracting slower than glycolytic fibers,changes were controlleda a D/A board and an in-house
which contract fast but use mainly glycolytic pathways angrogram produced using Testpoint software (CEC, Bedford,
fatigue quickly. NH, USA). Data were collected at a rate of 1500 points per
work loop cycle. For each work loop cycle, muscle force was
Muscle mechanics plotted against muscle length to generate a work loop, the area
Experiments of muscle mechanics were conducted tof which equated to the net work produced by the muscle
determine the ability of iliofibularis muscle both to generateduring the cycle of length change (Josephson, 1985). The net
power at different contraction velocities and to resist fatiguework produced was multiplied by frequency of length change
Femur and tibia lengths were measured on 5-7 lizards of eactlicles to calculate net power output.
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The total strain of length change cycles was maintained aathway, and citrate synthase (CS), from the TCA cycle, were
0.12 (i.e. 6% of resting muscle length), as in Swoap et amade using spectrophotometric techniques based on
(1993). The cycle frequency of length change was altered absorbance changes of cofactors after substrate addition. The
random from 4Hz to 14Hz to ensure that a power output cycle differences between absorbance changes of control (without
frequency curve could be generated to encompass the rangesabstrate) and after substrate addition were used to estimate
lizard limb cycle frequencies measured in previous studiesiaximal enzyme activity. lliofibularis muscle samples from
(Swoap et al., 1993; Nelson and Jayne, 2001). During theske left leg ofT. psamonasted. itambereand T. oreadicus
length changes the muscle was usually subjected to phasiere collected when animals were killed for the muscle
stimulation (active work loop cycle) but sometimes thesenechanics experiments. Muscle samples were immediately
length changes were performed without stimulation (passivifozen in liquid nitrogen and stored at —85°C. As the
work loop cycle) to monitor the net work done on the muscldliofibularis muscle from these species is so small, it is
during the length change cycle. For passive work loop cyclesljfficult to quickly separate the regions corresponding to red
the net passive power (net passive work multiplied by cycleand white fibers prior to freezing. For this reason, a transversal
frequency of length change) was used to indicate the powsection of the muscle, with both regions, was used in
input required (the power absorbed) to move the unstimulatezhzymatic assays.
muscle through length change cycles. The passive power inputMuscle samples were homogenized using a Marconi
values were also used to indicate the relative stiffness of tHeomogenator (Marconi Ltd, Piracicaba, S&o Paulo, Brazil) in
muscle, as increased passive power input was accompaniedibg-cold 20mmoll-1imidazol (pH 7.4) buffer with 2nmol -1
an increase in muscle stiffness (indicated by an alteration BDTA, 20mmoll-1 NaF, 1mmoll-1 phenylmethylsulfonyl
the shape of the work loop). fluoride (PMSF) and 0.1% Triton X-100. The homogenates

Every Emin, the muscle was subjected to a further set ofvere then submitted to sonication using a U-200S control unit
three work loop cycles with stimulation parameters beindIKA-Labor Technik, Staufen, Germany) for three sl0
altered until maximum net work was achieved. Before théntervals and directly used in the assays. Measurements were
fatigue run, a set of control sinusoidal length change angerformed at 35°C with a Beckman DU-70 spectrophotometer,
stimulation parameters were imposed on the muscle every 3fdllowing the changes in the absorbance of NADH at 130
sets of work loops to monitor variation in the muscles abilityor 5,3-dithio-bis-(2-nitrobenzoic acid) (DTNB) at 4Iin,
to produce power/force. Any variation in power was found taunder substrate saturation and in the absence of inhibitory
be due to a matching change in ability to produce forceconditions. All reactions were performed at a final volume of
Therefore, the power produced by each preparation, prior ttml in duplicate. Results were expressegdiimol of substrate
the fatigue run, was corrected to the control run that yieldedonverted to product per min per g wet mass. Enzyme
the highest power output, assuming that alterations in poweprotocols followed Bergmeyer (1983), with minor
generating ability were linear over time. All muscles still modifications as follow: PK (E.C. 2.7.1.40): 1@@noll-1
produced over 70% of maximal control run power by the enémidazol (pH 7.0), 1Gnmoll-1 MgCly; 100mmoll-1 KCI;
of each experiment, i.e. prior to the fatigue run. 2.5mmoll-1 ADP; 0.02mmoll-1 fructose-1,6-biphosphate;

lliofibularis muscles were then subjected to a fatigue ru®.15mmoll- NADH; 12U ml-1 LDH, 5ul of muscle
consisting of 32 work loop cycles. Recovery from fatigue wasample homogenate (diluted 1:10) and r8réoll-1
monitored by regularly subjecting the muscle to a set of threghospho(enol)pyruvate (omitted for control). LDH (E.C.

control active work loop cycles. 1.1.1.27): 100nmol -1 imidazol (pH 7.0); Snmoll-1 DTT;
_ _ _ 0.15mmoll-1 NADH, 5ul of muscle sample homogenate
Muscle dimension measurements and calculations (diluted 1:30) and inmol -1 pyruvate (omitted for control).

At the end of muscle mechanics experiments, the aluminu@S (E.C. 4.1.3.7): Stmoll-1 Tris (pH 8.0); 0.Immoll-1
foil clips, bone and tendons were removed from iliofibularisDTNB; 0.2mmoll~1 acetyl-CoA, 28 of muscle sample
muscles and each muscle was blotted on absorbent pap@mmogenate (diluted 1:10) and 9@noll-! oxalacetate
to remove excess Ringer solution. Wet muscle mass wdemitted for control).
determined to the nearest 0.0@PWising an electronic balance
(FA 1604; Shangping Inc., Shanghai, Jiangsu, China). Mean Statistical analysis
muscle cross-sectional area was calculated from muscle lengthBody mass and length and iliofibularis muscle mass and
and mass assuming a density of 1R§O—3 (Mendez and length were compared by conventional analysis of variance
Keys, 1960). Maximum isometric muscle stress was the(fANOVA) between the three species. An arcsine
calculated as maximum tetanic force divided by mean crossransformation was conducted on fiber proportions (Zar, 1996).
sectional area (kM. Normalized muscle power output was One-way ANOVA or Kruskal-Wallis (according to normality)
calculated as power output divided by muscle mas&dW).  were used to analyze sprint speed, mean total amount of jumps
(with and without stimulus), metabolic scope, activities of CS,
Biochemistry LDH and PK, fiber type proportion (FG, SO and FOG) and
Measurements of the maximal activities of pyruvate kinas@ower output at each cycle frequency (4, 6, 8, 10, 12 and
(PK) and lactate dehydrogenase (LDH), from the glycolyticl4Hz). From muscle fatigue experiments, power output at



1188 T. Kohlsdorf and others

10th, 20th and 30th loops was calculated as percentage @thibited a marginally higher proportion of SO fibers than
power output of 1st loop. Frequencies were arcsingsamonastes(Tablel). Tropidurus oreadicus presented
transformed and compared in a two-way ANOVA. Passiventermediate values of fiber type proportion and CS activity

power input was analyzed using one-way ANOVA. (Tablel). The proportion of FOG fibers did not significantly
differ among the species (Tadlg Variation in muscle
Results composition was mainly related to proportion, and not number,

Locomotor performance tests of fiber types, since the total amount of fibers did not differ

The results obtained for locomotor performance, metaboli@M°NY s.peue.s. (_ANOVAEZ’FO'%’I_D:O‘?M)' In rela_mqn to
scopes, fiber type proportion and enzymatic activities ar@nzymatic activities, the three species possessed similar values

presented in Table. All three Tropidurusspecies ran faster for PK and LDH, bufl. psamonastesxhibited lower activity

on rock than on sand, but no interspecific differences weref CS thanT. oreadicusandT. itamberg(Table1).

detected in relative sprint speed on sand or rock (Tgble  Maximal isometric stress did not differ among the species
Tropidurus psamonastegas faster in absolute sprint speed on(Tablel) and was within the range (85-189 m—)
sand tharT. itambere(Tablel), with absolute speeds almost previously reported for the iliofibularis of other lizard species
50% higher than the sister-species specialized on rockyt this temperature (Putnam and Bennett, 1982). The
'rlljank:Itattr?énq'oﬁz\rft::er.regfa'lrm(c))rr]ea;;eigjasei?]g(r:hurlﬁjsisstupr[)oen de ot:) relationship between peak power output and cycle frequency
Jump ' : > did not vary between species (ANOVA>0.50, G.L.=2,

when stimulated constantly (Tadlg Individuals of T. _ : ; - .
psamonastesdid not cross any barrier on tests without F19- 3A). The fatigue resistance of the iliofibularis was also

stimulus, whereas at least 50% of the individuals Tor ~Similar between species (ANOVA>0.05, G.L.=2; Fig3B).
itambereandT. oreadicusrossed barriers of 4&n and 2&m  The iliofibularis muscle ofT. psamonastesvas longer
high. On tests with stimulus, the jumping success ratids of (ANOVA, F23=11.73,P<0.001, after Bonferroni correction)
itambereandT. psamonastesere similarly low (both crossed and thinner (ANOVA,F2,3=4.39, P=0.029, after Bonferroni
only the first barrier), while at least 50% of individualsTof  correction) in comparison with. itambereand T. oreadicus
oreadicus also crossed the barrier of 2B in height. resylting in a lower calculated cross-sectional area. The net
?nc_)tut—\t/)ent lerr‘]glth _IC_)T' psa:jnonast?\juas Q“:atef tg_a? thatl of hassive power inputs differed between the three species at the

. itambere while T. oreadicushad an intermediate value _ _ _
(ANOVA, F23=5.146,P=0.012 after Bonferroni correction). cycle frequgncy of 14z .(ANOVA’ .F2'3_6'83’ P._O'OOS’

Fig. 3C), which suggests differences in muscle stiffness.

Physiological parameters The three species studied did not differ significantly in the
Fiber type proportion and CS activity differed among theémetabolic scopes attained at either horizontal or inclined races

three species: whereds psamonastesxhibited almost 20% (Table1) and exhibited values close to @202 gt h-1in all
more FG fibers tharl. itambere (Tablel), T. itambere situations.

Table 1.Mean +s.e.m. for performance traits, fiber-type proportion, metabolic scopes and enzyme activitigsaaibere
T. psamonastesnd T. oreadicus

T.itambere T.psamonastes T. oreadicus Statistical test df. P
Absolute sprint speed on sand (stH 171.6+£10.53  230.0+20.%2 211.4+14.22 Kruskal-Wallis (Dunn correction) 2 0.020
Absolute sprint speed on rock (@) 211.2+21.02  270.5%13.75 257.9%17.42 ANOVA 2 0.069
Relative sprint speed on sand (body lerggih 19.3+1.24 24.2+2.19 23.8+1.58 Kruskal-Wallis (Dunn correction) 2 0.091
Relative sprint speed on rock (body lergth 23.8+2.37 28.5+1.44 29.1+2.00 ANOVA 2 0.136
Total amount of jumps with stimulus 76.1+9%24 13.9+3.18 44.9+10.4%2 ANOVA (Bonferroni correction) 2 0.001
Total amount of jumps without stimulus 57.2+12.53 0.5+9.58 14.5+6.50 Kruskal-Wallis (Dunn correction) 2 0.001
Metabolic scope — horizontal (16 g1 h1) 0.2+0.02 0.2+0.01 0.2+0.02 Kruskal-Wallis 2 0.614
Metabolic scope — inclined (@, g-1 h-1) 0.2+0.01 0.2+0.01 0.2+0.01 ANOVA 2 0.389
% Fast-glycolytic fibers (FG) 37.0+1.91 56.2+P14 47.3+4.55  ANOVA (Bonferroni correction) 2 0.028
% Slow-oxidative fibers (SO) 28.8+2.96 16.6+3.32 17.942.05 ANOVA 2 0.052
% Fast-oxidative-glycolytic fibers (FOG) 34.2+2.40 27.2+4.27 34.8+3.12 ANOVA 2 0.346
Activity of PK (umol min g tissue) 288.6+21.26  248.3+20.33  359.4+23.36 ANOVA 2 0.133
Activity of LDH (umol min g-1tissue) 709.7+50.21  675.1+45.12  702.3+60.01 ANOVA 2 0.866
Activity of CS (umol min g-ltissue) 8.0+0.83 3.6+0.23 9.6+0.62  Kruskal-Wallis (Dunn correction) 2 0.002
Maximal isometric muscle stress (k2 165.84+8.67 156.2+11.22  144.6+£10.67 Kruskal-Wallis 2 0457

Letters indicate statistical significant differences as follodisree species differenfT. psamonasteslifferent from T. itambere T.
psamonastegifferent fromT. itambereandT. oreadicus
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50 exhibits intermediate values for both number of jumps (on tests
‘g’_,\ A o g with constant stimulation or on undisturbed lizards) and
‘g’ @ 401 W absolute sprint speed. Although all three species exhibited
5 E T T T 2 comparable speeds on rocky substrates (both absolute and
2% 30 relative; see Tabl#), the absolute speed ©f psamonasteis
e 2 ? higher in its typical substrate, sand, thus favoring Arnold’s
E“‘b 20 paradigm (Arnold, 1983). Absolute speeds are of particular
TEG ~ ecological relevance because they define how fast a lizard can
’25 = 10T flee from a potential predator. Differences in absolute sprint
speed may be partially explained by the larger body length of
0 : : : T. psamonastds comparison td. itambere allowing greater
5 10 15 . - . . .
Cydle frequency (Hz) speeds due t_o the mcregsed limb length while still maintaining
the contractile properties of the muscle. However, the
120 interspecific variation in locomotor performance could also be
B related to differences in stride frequency (Biewener and Gillis,
g “Eg;nnn 1999; Irschick and Jayne, 1999; Jayne and lIrschick, 1999)
‘g E sof eig"“un and/or differences in parameters of muscle—tendon unit design,
*g = égég . such as tendon dimensions (Biewener, 1998; Alexander, 2002).
5 2 %f% Additionally, subtle differences in foot morphology in sand
S g TTT species may elicit alterations in absolute sprint performance
oo 40f TTT (Carothers, 1986; Arnold, 1995; Melville and Swain, 2000).
S TTT?TT? Although only one hind limb muscle was examined, which
Tﬁ? limits our ability to evaluate the extent to which muscle
0 1'0 2'0 ?;0 _physiolggy explains differences .in Iopomotqr perfo'rmance, it
Work loopcycle number is possible to suggest that physiological traits are involved as
well, becausd . psamonastgsossesses a higher proportion of
2 30 FG fibers in the iliofibularis (see below).
qE) C The three species studied exhibited the same rank (
= ’g itambere > T. oreadicus > T. psamonagtes both types of
3 E Lof jumping test (i.e. with undisturbed and constantly stimulated
2 % individuals). The number of jumps for undisturbed animals
g 2 was considered to be a measurement of an individual's
o 1 i T propensity or motivation to jump, while the number of jumps
g2 10 T for lizards stimulated until exhaustion was considered to be an
s =3 8 z 5 index of jumping endurance. The interspecific differences
£ ; 3 3] observed suggest a contrast in jumping endurance that might
2 0 zll '6 '8 1'0 1'2 1'4 have an underlying basis in muscle and metabolic physiology.
The tendency towards a higher proportion of SO fibers in the
Cycle frequency (Hz)

iliofibularis of T. itambere(high jump endurance species)
Fig.3. Mean net normalized power output at different cycleSupports this prediction, although this trend is not statistically
frequencies (A), fatigue curves (B; given by percentage of powesignificant and not supported by either enzymatic or whole-
output produced on the first loop) and mean net passive power inpahimal metabolic analyses. The magnitude of differentiation in
measured at different cycle frequencies (C) of iliofibularisTof  jumping performance among the three species does not parallel
itambere (triangles), T. psamonastegsquares) andr. oreadicus  their taxonomic distances. The differences between the sister-
(circles). Bars c_orrgspond to standar_d errors, which are present%ﬂeciesT. itambereand T. psamonasteare greater than those
only fprT. oreadicusn A and o_nly forT. itamberdan B because they between them and the congenefic oreadicus the more
are S|m|Iar.for the three species. In C, standard errors are presenﬁ;gtantly related species (Frost et al., 2001). The strong
for all species. . . . .
divergence in jumping performance between the two sister-
species suggests th@topidurus species exhibit significant
Discussion phenotypic plasticity of behavioral, physiological and
The Tropidurusspecies considered in this study contrastedocomotor traits and that this lability might rapidly lead to
in terms of locomotor performance and behavior. The saneénhanced performance and fitness in their specific habitats.
specialistT. psamonastejsimps rarely but has high absolute The fiber type and enzyme profile dfropidurus are
sprint speed on sandy substrates, and the rock spedialistprobably related to ecological demandsropidurus
itambere exhibits lower absolute sprint speed on sand bupsamonastesxhibits high absolute sprint speeds on sand and
jumps more frequently. The more distantly relafedreadicus  a high proportion of FG fibers in comparison withoreadicus
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and T. itambere The latter frequently locomotes on vertical Dipsosaurus dorsalis(Swoap et al., 1993). Despite the
surfaces and exhibits a comparatively high proportion o$imilarity in muscle contractile properties between the
oxidative fibers, a trait that may be required for the increaset@ropidurusspecies studied, it is still possible that thevivo
work against gravity. Overall, our results support theperformance of the iliofibularis differs among species, as
relationship between fiber type proportion and locomotoperformance of skeletal muscle fibers during movement is
performance that has been reported in other lizard genesadfected by length trajectory, amplitude and frequency of
(Putnam et al., 1980; Gleeson and Harrison, 1988; Mutungstimulation, initial fiber length and velocity of contraction
1989, 1992; Young et al1990; Mirwald and Perry, 1991). (Marsh, 1999; Nelson and Jayne, 2001). Our study also found
These studies suggest high proportions of FG fibers in fathat species differed in the power required to lengthen the
species (Putnam et al., 1980; Gleeson and Harrison, 1988pfibularis, given by the higher passive power input observed
Bonine et al 2001), while slower and more aerobic speciesn T. itambereand T. oreadicus(Fig. 3C), which indicates
exhibit high proportions of SO fibers (Mutungi, 1989; Boninegreater muscle stiffness. This increased stiffness could feasibly
et al, 2001). Because of spatial restrictions, and given that amccur as a result of more frequent jumping, which involves a
increase in number of fibers implies an increment in metaboliot of eccentric muscle activity (i.e. the muscle is active while
costs, an increase in proportion of one fiber type necessarily is being stretched), leading to muscle damage. Muscle
implies a decrease in the amount of the other fiber typetamage of this type tends to lead to changes in collagen type
(Alexander, 2000). SO fibers generally consume less ATP per increased collagen content (Williams et #4088) acting as
unit force generated and use mainly oxidative pathways such protective mechanism to increase the forces subsequently
as the TCA cycle, while FG fibers use mainly energy derivedequired to stretch the muscle. The high jumping success ratio
from oxygen-independent pathways (Hochachka and Somerof T. oreadicuds possibly linked to this high net power input
1984; Hochachka, 1994). Dominant fiber-type might also bebserved at high cycle frequencies.
correlated with typical limb cycle frequency during locomotion The lack of differences in power output and fatigue
because slow fibers are designed to produce power at sloesistance offropidurusiliofibularis muscles could also be
speeds whereas fast fibers work optimally at the frequencissipplemented by changes in other features not analyzed, such
used during fast speeds (James et al., 1995). as tendon or limb bone compliance (not measured intro

In addition to a high proportion of FG fibells,psamonastes work loops with isolated muscles), which may ampiifyivo
exhibits low values for CS activity in comparison with themuscle power output (Biewener and Roberts, 2000; Blob and
other two congeneric species and with the same muscle in ottgiewener, 2001). Alternatively, it is also possible that the
lizard species (Guppy and Davison, 1982; John-Alder, 1984liofibularis is not the primary muscle limitingn vivo
Garland and Else, 1987; Gleeson and Harrison, 1988). Thgerformance (Nelson and Jayne, 2001) or tmmatvitro
values of CS ifT. psamonastegre comparable to the red and measurements of power output may not reflect interspecific
white muscles of sluggish species of fishes (Hochachka amtifferences irin vivo conditions (Marsh, 1999). Animals may
Somero, 1984; Suarez et al., 1986; Moon and Mommsen, 198%cruit different muscle groups or change activation patterns to
Moyes et al., 1992) and to the leg muscles of amphibiangry contractile function (Biewener and Gillis, 1999) in
(Taigen et al., 1985). It is possible that there were no strongsponse to shifts in environmental parameters (e.g. changes in
selective pressures for increasing the oxidative capacity of theibstrate inclination) or activity mode (e.g. shift from running
iliofibularis muscle inT. psamonastesince this species relies to jumping). In addition, kinematic adjustments may also play
predominantly on short bursts of running to escape fronan important role in differences observed in jumping
predators or explore the environment. By contiastyeadicus  performance (Toro et al., 2003) and absolute sprint speed
andT. itamberemay have evolved higher oxidative capacities(Irschick and Jayne, 1999; Jayne and Irschick, 1999). It has
in their muscles associated to frequent use of jumps arken argued that natural selection and learning by experience
vertical locomotion to explore higher portions in the habitat. may favor changes in kinematic parameters, such as step

The exposed habitat of sand dunes, with greater distancksgth, stance duration and limb cycle frequency, which
between refuges, might favor lizards that exhibit high sprinmaximize speed or minimize energetic costs (Alexander,
speeds when escaping from predators, and sand species wao2d0).
probably need increased muscle power output at higher limb In conclusion, the present study shows remarkable
cycle frequencies to achieve higher sprint speeds. By contraslivergence in absolute sprint speed on sand between closely
the species from rocky environmentB, itambereand T.  relatedTropidurusspecies that is correlated with physiological
oreadicus should possess greater muscle fatigue resistanchfferentiation in the proportion of fiber types in the
correlating with their increased jumping endurance. Howeveiliofibularis muscle. Additionally, propensity and endurance
both iliofibularis maximum muscle power output at differentfor jumping activity vary amondrropidurus species, with
cycle frequencies and fatigue resistance are comparable amagrgater performance observed for those species exploiting
the threeTropidurusspecies, despite differences in locomotormore complex structural habitats. Differences in absolute
performance and muscle morphology. Peak power output wagerformance on sand appear to be explained by some
between 40.5 and 44W kg-! for each species, which is organismal traits, including body size, but are better predicted
somewhat lower than the values for the iliofibularis ofby proportion of glycolytic fibers in the iliofibularis than by
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any other physiological parameter measured. The&arothers, J. H. (1986). An experimental confirmation of morphological

biomechanical and biochemical profiles of the iliofibularis adaptation: toe fringes in the sand-dwelling lizdrda ScopariaEvolution
71-874.

muscle appear to be poor predictors of performance, but thigi’ 6 'r., Araujo, A. F. B., Silveira, R. and Roma, F.(1992). Niche
trend may not apply to other muscles underlying locomotor partitioning and morphology of two syntopidropidurus (Sauria:
performance. Evolutionary changes in behavior seem to beTropiduridae) in Mato Grosso, Brazil. Herpetol 26, 66-69.

. . - Frappell, P. B., Schultz, T. J. and Christian, K. A.(2002). The respiratory
equally important for locomotor differentiation and may system in varanid lizards: determinants of @nsfer.Comp. Biochem.

undergo more rapid divergence than morphology or muscle Physiol. A133 239-258.
physiology (Blomberg et al., 2003). Further investigation offrost. D. R., Rodrigues, M. T., Grant, T. and Titus, T. A (2001).

. . . Phylogenetics of the lizard gendsopidurus (Squamata: Tropiduridae:
other phyS|olog|caI parameters that may constrain performanceTropidurinae): direct optimization, descriptive efficiency, and sensitivity

and/or the endocrinal basis for motivation may prove analysis of congruence between molecular data and morphditgjy.
productive. Phylog. Evol21, 352-371.
Garland, T., Jr and Else, P. L.(1987). Seasonal, sexual, and individual
. variation in endurance and activity metabolism in lizadis. J. Physiol.
Animals were collected under IBAMA permission number 252 R439-R449.

022/02-RAN. T.K. and J.E.C. were supported by FAPESMarland, T., Jr and Adolph, S. C.(1994). Why not to do two-species

. comparative studies: limitations on inferring adaptat®hysiol. Zool67,
Doctoral ~ Fellowships ~ (00/06662-5 and  00/04654-5, ;97.aog

respectively). In the course of this project, C.A.N. andgarland, T., Jrand Losos, J. B(1994). Ecological morphology of locomotor
M.D.P.S. were Supported by EFAPESP research gramsperformance in squamate reptiles.Hnological Morphology: Integrative

. Organismal Biologyed. P. C. Wainwright and S. M. Reilly), pp. 240-302.
(95/11542-7 and 00/04566-9, respectively). R.S.J. was Chicago: University of Chicago Press.

supported by a Royal Society/Brazilian Academy of Sciencegieeson, T. T. and Harrison, J. M.(1988). Muscle composition and its
travel grant. R.S.W. was supported by a GOA-BOF project relation to sprint running in the lizaRipsosaurus dorsalisAm. J. Physiol.

. . 255 R470-R477.
(Unlver5|ty of Antwerp 1999_2003We thank R. B. Nunes, Guppy, M. and Davison, W.(1982). The lare and the tortoise: metabolic

D. S. Zamboni and P. L. B. Rocha for field support, S. C. strategies in cardiac and skeletal muscles of the skink and chamgleon.

Michelin and M. P. Lima for technical support, and G. XavierH Exlf- ZOF?'-(2129%12)8§-295-S enedondon: Hodder & Stouah
: : : awkey, R. .Sport Science.ondon: Hodder toughton.
for Iendmg us his stereographlc system. Hochachka, P. W.(1994). Muscles as Molecular and Metabolic Machines
Florida: CRC Press.
Hochachka, P. W. and Somero, G. N1984).Biochemical AdaptatiorNew

References Jersey: Princeton University Press.
Alexander, R. McN. (2000). Optimization of muscles and movement for Irschick, D. J. and Jayne, B. C.(1999). Comparative three-dimensional
performance or economy of enerdyeth. J. Zool50, 101-112. kinematics of the hindlimb for high-speed bipedal and quadrupedal
Alexander, R. McN. (2002). Tendon elasticity and muscle functi@amp. locomotion of lizardsJ. Exp. Biol.202, 1047-1065.
Biochem. Physiol. A33 1001-1011. Irschick, D. J. and Garland, T., Jr (2001). Integrating function and ecology
Anderson, R. A. and Karasov, W. H(1981). Contrasts in energy intake and  in studies of adaptation: investigations of locomotor capacity as model
expenditure in sit-and-wait and widely foraging lizar@gcologia49, 67- systemAnnu. Rev. Ecol. Sys2, 367-396.
72. James, R. S., Altringham, J. D. and Goldspink, D. F(1995). The
Arnold, S. J.(1983). Morphology, performance and fithness. Zool23, 347- mechanical properties of fast and slow skeletal muscles of the mouse in
361. relation to their locomotory functiod. Exp. Biol.198 491-502.
Arnold, E. N. (1995). Identifying the effects of history on adaptation — origins Jayne, B. C., Bennett, A. F. and Lauder, G. \(1990). Muscle recruitment
of different sand-diving techniques in lizards.Zool.235 351-388. during terrestrial locomotion — how speed and temperature affect fiber type
Bancroft, J. D. and Stevens, A(1982).Theory and Practice of Histological use in a lizardJ. Exp. Biol.152, 101-128.
TechniquesNew York: Churchill Livingstone. Jayne, B. C. and Irschick, D. J(1999). Effects of incline and speed on the
Bergmeyer, H. U.(1983).Methods of Enzymatic Analysis, Enzymes, vol. 2. three-dimensional hindlimb kinematics of a generalized iguanian lizard
Vheinheim: Verlag Chemic. (Dipsosaurus dorsal)sJ. Exp. Biol.202, 143-159.
Beutell, K. and Losos, J. B.(1999). Ecological morphology of Caribbean John-Alder, H. B. (1984). Reduced aerobic capacity and locomotory
anolesHerp. Monogr.13, 1-28. endurance in thyroid-deficient lizards. Exp. Biol.109, 175-189.

Biewener, A. A.(1998). Muscle Functioin viva: a comparison of muscles Josephson, R. K.(1985). Mechanical power output from striated muscle
used for elastic energy savingarsusmuscles used to generate mechanical during cyclical contractionsl. Exp. Biol.114, 493-512.

power.Am. Zool.38, 703-717. Kerdok, A. E., Biewener, A. A, McMahon, T. A., Weyand, P. G. and Herr,
Biewener, A. A. and Gillis, G. B(1999). Dynamics of muscle function during H. M. (2002). Energetics and mechanics of human running on surfaces of

locomotion: accommodating variable conditiods Exp. Biol.202 3387- different stiffnessesl. Appl. Physiol92, 469-478.

3396. Kernell, D., Hensbergen, E., Lind, A. and Eerbeek, O(1998). Relation
Biewener, A. A. and Roberts, T. J(2000). Muscle and tendon contributions ~ between fibre composition and daily duration of spontaneous activity in

to force, work, and elastic energy savings: a comparative perspéotere. ankle muscles of the carch. Ital. Biol. 136, 191-203.

Sport Sci. Rev28, 99-107. Kohlsdorf, T., Garland, T., Jr and Navas, C. A.(2001). Limb and tall
Blob, R. W. and Biewener, A. A.(2001). Mechanics of limb bone loading lengths in relation to substrate usag@&tiapiduruslizards.J. Morphol.248

during terrestrial locomotion in the green iguanguéna iguang and 151-164.

American alligator Alligator mississippiens)s J. Exp. Biol.204, 1099- Lejeune, T. M., Willems, P. A. and Heglund, N. C(1998). Mechanics

1122. and energetics of human locomotion on sahdExp. Biol.201, 2071-

Blomberg, S. P., Garland, T., Jr and Ives, A. R(2003). Testing for 2080.
phylogenetic signal in comparative data: behavioral traits are more labild.osos, J. B.(1990). Ecomorphology, performance capability, and scaling of
Evolution57, 717-745. West IndiamAnolislizards: an evolutionary analysiscol. Monogr 60, 369-
Bonine, K. E., Gleeson, T. T. and Garland, T., J{2001). Comparative 388.
analysis of fiber-type composition in the iliofibularis muscle of Losos, J. B(1992). The evolution of convergent structure in Caribl¥esolis

phrynosomatid lizards (Squamatd).Morphol.250, 265-280. communities Syst. Biol41, 403-420.
Brooks, G. A., Fahey, T. D. and White, T. P(1996).Exercise Physiology:  Losos, J. B., Jackman, T. R., Larson, A., de Queiroz, K. and Rodriguez-
Human Bioenergetics and its Implicatioddountain View, CA: Mayfield Schettino, L. (1998). Contingency and determinism in replicated adaptive

Publishing. radiations of Island lizard$Science279, 2115-2118.



1192 T. Kohlsdorf and others

Marsh, R. L. (1999). How muscles deal with real-world loads: the influenceRocha, P. L. B.(1998). Uso e Particao de Recursos pelas Espécies de Lagartos
of length trajectory on muscle performandeExp. Biol.202, 3377-3385. das Dunas do Rio S&o Francisco, Bahia (SquamB@gtoral Thesis

Melville, J. and Swain, R. (2000). Evolutionary relationship between Department of Zoology, Biosciences Institute, University of S&o Paulo,
morphology, performance and habitat openness in the lizard genus Brazil.

NiveoscincugScincidae: LygosomidaeRiol. J. Linn. Soc70, 667-683. Rome, L. C.(1998). Some advances in integrative muscle physiolégmp.
Mendez, J. and Keys, A.(1960). Density and composition of mammalian ~ Biochem. Physiol. B20, 51-72.
muscle.Metabolism9, 184-188. Romer, A. C. (1985). Anatomia Comparada dos Vertebrad@&io Paulo,

Miles, D. B. (1994). Covariation between morphology and locomotor Brazil: Atheneu.
performance in sceloporine lizards. Lizard Ecology: Historical and  Suarez, R. K., Mallet, M. D., Daxboeck, C. and Hochachka, P. \{/1986).
Experimental Perspectivded. L. J. Vitt and E. R. Pianka), pp. 207-235.  Enzymes of energy metabolism and gluconeogenesis in the Pacific blue

Princeton: Princeton University Press. marlin, Makaira nigricans Can. J. Zool64, 694-697.

Mirwald, M. and Perry, S. F. (1991). Muscle fiber types in ventilatory and Swoap, S. J., Johnson, T. P., Josephson, R. K. and Bennett, A(F293).
locomotor muscles of the Tokagekko geckoa histochemical studyl. Temperature, muscle power output, and limitations on burst locomotor
Comp. Biochem. Physiol. 98, 407-411. performance of the lizarDipsosaurus dorsalis). Exp. Biol.174, 185-197.

Moon, T. W. and Mommsen, T. P.(1987). Enzymes of intermediary Taigen, T. L., Wells, K. D. and Marsh, R. L.(1985). The enzymatic basis
metabolism in tissues of the little skaRaja erinacealJ. Exp. Zool244, of high metabolic rates in calling frog8hysiol. Zool 58, 719-726.

9-15. Toro, E., Herrel, A. and Irschick, D. (2003). Comparative biomechanics

Moyes, C. D., Mathieu-Costello, O. A., Brill, R. W. and Hochachka, P. W. analysis of jumping inPAnolis lizards. Comp. Biochem. Physiol. 234
(1992). Mitochondrial metabolism of cardiac and skeletal muscles from a S50.
fast Katsuwonus pelamisand slow Cyprinus carpi9 fish. Can. J. Zool. Van Sluys, M. (1991). Aspectos da ecologia do lagartopidurus itambere
70, 1246-1253. (Tropiduridae) em uma area do sudeste do Biaesi. Bras. Biol52, 181-

Mutungi, G. (1989). Slow locomotion in chameleons — histochemical and 185.
ultrastructural characteristics of muscle-fibers isolated from the iliofibularis/anhooydonck, B. and Van Damme, R(1999). Evolutionary relationships
muscle of Jackson chameleddh@maleo jacksonii J. Exp. Zool263 1- between body shape and habitat use in lacertid lizerdd. Ecol. Resl,

7. 785-805.

Mutungi, G. (1992). Histochemistry, innervation, capillary density, and Williams, P. E., Catanese, T., Lucey, E. G. and Goldspink, G1988). The
mitochondrial volume of red and white muscle fibers isolated from a lizard, importance of stretch and contractile activity in the prevention of connective
Varanus exanthematicu€an. J. Zool68, 476-481. tissue accumulation in musclé. Anat.158 109-114.

Nelson, F. and Jayne, B(2001). The effects of speed on thevivo activity Withers, P. C. (1977). Measurement of VO2, VCO2 and evaporative water
and length of a limb muscle during the locomotion of the iguanian lizard loss with a flow-through masHl. Appl. Physiol42, 120-123.

Dipsosaurus dorsalis]. Exp. Biol.204, 3507-3522. Young, B. A., Magon, D. K. and Goslow, G. E., J(1990). Length-tension
Putnam, R. W. and Bennett, A. F(1982). Thermal dependence of isometric ~ and histochemical properties of select shoulder muscles of the savannah

contractile properties of lizard musclke.Comp. Physioll47, 11-20. monitor lizard Yaranus exanthematiclsimplications for function and
Putnam, R. W., Gleeson, T. T. and Bennett, A. §1980). Histochemical Evolution.J. Exp. Zool256, 63-74.

determination of the fiber composition of locomotory muscles in a lizardZar, J. H. (1996).Biostatistical AnalysisEnglewood Cliffs, NJ: Prentice-Hall
Dipsosaurus dorsalis]. Exp. Zool214, 303-309. Inc.



