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ABSTRACT

Exercisetraining iswell known to affect a suite of physiological and performance traitsin
mammals, but effects of training in other vertebrate tetrapod groups have been inconsistent. We
examined performance and physiological differences among green anole lizards (Anolis
carolinensis) that were trained for sprinting or endurance, using an increasingly rigorous training
regimen over 8 weeks. Lizards trained for endurance had significantly higher post-training
endurance capacity compared to the other treatment groups, but groups did not show post-
training differences in sprint speed. Although acclimation to the laboratory environment and
training explain some of our results, mechanistic explanations for these results correspond with
the observed performance differences. After training, endurance-trained lizards had higher
hematocrit and larger fast glycolytic muscle fibres. Despite no detectable change in maximal
performance of sprint-trained lizards, we detected that they had significantly larger slow
oxidative muscle fibre areas compared to the other treatments. Treatment groups did not differ in
the proportion of number of fibre types, nor in the mass of most limb muscles or the heart. Our
results offer some caveats for investigators conducting training research on non-model
organisms, and they reveal that muscle plasticity in response to training may be widespread

phylogenetically.
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INTRODUCTION

Exerciseis generally defined as physical activity that increases contraction of skeletal muscle
and energy expenditure above resting levels, resulting in improved performance that depends on
the intensity and frequency of exercise (Booth et al., 2012). Exercise, and the molecular and
physiological changes that follow, is smple to envision in the context of human activity, and
hence has served as the basis for a huge literature on plasticity in skeletal muscle physiology
(e.g., Trappeet al., 2006; Yan et a., 2011; Wilson, 2013), largely because of the numerous
health benefits exercise has for humans (Deslandes et al., 2009; Hawley and Holloszy, 2009; van
Praag, 2009; Church, 2011). Research on non-human mammals has added to our general
understanding of how exercise training affects muscle and cardiovascular tissue (e.g., Gollnick
and King, 1969; Guy and Snow, 1977; Constable et al., 1987; Evans and Rose, 1988; Bebout et
al., 1993; Kim et al., 2013). Nevertheless, research on ‘exercise’ in non-human, especially non-
mammalian, vertebrates has lagged behind with regards to how exercise might alter the
phenotype and influence the evolution of morphology and performance (Garland et al., 1987;
O’ Connor et a., 2011; Sinclair et a., 2013; Lailvaux and Husak, 2014). Recent theoretical
approaches (Nathan et al. 2008) and empirical data (Palstraand Planas, 2013; He et al., 2013),
though, suggest that non-human animals are not likely fundamentally different in how skeletal
muscle is altered by increased use. Thus, a fuller understanding of how physical performance can
be altered by the intensity and frequency of use can give great insight into how selection might
operate on performance and what the evolutionary response might be.

Locomotion has long been viewed as an important contributor to survival and

reproductive success in avariety of animal taxa (Dickinson et al., 2000; Irschick and Garland,
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2001; Husak and Fox, 2008), and recent ecomorphological research gives maximal locomotor
abilitiesa central role as atarget for selection (Arnold, 1983; Husak et al., 2006; Lailvaux and
Irschick, 2006; Irschick et al., 2007; Husak and Fox, 2008; Byers et al., 2009). Maximal
locomotor capacities seem intuitively essential during a high-speed chase between predator and
prey, for example, and some studies have detected selection on maximal locomotor capacitiesin
nature (reviewed in Irschick et al., 2008), but it is unclear how common such scenarios actually
arefor free-living individuals (Wilson et al., 2013), how often animals actually use maximal
capacities (Irschick and Losos, 1999; Husak and Fox, 2006), and whether frequent use in these or
other contexts alters muscle physiology to increase performance in subsequent situations that
may impact fitness. In humans, both endurance running and sprint training can result in dramatic
changes to skeletal muscle organization, from gene expression (Wang et a., 2004; Wilson, 2013)
to contractile properties, hypertrophy, and power output (Trappe et al., 2006; Harber and Trappe,
2008; Lundberg et al., 2013). There are several studies on exercise effects in non-mammalian
tetrapods demonstrating that exercise training can enhance endurance capacity in amphibians
(Cummings, 1979; Miller and Camilliere, 1981), crocodilians (Owerkowicz and Baudinette,
2008; Eme et al., 2009) and birds (Gaunt et al., 1990), but such studies have been conducted on
only afew very distantly related species. This, combined with equivocal resultsin some studies,
makes it difficult to understand the origin and adaptive significance of skeletal muscle plasticity.
Thus, studies of exercise in non-mammalian vertebrate species in which locomotion is an

integral part of their daily activitieswill reveal if training effects are universal and potentially
important to fitness. We studied the effects of endurance and sprint exercisein lizards, agroup in

which locomotion and the fitness consequences of poor locomotor performance have been well
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studied (Le Galliard et al., 2004; Miles, 2004; Husak et al., 2006; Calsbeek and Irschick, 2007,
John Alder et al., 2009).

Previous studies on lizard exercise were unable to demonstrate successful training of
lizards to increase endurance capacity, and the reasons are likely varied. Gleeson (1979) found
that 6-8 weeks of increasingly intense training in the iguanid lizard Scel oporus occidentalis had
no significant effects on running performance or its presumed metabolic correlates. While these
results were attributed to a potential fundamental difference between mammalian and saurian
metabolic flexibility, Garland et al. (1987) pointed out that the training regimen used was likely
not intense enough above baseline movement patterns in nature to elicit a response. Garland et
al. (1987) compared Amphibolorus nuchalis lizards trained five days a week for eight weeks
(with increased intensity) on atreadmill to a sedentary control group and found no differential
effect on endurance. There was, however, evidence of joint degradation after the very strenuous
training regimen, which the authors speculated was an effect of overly excessive training.

O’ Connor et a. (2011) used atraining regimen that included training for treadmill endurance,
maximum run time on a circular track, and maximum burst speed, finding no training effect on
any one of the performance traits. Most likely, the simultaneous combination of both types of
exercise resulted in alack of locomotor specialisation due to interference in the cellular pathways
involved with protein turnover in the types of exercise, asis the casein mammals (Coffey et al.,
2009a, 2009Db). Although these studies found no training effects on locomotor performancein
lizards, because of the reasons described above, it isalso possible that lizards simply do not
respond to exercise as fishes and mammals do (e.g., Davison, 1997; Palstra and Planas, 2013; He
et a., 2013). We used these previous studies as aguide to help design our training regimen to

maximize the likelihood of success. Thus, we designed atraining regimen that focused alizard’s
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training specifically on ether sprinting or endurance (or control), and the frequency of training
was roughly intermediate to previous studies and with modest increases in intensity over the
course of the experiment.

We conducted an experimental study of specialised exercise training in the green anole
lizard (Anolis carolinensis) to test whether sprinting or endurance performance could be
improved by training and what traits might be associated with any such performance
enhancement. Although there are no selection studies in the wild to confirm that sprinting and
endurance are important to individual fitness, green anoles use sprinting for predator escape and
slow, sustained locomoation for territory patrolling and foraging (Jenssen et al., 1995; Irschick
and Losos, 1996; Irschick et a., 2005). Thus, exercise in the form of sprinting and endurance are
likely ecologically relevant to green anoles. By modifying the approach of previous training
studies, we hoped to answer three main questions. First, will endurance and sprint training
enhance those performance traits? Second, if there are performance enhancements, is the change
due to muscle fibre hypertrophy or a shift in proportion of fibre types? Third, how does training
alter other potential predictors of performance, such as blood hematocrit levels and limb muscle
and heart masses? We expected to find significant changes in performance in both the sprinting
and endurance groups. We predicted to see hypertrophy of fast glycolytic fibres in muscles of the
sprint-trained lizards, resulting in increased muscle masses, compared to the endurance lizards,
which we predicted would have higher proportions of slow oxidative fibres. Additionally, we
hypothesi zed that the endurance group would have greater heart mass and blood hematocrit

levels than the sprint-trained groups.

RESULTS
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Paired t-tests revealed that endurance increased for al treatments (control: t = 3.85, P = 0.005;
sprint-trained: t = 4.84, P = 0.003; endurance-trained: t = 3.25, P = 0.01), but the magnitude of
increase was highest in the endurance trained group (Fig. 1). Sprint speed did not significantly
change for any of the treatments (control: t = -0.30, P = 0.77; sprint-trained: t = -1.18, P = 0.28;
endurance-trained: t = -2.22, P = 0.06). Results were similar when considering only post-training
data. Sprint speed did not differ among treatments (F», »; = 0.62, P = 0.55), but endurance did
(F2,21 = 6.97, P =0.005). Tukey’s HSD comparisons reveal ed that endurance-trained individuals
had greater endurance capacity than both sprint-trained (P = 0.04) and control individuals (P =
0.005), and sprint-trained and controls did not statistically differ from each other in endurance (P
=0.73; Fig. 1). There was no statistical differencein SVL (F;, 21 = 253, P =0.10) or mass (F2, 21
=0.70, P =0.51) among treatments. Hematocrit differed among treatments (Fz, 21 = 4.74, P =
0.02), with endurance-trained individuals having significantly higher hematocrit than controls (P
= 0.02) and atrend toward higher hematocrit than sprint-trained lizards (P = 0.06). Controls did
not differ statistically from sprint-trained lizards in hematocrit (P = 0.97). There were no other
statistical differences in hematocrit among treatments (P > 0.1 for all; Fig. 2). Forelimb length
did not differ among treatments (ANCOVA: interaction, F» 13 = 0.90, P = 0.42; treatment, F5, 2
=0.61, P =0.55), nor did hindlimb length (ANCOVA: interaction, F», 15 = 2.24, P = 0.14;
treatment, F», o0 = 0.16, P = 0.86).

Of the eight muscles weighed, only the biceps showed a significant difference among
treatments (ANCOVA: interaction, F;, 15 = 0.18, P = 0.84; treatment, F, 2 = 10.89, P = 0.0006),
with control and endurance-trained individuals not gatistically differing (P = 0.22), but both

endurance-trained (P = 0.02) and control (P = 0.0004) individuals having larger biceps than
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sprint-trained individuals (Table 1). Heart mass did not differ among treatments (ANCOVA:
interaction, F», 13 = 0.99, P = 0.39; treatment, F», o = 1.38, P = 0.28).

We characterized fibres as one of three fibre types on the basis of their staining
characteristics (Bonine et a., 2001): fast glycolytic (FG), fast oxidative glycolytic (FOG), or
slow oxidative (SO). The proportion of the number of muscle fibre types did not differ among
treatment groupsin the biceps (FG: F;, 21 = 0.74, P=0.49; FOG: F;, 21 = 0.58, P = 0.57; SO: F2, 21
=1.89, P = 0.18), gastrocnemius (FG: F2 21 = 1.96, P =0.17; FOG: F;, 2 = 1.62, P = 0.22; SO:
F, 01 = 2.87, P = 0.08), or iliofibularis (FG: F» 21 = 1.68, P = 0.21; FOG: F5 »; = 1.98, P = 0.16;
SO: F;, 21 = 3.34, P = 0.06). However, there were significant differences among groupsin fibre
cross-sectional area for two of the three muscles examined (Table 2). For theiliofibularis there
were differencesin FG and SO FCSA, but not FOG. The sprint-trained group had larger FG
fibres than the endurance-trained (P = 0.0003) and control (P = 0.003) groups (endurance-trained
and control groups did not differ in FG fibres, P = 0.44), whereas the endurance trained group
had larger SO fibres than the sprint-trained (P = 0.003) and control (P = 0.002) groups (sprint-
trained and control groups did not differ in SO fibres; P = 0.99). For the gastrocnemius (Fig. 3)
there were differences in FG and SO fibre CSA, but not FOG. The sprint-trained group had
larger FG fibres than the endurance-trained (P = 0.0003) and control (P = 0.004) groups
(endurance-trained and control groups did not differ in FG fibres; P = 0.46), whereas the
endurance trained group had larger SO fibres than the sprint-trained (P = 0.005) and control (P =
0.005) groups (sprint-trained and control groups did not differ in SO fibres; P = 0.97). For the

biceps there were no differencesin FCSA for FG, FOG, or SO fibres.

DISCUSSION
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Phenotypic changes as aresult of exercise training are well established in humans, yet these
effects are poorly studied in non-mammalian tetrapods. Our results show that specialised training
in green anole lizards can result in dramatic improvements in performance, but only for
endurance-trained individuals. These performance enhancements were associated with changes
in morphology and physiology. Even in the sprint-trained group, which did not show a
significant improvement in maximal sprint speed, there were detectable changes in the muscle
fibres. Although we found changes in fibre cross-sectional area specific to the type of training,
we found no detectable differences in fibre type proportions (in terms of numbers) related to type
of training. The diversity of responses to specialised training we observed are similar to those
seen in humans and other mammals, as well as fishes, and represent the first example to our
knowledge of training effects in a non-mammalian tetrapod. Indeed, previous attemptsto train
lizards failed to detect enhancement of performance or physiology (Gleeson, 1979; Garland et
al., 1987; O’ Connor €t al., 2011). However, we had the benefit of designing our training regimen
based on those previous studies, finding the appropriate intensity and frequency to elicit a
response. Our findings suggest that performance enhancement and at |east some aspects of
physiological plasticity following exercise may be conserved across vertebrates.

The nearly 300% increase in endurance capacity, on average, was likely due to a number
of changes during training. Our results cannot conclusively determine the precise mechanisms
leading to increased endurance capacity, but the differences in endurance were associated with
corresponding differences in hematocrit and SO fibre CSA in two key locomotor muscles. The
higher hematocrit in endurance-trained lizards is consistent in its directional change to studies of

humans and other mammals (reviewed in Bexfield et al., 2009; Connes et a., 2013), aswell as
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birds (Rieraet al., 1983), crocodilians (Eme et al., 2009), and fishes (Beamish, 1978), and
locomotor endurancein lizards is related to hematocrit (Garland, 1984; Garland and Else, 1987).
The increased oxygen-carrying capacity that comes with higher hematocrit may explain a
significant portion of the increase in endurance. The role of the other correspondingly different
variablesisless clear. The hypertrophic effects of aerobic training have been equivocal and
somewhat controversial (Harber et al., 2012; Lundberg et al., 2013), but several studies have
shown increased muscle mass and increased slow oxidative fibre size after aerobic exercise
training in mammals, including humans (Schwartz et al., 1991; Schluter and Fitts, 1994; Trappe
et a., 2006; Harber and Trappe, 2008; Harber et al., 2009; Konopka et al., 2010; Lovell et al.,
2010; Harber et al., 2012). However, while FCSA certainly contributesto force production, it is
less clear how alarger FCSA might increase endurance. The relatively small proportional
increase in FCSA for slow oxidative fibres in theiliofibularis (2.6%) and gastrocnemius (2.4%)
may be a byproduct of the training and not a causal factor in increasing endurance, and most
likely does not explain the dramatic increase in endurance capacity for the endurance-trained
group. The dightly greater habituation to handling, since training involved the same process used
to measure endurance, may have added to the differences in endurance among groups, but this
effect cannot account for the other differences seen among groups. There were undoubtedly
unmeasured molecular and metabolic changes to endurance-trained lizards that resulted in
increased endurance. For example, in the frog Rana pipiens increased endurance was due to
changes in aerobic mechanisms (Cummings, 1979), whereas in the frog Xenopus laevis training
altered glycolytic machinery (Miller and Camilliere, 1982). Future research can explore whether

mechanismsin lizards are similar to those in amphibians or mammals (Greiwe et al., 1999;

10



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

Coffey and Hawley, 2007; Yan et al., 2011; Atherton and Smith, 2012; Egan and Zierath, 2013;
Wilson, 2013).

We detected no increase in maximal sprint speed for sprint-trained individuals, but we
did find a response at the muscle level. Both the iliofibularis and the gastrocnemius showed
hypertrophy in their FG fibres, which is expected if the training was effective. Thisfinding
agrees with the large literature on mammals which has unequivocally demonstrated that
anaerobic sprint and resistance training result in hypertrophied fast-twitch muscle fibres (Tesch,
1988; Jones et al., 1989; Roig et al., 2009; Bruusgaard et al., 2010). Interestingly, the biceps
muscle was significantly smaller in the sprint-trained group compared to the other two groups.
Increasing incline, as we did in our endurance-training regimen, increases motor function of the
biceps muscles in green anoles (Foster and Higham, 2014), but we did not change incline to
increase intensity for our sprint-trained group. Perhaps the cons stent use of the forelimbs on a
constant incline during sprint training (resulting in no increase in motor function) resulted in
more resources being put into the gastrocnemius, the primary propulsive muscle (Higham et al.,
2011), instead of the biceps. Future experiments that change incline during sprint training would
be very instructive to elucidate what training variables alter muscle propertiesin lizards. The
lack of atraining effect on sprint performanceis, then, most likely due to lizards becoming
habituated to handling by trainers. Thus, there may have been an increase in sprint speed, but we
were unable to detect it. Although lizards were chased consistently to run up the dowel during
training sessions and sprint trials, they did not appear as motivated to exert themselves to
maximal capacity by the end of the training time period. That is, they hesitated and did not make
smooth, continuous runs, as are typically seen in sprint trials without long-term handling prior to

trials. The fact that al three treatment groups tended to decrease during the experiment (though
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significantly; see Results) is consistent with a change in motivation, asisthe fact that the two
groups handled the most (the two trained groups) had the largest average decreases in sprint
speed. Nevertheless, maximal sprint speed was still repeatable in the post-treatment trials (r =
0.92 for fastest and second-fastest speeds), suggesting that there was consistency in how
motivated individuals were. Thisisan important finding, becauseif we had only examined
performance endpoints we would have concluded that sprint training had no effect. The effects
on FG muscle fibre CSA, though, showed that not to be true.

Our lack of detecting atraining effect on sprinting at the whole-animal level brings up
several problems that future investigators will face when studying exercise in non-model
organisms. First, looking only at performance may be misleading. Several endpoints should be
examined to ensure that there was or was not a response to training. Second, it is difficult to
know at first what an appropriate exercise regimen should be for non-model species (see Booth
et a., 2010 and associated commentaries). We had available several previous studies on lizards
that failed to find atraining response to help define our training regimen, even though these
previous studies were on different species, and our design worked. Thus, those interested in
exercise effects on non-model species will likely have to experiment with intensities and
frequencies of training, finding a balance between adequate exercise and damaging or
detrimental intensities. Thisis alarge barrier to comparative exercise research and likely
explains why there are so few studies on non-traditional study species. Finally, one must
understand the relevance of exercise, and the responseto it, in the species being studied. Does it
have any ecological relevanceto individuals' fitness such that a response to training is expected?
How might the plastic response to training be beneficial? Are there tradeoffs when investing

resources to enhance performance? This latter question may help better understand the adaptive
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nature of training effects in general, and future studies on training effects in non-model species
would benefit by framing their questionsin alife-history perspective (Lailvaux and Husak,
2014). Along these lines, there is the possibility that the lizard species studied previously
(Gleeson, 1979; Garland et al., 1987; O’ Connor et al., 2011) truly do not respond to exercise, but
green anoles do, and response to exercise can be gained or lost like other phenotypic traits,
depending on selective pressures specific to each species. Either way, even though the details of
what changed or not during training in green anolesis not conclusive in our study, itisan
important first step to better understand the evolutionary history and conserved nature of

performance physiology.

Conclusions

Because of its beneficial effects on humans, exercise has been the subject of thousands of
studies. A search of PubMed (U. S. National Institutes of Health, accessed October 2014) for
“human exercise” returned over 230,000 citations, revealing how much we know about the
effects of exercise on anumber of systemsin the body. However, our knowledge about exercise
effects does not extend far beyond humans, and not much beyond mammals. Our results,
combined with perspectives from studies of exercisein fishes (Davison, 1997; He et al., 2013;
Palstra and Planas, 2013), amphibians (Cummings, 1979; Miller and Camilliere, 1981),
crocodilians (Owerkowicz and Baudinette, 2008; Eme et al., 2009), and birds (e.g., Gaunt et al.,
1990) suggest that much of what we know about exercise effects on performance may extend to
al vertebrates. However, the different mechanistic changes apparent within these groups makes

more comparative studies imperative. Adding lizardsto the list of higher vertebrate taxa showing
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aresponse to exercise is an important step toward a fuller understanding of muscle plasticity.
When more comparative data on mechanisms of training effects (or the lack thereof) across more
vertebrates are available, we can begin to understand how general training effects are, aswell as
what factors lead to the evolutionary maintenance, gain, or loss of training responses, or whether

such responses are evolutionarily labile.

MATERIALSAND METHODS

General husbandry

We obtained adult male green anoles (n = 30) from acommercial vendor (Candy’s Quality
Reptiles, LaPlace, LA, USA) that caught lizards from the wild and shipped them the next day.
We housed lizards individually in 28-L plastic bins with mesh lids. Paper was attached to the
outside walls of each cage to eliminate visual contact among lizards. Lizards were housed at 28-
31° Conal2:12 hr light:dark cycle for two weeks of acclimation before the beginning of the
experiment. Full spectrum bulbs over the cages provided UV light. Humidity was maintained
with ahumidifier in the room and by misting each cage two timesaday. Lizardswerefed
consistent diets of crickets and mealworms three times a week, with calcium and vitamin D

dusted on crickets and mealworms once a week.

Pre-treatment measur ements

14
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Prior to the onset of training, we took several measurements from each lizard. We measured
maximal sprint speed and endurance capacity (see below), as well as mass (to the nearest 0.1 g)
and several morphometrics (snout-vent length [SVL], hindlimb length, forelimb length to the
nearest 0.01 mm). Sprint speed was measured with each lizard being run three times in one day
(trials being separated by two hours). The racetrack was a 2-m long, 5-cm diameter dowel
covered in cork (for traction), and was equipped with vertically paired infrared photocells
(Trackmate Racing, Surrey, British Columbia, Canada) at 0.25-m intervals so that a running
lizard broke the beams sequentially and the elapsed time (msec, then converted to m/sec) for
each interval was recorded by a computer. The track was placed at a 45° angle to simulate
natural conditions (Cox et al. 2009). The fastest 0.25-m speed was considered maximal. Thisis
a highly repeatable, standard procedure for Anolis lizards (Cox et a., 2009; Foster and Higham,
2012). We measured endurance by running lizards to exhaustion (loss of righting reflex) on a
motorized treadmill (PetRun model PR700 modified for lower speeds) rotating at 0.3 km/h
(Perry et al., 2004; Cox et a., 2009). Lizards were placed on the moving treadmill and
encouraged to run by gentle tapping of thetail and hindlimbs with asmall fan paintbrush.
Lateral movements were constrained by confining lizards within a small open-bottom plexiglass
box resting on the surface of the treadmill. A lamp with a 100-W bulb suspended over the
treadmill maintained the temperature between 29-31° C during the trials. Duration from
initiation of thetrial to loss of righting reflex was recorded as the measure of endurance.
Endurance was measured 24 hours after sprint speed trials were completed. Training began four
days after endurance was measured.

We randomly assigned individual lizards to one of three treatment groups described

below. The three groups did not differ from each other in SVL (F;,2; = 1.25, P = 0.31), mass

15
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(F2, 21 = 2.33, P=0.12), hindlimb length (F,, 21 = 0.44, P = 0.65), or forelimb length (F,, 21 = 0.23,
P =0.80). Beforetraining sprint speed was not related to SVL (r = 0.01, P = 0.96), but
endurance was (r = 0.44, P = 0.03). The treatments did not initially differ in sprint speed
(ANOVA: F3, 21 =0.46, P =0.64), or endurance (ANCOV A with SVL asacovariate: lope, F», 15
=0.10, P=0.91; intercept, F», 20 = 0.91, P = 0.42). Ten lizards were assigned to each treatment
group, but mortality during the experiment resulted in n = 9 for controls, n = 8 for endurance-
trained, and n = 7 for sprint-trained treatments. Although there was some mortality over the
course of the experiment, we do not feel that it was dueto adeclinein overall health of lizards,
especially those being trained, as there was no difference between pre-treatment and post-

treatment SVL or mass (paired t-tests, P > 0.06 for all).

Training

Lizards in the trained treatments were trained three days a week (Monday, Wednesday, Friday)
for 8 weeks. In each of the trained groups, training increased in intensity twice for atotal of
three ‘phases’ of training. They were trained for three weeks in the first phase, three weeks in
the second phase, and two weeks in the third phase.

The sprint speed training consisted of lizards being run up the same racetrack used to
measure pre-treatment sprint speed, with intensity increasing by increasing the number and
frequency of runsper day. Inthefirst phase lizards were run three times per day with two hours
of rest between runs. In the second phase lizards were run four times per day with two hours of
rest between runs. In the third phase lizards were run four times per day with one hour of rest

between runs.
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Endurance training was conducted on the same treadmill on which we measured
endurance capacity, but at a slower speed (0.18 km/h instead of 0.3 km/h). Lizards were run
each training session for 30 min or until exhaustion. In each phase, lizards that were initially
unable to go the full 30 min eventually did complete the full session before increasing intensity
in the next phase. We increased intensity by increasing the angle of the treadmill. It went from
flat (0°) in the first phase to 9° in the second phase, and then 13° in the third phase.

The control treatment lizards were handled once daily three times per week. This was meant
to stimulate any stress response that may have resulted just from handling the trained lizards.
Control lizards were captured, removed from their cage, and held for approximately 30 seconds.
Although thisis not the same amount of time spent training for endurance, it is approximately
the amount of time for a sprint trial. In addition, corticosterone levels of another lizard species
(Eulamprus heatwol el) were comparable after sprint trials compared to 30 min after being
handled and chased in a cage for 30 sec (Langkilde and Shine, 2006). Further, endurance-trained
lizards would have been the most stressed, but they had a significant increase in performance and
did not have the highest mortality. Thus, we feel that our control treatment adequately served as

a handling control.

Post-tr eatment measur ements

After training ended we again took several measurements from each lizard. We measured
maximal sprint speed and endurance capacity (as described above), as well as mass and the same
morphometrics (SVL, hindlimb length, forelimb length) with measurers blind to the treatment of

thelizard being run. Sprint speed was again measured with each lizard being run three timesin
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one day, with the fastest 0.25-m speed consdered maximal. Endurance was again measured by
running lizards to exhaustion on a motorized treadmill lying flat (0° incline) and rotating at 0.3
km/h. We took post-training blood samples four days after the end of training. Three days after
blood collection sprint speed was measured, and endurance was measured the day after sprint
speed trials. Thistiming was used to prevent changes in circulating corticosterone levels, which
were being determined for adifferent project. Prior to beginning this study, we tested whether
performance would be negatively affected three days after blood sampling in adifferent (not
trained; N = 10) group of lizards, and results showed that neither sprint speed (t =-1.16, P =
0.28) nor endurance were significantly reduced (t =-0.73, P = 0.48). After centrifuging blood
samples, we determined hematocrit for each lizard by using a Hamilton syringe to measure the
volume of plasma and red blood cells to obtain the percentage of total blood volume that was red
blood célls.

Lizards were then euthanized by rapid decapitation, and carcasses were processed for
preservation. After euthanization, the right forelimb and hindlimb were immediately removed
with scissors to ensure that all limb muscles were removed intact with part of the pelvisin the
hindlimb and part of the pectoral girdlein the forelimb removed with the limbs. The limbswere
then positioned at 90° angles with pins on foam blocks and immersed in isopentane cooled in
liquid nitrogen (Bonine et al., 2001). After freezing, limbs were wrapped in foil and put in dry
ice until moved to storage at -80°C.

The body and left limbs of the carcasses were preserved for muscle dissections. Lizards were
positioned with limbs at right angles and fixed in 10% agueous formalin solution for 24 hours,
then rinsed and transferred to 70% ethanol (Huyghe et al., 2010). We dissected muscles

following Herrel et a., (2008), with the muscle anatomy of Anolis carolinensis being most
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similar to A. valencienni. We removed the following muscles: M. pectoralis pars superficialis
(humeral retraction), M. biceps (elbow flexion), M. triceps brachii (elbow extension), M.
caudofemoralis longus (femoral retraction), M. ambiens (knee extension), M. puboischiotibialis
(kneeflexion), M. iliofibularis (knee flexion), and M. gastrocnemius pars fibularis (ankle
extension). Once removed, we patted each muscle dry and weighed it to the nearest 0.001 mg

(Mettler Toledo UMX2). We aso removed and weighed the heart of each lizard.

Histochemical techniques

We sectioned frozen muscles on a cryostat and stained them with two different procedures.
Frozen hindlimbs were cut in half just distal of mid-thigh, and the proximal portion of the thigh
was mounted on cryostat chucks using Tissue Tek embedding medium. Using a cryostat
microtome (Leica CM 3050 S), we sectioned hindlimb muscles at mid-thighin a plane
perpendicular to the femur in 20 um sections at -20°C. Serial sections, captured on glass
coverdips and air-dried for at least 30 min, were used for histochemical identification of fibre
types, as done previously for green anoles (described in Rosen et al. 2004). We stained for
myosin ATPase (mATPase; pH 9.4, 60 min) and succinic dehydrogenase (SDH; 37 min) to
identify fibre types. We characterized fibres as one of three fibre types on the basis of their
staining characteristics (Bonine et al., 2001): fast glycolytic (FG), fast oxidative glycolytic
(FOG), or slow oxidative (SO). FG fibres stain dark with mATPase and light with SDH (Bonine
et a., 2001). Muscles with higher oxidative capacities stain more darkly with SDH, whereas

muscles with low oxidative capacities are lighter in colour (Gleeson and Harrison, 1988).

19



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

Glass slides containing cross sections of lizard hind limbs were photographed (using
Neurolucida, ver. 9, MBF Bioscience, Williston, VT) using a camera mounted on a compound
microscope (Nikon Instruments). A stage micrometer was photographed at each magnification
for later use in determining muscle fibre areas. The iliofibularis (IF), gastrocnemius (G), and
biceps of lizards from each treatment group were later analyzed for fibre composition and fibre
size. These muscles were selected because of the importance in the stance (G) and swing (IF)
phases of locomotion (Higham et al., 2011), as well as mass differences among treatments found
in the biceps (see Results). Neurolucida software (MicroBrightField, Inc., Williston, VT) was
used to count the number of fibres of each type to determine the proportion of each within a
muscle. Then, the outline of approximately 20% of fibres for each fibre type (i.e., FG, FOG, and
SO) were chosen within each muscle, and cross-sectional area (FCSA) was calculated using
Scion Image (Scion Corp., Frederick, MD, USA). We averaged the areas for each fibre type
within an individual for analysis. All measurements were made blind to the treatment for section

being measured.

Statistical analysis

We first used paired t-tests to determineif individuals in each treatment group (separately) had
significantly different sprint speed or endurance. Since our treatment groups did not differ in
initial morphology or performance, and we only had post-training data on hematocrit, heart and
muscle masses, and muscle fibre characteristics, we examined all variables by comparing post-
training measures. Post-training body size did not correlate with sprint speed (SVL, P = 0.06;

mass, P = 0.19) or endurance (SVL, P = 0.90; mass, P = 0.66), so we compared treatments with
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analysis of variance (ANOVA). We also used ANOVA to compare treatments in post-training
SVL, body mass, and hematocrit (arcsine-square root-transformed). We used analysis of
covariance (ANCOVA), with SVL asthe covariate, to compare treatments for post-training limb
morphology, and we used ANCOV A with body mass as the covariate to compare muscle masses
and heart mass. Analysis of muscle fibre proportions (arcsine-square root transformed) and
cross-sectional area were compared among treatments for each muscle (IF, G, B) separately
using analysis of variance (ANOVA). Fiber cross-sectional areas did not significantly scale to
body size (P > 0.22 for all), likely due to the intentionally small range of body sizes in the study.
Pairwise comparisons were performed for all significant ANOVAs using Tukey’sHSD with a =

0.05.

Acknowledgments

Thanksto K. Diekmann, E. Sathe, and A. Wieckert for help with lizard husbandry and training.
This paper was greatly improved by comments from members of the UST Lizard Lab and two
anonymous reviewers. All research was conducted under approval by the UST Animal Care and

Use Committee.

Competing inter ests

The authors declare no competing financial interests.

Author contributions
J. F.H.,A R K. and B. N. W. designed and ran the experiment. J. F. H. wrote the manuscript

with input from al the authors.

21



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

REFERENCES

Arnold, S. J. (1983). Morphology, performance and fitness. Am. Zool. 23, 347-361.

Atherton, P. J. and Smith, K. (2012). Muscle protein synthesisin response to nutrition and
exercise. J. Physiol. 590, 1049-1057.

Beamish, F. W. H. (1978). Swimming capacity. In Fish Physiology, vol.7 (ed. W. S. Hoar and
D. J. Randall), pp. 101-187. New York, NY: Academic Press.

Bebout, D. E., Hogan, M. C., Hempleman, S. C. and Wagner, P. D. (1993). Effects of
training and immobilization on VO2 and DO2 in dog gastrocnemius muscle in situ. J.
Appl. Physiol. 74, 1697-1703.

Bexfield, N. A., Parcell, A. C., Neson, W. B., Foote, K. M. and Mack, G. W. (2009).
Adaptations to high-intensity intermittent exercise in rodents. J. Appl. Physiol. 107, 749—
754.

Bonine, K. E., Gleeson, T. T. and Garland, T., Jr. (2001). Comparative analysis of fiber-type
composition in the iliofibularis muscle of phrynosomatid lizards (Sauria). J. Morph. 250,
265-280.

Booth, F. W., Laye, M. J. and Spangenburg, E. E. (2010). Gold standards for scientists who
are conducting animal-based exercise studies. J. Appl. Physiol 108, 219-221.

Booth, F. W., Roberts, C. K. and Laye, M. J. (2012). Lack of exerciseisamajor cause of
chronic disease. Compr. Physiol. 2, 1143-1211.

Bruusgaard, J. C., Johansen, |. B., Egner, . M., Rana, Z. A. and Gunder sen, K. (2010).
Myonuclel acquired by overload exercise precede hypertrophy and are not lost on

detraining. Proc. Natl. Acad. Sci. USA 107, 15111-15116.

22



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

Byers, B. E., Hebets E. A., and Podos, J. (2010). Female mate choice based upon male motor
performance. Anim. Behav. 79, 771-778.

Calsbeek, R. and Irschick, D. J. (2007). The quick and the dead: Locomotor performance and
natural selection inisland lizards. Evolution, 61, 2493-2503.

Church, T. (2011). Exercise in obesity, metabolic syndrome, and diabetes. Prog. Cardiovasc.
Dis. 53, 412-418.

Coffey, V. G. and Hawley, J. A. (2007). The molecular bases of training adaptation. Soorts
Med. 37, 737-763.

Coffey, V. G., Jemiolo, B., Edge, J., Garnham, A. P., Trappe, S. W. and Hawley, J. A.
(2009a). Effect of consecutive repeated sprint and resi stance exercise bouts on acute
adaptive responses in human skeletal muscle. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 297, R1441-R1451.

Coffey, V. G, Pilegaard, H., Garnham, A. P., O’'Brien, B. J. and Hawley, J. A. (2009D).
Consecutive bouts of diverse contractile activity alter acute responses in human skeletal
muscle. J. Appl. Physiol. 106, 1187-1197.

Connes, P., SSmmonds, M. J., Brun, J.-F. and Baskurt, O. K. (2013). Exercise hemorheology:
Classical data, recent findings and unresolved issues. Clin. Hemorheol. Micro. 53, 187-
199.

Congtable, S. H., Favier, R. J., McLane, J. A., Fell, R. D., Chen, M. and Holloszy, J. O.
(1987). Energy metabolism in contracting rat skeletal muscle: adaptation to exercise

training. Am. J. Physiol. 253, C316-C322.

23



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Cox, R. M., Stenquist, D. S., Henningsen, J. P. and Calsbeek, R. (2009). Manipulating
testosterone to assess links between behavior, morphology and performance in the brown
anole, Anolis sagrei. Physiological and Biochemical Zoology, 82, 686-698.

Cummings, J. W. (1979), Physiologica and biochemical adaptationsto training in Rana
pipiens. J. Comp. Physiol. 134B, 345-350.

Davison, W. (1997). The effects of exercise training on teleost fish: areview of recent literature.
Comp. Biochem. Physiol. A 117, 67-75.

Deslandes, A., Moraes, H., Ferreira, C., Veiga, H., Silveira, H., Mouta, R.,

Pompeu, F.A.M.S,, Coutinho, E.S.F. and Laks J. (2009). Exercise and mental health:
many reasons to move. Neuropsychobiology 59, 191-198.

Dickinson M. H., Farley C. T., Full R. J., Koehl M. A. R., Kram R., Lehman S. (2000). How
animals move: an integrative view. Science 288, 100-106.

Egan, B. and Zierath, J. R. (2013). Exercise metabolism and the molecular regulation of
skeletal muscle adaptation. Cell Metab. 17, 162-184.

Eme, J., Owerkowicz, T., Gwalthney, J., Blank, J. M., Rourke, B. C., and Hicks, J. W.
(2009). Exhaustive exercise training enhances aerobic capacity in American alligator
(Alligator mississippiensis). J Comp Physiol B 179, 921-931.

Evans, D. L. and Rose, R. J. (1988). Cardiovascular and respiratory responses to submaximal
exercise training in the thoroughbred horse. Pflugers Arch. 411, 316-321.

Foster, K. L. and Higham, T. E. (2012). How forelimb and hindlimb function changes with
incline and perch diameter in the green anole (Analis carolinensis). J. Exp. Bial. 215,

2288-2300.

24



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

Foster, K.L. and Higham, T. E. (2014). Context-dependent changes in motor control and
kinematics during locomotion: modulation and decoupling. Proc. R. Soc. B 281,
20133331.

Garland, T., Jr. (1984). Physiological correlates of locomotory performance in alizard: an
allometric approach. Am. J. Physiol. Regul. Integr. Comp. Physiol. 247, R806-R815.

Garland, T.,Jr. and Else, P. L. (1987). Seasonal, sexual, and individual variation in endurance
and activity metabolism in lizards. Am. J. Physiol. Regul. Integr. Comp. Physiol. 252,
R439-R449.

Garland, T.,Jr., Else, P. L., Hulbert, A. J. and Tap, P. (1987). Effects of endurance training
and captivity on activity metabolism of lizards. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 252, R450-R456.

Gaunt, A. S.,Hikida, R. S.,Jehl, J. R., Jr. and Fenbert, L. (1990). Rapid atrophy and
hypertrophy of an avian flight muscle. Auk 107, 649-659.

Gleeson T. T. (1979). The effects of training and captivity on the metabolic capacity of the
lizard Sceloporus occidentalis. J. Comp. Physiol. 129, 123-128.

Gleeson, T. T. and Harrison, J. M. (1988). Muscle composition and its relationship to sprint
running in the lizard Dipsosaurus dorsalis. Am. J. Physiol. 255, R470-R477.

Gollnick, P. D. and King, D. W. (1969). Effect of exercise and training on mitochondria of rat
skeletal muscle. Am. J. Physiol. 216, 1502-1509.

Greiwe, J. S, Hickner, R. C., Hansen, P. A., Racette, S. B., Chen, M. M. and Holloszy, J. O.
(1999). Effects of endurance exercise training on muscle glycogen accumulation in

humans. J. Appl. Physiol. 87, 222-226.

25



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Guy, P. S. and Snow, D. H. (1977). The effect of training and detraining on muscle composition
in the horse. J. Physial, 269, 33-51.

Harber, M. and Trappe, S. (2008). Single muscle fiber contractile properties of young
competitive distance runners. J. Appl. Physiol. 105, 629-636.

Harber, M. P., Konopka, A. R., Douglass, M. D., Minchev, K., Kaminsky, L. A., Trappe, T.
A. and Trappe, S. (2009). Aerobic exercise training improves whole muscle and single
myofiber size and function in older women. Am. J. Physiol. Regul. Integr. Comp. Physiol.
297: R1452-R1459.

Harber, M. P., Konopka, A. R., Undem, M. K., Hinkley, J. M., Minchev, K., Kaminsky, L.
A., Trappe, T. A. and Trappe, S. (2012). Aerobic exercise training induces skeletal
muscle hypertrophy and age-dependent adaptations in myofiber function in young and
older men. J. Appl. Physiol. 113, 1495-1504.

Hawley, J.A. and Holloszy, J.O. (2009). Exercise, it'sthereal thing. Nutr. Rev. 67, 172-178.

He, W., Xia, W., Cao, Z.-D. and Fu, S.-J. (2013). The effect of prolonged exercise training on
swimming performance and the underlying biochemical mechanismsin juvenile common
carp (Cyprinus carpio). Comp. Biochem. Physial. A 166, 308-315.

Herrel, A., Vanhooydonck, B., Porck, J. and Irschick, D. J. (2008). Anatomical basis of
differences in locomotor behavior in Anolis lizards: a comparison between two
ecomorphs. Bull. Mus. Comp. Zool. 159, 213-238.

Higham, T. E., Korchari, P. G. and McBrayer, L. D. (2011). How muscles define maximum
locomotor performancein lizards: An analysis using swing and stance phase muscles. J.

Exp. Biol. 214, 1685-1691.

26



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

Husak, J. F. and Fox, S. F. (2006). Field use of sprint speed by collared lizards (Crotaphytus
collaris): compensation and sexual selection. Evolution 60, 1888-1895.

Husak, J. F. and Fox, S. F. (2008). Sexual selection on locomotor performance. Evol. Ecol. Res.
10, 213-228.

Husak, J. F., Fox, S. F., Lovern, M. B. and Van Den Bussche, R. A. (2006). Faster lizards sire
more offspring: sexual selection on whole-animal performance. Evolution 60, 2122-2130.

Huyghe, K., Husak, J. F., Van Damme, R., Molina-Borja, M. and Herrel, A. (2010). Effects
of testosterone on morphology, whole-animal performance and muscle mass in alizard.
J. Exp. Zool A 313, 9-16.

Irschick, D. J., Garland, T., Jr. (2001). Integrating function and ecology in studies of
adaptation: Investigations of locomotor capacity as amodel system. Annu. Rev. Ecol.
Syst. 32, 367-396.

Irschick, D. J. and Losos, J. B. (1999). Do lizards avoid habitats in which their performanceis
submaximal? The relationship between sprinting capabilities and structural habitat usein
Caribbean anoles. Am. Nat. 154, 293-305.

Irschick, D. J., Carlisle, E., Elstrott, J., Ramos, M., Buckley, C., Vanhooydonck, B.,
Meyers, J. and Herrel, A. (2005). A comparison of habitat use, morphology, clinging
performance and escape behaviour among two divergent green anole lizard (Anolis
carolinensis) populations. Biol. J. Linn. Soc. 85, 223-234.

Irschick, D. J., Herrd, A., Vanhooydonck, B. and Van Damme, R. (2007). A functional

approach to sexual selection. Funct. Ecal. 21, 621-626

27



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

Irschick, D. J., Meyers, J. J., Husak, J. F. and Le Galliard, J. F. (2008). How does selection
operate on whole-organism functional performance capacities? A review and synthesis.
Evol. Ecol. Res. 10, 177-196.

Jenssen, T. A., Greenberg, N. and Hovde, K. A. (1995). Behavioral profile of free-ranging
male Anolis carolinensis lizards across breeding and post-breeding seasons. Her petol.
Monogr. 9, 41-62.

John-Alder, H.B., Cox, R. M., Haenel, G. and Smith, L. (2009). Hormones, performance and
fitness: natural history and endocrine experiments on alizard (Scel oporus undulatus).
Integr. Comp. Biol. 49, 393-407.

Jones, D. A., Rutherford, O. M. and Parker, D. F. (1989). Physiological changein skeletal
muscle as aresult of strength training. Q. J. Exp. Physiol. 74, 233-256.

Kim,H., Lee T., Park, W., Lee, J.W.,Kim, J.,Lee, B. Y., Ahn, H., Moon, S,, Cho, S,, Do,
K.T.,,Kim,H.S,Lee H.K,, Lee, C.K.,Kong,H. S,, Yang, Y. M., Park, J., Kim, H.
M., Kim, B. C., Hwang, S., Bhak, J., Burt, D., Park, K. D., Cho, B. W. and Kim. H.
(2013). Pedling back the evolutionary layers of molecular mechanisms responsive to
exercise-stress in the skeletal muscle of the racing horse. DNA Res. 20, 287-298.

Konopka, A. R, Douglass, M. D., Kaminsky, L. A., Jemiolo, B., Trappe, T. A., Trappe, S.
and Harber, M. P. (2010). Molecular adaptations to aerobic exercise training in skeletal
muscle of older women. J. Gerontol. A Biol. Sci. Med. Sci. 65, 1201-1207.

Lailvaux S. P. and Irschick D. J. (2006). A functional perspective on sexual selection: insights
and future prospects. Anim. Behav. 72, 263-273.

Lailvaux, S. P. and Husak, J. F. (2014). The life-history of whole-organism performance. Q.

Rev. Biol. 89, 285-318.

28



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

Langkilde T. and Shine R. (2006). How much stress do researchersinflict on their study
animals? A case study using a scincid lizard, Eulamprus heatwole . J. Exp. Biol. 209,

1035-1043.

LeGalliard, J.-F., Clobert, J. and Ferriére, R. (2004). Physical performance and darwinian
fitnessin lizards. Nature 432, 502-505.

Losos, J. B. and Irschick, D. J. (1996). The effect of perch diameter on escape behaviour of
Anolislizards: Laboratory-based predictions and field tests. Anim. Behav. 51 593-602.

Lovell, D. I., Cuneo, R. and Gass, G. C. (2010). Can aerobic training improve muscle strength
and power in older men? J. Aging Phys. Act. 18, 14-26.

Lundberg, T. R., Fernandez-Gonzalo, R., Gustafsson, T. and Tesch, P. A. (2013). Aerabic
exercise does not compromise muscle hypertrophy response to short-term resistance
training. J. Appl. Physiol. 114, 81-89.

Miles, D. B. (2004). The race goes to the swift: fitness consequences of variation in sprint
performancein juvenile lizards. Evol. Ecol. Res. 6, 63—75.

Miller, K. and Camilliere, J. J. (1981). Physical training improves swimming performance of
the African clawed frog Xenopus laevis. Herpetologica 37, 1-10.

Nathan R., Getz W.M ., RevillaE., Holyoak M., Kadmon R. Saltz, D. and Smouse, P. (2008).
A movement ecology paradigm for unifying organismal movement research. Proc. Natl.
Acad. Sci. USA 105, 19052-19059.

O'Connor, J. L., McBrayer, L. D.,Higham, T. E., Husak, J. F., Moore, |. T. and Rostal, D.

C. (2011). Effects of training and testosterone on muscle-fiber types and locomotor

29



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

performance in male six-lined racerunners (Aspidoscelis sexlineata). Physiol. Biochem.
Zool. 84, 394-405.

Owerkowicz, T. and Baudinette, R. V. (2008). Exercise training enhances aerobic capacity in
juvenile estuarine crocodiles (Crocodylus porosus). Comp Biochem Physiol A 150, 211—
216.

Palstra, A. P. and Planas, J. V. (2013). Smimming Physiology of Fish: Towards Using Exercise
to Farm a Fit Fish in Sustainable Aquaculture. Springer-Verlag, Berlin.

Perry, G, LeVering, K., Girard, |. and Garland, T., Jr. (2004). Locomotor performance and
social dominance in male Anolis cristatellus. Anim. Behav. 67, 37-47.

Riera, M., Palomeque, J. and Planas, J. (1983). Erythrocytic phosphates and flying activity in
birds. Comp. Biochem. Physiol. A Comp. Physiol. 74, 849-854.

Roig, M., O'Brien, K., Kirk, G., Murray, R., McKinnon, P., Shadgan, B. and Reid, W. D.
(2009). The effects of eccentric versus concentric resistance training on muscle strength
and mass in healthy adults: a systematic review with meta-analysis. Brit. J. Sport Med.
43, 556-568.

Rosen, G. J., O’'Bryant, E. L., Swender, D. and Wade, J. (2004). Fiber type composition of
the muscle responsible for throat fan extension in green anole lizards. Brain Behav. Evol.
64, 34-41.

Schluter, J. M. and Fitts, R. H. (1994). Shortening velocity and ATPase activity of rat skeletal
muscle fibers: effects of endurance exercise training. Am. J. Physiol. Cell Physiol. 266,
C1699-C1713.

Schwartz, R. S., Shuman, W. P., Larson, V., Cain, K. C., Fellingham, G. W., Beard, J. C.,

Kahn, S. E., Stratton, J. R., Cerqueira, M. D. and Abrass, |. B. (1991). The effect of

30



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

intensive endurance exercise training on body fat distribution in young and older men.
Metabolism 40, 545-551.

Sinclair, E. L. E., de Souza, C. R. N., Ward, A. J. W. and Seebacher, F. (2013). Exercise
changes behaviour. Funct. Ecol. 28, 652-659.

Tesch, P. A. (1988). Skeletal muscle adaptations consequent to long-term heavy resistance
exercise. Med. ci. Soorts Exerc. 20, S132-S134.

Trappe, S, Harber, M., Creer, A., Gallagher, P., Slivka, D., Minchev, K. and Whitsett, D.
(2006). Single muscle fiber adaptations with marathon training. J. Appl. Physiol. 101,
721-727.

van Praag, H. (2009). Exercise and the brain: something to chew on. Trends Neurosci. 32, 283~
290.

Wang, Y.-X., Zhang, C.-L., Yu, R. T., Cho, H. K., Nelson, M. C., Bayuga-Ocampo, C. R.,
Ham, J., Kang, H. and Evans, R. M. (2004). Regulation of muscle fiber type and
running endurance by PPARS. PLoSBiol. 2, e294.

Wilson, A. M., Lowe, J. C., Roskilly, K., Hudson, P. E., Golabek, K. A. and McNutt, J. W.
(2013). Locomotion dynamics of hunting in wild cheetahs. Nature 498, 185-189.

Wilson, M. (2013). Molecular signals and skeletal muscle adaptation to exercise. Int. J. Appli.
Exerc. Physial. 2, 1-10.

Yan, Z., Okutsu, M., Akhtar, Y., N.and Lira, V. A. (2011). Regulation of exercise-induced
fiber type transformation, mitochondrial biogenesis, and angiogenesisin skeletal muscle.

J. Appl. Physiol. 110, 264-274.

31



The Journal of Experimental Biology — ACCEPTED AUTHOR MANUSCRIPT

Table 1. Mean (x SEM) muscle masses (mg) from green anolelizardseither trained for endurance or sprinting or not trained

(control). Bolded values were significantly different among treatment groups.

Pectoralis Biceps  Triceps  Ambiens Puboischiotibialis Iliofibularis Caudofemoralis  Gastrocnemius

Control 17.20+2.2 7.36x0.4 10.97+.08 14.29+0.9 9.36+0.6 4.84+0.5 38.04+2.8 8.11+0.5
Endurance 17.70+2.3 7.04+0.9 10.46+1.4 13.90+1.8 8.78+1.1 4.59+0.6 35.78+4.6 8.31+1.1
Sprint 17.33t2.2 6.72+0.8 11.59+1.4 14.37+1.8 9.94+1.3 4.75+0.6 41.98+5.3 8.89+1.1
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Table 2. Results of analysis of variance (ANOVA) analyses on muscle fibr e type cross-sectional areasin the biceps,

gastrocnemius, and iliofibularis compar ed among the three treatment groups. A significant result means that the average cross-

sectional area of the given fibre type differed among treatment groups. Pairwise comparisons with Tukey’'s HSD tests are summarized

for significant ANOV As (P-values are given in the text). Endurance = endurance-trained group; sprint = sprint-trained group; control

= control group. Significant ANOV As are shown in bold.

Muscle

Fast glycolytic

Fast oxidative glycolytic

Slow oxidative

Biceps

Gastrocnemius

lliofibularis

F20=234,P=0.12

Fzy 21 — 1212, P= 00003

Sprint > endurance = control

F2 21 =12.28, P =0.0003

Sprint > endurance = control

Fz, 21 — 0.54, P=0.59

Fz, 21 — 2.50, P=0.11

F201=242,P=011

Fz, 21 — 1.40, P=0.27

FZ, 21 — 856, P =0.002

Endurance > sprint = control

F2 21 =10.43, P = 0.0007

Endurance > sprint = control
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Figure Legends
Fig. 1. Mean (x SEM) endurance capacity (A) and sprint speed (B) for lizardstrained for

sprint speed (S) and endurance (E), aswell as control lizards (C), which were not trained.

Fig. 2. Mean (x SEM) hematocrit (proportion of blood that wasred blood cells) for contral,

sprint-trained, and endurance-trained lizards.

Fig. 3. Mean (+ SEM) cross-sectional area (um?) of fast glycolytic (FG), fast oxidative

glycolytic (FOG), and slow oxidative (SO) muscle fibersin the gastr ocnemius muscles of

control, sprint-trained, and endurance-trained lizards.
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