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Abstract

Many amphibious fishes rely on terrestrial locomotion to accomplish essential daily
tasks, but it is unknown if terrestrial exercise improves the locomotor performance of fishes on
land. Thus, we tested the hypothesis that terrestrial exercise improves locomotion in amphibious
fishes out of water due to skeletal muscle remodeling. We compared the jumping performance of
Kryptolebias marmoratus before and after an exercise training regimen, and assessed the muscle
phenotype of control and exercise-trained fish. We found that exercise-trained fish jumped 41%
farther, and 48% more times before reaching exhaustion. Furthermore, exercise training resulted
in the hypertrophy of red muscle fibers, and an increase in red muscle capillarity and aerobic
capacity. Lactate accumulation after jumping indicates that white muscle is also important in
powering terrestrial jumps. Overall, skeletal muscle in K. marmoratus is highly responsive to
terrestrial exercise, and muscle plasticity may assist in the effective exploitation of terrestrial

habitats by amphibious fishes.
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Introduction

Locomotor movement on land is far more costly than movement in water (Schmidt-
Nielsen, 1972). Nevertheless, several amphibious fishes rely on terrestrial locomotor
performance for predator avoidance, dispersal, and prey capture (Gordon, 1969; Sayer, 2005).
Some amphibious fishes locomote on land using pectoral fins that appear to work like limbs
(mudskippers; Kawano and Blob, 2013), others use serpentine movements (eels; Gillis, 2000),
while still others use jumps (killifish; Minicozzi et al., 2019). Despite the inefficiency of these
terrestrial locomotor methods compared to swimming, many amphibious fishes out of water can
traverse considerable distances or short distances repeatedly. For example, juvenile Hawaiian
gobies (Sicyopterus stimpsoni) climb waterfalls over 10, 000 times their body length to reach
adult habitats (Schoenfuss and Blob, 2003), whereas blennies (Alticus kirkii) frequently move in
and out of tidepools to feed on the algae of nearby rocks (Martin and Lighton, 1989).

Exercise typically improves the locomotor performance of vertebrates due to skeletal
muscle remodeling. In fishes, skeletal muscle is generally composed of two anatomically and
functionally distinct fiber types: red (slow-oxidative) and white (fast-glycolytic) fibers that use
aerobic and anaerobic pathways, respectively, for energy (ATP) production. Numerous studies
have demonstrated that swim training can alter the structural and metabolic properties of red and
white muscle fibers in fish, which in turn enhances swimming performance (for reviews see
Kieffer, 2010; Palstra and Planas, 2011; McClelland, 2012; McClelland and Scott, 2014).
Exercise or repeated movements across terrestrial environments may promote skeletal muscle
remodeling and improve locomotion in amphibious fishes, as observed with swim training, but
this is unknown. On the other hand, amphibious fishes that remain inactive for several weeks or

months in a terrestrial environment can exhibit muscle disuse atrophy (e.g. estivating lungfish;
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Amelio et al., 2013), which may impair locomotor performance. Any changes to the skeletal
musculature that affects terrestrial locomotion may influence how effectively amphibious fishes
exploit terrestrial habitats. Does terrestrial exercise training improve the locomotor performance
of amphibious fishes?

In the present study, we used the amphibious mangrove rivulus (Kryptolebias
marmoratus) to test the hypothesis that terrestrial exercise training improves the locomotor
performance of amphibious fishes out of water due to skeletal muscle remodeling. A previous
study from our laboratory showed that K. marmoratus reversibly remodeled skeletal muscle
towards a more aerobic phenotype (i.e. increased the total cross-sectional area of oxidative
muscle via hypertrophy) after 14 days on land, which improved terrestrial locomotor
performance (Brunt et al., 2016). Interestingly, this change in muscle phenotype was not due to
terrestrial exercise, as air-exposed fish remained inactive, but rather the result of the higher O»
availability in air relative to water (Rossi et al., 2018). In the wild, however, K. marmoratus
frequently move across mangrove forest floors using terrestrial jumps (Gibb et al., 2013; Pronko
et al., 2013; Ashley-Ross et al., 2014) to capture prey, avoid predators, and disperse to new
aquatic habitats (Taylor, 1992; Taylor 2012). Thus, we compared the jumping performance of K.
marmoratus before and after an exercise training regimen where fish were jumped to ~50%
exhaustion on alternate days for 12 days. We then assessed the skeletal muscle phenotype of K.
marmoratus, including the number and cross-sectional area of red and white muscle fibers, the

capillarity and aerobic capacity of the red muscle, as well as whole-body [lactate] after exercise.
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Methods
Experimental animals

All experimental fish (n=51; 0.083 £ 0.001 g) were adult hermaphrodites of the self-
fertilizing Kryptolebias marmoratus (Poey 1880) (SLC strain; Tatarenkov et al. 2010). Prior to
experimentation, fish were individually maintained in 120 ml plastic holding cups (60 ml water,
15%o salinity, 25°C) in the Hagen Aqualab at the University of Guelph on a 12h:12h light: dark
cycle (Frick and Wright, 2002). Fish were fed live Artemia sp. nauplii three times weekly. All
experimental procedures were approved by the University of Guelph Animal Care Committee

(AUP 3891).

Experimental Protocol

We randomly assigned adult K. marmoratus hermaphrodites to one of two 14-day
treatments: control (n=25; 0.080 £ 0.001 g) or exercise (n=26; 0.085 £ 0.002). On Day 0, all fish
were subjected to a terrestrial locomotor performance test (i.e. jumped to exhaustion as
previously described; Rossi et al., 2019) to establish baseline locomotor performance. Briefly,
fish were encouraged to jump via gentle prodding with a clicker ballpoint pen until exhausted,
i.e. unresponsive to ~10 prods (typically after ~6 minutes). The jumping trials were video
recorded and analyzed to quantify the total distance travelled and the number of jumps
performed (Brunt et al., 2016). After the Day 0 exhaustive test, the exercise group were induced
to jump for 3 minutes (~50% exhaustion) on Days 2, 4, 6, 8, 10 and 12. Fish were jumped every
second day, and not daily, in order to prevent excessive handling, and to allow for recovery

between jumping bouts. Control fish were air-exposed, but not jumped, on these same days for 3
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minutes. We air-exposed control fish in 120 ml plastic cups to minimize voluntary jumping. In
general, control fish jumped fewer than 5 times voluntarily upon transfer to air. All fish were
maintained in water (~60 mL, 15%o) and fasted during the experimental period to ensure that
exercise-trained fish did not obtain more food than untrained fish due to enhanced foraging
abilities.

On Day 14, a subset of fish (control, n=17; exercise, n=18) were jumped to exhaustion
for comparison to the exhaustive jumping test on Day 0, and then immediately euthanized via
immersion in MS-222 (500 mg L!). A ~3 mm transverse steak anterior to the dorsal fin was
removed and processed for muscle phenotype analysis, as previously described (Rossi et al.,
2018). The remaining fish (exercise, n=10; control, n=10) were induced to jump submaximally
(10 times) on Day 14 (Brunt et al., 2016), immediately euthanized via ice-water immersion, and
analyzed enzymatically for whole-body [lactate], as previously described (Bergmeyer and Bernt,
1974). Negative controls (i.e. non-jumped fish; n=7) were also analyzed for whole-body

[lactate]. We standardized all [lactate] measurements to the body volume (in liters) of each fish.

Muscle Phenotype

Red muscle fibers were identified by staining for slow myosin using mouse IgA primary
antibody (S58; Developmental Studies Hybridoma Bank, Iowa City, IA, USA), as previously
described (Johnston et al., 2004). An alkaline phosphatase (AP) stain was used to visualize
capillaries localized in the red muscle, and a succinate dehydrogenase (SDH) stain was used as a
proxy for the aerobic capacity of red muscle (Borowiec et al., 2015; Brunt et al., 2016). The
slides were viewed using an epifluorescece microscope (Nikon Eclipse 90i microscope, Nikon,

Tokyo, Japan), photographed using NIS Elements software (Nikon), and analysed as previously
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described (Rossi et al., 2018; Rossi et al., 2019). Briefly, we counted all red muscle fibers on one
lateral half of each fish, and measured the size (cross-sectional area) of 30 random red muscle
fibers. All capillaries in contact with red muscle fibers on one lateral half of each fish were
counted and reported as a capillary: red muscle fiber ratio, as previously described (Brunt et al.,
2016).

We quantified SDH staining intensity by overlaying a 200 pm? grid onto photographs of
SDH-stained sections, and measuring the mean grey value of 3 random squares containing only
red muscle. Intensity was expressed as the absolute mean grey value of red minus white muscle
in arbitrary units (a.u.) to correct for differences in section thickness. Brightfield images of
unstained sections were used to quantify the number and average size of white fibers, as
previously described (Rossi et al., 2019). Red and white muscle fiber sizes were standardized to

fish length (in millimeters).

Statistical Analysis

We examined our data using estimation statistics in addition to null hypothesis testing
(Hasley et al., 2015; Ho and Halsey, 2018; Halsey, 2019). All data was initially assessed for
normality and homogeneity of variance, and appropriately transformed when necessary. We
performed paired two-sided t-tests to compare the jumping performance of fish before and after
the experimental period, and unpaired two-sided t-tests to compare muscle phenotype between
control and exercise-trained fish. We used a one-way ANOVA, followed by a Tukey’s post-hoc
test, to compare the [lactate] of negative control, control, and exercise-trained fish. Each p-value
(significant at a<0.05) is supplemented with a mean difference value, and the 95% confidence

interval of the mean difference value computed from 5,000 bootstrapped samples. We performed
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linear regressions to determine the relationship between the size of red and white fibers with the
number of jumps performed. All data was analyzed using RStudio (version 1.1.447). Estimation

plots were produced using the ‘dabestr’ package in R 3.6.1 (Halsey, 2019).’

Results and Discussion

We report evidence for the hypothesis that terrestrial exercise training improves the
locomotor performance of amphibious fishes out of water due to skeletal muscle remodeling.
Remarkably, the exercise regime consisted of only ~24 minutes of jumping spread over 12 days,
but K. marmoratus jumped 41% farther (p=0.001; mean difference of 118 body lengths; 95%
CI= 60.6-185.0 body lengths), and 48% more times (p<0.001; mean difference of 33.9 jumps;
95% CI= 24.0-43.1 jumps) after exercise-training (Fig. 1). Control fish showed no such
differences in either the distance travelled (p=0.05; mean difference of 27.3 jumps; 95% CI= -
12.3-85.9 jumps) or in the number of jumps performed (paired t-test, p=0.54; mean difference of
-2.2 jumps; 95% CI= -9.9-8.6 jumps) (Fig. 1). Exercise training also produced a more aerobic
skeletal muscle phenotype in K. marmoratus. The red muscle fibers of exercise-trained fish were
29% larger than control fish (p<0.001; mean difference of 0.9 pm mm™; 95% CI=0.6-1.3 um
mm'; Fig. 2A) suggesting hypertrophic growth, but the number of red muscle fibers between
groups did not differ (p=0.81; mean difference of 0.9 red muscle fibers; 95% CI=-5.7-8.0 red
muscle fibers). The positive correlation between the size of red muscle fibers and the number of
jumps fish could perform before exhaustion (p=0.02, R>=0.42, y= 22.53x +22.09) further
supports the idea that improved terrestrial locomotor performance is driven by changes to the
skeletal musculature. Moreover, the red muscle of exercise-trained fish had a higher capillary:

fiber ratio (p=0.04; mean difference of 0.06 capillaries: fiber ; 95% CI= 0.02-0.11 capillaries:
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fiber; Fig 2B) and a higher SDH staining intensity (p<0.001; mean difference of 32.5 a.u.; 95%
CI=27.6-39.4 a.u.; Fig 2C) compared to that of control fish. Overall, our findings indicate that
skeletal muscle in K. marmoratus is highly responsive to terrestrial exercise training, and that
muscle plasticity may assist in the effective exploitation of terrestrial habitats by amphibious
fishes.

Jumping is often considered to be a burst movement, powered primarily by white
anaerobic muscle (James et al., 2007). In fish, skeletal muscle is composed mostly of white fibers
(>90%), with a small band of red fibers running along the lateral line (Bone, 1978).
Paradoxically, we found that exercise training resulted in a more aerobic, not anaerobic, skeletal
muscle phenotype in K. marmoratus. Our findings are consistent with that of a previous study
from our laboratory, which demonstrated that hypertrophy of red muscle fibers and increased red
muscle capillarity improved the jumping performance (e.g., from 16 to 24 jumps performed
before exhaustion) of K. marmoratus after 14 days of air-exposure without exercise (Brunt et al.,
2016). The red muscle hypertrophy in air-exposed fish resulted from the higher O availability in
air compared to water rather than exercise (Rossi et al., 2018), but emphasizes the importance of
red muscle for jumping. Interestingly, both the current study and that of Brunt et al. (2016) found
that for every 10% increase in the size of red muscle fibers, the number of jumps fish could
perform before reaching exhaustion increased by 13-17%. Although the absolute number of
jumps differed between these studies due to methodological differences (e.g., exhaustion
criteria), the relative change in locomotor performance for a given change in muscle phenotype
were very similar. Finally, the higher SDH staining intensity in the red muscle of exercise-
trained K. marmoratus in the current study reflects an enhanced aerobic capacity, since the

activity of SDH in skeletal muscle fibers correlates positively with O> consumption (Bekedam et
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al., 2003). Previous studies have similarly demonstrated a higher aerobic capacity in the red
muscle of several exercise-trained non-amphibious fishes (Johnston and Goldspink, 1977;
Johnston and Moon, 1980; McClelland et al., 2006). Taken together, we suggest that enhanced
O uptake and utilization by the red muscle of K. marmoratus may be critical for improved
jumping performance.

We found that K. marmoratus fatigued after a few minutes of exercise, suggesting that
their jumping behaviour is not a completely aerobic performance. The size of the white muscle
fibers in K. marmoratus did not change after exercise training (p=0.60; mean difference of -0.6
um mm'; 95% CI=-2.2, 1.7 um mm’!; Fig. 2D), nor did they correlate with the number of
jumps fish performed before exhaustion (p=0.23, R>=0.14, y= -4.62x + 222.80). Similarly, we
found no change in the number of white muscle fibers after exercise training (p=0.35; mean
difference of 245 white muscle fibers, CI=-485, 861 white muscle fibers). However, the
accumulation of lactate after jumping indicates that white muscle is important for powering
terrestrial jumps. Whole-body [lactate] was significantly higher immediately after submaximal
exercise in both control (p<0.001; mean difference of 0.9 mmol I''; 95% CI= 0.8-1.1 mmol I'")
and exercise-trained fish (p<0.001; mean difference of 1.1 mmol I''; 95% CI= 0.9-1.3 mmol I'")
relative to negative controls that were not induced to jump (p<0.001 Fig. 3). Broadly, the
exercise performance of fishes can been grouped into three categories: sustained, burst, and
prolonged (Beamish, 1978; Plaut, 2001; Kieffer, 2010). Sustained exercise is powered by aerobic
muscle and can be maintained for long periods of time (>200 minutes), whereas burst exercise is
powered by anaerobic muscle and results in fatigue after only a few seconds (Brett, 1967). The
jumping performance of K. marmoratus is likely a prolonged exercise, which utilizes both

aerobic and anaerobic muscle, lasts between 2-200 minutes, and ends in exhaustion. Overall, we
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suggest that both muscle types are important for jumping in K. marmoratus, but the reason why
red muscle demonstrated a greater scope for plasticity in response to exercise training remains

unknown and is worthy of study.

Perspectives

Improved terrestrial locomotor performance in K. marmoratus would presumably
enhance their ability to exploit terrestrial habitats. In the wild, K. marmoratus must traverse
terrestrial landscapes to forage, disperse to new aquatic environments, seek moist terrestrial
habitats during the dry season, avoid predation, and deposit embryos out of water (Taylor, 1992;
Taylor, 2012). Improved locomotor performance on land may allow K. marmoratus to more
effectively accomplish these activities. More broadly, amphibious fishes with more terrestrial
tendencies are likely to be better terrestrial athletes, and may therefore have increased fitness
compared to conspecifics that spend more time in water. As a result, highly terrestrial
phenotypes may persist in subsequent generations and lead to a positive feedback cycle. In other
words, the more time fish spend on land, the more opportunity to gain the benefits of exercise,
which may ultimately lead to their improved survival and reproduction. Interestingly, such
positive feedback cycles are thought to underlie major evolutionary and ecological transitions

(Crespi, 2004), such as the rise of the first land-dwelling tetrapods from ancient fishes.

=
Q
=
O
(2]
>
C
©
£
©
()
=
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
(e
X
Ll
[
(o]
©
C
=
3
O
S



Acknowledgements
We thank Dr. Todd Gillis for helpful comments, as well as Mike Davies, Matt Cornish, Nicole
Carpenter, and numerous undergraduate volunteers for animal care. We also thank the reviewers

for helpful commentary.

Competing Interests

We have no competing interests.

Author Contributions
All authors contributed to the conception and design of the study. W.M. conducted the

experiments. W.M. and G.S.R. analyzed the data. All authors wrote and edited the manuscript.

Funding
Funding was provided by a Natural Sciences and Engineering Research Council of Canada

(NSERC) graduate scholarship to G.S.R. and an NSERC Discovery Grant to P.A.W.

=
Q
=
O
(2]
>
C
©
S
©
()
i
Q
Q
O
O
<
[ ]
>
(@)}
o
Q
[a]
©
-
[
Q
£
=
()
Q
X
L
G
(o]
©
[
i
>
O
S




Literature Cited

Amelio D, Garofalo F, Wong WP, Chew SF, Ip YK, Cerra MC, Tota B. 2013 Nitric oxide
synthase-dependent “On/Off” switch and apoptosis in freshwater and aestivating lungfish,
Protopterus annectens: skeletal muscle versus cardiac muscle. Nitric Oxide 32, 1-12.

Ashley-Ross MA, Perlman BM, Gibb AC, Long JH Jr. 2014 Jumping sans legs: does elastic
energy storage by the vertebral column power terrestrial jumps in bony fishes? Zoology 117, 7-
18.

Bekedam MA, Beek-Harmsen BJ, Boonstra A, van Mechelen W, Visser FC, van der Laarse WJ.
2003 Maximum rate of oxygen consumption related to succinate dehydrogenase activity in

skeletal muscle fibres of chronic heart failure patients and controls. Clin. Physiol. Funct.
Imaging 23, 337-343.

Bergmeyer HU, Bernt E. 1974 Lactate dehydrogenase. In Methods of enzymatic analysis (ed.
HU Bergemeyer), pp. 574-579, 2nd edn. New York, NY: Academic Press.

Bone Q. 1978 Locomotor muscle. In Fish Physiology Vol. 7 (edited by Hoar WS, Randall DG)
pp. 361424. London: Academic Press.

Borowiec BG, Darcy KL, Gillette DM, Scott GR. 2015 Distinct physiological strategies are used
to cope with constant hypoxia and intermittent hypoxia in killifish (Fundulus heteroclitus). J.
Exp. Biol. 218, 1198-1211.

Brunt EM, Turko AJ, Scott GR, Wright PA. 2016 Amphibious fish jump better on land after
acclimation to a terrestrial environment. J. Exp. Biol. 219, 3204-3207.

Crespi BJ. 2004 Vicious circles: positive feedback in major evolutionary and ecological
transitions. Trends Ecol. Evol. 19, 627-633.

Gibb AC, Ashley-Ross MA, Hsieh ST. 2013 Thrash, flip, or jump: the behavioral and functional
continuum of terrestrial locomotion in teleost fishes. /ntegr Comp Biol. 53, 295-306.

Gillis GB. 2000 Patterns of white muscle activity during terrestrial locomotion in the American
eel (Anguilla rostrata). J. Exp. Biol. 203, 471-480.

Gordon MS, Boetius I, Evans DH, McCarthy R, Oglesby LC. 1969 Aspects of the terrestrial life
in amphibious fishes. I. Themudskipper, Periophthalmus sobrinus. J. Exp. Biol. 50, 141-149.

Hsieh STT. 2010 A locomotor innovation enables water-land transition in a marine fish. PLoS
One. 5,¢11197.

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. 2019 Moving beyond P values: data
analysis with estimation graphics. Nat. Methods 16, 565-566.

e
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S




James RS, Navas CA, Herrel A. 2007 How important are skeletal muscle mechanics in setting
limits on jumping performance? J. Exp. Biol. 210, 923-933.

Johnston 1A, Abercromby M, Vieira VLA, Sigursteindottir RJ, Kristjansson B, Sibthorpe D,
Skulason S. 2004 Rapid evolution of muscle fibre number in post-glacial populations of Arctic
charr. J. Exp. Biol. 207, 4343-4360.

Johnston IA, Davison W, Goldspink G. 1977 Energy metabolism of carp swimming muscles. J.
Comp. Physiol. 114, 203-216.

Johnston 1A, Moon TW. 1980 Endurance exercise training in the fast and slow muscles of a
teleost fish (Pollachius virens). J. Comp. Physiol. 135, 147-156.

Kawano SM, Blob RW. 2013 Propulsive forces of mudskipper fins and salamander limbs during
terrestrial locomotion: Implications for the invasion of land. Integr. Comp. Biol. 53, 283-294.

Kieffer JD. 2010 Perspective — Exercise in fish: 50+ years and going strong. Comp. Biochem.
Physiol. 156, 163-168.

McClelland GB, Craig PM, Dhekney K, Dipardo S. 2006 Temperature- and exercise-induced
gene expression and metabolic enzyme changes in skeletal muscle of adult zebrafish (Danio
rerio). J. Physiol. 577, 739-751.

McClelland GB. 2012 Muscle remodeling and the exercise physiology of fish. Exerc. Sport Sci.
Rev. 40, 165-173.

McClelland GB, Scott GR. 2014 Muscle plasticity. In The Physiology of Fishes (ed. D.H. Evans,
J.B. Claiborne and S. Currie), pp. 1-31. Boca Raton: CRC Press.

McFarlane W, Rossi GS, Wright PA (2019) Data from: Amphibious fish ‘get a jump’ on
terrestrial locomotor performance after exercise training on land .Dryad Digital Repository.
(https://doi:10.5061/dryad.mf76f1v).

Minicozzi M, Kimball D, Finden A, Friedman S, Gibb AC. 2019 Are extreme anatomical
modifications required for fish to move effectively on land? Comparative anatomy of the
posterior axial skeleton in the cyprinodontiformes. Anat. Rec. doi: 10.1002/ar.24117.

Palstra AP, Planas JV. 2011 Fish under exercise. Fish Physiol Biochem. 37, 259-272.
Pronko AJ, Perlman BM, Ashley-Ross MA. 2013 Launches, squiggles and pounces, oh my! The
water-land transition in mangrove rivulus (Kryptolebias marmoratus). J. Exp. Biol. 216, 3988-

3995.

Rossi GR, Cochrane PV, Tunnah L, Wright PA. 2019. Ageing impacts phenotypic flexibility in
an air-acclimated amphibious fish. J. Comp. Physiol. B. doi: 10.1007/s00360-019-01234-8.

e
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Rossi GR, Turko AJ, Wright PA. 2018 Oxygen drives skeletal muscle remodeling in an
amphibious fish out of water. J. Exp. Biol. 221, jeb180257.

Sayer MDJ. 2005 Adaptations of amphibious fish for surviving life out of water. Fish Fish. 6,
186-211.

Schmidt-Nielsen K. 1972 Locomotion: energy cost of swimming, flying and running. Science
177, 222-228.

Schoenfuss HL, Blob RW. 2003 Kinematics of waterfall climbing in Hawaiian freshwater fishes
(Gobiidae): vertical propulsion at the aquatic—terrestrial interface. J. Zool. Lond. 261, 191-205.

Tatarenkov A, Ring BC, Elder JF, Bechler DL, Avise JC. 2010 Genetic composition of
laboratory stocks of the self-fertilizing fish Kryptolebias marmoratus: a valuable resource for

experimental research. PLoS ONE 5, 1-9.

Taylor DS. 1992. Diet of the killifish Rivulus marmoratus collected from land crab burrows,
with further ecological notes. Environ. Biol. Fishes 33, 389-393.

Taylor DS. 2012 Twenty-four years in the mud: what have we learned about the natural history

and ecology of the mangrove rivulus, Kryptolebias marmoratus? Integr Comp Biol. 52, 724-736.

=
Q
=
O
(2]
>
C
©
S
©
()
)
Q
Q
O
O
<
[ ]
>
(@)}
o
Q
[a]
©
-
[
Q
£
=
Q
(e
X
L
G
(o]
©
[
i
>
O
S



Figures

A 7004 Control L e 700{ Exercise | 4
600 A - 300 600 - 300
o S
5 5001 F200 3 5007 (200 g
® a ® 2
< 3 2 3
8 400 -100 8 8 400 A L100 &
K2 = RZ] =
: = SN g
T 300 E X T 300 E
3 @ & 5 ° 2
S g = H
200 L _100 8 200 L _100 ©
100 1 - -200 100 1 - -200
0 . ; : 0 : : :
B 120 - 120 1 ) r 50
Control - 40 Exercise
110 110 4 - 40
- 30
100 A 100 - - 30
20 )
% 90 3 o 9 Lo £
g 10 & g &
3 80+ 2 3 so0f Lo 3
ksl ) § 5 §
3 70 2 & 70 0 &
£ -0 & E )
2 60- g 2 60 -6 2
--20 @ 8
50 - 50 - -20
- -30
40 - 40 - -30
- 40
30 . r T 30 : : T -40
Before After After Before After After
N=9 N=9 minus N=10 N=10 minus
Before Before

Figure 1: Gardner-Altman estimation plots showing the paired mean difference in (A) the total
distance traveled in body lengths, and (B) the number of jumps performed by control (left) and
exercise-trained (right) K. marmoratus before and after the experimental period. Locomotor
performance measures are plotted against the left axis as a slopegraph: each paired set of
observations (before and after) is connected by a line. The paired mean difference (black dot) is
plotted against the right axis as a bootstrap sampling distribution (grey distribution). The 95%

confidence interval is indicated by the vertical error bar.
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Figure 2: Gardner-Altman estimation plots showing the mean difference between the (A) red
fiber size, (B) capillary: red muscle fiber ratio, (C) SDH staining intensity, and (D) white fiber
size of control and exercise trained K. marmoratus. Both groups (control and exercise trained)
are plotted against the left axis. The mean difference (black dot) is plotted against the right axis
as a bootstrap sampling distribution (grey distribution). The 95% confidence interval is indicated

by the vertical error bar.
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Figure 3: Gardner-Altman estimation plots showing the mean difference between the whole-
body [lactate] of negative controls and control and exercise-trained K. marmoratus. All groups
are plotted against the left axis. The mean difference (black dot) is plotted against the right axis
as a bootstrap sampling distribution (grey distribution). The 95% confidence interval is indicated

by the vertical error bar.
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