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ABSTRACT

Anuran jumping is an ideal system for examining the rela-
tionships between key morphological, physiological, and ki-
nematic parameters. We used the Australian rocket frog (Litoria
nasuta) as a model species to investigate extreme specialization
of the vertebrate locomotor system for jumping. We measured
the ground reaction forces applied during maximal jumps using
a custom-designed force platform, which allowed us to calculate
instantaneous measures of acceleration, velocity, power output,
and total jump distance. We quantified the mechanical prop-
erties of the plantaris longus muscle using the work loop tech-
nique. We found that L. nasuta achieved the second-longest
relative jumping distance for any anuran (55.2 body lengths
for one individual) and the highest published anuran values
for isolated net mean muscle power output measured using
work loops (93.5 W kg�1 muscle mass), hindlimb length to
snout-vent length ratio (2.02), and relative hindlimb muscle
mass (33% of body mass). Litoria nasuta also had a higher ratio
of tibia length to snout-vent length than 19 related species. We
found that the mean power output expended during the takeoff
phase of jumping in the individual that jumped the farthest
was about three times greater than our estimate of available
muscle power output.

Introduction

Jumping performance is commonly used as a model to inves-
tigate relationships between morphology, skeletal muscle me-

chanics, and locomotor performance (Marsh 1994; Rome 2002;
Toro et al. 2003; James et al. 2005, 2007). The relative simplicity
of this locomotor system allows ballistics formulas to be used
to calculate kinematic and kinetic variables of jump perfor-
mance and to highlight the relationships between morpholog-
ical, physiological, and kinematic variables. Jump distance can
be calculated from takeoff velocity and takeoff angle, variables
that can be readily determined using video analysis and force
platform data (Eq. [1]). Jump distance is also found to be
dependent on morphological and physiological variables (Eq.
[2]; Marsh 1994). In theory, jump distance in geometrically
similar animals is independent of body size (Hill 1950). How-
ever, considerable variation in body form between species re-
sults in variation in maximum jump distance with body size,
typically yielding a between-species scaling exponent of 0.20Mb

(Marsh 1994; James et al. 2007). Anuran jumping is an ideal
system for examining the relationships between these variables
because the contractile properties of frog hindlimb muscle have
been extensively studied, and there is large interspecific vari-
ation in jump performance that appears to be related to spe-
cialization in morphology (Zug 1978; Marsh 1994; James et al.
2007).

2v sin 2a
d p , (1)

g

where d is the horizontal displacement of the center of mass,
essentially the distance jumped (e.g., m), is takeoff velocityv
(e.g., m s�1), a is takeoff angle, and g is the acceleration due
to gravity (approximately 9.8 m s�2).

2/3

Ẇ # L sin 2a
d p # , (2)( )M gb

where d is the horizontal displacement of the center of mass,
is the average power generated/required for the jump (theẆ

kinetic energy at takeoff divided by the time required to attain
this energy), L is distance from the center of mass to the tip
of the toes, and Mb is body mass of the animal (Marsh 1994).

Equation (2) suggests that any species capable of extreme
jumping performance probably exhibits a number of morpho-
logical and/or physiological adaptations (Emerson 1985; James
et al. 2007), such as increasing relative hindlimb length (to
increase L and/or L : Mb ratio), increasing the proportion of
body mass devoted to skeletal muscle mass used to power jump-
ing (to increase and/or : Mb ratio), altering muscle me-˙ ˙W W
chanics to increase muscle power output (to increase ), andẆ
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increasing elastic strain energy used to enhance muscle power
output (to increase ). Both relative hindlimb length (hind-Ẇ
limb length : body length) and relative hindlimb muscle mass
(muscle mass : body mass) have been found to vary among
species and to affect jump performance. Frog (Emerson 1978)
and mammal species (Emerson 1985) that are jump specialists
have relatively longer legs. Also, frog (Rand 1952; Zug 1972;
Choi and Park 1996; Choi et al. 2003) and lizard species (Losos
1990; Toro et al. 2003) with relatively longer hindlimbs have
generally been found to achieve greater jump distance and/or
takeoff velocity. Hindlimb muscle mass in frogs (Emerson 1978)
and mammals (Alexander et al. 1981) varies as a proportion
of body mass, with jumping species having proportionally
larger extensor muscles than nonjumping species. In addition,
anurans with relatively greater thigh muscle mass have been
found to achieve relatively higher jump takeoff velocity (ex-
pressed relative to body mass; Choi et al. 2003).

The total power available for a jump may also be improved
by modifications in muscle contractile dynamics. It seems likely
that during maximal jumping performance extensor muscles
are maximally activated while shortening at an optimal velocity
and while working over a range of sarcomere lengths for op-
timal power generation (Lutz and Rome 1994). However, the
mechanical properties of frog skeletal muscle vary among spe-
cies, among individuals within a species, and between muscles
within an individual as a result of variation in muscle com-
position (Putnam and Bennett 1983; Marsh 1994). For example,
there is significant variation in frog muscle fiber type propor-
tions between different muscles within individual Rana pipiens
(Lutz et al. 1998). The muscles used to power jumping are
mainly (86%) composed of muscle fibers that contain only type
1 (the fastest and most powerful) myosin heavy chain, whereas
in the nonjumping muscles, 29% of muscle fibers contained
only type 1 myosin heavy chain (Lutz et al. 1998). Therefore,
jumping performance could be maximized via an increased
percentage of fast muscle fibers resulting in higher available
muscle power output.

The August Krogh principle states that “for many problems
there is an animal on which it can be most conveniently stud-
ied” (Krebs 1975, p. 221). In essence, by studying a frog that
exhibits extreme jumping performance, we would more likely
gain a better understanding of the relevant specializations used
to enhance locomotor performance. Zug (1978) found that the
Australian rocket frog (Litoria nasuta) achieved the second-best
relative maximal jumping performance out of 83 anuran species
tested, with a peak jump distance of 51.4 times its own body
length (2.27 m). This relative measure of performance was
exceeded only by Acris gryllus, which managed 61.7 times its
own body length (1.81 m). A more up-to-date approach than
the August Krogh principle would be to study a species with
extreme jumping performance and to use a known phylogeny
to relate relevant data gained for that species to other closely
related species to better understand how such adaptations may
have evolved. Therefore, our aims were to use adult male L.
nasuta to do the following: study jump performance in detail

using a force platform to determine acceleration, takeoff ve-
locity, and jump distance; calculate total power output used in
the jump; determine the muscle mechanics of one of the pri-
mary jumping muscles; analyze gross morphology and amount
of muscle devoted to jumping; estimate the likely contribution
of elastic potential energy to jumping performance; compare
measurements made on this extreme specialist to those made
previously on other anurans. The likely mechanisms involved
in the extreme jumping performance of the rocket frog will
then be evaluated using an appropriate anuran phylogeny where
possible.

Material and Methods

Animals

Fourteen calling male Australian striped rocket frogs (Litoria
nasuta Gray, 1842) were collected in the areas surrounding
Brisbane, Australia. All frogs were immediately returned to the
University of Queensland and maintained in -cm30 # 30 # 30
aquariums containing freshwater and several shelters. Jumping
performance of frogs was recorded within 24 h of capture, while
muscle mechanics experiments were performed within 5 d of
collection. All experiments were approved by the University of
Queensland Animal Ethics and Experimentation Committee
(SIB/821/05/UQ) and Queensland National Parks and Wildlife
Permits (WISP03763706).

Jumping Performance

Maximum jumping performance was determined for eight L.
nasuta between 2.7 and 8.8 g body mass at 25�C using a custom-
designed force platform. The design of the force platform was
based on that outlined by Katz and Gosline (1993) for mea-
suring the jumping performance of locusts, and our design and
validation of this equipment is described in detail by Wilson
et al. (2000a). Ground reaction forces during takeoff were re-
corded at a frequency of 1,000 Hz using a Powerlab data ac-
quisition system. The calculations used to determine the max-
imum jumping acceleration, maximum instantaneous power
output during takeoff, average power output during takeoff,
takeoff velocity, and jump distance from the force platform
data are also described by Wilson et al. (2000a). Acceleration
of the frog is proportional to the force applied on the force
platform. For comparison, mean power output during takeoff
was also calculated from velocity and morphology measure-
ments using the equations outlined by Peplowski and Marsh
(1997). Each individual L. nasuta was stimulated to jump from
the platform at least five times, with the jump that produced
the greatest ground reaction force for each individual used as
a measure of maximum jumping performance.

Muscle Mechanics

Six L. nasuta (body mass range 4.89–5.05 g) were euthanized
by pithing and transection of the spinal cord. Each frog was
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then pinned out in cooled (5�C) aerated McKenzies Ringer
solution (composition [mM]: NaCl, 111; KCl, 2.5; CaCl2, 1.8;
MgCl2, 1.0; HEPES, 5.0; glucose, 10; pH 7.4 at 25�C) kept on
a frozen metal plate. The plantaris longus (gastrocnemius) mus-
cle was dissected from the right leg with a small piece of bone
left at the end of both the proximal and distal tendons. This
plantaris longus muscle preparation was then used for mea-
surement of muscle mechanics. Plantaris longus was chosen
because it is one of the main muscles that power jumping in
frogs (Marsh 1994), representing 19.4% of total leg muscle mass
of the individuals used in this study. Plantaris longus is a pen-
nate muscle that originates from the aponeurosis covering the
knee and inserts distally onto the plantar surface of the foot
(Duellman and Trueb 1994). The primary action of plantaris
longus is to extend the ankle.

The bone at either end of the plantaris longus muscle prep-
aration was clamped via crocodile clips to a strain gauge (UF1,
Pioden Controls, UK) at one end and a motor arm (V201, Ling
Dynamics Systems, UK) attached to a linear variable displace-
ment transformer (DFG 5.0, Solartron Metrology, UK) at the
other. The muscle was then maintained at in cir-25� � 0.5�C
culating aerated McKenzie’s frog Ringer solution. The prepa-
ration was stimulated via parallel platinum electrodes while held
at constant length to generate a series of twitches. Stimulus
amplitude, pulse width, and muscle length were adjusted to
determine the stimulation parameters and muscle length cor-
responding to maximal isometric twitch force. Time from stim-
ulus to peak twitch force and time from peak twitch force to
50% relaxation were measured. An isometric tetanic force re-
sponse was then elicited by subjecting the muscle to a 150-ms
train of stimulation. Stimulation frequency was then altered to
determine maximal tetanic force. Time to 50% peak tetanic
force and time from last stimulus to 50% tetanic force relax-
ation were measured. A rest period of 5 min was allowed be-
tween each tetanic response.

The work loop technique was used to determine the power
output of muscles during cyclical length changes (Josephson
1985). Each muscle preparation was subjected to a set of four
sinusoidal length changes symmetrical about the length that
was optimal for maximal twitch force production. The muscle
stimulation parameters found to yield maximal isometric force
were used (stimulation frequency, amplitude, and pulse width).
Electrical stimulation and length changes were controlled via a
D/A board and an in-house program produced using Testpoint
software (CEC, Norton, MA). For each work loop cycle, muscle
force was plotted against muscle length to generate a work loop,
the area of which equated to the net work produced by the
muscle during the cycle of length change (Josephson 1985).
The net work produced was multiplied by the frequency of
length change cycles to calculate net power output. The total
strain of length change cycles was maintained at 0.10 through-
out all experiments (i.e., �5% of resting muscle length). The
cycle frequency of length change was altered up and down
within the range of 2–14 Hz to generate a power output–cycle
frequency curve. During these length changes, the muscle was

subjected to phasic stimulation to generate an active work loop
cycle. Every 5 min, the muscle was subjected to an additional
set of four work loop cycles, with stimulation duration and
stimulation phase parameters being altered until maximum net
work was achieved at each cycle frequency. A set of control
sinusoidal length change and stimulation parameters was im-
posed on the muscle every three to four sets of work loops to
monitor variation in the muscle’s ability to produce power/
force. Any variation in power was found to be due to a matching
change in ability to produce force. Therefore, the power pro-
duced by each preparation was corrected to the control run
that yielded the highest power output by assuming that alter-
ations in power-generating ability were linear over time. All
preparations produced more than 70% of the initial power
output throughout each experiment.

At the end of muscle mechanics experiments, the bones and
tendons were removed and each plantaris longus muscle was
blotted on absorbent paper to remove excess Ringer solution.
Wet muscle mass was determined to the nearest 0.0001 g using
an electronic balance. Mean muscle cross-sectional area was
calculated from muscle length and mass, assuming a density
of 1,060 kg m�3 (Méndez and Keys 1960). Maximum isometric
muscle stress was then calculated as maximum tetanic force
divided by mean cross-sectional area (kN m�2). Normalized
muscle power output was initially calculated as power output
divided by wet muscle mass (W kg�1).

Morphological Measurements

External morphological measurements were made on all L. na-
suta. Frog snout-vent length, femur length, tibiofibula length,
and foot length were measured to the nearest 0.1 mm using
electronic vernier calipers. Frog body mass (Mb) was measured
to the nearest 0.01 g using an electronic balance. Following
preparation of the plantaris longus for muscle mechanics, plan-
taris longus, cruralis, gracilis (major and minor combined),
semimembranosus, and gluteus magnus muscles were all dis-
sected from the left leg of the six frogs. These muscles were
chosen as being indicative of the major muscles used to power
jumping (Marsh 1994), and their masses were combined to
estimate total jumping muscle mass. Wet muscle mass was de-
termined for each muscle to the nearest 0.0001 g using an
electronic balance after the muscle was blotted on absorbent
paper to remove excess Ringer solution. All remaining muscles
were removed from the left leg and blotted on absorbent paper
to remove excess Ringer solution, and combined nonjumping
muscle wet mass was determined as above.

The ratio between tibia length and snout-vent length was
used as another measure to indicate relative limb length. Max-
imum tibia length to snout-vent length ratio data for L. nasuta
and nineteen related species were taken from Tyler et al. (2000):
Litoria bicolor, Litoria caerulea, Litoria cavernicola, Litoria cop-
landi, Litoria inermis, Litoria meiriana, Litoria pallida, Litoria
rothii, Litoria rubella, Litoria splendida, Litoria tornieri, Litoria
wotjulumensis, Cyclorana cryptotis, Cyclorana cultripes, Litoria
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Figure 1. Changes in acceleration (A), velocity (B), and instantaneous
body-mass-specific power output (C) during a typical maximum jump
at 25�C for an Australian rocket frog (Litoria nasuta) measured using
a force platform recording at 1,000 Hz.

Table 1: Maximum jumping performance of adult Australian
rocket frogs (Litoria nasuta)

Mean � SD Range

Contact time (ms) 67 � 4 54–81
Maximum force (N) .537 � .078 .238–.824
Maximum jump distance (m) 1.24 � .20 .71–2.17
Maximum velocity (m s�1) 3.40 � .26 2.59–4.52
Maximum acceleration (m s�2) 104 � 7 86–140
Maximum instantaneous power

output (W kg�1 body mass) 264 � 39 169–455
Average power output during

takeoff (W kg�1 jumping
muscle mass) 435 � 147 318–747

Note. Time and force were measured using a custom-designed force platform

recording at 1,000 Hz, whereas other variables were calculated from the force

and time data ( ).N p 8

dahlii, Cyclorana longipes, Cyclorana maini, Cyclorana platy-
cephalus, Cyclorana vagitus.

The phylogeny of the Litoria-Cyclorana clade was taken from
Byrne et al. (2002). The Byrne et al. phylogeny indicates that
Litoria is a paraphyletic genus but that Litoria-Cyclorana is a
monophyletic group.

Statistical Analyses

Data were analyzed using the statistical program SPSS. A one-
way repeated-measures ANOVA with Bonferroni post hoc tests
was used to analyze the effects of cycle frequency on maximum
normalized power output of the isolated muscle. Data represent

. Significance was taken at the level of .means � SD P ! 0.05

Results

Jumping Performance

A typical jump involved rapid acceleration resulting in a peak
acceleration after half to two-thirds of the total contact time
and then a rapid decay of acceleration to takeoff (Fig. 1A). The
entire contact time (takeoff) of the jump from the point of first
movement until eventual takeoff was between 54 and 81 ms
(Table 1). Positive acceleration occurred throughout the entire
phase of contact with the platform (Fig. 1A), which resulted
in a maximum velocity at the instant of takeoff (Fig. 1B). In-
stantaneous power output took longer to develop than force,
with maximum power attained after approximately three-quar-
ters of the total contact time (Fig. 1C). Average calculated jump
distance was m (Table 1). When converted to body1.24 � 0.20
lengths, maximum jump distance was body lengths31.5 � 4.9
and ranged from 19.7 to 55.2 body lengths. The average power
output during takeoff (mean power output during the contact
period of jumping) varied between individuals, with a range
from 318 to 747 W kg�1 jumping muscle mass (Table 1).

Muscle Mechanics

Maximal isometric stress was and kN m�2149 � 16 390 � 30
for twitch and tetanic responses, respectively. Time from peak
twitch to half relaxation was rapid relative to time to peak
activation, with ranges of 11.5–14.5 and 36–43 ms, respectively
(Table 2). Time to half peak tetanus ranged from 34.5 to 41.5
ms, whereas time from last stimulus to half relaxation ranged
from 58 to 80 ms (Table 2). Normalized muscle power output
tended to alter with cycle frequency (Fig. 2). The maximum
mean normalized muscle power output produced by individual
frogs during a complete work loop cycle ranged from 81.1 to
102.3 W kg�1 and in each case was achieved at cycle frequencies
between 8 and 12 Hz. However, there were no significant dif-
ferences in maximum normalized power output across the cycle
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Table 2: Isometric twitch and tetanus kinetics of plantaris
longus muscle from adult Australian rocket frogs (Litoria
nasuta)

Mean � SD

Time to peak twitch force (ms) 40.7 � 2.5
Time from peak twitch force to 50%

relaxation (ms) 13.3 � 1.1
Time to 50% peak tetanic force (ms) 38.5 � 2.6
Last stimulus to 50% tetanic relaxation (ms) 67.4 � 8.9

Note. .N p 6

Figure 2. Relationship between cycle frequency and plantaris longus
muscle normalized in vitro mean power output measured at 25�C using
the work loop technique. Data represent for all musclesmean � SD
tested. Each datum used to calculate these values represented power
averaged across the whole work loop cycle (shortening and length-
ening) for each individual ( ; Australian rocket frog Litoria na-n p 6
suta). The line has been fitted to the data using a quadratic polynomial
function.

frequency range of 4–14 Hz (one-way ANOVA; ; Fig.P 1 0.05
2).

Morphological Measurements

Litoria nasuta possess hindlimbs that are more than twice as
long as their total body length, ranging from 1.91 to 2.13
( ; Table 3). Plantaris longus and cruralis muscles2.02 � 0.07
accounted for 61% of the total mass of the specific jumping
muscles (Table 3). Total jumping muscle mass represented

of body mass (Table 3), while total hindlimb22.2% � 0.7%
muscle mass represented 33.1% of body mass. Litoria nasuta
had a higher ratio of tibia length to snout-vent length than 19
related species (Fig. 3).

Discussion

Jumping Performance

The maximum jump distance achieved by a rocket frog in this
study was 2.17 m, which represents 96% of the best absolute
jump distance recorded by Zug (1978) for this species. How-
ever, in relative terms, the best individual in this study jumped
55.2 times its own snout-vent length, which is 7% better than
in Zug (1978). Therefore, we can be sure that our frogs were
jumping relatively long distances compared with most other
frog species, providing a suitable model species in which to
investigate adaptation for extreme jumping performance. The
mean maximum takeoff velocity for rocket frogs is 3.4 m s�1

(86.6 snout-vent lengths s�1), at the high end of a range of
previously measured takeoff velocities for 14 species of anurans
(1.2–3.4 m s�1; Zug and Altig 1978; Marsh 1994; Wilson et al.
2000a; Choi et al. 2003), again reinforcing the evidence that
this species is good at jumping.

Muscle Mechanics

The maximum mean power output generated by plantaris lon-
gus muscle from Litoria nasuta during work loops in this study
was 32% higher than the next-highest value previously gained
from an anuran muscle using the same experimental protocol
(Fig. 4). Further analysis demonstrated that there was no re-
lationship between frog body size and maximal power output
for the data shown in Figure 4. The higher power output value

achieved in this study could be due to L. nasuta plantaris longus
muscle differing in any of a range of intrinsic mechanical prop-
erties that affect work loop power output, including activation
rate, relaxation rate, maximal shortening velocity, shortening
deactivation, force enhancement, and maximal stress (Marsh
1990; Josephson 1993; James et al. 1996).

The maximum tetanic stress of 390 kN m�2 generated by L.
nasuta plantaris longus muscle was high compared with a range
of previously reported values for anuran whole skeletal muscle
preparations (148–372 kN m�2; Marsh 1994; Altringham et al.
1996; Navas et al. 1999; Wilson et al. 2000b, 2002). This high
stress may be due to the muscle containing a high density of
relatively fast myofibrils or could (like many of the previous
studies) be due to errors in the stress calculations caused by
pennation of the muscle and the muscle fibers being shorter
than the muscle length; however, any of these explanations
would demonstrate an adaptation that could help maximize
both muscle power output and jumping performance. The ef-
fects of pennation angle on muscle mechanics are complicated,
and a detailed analysis of muscle architecture, including muscle
fiber length being shorter than muscle length, would be re-
quired before conclusions could be made (Lieber and Fridén
2000).

In general, during work loop studies, the higher the optimal
cycle frequency for power output is, the higher the maximal
power output will be, since higher optimal cycle frequency is
indicative of a muscle with faster muscle contraction kinetics
that is more likely to produce higher power output (Josephson
1993; James et al. 1995). This relationship is a key feature of
Figure 4, indicating that this is one of the main reasons for the
high power output achieved by L. nasuta plantaris longus mus-
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Table 3: Morphological measurements of adult Australian
rocket frogs (Litoria nasuta)

Mean � SD N

Body mass (g) 5.14 � 1.48 14
Plantaris longus muscle mass (g) .172 � .011 6
Cruralis muscle mass (g) .183 � .014 6
Gracilis (major and minor

combined) muscle mass (g) .0940 � .0100 6
Semimembranosus muscle mass (g) .0574 � .0036 6
Gluteus magnus muscle mass (g) .0722 � .0055 6
Snout-vent length (mm) 40.9 � 3.9 14
Femur (mm) 23.4 � 2.1 14
Tibiofibula (mm) 24.5 � 3.4 14
Foot (mm) 34.6 � 2.9 14

cle. It should be noted that part of the greater performance of
L. nasuta plantaris longus muscle may be temperature related,
since an increase in temperature from 20� to 25�C could itself
enhance power output by affecting the intrinsic mechanical
properties of muscle that limit work loop power output (Marsh
1994; James et al. 1995). However, the similar trends observed
in Figure 4 at both 20� and 25�C indicate that the plantaris
longus muscle of L. nasuta is still a relatively fast muscle. A
high optimal cycle frequency for power output could be
achieved in a muscle with high maximal shortening velocity,
rapid activation, and rapid relaxation rates. The time to 50%
twitch force relaxation of 13.3 ms measured for L. nasuta plan-
taris longus muscle was indeed on the fast end of a range of
values previously reported for anuran skeletal muscle at test
temperatures between 20� and 25�C (13–42 ms; John-Alder et
al. 1989; Marsh 1994; Navas et al. 1999). However, the time to
peak twitch force of 40.7 ms measured for L. nasuta plantaris
longus muscle was on the slow end of a range of values pre-
viously reported for anuran skeletal muscle at test temperatures
between 20� and 25�C (20–39 ms; John-Alder et al. 1989; Marsh
1994; Altringham et al. 1996; Navas et al. 1999; Wilson et al.
2000b). We do not know the maximal shortening velocity of
L. nasuta plantaris longus muscle, but previous experimental
modeling of work loops suggests that the value will be relatively
high compared with other anurans (James et al. 1996; Lichtwark
and Wilson 2005). However, previous studies also indicate that
the intrinsic contractile properties measured in isometric and
force velocity studies are not always good indicators of the likely
power output that can be produced under work loop conditions
(James et al. 1996; Caizzo and Baldwin 1997). The relatively
high optimal cycle frequency for power output achieved in L.
nasuta plantaris longus muscle also suggests that this muscle
is of a relatively fast fiber type, probably containing more mus-
cle fibers with type I myosin heavy chain and/or other fast
muscle protein isoforms (such as myosin light chains) than
other frog muscles (Lutz et al. 1998; Andruchova et al. 2006).

Morphology

We found that the length of the tibiofibula of rocket frogs was
on average greater than the length of the femur, a characteristic
that has previously been characterized as indicative of a species
with good jumping performance (Zug 1972). We found a high
hindlimb to snout-vent length ratio in rocket frogs (2.02) com-
pared with a range of 1.07–1.94 from previous measurements
made on 48 different frog species (Rand 1952; Rand and Rand
1966; Emerson 1978; Zug and Altig 1978; Choi et al. 2003;
James et al. 2005). Relatively long hindlimbs should enable frogs
to accelerate their center of mass over a relatively longer dis-
tance during takeoff to enhance takeoff velocity and jump dis-
tance. Frog species with longer hindlimbs generally achieve
greater jump distance/takeoff velocity (Rand 1952; Zug 1972;
Choi and Park 1996; Choi et al. 2003). Emerson (1978) found
that those species that have the highest hindlimb to snout-vent
length ratios primarily use jumping as their only land-based
mode of locomotion, those species with the lowest ratios only
walk, and those species with ratios inbetween use a combination
of walking, jumping, or hopping. These findings suggest that
in species where long jump performance confers a fitness ad-
vantage, selection for longer legs might be apparent. Interest-
ingly, recent findings have demonstrated that rapid adaptive
changes in cane toads have led to increases in relative hindlimb
length and an associated increase in rate of movement during
this species’ invasion of Australia (Phillips et al. 2006). Litoria
nasuta has a higher ratio of tibia length to snout-vent length
than any of the 19 related species for which data are available
(Fig. 3).

The five jumping muscles measured in this study accounted
for a total of 22% of body mass, with the total hindlimb muscle
mass accounting for 33% of body mass. These values are very
high compared with a previous range of 12%–24% of body
mass being composed of total hindlimb muscle mass, measured
in 10 species of frogs (Marsh 1994; Peplowski and Marsh 1997;
Wilson et al. 2000a; James et al. 2005). Frog species with rel-
atively greater thigh muscle mass (expressed relative to body
mass) generally achieve higher jump takeoff velocity (Choi and
Park 1996; Choi et al. 2003), suggesting that for species where
long jump performance confers a fitness benefit, selection may
favor a greater proportion of body mass to be composed of
jumping muscle.

Relationship between Muscle Mechanics and Jump Performance

In this study, the mean contact time for takeoff for rocket frogs
was similar to the time plantaris longus muscle spent shortening
during our in vitro work loop experiments at 8-Hz cycle fre-
quency. The line fitted to the in vitro muscle power output–
cycle frequency data (Fig. 2) indicates that at least 95% of
maximal power output would be produced at any cycle fre-
quency between approximately 6 and 12 Hz, with no significant
difference found in maximal power output produced between
4 and 14 Hz. The mean in vitro muscle power output produced
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Figure 3. Phylogeny of the Litoria-Cyclorana clade (Byrne et al. 2002). The numbers represent the maximum ratio of tibia length to snout-
vent length (Tyler et al. 2000). Note that Litoria nasuta is at the top of the figure.

during the shortening phase of the work loop cycle at 8 Hz
was 224 W kg�1 muscle mass when averaged across all indi-
vidual frogs tested. If we assumed that the muscles used for
jumping in rocket frogs all produce a similar power output
and are represented by the muscles masses we measured, then
the mean muscle power output during shortening in the si-
nusoidal length change conditions in this study would equate
to 49.7 W kg�1 body mass. In contrast, the mean power output
required from onset of force signal to takeoff was 166 W kg�1

body mass in the frog that jumped the farthest, even higher

than the value of 118 W kg�1 body mass previously obtained
for the longest jump in Cuban tree frogs (Peplowski and Marsh
1997). However, the highest value for muscle power output
averaged over the whole launch phase of any jump was greater
for Cuban tree frogs than for the rocket frogs used in this study,
822 compared with 747 W kg�1 muscle mass, respectively, since
the Cuban tree frogs have a lower proportion of their body
mass devoted to the muscle mass that powers jumping. As in
other studies (Peplowski and Marsh 1997; Navas et al. 1999),
the likely average muscle power output generated by the muscle
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Figure 4. Comparison of maximal mean in vitro muscle power output
between different anuran muscles and species. Each power output value
is the maximal mean value determined for a muscle within a species
and has been determined by using the work loop technique to deliver
sinusoidal length change waveforms. In each case, strain rate was op-
timized via optimization of cycle frequency alone or, in some cases,
also by optimizing strain. Filled circles and open circles represent mea-
surements made at 20� and 25�C, respectively. In each case, data rep-
resent means for all muscles tested (with SD bars added for data point
1 from this study). Data were taken from the following studies: 1,
plantaris longus muscle from Litoria nasuta (this study); 2, sartorius
muscle from Cyclorana alboguttata (Symonds et al. 2007; the same
species as Litoria alboguttata in Fig. 3); 3, ileofibularis muscle from C.
alboguttata (Symonds et al. 2007; the same species as L. alboguttata in
Fig. 3); 4, peroneus muscle from Xenopus laevis (Wilson et al. 2002);
5, sartorius muscle from X. laevis (Altringham et al. 1996); 6, plantaris
longus muscle from Bufo viridis (Wilson et al. 2004); 7, sartorius muscle
from Bufo americanus (Stevens 1993); 8, adductor magnus muscle from
X. laevis (Altringham et al. 1996).

appears to be insufficient to power jumping in these frogs, never
mind the much higher instantaneous power output value re-
quired at takeoff. While the muscle mechanics measurements
made in this study are unlikely to have exactly replicated the
activation patterns and length changes used by rocket frogs
during jumping, the size of rocket frogs would exclude usage
of the techniques necessary to determine realistic length change
waveforms. Previous sonomicrometry measurements during
jumping in semimembranosus muscle of Bufo americanus (Ahn
et al. 2003) and plantaris longus muscle of jumping Rana cates-
beiana combined with modeling of the frog plantaris longus
muscle-tendon unit (Roberts and Marsh 2003) have demon-
strated uncoupling of skeletal muscle length changes from
whole-body movements during jumping. Rapid early short-
ening of plantaris longus muscle without movement of the frog
causes stretching of tendons and consequent elastic energy stor-
age, which subsequently enhances muscle power output during
takeoff. Therefore, the apparent difference between skeletal
muscle power output and jump power output can be resolved
in rocket frogs if elastic energy storage causes a threefold en-
hancement of available muscle power output.

In conclusion, L. nasuta has the highest published anuran
values for hindlimb length to snout-vent length ratio (2.02),
hindlimb muscle mass as a percentage of body mass (33%),
and isolated mean net muscle power output measured when
using the work loop technique to deliver sinusoidal length
changes (93.5 W kg�1 muscle mass). When compared with 19
related species, L. nasuta has the highest ratio of tibia length
to snout-vent length. Such specializations enable L. nasuta to
be one of the most extreme vertebrate jumping specialists and
suggest how this species has evolved to achieve the second-best
recorded anuran jumping performance (when expressed rela-
tive to body size). However, it is clear that additional mea-
surements need to be conducted on closely related species to
enable further analysis in a phylogenetic context.
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