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The weak link: do muscle properties
determine locomotor performance in frogs?

Thomas J. Roberts1,*, Emily M. Abbott1 and Emanuel Azizi2

1Department of Ecology and Evolutionary Biology, Brown University, Providence, RI 02912, USA
2Department of Biology, The College of New Jersey, Ewing, NJ 08628, USA

Muscles power movement, yet the conceptual link between muscle performance and locomotor per-
formance is poorly developed. Frog jumping provides an ideal system to probe the relationship
between muscle capacity and locomotor performance, because a jump is a single discrete event
and mechanical power output is a critical determinant of jump distance. We tested the hypothesis
that interspecific variation in jump performance could be explained by variability in available
muscle power. We used force plate ergometry to measure power produced during jumping in
Cuban tree frogs (Osteopilus septentrionalis), leopard frogs (Rana pipiens) and cane toads (Bufo
marinus). We also measured peak isotonic power output in isolated plantaris muscles for each
species. As expected, jump performance varied widely. Osteopilus septentrionalis developed peak
power outputs of 1047.0+119.7 W kg21 hindlimb muscle mass, about five times that of B. marinus
(198.5+54.5 W kg21). Values for R. pipiens were intermediate (543.9+96.2 W kg21). These
differences in jump power were not matched by differences in available muscle power, which
were 312.7+28.9, 321.8+48.5 and 262.8+23.2 W kg21 muscle mass for O. septentrionalis,
R. pipiens and B. marinus, respectively. The lack of correlation between available muscle power
and jump power suggests that non-muscular mechanisms (e.g. elastic energy storage) can obscure
the link between muscle mechanical performance and locomotor performance.
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1. INTRODUCTION
Animal movement is powered by muscle, yet the
relationship between muscle power output and loco-
motor power output is not necessarily a simple one.
For example, consider the question: do animals that
produce the most powerful movements have the most
powerful muscles? On the one hand, we might
expect that just as the rated horsepower of a car’s
engine gives a reasonable idea of its capacity for
speed or acceleration, animals that produce very
powerful movements should also have big engines,
either in the form of powerful muscles or a large
muscle mass. On the other hand, just as a car’s per-
formance depends on the effective function of key
components beyond the engine (e.g. the effectiveness
of power transmission via gears and linkages, the stiff-
ness of the chassis, the traction of the tyres on the
road), the structure and function of musculoskeletal
components beyond muscles have profound influence
on the power developed in movement. In biological
systems, of notable importance is the action of elastic
mechanisms, which can uncouple muscle power from
locomotor power by acting as temporary sinks or
sources of mechanical energy.
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In this study, we explore the link between muscle and
locomotor power in jumping frogs. Frog jumping is a
good system for studying the production of power in
locomotion for a number of reasons. First, jumping is
powered by a single contraction, and there is evidence
that for maximal jumps, there is full recruitment of
the hindlimb musculature [1]. Second, unlike activities
for which the mechanical limit to performance is
unclear (e.g. running), the ‘mechanical currency’ for
jumping is unambiguous. Jump distance is directly pro-
portional to the mechanical energy developed during
the takeoff period, thus the longest jumps will be pro-
duced when muscle work is maximized [2]. Third, the
properties of frog muscles are well studied and well
understood. Finally, there is good evidence that frogs
use an elastic mechanism to amplify power output
during jumping [2,3]. Thus, comparative studies of
jumping power output allow us to explore the extent
to which elastic mechanisms might decouple jump
performance from muscle performance.
2. METHODS
(a) Animals

Three species of anurans were studied: Osteopilus septen-
trionalis (Cuban tree frogs), Rana pipiens (leopard
frogs) and Bufo marinus (cane toads). Average body
masses for the animals used for final data collection
were 11.9+4.6, 73.1+5.8 and 130.7+47.4 g for
O. septentrionalis, R. pipiens and B. marinus, respectively.
This journal is q 2011 The Royal Society
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Animals were acquired from licensed vendors and
housed (12 L : 12 D) in small groups with water ad
libitum and vitamin-enriched crickets bi-weekly.
Osteopilus septentrionalis and B. marinus were provided
with a temperature gradient created by commercial
heat tape (24–28.88C). Bufo marinus were kept on
a dry wood substrate with moistened moss, while
O. septentrionalis were kept in a humid environment
(approx. 88% humidity). Rana pipiens were kept in
large water basins with a dry platform at room tempera-
ture (208C). All animal procedures were approved by
the Brown University Institutional Animal Care and
Use Committee.
(b) Jumping trials

A jumping arena was constructed out of 80/20 T-slotted
aluminium framing with clear Plexiglas and vinyl cur-
tains for the sides (60 cm width, 180 cm length,
60 cm height). This arena was secured to the top of a
large table and built around a small custom-made
three-axis force plate. To damp out table vibrations,
each table leg of the arena was placed in a bucket of
sand. Animals were positioned on the surface of the
force plate and verbal cues or gestures were used to
encourage them to jump. The two larger species, R.
pipiens and B. marinus, were jumped with an added tex-
tured surface on the force plate to prevent slipping.
Osteopilus septentrionalis did not require a textured sur-
face because of the adhesive nature of their feet. All
measurements were taken at a room temperature of
20–238C.

Ground reaction forces (GRFs) were measured in
three axes. The output of the force plate was amplified
and recorded into a PC using a 16-bit data acquisition
system (PCMIO-16, National Instruments, TX, USA)
operating at 4000 Hz. Force plate data were analysed
using Igor Pro software (Wavemetrics; Lake Oswego,
OR, USA). On each measurement day, the force
plate was calibrated for all three axes. Vertical forces
were calibrated with scaled weights while medio-lateral
and fore-aft forces were calibrated by applying force
measured with a Kistler single-axis force transducer
(type 9203, Kistler Instruments, NY, USA).

To get best estimates of maximal jump perform-
ance, we first screened individuals for their tendency
to jump well in the arena. We chose the best four indi-
viduals for each species (of 6–10 screened), and
analysed the best five jumps of each individual (from
approx. 20 trials). The selection of these trials was
made on the basis of the greatest peak GRF. A total
of 20 jumps was analysed per species.

The GRF during jumping was measured along
three axes. Force profiles were used to determine the
duration of takeoff. The beginning of the jump was
identified as the time at which force exceeded body
weight, while the time at which force fell to zero was
the end of the jump. Takeoff time was the difference
between the time of the end and the time of the
beginning of the jump.

Force plate ergometry was used to determine
instantaneous power outputs during jumping [4]. For
convenience, power was first calculated separately in
the vertical and horizontal planes and then summed.
Phil. Trans. R. Soc. B (2011)
Vertical acceleration was calculated by subtracting
body weight from the measured vertical force and
dividing by total body mass. Lateral accelerations
were calculated by dividing lateral forces by body
mass. By taking the first and second time integrals of
the accelerations, velocities and the position of the
centre of mass were calculated, respectively. These
variables were used to calculate instantaneous kinetic
and potential energies of the animal’s centre of mass.
Summed work values were differentiated with respect
to time to obtain instantaneous power output.
(c) Muscle mass and tendon dimensions

In order to calculate a conservative average power
output per unit hindlimb muscle mass, we assumed
that all hindlimb muscles contributed to the jump.
All hindlimb muscles were dissected out post-
mortem and weighed. Iliosacral muscles were not
included. These muscles may contribute to jump
power, but they amount to less than 0.5 per cent of
body mass [2]. Combined limb muscle mass was
divided by body mass to calculate leg muscle mass as
a per cent of body mass. Peak muscle-specific power
during jumping was calculated by dividing peak
power measured in watts per kilogram body mass by
the leg muscle mass percentage value.

Tendon dimensions were recorded for isolated plan-
taris tendons. Tendon length was measured as the
distance from the proximal end of the superficial
aponeurosis to the tendon insertion. Tendon cross-
sectional area was calculated by dividing tendon
volume by length, and volume was estimated by
dividing the isolated tendon mass by a density of
1.14 g cm23. This approach is approximate for a
tendon such as the plantaris, where morphology
varies along the length of the tendon and there is
regional variation in cross-sectional area.
(d) In vitro preparation

Measurements of muscle mechanical properties were
taken from isolated plantaris longus (PL) muscle.
The PL is a large muscle and the primary ankle exten-
sor. Fibre typing studies indicate that its composition
is representative of other muscles involved in jumping
[5]. The muscle was isolated post-mortem by careful
dissection under oxygenated anuran Ringer’s solution
at room temperature (208C). The proximal origin of
the muscle was left attached to the knee joint and
the distal tendon was severed near the ankle joint. The
isolated knee joint, including sections of the femur
and tibia, was clamped securely to the bottom of the
measurement chamber (B. marinus and R. pipiens) or
onto a custom-fabricated clamp for O. septentrionalis.
A small aluminium clamp attached near the distal
muscle–tendon junction was secured to a dual-mode
muscle servomotor (Aurora 310B-LR or 300B, Aurora
Scientific, Cambridge, MA, USA) with lightweight air-
craft cable or a lightweight metal rod. Muscle
preparations were maintained in a chamber with a regu-
lar exchange of Ringer’s solution and a constant supply
of oxygen.

Muscle stimulation was achieved in B. marinus and
R. pipiens by direct stimulation of the sciatic nerve.
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The nerve was isolated from the thigh muscles and the
thin connective tissue around the nerve was carefully
removed. A bipolar electrode nerve cuff, constructed
of two silver wires and plastic tubing (7 mm length,
1.5 mm inner diameter), was gently placed around
the sciatic nerve just proximal to the plantaris origin
on the knee. To stimulate the muscle, wire leads from
the nerve cuff were connected to a Grass S48 stimula-
tor (Grass Technologies, West Warwick, RI, USA).
The sciatic nerve of O. septentrionalis was not large
enough to allow consistent contact with a nerve cuff.
Instead, two platinum plates were placed on either
side of the isolated muscle and connected to a Grass
S48 stimulator to provide field stimulation in the
muscle chamber.
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Figure 1. Instantaneous power output for representative
jumps from B. marinus (dashed line), R. pipiens (dotted line)
and O. septentrionalis (solid line). Osteopilus septentrionalis
developed much greater power outputs compared with the
other species on both a body-mass-specific basis (a) and

when power outputs were normalized to total hindlimb
muscle mass (b). Power outputs were measured by force
plate ergometry.
(e) Muscle property measurements

Servomotor signals were collected using a 16-bit data
acquisition system (National Instruments USB-
6251). Data were collected at 1000 Hz using Igor
Pro software. Supramaximal stimulation voltage was
determined by increasing the voltage of isometric
twitch contractions until twitch force no longer
increased. This stimulation voltage (4–8 V for large
nerve cuff preparations, 50–100 V for small platinum
plate set ups) was used for all subsequent muscle con-
tractions within a single experiment. Optimum muscle
length (L0) was determined from a constructed twitch
length–tension curve. The peak length of the twitch
length tension curve was used to estimate L0, and all
subsequent measurements were taken within +7% of
this length.

A series of tetanic isotonic contractions were used to
characterize each muscle’s force–velocity curve.
Smooth tetanic contractions were attained with a
stimulation pulse duration of 0.2 ms at a frequency
of 100 pulses s21. Contractions were obtained over a
range of forces and velocities by adjusting the maxi-
mum motor force and stimulation train duration
(100–400 ms). The servomotor directly measured
whole muscle force and length change. Force and vel-
ocity values were measured after force reached a
plateau. Contraction velocity (mm s21) was deter-
mined by differentiating muscle length measured by
the servomotor. Effects of muscle fatigue were mini-
mized by allowing a rest period of at least 5 min
between successive tetanic contractions. A force–
velocity curve was constructed for each muscle using
values taken from nine to 10 isotonic contractions. Iso-
metric contractions at 300 ms train duration were
recorded at the beginning and end of the series of iso-
tonic shortening contractions to check for potential
changes in maximum isometric force. Maximum iso-
metric force (P0) did not change significantly during
any experiment.

We measured muscle fibre length, muscle mass,
leg muscle mass and whole body mass to standardize
the muscle contractile properties between different
muscles. Fibre length was measured from an incision
in the mid-coronal plane of the PL. Each species’
force–velocity curve was characterized by fitting the
data with a rectangular hyperbola [6]. Power was cal-
culated as the product of force and velocity from the
Phil. Trans. R. Soc. B (2011)
acquired data. To determine peak isotonic power,
power was plotted against shortening velocity and fit
with a second-order polynomial.

(f) Data analysis

To compare jump variables between species, we per-
formed a nested analysis of variance (ANOVA) with
species as the effect and individual nested within
species. To compare isolated muscle properties, we
performed an ANOVA with species as the effect.
3. RESULTS
The power developed during jumping varied widely
among the study species. Instantaneous power
output measurements for representative jumps
demonstrate the typical pattern of much greater
jump power outputs in Cuban tree frogs when com-
pared with the other two species. Values for leopard
frogs were intermediate, and cane toad power outputs
were the lowest (figure 1). This pattern was present
when power was calculated on either a body-mass-
specific or a muscle-mass-specific basis (using the
total hindlimb muscle mass as denominator). Thus,
differences in total power output during jumping are
not explained by differences in the available muscle
mass (figure 1b).

Summary statistics for maximal jumps demons-
trate that the jump power developed per unit muscle
mass varies among species (figure 2a). The peak
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Figure 2. Peak instantaneous power output, measured per
unit hindlimb muscle mass, varied among species, with the
highest powers developed by O. septentrionalis and the lowest
by B. marinus (a). These differences were explained in

part by differences in the total work performed (b) and
in part by differences in the duration of takeoff (c). Asterisks
denote significant differences (p , 0.05) between pairs
indicated.
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power developed per unit muscle mass for the best
jumps elicited averaged 1047.0+119.7 W kg21 for
O. septentrionalis, while B. marinus produced peak
powers of 198.5+54.5 W kg21 during jumping.
Power is work divided by time, and the high power
outputs in O. septentrionalis were explained in part by
greater work performed (figure 2b), and in part by a
shorter time of takeoff (figure 2c). The shorter jump
times in O. septentrionalis were associated with faster
accelerations and much higher GRFs. Peak GRFs
were 9.1+0.5, 6.1+0.5 and 1.4+0.9 body weights
(BW) in O. septentrionalis, R. pipiens and B. marinus,
respectively. Work developed per unit muscle mass
during a jump was significantly lower in B. marinus
(13.9+4.3 J kg21 muscle) when compared with O.
septentrionalis (23.3+2.4 J kg21). The value measured
for muscle work output in R. pipiens during a jump
Phil. Trans. R. Soc. B (2011)
(20.8+2.8 J kg21) was intermediate between that of
the other two species but not significantly different
from O. septentrionalis.

Isotonic contractile properties revealed some differ-
ences among the three species’ muscles (figure 3).
Osteopilus septentrionalis plantaris had a higher maxi-
mum unloaded shortening velocity (Vmax) when
compared with that of B. marinus (table 1, p ¼ 0.02).
Both O. septentrionalis (p ¼ 0.009) and R. pipiens
(p ¼ 0.02) plantaris muscles produced greater peak
isotonic power output than B. marinus. There was no
difference in Vmax or peak power output between O.
septentrionalis and R. pipiens plantaris. There was no
significant difference in peak isometric force (Po)
among the species. To estimate the peak muscle
power output available per unit body mass, mass-
specific power output of the plantaris muscle was mul-
tiplied by the proportion of body weight contributed by
the hindlimb muscle mass. Because of a relatively large
hindlimb muscle mass, R. pipiens’ total capacity for
power production was the highest of the three species
(table 1). Bufo marinus’ total capacity for power
production was the lowest of the three species.

Large differences in peak instantaneous power
developed during a jump were not explained by differ-
ences in power-generating capacity of the hindlimb
musculature (figure 4 and table 1). Peak power
output during a jump, measured per unit hindlimb
muscle mass, was approximately 500 per cent greater
in O. septentrionalis when compared with B. marinus,
while the mean peak muscle power output in these
species differed by only 20 per cent (figure 4).
4. DISCUSSION
The results of this study demonstrate that within frogs,
jumping ability is not determined by available muscle
power. Measured power outputs during jumping
were approximately fivefold greater in the tree frog
(O. septentrionalis) than in the toad (B. marinus).
Power outputs during jumping for the ranid species
were intermediate. Neither the amount of muscle,
nor the power capacity per gram of muscle, could
explain the very high power outputs of O. septentrionalis.
Osteopilus septentrionalis generated power outputs
during jumping that were five times greater than that
of B. marinus, while the power-generating capacity of
its hindlimb musculature was only 20 per cent more
than that of B. marinus. Osteopilus septentrionalis pro-
duced about twice the power of R. pipiens during
jumping, yet the power-producing capacity of these
two species’ muscles was the same.

The present results indicate that factors other than
the power-producing capability of the hindlimb mus-
culature are important in determining jumping
ability in anurans. The discrepancy between muscle
power and peak power output during a jump may be
explained by the important role of the storage and
recovery of muscle work in elastic structures. The
observation that peak power output during a jump
exceeds the available muscle power in R. pipiens and
O. septentrionalis is evidence that elastic mechanisms
serve to amplify muscle power output by decoupling
muscle power production from the application of



Table 1. Species comparison of muscle properties from in vitro preparations. P0 is the maximum muscle force produced

during in vitro preparation; Vmax is the maximum muscle shortening velocity (means+ s.e.m.).

species P0 (N cm22) Vmax (l s21) muscle-mass-specific
peak power (W kg21)

% leg muscle body-mass-specific peak
power (W kg21)

O. septentrionalis (n ¼ 5) 21.4+2.0 13.5+1.1 312.7+28.9 18 56.3+2.3
R. pipiens (n ¼ 5) 22.7+1.2 12.4+0.9 321.8+48.5 25 80.4+5.4
B. marinus (n ¼ 6) 20.2+1.3 10.4+0.3 262.8+23.2 13 34.2+1.1
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Figure 3. Isotonic force–velocity curves for m. plantaris
longus for (a) O. septentrionalis, (b) R. pipiens and (c) B. mari-
nus. Data for different individuals are denoted with different
symbols and are fitted with a rectangular hyperbola [6].
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Figure 4. Peak power output per unit muscle mass developed
during a jump (shaded bars) compared with peak power
output per unit muscle mass developed in vitro (white

bars). Differences in power developed during jumping were
not explained by differences in the power-producing capacity
of the hindlimb muscles.
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mechanical power to the body. Supramaximal power
outputs during jumping were first presented as evi-
dence of an elastic power-amplifying mechanism in a
comparative study of several species of frogs [3].
Since then, evidence for elastic power amplification
has been observed in other frog species [7–10], as
well as in jumping mammals [11] and birds [12]. In
frogs, it is hypothesized that muscle work is stored in
elastic structures early in the jump, or before the
beginning of the jump, and then released rapidly
Phil. Trans. R. Soc. B (2011)
during the second half of the takeoff phase [2,13]. Sono-
micrometer measurements of muscle length change
support the idea of elastic pre-storage, as muscle short-
ening occurs before body movement [13,14]. No
evidence has yet been found for an anatomical catch
that allows the pre-storage of elastic energy, but it has
been hypothesized that an inertial catch mechanism
may be mediated by a variable mechanical advantage
to facilitate energy storage and recovery [3,13].

Our estimates of both the power produced by
the hindlimb musculature as well as the power avai-
lable from the hindlimb musculature require some
assumptions. First, we included the entire hindlimb
musculature in our estimates of the mass available to
produce power. If only a subset of hindlimb muscles
are important in jumping, as some studies suggest
[5,15], then our value overestimates the actual muscle
mass involved in developing the power observed
during jumping. Such an overestimate in active hind-
limb muscle mass would lead to an underestimate of
the power actually developed by active muscles, and
an underestimate of power amplification. We also
assume that the power-producing capacity of the plan-
taris muscle is representative of other muscles involved
in jumping. Fibre typing indicates that it is similar in
myosin heavy chain composition to other muscles
involved in jumping, while several hindlimb muscles
have myosin isoform profiles that suggest lower power
outputs than plantaris [5]. Thus, the PL power values
used here may overestimate the power available from
the entire hindlimb musculature. This would tend to
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lead to an underestimate of the degree of muscle power
amplification during jumping.

The observation that Cuban tree frogs develop
power outputs during a jump that are more than
three times their muscles’ capacity, while cane toads
develop power outputs that are less than their available
muscle power, would seem to indicate that tree frogs
have a much better developed system for amplifying
power output. Rana pipiens appear to be able to
amplify power, though not by as much as Cuban tree
frogs. It is not clear why these differences exist. Cane
toads would jump farther if they developed the same
jump power as Cuban tree frogs, so why have they
not developed the same kind of power-amplifying
systems? Differences in locomotor mode among
these species may provide some of the explanation.
Cane toads are hoppers, meaning they jump repeat-
edly, often for long distances [16]. Cuban tree frogs
do not undergo long-distance migrations and use
jumping primarily as a single-shot locomotor event.
It is possible that anatomical or physiological specializ-
ations for extreme power amplification might represent
trade-offs in effective or efficient cyclic hopping, or
that selection for long-distance jumping has been
relaxed in toads that rely to some extent on toxic
secretions to deter predators.

Differences in power output in the three study
species might also be explained in part by size-depen-
dent variation in the ability to amplify muscle power
output. The cane toads in our study were an order of
magnitude larger than the Cuban tree frogs (average
body mass 130.7 g for B. marinus versus 11.8 g for
O. septentrionalis). Mathematical models indicate that
smaller animals should be capable of greater power
amplification [17]; thus differences in power amplifica-
tion among species in this study may be explained in
part by body size.

Although we did not comprehensively investigate
the underlying anatomical basis for the differences in
power amplification among species, measurements of
the plantaris tendon reveal some differences that may
be important for tendon energy storage and recovery.
The plantaris muscle has the longest tendon in the
hindlimb, and presumably is an important site of elas-
tic energy storage. The length of the tendon measured
as a multiple of fibre length varied among species, with
O. septentrionalis having the longest and B. marinus the
shortest (tendon length/fibre length ¼ 5.2, 6.5 and
8.8 for B. marinus, R. pipiens and O. septentrionalis).
A useful metric of a muscle’s ability to load a tendon
is the ratio of muscle cross-sectional area to tendon
cross-sectional area. For a given elastic modulus, an
increase in muscle cross-sectional area or a decrease
in tendon area will lead to greater tendon strains;
thus a greater ratio of muscle area to tendon area
should be associated with a greater capacity for elastic
energy storage. The muscle area/tendon area ratio varied
among the study species, with the lowest value for
B. marinus (muscle area/tendon area¼ 65), and higher
values for R. pipiens (muscle area/tendon area¼ 55)
and O. septentrionalis (muscle area/tendon area¼ 38).
Taken together, these tendon measurements suggest
that the higher power amplification in R. pipiens and O.
septentrionalis is associated with tendons that are relatively
Phil. Trans. R. Soc. B (2011)
longer and thinner, and therefore tend to store more
elastic energy when loaded by muscle force production.
It is also possible that differences in anatomical features
that allow the effective loading and release of this elastic
energy storage lead to variation in power amplification.
Anatomical ‘catches’ have not yet been identified in
frogs, but an inertial catch mechanism may be an impor-
tant feature of power amplification by elastic energy
storage and release [13].

Ultimately, jump distance is determined by the pro-
duct of average jump power and takeoff time, which
amounts to the total work done during a jump. The
lower power outputs in B. marinus during jumping
were associated with lower total jump work. However,
the duration of a jump was much longer in toads than
tree frogs; thus, differences in total work output were
not as great as differences in peak and average power
outputs.

Several comparative studies have examined mor-
phological correlates of jumping performance in frogs
(reviewed in [2,18]). Relative leg length, for example,
has been identified as an important determinant of
jump performance both in comparative studies and
theoretical models [17,19]. The present study is not
comprehensive enough to draw conclusions about cor-
relations between morphology and performance.
However, the observation of widely varying jumping
ability in animals with similar muscle power output
supports the idea that morphological features are
important for jump performance. Furthermore, these
data indicate that animals with morphological features
generally associated with low jump power output, such
as the toads, do not necessarily have proportionally
low-power muscles.
(a) The link between muscle power and

locomotor power

The link between muscle power and locomotor power
has been explored for a number of locomotor systems.
The questions that have been addressed generally fall
into two categories: (i) is the power developed by the
muscular apparatus at any given point in time equal
to the power propelling the body, and (ii) can all of
the available muscle power be harnessed during maxi-
mal effort locomotion? Below, we address these
questions in turn, with examples (though not an
exhaustive review) from the literature.

The present study provides examples of locomotion
for which there is a mismatch between muscle power
and locomotor power at any given point in time. The
very high power outputs from O. septentrionalis and
R. pipiens exceed the available muscle power output
and indicate that elastic mechanisms act to amplify
muscle power output. This means that locomotor
power exceeds muscle power late in the jump, as
stored elastic energy is released, while before the
jump or early in the jump locomotor power is less
than muscle power, because muscles are contracting
to load energy into elastic elements. Other power-
amplification systems, as well as systems for which
elastic mechanisms play a significant role, also feature
a mismatch between instantaneous muscle power and
locomotor power. Examples include running
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accelerations in turkeys [20], jumping in humans [21]
and limb retraction in horses [22].

Differences between instantaneous muscle power
and locomotor power might also result from a failure
to effectively transmit muscle power to the motion of
the body or the environment (e.g. fluid motion in
swimming). The mechanical efficiency, or the ratio
of power out to power in, could vary if there were
significant frictional losses, at joints for example, or
co-contraction of muscle antagonists. The former are
generally thought to be relatively small, but recent
work has suggested that losses of energy to the dissi-
pative motion of body soft tissues may represent a
significant energy sink during terrestrial movement
[23]. The relative amount of energy lost to co-contrac-
tion in typical movements is difficult to determine and
remains an open question.

The question of whether or not animals can harvest
all available muscle power during maximal effort loco-
motion has been addressed in several locomotor
systems, and the results are mixed. Data from sprint-
ing lizards indicate that the total locomotor power
output during a maximum speed sprint on the level
is only about 25 per cent of the power developed
during an uphill sprint [24]. This observation strongly
suggests that during maximum-speed running only a
fraction of available muscular power is used, presum-
ably because another mechanical variable, such as
peak force production, limits speed [25]. In terrestrial
accelerations there is a greater demand for mechanical
power to increase the kinetic energy of the body, and a
study combining isolated muscle power measurements
with measurements of locomotor power in accelerating
lizards found a close agreement between peak locomotor
power and available muscle power [26]. Askew et al. [27]
also found relatively good agreement between maximum
in vitro power of the pectoralis muscle and maximum in
vivo power during takeoff flights in quail. A match
between in vivo and in vitro power output during swim-
ming has also been observed for scallops [28] and fish
[29]. Taken together, these studies suggest that for
activities that require high cyclical power output, such
as swimming and flying, performance may be tightly
coupled to the power capacity of locomotor muscles.
However, data from the present study as well as others
suggest that for activities for which power amplification
is effective, such as single-shot ballistic movements, the
link between muscle power and locomotor performance
may be weak.

We thank the organizers, Tim Higham and Andy Biewener,
for inviting us to participate in this symposium. We also
thank Henry Astley for help with experiments. This study
was supported by grants from the NSF (IOS0642428 to
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