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Introduction
Jumping is a locomotor behaviour that is used by most

groups of vertebrates and many invertebrates to move about
in complex three-dimensional environments. Jumping
provides a sudden, and largely unpredictable, form of
locomotion to escape from predators, to capture prey or to
provide the initial acceleration when taking off against gravity
for subsequent flight. The term jumping often implies a jump
from a standing start or a single running jump and is
sometimes distinguished from hopping, which tends to involve
multiple, often submaximal, ‘jumps’. Although most species
of vertebrates can jump, some have become highly specialised
and use jumping as their only means of locomotion (e.g. some
species of frogs, kangaroos, bush babies, etc…). The

ecological importance of jump performance in many species
is likely to be related to predator avoidance and/or prey capture
success (Marsh, 1994). Key components of fitness in species
that jump on a regular basis would probably include a higher
behavioral tendency to jump, along with adaptations in
morphological and physiological traits that lead to
maximisation of jump performance. There has been much
discussion as to which measure of jumping performance is
most important as a potential correlate of fitness (Emerson,
1978; Watkins, 1996; Wilson et al., 2000); however, it is very
unlikely that a single key variable is determinant across
different systematic groups and in different ecological
settings. Indeed, this key variable may change among species
and during growth/development, depending on the natural

Jumping is an important locomotor behaviour used by
many animals. The power required to perform a jump is
supplied by skeletal muscle. The mechanical properties of
skeletal muscle, including the power it can produce, are
determined by its composition, which in turn reflects
trade-offs between the differing tasks performed by the
muscle. Recent studies suggest that muscles used for
jumping are relatively fast compared with other limb
muscles. As animals get bigger absolute jump performance
tends to increase, but recent evidence suggests that adult
jump performance may be relatively independent of body
size. As body size increases the relative shortening velocity
of muscle decreases, whereas normalised power output
remains relatively constant. However, the relative
shortening velocity of the fastest muscle fibre types
appears to remain relatively constant over a large body
size range of species. It appears likely that in many species
during jumping, other factors are compensating for, or
allowing for, uncoupling of jumping performance from

size-related changes in the mechanical properties of
muscle. In some species smaller absolute body size is
compensated for by rapid development of locomotor
morphology to attain high locomotor performance early in
life. Smaller animal species also appear to rely more
heavily on elastic storage mechanisms to amplify the
power output available from skeletal muscle. Adaptations
involving increased relative hindlimb length and relative
mass of jumping muscles, and beneficial alteration of the
origin and/or insertion of jumping muscles, have all been
found to improve animal jump performance. However,
further integrative studies are needed to provide
conclusive evidence of which morphological and
physiological adaptations are the most important in
enhancing jump performance.
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history of the species under consideration. Therefore, this
review will concentrate on jump take-off velocity, with some
consideration of other measures such as acceleration and
unpredictability of jump direction.

The horizontal distance an animal can jump can be predicted
using simple ballistic equations:

d = v2sin2� / g·, (1)

where d is distance jumped (e.g. m), v is take-off velocity (e.g.
m·s–1), � is take-off angle and g is the acceleration due to
gravity (approximately 9.8·m·s–2). Eqn·1 suggests that jump
distance is largely dependent on take-off velocity and take-off
angle. Eqn·1 involves the assumptions that air resistance is
negligible, force and acceleration are constant during take-off
and that the height of the centre of gravity is similar at take-
off and landing. However, force platform records of animals
such as frogs demonstrate that force and acceleration are not
constant during take-off, causing peak force and peak
acceleration to be higher than predicted (Calow and Alexander,
1973; Emerson, 1985). Some jumping animals have a
difference in the position of the centre of their body mass
between take-off and landing. This change in jumping
kinematics results in jumping performance being relatively
insensitive to take-off angle, and take-off angle to be lower than
predicted from equations, but causes take-off height as well as
take-off velocity to be important (Marsh, 1994). The take-off
angle selected during jumping may be relatively invariant
across species, representing a compromise among maximising
jump distance, minimising flight time and, in some cases,
minimising jump height (Toro et al., 2004).

Eqn·1 can be further modified (Marsh, 1994) to indicate
some of the physiological and morphological factors that affect
jump distance: 

d = (W�L/Mb)J � (sin2�/g)·, (2)

where W is total average power required for the jump (e.g. W),
L is the distance from the centre of mass to the most distal part
of the limb (e.g. m) and Mb is body mass of the animal (e.g.
kg). This equation highlights several potential adaptations that
could increase jumping performance: (1) the total average
power required for the jump has to be provided by skeletal
muscle but may be enhanced by elastic potential energy stored
prior to or during the jump; and (2) the distance from the centre
of mass to the most distal part of the limb could be increased
by having relatively long legs.

This review will consider how animals can maximise jump
distance, take-off velocity and/or acceleration, focussing on the
role of muscle mechanics as constraints on jumping
performance. To explore the potential constraints of muscle
mechanics on jump performance, the review will present
evidence for trade-offs in skeletal muscle performance and will
discuss the effects of temperature and effects of body size on
both muscle mechanics and locomotory performance. This
review will also highlight various possible adaptations to
improve jumping performance including alteration of muscle
mechanics, increased muscle mass, increased leg length,

amplification of available muscle power or increased
mechanical advantage of the muscles used.

Trade-offs in skeletal muscle performance
Skeletal muscle can perform many different tasks during

animal behaviour acting to rapidly produce high power output,
to produce power efficiently over long periods of time, to
produce high force for long periods of time, to produce force
isometrically to stabilise a limb, to transmit force, or to absorb
power to act as a brake (Dickinson et al., 2000; Kargo and
Rome, 2002). During jumping, extensor muscles would ideally
shorten rapidly whilst producing high power output to
maximise take-off velocity and acceleration. However, the
mechanical properties of muscle are determined by their
composition, which in turn reflects trade-offs among the
differing tasks performed by the muscle (Lindstedt et al., 1998).
In mammalian muscles the fibre type of a muscle has been
correlated to its daily activity patterns (Kernell et al., 1998),
with slower fibre types occurring in muscles used for a larger
percentage of the day. Kargo and Rome used modelling to
demonstrate that the hind limb muscles of frogs are used in
different task-specific ways (Kargo and Rome, 2002).
Therefore, the composition and structure of extensor muscles
used to power jumping will be compromised by these same
muscles being used to perform other tasks.

In many animals, skeletal muscles contain different
proportions of fibre types and within those muscles, fibre types
may be separated into distinct regions or may appear as a
mosaic (Putnam et al., 1980; Putnam and Bennett, 1983). The
mechanical properties of the different muscles/fibre types and
the proportions of different fibre types within muscles in
jumping frogs appear to match the force/power output required
by their different functions (Putnam et al., 1980; Putnam and
Bennett, 1983; Lutz and Lieber, 2000; Rome, 2002). For
example, in Rana pipiens the hindlimb muscles typically used
to power jumping consist primarily (89%) of the fastest, most
powerful, type 1 muscle fibres, which should maximise burst
jumping performance and enable rapid escape from predators
(Lutz et al., 1998; Lutz et al., 2002). In contrast, hindlimb
muscles not used to power jumping are composed of far fewer
(29%) type 1 muscle fibres (Lutz et al., 1998). As the
percentage of myosin heavy chain in tibialis anterior muscle
fibres from Rana pipiens increased from 0 to 100% there was
a 57% increase in power output, a 22% rise in the force
produced per cross-sectional area and a >30% increase in the
velocity of shortening achieved at 50% maximal force (Lutz et
al., 2002).

Many previous papers have demonstrated differences in
mechanical properties between fast and slow muscles
(Goldspink, 1996; Bottinelli and Reggiani, 2000), with a few
studies examining correlations among different mechanical
properties within a muscle via inter-individual variation
(Bennett et al., 1989). However, several recent studies have
used inter-individual analyses of whole-muscle performance to
demonstrate trade-offs between maximum power output and
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fatigue resistance in both isolated mouse and frog muscle
(Wilson et al., 2002; Wilson and James, 2004; Wilson et al.,
2004). Interindividual analyses of isolated whole
gastrocnemius muscle performance of the toad Bufo viridus
demonstrated trade-offs between fatigue resistance and both
maximum power output and stress of the muscle (Wilson et al.,
2004). In addition, this correlative analysis showed a
significant positive relationship between power output and
maximum stress (Wilson et al., 2004). Thus increases in
maximum stress of an individual muscle lead to simultaneous
increases in maximum power output and decreases in fatigue
resistance (Wilson et al., 2004). Surprisingly, no significant
correlations were detected between whole muscle performance
of B. viridus and muscle fibre-type composition.

These trade-offs at the muscular level may translate
themselves into trade-offs at the organismal level, with some
animals excelling at explosive tasks such as sprinting or
jumping but being poor at endurance tasks (Vanhooydonck et
al., 2001; Van Damme et al., 2002). Since muscular design
trade-offs appear to affect ecologically relevant performance
traits they are likely to be under strong natural selection.
Therefore, it can be expected that the skeletal muscle
morphology, muscle mechanics and leg morphology of jumping
animal species will be adapted to meet the requirements of their
ecology and natural history. For example, the long, relatively
thin legs of many high-performance jumping anurans are well
adapted for arboreal life, but may be sub-optimally designed for
performance in other contexts such as burrowing. Similarly,
Anolis lizards that are good jumpers tend to have long hind
limbs, which may negatively affect their ability to run across
narrow substrates (Losos and Irschick, 1996).

Temperature effects on skeletal muscle and jumping
performance

Many animals are exposed to temperatures that can affect
both jumping and skeletal muscle performance. In some
ectotherms physiological adaptation or acclimation to extreme
environmental temperatures is essential to maintain skeletal
muscle and locomotory performance (Johnston and Temple,
2002). Previous studies on the effects of temperature indicate
that skeletal muscle performance can limit locomotor
performance.

Jumping ability of anuran amphibians is typically impaired
by extreme low or high temperatures. A typical performance
versus temperature curve would show reduced performance at
low temperatures, a trend towards increased performance from
low to warm temperatures, and often a sharp performance
decrease at high temperatures (Hirano and Rome, 1984; Marsh,
1994; Navas et al., 1999). However, anurans occupy a variety
of thermal environments, from cold high elevations to hot arid
areas, such that the terms ‘hot’, ‘cold’ and ‘extreme’ become
relative to the species under study. Thermal physiology of
locomotion appears to differ among species to reflect variation
in thermal ecology. For example, high-elevation tropical frogs
in diverse genera and families (Hyla, Eleutherodactylus,

Colostethus and Atelopus) can move reasonably well at
temperatures as low as 5°C (Navas, 1996; Navas et al., 1999),
whereas some juvenile toads (Bufo) from tropical semi-arid
regions are diurnal and jump best at 35°C (Navas et al., 2004).
Adjustments in thermal physiology have also been observed
within species, with differences in thermal sensitivity among
populations of Australian striped marsh frog (Limnodynastes
peronii). Jumping performance of Limnodynastes peronii
differed among populations, with those populations from
cooler climates tending to perform better at lower temperatures
than those from warmer climates and vice versa (Wilson,
2001).

Studies of isolated skeletal muscle indicate that as
temperature increases, skeletal muscle activation and relaxation
times decrease, and maximum shortening velocity and power
output increase (Marsh, 1994; Navas et al., 1999; Wilson et al.,
2000). However, the rate of change of muscle mechanical
properties alters greatly among different temperature intervals
(Marsh, 1994). The rates of change of muscle performance and
locomotor (including jumping) performance are often similar,
suggesting that temperature constraints on muscular
performance in turn limit locomotory performance. However,
isolated muscle performance may significantly improve over
certain temperature ranges, whereas locomotor performance
may undergo much less change. Some of these differences in
thermal sensitivity between locomotor and muscle performance
are probably due to the importance of relatively temperature-
insensitive mechanisms of storage and recovery of elastic strain
energy (Marsh and Bennett, 1985; Navas et al., 1999). An
extreme example of this occurs in insects that use a catch
mechanism to largely avoid the constraints of temperature on
jumping performance. Elastic strain energy is stored prior to
the jump such that rapid, almost temperature independent,
jumping responses can occur (see ‘Energy storage
mechanisms’ section, below).

A number of physiological and biochemical traits would be
candidates for improved activity at low temperatures in cold-
adapted species. However, the actual mechanisms for improved
activity at low temperatures are not fully understood. Most of
the current traits identified relate to regeneration of ATP and
as such are probably related to recovery processes in the muscle
that allow repeated jumps. Enhanced expression of key
metabolic enzymes is among the most important mechanisms
allowing for locomotion at low activity temperatures in
anurans. The skeletal muscle of the Australian striped marsh
frog (Limnodynastes peronii) exhibits higher maximal activity
of the enzyme lactate dehydrogenase (LDH; key in oxygen-
independent glycolytic pathways) in individuals maintained at
20°C than in frogs kept at 30°C (Rogers et al., 2004). The
mechanisms that allow a few anuran species to hop at
temperatures above 40°C apparently also involve changes in
muscle metabolic profile. In this case, protection of working
enzymes seems to be a key aspect of thermal adaptation. The
thermal stability of the citrate synthase of leg muscles of Bufo
granulosus is much lower in adults than in the thermophylic
juvenile toadlets, which are diurnal (Navas et al., 2007).
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The temperature-dependent effects of skeletal muscle
performance on locomotion can also affect ectotherm
behaviour. For example, some lizards are more likely to exhibit
aggressive antipredator responses (Hertz et al., 1982; Mautz et
al., 1992) or longer flight distances (Rand, 1964; Rocha and
Bergallo, 1990) when they are colder. The near isometric force
development used during biting is less temperature sensitive
than muscle power production during sprinting or jumping.
Tree frog Scinax hiemalis individuals choose either to jump
away from danger, or to feign death when approached by a
predator (Gomes et al., 2002). The likelihood that the
individuals would choose to jump away under laboratory
conditions was found to increase with animal size and with
temperature, indicating that the ‘decision’ to jump is probably
based on the likely muscle performance of the individual.
Among warm individuals, those that exhibited high absolute
jumping performance (a function of body size and leg muscle
physiology) were more likely to attempt to escape by jumping
than to use stationary defensive measures (Gomes et al., 2002).

Effects of body size
Effects of body size are pervasive, causing large changes in

both muscle mechanics and jumping performance. Such effects
provide another interesting context in which to explore links
between muscle mechanics and jumping performance,
therefore, this section of the review will describe these effects,
then consider whether there are causal links between scaling of
muscle mechanics and scaling of jumping performance.

Scaling of absolute jumping performance

A large amount of jumping performance data is available for
frogs. Zug’s extensive data set (Zug, 1978) was reanalysed
(Marsh, 1994) to split the frog species studied into three groups
according to morphology (as body shape varied considerably
among groups and such variation would affect jump
performance) and test temperature (which is known to have
large effects on jump performance). Absolute maximum jump
distance for each group scaled with body mass (Mb) as either
Mb

0.19 or Mb
0.20, with large variation in performance within and

among each group. In comparison, interspecific scaling
relationships of jumping performance in Anolis lizards yields
an exponent of Mb

0.15 (Toro et al., 2004).
Intraspecific scaling relationships show much greater

variation in results, with scaling relationships of adult frog
species of between Mb

0 and Mb
0.40 (Rand and Rand, 1966;

Emerson, 1978; Miller et al., 1993; Choi et al., 2000; Wilson
et al., 2000). Intraspecific scaling relationships for maximal
jump distance were found to vary from Mb

0.19 to Mb
0.44 in

Anolis lizard species (Toro et al., 2003). Amongst these studies,
both maximum jump distance and take-off velocity in adult
(post-metamorph) striped marsh frogs were independent of
body size (Fig.·1) (Wilson et al., 2000). In contrast, Wilson et
al. found that both maximal jump distance and take-off velocity
in juveniles (metamorphs) were highly dependent on body size,
Mb

0.53 and Mb
0.23, respectively (Fig.·1) (Wilson et al., 2000).

Other studies have also found lower than expected jump
performance immediately after metamorphosis (Emerson,
1978; Zug, 1978), so it may be that the slopes for some of the
above frog scaling relationships are more positive than the
adult data due to inclusion of juvenile data. However, removal
of metamorph data greatly reduces the body size range and still
leaves the adult data difficult to interpret. Emerson suggested
that any jumping performance parameter that is independent of
body size is likely to be the critical locomotory performance
variable selected for (Emerson, 1978). In some species of frogs
(Emerson, 1978) and some larger species of Anolis lizards
(Toro et al., 2003), acceleration capacity was body size-
independent. In contrast the frog jumping results of Wilson et
al. suggest that, in striped marsh frogs at least, it is jump
distance that is the key variable (Wilson et al., 2000).

In intraspecific studies of African desert locusts there is no
significant change in maximum jump range or take-off velocity
from the first up to and including the fourth instar of
Schistocerca gregaria (Gabriel, 1985a; Katz and Gosline,
1993). However, over time adult locusts (sixth instar) initially
increase jump take-off velocity, then level out at approximately
double the velocity of juveniles. Therefore, in this species at
least, developmental (ontogenetic) effects, rather than body
size effects, have a more marked effect on jump performance.
In juvenile locusts, leg length increases relative to body size to
maintain jumping performance (Katz and Gosline, 1992).
However, jumping performance in adults is improved by
increasing the relative muscle mass available for jumping
(Gabriel, 1985a) and reflects the need for higher jump velocity
to enable a change in locomotory mode to flying (Katz and
Gosline, 1993).

Intra-specific studies of mammalian jumping performance
are limited in number, and very little change in jumping
performance of black tailed jackrabbits (Lepus californicus)
was reported (Carrier, 1995). The two smallest (juvenile)
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Fig.·1. Scaling of jump performance in metamorph (open symbols)
and post-metamorphic (filled symbols) striped marsh frogs
Limnodynastes peronii. The lines were fitted via least squares linear
regression for metamorph and post-metamorphic data separately (solid
lines) and all data combined (broken line). Based on Wilson et al.
(Wilson et al., 2000).

THE JOURNAL OF EXPERIMENTAL BIOLOGY



927Muscle mechanics affects jumping performance

jackrabbits in this study achieved approximately 20% lower
maximal jump velocity, with adult rabbits all showing very
similar jump velocity; the study animals, however, only
spanned a fourfold body mass range.

Scaling of muscle mechanics

Unfortunately there is a distinct lack of data on scaling of
muscle stress and shortening velocity in jumping animals [with
the exception of unpublished data from Rana catesbeiana
presented in Marsh’s review (Marsh, 1994)]. Generally,
however, as animal size increases, skeletal muscle shortening
velocity and contraction kinetics become slower. A large
comparative study considering skeletal muscle, from 72 species
of animals from many taxonomic groups, found that length-
specific shortening velocity scaled Mb

–0.12 for running and flying
animals, after the data had been corrected for the effects of
experimental temperature (Medler, 2002). Medler’s review gives
a good indication of broad muscle shortening–velocity scaling
relationships but is unable to correct for fibre type changes, and
uses data determined via different methods in different studies
and laboratories. A few studies have isolated single fibres of
specific fibre types, from the same muscle, in a large body mass
range of mammalian species, to subsequently determine scaling
relationships within the study. Similar scaling exponents to those
reported by Medler for maximum shortening velocity have been
found for type I muscle fibres [(Mb

–0.11 (Widrick et al., 1997)
and Mb

–0.13 (Seow and Ford, 1991)]. However, these mammalian
muscle scaling exponents have been determined using
force–velocity studies (isotonic) that rely on curve-fitting
techniques to estimate maximal shortening velocity (Marsh and
Bennett, 1986), which they are prone to underestimate (Claflin
and Faulkner, 1985; Widrick et al., 1997; James et al., 1998).
Studies using the slack test, which directly measures unloaded
shortening velocity, have demonstrated larger scaling exponents
(–0.18 to –0.21) in slow fibres than have been found using
force–velocity studies (Table·1). Widrick and coworkers
(Widrick et al., 1997) further confirmed the scaling relationship
of type I fibres found by Rome and coworkers (Rome et al.,
1990) despite using a few different mammalian species. Data of
Toniolo and coworkers (Toniolo et al., 2005) suggests that the
fastest muscle fibres, which are of greater importance in maximal
activities such as escape responses, have very similar maximum

unloaded shortening velocity in each species over a large body
size range.

Intraspecific studies within anuran (Bennett et al., 1989;
Marsh, 1994; Altringham et al., 1996), lizard (Marsh, 1988;
Johnson et al., 1993) and fish (Wardle, 1975; James et al.,
1998) species have highlighted that as body size increases there
are usually decreases in temporal traits of whole muscle/muscle
fibre bundle functions, including relative muscle shortening
velocity and twitch activation and relaxation rates, i.e. muscle
in smaller individuals of a species will tend to produce force
quicker, shorten relatively faster and relax quicker. In many
cases these muscles are of mixed fibre type and fibre type
proportions will change with size, such that the scaling
relationships observed are the summation of changes within
and between fibre type with changing body size. As body mass
increases intraspecific maximum muscle shortening velocity
generally decreases, with a slope between –0.08 and –0.11 in
fast muscle from frog (sartorius, Vmax; Fig.·2) (Marsh, 1994),
fish (V0) (James et al., 1998), lizard (Vmax) (Marsh, 1988) and
salamander (Vmax) (Bennett et al., 1989). However, in contrast
Curtin and Woledge found no effect of body size on the
maximum shortening velocity (V0) of fast myotomal muscle
from dogfish (Scyliorhinus canicula) (Curtin and Woledge,
1988).

One analysis (Medler, 2002) found no significant
relationship between maximal isometric stress and body mass.
Intraspecific studies have also found that maximum isometric
muscle stress and normalised power output are generally
unaffected by body size (e.g. Bennett et al., 1989; Johnson et
al., 1993; Marsh, 1994; Altringham et al., 1996; James et al.,
1998). A significant though weak relationship does exist,
however, between maximal isometric force production and
maximal shortening velocity (Medler, 2002) (P0=122Vmax

0.14).
Medler argues that fast glycolytic fibres will tend to have
relatively higher myofibrillar density, causing higher muscle
stress (Medler, 2002).

How can jumping performance be maximised despite the
muscle performance constraints imposed by body size?
It appears that within some species maximal adult jumping

performance may be relatively independent of body size. The
reasons for this body size independence are not fully
understood, but they could include physiological or
biomechanical properties, and may also include small body size
ranges in adults studied and changes in body mass in adults in
some species being caused by variation in body composition
such as fat mass (Harris and Steudel, 2002) or egg mass.
However, it is clear that skeletal muscle decreases in contractile
speed with increasing body size both within and among species
(for example maximal skeletal muscle shortening velocity
decreases at approximately Mb

–0.10 for most whole muscle
studies performed). Therefore, it appears that during jumping
in many species other factors are compensating for, or allowing
uncoupling from, size related changes in the mechanical
properties of muscle.

Table·1. Interspecific body mass specific scaling exponents for
maximum unloaded shortening velocity against body mass for
different single muscle fibre types from a range of mammals

Scaling exponent

Fibre type 15°Ca 12°Cb

I (slow) –0.18 –0.21
IIA –0.07 –0.08
IIX Not measured –0.04
IIB Not measured No relationship

a(Rome et al., 1990); b(Toniolo et al., 2005).
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There is evidence that juveniles in some species (including
jumping jackrabbits) (Carrier, 1995) compensate for their
smaller absolute body size by rapid development of locomotor
morphology to attain high locomotor performance early in life
(Herrel and Gibb, 2006). Such selective development is
probably driven by predation leading to the requirement of
juveniles to attain locomotory performance as high as adults.

Energy storage mechanisms

Both Emerson (Emerson, 1985) and Bennett-Clark (Bennett-
Clark, 1977) have demonstrated that many animals covering a
large body size range, including insects, frogs and mammals,
require higher power outputs for jumping than could be directly
delivered by skeletal muscle.

In general, smaller animals have smaller limbs and,
therefore, a shorter distance over which to accelerate.
Therefore, to achieve the same jumping performance the
smaller animals will require higher force, greater peak power
output and higher maximum shortening velocity to enable them
to accelerate faster to achieve the same all-important take-off
velocity (Bennet-Clark, 1977). As animals become smaller a
point is reached where maximum skeletal muscle shortening
velocity cannot continue to increase. A compounding problem
is that as animals get much smaller they encounter greater
losses in jump performance due to drag; however, drag effects
are only significant in animals the size of smaller insects
(Vogel, 2005). Therefore, smaller animals need to be more
specialised, to increase storage of elastic potential energy prior
to the jump, to amplify available muscle power output,
enabling them to achieve similar jump distances to larger
animals (Bennet-Clark, 1977). Power supply is clearly critical
in determining jump distance, with most, if not all, jump
specialist animals using energy storage to some extent to

enhance power. However, much smaller animals need larger
power amplification due to the constraints imposed by drag and
the mechanical properties of muscle.

Elastic energy storage is particularly notable in insects. In
some insects such as click beetles (Evans, 1972), flea beetles
(Brackenbury and Wang, 1995), locusts (Heitler, 1974) and
fleas (Bennet-Clarke and Lucey, 1967), jumping performance
is greatly enhanced via substantial storage of elastic strain
energy. In some insects a catch mechanism is used, to allow
muscular activation to occur while restraining movement of the
‘catapult’ mechanism used for jumping. In some animals, body
weight may act as an effective catch, allowing initial muscle
shortening to be uncoupled from whole body movement
(Roberts and Marsh, 2003). Catch mechanisms allow power to
be generated by the muscles and stored as elastic potential
energy, via stretch of elastic structures before the jump takes
place. Once the catch mechanism is released the power
generated by the muscles during take-off is enhanced during
elastic recoil of the elastic structure. The elastic recoil releases
the elastic strain energy stored prior to take-off. Therefore, in
a number of animals, energy can be stored during a relatively
slow muscular contraction, yet be transferred rapidly when the
catch mechanism has been released. Bennet-Clark suggests that
such a catch mechanism allows over half of the energy
generated during a slow muscular contraction to be stored in
an elastic structure (Bennet-Clark, 1975). The release of the
stored energy enhances the energy available to power the jump
to 1.5 times that of the maximum power of the muscle, leading
to an effective power amplification of up to 10 times that
actually produced by the muscle during jumping. The energy
storage materials are relatively small and lightweight compared
to the muscle used to generate the power, therefore,
representing a cost-effective mechanism for improving
jumping performance. The effectiveness of a catapult
mechanism is demonstrated by the finding that locusts kept at
cold temperatures can jump just as far as those kept at higher
temperatures (Gabriel, 1985b). The only decrease in
performance is that the colder locusts take longer to perform
the jump as the power of the jump is largely dependent on the
energy storage mechanism, so at lower temperatures it just
takes longer for the skeletal muscle to deform the storage
element by the required amount.

In some mammals such as man (Kubo et al., 1999; Bobbert,
2001; Kurokawa et al., 2001) and bushbaby (Aerts, 1998),
elastic energy storage in tendons has been found to increase
countermovement jump performance. In the case of the
bushbaby, elastic strain energy is stored in the internal
connective tissue sheets of the vastus muscle, not only during
preparatory crouching, but also during the early phase of knee
extension, with a sudden release of energy late in take-off
(Aerts, 1998). Use of a countermovement enables force
enhancement due to stretch of active muscle (Edman et al.,
1978), time for the extensor muscles to attain high force prior
to shortening and energy storage in the tendons in series.
During hopping in wallaby (Biewener et al., 1998; Ker et al.,
1986), kangaroo (Alexander and Vernon, 1973) and kangaroo
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rat (Biewener et al., 1981), similar principles apply with high
muscle force, and in these cases limited muscle length change,
during stretch of the muscle–tendon unit, leading to energy
storage prior to muscle shortening. Also, in jumping lizards,
power amplification during countermovement jumps has been
invoked to explain the increased power output during jumping
compared to running (Vanhooydonck et al., 2006a).

In frogs, however, no obvious countermovement is observed
and no catch mechanism is known, yet the jumping
performance of many frog species studied also appears to
exceed that available from the skeletal muscle. These findings
suggest that energy storage may be used to allow subsequent
power amplification in these species (Marsh and John-Alder,
1994; Peplowski and Marsh, 1997; Navas et al., 1999; Wilson
et al., 2000). Modelling of the frog plantaris muscle–tendon
unit, combined with sonomicrometry measurements in
plantaris muscle of jumping bullfrogs, demonstrates
uncoupling of skeletal muscle and whole body movements
during jumping (Roberts and Marsh, 2003). Rapid early
shortening of plantaris muscle, without movement of the frog,
causes stretch of tendons and consequent elastic energy
storage, which subsequently enhances muscle power output
during take-off. Such uncoupling of muscle shortening from
whole body movement allows the muscle to produce more
force and to shorten at a lower velocity than if the two were
coupled, and allows a catapult-like mechanism to be used,
without a catch being present.

In species where elastic energy storage is used the scaling of
jump performance will reflect the power available for the jump,
which will be affected by both scaling of skeletal muscle
properties and potentially by scaling of elastic energy storage.
Both the type of energy storage mechanism and the jumping
technique vary among animal species, affecting jump
performance (Alexander, 1995) (see final section of this
review).

Limb morphology

When standard projectile equations are applied to jumping
(see Eqn·1, 2 in Introduction), they suggest that increased
hindlimb length and mass of jumping muscles, and beneficial
alteration of the origin and/or insertion of jumping muscles,
should improve animal jump performance (for a review, see
Emerson, 1985). These predictions have been empirically
confirmed in studies among species of frogs, concluding that,
in comparison with non-jumping species, jumping specialists
have longer hindlimbs, larger jumping muscles and a more
proximal insertion of hip extensor muscles in jumping (for a
review, see Emerson, 1985). For example, interspecific
increases in frog take-off speed have been positively correlated
with body mass-specific hindlimb thigh muscle mass and with
body length-specific hindlimb length (Choi et al., 2003). In
lizards, hindlimb length also explained a significant proportion
of the variation in take-off velocity across different Anolis
species (Toro et al., 2004). However, when Anolis muscle
masses and limb segment lengths were entered into a multiple
regression model, the mass of the knee extensors was the only

variable retained and was thus the best predictor of take-off
velocity (r=0.62; P=0.03; see Fig.·3).

Relative hindlimb length (hindlimb length/body length) does
vary among species and can affect performance. Frog
(Emerson, 1978) and mammal species (Emerson, 1985) that are
jump specialists have relatively longer legs. Frog (Rand, 1952;
Zug, 1972; Choi and Park, 1996; Choi et al., 2003) and lizard
species (Losos, 1990) with longer hindlimbs have generally
been found to achieve greater jump distance and/or take-off
velocity. In some smaller species of indriids such as galagos,
disproportionately larger hindlimbs may serve to increase the
time available for acceleration during take-off (Demes et al.,
1996). Some animal species, such as within the lizards
Chameleo and the frogs Phylomedusa, have large hind and
front limbs but are not good at jumping; instead the elongated
limbs are used for climbing in complex three-dimensional
habitats (Pough et al., 2004). Within Bufo marinus (cane toads),
individuals with relatively long legs are faster over 1·m and
cover larger distances in 24·h (Phillips et al., 2006). However,
variation in hindlimb length within a species does not
necessarily cause a change in jump performance. Within and
among many species of Anolis lizards limb dimensions
generally increase geometrically (Toro et al., 2003), but Anolis
carolinensis demonstrates negative allometry. Toro and
coworkers (Toro et al., 2003) argue that the negative allometry
in Anolis carolinensis may reflect weak selection for long limbs
in adults due to their reliance on crypsis for predator avoidance.
No effect of relative or residual hindlimb length on jump
performance was found within species in some frog jumping
studies (Stokely and Berberian, 1953; Emerson, 1978; James
et al., 2005) and in one lizard jumping study (Losos et al.,
1989). However, variation in residual hindlimb length has been
found to correlate with variation in maximum jump take-off
velocity within domestic cats (Harris and Steudel, 2002).
Variation in hindlimb length among hemiclones of Rana
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Fig.·3. The mass of the knee extensors is the best predictor of take-
off velocity across 12 species of Anolis lizards. Data on take-off
velocity were taken from Toro et al. (Toro et al., 2004); data on muscle
masses were taken from Vanhooydonck et al. (Vanhooydonck et al.,
2006b).
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esculenta explained 77% of the variation in maximal jump
distance, whereas body mass only explained 1% of the
variation in performance (Tejedo et al., 2000).

Hindlimb muscle mass of juveniles and adults of frog species
does appear to scale geometrically, whereas in just-
metamorphosed through to juvenile frogs there is positive
allometry in hindlimb muscle mass (Emerson, 1985). However,
hindlimb muscle mass in frogs (Emerson, 1978) and mammals
(Alexander et al., 1981) varies as a proportion of body mass as
jumping species have proportionally larger extensor muscles
than non-jumping species. There is some evidence that frog
species with relatively greater thigh muscle mass achieve
higher jump take-off velocity (expressed relative to body mass)
(Choi and Park, 1996; Choi et al., 2003). Miller et al. (Miller
et al., 1993) found that larger leopard frogs (Rana pipiens)
achieved higher jump distances, had relatively heavier jumping
muscles and relatively higher LDH activity. Bennet-Clark
suggested that some smaller jumping animals have a relatively
smaller jumping muscle mass, but that the jumping muscles
become wider with respect to their length and that the skeleton
they are attached to has to become relatively stronger (Bennet-
Clark, 1977). However, in adult locusts the muscle mass of the
femur is a higher percentage of body mass than it is in fourth
instar locusts (Gabriel, 1985a), with an aligned increase in
angle of muscle pennation (Gabriel, 1985b). In adult locusts the
semilunar process is thickened and lengthened to create a stiffer
spring for energy storage; this coupled with the change in
muscle morphology leads to a greater capacity for energy
storage and greater jump velocity (Gabriel, 1985b).

The greater force requirements for jumping in smaller
animals lead to a change in muscle architecture with body size
(Bennet-Clark, 1977). Larger animals tend to have muscles that
are relatively long, relatively thin and relatively less pennate
when compared to smaller animals. Some hip extensor muscles
have a more proximal insertion on the tibia in jumping
mammals than in non-jumping mammals (reviewed in
Emerson, 1985). Such adaptations in smaller animals would
lead to relatively higher muscle forces being applied for the
same muscle mass [for a review on the effects of architecture
on skeletal muscle mechanical performance, see Lieber and
Fridén (Lieber and Fridén, 2000)]. However, the larger muscle
forces involved in jumping may potentially reach levels that
compromise safety factors of bone and tendon in larger
animals, which may explain the relatively poor performance of
larger jumping animals (e.g. Toro et al., 2003; Toro et al.,
2004).

Relative importance of skeletal muscle mechanics, limb
morphology and muscle biochemistry in jump

performance
Modelling of jump performance can give us insights into the

relative importance of the effects of different variables. The
effects of changing skeletal muscle properties, jumping
technique, mass distribution in legs, leg length, moment arms
and tendon compliance on jumping performance in different

types of animals have been modelled (Alexander, 1995). In a
human-like animal, catapult and countermovement jump
techniques yielded similar jump performance, both of which
outperformed squat jumps. However, in bushbaby and insect-
like animals, catapult jump techniques were clearly better than
both countermovement and squat jumps, which fits in well with
the existence in these two types of animals of the different
forms of ‘catapult’ jumping, discussed earlier in this review. In
all cases, increasing muscle shortening velocity or series
compliance yielded higher jumps in Alexander’s model.
However, in countermovement jumps, jump height was more
sensitive to changes in maximum muscle shortening velocity
than to alterations in series compliance, whereas in catapult
jumps the reverse was true. These findings again reinforce the
idea that smaller animals require substantial power
amplification of muscle power output via energy storage in
elastic structures to allow them to overcome the constraints of
muscle mechanics (see section ‘How can jumping performance
be maximised despite the muscle performance constraints
imposed by body size?’). In all cases longer legs yielded higher
jumps in Alexander’s model, but this effect was less marked in
catapult jumps, especially when series compliance was
relatively high. In Alexander’s model the total mass of the legs
had a greater effect on jump performance than the mass
distribution within the legs.

Although many studies of adult animals have demonstrated
that differences in jump performance among species are also
linked with differences in the morphological, enzymatic and
mechanical properties of muscles (Marsh, 1994), these need
not necessarily apply to intraspecific correlates of locomotor
performance. Very few studies have examined size-
independent interindividual variation in the underlying
factors explaining variation in adult jumping performance
within species. Multiple regression analysis determined that
62% of variation in jump take-off velocity in domestic cats
could be explained by variation in lean body mass residuals
of hindlimb length and fat mass (Harris and Steudel, 2002),
but was largely unaffected by variation in lean body mass, %
of type IIX MHC content in lateral gastrocnemius muscle or
residual muscle mass; i.e. cats with relatively long legs and
relatively low fat mass achieved higher take-off velocities.
Similar analysis in a species of tree frog (Hyla multilineata)
demonstrated that 43% of variation in jump distance could be
explained by variation in body length residuals of total
hindlimb muscle mass and plantaris muscle pyruvate kinase
activity (James et al., 2005), but was largely unaffected by
residuals of plantaris muscle force, plantaris muscle power,
plantaris activation rate, total leg bone length, lactate
dehydrogenase activity of plantaris muscle or citrate synthase
activity of plantaris muscle. These findings suggest that, in
some species, differences in jumping performance among
individuals may be related to morphological variables such as
greater relative quantity of muscle and larger relative leg
length, which would lead to greater available muscle power
output and longer distance over which to accelerate during
take-off, respectively. However, we need further analysis of
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this type to fully quantify the importance of different factors
that affect jump performance.

It is unlikely that relationships among morphological/
physiological measures and jumping performance will be the
same in all species. Some species, such as some toads and toad-
like microhylids, rely on defence mechanisms such as secretion
of poison to deter predators rather than relying on jump
performance to escape. Such species have been found to have
relatively poor jump performance and little of the specialisation
of limb morphology seen in high performance jumpers (Marsh,
1994; Choi and Park, 1996). Variability in the jump performed
may also be important in avoiding being caught by predators.
Kargo and coworkers (Kargo et al., 2002) used a model of frog
jumping to demonstrate that relatively small alterations in hip
external rotation torque, which can be controlled by key
muscles active during jumping, could cause large changes in
take-off angle providing a relatively simple system for
variability in jump response. Unpredictability of an escape
response can increase the likelihood of escaping predation.
Differences in the propensity of individuals to jump have been
demonstrated both within a frog species (Gomes et al., 2002)
(also see section entitled ‘Temperature effects on skeletal
muscle and jumping performance’) and among lizard species
(Tropidurinae) (Kohlsdorf and Navas, 2007). Species of
Tropidurinae that lived in arid, relatively open, sand
environments jumped less often and were not able to jump as
high as those species that inhabited rocky more densely
vegetated environments (Kohlsdorf and Navas, 2007). These
differences in propensity to jump and in jumping performance
reflected differences in habitat and were not related to
phylogeny.

In conclusion, skeletal muscle mechanics can restrict
jumping performance due to the limits of maximal shortening
velocity and maximal power output affecting jump acceleration
and distance. Skeletal muscle performance could cause greater
limitations on jumping performance when temperature is low
or animal size is small. However, animals use a range of
adaptations to mitigate the potential restrictions imposed by the
mechanical properties of muscle. Selective rapid development
of locomotor morphology can be used to enable young animals
to attain high locomotor performance early in life. In some very
small animals specialist structures are used to enhance
energetic storage, to amplify the power output available from
skeletal muscle. Adaptations involving increased relative
hindlimb length and relative mass of jumping muscles, and
beneficial alteration of the origin and/or insertion of jumping
muscles, can all be used to improve animal jump performance.
However, we do need an integrative study to investigate within-
species measures of jump performance related to fitness. Such
a study would ideally use a species that covers a relatively large
body mass range, is relatively good at jumping and uses
jumping to escape. Such a study would need to determine
whole body jumping performance, in vivo muscle strain and
activation, in vitro maximal shortening velocity of a jumping
muscle (to allow comparisons to previous studies), in vitro
mechanical performance of muscle under simulated in vivo

jumping conditions and, preferably, consider limb muscle fibre
type and muscle/bone morphology in some detail to investigate
effects of development and growth on performance. Such
studies could then investigate both body size-dependent and
body size-independent effects of a wide range of realistic
muscle mechanical and morphological variables on jumping
performance within a species. Only after such studies have
been performed may we get a much better understanding of
how important skeletal muscle properties are in affecting
jumping performance.

References
Aerts, P. (1998). Vertical jumping in Galago senegalensis: the quest for an

obligate mechanical power amplifier. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 353, 1607-1620.

Alexander, R. McN. (1995). Leg design and jumping technique for humans
other vertebrates and insects. Philos. Trans. R. Soc. Lond. B Biol. Sci. 347,
235-248.

Alexander, R. McN. and Vernon, A. (1973). The mechanics of hopping by
kangaroos. J. Zool. Lond. 177, 265-303.

Alexander, R. McN., Jayes, A. S., Maloiy, G. M. and Wathuta, E. M.
(1981). Allometry of the leg muscles of mammals. J. Zool. Lond. 198, 293-
313.

Altringham, J. D., Morris, T., James, R. S. and Smith, C. I. (1996). Scaling
effects on muscle function in fast and slow muscles of Xenopus laevis. Exp.
Biol. Online 1, 6.

Bennet-Clark, H. C. (1975). The energetics of the jump of the locust
Schistocerca gregaria. J. Exp. Biol. 63, 53-83.

Bennet-Clark, H. C. (1977). Scale effects in jumping animals. Scale Effects
in Animal Locomotion (ed. T. Pedley), pp. 185-201. London: Academic
Press.

Bennet-Clark, H. C. and Lucey, E. C. A. (1967). The jump of the flea: a
study of the energetics and a model of the mechanism. J. Exp. Biol. 47, 59-
76.

Bennett, A. F., Garland, G., Jr and Else, P. L. (1989). Individual correlation
of morphology, muscle mechanics and locomotion in a salamander. Am. J.
Physiol. 256, R1200-R1208.

Biewener, A., Alexander, R. McN. and Heglund, N. C. (1981). Elastic
energy storage in the hopping of kangaroo rats (Dipodomys spectabilis). J.
Zool. Lond. 195, 369-383.

Biewener, A. A., Konieczynski, D. D. and Baudinette, R. V. (1998). In vivo
muscle force–length behaviour during steady-speed hopping in tammar
wallabies. J. Exp. Biol. 201, 1681-1694.

Bobbert, M. F. (2001). Dependence of human squat jump performance on the
series elastic compliance of the triceps surae: a simulation study. J. Exp.
Biol. 204, 533-542.

Bottinelli, R. and Reggiani, C. (2000). Human skeletal muscle fibres:
molecular and functional diversity. Prog. Biophys. Mol. Biol. 73, 195-262.

Brackenbury, J. and Wang, R. (1995). Ballistics and visual targeting in flea-
beetles (Alticinae). J. Exp. Biol. 198, 1931-1942.

Calow, L. J. and Alexander, R. McN. (1973). A mechanical analysis of a
hind leg of a frog (Rana temporaria). J. Zool. Lond. 171, 293-321.

Carrier, D. R. (1995). Ontogeny of jumping performance in the black-tailed
jackrabbit (Lepus californicus). Zoology 98, 309-313.

Choi, I. H. and Park, K. (1996). Variations in the take-off velocity of anuran
amphibians: relation to morphology, muscle contractile function and enzyme
activity. Comp. Biochem. Physiol. 113A, 393-400.

Choi, I. H., Shim, J. H., Lee, Y. S. and Ricklefs, R. E. (2000). Scaling of
jumping performance in anuran amphibians. J. Herpetol. 34, 222-227.

Choi, I. H., Shim, J. H. and Ricklefs, R. E. (2003). Morphometric
relationships of take-off speed in anuran amphibians. J. Exp. Zoolog. A
Comp. Exp. Biol. 299, 99-102.

Claflin, D. R. and Faulkner, J. A. (1985). Shortening velocity extrapolated
to zero load and unloaded shortening velocity of whole rat skeletal muscle.
J. Physiol. 359, 357-363.

Curtin, N. A. and Woledge, R. C. (1988). Power output and force–velocity
relationship of live fibres from white myotomal muscle of the dogfish,
Scyliorhinus canicula. J. Exp. Biol. 140, 187-197.

Demes, B., Jungers, W. L., Fleagle, J. G., Wunderlich, R. F., Richmond,

THE JOURNAL OF EXPERIMENTAL BIOLOGY



932

B. G. and Lemelin, P. (1996). Body size and leaping kinematics in
Malagasy vertical clingers and leapers. J. Hum. Evol. 31, 367-388.

Dickinson, M., Farley, C., Full, R., Koehl, M., Kram, R. and Lehman, S.
(2000). How animals move: an integrative review. Science 288, 100-106.

Edman, K. A. P., Elzinga, G. and Noble, M. I. M. (1978). Enhancement of
mechanical performance by stretch during tetanic contractions of vertebrate
skeletal muscle fibres. J. Physiol. 281, 139-155.

Emerson, S. B. (1978). Allometry and jumping in frogs: helping the twain to
meet. Evolution 32, 551-564.

Emerson, S. B. (1985). Jumping and leaping. In Functional Vertebrate
Morphology (ed. M. E. Hildebrand, D. M. Bramble, K. F. Liem and D. B.
Wake), pp. 58-72. Cambridge: Harvard University Press.

Evans, M. E. G. (1972). The jump of the click beetle (Coleoptera, Elateridae)
a preliminary study. J. Zool. Lond. 167, 319-336.

Gabriel, J. M. (1985a). The development of the locust jumping mechanism.
1. Allometric growth and its effect on jumping performance. J. Exp. Biol.
118, 313-326.

Gabriel, J. M. (1985b). The development of the locust jumping mechanism.
2. Energy storage and muscle mechanics. J. Exp. Biol. 118, 327-340.

Goldspink, G. (1996). Muscle growth and muscle function: a molecular
biological perspective. Res. Vet. Sci. 60, 193-204.

Gomes, F. R., Bevier, C. C. and Navas, C. A. (2002). Environmental and
physiological factors influence antipredator behavior in Scinax hiemalis
(Anura: Hylidae). Copeia 2002, 994-1005.

Harris, M. A. and Steudel, K. (2002). The relationship between maximum
jumping performance and hind limb morphology/physiology in domestic
cats (Felis silvestris catus). J. Exp. Biol. 205, 3877-3889.

Heitler, W. J. (1974). Specialisations of the metathoracic femoral-tibial joint.
J. Comp. Physiol. 89, 93-104.

Herrel, A. and Gibb, A. C. (2006). Ontogeny of performance in vertebrates.
Physiol. Biochem. Zool. 79, 1-6.

Hertz, P. E., Huey, R. B. and Nevo, E. (1982). Fight versus flight: body
temperature influences defensive responses of lizards. Anim. Behav. 30, 676-
679.

Hirano, M. and Rome, L. C. (1984). Jumping performance of frogs (Rana
pipiens) as a function of temperature. J. Exp. Biol. 108, 429-439.

James, R. S., Cole, N. J., Davies, M. L. F. and Johnston, I. A. (1998). Scaling
of intrinsic contractile properties and myofibrillar protein composition of fast
muscle in the fish. J. Exp. Biol. 201, 901-912.

James, R. S., Wilson, R. S., Carvalho, J. E., Kohlsdorf, T., Gomes, F. R.
and Navas, C. A. (2005). Inter-individual differences in leg muscle mass
and pyruvate kinase activity correlate with inter-individual differences in
jumping performance of Hyla multilineata. Physiol. Biochem. Zool. 78, 857-
867.

Johnson, T. P., Swoap, S. J., Bennett, A. F. and Josephson, R. K. (1993).
Body size, muscle power output and limitations on burst locomotor
performance in the lizard Dipsosaurus dorsalis. J. Exp. Biol. 174, 199-213.

Johnston, I. A. and Temple, G. K. (2002). Thermal plasticity of skeletal
muscle phenotype in ectothermic vertebrates and its significance for
locomotory behaviour. J. Exp. Biol. 205, 2305-2322.

Kargo, W. J. and Rome, L. C. (2002). Functional morphology of proximal
hindlimb muscles in the frog Rana pipiens. J. Exp. Biol. 205, 1987-2004.

Kargo, W. J., Nelson, F. and Rome, L. C. (2002). Jumping in frogs: assessing
the design of the skeletal muscle system by anatomically realistic modeling
and forward dynamic simulation. J. Exp. Biol. 205, 1683-1702.

Katz, S. L. and Gosline, J. M. (1992). Ontogenetic scaling and mechanical
behaviour of the tibiae of the African desert locust (Schistocerca gregaria).
J. Exp. Biol. 168, 125-150.

Katz, S. L. and Gosline, J. M. (1993). Ontogenetic scaling of jump
performance in the African desert locust (Schistocerca gregaria). J. Exp.
Biol. 177, 81-111.

Ker, R. F., Dimery, N. J. and Alexander, R. McN. (1986). The role of tendon
elasticity in hopping in a wallaby (Macropus rufogriseus). J. Zool. Lond.
208, 417-428.

Kernell, D., Hensbergen, E., Lind, A. and Eerbeek, O. (1998). Relation
between fibre composition and daily duration of spontaneous activity in
ankle muscles of the cat. Arch. Ital. Biol. 136, 191-203.

Kohlsdorf, T. and Navas, C. A. (2007). Jumping capacity and substrate usage
in Tropidurinae lizards, using a new method to evaluate obstacle-crossing
ability. Biol. J. Linn. Soc. In press.

Kubo, K., Kawakami, Y. and Fukunaga, T. (1999). Influence of elastic
properties of tendon structures on jump performance in humans. J. Appl.
Physiol. 87, 2090-2096.

Kurokawa, S., Fukunaga, T. and Fukashiro, S. (2001). Behaviour of

fascicles and tendinous structures of human gastrocnemius during vertical
jumping. J. Appl. Physiol. 90, 1349-1358.

Lieber, R. L. and Fridén, J. (2000). Functional and clinical significance of
skeletal muscle architecture. Muscle Nerve 23, 1647-1666.

Lindstedt, S. L., McGlothlin, T., Percy, E. and Pifer, J. (1998). Task-
specific design of skeletal muscle: balancing muscle structural composition.
Comp. Biochem. Physiol. 120B, 35-40.

Losos, J. B. (1990). The evolution of form and function: morphology and
locomotor performance in West Indian Anolis lizards. Evolution 44, 1189-
1203.

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

Losos, J. B., Papenfuss, T. J. and Macey, J. R. (1989). Correlates of
sprinting, jumping and parachuting performance in the butterfly lizard,
Leiolepis belliani. J. Zool. Lond. 217, 559-568.

Lutz, G. J. and Lieber, R. L. (2000). Myosin isoforms in anuran skeletal
muscle: their influence on contractile properties and in vivo muscle function.
Microsc. Res. Tech. 50, 443-457.

Lutz, G. J., Bremner, S., Lajevardi, N., Lieber, R. L. and Rome, L. C.
(1998). Quantitative analysis of muscle fibre type and myosin heavy chain
distribution in the frog hindlimb: implications for locomotory design. J.
Muscle Res. Cell Motil. 19, 717-731.

Lutz, G. J., Sirsi, S. R., Shapard-Palmer, S. A., Bremner, S. N. and Lieber,
R. L. (2002). Influence of myosin isoforms on contractile properties of intact
muscle fibers from Rana pipiens. Am. J. Physiol. 282, C835-C844.

Marsh, R. L. (1988). Ontogenesis of contractile properties of skeletal muscle
and sprint performance in the lizard Dipsosaurus dorsalis. J. Exp. Biol. 137,
119-139.

Marsh, R. L. (1994). Jumping ability of anurans. In Comparative Vertebrate
Exercise Physiology (ed. J. H. Jones), pp. 51-111. San Diego: Academic Press.

Marsh, R. L. and Bennett, A. F. (1985). Thermal dependence of isotonic
contractile properties of skeletal muscle and sprint performance of the lizard
Dipsosaurus dorsalis. J. Comp. Physiol. B 155, 541-551.

Marsh, R. L. and Bennett, A. F. (1986). Thermal dependence of contractile
properties of skeletal muscle from the lizard Sceloporus occidentalis with
comments on methods for fitting and comparing force–velocity curves. J.
Exp. Biol. 126, 63-77.

Marsh, R. L. and John-Alder, H. B. (1994). Jumping performance of hylid
frogs measured with high-speed cine film. J. Exp. Biol. 188, 131-141.

Mautz, W. J., Daniels, C. B. and Bennett, A. F. (1992). Thermal dependence
of locomotion and aggression in a xantusiid lizard. Herpetologica 48, 271-
279.

Medler, S. (2002). Comparative trends in shortening velocity and force
production in skeletal muscles. Am. J. Physiol. 283, R368-R378.

Miller, K., Monteforte, P. B. and Landis, L. F. (1993). Scaling of locomotor
performance and enzyme activity in the leopard frog, Rana pipiens.
Herpetologica 49, 383-392.

Navas, C. A. (1996). Metabolic physiology, locomotor performance, and
thermal niche breadth in neotropical anurans. Physiol. Zool. 69, 1481-1501.

Navas, C. A., James, R. S., Wakeling, J. M., Kemp, K. M., Johnston, I. A.
(1999). An integrative study of the temperature dependence of whole animal
and muscle performance during jumping and swimming in the frog Rana
temporaria. J. Comp. Physiol. B 169, 588-596.

Navas, C. A., Antoniazzi, M. M. and Jared, C. (2004). A preliminary
assessment of anuran physiological and morphological adaptation to the
Caatinga, a Brazilian semi-arid environment. In Animals and Environments:
Proceedings of the Third International Conference of Comparative
Physiology and Biochemistry. Vol. 1275 (ed. S. Morris and A. Vosloo), pp.
298-305. Cambridge: Elsevier.

Navas, C. A., Antoniazzi, M. M., Carvalho, J. E., Suzuki, H. and Jared,
C. (2007). Physiological basis for diurnal activity in dispersing juvenile Bufo
granulosus in the Caatinga, a Brazilian semi-arid environment. Comp.
Biochem. Physiol. In press.

Peplowski, M. M. and Marsh, R. L. (1997). Work and power output in the
hindlimb muscles of cuban tree frogs Osteopilus septentrionalis during
jumping. J. Exp. Biol. 200, 2861-2870.

Phillips, B. L., Brown, G. P., Webb, J. K. and Shine, R. (2006). Invasion
and the evolution of speed in toads. Nature 439, 803.

Pough, F. H., Andrews, R. M., Cadle, J. E., Crump, M. L., Savitzky, A. H.
and Wells, K. D. (2004). Herpetology. Upper Saddle River: Prentice Hall.

Putnam, R. W. and Bennett, A. F. (1983). Histochemical, enzymatic, and
contractile properties of skeletal muscles of three anuran amphibians. Am.
J. Physiol. 244, R558-R567.

R. S. James, C. A. Navas and A. Herrel

THE JOURNAL OF EXPERIMENTAL BIOLOGY



933Muscle mechanics affects jumping performance

Putnam, R. W., Gleeson, T. T. and Bennett, A. F. (1980). Histochemical
determination of the fiber composition of locomotory muscles in a lizard,
Dipsosaurus dorsalis. J. Exp. Zool. 214, 303-309.

Rand, A. S. (1952). Jumping ability of certain anurans, with notes on
endurance. Copeia 1952, 15-20.

Rand, A. S. (1964). Inverse relationship between temperature and shyness in
the lizard Anolis lineatopus. Ecology 45, 863-864.

Rand, A. S. and Rand, P. J. (1966). The relation of size and distance jumped
in Bufo marinus. Herpetologica 22, 206-213.

Roberts, T. J. and Marsh, R. L. (2003). Probing the limits to muscle
powered accelerations: lessons from jumping bullfrogs. J. Exp. Biol. 206,
2567-2580.

Rocha, C. F. D. and Bergallo, H. G. (1990). Thermal biology and flight
distance of Tropidurus oreadicus (Sauria Iguanidae) in an area of
Amazonian Brazil. Ethol. Ecol. Evol. 2, 263-268.

Rogers, K. D., Seebacher, F. and Thompson, M. B. (2004). Biochemical
acclimation of metabolic enzymes in response to lowered temperature in
tadpoles of Limnodynastes peronii. Comp. Biochem. Physiol. 137A, 731-
738.

Rome, L. C. (2002). The design of vertebrate muscular systems: comparative
and integrative approaches. Clin. Orthop. Relat. Res. 403, S59-S76.

Rome, L. C., Sosnicki, A. A. and Goble, D. O. (1990). Maximum velocity
of shortening of three fibre types from horse soleus muscle: implications for
scaling with body size. J. Physiol. 431, 173-185.

Seow, C. Y. and Ford, L. E. (1991). Shortening velocity and power output of
skinned muscle fibres from mammals having a 25,000-fold range of body
mass. J. Gen. Physiol. 97, 541-560.

Stokely, P. S. and Berberian, J. F. (1953). On the jumping ability of frogs.
Copeia 1953, 187.

Tejedo, M., Semlitsch, R. D. and Hotz, H. (2000). Differential morphology
and jumping performance of newly metamorphosed frogs of the
hybridogenetic Rana esculenta complex. J. Herpetol. 34, 201-210.

Toniolo, L., Maccatrozzo, L., Patruno, M., Caliaro, F., Mascarello, F. and
Reggiani, C. (2005). Expression of eight distinct MHC isoforms in bovine
striated muscles: evidence for MHC-2B presence only in extraocular
muscles. J. Exp. Biol. 208, 4243-4253.

Toro, E., Herrel, A., Vanhooydonck, B. and Irschick, D. J. (2003). A
biomechanical analysis of intra- and interspecific scaling of jumping and
morphology in Caribbean Anolis lizards. J. Exp. Biol. 206, 2641-2652.

Toro, E., Herrel, A. and Irschick, D. (2004). The evolution of jumping
performance in Caribbean Anolis lizards: solutions to biomechanical trade-
offs. Am. Nat. 163, 844-856.

Van Damme, R., Wilson, R. S., Vanhooydonck, B. and Aerts, P. (2002).
Performance constraints in decathletes. Nature 415, 755-756.

Vanhooydonck, B., Van Damme, R. and Aerts, P. (2001). Speed and stamina
trade-off in lacertid lizards. Evolution 55, 1040-1048.

Vanhooydonck, B., Aerts, P., Irschick, D. J. and Herrel, A. (2006a). Power
generation during locomotion in Anolis lizards: an ecomorphological
approach. In Ecology and Biomechanics: A Mechanical Approach to the
Ecology of Animals and Plants (ed. A. Herrel, T. Speck and N. Rowe), pp.
253-269. Boca Raton: CRC Press.

Vanhooydonck, B., Herrel, A., Van Damme, R. and Irschick, D. J. (2006b).
The quick and the fast: the evolution of acceleration capacity in Anolis
lizards. Evolution 60, 2137-2147.

Vogel, S. (2005). Living in a physical world II. The bio-ballistics of small
projectiles. J. Biosci. 30, 167-175.

Wardle, C. S. (1975). Limit of fish swimming speed. Nature 255, 725.
Watkins, T. B. (1996). Predator-mediated selection on burst swimming

performance in tadpoles of the Pacific tree frog Pseudacris regilla. Physiol.
Zool. 69, 154-167.

Widrick, J. J., Romatowski, J. G., Karhanek, M. and Fitts, R. H. (1997).
Contractile properties of rat, rhesus monkey and human type I muscle fibres.
Am. J. Physiol. 272, R34-R42.

Wilson, R. S. (2001). Geographic variation in thermal sensitivity of jumping
performance in the frog Limnodynastes peronii. J. Exp. Biol. 204, 4227-
4236.

Wilson, R. S. and James, R. S. (2004). Constraints on muscular performance:
trade-offs between power output and fatigue resistance. Proc. Biol. Sci. 271,
S222-S225.

Wilson, R. S., Franklin, C. E. and James, R. S. (2000). Allometric scaling
relationships of jumping performance in the Striped marsh frog,
Limnodynastes peronii. J. Exp. Biol. 203, 1937-1946.

Wilson, R. S., James, R. S. and Van Damme, R. (2002). Trade-offs between
speed and endurance in the frog Xenopus laevis: a multi-level approach. J.
Exp. Biol. 205, 1145-1152.

Wilson, R. S., James, R. S., Kohlsdorf, T. and Cox, V. M. (2004).
Interindividual variation of isolated muscle performance and fibre-type
composition in the toad Bufo viridus. J. Comp. Physiol. B 174, 453-459.

Zug, G. R. (1972). Anuran locomotion: structure and function. I. Preliminary
observations on relation between jumping and osteometrics of appendicular
and postaxial skeleton. Copeia 1972, 613-624.

Zug, G. R. (1978). Anuran locomotion: structure and function. 2. Jumping
performance of semiaquatic, terrestrial, and arboreal frogs. Smithson.
Contrib. Zool. 276, 1-31.

THE JOURNAL OF EXPERIMENTAL BIOLOGY


