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Abstract

The pectoralis muscles of the blue-breasted quail Coturnix chinensis generate the highest power output over a contraction
cycle measured to date, approximately 400 W kg~!. The power generated during a cyclical contraction is the product of
work and cycle frequency (or standard operating frequency), suggesting that high powers should be favoured by operat-
ing at high cycle frequencies. Yet the quail muscles operate at an intermediate cycle frequency (23 Hz), which is much
lower than the highest frequency skeletal muscles are capable of operating (~200 Hz in vertebrates). To understand this
apparent anomaly, in this paper I consider the adaptations that favour high mechanical power as well as the trade-offs
that occur between force and muscle operating frequency that limit power. It will be shown that adaptations that favour
rapid cyclical contractions compromise force generation; consequently, maximum power increases with cycle frequency to
approximately 15-25 Hz, but decreases at higher cycle frequencies. At high cycle frequencies, muscle stress is reduced by
a decrease in the crossbridge duty cycle and an increase in the proportion of the muscle occupied by non-contractile ele-
ments such as sarcoplasmic reticulum and mitochondria. Muscles adapted to generate high powers, such as the pectoralis
muscle of blue-breasted quail, exhibit: (i) intermediate contraction kinetics; (ii) a high relative myofibrillar volume; and
(ii1) a high maximum shortening velocity and a relatively flat force-velocity relationship. They are also characterised by
(iv) operating at an intermediate cycle frequency; (v) utilisation of asymmetrical length trajectories, with a high proportion
of the cycle spent shortening; and, finally, (vi) relatively large muscles. In part, the high power output of the blue-breasted
quail pectoralis muscle can be attributed to its body size and the intermediate wing beat frequency required to generate
aerodynamic force to support body mass, but in addition specialisations in the contractile and morphological properties
of the muscle favour the generation of high stress at high strain rates.

Introduction

Many activities that animals perform require a high mechan-
ical power output, often those associated with escaping
from predators or capturing prey where the very survival
of an animal may depend on the power generated. In ani-
mal locomotory systems, muscle is ultimately the source of
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the power, which is generated during the crossbridge cycle.
Instantaneous power, the product of force and shortening
velocity, is determined by the intrinsic contractile properties
of the muscle. The highest instantaneous and cycle aver-
age power outputs of skeletal muscle measured to date are
approximately 1200 W kg~! and 400 W kg~ !, respectively,
in the pectoralis muscles of the blue-breasted quail Cotur-
nix chinensis (Askew and Marsh 2001, 2002), a muscle that
operates at an intermediate cycle frequency of 23 Hz. Why
is the most powerful muscle one that operates at an inter-
mediate cycle frequency and what limits power in muscles
that operate at cycle frequencies above or below these inter-
mediate frequencies? The goal of this review is to analyse
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Fig. 1 Relationship between A
(A) muscle mass-specific
maximum net power and (B)
muscle mass-specific work and
cycle frequency. Solid symbols
indicate mass-specific whole
muscle power and open symbols
mass-specific myofibrillar power,
with red and blue indicating slow
and fast locomotory muscles

and green vocalisation muscles,
respectively; the blue-breasted
quail pectoralis muscle (a fast
locomotory muscle) is indicated
by the turquoise diamond
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published data on muscle performance to reveal what lim-
its power generation at different cycle frequencies and to
understand the adaptations that favour high direct power
generation.

Scaling of maximum net muscle power
output with cycle frequency

Theoretically, based on assumptions about the geometric
similarity of animals and the contractile properties of their
muscles, maximum muscle power output is predicted to
scale in proportion with cycle frequency (or standard mus-
cle operating frequency) with work per cycle being constant
(Hill 1950; Pennycuick and Rezende 1984). The relation-
ship between maximum net mass-specific power (in W kg™ ';
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hereafter power) and cycle frequency for a range of muscles
that operate at a range of frequencies in vivo, is illustrated in
Fig. 1 A. This is a subset of published data, selected because
additional data on contraction kinetics and muscle composi-
tion are available, that will give insight into the adaptations
for a high power output (data and references presented in the
Supplementary Information). Maximum power increases
with cycle frequency, as predicted by theory, but only up to
cycle frequencies of approximately 15-25 Hz; above these
frequencies power decreases (Fig. 1 A), indicating that
some of the assumptions underlying the theoretical predic-
tion (noted by Marsh 1988; Marsh 1994), do not hold across
all cycle frequencies. Cyclical net mass-specific work (in J
kg™ !; hereafter work) is not constant but decreases at cycle
frequencies above ~20-25 Hz (Fig. 1B).
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Muscles that are adapted to operate at intermediate cycle
frequencies in the range 15-25 Hz, such as the pectoralis
muscles of blue-breasted quail (Askew and Marsh 2001),
generate the highest maximum power output. At cycle
frequencies below ~ 15 Hz, power is limited by cycle fre-
quency, whereas above ~25 Hz, power is limited by work
(Fig. 1). To understand why muscles operating in this fre-
quency range generate the highest powers, it is necessary to
consider the specific adaptations that determine those physi-
ological properties that influence power — namely adapta-
tions that maximise force and shortening velocity — and
their relationship with muscle operating frequency.

Skeletal muscle adaptations for high power
output

The force and shortening velocity of a muscle are, in part,
determined by the overall size of the muscle, and there-
fore one adaptation to increase absolute muscular power,
is simply to increase the relative size of the muscles driv-
ing the activity. Muscle hypertrophy can occur as the
result of exercise training (Schoenfeld 2010), androgenic
steroids (Bhasin et al. 2001) or on an evolutionary times-
cale. For example, the size of the vocalisation muscles of
male hylid tree frogs varies seasonally, increasing during
the breeding season approximately two-fold when plasma
testosterone levels are higher (Girgenrath and Marsh 2003).
Many predominantly ground-dwelling birds such as those
in the pheasant family perform explosive take-off flights as
a means of escape and these species have relatively large
pectoralis muscles (Askew and Marsh 2002) with an origin
on a relatively larger and elongated sternum (Lowi-Merri
et al. 2021) compared to other families that do not perform
such flights. However, while the overall size of the muscle
is important in determining the absolute power generated
by the animal, which will determine its performance, power
normalised to muscle mass highlights the effects of other
physiological properties of the muscle. Therefore, in addi-
tion to differences in the relative size of muscles, it is the
intrinsic force generating capacity and force-velocity char-
acteristics of the muscle that determine the muscle’s power
output.

Adaptations that increase muscle force

The isometric tetanic myofibrillar stress — that is the maxi-
mum isometric force that can be generated per unit myo-
fibrillar cross-sectional area — is often considered to be
relatively constant in vertebrate skeletal muscles; ~250—-400
kN m™~2 (Weis-Fogh and Alexander 1977). In vertebrates,
the uniformity in the spacing between the thick and thin

filament lattice in the sarcomeres and the conserved dimen-
sions of the thick filaments, results in a constant maximum
number of crossbridge heads that can form (i.e. the num-
ber that would be attached during rigor). Many locomotory
muscles do have a maximum isometric myofibrillar stress
that falls within this 250-400 kN m™2 range; however,
there are examples of muscles that generate much lower
stresses (Fig. 2). During an isometric contraction, not all of
the crossbridges are in a strongly attached force-generating
state throughout the entire crossbridge cycle. In frog tibi-
alis anterior muscle, it has been estimated that no more than
43% of crossbridges of the crossbridges that are attached
during rigor are attached during an isometric contraction
(Linari et al. 1998). The proportion of crossbridges attached
(termed the crossbridge duty cycle) during an isometric con-
traction differs between muscles, and is related to the cycle
frequency at which the muscle operates in vivo (Rome et al.
1999). Crossbridge duty cycle is lower in muscles that oper-
ate at higher cycle frequencies, leading to some variation in
the maximum isometric myofibrillar stress generated in mus-
cles that operate at different cycle frequencies. For example,
in the toadfish the proportion of attached crossbridges is
70% in red muscle (estimated operating frequency 0.8 Hz),
61% in white muscle (operating frequency 4 Hz) and 10.5%
in swimbladder muscle (operating frequency 200 Hz), with
corresponding myofibrillar stresses of approximately 280
kN m~2 in the locomotory (red and white) muscles but only
55 kN m~? in the swimbladder muscle (Rome et al. 1999).
Low myofibrillar stresses (12-92 kN m™?) stresses appear
to be a feature of muscles involved in vocalisations that are
specialised to operate at high cycle frequencies (90225 Hz)
such as the toadfish swimbladder muscle (Rome et al. 1999),
rattlesnake shaker muscle (Martin and Bagby 1981; Moon et
al. 2002) and avian syringeal muscles (Elemans et al. 2004,
Adam et al. 2021). The low myofibrillar stresses arise as a
result of these muscles having relatively high crossbridge
detachment rates compared to their crossbridge attachment
rate, an adaptation that is necessary to enable contraction
and relaxation to occur within the brief period of the cycle,
and that results in relatively few attached crossbridges dur-
ing contraction (Rome et al. 1999). The high crossbridge
detachment rate and the low myofibrillar stresses in mus-
cles that operate at high cycle frequencies, is likely related
to the unique myosin heavy chain genes expressed (Mead
et al. 2017). Thus, in terms of power generation, there is
a trade-off between muscle operating frequency and force
generation in muscles operating at cycle frequencies above
~25 Hz; above this frequency, net work per cycle decreases
(Fig. 1B). However, below this frequency myofibrillar stress
(and work) is relatively constant. Above cycle frequencies
of ~25 Hz, power will be compromised if the decrease in
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the stress generated during shortening is greater than the
increase in strain rate.

In addition to variation in myofibrillar stress related to
muscle operating frequency, there is also variation in both
intra- and inter-specific muscle stress (Fig. 2). Beyond dif-
ferences resulting from variation in myofibrillar stress,
muscle fibre type is a key determinant of muscle stress.
The red and white locomotory muscles in toadfish have
very similar myofibrillar stresses (~280 kN m~2) but the
white muscle has a stress that is 27% higher than the red
muscle (Rome et al. 1999). The main reason for the differ-
ence in muscle stress is the presence of different propor-
tions of non-contractile elements in different muscle fibre
types. For example, fast glycolytic fibres have a high pro-
portion of their cross-sectional area made up of myofibrils
(80-90%) and in these muscle fibre types, stress is typically
comparable to that of the myofibrils (e.g. muscle stress in
frog hindlimb muscles is 240-285 kN m~2; McLister et al.
1995, Peplowski and Marsh 1997). However, the cross-sec-
tional area of muscle fibre types reliant on aerobic metabo-
lism such as slow and fast oxidative glycolytic fibres and/
or operate at relatively high cycle frequencies, includes a
proportion of non-contractile elements such as mitochon-
dria, sarcoplasmic reticulum, capillaries and fuel reserves
(lipid, glycogen) which reduces the muscle stress below
that of the myofibrils themselves. For example, the external
oblique muscles that power vocalisation in gray tree frogs
contain approximately 20% mitochondria, 14% lipid drop-
lets and 55% myofibrils and have an isometric muscle stress
of 85-104 kN m~? somewhat lower than the stress gener-
ated by the locomotory muscles of the same species (231 kN
m~2), which comprise 6% mitochondria, 2% lipid droplets
and 84% myofibrils (Marsh and Taigen 1987; Girgenrath
and Marsh 1999; Marsh 1999).

Force-velocity properties

The inverse relationship between force and velocity yields
a power output of zero at V., and under isometric condi-
tions where force and velocity are zero, respectively, and
power is maximal at an intermediate relative velocity where
the muscle generates an intermediate relative force (Fig. 3;
Rome et al. 1988). Differences in crossbridge detachment
rate result in an approximately 80-fold variation (Medler
2002; Woledge et al. 1985; Askew and Marsh 2001) in the
maximum velocity of shortening (V,,,,) in skeletal muscle,
with a higher V., favouring a higher power output.

The relative force and velocity at which power is maxi-
mal depends on the curvature of the force-velocity rela-
tionship. Muscles with a relatively flat force-velocity
relationship generate power at relatively higher short-
ening velocities compared to those with more curved
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Fig.3 The effects of the curvature of the force-velocity relationship on
relative power. Force (P) and velocity (V) are plotted relative to maxi-
mum isometric force (P,) and maximum shortening velocity (V,,,,).
respectively. Data are for hylid external oblique and sartorius muscles,
blue-breasted quail pectoralis muscle and tortoise rectus femoris mus-
cle, which span the range of known curvatures or power ratios (Marsh
1999, G.N. Askew and R.L. Marsh, unpublished data, Woledge 1968).
Solid lines represent the force-velocity relationship and dashed lines
the power-force relationship

force-velocity relationships and generate higher relative
power (Fig. 3). The power ratio indicates the curvature of
the force-velocity relationship (calculated by dividing the
peak power by the product of V. and P; Marsh and Ben-
nett 1986) and ranges from 0.042 in the highly curved force-
velocity relationship of tortoise muscle (Woledge 1968) to
0.15-0.17 in the vocalisation muscles of tree frogs (Marsh
1999) and pectoralis muscle of quail (G.N. Askew and R.L.
Marsh, unpublished data). The low-curvature force-velocity
relationships in the external oblique muscles of tree frogs
and blue-breasted quail pectoralis develop maximum power
at 0.44-0.47 P, and 0.36-0.38 V., (Girgenrath and Marsh
1999; G.N. Askew and R.L. Marsh, unpublished data;
Fig. 3) and develop higher relative power than locomo-
tory muscles with more curved force-velocity relationships
(Marsh 1999). Therefore, muscles specialised for generat-
ing high power, such as the blue-breasted quail pectoralis
muscle, have a high V., and a relatively flat force-velocity
relationship.
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Fig. 4 The effects of twitch rise A
time on (A) cycle duration and
(B) maximum net power output.
Red and blue symbols indicate
slow and fast locomotory muscles
and green vocalisation muscles,
respectively; the blue-breasted
quail muscle (a fast locomotory
muscle) is indicated by the tur-
quoise diamond. In panel A, the
dashed line is the linear regres- 10 °°
sion of cycle duration against
twitch rise time
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Contraction kinetics and power generation during
cyclical contractions

The force-velocity relationship and maximum isometric
force largely determine a muscle’s maximum instantaneous
power output. Some ballistic movements are driven by a
single muscle contraction and the maximum instantaneous
power output is the main determinant of performance. How-
ever, many muscles undergo repetitive oscillatory length
changes during which there are distinct power and recov-
ery phases of the cycle. In this type of activity, there are
additional factors that influence power. In order to maximise
net power output, the muscle must develop active force pre-
dominantly during muscle shortening and relax during the
recovery phase while the muscle is re-lengthened. Maximal
net power during a cyclical contraction would be generated
if the muscle developed force and relaxed instantaneously,
however, the processes of excitation contraction coupling
and sequestration of calcium ions take a finite amount of
time. The time taken for force to rise means that the optimal
phase of activation of the muscle for maximum power out-
put occurs during lengthening, increasing the work done on
the muscle to stretch it. Also, the time taken for the muscle
to relax means that muscle activation must cease during
shortening to enable time for force to decline before being
re-lengthened. Submaximal activation reduces the work
generated during shortening and force generated during
lengthening increases the work that must be done re-length-
ening the muscle during, compared to that which could be
generated if the muscle could contract and relax instanta-
neously. Rapid contraction kinetics minimise this reduction
in net work. Adaptations for rapid Ca®* transients, result in
rapid contraction kinetics. Rapid release of Ca* into the sar-
coplasm is favoured by an increased density of dihydropyri-
dine receptors in the transverse tubular system, increased
concentration of ryanodine receptors (the Ca”* release chan-
nels) either due to an increased density in the sarcoplasmic
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reticulum (SR) membrane or an increased relative volume
of SR in the muscle (Appelt et al. 1991; Baylor and Hol-
lingworth 2003), and is more rapid in fast muscle compared
to slow. However, differences in the rate of Ca®* release
are not thought to limit muscle operating frequency (Syme
and Josephson 2002). It is the rate at which sarcoplasmic
Ca®* concentration falls that determines the rate at which
Ca®* dissociates from troponin, the contraction kinetics
and the cycle frequency limit; hence the linear relationship
between contraction kinetics and cycle duration (Fig. 4 A).
An increased sarcoplasmic reticulum pump density in the
SR membrane and rapid binding and release of calcium
from troponin, are adaptations for rapid contraction kinet-
ics enabling muscles to operate at high cycle frequencies
(Rome and Lindsted 1998; Baylor and Hollingworth 2003).
Additionally, some fast-muscles have a high concentration
of parvalbumin — a muscle protein that binds myoplasmic
calcium ions, facilitating rapid relaxation (Rome 2006).
However, there is clearly a trade-off between having rapid
calcium transients and generating high maximum isometric
muscle force, due to the reduction in relative myofibrillar
volume and consequently the reduction in muscle stress, that
occurs as the relative volume of SR increases. This trade-off
means that muscles that operate at very high cycle frequen-
cies, requiring rapid twitch kinetics, do not generate very
high powers (e.g. see high-frequency vocalisation muscles
in Fig. 4B). Therefore, muscles that are adapted to generate
high power are expected to have rapid twitch kinetics, but
not at the extreme range for skeletal muscle — muscles with
twitch times below approximately 8 ms and above 30 ms
appear to have compromised power, compared to muscles
with twitch times that fall within this range (Fig. 4B).

Muscle length trajectory
In addition to rapid contraction kinetics, net power during

cyclical contractions can also be increased by operating with
asymmetrical length trajectories in which the proportion of
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Fig. 5 In vivo muscle length change and activity pattern in the pecto-
ralis muscle of blue-breasted quail Coturnix chinensis during take-off
flight. A Muscle length change (determined using sonomicrometry)
relative to the resting length of the muscle prior to the flight. The pro-
portion of the cycle spent shortening is 70%, strain is 23% and cycle
frequency is 23 Hz. B muscle activity (determined using electromyog-
raphy). Data from Askew and Marsh 2001

the cycle spent shortening is higher than that spent length-
ening. Such asymmetrical cycles have been observed in
many power generating muscles, including the pectoralis
muscle of many birds that perform explosive take-off flights
(e.g. 70% of the cycle is spent shortening in blue-breasted
quail pectoralis muscle; Fig. 5; Askew and Marsh 2001), in
the pectoralis muscles of birds flying at speeds where the
power requirements are highest (e.g. 69% of the cycle is
spent shortening at slow flight speeds compared to 56% at
intermediate flight speeds in the pectoralis muscle of bud-
gerigar; Ellerby and Askew 2007), and in frog vocalisation
muscles (e.g. 65-75% of the cycle is spent shortening in the
gray tree frog; Girgenrath and Marsh 1997). Why do asym-
metrical length trajectories lead to increased net power out-
put? Firstly, the increase in the time spent shortening allows
the muscle to achieve a greater level of activation during
shortening, which may enable the duration of activation
to be increased, resulting in a higher mean force over the
cycle (Askew and Marsh 1998). Secondly, the optimal rela-
tive shortening velocity decreases as the time spent short-
ening increases (Askew and Marsh 1998). This increases
the optimal strain and the muscle generates a higher rela-
tive force due to the force-velocity relationship (the muscle
shortens at lower velocities). Thirdly, the relatively shorter
period of lengthening increases the rate of activation, mean-
ing that force rises more quickly, reducing the amount of
work that needs to be done on the muscle during length-
ening and resulting in a greater level of activation during
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shortening (Askew and Marsh 1998). Therefore, to gener-
ate high power outputs, muscles should operate with asym-
metrical length trajectories with a greater proportion of the
cycle spent shortening than lengthening.

Conclusions: muscle designed for maximum cyclical
power

There is a trade-off between force generation and the fre-
quency at which the muscle operates, such that the highest
powers are generated in muscles that operate at intermedi-
ate cycle frequencies. Muscles that generate high power
exhibit: (i) intermediate contraction kinetics; (ii) a high rela-
tive myofibrillar volume; and (iii) a high maximum shorten-
ing velocity and a relatively flat force-velocity relationship.
They are also characterised by (iv) operating at an interme-
diate cycle frequency; (v) utilising an asymmetrical length
trajectory, with a high proportion of the cycle spent shorten-
ing; and, finally, (vi) relatively large muscles.

The highest power output over a contraction cycle yet
measured is ~400 W kg™ ! in the pectoralis muscle of blue-
breasted quail, which powers explosive, escape take-off
flights and which operates at an intermediate cycle fre-
quency of 23 Hz (Askew and Marsh 2001, 2002; Askew
et al. 2001). The wingbeat frequency of the blue-breasted
quail (23 Hz; Askew et al. 2001), is determined by the ani-
mal’s body mass, being dependent on wing size and the
aerodynamic force needed to support body mass (Ellington
1991). The requirement to operate at 23 Hz, has resulted
in intermediate contraction kinetics, with a twitch rise time
of 10.8 ms and twitch half-relaxation of 8.8 ms (Askew
and Marsh 2001). Intermediate contraction kinetics appear
to be optimal for maximising power (Fig. 4) by avoiding
the reduction in muscle stress and work that results from
the increase in the relative non-contractile fraction of the
muscle and reduction in crossbridge duty cycle associated
with operating at higher cycle frequencies (Figs. 1, 2 and
3). Consequently, the high power output of the pectoralis
muscle of blue-breasted quail can be attributed, in part, to
its body mass.

The blue-breasted quail pectoralis muscle has a high rel-
ative myofibrillar volume due to the predominantly type IIb
fibre composition (67% type IIb, 33% type Ila with a mus-
cle myofibrillar volume of 75%; Boesiger 1992; Kiessling,
1977; Rosser et al., 1987; Electronic Supplementary Infor-
mation), resulting in a relatively high muscle stress (John-
ston 1985). The relative importance of possessing a high
myofibrillar volume in yielding a high stress can be appreci-
ated by comparing the stress generated by the blue-breasted
quail pectoralis muscle to the external oblique muscles of
the gray tree frog Hyla versicolor, which operates at a simi-
lar cycle frequency (21 Hz; Girgenrath and Marsh 1997),
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but is composed of type Ila fibres, with a lower proportion
of myofibrils (5§5%) and relatively high content of non-con-
tractile components (Marsh and Taigen 1987): the muscle
stress in blue-breasted quail pectoralis muscle is approxi-
mately 2x that of H. versicolor external oblique muscles.

The blue breasted quail pectoralis muscle has a very low
curvature force-velocity relationship, resulting in a high
relative power (Fig. 3; measured at 40 °C, G.N. Askew and
R.L. Marsh, unpublished data). The H. versicolor external
oblique muscles also have relatively flat force-velocity rela-
tionships, with a relative peak power 76% (Marsh 1999) that
of blue breasted quail pectoralis muscles. However, mass-
specific power depends also on the maximum isometric
stress and the maximum shortening velocity of the muscle.
The high maximum shortening velocity of the blue breasted
quail pectoralis muscle (32 L s™'; measured at 40 °C, G.N.
Askew and R.L. Marsh, unpublished data), and high muscle
stress result in a peak mass-specific isotonic power that is
9.5x that generated by the hylid external oblique muscles.
Compared to the highly curved force-velocity relationship
of tortoise rectus femoris and extremely low maximum
shortening velocity (Woledge 1968), mass-specific iso-
tonic power of blue-breasted quail pectoralis muscle is 24x
higher.

During explosive take-off flights, the pectoralis muscle
exhibits an asymmetrical length trajectory, with 70% of the
cycle spent shortening (Askew and Marsh 2001). This asym-
metrical length trajectory, together with the force-velocity
properties of the muscle (high V,,,, and flat force-velocity
relationship), allows the muscle to undergo a relatively
large strain, shorten at a high strain rate (7.8 muscle lengths
s 1) and develop a relatively high mean stress (Askew and
Marsh 2002). The relative importance of utilising asym-
metrical length trajectories is demonstrated by the 1.4 to
1.6x more power that can be generated during asymmetri-
cal cycles (60 to 75% of the cycle spent shortening) than
in symmetrical cycles (Askew and Marsh, 1997; Girgenrath
and Marsh 1999).

Adaptations that enable high power generation may com-
promise other aspects of animal performance. Generation of
high work and reliance on anaerobic metabolism results in
muscles that cannot sustain power as they rapidly fatigue.
In blue-breasted quail explosive flights are the initial, rapid-
response, anti-predation behaviour of these birds, that are
followed by escape by sustained running.

Supplementary information The online  version contains
supplementary material available at https://doi.org/10.1007/s10974-
022-09640-2.
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