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Summary
We found previously that scup (Stenotomus chrysops)
systematic or random error. By integrating the muscle
power output over the fish’s mass and comparing it with
reduce neither their stimulation duration nor their tailpower requirements for swimming, we conclude that,
beat frequency to compensate for the slow relaxation rates
although the fish could swim at 30 cm s−1 with the red
of their muscles at low swimming temperatures. To assess
the impact of this ‘lack of compensation’ on power
muscle alone, it is very unlikely that it could do so at 40
generation during swimming, we drove red muscle bundles
and 50 cm s−1, thus raising the question of how the fish
under their in vivo conditions and measured the resulting
powers swimming at these speeds. By integrating in vivo
power output. Although these in vivo conditions were near
pink muscle power output along the length of the fish, we
the optimal conditions for much of the muscle at 20 °C, they
obtained the surprising finding that, at 50 cm s−1, the pink
were far from optimal at 10 °C. Accordingly, in vivo power
muscle (despite having one-third the mass) contributes six
output was extremely low at 10 °C. Although at 30 cm s−1,
times more power to swimming than does the red muscle.
muscles from all regions of the fish generated positive
Thus, in scup, pink muscle is crucial for powering
work, at 40 and 50 cm s−1, only the POST region (70 % total
swimming at low temperatures.
length) generated positive work, and that level was low.
This overall analysis shows that Q10 values determined
This led to a Q10 of 4–14 in the POST region (depending
in experiments on isolated tissue under arbitrarily selected
on swimming speed), and extremely high or indeterminate
conditions can be very different from Q10 values in vivo,
Q10 values (if power at 10 °C is zero or negative, Q10 is
and therefore that predicting whole-animal performance
indeterminate) for the other regions while swimming at 40
from these isolated tissue experiments may lead to
or 50 cm s−1.
qualitatively incorrect conclusions. To make a meaningful
To assess whether errors in measurement of the in vivo
assessment of the effects of temperature on muscle and
conditions could cause artificially reduced power
locomotory performance, muscle performance must be
measurements at 10 °C, we drove muscle bundles through
studied under the conditions at which the muscle operates
a series of conditions in which the stimulation duration was
in vivo.
shortened and other parameters were made closer to
optimal. This sensitivity analysis revealed that the low
Key words: muscle function, scup, Stenotomus chrysops, mechanical
power, muscle mechanics, work loop, temperature effect.
power output could not be explained by realistic levels of

Introduction
The power that muscle generates depends on the length
change and stimulation pattern that the muscle undergoes as
well as its contractile properties (Josephson, 1985; Josephson
and Stokes, 1989; Marsh, 1990; Altringham and Johnston,
1990; Marsh et al., 1992; Rome et al., 1993). As discussed in
the preceding report (Swank and Rome, 1999), it appears that
the more closely the length change and stimulation pattern
through which the red muscle is driven follow the in vivo

pattern, the more power output is reduced at low temperatures,
thus raising the Q10 for power production. For instance, if scup
(Stenotomus chrysops) red muscle is stimulated with a duty
cycle of 42 % (the approximate in vivo duty cycle for the ANT2 position at 40 % total length of the fish) and is driven with
an oscillatory length change at 4–5 Hz (equivalent to tail-beat
frequency at 50 cm s−1), it generates very little power at 10 °C,
but high power at 20 °C (Rome and Swank, 1992). Thus, even
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though in this experiment the strain and phase were optimized
to improve power, the resulting Q10 for power production is
very large (approximately 10). These results show that the Q10
of power production in vivo can be much larger than that
predicted from force–velocity curves (1.8; Rome et al., 1992b)
or from typical ‘optimized’ work-loop experiments (2.3; Rome
and Swank, 1992). Further, the Q10 may become even larger
when the strain and phase are no longer optimized, but are
adjusted to their in vivo values. Accordingly, these findings
raise the question: how do fish power steady swimming at low
temperatures if their muscles generate so little power?
The lower power output of cold muscles is principally due
to their slower relaxation rates. Hence, oscillatory power
output at low temperatures can be increased by reducing
stimulation duration or by reducing oscillation frequency. In
the preceding report (Swank and Rome, 1999), we observed
no such compensatory changes in the in vivo length change and
stimulation pattern; electromyogram (EMG) duty cycle at any
position along the length of the fish and muscle oscillation
frequency were essentially independent of temperature.
However, we did observe that, moving caudally, the stimulus
duty cycle decreases to well below the value of 42 % used by
Rome and Swank (1992), which might improve power
generation in these regions. Further, it has also been found that
the contractile properties of scup red muscle vary along the
length of the fish: moving anteriorly, muscle has a faster
relaxation rate (Rome et al., 1993; Swank et al., 1997), which
might aid in power generation in the anterior of the fish at low
temperatures.
To determine how the position-dependencies of the
contractile properties and the in vivo length change and
stimulation pattern interact to set power production along the
length of the fish, we drove muscles from each position through
their in vivo length change and stimulus pattern, and measured
force and power production. From this analysis, we hope to
gain greater insight into how temperature affects in vivo muscle
function and how muscles power swimming at different
temperatures.
Materials and methods
Fish
Scup (Stenotomus chrysops L.) were caught by hook and
line in Woods Hole, MA, USA, and acclimated for 6 weeks to
20 °C. Thus, in these experiments, we examined the effects of
acute changes in temperature. Fish, matched in length with
those in Swank and Rome (1999) (20–25 cm), were killed with
a blow to the head and double-pithed.
Mechanics experiments
Bundles of red muscle fibres were dissected from four
regions of the fish: ANT-1 (29 % of the distance from snout to
tail), ANT-2 (40 %), MID (54 %) and POST (70 %). Each
bundle was tied to a force transducer and a servomotor and
stimulated through platinum plate electrodes. A force–length
curve was then obtained for the bundle. The initial length for

the work-loop experiments was set on the plateau of this curve
where a 5 % length change would cause a similar decrement in
active force at both the shortest and longest lengths (as in Rome
and Swank, 1992). On the basis of previous histological studies
(Rome et al., 1992a), this corresponded to an initial sarcomere
length of 2.1–2.2 µm.
The appropriate in vivo length change and stimulation
patterns were imposed on bundles from each region of the fish
using computer control (as in Rome and Swank, 1992; Rome
et al., 1993). Spectrum analysis of the length change recording
of the MID and POST regions (Swank and Rome, 1999)
showed that they contained higher-frequency components in
addition to the fundamental frequency and were slightly better
fitted by a triangular wave than by a sinusoid. We therefore
drove the muscle using a triangular wave in which the sharp
corners were digitally rounded. As such, this waveform
represents a compromise between a pure sinusoid and pure
triangular wave. As we were unable to observe higherfrequency components in the length changes of the ANT-1 and
ANT-2 positions, their length change was approximated by a
sinusoidal waveform.
The work generated by the muscle during the shortening/
lengthening cycles was calculated using custom-designed
software (Rome and Swank, 1992). Muscle volume was
approximated by photographing the bundle from the side
(bundle thickness and bundle length) and from the top (bundle
width). Because of the large amount of connective tissue and
fat in the bundle, on the basis of previous histological studies,
we calculated the cross section (and volume) occupied by
muscle fibres as 43 % of the overall cross section (Rome and
Sosnicki, 1990; Rome et al., 1992b). Bundle mass was
obtained assuming a density of 1.06 g cm−3.
Preliminary experiments showed that maximum power
output was reached in relatively few oscillation cycles when
the muscle was run at near-optimal stimulation and lengthchange conditions. However, the further the imposed
conditions were from these optimal conditions (see Fig. 6), the
more cycles were necessary to achieve a leveling of power
output (note that work increased with cycle number until it
plateaued). For instance, under POST conditions at 20 °C
(short stimulation duration, long strain), power output leveled
off within approximately eight cycles. Under ANT-1
conditions at 20 °C (long stimulation duration, short strain), it
took approximately 20 cycles for the power to plateau. At
10 °C, ANT-1 conditions are much further from optimal than
at 20 °C. Hence, muscles had to be run through approximately
50 cycles prior to the work production leveling off.
Our rationale for waiting until power levelled off, rather than
examining power at a fixed cycle number under all conditions,
is that the red muscle is used during steady swimming and,
thus, for thousands of consecutive tail beats (scup will readily
swim for over 5 h with a 4–5 Hz tail-beat frequency, which
requires in excess of 80 000 tail beats). Hence, if it takes some
time to achieve a steady state naturally, or if the manner in
which we are stimulating requires time to reach a steady state,
then it seemed reasonable to wait rather than to take a value
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after an arbitrary time. In addition, it should be recognized that
this large number of cycles is not due to the poor quality of the
preparation. Running the same muscle under a set of optimal
conditions even at 10 °C permits the muscle to reach its steady
state in under 10 cycles, typical of other muscles on which
optimized work-loop experiments have been performed
(Altringham et al., 1993).
Because different numbers of cycles had to be performed
under different conditions, the time allowed for the muscle to
rest between trials varied between 5 min (at 20 °C under nearoptimal conditions) and 30 min (at 10 °C under non-optimal
conditions). This fact greatly influenced the amount of data that
could be obtained from a single preparation. At 20 °C, a muscle
from one region of the fish could be run through all the in vivo
length change and stimulation conditions it would encounter at
different speeds, as well as the conditions encountered at other
positions of the fish (see Results). At 10 °C, however, it was
possible to obtain data from only three sets of in vivo
conditions. These corresponded to the in vivo conditions that
a muscle from a particular region of the fish would encounter
at 30, 40 and 50 cm s−1.
In addition to being run under the in vivo conditions, the
stimulation and length-change conditions for each muscle
bundle were optimized to determine the maximum power the
bundle could generate (Josephson, 1985; Altringham and
Johnston, 1990; Rome and Swank, 1992; Davies and Johnston,
1995). This was performed for two reasons. First, all the data
could then be expressed as a proportion of this maximum
power. We could therefore differentiate between variance in
maximum power generation and variance in the proportion of
maximum power generated under in vivo conditions. The
expectation was that the variance in the proportion of
maximum power generated under a particular set of in vivo
conditions would be smaller than the variance in maximum
power per kilogram (which also depends on the accuracy with
which the muscle volume was determined). Second, maximum
power generation was used as a measure of muscle
deterioration. Thus, maximum power was determined at
regular intervals. The frequency of the measurements was
sufficiently often that maximum power did not fall by more
than 2–3 % between each measurement. It should be noted that
this value is more useful than monitoring only isometric force,
because determination of maximum power integrates the
muscle’s ability to activate, generate force, shorten and relax,
and thus would be sensitive to decrements in any one of the
components involved.
We also measured the maximum power that the muscle
could generate at the frequencies corresponding to the tailbeat frequencies found under the in vivo conditions
(FREQMAX). This involved optimizing the strain,
stimulation duration and stimulation phase for maximum
power generation at that frequency. Knowing the maximum
power that could be achieved at the frequency in question, one
could determine how far power generation was from this
maximum when the muscle was working under in vivo
conditions. In addition, by determining the optimal length
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change and stimulation conditions at this frequency, we could
ascertain how far from optimal the measured in vivo
conditions were. This is crucial information for performing a
sensitivity analysis (see Results).
At 20 °C, muscle was studied at conditions corresponding to
a swimming speed of 80 cm s−1 (oscillation frequency 6.4 Hz)
(some of these data were reported previously by Rome et al.,
1993) and 50 cm s−1 (oscillation frequency 4.68 Hz). At 10 °C,
muscle was studied at conditions corresponding to 50 cm s−1
(oscillation frequency 4 Hz) and 30 cm s−1 (oscillation
frequency 2.85 Hz).
To minimize fatigue of the muscle, the lower in vivo
frequency at each temperature (4.68 Hz at 20 °C and 2.85 Hz
at 10 °C) was taken to represent the oscillation frequency at
which maximum power is generated at the respective
temperatures. We had previously found that 5 Hz and 2.5 Hz
were the approximate oscillation frequencies for the power
maximum at 20 °C and 10 °C, respectively (Rome and Swank,
1992), and that the power versus frequency curve was quite
broad. Hence, using these frequencies gave us a close
approximation to maximum power generation.
Statistics
Statistical analyses were performed using SigmaStat
software (Jandel). To compare means, t-tests were typically
used, and analysis of variance (ANOVA) was used in some
cases. Statistical significance was set at P<0.05.
Results
Relaxation rate varied both along the length of the fish and
with temperature (Figs 1, 2). We have previously shown that,
at 20 °C, relaxation rate varies considerably along the length
of the fish, becoming faster anteriorly (Rome et al., 1993;
Swank et al., 1997). The same trend is observed at 10 °C, with
the absolute time differences being even more dramatic
(Figs 1, 2). The temperature effect (Q10) for muscle relaxation
appears to be greater in the anterior (3.6) than the posterior
(2.8), but this was not statistically different (ANOVA,
P=0.134). The rate of activation was independent of position
and had a somewhat smaller Q10 (approximately 2.1) than for
relaxation (t-test, P<0.001) (Figs 1, 2). Isometric force was
essentially independent of position, and the Q10 has a modest
value (1.19±0.06, mean ± S.E.M., N=28, averaged for all
positions; Fig. 3).
Because of the slower relaxation rate, slower activation and
lower maximum shortening velocity, Vmax, maximum
oscillatory power was considerably lower at 10 °C than at 20 °C,
and the frequency for maximum power output (fopt) was shifted
to a lower value (approximately 2.5 Hz versus 5 Hz as found
previously by Rome and Swank, 1992). At the top swimming
speed prior to white muscle recruitment, red muscle was used
at higher frequencies in vivo than that at which maximum power
is obtained in optimized work-loop experiments on isolated
muscle. This departure was more marked at 10 °C than 20 °C
(i.e. 1.6 times higher frequency at 10 °C and 1.28 times higher
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Fig. 1. Tetanus and twitch force recordings at 10 °C and 20 °C from
ANT-1 and POST muscle bundles. For each bundle, the forces are
normalized to peak tetanic tension. The timing of stimuli for the
tetani are shown by multiple vertical lines (duration 130 ms at 20 °C
and 250 ms at 10 °C). The relaxation rate was much slower at 10 °C
than 20 °C, and the POST muscle relaxation rate was slower than that
of the ANT-1 muscle bundle.

at 20 °C). Maximum power output averaged over all positions
was 11.5±1.0 W kg−1 (N=28) at 10 °C versus 31.0±2.7 W kg−1
(N=17) at 20 °C. Optimized oscillatory power for the ANT-1
position at 20 °C tended to be somewhat higher than in other
positions, but this was not statistically significant (Fig. 3).
The slower relaxation rate of red muscle at 10 °C had
additional important consequences for power-generating
capabilities under in vivo conditions. Because of its slower
relaxation rate, for muscle to generate its maximum power at
10 °C, it must be driven at a slower oscillation frequency and
with a shorter stimulus duty cycle than at 20 °C (Rome and
Swank, 1992). However, as shown by Swank and Rome
(1999), neither of these changes occur in vivo at 10 °C; EMG
durations are nearly the same as at 20 °C, and tail-beat

20

30

40
50
60
Position (% body length)

70

80

Fig. 2. Activation and relaxation times plotted versus body position
from which the muscle bundle was removed. Although there was no
difference in activation time with position (one-way ANOVA,
P=0.865 for 10 °C, P=0.557 for 20 °C), relaxation time slows
dramatically moving posteriorly along the fish (one-way ANOVA,
P<0.038 for all variables except Tr,95–80 at 10 °C, where P=0.391).
The MID muscle tends to have a slightly slower relaxation rate than
the POST muscle, but this was not statistically significant (Tukey
multiple-comparison test, P>0.05 for all three measurements).
Activation time was the time it took for the force to increase from
10 % to 90 % of maximum force (Ta,10–90); relaxation time was
measured in three ways: the time needed to relax from 90 % to 10 %
of maximum force (Tr,90–10), the time needed to relax from 95 % to
80 % of maximum force (Tr,95–80), and the time between the last
stimulus and the point where tension fell to 10 % of maximum force
(Tr,last). Values are mean ± S.E.M., N=5–7.

frequency is reduced by only a small amount, if at all. This
results in very low in vivo power generation at 10 °C.
At 10 °C under 30 cm s−1 in vivo conditions (oscillation
frequency 2.85 Hz), on average the red muscle generates
positive work in all regions of the fish (Figs 4, 5; note that
some individual ANT-2 bundles generated negative work).
However, under 50 cm s−1 in vivo conditions (oscillation
frequency 4.0 Hz), positive work was generated only in the
POST region of the fish. Thus, at speeds greater than 30 cm s−1,
only the POST muscle generated positive work (see Fig. 5 and
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the deviation increased with higher swimming speeds (higher
tail-beat frequency). Thus, the long stimulus duty cycle in
combination with the short strain resulted in negative work
generation at ANT-1, ANT-2 and MID position at swimming
speeds above 30 cm s−1 at 10 °C. This causes the Q10
measured under in vivo conditions at 50 cm s−1 to be very
large and essentially indeterminate for the ANT-1, ANT-2
and MID regions, at which net power output at 10 °C is
negative. The POST muscle is able to generate work at
50 cm s−1 because the relatively long strain and short duty
cycle it undergoes are closer to optimal than in the other
regions of the fish.
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Fig. 3. Force and maximum oscillatory power output as a function of
position and temperature. Maximum isometric force was
independent of muscle position (one-way ANOVA, P=0.993 for
10 °C and P=0.970 for 20 °C) and was modestly temperaturedependent (mean Q10=1.19). Maximum power (measured under
‘optimized’ conditions) was very temperature-dependent. At 20 °C,
bundles from the ANT-1 position (30 % along the length of the body)
tended to generate higher power than those from the other positions,
but this was not statistically significant (one-way ANOVA, P=0.577
for 20 °C, P=0.894 for 10 °C). Values are mean ± S.E.M., N=5–8.

Discussion). This is in dramatic contrast to the situation at
20 °C, where positive power is generated at every position.
Thus, the Q10 for in vivo power output of the POST muscle
ranged from 4 to 14 depending on the swimming speed
examined.
Low power output at cold temperatures: sub-optimal
conditions
To determine whether the low power generation at 10 °C
was primarily due to the high (compared with fopt) in vivo
oscillation frequency at which the muscle operated versus the
actual in vivo strain and stimulation conditions it was being
driven through, we determined the optimal length change and
stimulation conditions for power production at each of the
frequencies studied. Figs 4 and 5 show that, even at the
highest frequency at 10 °C (4 Hz), the muscle is capable of
generating far greater power (FREQMAX) than under the in
vivo conditions. Thus, the suboptimal nature of the in vivo
strain and stimulation conditions are what cause low power
production, not the high oscillation frequency per se. As
shown in Fig. 6, there can be large deviation between in vivo
and optimal conditions. In particular, the stimulation duty
cycle in the swimming fish is generally much longer than the
optimal values, and the strain in the swimming fish is
generally shorter than the optimal value. Further, this
deviation is far more dramatic in the anterior versus posterior
regions, and the deviation of stimulus duty cycle from
optimal is far greater at the lower temperature. Also at 10 °C,

Sensitivity analysis: could errors in the in vivo measurements
cause low power values at 10 °C?
On the basis of the extraordinarily low power generated by
red muscle at 10 °C when the fish swims at 50 cm s−1 (Figs 3,
4), it seemed doubtful that the red muscle would be able to
power swimming at this speed. Yet we know that fish swim at
these speeds at 10 °C without using their white muscle (Swank
and Rome, 1999). The possibility arises that the muscle at
10 °C may be extremely sensitive to stimulus and lengthchange conditions, and that small systematic or random errors
in our measurements of these in vivo parameters could cause
large non-linear differences in power output of the isolated
muscle bundles, and thus qualitatively alter the picture. We
performed additional experiments to try to assess this
possibility.
It is clear that the muscle can generate considerable power
at 10 °C if the stimulation duration, strain and phase are
optimized at each oscillation frequency (tail-beat frequency;
see FREQMAX in Figs 4, 5). Could measurement errors in our
in vivo length change and stimulation conditions cause
artificially low power measurements? One potential source of
error is EMG duration. As mentioned by Swank and Rome
(1999), computerized measurements of rectified EMGs do give
somewhat shorter duty cycles, because they do not include
slowly varying voltages that may represent motion artefacts.
Clearly, the in vivo stimulation duty cycle is far longer than
those obtained during optimized conditions (Fig. 6), and a
shorter stimulus duty cycle might improve power production.
In addition, strain has an effect on power output. Our procedure
of digitally filtering the length change data so that it could be
fitted with a spline to determine more accurately the length
maximum for the calculation of phase could, in theory, lead to
a slight underestimation of strain. In addition, the poor signalto-noise ratio in the anterior region of the fish could, in theory,
result in further underestimation of strain. If power production
were extremely sensitive to the value of strain, then small
errors in these measurements could also cause a large effect.
To test these possibilities, we drove muscle bundles though
a series of conditions in which the stimulus duty cycle was
shortened, the strain increased and the phase shifted to more
negative values (i.e. closer to optimal work-loop conditions).
Because of the difficulty in running muscles at low
temperatures through a large variety of conditions, each muscle
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Fig. 4. Representative work loops for all in vivo
conditions. The first four rows of each column show
the work loops generated by a red muscle bundle from
each position when driven under four sets of in vivo
conditions (as measured in Swank and Rome, 1999).
The 80 cm s−1 data at 20 °C are from Rome et al.
(1993). The bottom row (FREQMAX) shows work
loops generated when muscle length change, stimulus
duration and phase were optimized to generate
maximum power at the stated in vivo oscillation
frequency and temperature. The timing of the stimulus
relative to the total length change cycle is represented
by the thickening of the loop. Loops denoted by a
negative sign generated net negative work and
progressed in a clockwise direction, whereas
unmarked loops generated net positive work and
progressed in an anti-clockwise direction. Force was
normalized to isometric force at 20 °C. The x- and yaxes in the bottom left-hand graph represent scale bars
for all the work loops. The muscle used for the bottom
row (FREQMAX) was an ANT-1 bundle. Hence, the
low work output at 10 °C is not due to an inability of
the muscle to generate power but to the in vivo
conditions.

0.4
0.2
0
-0.06
0
0.06
Muscle length change

at 10 °C was run through a limited set of conditions. Overall,
we found that power output was reasonably insensitive to the
small changes in the in vivo parameters that might reasonably
occur as a result of error. For instance, at 10 °C, increasing the
strain by 25 % over the measured value had little effect on
power production (Table 1, long strain at each speed) and,
importantly, did not change negative power values to positive.
In addition, Fig. 7 shows that, at 20 °C, power output is
changed relatively little by increasing the strain the muscle
undergoes by 1 % of resting muscle length (POST LONG,
ANT-1 LONG). The effect represents only an approximately
10 % increase in power output between POST LONG and
POST conditions, where the change in strain is a small fraction
(approximately 20 %) of the total length change. This power
difference is even smaller between the ANT-1 and ANT-1
LONG conditions, where the difference in length change is
quite substantial (approximately 40 %). Thus, under these in
vivo conditions, small differences in muscle length change
cannot cause large changes in power production.
Similarly, using shorter stimulus durations at 10 °C did not
result in significant increases in power output (Table 1, manual
selections at each speed). It should be noted that a manual

analysis of the rectified EMGs (open triangles, Fig. 6) gave
either the same or slightly shorter EMG durations than the
computer analysis (open squares, Fig. 6); thus, these values
were used for the sensitivity analysis. We also examined how
small negative shifts in phase (approximately 15 °; i.e. the
stimulus preceded shortening by a longer period) affected
power. Although there were small improvements, again this
did not lead to a major improvement in power production
(Table 1, phase early at each speed).
Finally, one stimulus parameter that was not measured is the
stimulus frequency within the envelope set by the EMG onset
and offset. At 10 °C, we found that 100 pulses s−1 gave a fused
tetanus, and thus a constant stimulation of 100 pulses s−1 was
used. There was a possibility that the slow relaxation rate (and
thus low power output) might be associated with a larger than
normal Ca2+ release (compared with sarcoplasmic reticulum
pump capacity) caused by an unphysiologically high
stimulation frequency. Thus, we tried lower stimulation rates
of 50 and 57 pulses s−1. This did not increase power either
(Table 1, stimulation frequency at each speed). Thus, although
we cannot exclude the possibility that some unknown
differences between stimulation by the nervous system in vivo
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Fig. 5. In vivo power generated by muscle bundles from different positions along the fish at different swimming speeds and temperatures. Note
that power is extremely dependent on position and is generally far smaller than the maximum power that the muscle could generate at the stated
in vivo oscillation frequency (FREQMAX) except in the POST position at certain speeds. Power is expressed as a percentage of the maximum
power-generating ability of the muscle at the experimental temperature (left-hand y-axis). The right-hand y-axis shows the approximate
absolute power generated by the muscles expressed in W kg−1 (note the difference in scale at 10 °C compared with 20 °C). Note also that the
absolute power scale is only approximate because values at each temperature are normalized for maximum power averaged over all the
positions. Data at 80 cm s−1 at 20 °C are from Rome et al. (1993). Values are means ± S.E.M., N=5–8.

and our method of stimulation of the isolated muscle bundle
may affect power production, these results suggest that high
stimulation frequency alone was probably not responsible for
the low power generation.
We conclude, therefore, that, even after accounting for
reasonable levels of uncertainty associated with measurements
of strain, EMG duration, phase and stimulation frequency, the
mechanical power production patterns shown in Figs 4 and 5
are accurate.
Power generation by the red muscle at 10 °C
Having tried to exclude the possibility of systematic or
random errors in measurements of the in vivo conditions as the
cause of the strikingly low power output of the muscles at
50 cm s−1 at 10 °C, it seemed sensible to try to obtain additional
information on red muscle power generation as a function of
position and swimming speed to assess better how fish power
swimming at low temperatures. Because there was such a large
increase in power output during in vivo conditions between the
MID and POST positions (Fig. 5), we obtained data at an
intermediate position on the fish. At the midpoint between the
MID and POST positions, we assumed that the in vivo
parameters were intermediate between those of the MID and
POST. Power production was found to be intermediate
between the conditions, but generally closer to the MID value
(Fig. 5A). Hence, very little, if any, additional power would be

generated by the red muscle lying anterior to the POST
position at 50 cm s−1.
As there was also a very large reduction in power output
between 30 cm s−1 and 50 cm s−1, we also examined muscle
power output at conditions corresponding to an intermediate
speed (40 cm s−1). The oscillation frequency (tail-beat
frequency) was measured directly (3.55 Hz), and the other in
vivo parameters (strain, duty cycle and phase) for that speed
could be accurately interpolated from 30 and 50 cm s−1 data
because the strain, stimulation duration and phase changed
only slowly with swimming speed (Fig. 4 in Swank and Rome,
1999). As Fig. 5A shows, although power output was larger
(i.e. less negative at 40 cm s−1 than at 50 cm s−1), it was still
negative at all positions except for POST.
Power output: contractile properties versus in vivo conditions
It is clear that the in vivo conditions become closer to the
optimal for power production as one moves more posteriorly
(Fig. 6). This is principally due to increased strain and decreased
duty cycle. At the same time, however, contractile properties
change in the opposite direction. Although activation rate and
Vmax are independent of position (Swank et al., 1997), relaxation
rate slows as one moves caudally (Figs 1, 2). Thus, for a given
set of stimulation and length-change conditions, power output
would tend to be lower from bundles in the posterior half of the
fish. To ascertain the relative effects of length-change and

Fig. 6. Comparison of stimulus duty cycle and strain values
that maximize power (‘optimized’; filled symbols, dotted
lines) with values measured in vivo (open symbols, solid
lines). The difference was greatest at the anterior positions
and at 10 °C. In addition, at 10 °C, increased swimming
speed led to a greater difference between optimal and in
vivo conditions (t-test on difference of means, P<0.001).
Results from manual analysis of electromyogram (EMG)
duration (circles) are shown for all temperatures and
speeds. The results of two additional methods of measuring
duty cycle are compared at 10 °C. For computer-analyzed
duty cycles (squares), the trace was first rectified, a
derivative taken, a threshold chosen (typically 12 µV) and a
software subroutine automatically determined the onset and
offset times. Similarly for manual selection (triangles), the
EMG traces were rectified and a derivative taken, but the
onset and offset times were determined by eye. These
values were equal to or shorter than the others and were
subsequently used in the sensitivity analysis. Values are
means ± S.E.M., N=5–7.
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stimulation parameters versus contractile properties along the
length of the fish in setting power production, it was useful to
drive muscles from each of the four positions (with their
different contractile properties) through all the different lengthchange and stimulation conditions that muscles in the other
regions undergo in vivo. This makes for a complicated matrix of
contractions and, because of the large number of conditions
necessary, it could only be performed at 20 °C: at 10 °C, the
muscle needed a 30 min rest between each condition, making it
impractical to impose a large series of conditions.
The experiments showed that muscle bundles from each of
the positions generated the most power when driven under the
POST conditions and generated the least power when driven
under ANT-1 conditions (Fig. 7). We also found that, for every
set of in vivo conditions, the ANT-1 muscle generally
generated a greater percentage of maximum power than more
posteriorly situated muscle (Tukey multiple-comparison test,
P<0.05). This difference was relatively small for the POST
conditions, which were nearly optimal for power generation,
but became larger moving more anteriorly to the ANT-2
conditions. This occurs because, when subjected to the short
duty cycles and long strains (which increase shortening
deactivation; Rome and Swank, 1992) found in the POST
position, the faster relaxation rate in ANT-1 muscle has less
impact on power generation than in the short-strain, long-duty-

20

20°C

30 40 50 60 70 80
Position (% body length)

80 cm s-1 (6.4 Hz)

20

30 40 50 60 70 80
Position (% body length)

cycle conditions found at the front of the fish. Under ANT-1
conditions, the level of power output is low in bundles from
all positions; however, the difference in contractile properties
can lead to substantial and even qualitative differences, e.g. the
ANT-1 muscle generates positive work under ANT-1
conditions for 80 cm s−1 (6.4 Hz), while muscle from the more
posterior positions cannot generate any power under the ANT1 conditions (Fig. 7B, see also Fig. 3 in Rome et al., 1993).
The MID muscle generated the least power under most
conditions, even smaller than the POST muscle (Tukey
multiple-comparison test, P<0.05). The MID muscle does
seem to have a slightly slower relaxation rate than the POST
muscle (Fig. 2), but this difference is not statistically
significant.
Overall, this analysis shows that the differences in in vivo
conditions along the length of the fish are a more important
determinant of power production than are the differences in
contractile properties along the length of the fish.
Discussion
Our most perplexing finding is that the power output of red
muscles driven under their measured in vivo conditions at
10 °C is far lower than we would predict on the basis of
optimized work-loop experiments. This leads to an extremely
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Table 1. Results from the sensitivity analysis showing power generated by muscle bundles after small alterations from the
measured in vivo conditions at 10 °C

Power at 30 cm s−1 (2.85 Hz)
Measured
Long strain
Phase early
Manual selection
Stim frequency
Power at 40 cm s−1 (3.55 Hz)
Measured
Long strain
Phase early
Manual selection
Power at 50 cm s−1 (4.0 Hz)
Measured
Long strain
Phase early
Manual selection
Stim frequency

ANT-1
(W kg−1)

ANT-2
(W kg−1)

MID
(W kg−1)

POST
(W kg−1)

1.3±0.2 (6)
1.2±0.2 (4)
NA
1.3±0.3 (4)
NA

0.7±1.1 (6)
−1.8±1.3 (4)
NA
0.5±1.2 (4)
NA

2.1±0.6 (6)
2.3±0.4 (4)
1.8 (1)
2.7±0.2 (2)
NA

7.7±1.3 (9)
8.6±0.4 (6)
8.9±0.2 (3)
7.9±0.3 (3)
7.2±1.8 (2)

−2.4±0.4 (4)
−3.8±0.6 (4)
NA
NA

−2.7±1.2 (5)
−5.6±2.1 (3)
NA
−4.3±1.8 (2)

−1.3±0.4 (9)
−0.3±0.6 (6)
0.7±0.3 (2)
−0.6±0.9 (5)

3.4±0.8 (8)
4.1±1.1 (4)
6.7±1.0 (2)
3.9±0.3 (3)

−3.1±0.9 (4)
−5.6±0.6 (4)
NA
NA
NA

−4.4±1.8 (3)
−7.4±6.9 (2)
NA
NA
NA

−2.1±0.5 (4)
−2.9 (1)
NA
−2.2 (1)
NA

1.8±0.6 (6)
3.1±0.6 (6)
4.8±0.6 (4)*
2.4±0.2 (2)
1.6±0.2 (3)

The first row for each speed is power generated using the conditions measured in Swank and Rome (1999) for muscle from all four positions.
Strain was increased 1.25-fold for long strain conditions, and phase was decreased by 15% (shifted earlier) for phase early conditions.
Manual selection conditions were found by remeasuring electromyogram (EMG) duration by rectifying the EMG trace, taking the derivative
and excluding spikes at the start or end of EMGs that did not have steep slopes. The new duty cycles resulting from this are shown in Fig. 6.
Note that this also results in a slight phase change.
In stimulation (Stim) frequency conditions, stimulation frequency was reduced to 57 Hz at 30 cm s−1 and to 50 Hz at 50 cm s−1.
Values are means ± S.E.M., N is given in parentheses.
*A statistically significant difference from the measured value (t-test, P<0.05). NA, not tested.
Power was measured in W kg−1 muscle.
Details of the four positions, ANT-1, ANT-2, MID and POST, are given in the text.

Power (% of maximum power at 4.68 Hz)

Power (% of maximum power at 4.68 Hz)

Fig. 7. Power generated by
4.68 Hz
6.4 Hz
100
100
muscle bundles at 20 °C at
POST LONG
each position when driven
POST LONG
A
B
through in vivo conditions
80
80
from all locations measured
POST
during swimming (see
POST
Swank and Rome, 1999).
60
60
The position from which
the muscle was dissected is
40
40
shown by the placement
MID
MID
along the x-axis. The
various sets of in vivo
ANT-2
20
20
conditions through which
ANT-2
the muscles were driven are
connected by lines and are
0
0
ANT-1
ANT-1
marked next to each line.
The differences in in vivo
-20
ANT-1 LONG
-20
conditions with position
ANT-1 LONG
have a greater effect on
20
30
40
50
60
70
80
20
30
40
50
60
70
80
power generation than the
differences in contractile
Position
(%
body
length)
Position (% body length)
properties,
but
the
difference in relaxation rate (fastest at the ANT-1 position, slowest at the MID) also has a statistically significant effect on power-generating
ability for all sets of conditions (one-way ANOVA, P<0.001 for all conditions at 6.4 Hz, P no greater than 0.013 for all conditions at 4.68 Hz).
ANT-1 LONG (open diamonds) and POST LONG (open circles) conditions are identical to ANT-1 and POST conditions except that
percentage strain was increased by 1 % of resting muscle length. Values are means ± S.E.M., N=4–8.

342

L. C. ROME, D. M. SWANK AND D. J. COUGHLIN
80 cm s-1 at 20°C

A

Relative cross section

Relative mechanical power output

Red
Pink

50 cm s-1 at 10°C

B

C
Red
Pink
30

40

50
60
70
Position (% body length)

80

Fig. 8. Comparison of total power generated by scup red and pink
musculature at the maximum sustainable swimming speeds at 20 °C
(A) and 10 °C (B). The height of each column of the histogram
corresponds to the power that the red (black) and pink (grey)
musculature generates at that location (i.e. the product of muscle mass
and mass-specific power production). Pink muscle data are from
Coughlin and Rome (1996). Note that these pink muscle
measurements were made on bundles taken exclusively from the
ANT-2 position (40 % body length) because it is not possible to obtain
pure pink muscle bundles from other positions. Note also that the in
vivo conditions for the POST position (70 % body length) were
approximated to those of the red muscle at this position because there
was not sufficient pink muscle at the POST position from which to
record electromyograms. (C) The relative cross section of the red and
pink muscle along the length of the fish (data from Zhang et al., 1996).

high and sometimes indeterminate Q10 value in anterior
regions of the fish. In addition, our sensitivity analysis strongly
suggests that this is not due to random or systematic errors in
the measurement of in vivo parameters through which the
muscle is driven. So how do fish power steady swimming at
low temperatures? Below, we describe some additional
analyses performed to address power generation during
swimming at low temperatures. We also discuss the
implications of our findings on general methodologies used to
study the effects of temperature on the biomechanics of
locomotion.

Power output of the red muscle at different temperatures
The low power generated per kilogram of red muscle during
swimming at 40 and 50 cm s−1 at 10 °C is striking. To assess
better the effects of temperature on overall power generation
during swimming at these speeds, we obtained the relative
power generated by the red musculature by integrating along
the body of the fish the product of power per kilogram and red
muscle mass at each position. The quantitative distribution of
muscle fibre types along the length of scup has been described
previously (Zhang et al., 1996). In this calculation, we assumed
that no section of the fish generates negative work. Clearly, at
40 and 50 cm s−1 at 10 °C, the net power output per kilogram
of muscle in ANT-1, ANT-2 and MID positions is negative. In
the worst case, this negative work could more than cancel out
any positive power production in the POST region of the fish.
Thus, to try to determine the maximum power the red muscle
could generate, we set negative values to zero with the
assumption that, if muscle fibres in these positions are
generating negative work, they would not be heavily recruited.
By setting the total power output of the red musculature while
swimming at 80 cm s−1 at 20 °C to a value of 1, we calculate
the following relative power outputs: 1.02 at 50 cm s−1 at 20 °C,
0.03 at 50 cm s−1 at 10 °C, 0.056 at 40 cm s−1 at 10 °C and 0.25
at 30 cm s−1 at 10 °C.
By comparing these values with the approximate relative
power required for swimming, it seems unlikely that scup can
power swimming at 50 or even 40 cm s−1 at 10 °C using their
red muscle alone. For this comparison, we assume that the
power required for swimming increases with swimming speed
with an exponent of 2.5–3.0 (Webb, 1978). We also assumed
that the red muscle is maximally recruited at the maximum
swimming speed at which fish can swim without recruiting
their white muscle (80 cm s−1 at 20 °C).
At 50 cm s−1 at 10 °C, the fish’s red musculature would
generate only approximately 3 % of the power generated at
80 cm s−1 at 20 °C. Yet, to swim at 50 cm s−1, the fish needs to
generate approximately 24–31 % of the power required at
80 cm s−1. This discrepancy suggests that it is unlikely that the
red muscle could be generating all the power required for
swimming at 50 cm s−1 at 10 °C. Similarly, at 40 cm s−1, the
muscle generates only approximately 6 % of the power at
80 cm s−1, which is still substantially below the approximately
12–18 % required for swimming at this speed. This
discrepancy suggests that the red muscle could not power
swimming at 40 cm s−1 either. In contrast, at 30 cm s−1, the fish
needs to generate only approximately 5–9 % of the power
needed at 80 cm s−1, yet if the muscle were fully recruited it
could generate 25 % of the power the red muscle generates at
80 cm s−1 at 20 °C. This suggests that the fish would be capable
of swimming at this speed at 10 °C using its red muscle alone.
Pink muscle plays a crucial role in powering swimming at low
temperature
Given the apparent inability of the red muscle to power
swimming at moderate speeds (40–50 cm s−1) at 10 °C where
the white muscle is not recruited, coupled with the recent data
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on pink muscle fibre recruitment (Coughlin and Rome, 1999)
and power production (Coughlin and Rome, 1996; Coughlin et
al., 1996b), it is likely that pink muscle plays an important role
in powering steady swimming at low temperatures. Pink
muscle forms a thin muscle mass running longitudinally
medial to the red muscle. Scup pink muscle has been found to
have much faster contraction kinetics than red muscle, which
appears to be crucial for power generation at low temperatures.
In particular, at 10 °C, pink muscle activates and relaxes
approximately twice as quickly as red muscle and has an
approximately 1.5-fold higher Vmax (Coughlin et al., 1996b).
This translates into a 1.5-fold higher power output during
optimized work-loop experiments and an approximately 1.5fold shift to higher frequencies at which the optimum is
achieved (fopt) (Coughlin et al., 1996b).
Recently, Coughlin and Rome (1996) measured the
approximate in vivo conditions for pink muscle during
swimming at 50 cm s−1 at 10 °C and 80 cm s−1 at 20 °C, and
measured pink muscle power output while driven through their
in vivo conditions (see legend to Fig. 8 for details). These data
show that the pink muscle is capable of generating far more
mechanical power under in vivo conditions at 10 °C than can the
red muscle. Whereas the red muscle could generate net positive
power in only the POST position at 50 cm s−1 at 10 °C, the pink
muscle could generate positive power in all positions. To assess
the effects of pink muscle on the relative power production of
the total musculature, the product of power output per kilogram
of pink muscle and pink muscle mass at each position was also
integrated along the length of the fish (Fig. 8A,B). Strikingly,
despite the fact that pink muscle has only one-third the mass of
red muscle, during swimming at 50 cm s−1 at 10 °C, the pink
muscle is capable of generating approximately six times more
power than the red muscle (Fig. 8B). At 80 cm s−1 at 20 °C
(Fig. 8A), the pink muscle generates only approximately 50 %
of the power generated by the red muscle (reflecting the pink
muscle’s much lower volume, see Fig. 8C). Taking into account
the contribution of the pink muscle, the aerobic musculature (red
and pink) at 50 cm s−1 at 10 °C can generate approximately 20 %
and 15 % of the power generated at 80 cm s−1 (20 °C) by the red
muscle (alone) and the aerobic muscle, respectively. Although
not matching the power required perfectly, it appears close at
this level of approximation.
Although these relative comparisons are useful, it is clear
that far stronger arguments could be made with accurate
measures (or calculations) of the power required for swimming
at different speeds. More absolute assessments of what speeds
could be powered by the muscle types could then be made.
Because the pink muscle plays such an important role in
powering swimming at low temperatures and the pink muscle
is distributed more anteriorly than the red (Fig. 8C and Zhang
et al., 1996), it is useful to consider how the inclusion of pink
muscle affects the distribution of power production along the
length of the fish. As can be seen in Fig. 8, power generation
is somewhat more evenly distributed along the fish at low
temperatures than at high temperatures. Nonetheless, most of
the power is generated in the posterior half of the fish and
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relatively little in the anterior part of the fish. This reflects
both the low power output per kilogram of muscle in the
anterior (due to the low strain and long stimulation duration)
and the small muscle mass of red muscle in the anterior.
The influence of temperature on power production in vivo
The case of scup red muscle is a clear example of the
limitations of predicting whole-animal function from Q10
values of isolated tissue and of the care necessary to understand
the effects of temperature on the whole animal. For scup red
muscle, temperature has markedly different effects on power
production depending on the conditions examined. For
instance, in scup red muscle at 10 °C and 20 °C, power
output has a Q10 of 1.8 during steady-state force–velocity
measurements (Rome et al., 1992b). In ‘optimized’ oscillatory
contractions (where length change and stimulation conditions
are systematically varied), the Q10 for power generation is
approximately 2.3 (Rome and Swank, 1992), which is a fairly
typical value (Stevenson and Josephson, 1990; Swoap et al.,
1993; Altringham and Block, 1997). When examined at a given
oscillation frequency (with the length and stimulation
parameters optimized for that frequency), the Q10 for power
production increases with increasing oscillation frequency.
Over the range of frequencies used by scup during swimming,
the Q10 increases from approximately 3 to approximately 5
(Rome and Swank, 1992).
When muscles are driven under in vivo conditions, the Q10
becomes even larger. Because the in vivo conditions are much
further from the ‘optimized’ conditions at a given frequency
at low temperatures (Fig. 6), the in vivo power is
disproportionately reduced at low temperatures. For the POST
position, the Q10 for power production varies between 4 and
14 depending on speed. However, for more anterior positions
in the fish, power production is so reduced in many of the in
vivo conditions examined (i.e. the ANT-1, ANT-2 and MID
positions at 40 and 50 cm s−1 at 10 °C) that the red muscle
generates no net power (i.e. net power production is negative).
In the case where net power production is zero or negative, the
Q10 becomes indeterminate. Thus, for the ANT-1, ANT-2 and
MID positions, the Q10 for power production is large and
essentially indeterminate.
The preceding analysis necessitates a re-evaluation of how
temperature effects in general, and particularly those on
muscle, are addressed. Historically, scientists have compared
Q10 values of certain variables of isolated tissues or enzymes
and have tried to relate these Q10 values to those of organismal
function (for reviews, see Rome, 1990, 1998). In the light of
the present findings, this approach seems over-simplified and
in some cases may be inappropriate. Although isolated muscle
run under optimized conditions may have a normal Q10
(1.5–2.5), these temperature effects may be so significantly
altered when muscles are working under in vivo conditions that
conclusions based on Q10 values from maximal or optimized
conditions may be qualitatively incorrect. To make a
meaningful assessment of the effects of temperature on muscle
performance during swimming or to appreciate muscle design,
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muscle performance must be studied under the conditions in
which the muscle operates in vivo.
Power production along the length of the fish: a general
approach for studying muscle function during locomotion
One of the fundamental questions of fish biomechanics is
where along the length of the fish is the power generated for
swimming? Whereas we (Rome et al., 1993; present study), as
well as Johnson et al., (1994), have found that most of the
power during steady sustainable swimming is generated in the
posterior region of the fish, Hess and Videler (1984), van
Leeuwen et al. (1990), van Leeuwen (1995) and Altringham et
al. (1993) have suggested that much of the power is generated
in the anterior portion and may be transmitted through the
posterior region to the tail. In a review, Wardle et al. (1995)
have suggested that the different conclusions might reflect
fundamental differences in how various species swim. For
instance, Wardle et al. (1995) suggested that scup swimming
differs from that of other species in that the wavelength of the
bending wave (λB) greatly exceeds the length of the fish’s
body: they determined λB of scup to be 1.54 compared with
values of 1.0 for mackerel Scomber scombrus and saithe
Pollachius virens, and 1.25 for carp Cyprinus carpio.
However, in more detailed studies, Swank and Rome (1999)
showed that, although at the top sustainable swimming speed
in scup the value exceeds 1 (it is 1.34), at more moderate
speeds it is approximately equal to 1 (see Fig. 1C in Swank
and Rome, 1999). Thus, over most swimming speeds, scup
have a λB quite similar to those reported for other fish,
suggesting that differences in λB probably do not underlie the
differences in conclusions concerning the location of power
generation.
However, differences in the methodologies employed may
also be responsible for differing conclusions. During workloop experiments, muscles function like an analog computer.
Muscles produce a complex operation on the inputs (lengthchange amplitude, shape of the length change, oscillation
frequency, stimulation duration, stimulation phase and
stimulus waveform). The outputs (force and power) clearly
depend on the inputs (see Figs 4, 5).
Hence, accurate determination of how power is generated in
a given species of fish requires highly accurate input
information. Our laboratory has adopted several procedures to
obtain accurate information for scup. We have determined the
muscle length changes in three ways: (1) calculation from the
curvature of the backbone using beam theory (Rome et al.,
1988); (2) calculation from an empirical equation relating
sarcomere length measured in frozen sections to backbone
curvature (Rome and Sosnicki, 1991; Rome et al., 1992a), and
(3) using sonomicrometry (Coughlin et al., 1996a). All these
techniques agree closely in terms of amplitude and phase. This
is important because Katz et al. (1999) suggested that a
different method of measuring strain (used in the past by
others) may have introduced a phase error leading to a
misinterpretation of power production. Further, we have
developed new techniques to provide highly accurate

synchronization between film and EMG recordings (Rome,
1995) and have developed techniques to ensure that muscle
strain and EMGs are measured at precisely the same position
on the fish. Finally, we have obtained EMGs with a high signalto-noise ratio and have used computer analysis to improve our
determination of EMG onset and offset times.
A second procedure that we believe is required to help
obtain reasonable answers is sensitivity analysis, such as that
described in the present study (see also Full et al., 1998). As
mentioned above, the muscle produces a complex operation on
the inputs which may be nonlinear. Hence, relatively small
systematic errors could, in theory, result in large changes in
power output. As mentioned above and in Swank and Rome
(1999), overfiltering length recordings could potentially have
led to reduced amplitude. More importantly, the criteria for the
EMG onset and offset times are necessarily arbitrary, and this
can lead to unavoidable uncertainties about the stimulation
pattern. Thus, we believe a second necessary part of this
overall procedure is the performance of a sensitivity analysis
to test specifically whether random or systematic errors in the
measurement of in vivo parameters could lead to major
differences in our conclusions about power output.
We also believe that the combination of accurate in vivo
information and the work-loop technique makes it possible to
determine whether differences in the distribution of power
generation among species, should they exist, are due to
differences in the in vivo length-change and stimulation
patterns or to differences in the contractile properties of the
muscle itself. For instance, by using the procedure of driving
muscles from the ANT-1 and POST positions through the in
vivo conditions measured from both the ANT-1 and POST
positions, we showed that the low power output of the ANT1 muscle during swimming was not due to insufficiency of its
contractile properties, but rather to non-optimality of its in vivo
parameters. By analogy, this approach can be applied to
different species. Muscle from one species can be driven under
the length-change and stimulation pattern of another species
and the resulting power measured. By doing so, we should gain
insight into whether the contractile properties of the muscle or
the in vivo length change and stimulation pattern are ultimately
responsible for differences in power production.
We dedicate this series of papers to the memory of Frank
Carey. Frank was a long-time mentor, friend and inspiration
who sparked in L.C.R. a career-long interest in temperature,
muscle and fish swimming. We thank Dr Iain Young for
critically reviewing the manuscripts. Supported by NIH
AR38404, NIH AR46125 and NSF IBN-9514383 and by the
University of Pennsylvania Research Foundation.
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