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Summary

We have previously shown that the power output of red
muscle from warm-acclimated scup is greatly reduced
when the fish swim at low temperatures. This reduction
occurs primarily because, despite the slowing of muscle
relaxation rate at cold temperatures, warm-acclimated
scup swim with the same tail-beat frequency and the same
stimulation durations, thereby not affording the slower-
relaxing muscle any extra time to relax. We hypothesize
that power output during swimming could be increased if
the stimulus duration were reduced or if the relaxation rate
of the red muscle were increased during cold acclimation.

Scup were acclimated to 10 °C (cold-acclimated) and 20 °C
(warm-acclimated) for at least 6 weeks. Cold acclimation
dramatically increased the ability of scup red muscle to
produce power at 10 °C. Power output measured from cold-
acclimated muscle bundles driven througlin vivo conditions
measured from cold-acclimated scup swimming at 10 °C (i.e.
work loops) was generally much greater than that from
warm-acclimated muscle driven through its respectiven
vivo conditions at 10°C. The magnitude of the increase
depended both on the anatomical location of the muscle and
on swimming speed. Integrated over the length of the fish,
the red musculature from cold-acclimated fish generated 2.7,
8.9 and 5.8 times more power than the red musculature from
warm-acclimated fish while swimming at 30cm<d, 40cms?
and 50cmsl, respectively. Our analysis suggests that the

increase in muscle power output in cold-acclimated fish.
Contrary to our expectations, cold-acclimated muscle did
not have a faster relaxation rate; instead, it had an
approximately 50 % faster activation rate. Our work-loop
studies showed that this faster activation rate, alone, can
increase the mechanical power production during cyclical
contractions to a surprising extent.

By driving cold-acclimated muscle through warm- and
cold-acclimated in vivo conditions, we were able to
partition the improvement in power production associated
with increased activation rate and the approximately 20 %
reduction in the duration of electromyographic activity
found in the accompanying study. Depending on the
position and swimming speed, approximately 60 % of the
increase in power output was due to the change in the red
muscle’s contractile properties (i.e. faster activation); the
remainder was due to the shorter stimulus duty cycle of
cold-acclimated scup.

Thus, by both shortening thein vivo stimulation duration
and speeding up the rate of muscle activation as part of
cold-acclimation, scup achieve a very large increase in the
power output of their red muscle during swimming at low
temperature. This increase in power output probably
results in an increase in muscle efficiency and, hence, a
reduction in the energetic cost of swimming. This increase
in power output also reduces reliance on the less aerobic

cold-acclimated fish should be able to swim in excess of 40cm and less fatigue-resistant pink muscle. Both these abilities

s~ with just their red muscle whereas the warm-acclimated
fish must recruit their pink muscle well below this speed.
Because the red muscle is more aerobic than the pink
muscle, cold acclimation may increase the sustained
swimming speed at which scup perform their long seasonal
migrations at cool temperatures.

We then explored the underlying mechanisms for the

may increase the swimming speed at which prolonged
aerobic muscle activity can occur and thus reduce the
travel time for the long seasonal migrations in which scup
engage.

Key words: scupStenotomus chrysopaork loop technique, power,
muscle, thermal acclimation.

Introduction

Fish are often required to locomote over a wide range of bodyr gradually during seasonal changes or migrations (Rome,

temperatures either acutely as they swim through a thermoclid®82; Rome, 1990). As reviewed in the accompanying study
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(Rome and Swank, 2001), the red muscle of warm-acclimatetD °C (cold-acclimated) or 20°C (warm-acclimated) in
scup generates a very low mechanical power output when tflewthrough tanks for at least 6 weeks (as in Rome and Swank,
fish are subjected to an acute (i.e. over approximately 241001). Scup were killed by a blow to the head followed by
decrease in temperature and made to swim. This is due in papinal transection and double pithing.

to the reduced steady-state power-generating capabilities of the .
muscle (i.e. the maximum shortening velocify,ay), but also to Solutions

the slowing of non-steady-state properties of the muscle (i.e. Mechanics experiments and dissections were performed in
rates of activation and relaxation). In addition, a major reductiod Ringer’s solution containing (mmot): NaCl, 132; KCI, 2.6;

in power is due to the interplay between the contractil€@Ch: 2.7; imidazole, 10; sodium pyruvate, 10; and Mg
properties of the muscles and thevivo stimulation and length PH7.7 at 15°C (based on Altringham and Johnston, 1990).
change conditions. The reduced relaxation rate at cold Dissection

temperatures results in greatly reduced power output becauseMuscIe bundles, approximately 0.4mm deep, 0.9 mm wide

fish swim with the same tail-beat frequencies (i.e. same muscle ]
I . : —and 4.8 mm long, were removed from four locations above the
oscillation frequency) and with the same muscle stimulation

. . midline of the fish: ANT-1, ANT-2, MID and POST (29, 40,
durations at cold temperatures, thereby not affording the no .
. . 4 and 70 %, respectively, of fork length from the snout). Only
more slowly relaxing muscle any extra time to relax (Rome €

al, 2000; Swank and Rome, 2000). Hence, considerabf® bundle was used per fish. The bundle was dissected to a
single myotome and tied to a servomotor arm and force

improvement in the power outp.ut of the red .muscle at I(.)V¥ransducer as described previously (Rome and Swank, 1992).
temperatures could be achieved if cold acclimation resulted in‘a

faster relaxation rate or if the muscle were given more time to Experimental protocol

relax by reducing the stimulus duration. A description of the experimental apparatus has been
As relaxation rate in scup has been shown to vary along “"pﬁjblished previously (Rome and Swank, 1992). The optimal
length of the fish (Swank et al., 1997) and cold acclimation hagimulus pulse duration and voltage for maximum isometric
been shown to influence muscle mechanical properties in SOMgce at 20 °C were determined. Stimulus frequency for tetani
species (Heap et al.,, 1985; Johnston et al., 1990; Fleming ks 200 Hz. The optimal length of the muscle was determined
al., 1990; Langfeld et al., 1991; Johnson and Bennett, 1998}y generating a force/length curve (Rome and Swank, 1992).
it seemed possible that the relaxation rate (or some othghe injtial muscle length for the work loop experiments was
contractile parameter) in scup might speed up after coldet on the plateau of this curve so that a 5% length change
acclimation, resulting in higheén vivo power generation from  \ouid cause a similar decrement in active force at both the
the red muscle. This hypothesis was tested here by compariggortest and longest lengths. Generally, resting tension was less
the power generation of cold- and warm-acclimated musclgyan 49 of tetanic tension. Isometric twitches and tetani were
driven through identical warm-acclimatedvivo conditions.  recorded at 20°C and 10°C, and activation and relaxation
Another way that cold acclimation could increasevivo  times were measured. Three aspects of the relaxation time
muscle power would be by modifying timevivolength change  course were measured: from 90 % to 10 % of maximum tetanic
and stimulation conditions. In the accompanying study (Romgyce (Tr.00-19, from 95% to 80% of maximum tetanic force
and Swank, 2001), we found that stimulus duty cycle wagr, o5 gy, and from the last stimulus pulse to 10 % of maximum

reduced by cold acclimation. In the present ;tudy, we als@rce (Tras). Activation time was measured from 10 % to 90 %
address whether these changes help to increase POWRmaximum force Ta 10-9).

production by comparing the power output of cold-acclimated
red muscle bundles driven through two sets of conditions: the Work loops
muscle length change and stimulation pattern of cold- The work loop technique was used to measure oscillatory
acclimated scup swimming at 10°C (i.e. cold-acclimategpower production by muscle bundles for bathvivo and
conditions), and the muscle length change and stimulatiooptimized stimulation and length change conditions (Rome and
patterns of warm-acclimated scup swimming at 10°C (i.eSwank, 1992). Note that a phase of 0 ° means that the stimulus
warm-acclimated conditions). starts at the moment the muscle starts shortening. When driven
Finally, the combined effects of acclimatory changes of theinderin vivoconditions, a sinusoidal muscle length waveform
nervous system and muscle were assessed by comparing s used for bundles from the ANT-1 and ANT-2 positions,
power output at 10 °C of cold-acclimated muscle driven througlwvhile a trianglular wave with the sharp corners digitally
cold-acclimated conditions with that of warm-acclimatedrounded was used for the MID and POST positions because
muscle driven through warm-acclimated conditions. these best fit theé vivo length changes (Rome et al., 1993;
Rome et al., 2000; Swank and Rome, 2000). The maximum
power output at 10°C was found by optimizing phase, duty
_ cycle and strain. An optimal frequency of 2.5Hz was selected
Fish because it has been determined previously to be at the peak of
Scup Stenotomus chrysops), 19-23 cm fork length, were the power-frequency curve for red muscle (Rome and Swank,
caught at Woods Hole, MA, USA, and acclimated to eithed992). The optimal conditions and maximum power output for

Materials and methods
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oscillation frequencies of 2.85, 3.55 and 4 Hz (correspondingoftware (Jandel) and are described in the accompanying paper
to swimming speeds of 30, 40 and 50cH)swere then (Rome and Swank, 2001). Values are meanss.4.
determined in the same manner.
In vivo power was measured when muscle bundles were
driven through the stimulus and length change conditions Results
determined from measurements made on scup swimming & Vivo power production of red muscle in cold-acclimated fish
10°C at 30cmd and 50cms! (Rome and Swank, 2001p Except for the ANT-2 position at 50cmts red muscle
vivo conditions for 40cm3d at 10°C were estimated by bundles from all four positions of cold-acclimated scup
averaging the 30 and 50cmsvalues. Typically, the first produced positive power for swimming at all speeds (Fig. 1)
10-20 oscillation cycles for a given work-loop conditionwhen driven through thein vivo stimulus and length change
increased in power, the next 10 produced similar amounts @bnditions measured at 10°C. Isolated muscle bundles from
power, and by 40 cycles the power started to decline. Worthe ANT-1 and ANT-2 positions generated between 0 W kg
was measured from the cycle that provided the highest valsnd 2.5Wkg! at in vivo conditions measured from scup
after power production levelled off (Rome et al., 2000). Theswimming at speeds of 30, 40 and 50 ci svhile muscle
interval between work-loop sets was 10-30 min depending doundles from the MID and POST regions produced up to
how far from optimal the conditions were. As found previouslyl4.4Wkg?! (Fig. 1). These values are in sharp contrast to
(Rome et al., 2000), muscle bundles driven under non-optiméhose from warm-acclimated muscle bundles. When driven
conditions required more time to recover. To control forthrough their 10 °Gn vivoconditions at 40 and 50 cmisthey
possible muscle fatigue, after every four work loop sets, a sptoduced no net power at any position except for the POST
of work loops using optimal conditions was re-measured anposition, where power output was quite low (Fig. 1B,C).
the data were normalized (as detailed in Rome et al., 2000). The increase in power at 10°C found in cold-acclimated
We measured power generation under two set® efivo  compared with warm-acclimated fish was greatest at the lower
conditions for each muscle preparation. Cold-acclimated muscvimming speeds especially at the MID and POST positions
was first driven through thie vivo conditions measured from (Fig. 1A,B). At 40cmst, cold-acclimated muscle at the MID
cold-acclimated scup swimming at 10°C. Second, the muscnd POST positions produced 8 and 14Whkgompared
was driven through thie vivo conditions previously measured with =2 and 3.4 W kgt from warm-acclimated muscle. At 30cm
in warm-acclimated scup swimming at 10 °C (Swank and Romes 1, cold-acclimated muscles at the MID and POST positions
2000). This procedure allowed us to determine how much thgenerated between 13.4 and 14.4 Whkgpmpared with 2 and
difference inin vivo conditions contributed to changes in power8 Wkg?! from warm-acclimated muscle. At 30 cmspower
output. Further, by comparing the results with previougproduction from cold-acclimated muscle bundles from the ANT-
measurements of warm-acclimated muscle driven through and ANT-2 positions under their vivo conditions was not
warm-acclimated conditions for swimming at 10°C (Rome esignificantly greater than those of their warm-acclimated
al., 2000), we could examine how much the changes in musa®unterparts (Fig. 1A). However, at 40cthsind 50cmd,
contractile properties contributed to increased muscle power. cold-acclimated ANT-1 muscle (and ANT-2 muscle at
All mechanics experiments were conducted at 10°C unles®dcms?) produced positive power instead of substantial
specified otherwise. Maximum velocity of shortening wasnegative’ power values measured from warm-acclimated
determined experimentally, as reported previously (Rome ehuscle (Fig. 1B,C). Therefore, in addition to the MID and POST
al., 1992). positions producing higher power at 10 °C, some of the anterior
musculature could contribute power for swimming at 40 and
Analysis 50cms?! in cold-acclimated scup, whereas no power is
Total power generated by the entire red musculature wagenerated at these positions in the warm-acclimated fish.
calculated (assuming that all fibres are recruited) using the
volume of red muscle from successive longitudinal positions Power production at cold temperatures is increased by
(zZhang et al., 1996). Thie vivo power per kilogram muscle acclimation of muscle properties
for each position multiplied by the mass of muscle at that There was a substantial increase in power output of the
position was summed to determine the total power the reshuscle from cold-acclimated fish when driven under timeir
muscle is capable of producing. Note that ifith@ivopower  vivo (i.e. cold-acclimated) conditions. We found that there
per kilogram was negative for a given position, we assumedere two acclimatory changes responsible for this increase in
that recruitment would be minimal and hence assigned a valy®wer: changes in the contractile properties of the muscles, and
of zero for that position. This calculation was performed forchanges in the output of the nervous system.
swimming speeds of 30cmis 40cms? and 50cmsh Overall, cold-acclimated muscle generated more power than
Warm-acclimated muscle power values, activation times andlarm-acclimated muscle when both were driven through
relaxation times are taken from Rome et al. (Rome et al., 200Q)lentical in vivo conditions (Fig. 2). This signifies that there
was some change in the properties of the red muscle during
Statistical analyses thermal acclimation. The increase in power depended on the
Statistical analyses were performed using SigmaStah vivo conditions used, which varied with swimming speed
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and muscle position. When run under the warm-acclimatethtes for tetani were 1.43, 1.65 and 1.58 times faster (i.e. the
conditions, cold-acclimated muscle bundles from the MiDactivation times were 30 %, 39 % and 36 % shorter) for ANT-
and POST positions generated substantially more power th& MID and POST bundles, respectively (Fig. 5A). Similarly,
warm-acclimated muscle. Power output from cold-acclimatethe twitch activation rates were approximately 1.25 times faster
ANT-1 was significantly higher than that from the warm-(i.e. activation time was approximately 20 % shorter) than the
acclimated muscle at 40 and 50 cfy hhowever, at 30cnt$,  warm-acclimated muscle for all four positions (Fig. 5B). In

it was not significantly different. Unlike muscle from the othercontrast, we found no difference in tetanic relaxation rate
regions, there was no statistically significant increase in powéig0-19 or in twitch relaxation rate (except for ANT-1;
generation in the cold-acclimated ANT-2 muscle comparedrig. 5C,D) between cold-acclimated and warm-acclimated red
with the warm-acclimated muscle (Fig. 2). muscle. Note that a similar lack of acclimation effect was

observed fofTy g95-goand Tr,jast (NOt shown).
Acclimation of the muscle stimulation pattern increases power

production at low temperatures Steady-state properties: isometric force afighx

In most of the muscle, there was a large increase in power No difference in maximum isometric force was found
output associated with thermal acclimation of the muscle alorigetween cold- and warm-acclimated groups: 136+7.4kNm
(Fig. 2). However, in general, this did not account for the tota{N=23) and 118+6.8 kN % (N=34), respectively, at 10 °G-(
increase in power associated with thermal acclimation of theest, P=0.10), and 151+10.0kNTA and 144+9.3kN T,
whole locomotory system of the fish (broken blue lines irrespectively, at 20 °Qest,P=0.63). At 10 °C, the twitch-to-
Fig. 2). The remaining increase in power output associated witletanus ratio was approximately 35 % and 18 % higher for cold-
cold-acclimation came from changes in the output of the nervowclimated muscle from the ANT-1 and ANT-2 positions,
system that favoured power production at cold temperatures. tespectively. The ratios were 0.81+0.08=4), 0.79+0.03
the accompanying study (Rome and Swank, 2001), we four{i\=5), 0.69+0.03 N=10) and 0.56+0.04 N=4) for cold-
that, althoughin vivo length change and oscillation frequency acclimated muscle bundles and 0.60+0.885), 0.67+0.02
(tail-beat frequency) did not change during cold acclimation(N=5), 0.66+0.04 N=17) and 0.62+0.03N=7) for warm-
there was a significant reduction in the stimulus duty cycle thatcclimated muscle for the ANT-1, ANT-2, MID and POST
we predicted should increase the power output of the musclgositions, respectively. There was no statistical difference
Indeed, we found that changes in the vivo conditions between the acclimation groups in the twitch-to-tetanus ratio
contributed significantly to the higher power production of cold-of the MID and POST positions.
acclimated red muscle. As shown in Fig. 3, at 40 and 50kms The increase in power output of cold-acclimated muscle was
cold-acclimated muscle produced significantly higher powealso not due to an increase in the maximum velocity of
when activated under cold-acclimated vivo swimming  shortening {Ymax as no difference iWmaxwas found between
conditions at 10 °C compared with warm-acclimated conditionsacclimation groups. We found in this study that warm-
When driven though cold-acclimated 40 crthsonditions, acclimated red muscle hadVinax of 5.63+0.3ML s (N=3),

MID and POST muscle bundles produced 2.5 and 1.5 timeshich agrees quite well with thénax of 5.42+0.2MLs 1 at

more power, respectively, compared with warm-acclimate®0°C (N=12; t-test, P=0.6) obtained previously from cold-

conditions  (Fig. 3B). Under 50cms cold-acclimated acclimated muscle (Swank et al., 1997). Both sets of values are

conditions, there was a 1.6-fold increase in power output for th&milar toVmax values obtained previously (5.55+0/6 s 1,

POST position. Cold-acclimated conditions also significantlyN=5; Rome et al., 1992) for fish maintained at seawater

raised power output from ANT-1 and ANT-2 muscle attemperature, which changed with the environment (average

50cms?! (Fig. 3C). In contrast, at 30cmis there was no temperature approximately 15 °C).

statistically significant difference in power generation between

in vivo conditions from the two acclimation groups (Fig. 3A).  Thermal acclimation of muscle leads to greater maximum
power output

The mechanism for improved contractile performance with  The observed changes in contractile properties not only

cold acclimation: rates of activation and relaxation permit cold-acclimated muscles to generate higher power

In general, changes in both the muscle properties and theder theirin vivo length change and stimulation conditions
output of the nervous system contributed to the increase but also increase the maximum power these muscles can
power output. We tried to determine which contractile propertgenerate during oscillatory contractions. When stimulus and
was responsible for power increases due to cold acclimation &#ngth change conditions were optimized for power generation,
the muscle. The increase in power-generating ability was nabld-acclimated muscle bundles produced up to 2.5-fold the
due to a speeding up of the relaxation rate, as hypothesizgehwer produced by warm-acclimated muscle bundles
instead, it appears to be due to an increased activation rgfeable 1). This finding again demonstrates the higher power-
(Figs 4, 5). Activation rates of cold-acclimated red musclgroducing ability of cold-acclimated muscles compared with
were far faster than those of warm-acclimated muscle for botlvarm-acclimated red muscle and also demonstrates that the
tetani and twitches at 10°C (Figs 4, 5A,B). Compared withincrease in power associated with cold acclimation is general
warm-acclimated muscle, cold-acclimated isometric activatiomnd is not restricted to a narrow setiro¥ivo conditions.
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Fig. 1.In vivo power output from scup red muscle. Muscle bundlesFig. 2. Power from cold-acclimated (green) and warm-acclimated
from cold-acclimated scup were driven through cold-acclimated (red) muscle bundles driven through warm-acclimatedvivo

vivo conditions at 10°C (blue) and muscle bundles from warm-conditions, showing the contribution of acclimation-induced changes
acclimated scup were driven through warm-acclimaiedvivo in red muscle contractile properties to power production ability.
conditions at 10 °C (red). Power differences due to acclimation at aPower differences due to acclimation at all swimming speeds were
swimming speeds were statistically significant (two-way ANOVA, statistically significant (two-way ANOVA;P<0.001 for 30 and
P<0.001 for all swimming speeds). An asterisk indicates a significar40 cms1, P=0.004 for 50cmd). Values are means *demM. An
difference due to acclimation at individual positiottegt,P<0.05).  asterisk indicates a significant difference due to acclimation at
Values are means *4em. For cold-acclimated muscle working individual positions tftest, P<0.05). For comparison with the total
under cold-acclimated conditions=3, 4, 4 and 5 (30cny, N=3, change in power output associated with cold acclimation, the power
4,7 and 7 (40cntd) andN=3, 5, 7 and 7 (50cm¥), respectively, output of the cold-acclimated muscle running under cold-acclimated
for the ANT-1, ANT-2, MID and POST positions. For warm- conditions is shown as a dashed blue line. For cold-acclimated
acclimated muscle working under warm-acclimated conditiNg§, muscle working under warm-acclimated conditioNs3, 4, 4 and 5

6, 6 and 7 (30cnTd), N=5, 5, 8 and 7 (40cnT¥ andN=4, 3, 5and (30cms?), N=3, 4, 7 and 6 (40cm¥ and N=3, 5, 6 and 7

6 (50cmsl), respectively, for the ANT-1, ANT-2, MID and POST (50cms?), respectively, for the ANT-1, ANT-2, MID and POST
positions. positions. OtheN values are given in the legend to Fig. 1.
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Fig. 4. Isometric twitches and tetani from warm- (red) and cold-
acclimated (blue) scup red muscle under identical conditions.
Bundles are from the MID position. The stimulus duration for the
tetanus is 250ms. Force levels were normalized to the maximum
isometric force of each muscle. Note the longer time to reach
maximum force in the warm-acclimated muscle. The inset shows
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16 - N Cold-acclimated muscle - force recordings for tetani on a faster time base.
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: iscussion
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10 warm-acclimated conditions | Increase in power output with thermal acclimation

Cold acclimation resulted in changes to the muscle and to the
stimulation pattern of the muscle that dramatically increased the
amount of power that scup were able to produce with their red
muscle at 10°C. The work loops in Fig. 6 illustrate how these
changes combine to lead to greater power production at the POST
position. The warm-acclimated bundle (WA), when driven
through itsin vivo conditions for 10°C (WC; red), generated a
very flat loop with nearly equal positive and negative work. This
resulted in little net power output: only 1.4WkgThe cold-
acclimated muscle (CA), with its faster activation rate, when run
under the same conditions (WC; green) generated a much fuller
Fig. 3. Power from cold-acclimated red muscle when run undeloop with much more positive and net work (9.1Wlg
cold-acclimated (bluejn vivo conditions compared with warm- However, under these warm-acclimated conditions, the cold-
acclimated (green) conditions, showing the contribution ofacclimated muscle generated considerable negative work during
acclimation-induced changes im vivo conditions (primarily EMG  |engthening. The negative work was reduced when the bundle
duty cycle) to power production ability. At 40 and 50 ¢t power a5 run under the cold-acclimated conditions (CC; blue) because
differences due to acclimation were statistically significant (twoo shorter duty cycle gave the muscle more time to relax.

way ANole  P<0.001, 40 cm, P=0.003, 50 Cm.sl)' Incontrast,  pacause positive work was maintained, there was a large increase
at 30cmsi, power differences due to acclimation were not.
in the net work generated (12.6 Wk

statistically significant (two-way ANOVAP=0.441). An asterisk . )
The level of power increase and the extent to which the

indicates a significant difference due to differem vivo ; A - ]
acclimation conditions at individual positiong-t¢st, P<0.05). muscle and nervous stimulation changes contributed varied

Values are means #4e.m. N values given in the legends to Figs 1 considerably with muscle position and swimming speed. The
and 2. For comparison with the total change in power outputargest increases in power were at the POST and MID
associated with cold acclimation, the power output of warm-ositions, which provide the majority of power for swimming
acclimated muscle running under warm-acclimated conditions ifh scup (Rome et al., 1993). The increase in power in these
shown as a dashed red line. regions, particularly at 30 and 40 cth s extremely large. In
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Position (% body length)
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Fig. 5. Tetanic activation time (A) and relaxation tinfegp-19 (C) of cold- and warm-acclimated scup red muscle. Activation time was
statistically significant due to acclimation (two-way ANOVR%0.001). Relaxation differences due to acclimation were not statistically
significant by two-way ANOVA P=0.3 for Trg0-10 P=0.6 for Tr.95_goand P=0.4 for Ty asi note thatTr gs-goand Trjast are not shown). See
Materials and methods for an explanation of the different relaxation measurements. Twitch activation time (B) and retex@iign-i (D)

of cold- and warm-acclimated scup red muscle. Activation differences due to acclimation were statistically significant GMOWAyY
P<0.001). Relaxation differences as measuredioy-10andTr iastwere statistically significant by two-way ANOVA£0.045 forTr,go-10and
P=0.004 forTy ast this is due to the difference at ANT-1), but not as measured bl dsyso (P=0.6). An asterisk indicates a significant
difference due to acclimation at individual positiotieét,P<0.05). Values are means $E.m. For cold-acclimated muscld=4, 5, 10 and 4
and for warm-acclimated muscs5, 5, 17 and 7, respectively, for the ANT-1, ANT-2, MID and POST positions.

Table 1.0ptimized power output of cold- and warm-acclimated scup red muscle bundles at 10 °C

Optimized power output (W kd)

Frequency

(Hz) Acclimation ANT-1 ANT-2 MID POST

25 Cold 16.7+3.2 (4) 16.9+1.4 (5) 16.3+2.0* (10) 15.1+1.2* (4)
Warm 13.6+2.6 (5) 13.2+1.8 (5) 9.8+1.1 (17) 10.0+1.1 (7)

2.85 Cold 22.5%2.9* (3) 16.7+3.3 (4) 15.9+2.1 (5) 14.8+1.2 (3)
Warm 13.0£2.4 (5) 12.7£1.7 (4) 10.1+1.8 (9) 10.324.7 (2)

3.5 Cold 19.8+3.9 (3) 18.9+3.3 (4) 14.1+2.0* (5) 14.2+1.8 (4)
Warm 11.2+2.3 (5) 7.5+0.4 (2) 7.6£1.3 (9) 8.5+2.8 (2)

4.0 Cold 15.8+1.3 (3) 12.7+1.4 (5) 12.5+1.3* (8) 12.5%1.4 (2)
Warm 10.0£2.0 (4) 8.9+2.7 (2) 8.7£1.1 (7) 9.1+2.8 (3)

All values are means *4e.m. (N).

An asterisk indicates a statistically significant difference due to acclimadiest,<0.05).

At all frequencies, the difference between acclimation temperatures was statistically significant by two-way ANOVA, butedifthrerio
position were not. Th® values for acclimation (acc) and position (pos) were as follows: 2.5 HAa00)01; posP=0.818; 2.85Hz acc,
P=0.007; posP=0.081; 3.5Hz acd<0.001; posP=0.708; 4.0 Hz acd=0.018; posP=0.60.

For an explanation of position (ANT-1, ANT-2, MID and POST), see Materials and methods.

fact, cold-acclimated muscle could generate more power undpower output (i.e. from optimized work loops) of warm-
its in vivoswimming conditions than the maximum oscillatory acclimated muscle (compare Fig. 1 with Table 1).
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Fig. 6. Power generated by warm- and cold-acclimated muscle. Th
two muscle bundles are from the POST position of warm-acclimate
(WA) and cold-acclimated (CA) scup and were driven through POST
in vivo conditions for the 40cnT$ swimming speed. The warm-
acclimated conditions (WC) were 3.6 Hz, 5.4% straity} ° phase

and 85ms stimulus duration. The cold-acclimated conditions (CC)
were 3.5Hz, 5.4% strain;56 ° phase and 80 ms stimulus duration.
Power generation for WAWC was 1.4W#g for CAWC was
9.1Wkg?! and for CA,CC was 12.6 Wk Note that, for this
particular swimming speed and anatomical position, there is only a
small change in stimulus duty cycle and thus there is only a moderate
enhancement in work production associated with the cold-acclimated
conditions.ML, muscle length. The timing of the stimulus is denoted
by the thicker sections of the work-loop traces.

The large magnitude of the power increase with cc
acclimation can best be appreciated when compared v
muscle performance at 20 °C. Fig. 7 shows power output :
swimming speed of 80cmkat 20°C in warm-acclimated 20 30 40 50 60 70 80
scup (black line; data from Rome et al., 2000). Although t Position (% body length)

Q10 values for power production were generally large ui_ _
indeterminate for the warm-acclimated fish (red), the Q F|g. 7. _ The temperature-dependence of power outpl:t _dunng
values for the cold-acclimated fish (blue) were often modes> " ming. Muscle power output at 30, 40 anq 50chas 10 Cin

. . cold-acclimated (blue circles) and warm-acclimated (red triangles)
For mStanCle’ the {gfor MID and POST power prOdUCtlon_ E_it fish is compared with power output during swimming at 80¢nas
30-40cms' ranged betW‘?e” 0.8 and 1.8. In the MID pos'“onzo °C in warm-acclimated fish (black line; data from Rome et al.,
at 30cmsl, the cold-acclimated muscle actually appeared ©000). Qo values (power at 20°C/power at 10°C) are given in the
generate more power during swimming at 10°C than thappropriate colour for each position and swimming speed. InD
warm-acclimated muscle during swimming at 20 °C. signifies that the @ is indeterminate, i.e. that the power output at

10°C is negative.

Higher power output from modified muscle activation rate

To understand better the underlying mechanism for thecrease in power. The increase in power-generating capability
increase in power production, we first explore in more detaivas demonstrated both when cold-acclimated bundles were
the acclimatory changes that occur in the muscle. Changesdniven through the warm-acclimatetdvivoconditions (Figs 2,
intrinsic muscle power production capabilities after cold6) and when stimulus and length change conditions were
acclimation contributed approximately 60% to the overalloptimized for power production at four different oscillation
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frequencies (Table 1). This increase in power-generatingn vivo muscle stimulation occurs at the same point (phase) of
ability does not appear to be due to changes in steady-stdke work loop in cold- and warm-acclimated fish. It might be
muscle characteristics becauSghax and isometric force assumed that the slower activation rate of warm-acclimated
generation did not change with acclimation. Further, thenuscle could be compensated for simply by starting the
relaxation rates did not change significantly either. In contrasstimulus earlier. As shown in Fig. 8, when the start of the
the activation rate increased dramatically in response to coktimulus of a warm-acclimated muscle work loop (loop A,
acclimation (Figs 4, 5). Hence, by elimination, it appears thafig. 8) is shifted so that it starts earlier (i.e. a more negative
the increased activation rate is responsible for the increase phase, loop B), it results in the force reaching a higher level
power associated with thermal acclimation of the muscle. and thus generating more positive work during the first portion
The faster activation rate in cold-acclimated muscle appeacs shortening. However, the higher positive work is achieved
to increase power production by enabling force to increase tt the cost of having much more negative work during the last
a higher level before the beginning of shortening, whileportion of lengthening (area 1, Fig. 8). By contrast, in a work
avoiding an increase in negative work during lengthening. Fdoop from a faster-activating muscle, high force at the
instance, as shown in Fig. 6, having a faster activation rateeginning of shortening can be achieved without as much
permits force to rise very rapidly to a high level by thenegative work because the stimulus can start relatively late in
beginning of shortening. Thus, the cold-acclimated muscle cahe cycle (i.e. with a small negative phase; Fig. 6). This late
generate much more positive and, hence, net work. Th&imulus results in less negative work (i.e. there is a smaller
potential importance of the faster activation rate is als@rea under the work loop trace during lengthening), thus
illustrated by the substantially higher force level in theleading to a large increase in net power.
isometrically contracting cold-acclimated muscle 40ms The underlying molecular mechanism for the faster activation
following stimulation (Fig. 4, inset; note that 40ms is therate has not yet been determined. Experiments on toadfish
approximate time between the first stimulus and the start @psamus tatnave shown that Gatransient duration, the off-
shortening in the work loop illustrated in Fig. 6). rate of C&" release from troponin and the crossbridge kinetic
It should be noted that the large magnitude of the increasate constants are three major determinants of twitch speed
in work in cold-acclimated muscle reflects to some extent thgRome et al., 1996; Rome et al., 1999). It is possible that the
observed faster activation rate (without a concomitant speeding
120 up of Vmay) might reflect a faster crossbridge attachment rate
constant. This faster rate would permit the observed faster rise
in force but, by itself, would not lead to a fasttax (which is
dependent on crossbridge detachment rate constant). Ultimately,
biophysical measurements must be performed to determine the
mechanism responsible for the faster activation rate.
Regardless of the exact mechanism of thermal acclimation,
our work has demonstrated an impressive acclimation effect on
contractile properties. It shows that the rate of activation is an
important determinant of power output during oscillatory
contractions and that a change in the activation kinetics can
result in substantial increases in power generatiorivo. It
has been assumed by some authors\that and relaxation
rate are the major determinants of power output (e.g. Marsh,
1990; Rome and Swank, 1992). However, it has previously
been recognized that, at relatively high oscillation frequencies,
slow activation rates can in fact limit power production
because force cannot rise to a sufficient level in the reduced
0 . . . . . time prior to shortening (e.g. Josephson, 1993; Lutz and Rome,
-006 -004 -0.02 0 002 004 006 1994; James et al., 1996; Curtin et al., 1998). Our study
Length change (ML) provides the first empirical demonstration of which we are

_ , . _ ~aware of a large increase in power output associated with the
Fig. 8. Changes in power due to shifting phase (stimulus start t'm%creased rate of activation alone.

in a POST muscle work loop. Loop A conditions are the same as

warm-acclimated POST muscle at 30 cfhat 10°C. Loop B hasthe  \j5re power from changes in the muscle stimulation pattern
same conditions except that the stimulus has been shifted to start

30ms earlier. Note the higher force levels in loop B at the start of NOt all the increase in power is due to a change in the
shortening. Area 1 is the work that would be gained by having &ontractile properties of the muscle. The 20% reduction in
faster activation rate instead of shifting the start of the stimulus to 8timulus duty cycle measured in cold-acclimated scup
more negative phasklL, muscle length. The timing of the stimulus compared with warm-acclimated scup in the accompanying
is denoted by the thicker section of the work-loop trace. paper (Rome and Swank, 2001) resulted in an up to twofold

- —50° phase, 99 ms stimulus

100 o -79° phase, 130 ms stimulus

80

60

Force (kN m2)

40
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increase in power production (Fig.3). Power increased As there was no significant difference in any of the oitiner
primarily in muscle from the MID and POST positions, vivovariables, the reduction in duty cycle appears to be solely
although greater differences in duty cycle were measured at thesponsible for the portion of increased power due to changes
ANT-1 and ANT-2 positions. There are two factors thatin in vivo conditions brought about by cold acclimation. This
contribute to the smaller increase in power output in thevas demonstrated by the substantial increase in power output
anterior positions despite the larger reduction in stimulus dutwhen a muscle was driven through work-loop conditions that
cycle. First, the anterior muscle needs a larger change in dutyere identical except that the stimulus duty cycle was
cycle to produce an increase in power output becausi the appropriately reduced.

vivo duty cycle measured from warm-acclimated anterior Thus, we have identified an impressive acclimation of the
muscle is so much longer than optimal. For instance atimulation pattern. We have shown previously that the power
40cm i, the optimal stimulus duty cycle is 20 % (Rome andoutput of red muscle from warm-acclimated scup is greatly
Swank, 1992), but thim vivo duty cycle is 48%. Second, the reduced when the fish are placed at low temperatures (for
ability to produce power at the anterior muscle positions igpproximately 24 h) and made to swim. This is because there
limited by the lowin vivo strain of 1.5-3%. Thus, no matter was no reduction in stimulation duration (or tail-beat
how the stimulus duty cycle and phase are adjusted, the musélequency) to compensate for the slowing of the muscle
will be unable to generate very large powers. In contrastelaxation rate (Swank and Rome, 2000). By contrast, in the
warm-acclimatedn vivo duty cycles for the MID and POST accompanying study (Rome and Swank, 2001), we found that
positions are much closer to optimal (see Fig. 6 in Swank amstimulus duty cycle is reduced during cold acclimation. By
Rome, 2000), and the strains are much larger and approach tiéving muscles under thein vivo conditions, we were able
optimal value for power production (5.6 % for 40ciRome  to demonstrate that these changes do, in fact, lead to a
and Swank, 1992). Therefore, a small change in duty cycle faubstantial increase in the mechanical power output of the
the MID or POST muscle results in a substantial increase ifish’s musculature during swimming. This is the first report, of
power. It should be noted that, at 30 ¢ the cold-acclimated which we are aware, of this type of thermal acclimation.
conditions did not lead to a significant increase in power

production. For the POST position, this is because there was Relevance to swimming performance

no difference between the warm- and cold-acclimatedvo Cold acclimation appears to increase significantly the
conditions. In the MID position, in contrast, there was arpower output of the red muscle during swimming at cold
approximately 50% increase in mean power productiontemperatures, particularly in the MID and POST regions of the
however, the large level of variation in the data for this positiofish. Hence, we might expect a significant gain in swimming
prevents this increase from being statistically significant. ~ performance. Interestingly, in the preceding report (Rome and

Fig. 9. The relative total power output of the
musculature as a function of swimming spee Relative power
10°C. The blue curve represents the power ol 0.5 i i

_ Total red muscle power required for swimming
of the red musculature from cold-acclimated .

cold-acclimated

and the red curve represents the power output
warm-acclimated fish. The relative power outpu 0.4+
the red musculature was determined by integr:
the power output of the red muscle along
length of the fish and then normalizing to
integrated power output of the red+pink muscl
fish swimming at 80cnt$ and 20°C (as outline
by Rome et al., 2000). We chose power outpi
80cmsl and 20°C as an estimate of the maxin
power output that the combined red and |
musculature can generate during swimming. 0.14
seems reasonable because 80¢nissclose to th '
swimming speed of initial white muscle recruitm
at 20°C, and we know that both pink and
muscle are recruited at this swimming sp
(Coughlin and Rome, 1999). The relative po
required for swimming at slower speeds (bl Swimming speed (cm s1)
curve) was calculated on the basis of the assumpuon
that the power required is proportional to the cube of swimming speed (Webb, 1978): relative power Me(ppieed/S®, This figure shows
that there is a very large increase in total red muscle power output associated with thermal acclimation, which probabifiepeahait

o
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acclimated fish to swim at 40 crisusing red muscle alone, whereas the warm-acclimated fish cannot. However, at swimming speeds of
58-63cms! (the initial speeds of white muscle recruitment for warm- and cold-acclimated fish), the red musculature generates very little

power, only a small proportion of the total power required to swim at that speed.
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Swank, 2001), we observed that the mean swimming sped®cms?, we predict that, during cold acclimation, the speed
of initial white muscle recruitment was only slightly at which pink muscle is initially recruited would be shifted to
(approximately 10%) higher in the cold-acclimated fish, buhigher speeds, between 40 and 50¢ns

this was not statistically significanP£0.11 for 10°C and Finally, quantitative analysis of red muscle and pink muscle
P=0.054 for 20 °C). How do we reconcile large power increasegower output explains why we did not observe a larger change
at the muscle level with apparently little or no increase in thign the speed of initial white muscle recruitment in the cold-
particular measure of whole-animal swimming performance? acclimated scup. At 50 cm’s the red musculature from cold-

To assess better the effects of thermal acclimation on overaltclimated fish generates approximately 45% of the total
power generation during steady swimming, we determined theower needed to swim at that speed, whereas the red muscle
power generated by the red musculature by integrating alorffppm the warm-acclimated fish can generate only
the body of the fish the product of power per kilogram and redpproximately 10%. The remainder of the power must be
muscle mass at each position (as outlined in Rome et al., 200@gnerated by the pink muscle, which is capable of generating
By comparing these power values with the approximate poweronsiderable power at high swimming speeds (Coughlin et al.,
required for swimming (black curve, Fig. 9), we conclude thatt996; Coughlin and Rome, 1996). Between 58 and 63tms
it is unlikely that warm-acclimated scup (red curve, Fig. 9) carfthe swimming speeds at which white muscle is initially
power swimming at 40 or 50 crmisat 10 °C with just their red recruited in the warm-acclimated and cold-acclimated fish,
muscle (Rome et al., 2000; Coughlin and Rome, 1999). Faespectively), we predict that the contribution by the red
instance, at 50 cmmsand 10 °C, the fish’s red musculature canmusculature to the total power needed for swimming will be
generate a relative power of only 0.02, yet the fish needs far smaller than at 50cm’ The reason is that the power
generate a value of approximately 0.27 to power swimmingequired for swimming increases substantially (Fig. 9), while
Similarly, at 40cm&d!, the red muscle power outputs falls the power output of the red musculature probably drops
substantially below that required for swimming at this speeddramatically. The power output of the red musculature from
In contrast, if the red muscle were fully recruited at 30@mns cold-acclimated fish drops fourfold between 30 and 50éms
it could generate a value of 0.16, which is higher than théig. 9) and will probably continue to decrease rapidly with
power required (0.07). This analysis suggests that warnincreasing swimming speed, largely because of an increased
acclimated fish would be capable of swimming at onlytail-beat (muscle oscillation) frequency (Rome and Swank,
30cms? at 10 °C with their red muscle alone. 1992; Rome et al., 2000). Hence at 58-63Tmthe power

Cold acclimation increases power generation considerablputput of the red muscle would be quite small for both
Using the same normalization procedure, we calculated that, atclimation groups [probably less than 10 % of the total power
30, 40 and 50cnT$, the red musculature of cold-acclimated (red muscle+pink muscle) required for swimming]. Thus, even
fish (blue curve, Fig. 9) could generate relative power valuethough the red musculature of cold-acclimated fish generates
of 0.44, 0.32 and 0.11, respectively. This corresponds to 2.fhany times the power of the red musculature of warm-
8.9 and 5.8 times more total power, respectively, than that iacclimated fish, the fact that the red muscle makes such a small
warm-acclimated fish. On the basis of the power required fasontribution to the total power generated at 58-63@ms
swimming, these data suggest that, unlike warm-acclimateekplains why there is little or no increase in the initial speed
fish, the red muscle in cold-acclimated fish should be able tof white muscle recruitment.
power swimming to at least 40 critgi.e. the fish only needs  Despite not increasing the white muscle recruitment speed,
to generate a power value of 0.15, whereas it is capable tife ability of red muscle in cold-acclimated fish to generate
generating up to 0.32; Fig. 9). However, this analysis alsbigher power probably results in several important
suggests that the red muscle of cold-acclimated fish would stilnprovements in cold-temperature swimming performance at
be unable to power swimming at 50 cths moderate cruising speeds. First, because the red muscle of cold-

This analysis has several important implications foracclimated fish is able to generate far more power during
swimming performance. First, pink muscle must be recruitedwimming, it is almost certainly more efficient (i.e. it generates
to swim at 50cm3¥ at 10°C in both acclimation groups. As more mechanical work for a given metabolic energy input).
discussed previously (Rome et al., 2000), pink muscle, becauséhough we did not measure the efficiency of red muscle
of its much faster activation rate, relaxation rate \éngk, can  directly, the higher efficiency in cold-acclimated fish is readily
generate more mechanical power unievivo conditions at  apparent during swimming at a speed of 40T@mAt this
cold temperatures (Coughlin et al., 1996; Coughlin and Romapeed, the efficiency (expressed as mechanical power output/
1996). Hence, although its volume is only approximately onemetabolic power input) of most of the red muscle in the warm-
third of that of the red muscle, it generates an increasingcclimated fish must be less than zero because the power output
proportion of the power for swimming as the fish swims fastelis negative. In contrast, the red muscle in the cold-acclimated
Second, electromyographic experiments on warm-acclimateftsh generates positive work and thus must have a positive value
fish (Coughlin and Rome, 1999) have shown that pink muscler efficiency. Because the mechanical power required for
is substantially recruited by 40cmsas would be predicted swimming at a given speed is the same in both cold- and warm-
from Fig. 9. As the cold-acclimated fish apparently generateacclimated fish, the higher efficiency probably results in the
enough power with its red muscle to power swimming aenergetic cost of swimming at a given speed being significantly
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lower in cold-acclimated fish. Second, red muscle has a highermolecular and cellular physiology and organismal performahce.
mitochondrial density than pink muscle (Johnston et al., 1977; Exp. Biol.198 2165-2175.

Johnston, 1983) and, therefore, a higher aerobic capacity adghnston, I. A.(1983). Dynamic properties of fish muscle.Hish
greater fatigue-resistance. Being able to generate more poweBiomechanicged. P. W. Webb and D. Weihs), pp. 36-67. New

with the highly aerobic red muscle, and thereby requiring less
power output from the less aerobic pink muscle, may prolon&O

the duration of steady swimming in cold-acclimated fish.

York: Praeger.

hnston, I. A., Davison, W. and Goldspink, G(1977). Energy
metabolism of carp swimming musclek. Comp. Physiol114,
203-216.

In conclusion, we have Obse.rved d.ram"?‘tic increqses in .tl'b%hnston, I. A., Fleming, J. D. and Crockford, T.(1990). Thermal
power output of red muscle during swimming associated With 4ccjimation and muscle contractile properties in cyprinid fish.
acclimation to the cold. One mechanism, a reduction in j physiol.259 R231-R236.
stimulus train duration (i.e. EMGs), is the first notedJosephson, R. K(1993). Contraction dynamics and power output of
acclimation of this type and leads to significant increases in skeletal muscleAnnu. Rev. Physiob5, 527-546.
power generation. Furthermore, the unanticipated increase angfeld, K. S., Crockford, T. and Johnston, I. A. (1991).
the rate of activation of the muscle increases power output asTemperature acclimation in the common carp: force-velocity
well. We hypothesize that, at moderate cruising speeds, thesecharacteristics and myosin subunit composition of slow muscle

changes enable the cold-acclimated fish to swim with a lower
energy cost and with reduced reliance on the less fatigué
resistant pink muscle. Both these abilities may increase tf}&-

fibres.J. Exp. Biol.155 291-304.

utz, G. and Rome, L. C.(1994). Built for jumping: the design of
frog muscular systenScience263 370-372.

arsh, R. L. (1990). Deactivation rate and shortening velocity as

swimming speed at which prolonged aerobic muscle activity yaterminants of  contractile frequencgm. J. Physiol. 259
can occur and, thus, reduce the travel time for the long seasonagos3_R230.

migrations (several hundred kilometres) in which scup engag&ome, L. C.(1982). The energetic cost of running with different

muscle temperatures in savannah monitor lizakdExp. Biol.97,
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manuscript. Supported by NIH AR38404, NSF IBN-9514383 recruitment and functiom vivo. Am. J. Physiol259, R210-R222.

and NIH AR46125.

References

Altringham, J. D. and Johnston, I. A. (1990). Modelling muscle
power output in a swimming fis. Exp. Biol.148 395-402.

Coughlin, D. J. and Rome, L. C(1996). The role of pink and red
muscle in powering steady swimming in scuptenotomus
chrysops. Am. ZooB6, 666—677.

Coughlin, D. J. and Rome, L. C(1999). Muscle activity in steady
swimming scupStenotomus chrysops a function of fiber type
and body positionBiol. Bull. 196, 145-152.

Coughlin, D. J., Zhang, G. and Rome, L. C(1996). Contractile
dynamics and power production of pink muscle of the stupxp.
Biol. 199, 2703-2712.

Curtin, N. A., Garner-Medwin, A. R. and Woledge, R. C(1998).

Rome, L. C., Cook, C., Syme, D. A., Connaughton, M. A., Ashley-
Ross, M., Klimov, A. A., Tikunov, B. A. and Goldman, Y. E.
(1999). Trading force for speed: Why superfast crossbridge kinetics
leads to superlow forcesProc. Natl. Acad. Sci. US/96,
5826-5831.

Rome, L. C., Sosnicki, A. A. and Choi, 1(1992). The influence of
temperature on muscle function in the fast swimming scup. Il. The
mechanics of red musclé. Exp. Biol.163 281-295.

Rome, L. C. and Swank, D(1992). The influence of temperature on
power output of scup red muscle during cyclical length chadges.
Exp. Biol.171, 261-281.

Rome, L. C. and Swank, D.(2001). The influence of thermal
acclimation on power production during swimming.Id. vivo
stimulation and length change pattern of scup red musckExp.
Biol. 204, 409-418.

Rome, L. C., Swank, D. and Corda, D(1993). How fish power
swimming.Science261, 340—-343.

Predictions of the time course of force and power output byRome, L. C., Swank, D. and Coughlin, D. J2000). The influence

dogfish white muscle fibres during brief tetahi Exp. Biol.201,
103-114.
Fleming, J. R., Crockford, T., Altringham, J. D. and Johnston, I.

of temperature on power production during swimming. Il
Mechanics of red muscle fibresvivo. J. Exp. Biol. 203, 333—-345.
Rome, L. C., Syme, D. A,, Hollingworth, S., Lindstedt, S. L. and

A. (1990). Effects of temperature acclimation on muscle relaxation Baylor, S. M. (1996). The whistle and the rattle: the design of sound

in the carp: a mechanical, biochemical and ultrastructural siudy.

Exp. Zool.225 286-295.

Heap, S. P., Watt, P. W. and Goldspink, G(1985). Consequences

producing muscles2roc. Natl. Acad. Sci. US®3, 8095-8100.

Swank, D. and Rome, L. C(2000). The influence of temperature on

power production during swimming. I vivo length change and

of thermal change on the myofibrillar ATPase of five fresh water stimulation pattern]. Exp. Biol.203 321-333.

teleostsJ. Fish Biol.26, 733-738.
James, R. S., Young, I. S., Cox, V. M., Goldspink, D. F. and

Swank, D., Zhang, G. and Rome, L. ©1997). Contraction kinetics

of red muscle in scup: mechanism for variation in relaxation rate.

Altringham, J. D. (1996). Isometric and isotonic muscle properties J. Exp. Biol.200, 1297-1307.

as determinants of work loop power outplfliigers Arch.432
767-782.

Webb, P. W. (1978). Hydrodynamics: non-scombroid fish.Hish

Physiology vol. 7, pp. 189-237. New York: Academic Press.

Johnson, T. P. and Bennett, A. F(1995). The thermal acclimation Zhang, G., Swank, D. and Rome, L. C.,(1996). Quantitative
of burst escape performance in fish: an integrated study of distribution of muscle fiber types in the scdpMorph.29, 71-81.



