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Summary

Fast-starts associated with escape responses were filmedmuscle fibre strains in all the myotomes during the start.
at the median habitat temperatures of six teleost fish: A work-loop technique was used to measure mean muscle
Notothenia coriicepsand Notothenia rossii (Antarctica), power output at similar strain and shortening durations to
Myoxocephalus scorpiuéNorth Sea),Scorpaena notatand  those foundin vivo. The fast Sc. notatamyotomal fibres
Serranus cabrilla (Mediterranean) and Paracirrhites produced a mean muscle-mass-specific power of
forsteri (Indo-West-Pacific Ocean). Methods are presented 142.7Wkg?! at 20°C. Velocity, acceleration and
for estimating the spine positions for silhouettes of hydrodynamic power output increased both with the

swimming fish. These methods were used to validate
techniques for calculating kinematics and muscle dynamics
during fast-starts. The starts from all species show common

travelling rate of the wave of body curvature and with the
habitat temperature. At all temperatures, the predicted
mean muscle-mass-specific power outputs, as calculated

patterns, with waves of body curvature travelling from
head to tail and increasing in amplitude. Cross-validation
with sonomicrometry studies allowed gearing ratios
between the red and white muscle to be calculated. Gearing
ratios must decrease towards the tail with a corresponding
change in muscle geometry, resulting in similar white

from swimming sequences, were similar to the muscle
power outputs measured from work-loop experiments.

Key words: fast-start, skeletal muscle, muscle power output, fish,
swimming.

Introduction

Fast-starts are bursts of high-energy swimming startings movement plays a crucial role in determining muscle
either from rest or during periods of steady swimmingperformance. Maximum power production during a cyclical
(Domenici and Blake, 1997). They are used in interactionmovement requires the muscle to be fully active during
between predator and prey and are presumably importashortening but fully relaxed during lengthening. However,
determinants of survival and feeding success. Fast-starts areither activation nor deactivation occurs instantaneously.
largely powered by the recruitment of the fast myotomaMuscle force is also modulated by shortening deactivation
muscle since the required strain rate exceeds that of the slowéEdman, 1980; Ekelund and Edman, 1982) and active
contracting red muscle fibres (Roraeal. 1988; Altringham  prestretch (Edmaat al. 1978,b, 1982).
and Johnston, 1990). Red and white muscle fibres are Muscle performance has been modelled for fish using data
anatomically distinct in fish myotomes (Alexander, 1969) andn activation times and ultrastructure coupled to steady
so fast-starts provide a good system on which to model musderce—velocity characteristics (van Leeuwenal. 1990; van
action for biologically important behaviours. Leeuwen, 1992). These methods have been used to predict

Muscle power output is the product of force and itsmuscle function at different longitudinal positions, but not the
shortening velocity. Estimates of power output were originallyabsolute power output.
derived from steady-state force—velocity relationships The effect of muscle movement can be incorporated into
measured during isotonic shortening experiments (e.g. Weisauscle force measurements by using work-loop techniques
Fogh and Alexander, 1977). The mean muscle-mass-specifichere isolated fibres are subjected to cyclical length changes
power output during a complete contraction cycle wasvhilst the force production is measured. This approach was
estimated in this way to be 80 Wigfor insect synchronous developed by Machin and Pringle (1959) for asynchronous
flight muscle (Ellington, 1985). During the dynamic situationinsect muscle, applied to synchronous insect muscle by
of muscle contraction found in most biological behavioursJosephson (1985) and first used on fish by Altringham and
however, quasi-steady predictions do not account for the whollohnston (1990). Mean muscle-mass-specific power outputs
muscle performance. The timing of muscle activity relative taluring complete work loops have been measured at 130 kg
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at 40°C for the hawkmotiManduca sextgStevenson and literature) with predictions made from whole-body swimming
Josephson, 1990) and 135Wkgat 35°C for the lizard performance during fast-starts. The species used in this study
Dipsosaurus dorsalis(Swoap et al. 1993). Work-loop were drawn from a range of habitat temperatures. It is known
experiments on fish have been refined further by taking diretihat increases in temperature correlate with increased muscle
measurements of tha vivo muscle length changes and power output for a range of phyla (Stevenson and Josephson,
activation patterns using sonomicrometry and1990; Josephson, 1993). Greater muscle power availability
electromyography techniques and then imposing thesghould drive higher fast-start accelerations and thus higher
shortening regimes on isolated fibriesvitro (Franklin and  velocities. We thus hypothesised that fast-start performance, in
Johnston, 1997). These techniques have resulted in fish me@nms of velocity and acceleration, would be lower for colder
muscle-mass-specific power outputs being measured betwesgpecies and that increases in fast-start performance would
18.1Wkg? at 0°C for Notothenia coriicepgFranklin and mirror increases in the muscle power available at higher
Johnston, 1997) and 75.7 Whgat 15°C forMyoxocephalus temperatures. This study also set out to quantify the muscle
scorpius(G. Temple, personal communication). kinetics for these starts to determine whether differences in
Muscle power output can be estimated from the whole-bodfast-start performance were related to differences in muscle
performance of an animal. During most locomotory activitiesshortening.
the power required for motion must be generated by the
muscles. Estimates of the hydrodynamic power requirements
for swimming can thus be used to predict a minimum value for
fish muscle power output. Frith and Blake (1995) estimated a Fish
muscle-mass-specific power output of 300 Wikat 10 °C for The marine fistNotothenia coriicepg§Nybelin), Notothenia

Materials and methods

fast-starts in pike€Esox luciususing such an approach. This rossii (Richardson)Myoxocephalus scorpiug.), Scorpaena
prediction is higher than any fish muscle power outpuhotata(L.), Serranus cabrilla(L.) and Paracirrhites forsteri

measured to date.

(Bloch and Schneider) were used for this study. The Antarctic
The aim of the present study was to compare estimates nbtothenioids were caught by the British Antarctic Survey

muscle power output from work-loop measurements omround Signy Island, South Orkneys, in 1995; the short-horn

isolated fibres (both from this study and drawn from thesculpinM. scorpiuswere caught in St Andrews Bay, Scotland,

Table 1.Morphological body parameters of the fish used in this study

Paracirrhites Serranus Scorpaena Myoxocephalus Notothenia Notothenia
Species forsteri cabrilla notata scorpius rossii coriiceps
N 6 5 7 7 5 4
L (m) 0.176+0.007 0.112+0.005 0.105+0.004 0.176+0.009 0.246+0.025 0.238+0.010
m (kg) 0.1076+0.0123 0.0202+0.0048 0.0231+0.0024 0.0929+0.0158 0.1578+0.0415 0.1585+0.0155
Mm 0.322, 0.424 0.470 0.363+0.008 0.294, 0.301 0.447+0.001 0.300*
(N=2) (N=1) (N=4) (N=2) (N=3)

ép 0.0886+0.0032 0.0948+0.0028 0.1195+0.0036 0.1402+0.0036 0.0861+0.0041 0.1032+0.0032
S 0.2120+0.0064 0.1781+0.0037 0.1895+0.0014 0.1252+0.0016 0.1432+0.0061 0.1566+0.0015
Shet 0.4697+0.0123 0.4306+0.0058 0.4854+0.0074 0.4173+0.0048 0.3603+0.0146 0.4080+0.0054
M 0.0164+0.0008 0.0143+0.0003 0.0215+0.0008 0.0169+0.0004 0.0108+0.0007 0.0143+0.0005
fl(s)) 0.390+0.002 0.410+0.005 0.365+0.003 0.409+0.010 0.355+0.008 0.368+0.004
I}(Sa) 0.444+0.001 0.472+0.005 0.434+0.005 0.473+0.012 0.419+0.009 0.427+0.006
11(S) 0.478+0.004 0.496+0.007 0.431+0.005 0.382+0.013 0.472+0.007 0.470+0.002
fz(S) 0.545+0.004 0.563+0.007 0.495+0.006 0.445+0.014 0.540+0.007 0.540+0.002
rl(SNe[) 0.452+0.004 0.466+0.005 0.406+0.003 0.397+0.003 0.428+0.005 0.430+0.002
fz(SNet) 0.518+0.004 0.534+0.005 0.471+0.004 0.463+0.004 0.498+0.006 0.498+0.003
I](M) 0.380+0.001 0.405+0.004 0.343+0.004 0.335+0.003 0.349+0.007 0.357+0.004
I}(M) 0.422+0.001 0.459+0.005 0.390+0.004 0.381+0.003 0.401+0.009 0.409+0.005
I}(m) 0.372+0.004 0.344 0.335+0.014 0.338

(N=1) (N=1)
[2(m) 0.418+0.004 0.388 0.386+0.013 0.388

(N=1) (N=1)
f(l) 0.192+0.004 0.214+0.003 0.186+0.002 0.176 0.190+0.004 0.197+0.005

(N=1)

Values are mean <e.m., whereN is the number of values unless indicated otherwise. WNireteor 2, one or both values are given.
See symbols list for definitions of parameters.

*Data from Harrisoret al. (1987).
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UK, in 1995; the Mediterranean scorpionfiSh. notataand  unsteady velocities and accelerations, and their estimates are
comber Se. cabrilla were caught and supplied by the very sensitive to the manner in which the data are smoothed.
Zoological Station, Naples, Italy, in 1997; the tropical black-This study fitted cubic regressions to subsequent sections of
sided hawkfishP. forsteriwere imported from the Hawaiian the position data in order to smooth the estimates of position.
Islands in 1996. In their natural habitats, these fish experiendéis method is analogous to fitting a moving average (Webb,
the following temperature ranges: Signy Island, Antarctical978; Frith and Blake, 1995; Harper and Blake, 1989, 1990;
(60°43S, 45°36W), -2 to 1°C; North Sea, 4-17°C; Domenici and Blake, 1991; Kasagti al. 1992; Beddowet al.
Mediterranean Sea, 10-28°C; Hawaiian Islands, 24-26°Q.995; Franklin and Johnston, 1997) with the difference that we
Temperature-controlled aquaria in our laboratory maintainetbok a cubic fit where traditionally a linear fit has been used.
the fish at their respective median temperatureli.eoriiceps The position data gave a seried\Nofalues where there were
andN. rossiiat 0°C,M. scorpiusat 15°C,Sc. notataandSe.  Nframes in the sequence. For each frgraésmooth’ estimate
cabrilla at 20°C andP. forsteriat 25°C. The numbers and of the position was given by the valog), whereh(x) was the
sizes of the fish can be found in Table 1. Fish were held &ast-squares cubic regression for xheordinates in frames
these temperatures for at least 4 weeks prior to observatiojis to j+n and the smooth width was21. The velocity and

and were fed daily on krill, chopped squid or shrimp. acceleration for each frame were given by the first and second
_ _ differentials, respectively, ofh(j) with respect to time.
Kinematic parameters Smoothed results were not calculated for the first andnlast

Fast-starts were filmed in a static tank with dimensiongrames in the sequence. The procedure was repeated for the
2.0mx0.6 mx0.2m (length x width x height). The water data in they direction. Where there was a maximum or
temperature was controlled at the acclimation temperature foninimum to the data, then the cubic fit would accurately match
the species being filmed. Starts were elicited by visual or tactilée peak values. The smooth width was still important; if it was
stimuli; for N. coriicepsandM. scorpius starts were elicited too small, then peak values would contain digitizing
by a tap to the caudal peduncle with a rod, whilst the othamcertainty, and if it was too large then it would encompass
species were startled by the rod approaching from the fronéeveral peaks and thus be unable to give a good fit to each one.
The tank was lit from underneath by a bank of five 70W The effect of the smooth width on the maximum velocity
fluorescent strip lights. Overhead images of the fish were
filmed via a mirror positioned at 45° above the tank. Fish
silhouettes were recorded on 16 mm llford HP5 film on a NAC |
Inc., Japan, E-10 high-speed ciné camera at 500 frafhess |
using a 29mm lens. The light path between the fish and the 3009 | Ana
film was 2.6 m, and the frame diagonal was typically four fish \
lengths long. Film sequences were digitized on a NAC 160F
film motion image analyser. The standard error of digitizing a
reference point on sequential frames corresponded to
0.001 body lengths. Timing for the sequences was calibrated by
means of a light strobing at 100 Hz within the camera. All fast-
start sequences that did not show tilting or rolling of the fish
were analysed.

The x,y coordinates of 10 equidistant points running from
snhout to tail along the spine were digitized by eye for each ciné
frame. The centre of mass for a straight stretched fish lies at a
distancel1(m) along the spine from the snout whérém) is 0
the nc_)n-dimensional re'ldius qf the first moment of mass (sge 0 20 40 60 80 100
equation Al4, Appendix). Using the procedures described in
the Appendix (equations A30-A32), thg coordinates of this
point on the spine were calculated. This ‘quick’ method waFig. 1. Increasing the width of sequential portions of the cubic fit to
validated against a more rigorous method involvingthe position data results in a decrease in the estimated maximum
computation of the spine position from the fish outlines/€loCity Vmaxand acceleratioAmax The smooth width of 43 for this
(equations A18—-A29). Similarly, a detailed method is given jrsequence (vertical line) results in a f_lt where the digitizing errors
the Appendix for quantifying fish morphology. Validation of have been smoothed, but the overall displacement data are preserved.

the various techniques is described more fully in a later SectioThe standard error of the smoothed positions from the raw data is
q y 0.0019. (N=150), wherd_ is total length for this smooth width. The

standard error of the position of a reference point digitized from

. Velocity an.d acceleration . sequential frames is 0.00128N=80). The smooth width of 43 can
Velocity V and acceleratioiA were determined from the thus be justified from the digitizing accuracy. The 95% confidence

displacement of the centre of mass of the fish during the firlimits of the velocity and acceleration data are shown by the shaded
complete tailbeat of each start. Fast-starts involve botregion.

200

95% limits

Per cent of correct value

100 ~

Smooth width
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Vmaxand acceleratioAmax estimates can be seen in Fig. 1. AsaccelerationA are the following functions of the rotational
the smooth width increases, there is a sharp initial drop as thalues:w=V/r anda=A/r, respectively. Substituting the values
digitizing errors are smoothed. Next occurs a relatively levefor |, wandainto equation 2 reduces the expressiorP{esr rot
portion with the peaks and troughs being accurately fittedo the same as the translational inertial poRiggr as given in
Finally, the values of maximum velocity and acceleratiorequation 1. Inertial power was thus calculated from tangential
decrease and the increasing smooth width causes overlocity and acceleration regardless of whether the fish
smoothing. Values for the smooth width which gave accuratfllowed a linear or turning course.
fitting of the maxima coincided with those that resulted in the Translational inertial power estimates consider the
standard error of the smoothed position data from the raacceleration of the centre of mass of the fish in the tangential
position data matching the standard error of repeatedlglirection. The centre of mass does not necessarily occur at a
digitizing a point from the film (Fig. 1). Thus, we have position along the spine; as a fish bends int@-shape, the
confidence that the velocity and acceleration estimates weoentre of mass moves away from the spine to lie within the
based on the correct degree of smoothing. space enclosed by thé” Weihs (1973) showed the fish centre
The correct value for the smooth width depends on thef mass in its actual position, moving away from the spine
digitizing accuracy. The correct smooth width also depends otiuring bending. Later studies, however, take it to occur at the
the number of digitized frames per tailbeat or similar evensame point along the spine as in a straight-stretched fish. The
which produces a fluctuation in acceleration. Smooth widthposition vector describing the true centre of mass is estimated
was estimated independently for each species analysed herby the mean position of 10 segments of the fish when each
Velocity and acceleration were determined for bothxtiwed ~ segment is given a weighting of its mass (volume):
y directions, and the resultant was calculated as the total valu
The acceleration estimate thus included the centripete 0
acceleration and did not necessarily take the same direction .le(l Vi
the velocity. The tangential acceleration, which is the q :'_T : ©)
component of acceleration in the velocity direction, was alst

calculated. Rotational velocity and acceleration were estimateq., . .
. . i) is the position vector for the centre of each segment (see
from the change in yaw angle in an analogous manner to th

translational values, where yaw is the angle between theequatmns A30-A32)yi is the volume for that segment as

. . -, (%alculated for the straight fish (equation A9), &hib the total
velocity vector and the spine at the position of the centre Ovolume of the fish (equation A10). The effect of taking the
massy (see equation A33). q ' g

Length-specific velocity\7 and accelerationA were actual centre .Of mass for the fish as opposed to that ocgqrring
calculated relative to the total body lengttwhereV=V/L and along the spine can be seen in Fig. 2. Ml.JCh of the initial
A=AIL, respectively. movement of the spine occurs because the fish bends and does

not represent a net displacement of the centre of mass. The
Power requirements during swimming (t;)ouLse of the centre of mazs is rr;]ucfh itraighter than that shown
. . . the centre as positioned on the fish spine.
e e e Usel cfoaynamic PPy (-Pa) 15 xponded 1

I ; o propel the fish in its direction of travel. However, as the body
d|rect|9n can be approximated by the inertial powir flexes, there is lateral motion; the total hydrodynamic power
where: Pt is the total power expenditure during the movement both in

Pise = Rper = (M+mM)VA (1) the direction of travel and perpendicular to that direction. The
hydrodynamic efficiency) is the ratio of the useful power to
andm is the body massna is the added mass of water that the total power:
must be accelerated with the bodyis the velocity, and\ is

the acceleration. The added mass of water that moves with n= h . (4)
fish during fast-starts has been estimatetha®.2m (Webb, R
1982).

The inertial power as described in equation 1 is that requir
for linear accelerations. The inertial power required for
rotational accelerationPinerrot IS given by a second
relationship:

ke (Esox luciu} fast-starts by Frith and Blake (1995), who
ive values of] which relatePt to useful hydrodynamic power
and additionally give values ¢finer calculated for the same
sequence. The meanfor the pike fast-starts which related
Rrer, rot = lwa , (2) Pinerto Pt is 0.31, and this value was used for the starts in the
present study. Specific differences in kinematics may lead to
wherel is the moment of inertia of the fish-[2(m+my)] about  specific differences im; however, this will only be resolved
the centre of rotationy is the angular velocityg is the angular  when detailed hydrodynamic analyses of fast-starts are applied
acceleration, andis the distance of the centre of mass of theto a range of species.
fish from that centre of rotation. The tangential velo¥ignd During swimming, the fish may rotate so that it does not face

EjEydrodynamic efficiency has been estimated for a number of
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first complete muscle shortening cycle (as seen in the curvature

B plot, see Fig. 7). In almost all cases, the inertial power was
4 frSNe positive. Negative inertial power did occasionally occur,
=N Q/ corresponding to fish decelerations. However, assuming that
& 2 such decelerations are passive during fast-starts, the mean
> / power requirements were calculated solely from the positive
_ contributions.
0
150 ~ Muscle strain
/ \\ White muscle straiey and activation was measured directly
/ | in N. rossii and P. forsteri during fast-starts using the
100 1 A sonomicrometry and electromyography (EMG) method
b 7 A described by Franklin and Johnston (1997). Pairs of
< V. / //\ A\ sonomicrometry crystals implanted into the myotomal muscle
50 AN q i 7 measure the muscle length from the velocity of sound
v \\ /,' \ transmission between the crystals. Anaesthesia was initiated
0 = with a 1:5000 (m/v) solution of bicarbonate-buffered MS222
005 010 015 0.0 (ethyl maminobenzoate) and maintained by irrigation of the

\ 0.096 Time (3 gills with a 1:3 dilution of this solution during surgery. Surgery
was performed in a constant-temperature room set to the

acclimation temperature of the respective species.
Sonomicrometry and EMG measurements were taken from
superficial rostral fibres at 0.85wherelL is the fish total
length. For both species, previous dissections on dead
specimens had confirmed that crystal positioning was in an
alignment parallel to the surrounding fibres. Sonomicrometry
data were also available for two other species recorded from
our laboratoryN. coriicepgFranklin and Johnston, 1997) and
M. scorpius(G. Temple, unpublished data).

Muscle strain was predicted additionally from the shape and

Fig. 2. (A) Spine positions favlyoxocephalus scorpiugrrowheads .
9. 2. (A) Spine p Y P P rvature of the body. The strain at the edge of the planform

indicate the snout, circles denote the position of the centre of mass %'é " X !
located on the spine, and numbers indicate the time (s) at which ea@ﬁh silhouette corresponds to the strain at the lateral line of the

image occurred. The solid blue line marks the displacement of tHésh. This is the region where the red, aerobic fibres occur.
true centre of mass, the solid red line is the displacement of tH&/here muscle fibres run parallel to the spine, then their strain

centre of mass as located on the spine, and the dashed green fnean be calculated using trigonometry as:
shows the displacement of the snout. (B) Non-dimensional velocity .
V and acceleratior\ estimates for the start shown in A. The blue € =bé, (5
lines are for the true centre of mass and the red lines for the centre as
located on th_e spine. Solid lines are for tangentiz_il values, Wh_ereﬂ\?‘nereﬁ (=b/L) is the length-specific distance from the spine
:‘cece?sf;ﬁ; line is the resultant of both tangential and centripetg) y g0 finres (half the width of the fish: see Appendix for
' methods of quantifying fish shape), aid the length-specific
curvature of the spine at that location (equation A35). If the
its direction of travel. Yaw is taken as the angle between therientation of the red fibres is not parallel to the spine, then a
velocity and the tangent to the spine at its centre of héss,  correction should be made when calculating the strain (van
Angular accelerations in yaw must be accompanied by turningeeuwenret al. 1990) as oblique fibres undergo smaller strains
torques, and the power for these can be calculated frothan parallel fibres.
equation 2, wherd is the moment of inertia of the fish  The white fibres run in a helical arrangement deeper within
(equations A15-A17), and anda are the angular velocity and the fish than do the red fibres (Alexander, 1969). This helical
acceleration, respectively, of the yaw. The moment of inertiarrangement results in the strain being similar for white fibres
is taken from straight-stretched bodies and so will be aat different depths; however, this strain may be less than that
overestimate for that fro@-shaped postures. Nonetheless, thefor the adjacent red fibres. The gearing ratio is the ratio of the
mean power expended for the yaw in 10 fast-start sequence= fibre strain to the white fibre strain for a given curvature
was a mere 0.001 % of the inertial power expended for thos# the body and was predicted to take a value of approximately
starts. The costs of yawing were thus ignored during thig (Alexander, 1969). In the present study, the gearing Xatio
analysis. was estimated as the ratio of the mean white fibre sikefior

Mean inertial power was integrated for the duration of the series of fast-starts (as measured using the sonomicrometry
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technique) to the corresponding mean red fibre sirair(as  sine waves. Cycle periods were tested in a range around 92 ms,

calculated by equation 5), where: the mean cycle period for the initial tailbeat as measured from
_ ciné film. Fibre-length-specific peak-to-peak strain amplitude

A= Cred (6) was set to 0.07, corresponding to that used/ibgcorpiusof
Ew similar size; the justification for this assumption is that the

Deviations in red fibre orientation from parallel to the spinek'nematICS of these two species are similar (see Fig. 6). Two

are ignored. This results in a slight overestimate in the gearirF three stimuli were given at a frequency of 260 Hz, which

ratio. However, this error is not propagated into estimates fo as §hown to yleld. maximum tetanic force in prehmmary
the white muscle strain. experiments. Stimuli started just before peak length, with a

duty cycle of 71.5-139.5°. The passive work done by
unstimulated fibres was always less than 4 % of the total work

Validation of the techniques and was subtracted from the total work in each case.

A set of sixP. forsterifast-starts was used to validate the
guicker method of digitizing the spine position ‘by eye’ against
the full method involving equations A18—A29 in the Appendix.
If the calculated spine position is considered to be correct, the
the position judged by eye resulted in mean errors of 1.8% al
1.5% increase iWmaxand lateral line strain, respectively, and
of 0.3% and 1.1 % decreasefnaxandPiner, respectively. The
errors in velocity and acceleration, and therefore power, a
smaller than those introduced by the smoothing technique (s
Fig. 1), and so digitizing the spine by eye does not increase t
uncertainty of the results. The errors for the strain estimat
that are introduced by digitizing the spine by eye are similarly
very small. If the mean white muscle strajfis set by a mean

gearing ratio from equation 6, then there will be no differenc - . .
betweerey, for the two methods of estimating spine position.performgnce paramete¥ax Vimax Amax AmaxandPiner with
the habitat temperature as a factor, whdrés the length-

If the white muscle strain is set by an arbitrary gearing ratio o . .
as has been the case for some other studies, then the differe Sc'f'c velocity at which curvature travels along the body and
' max and Amax are the length-specific maximum velocity and

between the two methods will be smaller than any erro leration  of the fish. ivel The fast-start
involved with the choice of gearing ratio. acceleration 0 € TiSh,  Tespectively. ¢ fastsia

performance parameters adevere all log-transformed owing
In vitro muscle mechanics to their heteroscedastic nature.
) i ] ) Q10 values were calculated from the slopes of least-squares
Muscle contractile properties were determined for live fasfjnear regressions on log-transformed data for kinematic
fibre preparations froic. notataising the protocols described parameters and temperaturao@alues were calculated using
by Johnstoret al.(1995), but with the following modifications. he mean kinematic parameter for each and every species.

Preparations were isolated from the anterior abdominal a| statistical tests were considered significant at a 95%
muscles at a rostal position OL3&long the fish. Fibres were gnfidence level.

dissected in a Ringer’s solution with the following composition

(in mmollY): NaCl, 143; sodiun pyruvate, 10; KCI, 2.6;

MgClz, 1.0; NaHCQ, 6.18; NaHPQs2H20. 3.2; Hepes Results
sodium salt, 3.2; Hepes, 0.97; pH 7.3 at 20 °C. Both dissections :
and measurements were carried out at 20 °C. The length of the . .Body morphologies - ,
preparation was set to give maximal twitch. Preparations were Length—s_pecmc fish chords are shoyvn in Fig. 3. The various
frozen in isopentane cooled 459 °C with liquid nitrogen. morphological parameters are given in Table 1 and shown in

Frozen sections, 10m thick, were cut at several points along Figs 4 and 5 and provide a means to quantify differences

the preparation and stained for myosin ATPase ::1ctivit)pet\’veen the shapes of the SP‘?CieS- The non-(_jimensional radi
(Johnstoret al. 1974). Muscle mass was calculated from itsO!c the "?O”‘e'“s 9f volume provide a good predptor of the non-
volume (the product of length and cross-sectional areag!mens!onal rad_l! of the moments of mass (Fig. 4). 'The non-
assuming a density of 1060 kgh{Mendez and Keys, 1960). imensional radii of the moments of mass are predllcted _from
Maximum contraction velocityo was determined using the the moments of volume by the following linear relationship:
slagk test (Edman, 1979); fibre§ were given a step. r.eleas |‘k(m) =1.065fk(M) - 0.033, @)
during the plateau phase of an isometric tetanus sufficient t
abolish force Vg is the slope of the linear regression of stepwhere k takes a value of 1 or 2 for the first and second
length against the time taken to redevelop force (6—8 stapoments, respectively. The predicted radii of the moments of
changes). Work-loop experiments were performed using singlmass deviate from the relationship in equation 7 with a

Statistics

Least-squares linear regression was performed on sets of
ta to test the dependence of each parameter on the predictor
variable. The kinematic parameters describing velocity,
acceleration and power were all heteroscedastic and so were
r%nly tested after logarithmic transformation. Reduced major
is (Model Il) regression was performed where the predictor
as a random variable (Rayner, 1985), i.e. the non-
mensional radius of thketh moment of volumdk(M) and

iner-

A multivariate analysis of covariance tested the correlation
getween the kinematic parametérred, U and the fast-start
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Fig. 3. Length-specific body choldas a function of the non-dimensional lentar the six species in this study.

standard error of 0.0025 and with an error never more thamdy. Nonetheless, the centres of mass for straight-stretched
0.0207. Some of this variation is interspecific, with differentfish can be estimated reliably from the centres of volume as
species having different density distributions throughout theimeasured using two orthogonal views of the fish alone.
The relationships between the non-dimensional radii of the
moments of area and volume are shown in Fig. 5. They are

0.44

§ " analogous to series given for the shapes of insect wings
] _/ (Ellington, 1984). Relationships between the parameters have
0.42 7 =2 not been explained and have been terrtetls of shaperules
] ﬁ that are obeyed even if the reasons for doing so are unknown’
0.40 7 (Ellington, 1984). These relationships do, however, provide a
= ] © =/ " good way to quantify body shape, and discrete clusters of
= 0387 - points highlight specific morphologies (Fig. 5).
1 /g o The mean depth to slenderness of each species is given by
0.36 7 the ratio §/S, where § and & are the non-dimensional
] o © longitudinal and planform areas, respectively (see equations
0.34 7 0 A1-A4). In generalP. forsteriis a deep, slender fish, whité
0.32 ] J/ k=1 scorpiusis the opposite extreme, wide and shallow. The non-

Crrrormrm e dimensional radii of the moments of longitudinal afe&) and
032 034 036 9'38 040 042 044 [2(S), show distinct groups for each species. The two species ,
(M) Sc. notataand M. scorpius have the greatest proportion of

Fig. 4. The non-dimensional radii of the first and second moments Iﬁngltudlnal area in their head region, scorpiushaving

massIAk(m) are predicted by the non-dimensional radii of the first ang e relatively dgepes_t hgad_. The Iength-spe_cmc estimate for the
second moments of vqumAe(M). Open circlesk=1; filled squares Centr_e of mas!;}(M) is similarly most apterlor for thes_e two
k=2. The line denotes the reduced major axis regressindfon ~ SPeciesN. rossiialso has a low value for(M) because it has
(M) (see text for explanation), witR=0.88,P=0.0003. The volume @ having a relatively broad head, as shown by its low non-
distribution of the fish body can thus be used as an estimate of tiémensional radii for the first and second moments of planform
mass distribution. areal 1(S) andlx(Sy).
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Fig. 5. Distributions of the non-dimensional radii of the first and second moments of pIanfoﬂ?m(%)eh)ngitudinal areefk(S), wetted area
fk(SNet) and vqumeIAk(M). The reduced major axis coefficients of determinatidh for these distributions are 0.93, >0.99, 0.99 and 0.97,
respectively, withP<0.0001 for all the relationships. Symbols are as follows: open sqiaessirrhites forsterj open trianglesSerranus
cabrilla; open circlesScorpaena notatdilled circles,Myoxocephalus scorpiudilled triangles,Notothenia rossjifilled squaresNotothenia
coriiceps

There were no significant regressions between any of thbe body which bounds the muscle. The non-dimensional
mean morphological parameters and the habitat temperaturauscle massm additionally is given in Table 1.
except one. The non-dimensional wetted area showed a
significant positive regression with habitat temperature Fast-start muscle dynamics
(r?=0.686,P=0.0418). However, wetted area affects viscous A characteristic body motion was used by all the species
drag which, in turn, is a function of fish velocity. This studyduring their fast-starts. This body motion can be described by
considers the initial moments of fast-starts where the velocitthe mean maximum curvature and strain values for the range
is low; therefore, the contribution of viscous drag is negligibleof body positions, and these are shown in Fig. 6. The fish
and is ignored. For the purposes of this study, we will assumigitially undergo a strong bending, resulting inGi or an ‘S’
that habitat temperature has no significant effect on bodyody shape. There was a continuum of shapes between these
morphology. two extremes. Often a rapid bending of the central body was
Fins are important for swimming, and their shape and areeccompanied by an inertial lag of the tail, resulting in a very
must be quantified for hydrodynamic analyses. However, suctlight ‘S’ shape at the tail. Consequently, starts were not
measurements are not required for the estimates of inertipigeon-holed into categories during this analysis, and all forms
power used in this study. Instead, this analysis concentrates are considered together.
muscle action during swimming and so considers the shape of The initial bending occurred as a wave of bending travelling
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. main body values at 0.2and 0.8.
! The straireredis a function of both the local body chord and

Fig. 6. The amplitude of the non-dimensional curvatiiiacreases ~curvature. The chord decreases betweeh ar#i 0.& in all
with non-dimensional longitudinal body positibnluring fast-starts.  species, resulting in a general decreaserdm(Fig. 6). All
Peripheral straiigreq, in contrast, decreases from its maximum in thespecies excep¥. rossiishowed a reasonably constant strain
mid-fish towards the tail owing to decreasing chord length. Meahetween 0.B and 0.%, where the increase in curvature
values for all the starts for each species are plotted.s. Symbols  palances the decrease in chord; their strains then decrease
are as follows: open squaréBaracirrhites forsteri(N=14); open  towards the tailN. rossiishowed a linear decreasesisafrom
triangles,Serranus cabrilla(N=36); open circlesscorpaena notata 5 3 g the tail. Despitél. scorpiushaving the greatest length-
(Nzgg); filled curc_les, Myc_n_xoc_ephglug SCOTPIUIN=15); f'"eq specific chord (Fig. 3), it did not show the highesibecause
triangles, Notothenia rossii (N=21); filled squares,Notothenia .
coriiceps(N=27). its body curvature was less than that of the notothenioids.

Similarly, P. forsterihad the lowest meagieddespite it being

one of the most slender fish (as showr&tyTable 1). Body
from head to tail (Fig. 7) with length-specific velodilyBeing  curvature thus has a greater effect@athan does body chord,
a wave of bending, there are no discrete times when the fishaad the strain at all positions along the fish increased with
in a ‘C’ shape on either side. It is thus impossible to determindecreasing habitat temperature due to increasing curvature
accurately the times for the classical stages of each stgfig. 6).
(Weihs, 1973). The cranium is a relatively rigid structure Sonomicrometry data for fast-starts give mean white muscle
which does not bend significantly during the start. The tail, irpeak-to-peak strains of 0.10, 0.20, 0.10 and 0.12 Nor
contrast, is flexible and can bend considerably. The curvatumriiceps(Franklin and Johnston, 199N, rossii(Fig. 8), P.
thus increased along the fish to a position at approximatefprsteri (this study) andM. scorpius(G. Temple, personal
0.6L, where it then remained relatively constant (Fig. 6). Allcommunication), respectively, at positions @.38.36_, 0.40
body parameters are considered in the range 012-0.8and 0.3%, respectively. The gearing rafias thus 4.09, 2.49,
however, in some species, such Ms scorpius the stiff 2.07 and 2.39, respectively, fof. coriiceps N. rossii P.
cranium extends beyond the D.gosition and may influence forsteriandM. scorpiusat these respective positions.
the parameters at this location. In order to tidy subsequent plotsThe predicted strain waves for each body position
(Fig. 7), the curvature and strain were set to decrease lineadpmetimes have broad peaks at maximum and minimum
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Table 2.Contractile properties foScorpaena notatave
/\\ rostral fast fibre preparations at 20 °C
0.10 — / \ Contraction
// \ type Parameter
& / \\ Twitch Maximum stress (kN n) 163.62+17.67
005 — / Time to half-maximum force 9.32+0.73
/ \ ' (ms)
/ / Time from maximum force to 10.05+0.36
/ half-relaxation (ms)
200' //LLOOT 6(|)0 Tetanus Maximum stress (KNR) 239.18+16.72
\\ Time (ms) Time to half-maximum force 13.43+0.66
~0.05 — . ! (ms) .
/ Time from maximum force to 30.49+1.81
‘\ / half-relaxation (ms)
010 — \J/ Slack test Maximum length-specific 13.17+3.47
' contraction velocityVo (s1) (N=4)
Work loop  Mean power output (W kY 142.73+£12.30

Mean £s.e.M. (N=6 unless indicated otherwise).

Fig. 8. Strainsew in the rostral fast muscle fibres of ohNe rossii

individual for a series of fast-starts. Dashed and solid line:

correspond to recordings from opposite sides of the bodymethods and extrapolated from force—velocity relationships

Sonomicrometry crystals were positioned at a longitudinal positioRend to increase with habitat temperature (Fig. 9) \énébr

0.3 from the snout, where is the total length. Sc. notatafalls within this range. The £ for maximum fish
fast muscle length-specific contraction velocity is 2.2.

muscle length. Measuring contraction duration as the period Fast-start performance

from maximum to minimum length will thus contain The different species showed characteristic styles of start.
uncertainty as to the exact start and end of the contraction. A. scorpiusandSe. cabrillatypically swam off in a direction
artifically low, but more robust, estimate for the contractionclose to their original orientation, whereas the other species
duration is the muscle strain divided by the maximum straiturned to a larger extent. During turning, there is a centripetal
rate, and these durations range from 63ms for the Antarctic
fish to 25ms for the Hawaiian and Mediterranean fish
Sonomicrometry traces show that these values are typica
0.57 of the actual shortening period. Mean contractio 7
durations are longer in the Antarctic than in the warmer-wate 15
species and have adf 0.66. The mean contraction duration

shows no significant regression with body position, i.e . 6
contraction duration remains constant at all positions along tt > 10 - 4 °
body. Caution should be used when comparing contractic ®
durations between species because longer durations may ref
contraction over greater strains as well as contractions
slower rates. ?e3

20

@1

—0——

In vitro muscle mechanics 0 5 10 15 20 25

The contractile properties f@c. notatdive fast fibres at
20°C are summarised in Table 2. The maximum tetanic stres< ] B )
for Sc. notataof 239kN nT2 falls within the range of stress Fig. 9. Fish fast muscle length-specific contraction velo¥iyas
measured in other vertebrates. fimm 241 kNnt2 for the measured by both slack test and force—velocity methaaisus
dogfishScyliorhinus caniculgCurtin and Woledge, 1988) to habitat temperature. The open square isStorpaena notatérom

. . . . . this study. Filled circles denote data féotothenia coriicepgl, 2)
2
13;;’\'”\_ in the saithePollachius virengAltringham et al. (Franklin and Johnston, 1997; and Johnson and Johnston, 1991,

) ] » ) respectively);Trematomus lepidorhinu@), Callionymus lyra(4, 5)
The maximum fibre length-specific contraction velodity

_ { and Thalassoma duperrey{(7) (Johnson and Johnston, 1991);
as measured by the slack test is 13'2Blaximum length-  Myoxocephalus scorpiu$) (Langfieldet al. 1989). Symbols denote

specific contraction velocities as measured both by slack-temean values; error bars where shown ase4., N=4.

Temperature (°C)
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Table 3 Kinematic parameters describing the first tail-beat of the fast-start

Paracirrhites Serranus Scorpaena Myoxocephalus Notothenia Notothenia
forsteri cabrilla notata scorpius rossii coriiceps
Species N=23,n=3) (N=37,n=4) (N=40,n=5) (N=15,n=7) (N=25,n=4) (N=31,n=3)
Fast-start temperature 25 20 20 15 1 0
(°C)

J(s? 13.57+1.96 24.45+1.21 17.73+0.91 11.42+1.03 5.17+0.43 4.17+0.23
Vimax (S72) 7.47+0.72 13.15+0.95 10.22+0.55 6.55+0.64 3.16+0.29 2.72+0.13
Amax (s 143.72+14.79 273.81+17.05 223.72+10.96 97.5346.35 45.91+4.69 39.49+1.82
Amax tan(s72) 120.81+14.23 259.75+16.89 193.18+10.86 91.79+6.37 38.81+£3.94 34.77£1.95
Piner (W kg1fish) 13.08+2.95 24.36+2.65 11.78+1.14 5.83+0.82 2.69+0.44 1.51+0.17
L (m) 0.16+0.00 0.12+0.00 0.11+0.00 0.13+0.01 0.25+0.01 0.22+0.00
Vmax(ms?) 1.18+0.11 1.2940.14 1.12+0.06 0.83+0.09 0.74+0.05 0.58+0.03
Amax(ms?) 22.75+2.33 30.74+2.18 24.57+1.20 12.65+0.99 10.62+0.74 8.47+0.40
Amaxtan(M s72) 19.11+2.24 30.03+2.01 21.13£1.15 11.93+£0.94 8.97+0.61 7.4610.42
Pt (W kgmuscle) 124.26+29.53 167.18+18.16 104.69+10.14 62.69+8.82 19.44+3.15 16.19+1.82

Mean £s.e.m. N = number of sequences analysechumber of individuals.
See symbols list for a full description of the parameters.

component of acceleration in addition to the tangentiabn the pooled data showed that temperature had a significant
acceleration. The mean degree of turning can be quantified lejfect on the variation in the fast-start parameters. Table 4
the ratio of the maximum resultant acceleration to theshows the significance levels for a series of univafatests
maximum tangential acceleration and takes values of 1.0fom the MANCOVA: U and contraction duration show the
1.06, 1.14, 1.16, 1.18 and 1.20 fee. cabrilla M. scorpius  strongest correlations with fast-start parameters, and muscle
N. coriiceps Sc. notataN. rossiiandP. forsterj respectively. straingredis also important; however, the body curvatidoes
The different starting behaviours did not reflect the difference&ot show any significant correlations with the fast-start
in methods for eliciting the starts. Comparisons of the fast-staparameters.
performance between the species must be considered in thdt is interesting to note that the phase of the contraction
light of their different starting behaviours. waves between muscle fibres along the body is a more reliable
Values for the maximum length-specific velocity, predictor of fast-start performance than the strain or strain rate
acceleration and mean inertial power outputs achieved duringsed by any one particular fibre. Correlations between an
the starts are given in Table 3. There are significant positiviadividual muscle’s contractile properties and whole-animal
regressions between the habitat temperature and the maximgmimming performance should thus be used with caution.
velocity, maximum acceleration and mean power output
achieved during the fast-start. Maximum velocity and

acceleration show aiQof 1.3 and 1.6, respectively (1.7 and Discus.sion .
2.0 for the length-specific values). The mean estimated muscle- Fast-start kinematics
mass-specific power requirement shows @ Qf 2.5. This Fish fast-starts involve a wave of curvature that travels

value is less than the;Qof 3.1 from the work-loop studies posteriorly along the spine. This wave is analogous to the wave
shown in Fig. 11; however, &test showed no significant of curvature during steady swimming (Gray, 1933). As the
difference between these values. Inertial power output is the

product of velocity and acceleration; the recorded values ¢

VmaxandAmaxare maxima, but they provide a good indication  tapje 4 Univariate F-tests with d.f.=4,114 from the

as to the mean velocity and accelerations during the fir: multivariate analysis of covariance

tailbeat. Maximum fast-start velocity and acceleration shouls
therefore be related to the square root of the power availab

Dependent variable

from the muscles, thus explaining their smaller change witlCovariates \ % A A Pt
temperature than foPiner. Inertial power output is, in turn, & 0.313 0.456 0.457 0743 0.312
related to the maximum contraction velocity of the muscleg,, 0.013 0.004 0.010 0.004 0.028
fibres. U <0.001 <0.001 <0.001 <0.001 <0.001
Contraction <0.001 <0.001 <0.001 <0.001 <0.001
Control of fast-starts duration

Fish swam with a range of fast-start performances, a
measured by their Ve'ocity’ accelerations and power Outpu Values are the probabilities that there is no correlation between the
(Table 3). A multivariate analysis of covariance (MANCOVA) dependent variable and the covariate.
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body does not flex simultaneously at all positions, it is difficult 60
to categorise a start into discrete stages. Weihs (1973)
described fast-starts as consisting of three discrete stages, and
Webb (1978) categorised starts into forming init@l or ‘S’
shapes. However, body flexion varies with both longitudinal
position and time, and so there are no discrete moments when 4o
the fish is bent evenly into any particular shape; the starts in
the present study achieved a range of body shapes between th
classical C' and ‘S’ shapes. A further problem may be
encountered when measuring the tailbeat amplitude for a
starting fish which swims on a curved trajectory. Tailbeat
amplitude has traditionally been measured as the lateral
displacement of the tail from the direction of travel (e.g.
Bainbridge, 1958; Videler and Hess, 1984), but swimming on 10
unsteady courses raises uncertainty as to the reference
direction. Additionally, yaw of the fish body away from its
instantaneous direction will add further discrepancies between
a measured tailbeat amplitude and the actual body shape.
Quantifying fast-starts by the degree of curvature achieved at u
the various longitudinal positions has made it possible tn.

compare all starts regardless of the body shapes involved a'/9: 10: Reduced major axis analysis showed that there was a
significant positive regression between the total power requirement
the course swam.

L . Pt and the length-specific velocity of the wave of curvature along the
Fast-start performance is linked strongly to the velddit o4y for eachSerranus cabrillandividual. The solid line denotes
which the curvature wave travels along the spine (Table 4the regression for the pooled date?=0.41, P<0.0001). Each
The ratioVmaxU is similar to the slippage ratM/U for steady individual is denoted by a different symbol and dashed regression
swimming, which has been used as an indicator oline. For all individual regressionBg<0.01.
hydrodynamic efficiency (Videler and Hess, 1984). The mea
Vma{U takes values from 0.54 fd?. forsterito 0.68 forN.
coriiceps Indeed, there is a significant negative regressiocan occur as a result of modulatable differences in muscle
between the slippage ratidma/U and habitat temperature kinetics along the fish. Indeed, for burst-and-glide swimming,
(r2=0.822,P=0.0126), with higher slippage ratios occurring atJayne and Lauder (1986found that as the velocity increased
lower temperatures. Slippage ratios for steady swimming arie rate of posterior propagation of EMG activity in the deep
the ratio ofU to the mean swimming velocity and so would myomeric muscle also increased. We conclude that the wave
tend to take values greater than this ratioVef/U. Data  of muscle contraction, and hence body curvature, along the fish
reviewed by Videler (1993; his Table 6.1) show a slippag@ccurs in part as the result of a posteriorly travelling wave of
ratio of 0.7331£0.013 (means£.m.) for the steady swimming EMG activity during fast-starts.
of 14 species. The slippage ratios during the fast-starts in this
study are thus comparable to that in steady swimming, showing Muscle geometry and mechanics
an impressive effectiveness of the motion even during the The link between white fibre strain and the adjacent red
initial moments of the start. fibre strain has been treated differently every time it has been
Each fish is able to modulate its fast-start performance bgonsidered. Romet al. (1988) estimated the white fibre
varyingU, as shown fo8e. cabrillain Fig. 10. There has been strain in carpCyprinus carpioby using a gearing ratio of 4
some debate as to whether fast-starts are controlled Iffollowing the reasoning of Alexander, 1969) and estimating
simultaneous muscle activation to all myotomes or by a wawveed fibre strain using a form of equation 5. Rome and Sosnicki
of muscle activation. Jayne and Lauder (1993) measured tl§#991) measured the sarcomere lengths of frozen carp that
onset of EMG activity to be synchronous at differenthad gone into rigor. They found that the red fibre strain varied
longitudinal positions for the bluegill sunfishepomis as a function of both the curvature of the spine and the
macrochirus however, they measured a posterior propagatiodistance of the fibres from the spine. Their white fibre strain
of EMG activity during burst-and-glide swimming in the varied only as a function of spine curvature. However, these
largemouth bas#licropterus salmoidegJayne and Lauder, fibres did show significant changes in length between the
199%). If fast-starts were initiated by simultaneous EMGrigor and post-rigor state. The gearing ratio was found to be
activity in all myotomes, then modulation Bfwould not be  4.25, 2.76 and 1.62 for anterior, middle and posterior regions
possible by a change of timing of the activation betweerf the carp, respectively. van Leeuwedral.(1990) estimated
myotomes. The slowest me&his 4.17s! for N. coriiceps  red muscle strain in carp using corrections for fibre
resulting in a 120 ms delay for the maximum curvature to travedrientation. They then calculated white fibre strain by using
between 0.B and 0.8&; it is inconceivable that such a delay a gearing ratio of 2. These carp data (van Leeueteal.
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1990) were later reanalysed taking a new gearing ratio of & general trend across all species is that absolute velocities
(van Leeuwen, 1992). increase whereas length-specific values decrease with
Fibre orientation changes from a helical geometry in théncreasing fish length (Domenici and Blake, 1997). Despite

bulk of the body (Alexander, 1969) to being more parallel tdhese opposing scaling relationships betwéemdV with L,
the spine at the caudal peduncle. This change should caustha data from the present study show an increase irviertil
corresponding change in gearing ratio. In the extreme caséwith increasing temperature. There is thus an increase in fast-
the mean gearing ratio across the fish should approach 2 dtart performance due to temperature irrespective of any
the caudal peduncle, and this has been measured in cagaling effects.
(Rome and Sosnicki, 1991). If the gearing ratio does drop to Differences inVmax may be expected between distantly
its minimum value of 2 in the caudal myotomes, then theelated species (Garland and Adolph, 1994). Phylogenetically
varying muscle geometry along the fish coupled to thdased comparisons of individuals of identical length would be
specific curvatures employed by these fast-starts would resukquired to ascertain evolutionary adjustmentgisbetween
in the strains and strain rates being similar between thgpecies living at different habitat temperatures (Huey, 1987;
different myotomes (see Fig. 6). Indeed, sonomicrometryHarvey and Pagel, 1991). An interesting observation in the
measurements have shown the white fibre strain amplitudeesent study was that the Antarctic spediesossiiandN.
during fast-starts to be similar at rostral (.3and caudal coriicepsflexed their bodies with greater curvature than did the
(0.69.) sites forN. coriiceps(Franklin and Johnston, 1997); temperate and tropical fish. Comparisons among Notothenidae
similarly, estimates of red muscle strain in carp have showfrom Antarctica and from the coast of South America would
that, during steady swimming, the change in fish width caprovide an insight into whether such differences in swimming
exactly compensate for an increasing body curvature to resuiehaviour were associated with some specific adaptation to low
in similar strains at all positions (van Leeuwen, 1992). Iftemperatures.
however, the gearing ratio does not drop to its minimum Studies with single skinned muscle fibres (Johnston, 1990)
value of 2, then the strain and strain rate would show and bundles of live muscle fibres (Johnson and Johnston, 1991)
decrease towards the caudal myotomes, resulting in a lowépm 20 fish species representing 13 different families show
mass-specific power output in this region and a potential fahe following patterns: maximum unloaded shortening velocity
greater force production. The accuracy of the white fibrés positively correlated with mean habitat temperature (see also
strain estimates is almost certainly limited by the choice oFig. 9), whereas maximum force generation falls in the range
the gearing ratio. Understanding the functions of differeni60-250kN m2. Rates of muscle relaxation are also
muscles during fast-starts clearly requires information omignificantly faster for tropical than for cold-water species at
both muscle structures and geometries along the length of thigeir normal body temperature (Johnson and Johnston, 1991).
body as well as detailed kinematic measurements of the boddower output from a muscle, which is the product of force and
motions. shortening velocity, should therefore be correlated with body
The fast-starts analysed may not have been at maximutemperature, a conclusion that holds for work-loop studies in
performance and, by definition, they will never have exceeded range of invertebrate and vertebrate species (Stevenson and
the maximum possible performance. Therefore, estimates dbsephson, 1990). The relationship between muscle power
the mean fast-start power output will necessarily beutput and habitat temperature, both measured from work
underestimates of the maximum mechanical power possibleops and predicted from swimming, for the fast-starts in the
from the muscles. Indeed, the estimated muscle-mass-specificesent study also fits into this general pattern (Fig. 11).
total power output of 104.7 WK for Sc. notataat 20°C  Although quantitative conclusions must await phylogenetically
(Table 3) is lower than its measured maximum power availablbased studies, it would seem that muscle power output
of 142.7Wkg1 (Table 2). This measured muscle power outputdecreases at lower temperatures and this in turn limits the fast-
for Sc. notatais the highest yet measured for a vertebratestart performance of cold-water species.
muscle and even exceeds the 135 Wkgeasured at 35 °C for

the lizardDipsosaurus dorsaligSwoapet al. 1993) and the Conclusions
107.2 Wkg?! for the mouse also at 35°C (Janstsal. 1995). Fast-starts occur as waves of curvature travelling along the
fish body in a manner analogous to steady swimming.
Temperature effect on fast-starts Curvature increases in amplitude towards the tail.

Comparisons of maximum length-specific swimming The gearing ratio between the red and white muscle strains
velocities among the species studied are complicated byaries between species for the rostral myotomes.
differences in body length (Tables 1, 3). Unfortunately, the Increases in median habitat temperature correlate with an
scaling exponents ofmaxare not known for the majority of increase in the velocity of the wave of curvature along the fish
the species studied. Data in the literature suggest that scaliagd a decrease in body curvature, peripheral strain and the
exponents fomaxvary between species and with the thermalcontraction duration.
acclimation state of the individual (Temple and Johnston, Fast-start performance in terms of fish velocity, acceleration
1998). It is therefore not advisable to coriéghxto a standard and power output correlates more strongly with the velocity at
body length using generalised scaling exponents. Nonethelesghich the wave of curvature passes along the body than with
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200 - the position of the centre of mass can be used to estimate
swimming velocities and accelerations.

When viewed from above, the centre of mass of a straight-
stretched fish lies on the spine. During fast-starts, fish can
undergo substantial bending, and in such cases the centre of
mass moves away from the spine. If the centre of mass is
assumed to lie on the spine, then the velocity and acceleration
estimates will include a component, due to the bending of the

7 . fish, that is not a reflection of the forward motion of the fish.
5 4 This Appendix outlines a method that resolves fish motion
50 6 + into its components of changing body shape and body position.
The method requires information on the mass distribution
!|, o oLe 4 along the fish, which is dealt with in the first four sections.

150 ~

®—0—i
—a——

o+

100

P (W kg-1 muscle)

Morphology measurements

Parameters describing fish mass can be determined from a
pair of orthogonal images of the fish. Such images are not
Fig. 11. Fish muscle-mass-specific power output as a function afivasive, are quick to capture and can be taken either from live
habitat temperature. Open squares are the valuapoddicted from  fish or from those needed fresh and intact for other
the fast-starts in this study. The mean values from all the starts feixperiments. For cases where density is homogeneous
each species are plottedste.m. The filled circles are data from throughout the body, the distribution of volume mimics the
‘svor:k":mp 1%’;%‘;3”“;?}”5:'\'0“::“2;“1 ) %&riicepts(ll)légrlar:alflig and  gistribution of mass. Thus, the moments of mass and the radii

ohnston, sadhus morhu#2, oonet al. ; Anderson I, .
and Johnston, 1992), respectivelyyoxocephalus scorpiu8, 6, 7) gﬁzcrr;t()jliri1%ft?ﬁgigrfr;n:r;tizt;’:iltr)it%[;frox|mated by the moments

(Altringham and Johnston, 1990; James and Johnston, 1998; L itudinal d planf . v give inf fi
Temple, personal communication, respectiveRyllachius virens ongitudinal and planiorm images only give information

(5) (Altringhamet al. 1993): Scorpaena notatég) (this study). about the depth and width of the fish; they will not describe
the shape of each transverse section. In this analysis, the fish
is assumed to have an elliptical profile in transverse section.

the curvature or muscle kinetic properties at any one site alofgs shown by the results, the predicted volume distribution

the body. Whole-body performance is thus determined by thgives a close match to the mass distribution, and this

0 5 10 15 20 25
Temperature (°C)

concerted action of all the myotomes within the body. assumption is therefore justified for the species examined here.
Muscle power output increases with increasing median
habitat temperature for the species studied. The initial Shape parameters

hydrodynamic power output during the start is proportional to Planform and longitudinal images of freshly killed fish
the product of the velocity and acceleration. Therefore, neithdrodies were captured using a JVC TK-1281 video camera,
velocity nor acceleration is directly proportional to the musclerinted with a Sony UP-3000P video printer and then scanned
power output, and thus to the strain rate, during the initiahto a Power Macintosh computer. The total lengtbf the
stages of the start. Rather, velocity and acceleration afsh was measured using a reference object also captured by
proportional to the square root of the power. This can be se¢ne camera. NIH Image version 1.24 software was used to
from the Qo values for velocity (1.3), acceleration (1.6) andsuperimpose a grid of 51 equally spaced parallel lines onto the
power (2.5). fish outlines with the lines perpendicular to the longitudinal

Fast-start performance is limited by the power availablexis of the fish. The coordinates of the intersections of the grid
from the muscles; this, in turn, is limited by musclewith the fish outlines were digitized and represent the corners
performance at different temperatures. Antarctic fish musclef 50 adjacent parallelograms that fit within each image.
delivers lower power output than does temperate and tropic~'
fish muscle, and this results in their having the lowest fast-sta
performance.

Appendix
Kinematic analyses of fish swimming face the problem o
resolving two classes of motion: changes in body shape ar
changes in body position. Shape changes are caused by
action of the axial muscles stretching and contracting o..
opposite sides of the body. Information on body shape can thFig. 12. Each fish segment has width 8epth »', thicknessx, and
be used to estimate muscle strain along the body. Changeshas its centr&L body lengths from the snout.
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The body outlines were taken to include the open tail buand non-dimensional values for volume and the radius of the
with the other median and appendicular fins flat on the bodkth moment of area from the snout are:

this is all that is required to calculate the mass distributior M A Uk
along the fish. For more detailed hydrodynamic analyses M=— and |k(M)=HM'T(H , (A12)
where the added mass of the fish at all longitudinal position L3 ML

is required, then the median fins should be extended.

The fish has width 2 and depth B, and each segment
(parallelogram) has a lengthin the longitudinal direction

respectively.
Mass parameters

(Fig. 12). The area for each segment is thus approximated The body mass of freshly killed fish was measured on a

by:

planform area, Spi = 2bX, (A
Sj = 20X, (A2)
Sweti =Tl +h)x.  (A3)

The total are& for the fish is thus:

longitudinal area,

wetted area,

50
s=Ys. (A4)
i=1

The longitudinal distance of the centre of each segment fro
the snout idj and thekth moment of area about the snout is:

50
So=Y stk (A5)
=1

For comparative purposes, length and areas can be no

dimensionalised by the fish lendthto give:

=,
L

(A6)

§=3. §=3. Sacde. @7

The non-dimensional radius of thkth moment of area about

the snout is thus:

Uk
ko =HH (A8)

Volume parameters

The volume of each segment as measured from the fish

outlines, is:
v = mbix, (A9)
and thus the total volumd of the fish is:
50
M=Sv . (A10)
1=
The kth moment of the volume about the snout is:
50
(A11)

My :Zl\/ﬂik,
1=

Mettler PE3000 balance. Fish were frozen, partially thawed
and then placed on a square grid with their longitudinal axis
parallel to one of the axes of the grid. Approximately 10
transverse sections were cut along the fish; the length of each
section was measured with Vernier calipers and the mass
measured to the nearest 0.1g. White myotomal muscle, as
judged by its colour, was dissected from each section and
weighed separately; i.e. the minor portion of lateral red muscle
was excluded from this measurement. The non-dimensional
muscle mass is the proportion of white myotomal muscle
to total body mass. A mass loss of 2.0+0.3% (mear.t.)
rg)]ccurred during the cutting procedure. The mass of each
section was thus increased by the factfy mi to compensate
for this loss. The centre of mass for each section was assumed
to lie half-way along the section and was at a distrioem
the snout.

The kth moment of massx is:

n
m =3 mi%
=1

(A13)

wheren is the number of sections cut.
The non-dimensional radius ok from the snout is:

m Uk
(M) = %TT'}@ .

The centre of mass for a straight-stretched fish lies at a radius
of [1(m) from the snout. Where mass measurements of the fish
segments were not available, they were estimated from the
volume distribution. This approximation makes the
simplifying assumptions that the densities of the various
segments are equal and also that fish bodies are elliptical in
cross section. Nonetheless, the linear regression coefficient for
f(m) againstik(M) wasr2=0.88 (Fig. 4), and so 88% of the
fish mass distribution can be explained by these simple
approximations.

The moment of inertihabout the centre of mass of the fish
was determined using a compound pendulum technique. A
long hypodermic needle was placed transversely through the
midline of a frozen fish, near its tail. The needle, and thus the
fish, was balanced on two parallel metal edges, and the fish
swung like a pendulum. The moment of inertia for the needle
is negligible compared with that of the fish. The fish moment
of inertial is thus given by:

(A14)

_ rmgt2
4m?

I , (A15)
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wherer is the distance of the centre of mass from the pendulumolume remains relatively constant, and so if it changes
axis (needle)g is gravitational acceleration, ahd the period length in one dimension it must also change length in others.
of oscillation. The moment of inertia can be estimatedThe spine length may also be reasonably constant. When a

independently from the volume distribution by: bend pushes one side of the fish into compression, then that
50 side will get wider and deeper to maintain a constant volume
L [| - (M)]2 (A16) on that side of the fish. However, the opposite side must get
- z iLi 1 . . .
M5 narrower and shallower to maintain a constant volume. Such

) ) ) o a hypothesis involves the fish having a different depth on both
The non-dimensional radius of the moment of inertia fromyjges of the spine so that a sheet that runs vertically through

the centre of mass is: the spine in a straight fish, would thus curl towards the
| 12 narrower side during bending. The depth of the fish may
I(I):Q\Z—mg . (A17) alternatively remain constant; this would keep the sheet

through the spine vertical during bending. During bending,
the side in compression must get wider to maintain a constant
Locating the spine in a fish area of tissue on that side of the fish whilst the opposite side
Locating the spine position is an important aspect ofets narrower; the spine can be placed to divide the fish with
resolving body shape from fish position. Spine curvature caequal areas on each side of the spine. A third, simple case can
be used to derive local axial muscle strain using procedurds considered where the fish maintains the same length, width
described in the Materials and methods section of the presemtd depth during bending despite the two sides going into
study. Furthermore, the centre of mass can be estimated tgnsion and compression. In this case, the spine can be placed
taking a weighted mean of the spine positions for a series ¢ divide the outline with an equal distance on its left and
sections along the fish where the weighting is the mass of eadight.
section. Fish spines have been estimated as equidistant between the
The spine position can be modelled to divide the fish withwo sides by Videler and Hess (1984) and Rome and Sosnicki
equal volumes, areas or distances between its two sidg4991) for carp and by Jayne and Lauder (¥9%r the
There are reasons why each possibility should be considerddrgemouth bass. Rome and Sosnicki (1991) justified their
Fish tissue can be considered relatively incompressible: igpproach by stating that differences in position between the

.., Tail

Fig. 13. The procedure for finding successive
points along the spine. (A) Points around the
fish outline are digitized and given position
vectorspr and p. for the right and left sides,
respectively. The first chord intersects the sides
at an equal distance around the perimeter
from the snout. Position vectar describes the
midpoint of this chord, and the chord intersects
the x-axis with angle®. (B) The outline is C y D
translated to put the midpoint on the origin with 4
the chord parallel to thgaxis. Segments of the Centre of
. -2 ; curvature
outlines near the origin are described by the
cubic functionsgr(x) and gL(x). (C) A new
chord f(x) is constructed which intersects the
two sides of the outline with equal angtesnd
B. A new midpointm' is placed on the chord, P
and the chord intersects theaxis at the centre
of curvature for that segment. (D) The outline is
again translated to put the new midpoint on the
origin with the new chord parallel to tlyeaxis.
The spine-fitting procedure is repeated.
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estimated spine and that visualised by X-ray photography weperpendicular to the direction the head faces. The d@hgle

negligible. Carp spines have also been estimated as dividimglculated using a scalar product of the vectors:

the areas of the two sides equally by van Leewstah (1990);

this method was similarly justified by X-ray evidence. O _ )e

Johnston et al. (1995), following the procedures and : B(pR'q PLp

assumptions of van Leeuwehal.(1990), similarly estimated 6= arccosg ‘p ~p ‘ D.

spines in the short-horn sculpih scorpiusto divide the areas 0 Ra FL.p

equally. The methods given here will locate the spine

according to these three hypotheses and will additionally placehe midpoint of the head that lies betweany, and prg is

it in any intermediate position. The validity of the threegiven by the position vecton:

methods was assessed using X-ray photograpkis ¢orpius

and is discussed at the end of this section. m = PLp*Prg
The fish outline was separated into a number of segment 2 '

with the spine being positioned within each of these. For gpis positionm forms the first of the predicted coordinates for
straight fish, these segments form transverse sections througf, spine.

its body and the transver;e boundaries are all perpendicularg,c.h time the spine was predicted for a segment of fish, the
to the longitudinal body axis and parallel to each other. Whepjjine of the whole fish was translated so that the midpoint
the fish bends, the boundaries to the segments must remaiy o the origin and rotated so that the latest chord lay along

perpendicular to the section of spine through which theyhe . axis (Fig. 13B,D). This transformation is described by:
intersect. However, these boundaries will no longer be

parallel, as is the case for usual transverse sections. A ) nd® —cosb
approximation to the spine length within each segment wa p = E E(p -m),
given by the arc lengtlo (=L/10). This resulted in the
spine being fitted to approximately 10 sections within eachwherep is the fish coordinates in its previous orientationg
outline. pPrg and the coordinates of the spine) gids the set of

The fish outline was initially digitized on orthogongy-  transformed coordinates.
axes with two series of coordinates running from snout to tail. Least-squares cubic regressions were fitted to the position
Each series consisted of approximately 80 points (tefraed  data for the left and for the right sides. These lines were fitted
j) and ran from the snout to the tail along either the left or righto a subset of the data which spanned the region where the new
side of the body. The position vectors for these points wergpine segment would fit, i.e. where0.50<x<20. The
given bypy,i andprj for the left and right sides, respectively. regressions are described by the functigné) and gr(x)

In order to estimate the initial orientation of the head, it wasvhich describe the local shape of the left and right outlines
assumed that the image of the head is bilaterally symmetricedspectively (Fig. 13B).
about the axis joining the snout to the base of the cranium. This The next chord was taken as intersecting the left sixecat
is a reasonable assumption as the head outline is determinBElde coordinates for this point ar,§ji(0)], and the tangent to
largely by the cranium, which is a symmetrical and rigidthe left side has a gradiegt(o) at this point, where a dot
structure. above the variable indicates differentiation with respeat to

A matched pair of points on the left and right side was The chord was initially considered to be perpendicular to the
formed by points that are the same distance from the snota#ngent atd,gi(o)], i.e. its initial gradient was1/g. (o). The
around the perimeter of the head (Fig. 13A). The first pointfunction for this initial chord estimate was given by:

on each side to match or exceed the distaritem the snout B
were taken as such a pair: f(x)=g.(0) + ®x-0). (A23)

(A20)

(A21)

. (A22)
0sO sn6

The chord f(x) intersects the right side outline where
' (A18) f(X)=gr(X). This equation can be solved using
Newton—Raphson iteration:

p p+1
S |pLiva=pLi|=0< S |pLiva—pL
i=1 1=1

and o = 08~ gr(X)
g1 AT 0~ 9

q (A24)
Z‘DR,j+1_pR,j‘$0—< Z‘pR,j+1_ Pr,j| . (A19)
=1 =1

with thex coordinate for the intersection being terngedlhe
gradient of the tangent to the right side where it intersects the
where p and q are chosen to satisfy the inequality andchord isgr(G).
identify the position of the points within each respective data The chordf(x) thus intersected the left and right sides with
series. anglesa andp respectively, where:

The line joining the pointpL,pandprgis a chord across the
fish and has a directidhrelative to thex-axis. This chord is a = arctan ((p)—arctan [gL (0)] (A25)
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and spine positions and the outlines were then finally transformed
o to place the fish back in its initial position. This involved a

B =1 - arctan () + arctan [4r ()] - (A26)  translation and rotation, similar to that in equation A22, that

mapped the vector from the snout to tail onto its original

The chordf(x) is fitted correctly when it intersects the left and )
coordinates.

right sides with equal angles,.iwherea—3=0 (Fig. 13C). If
o>p, then the chord must be swung clockwise; conversely, if . . .
o<B, then the chord must be swung anticlockwise. The Smc_)Oth'_ng spihe d.ata gnd centre OT mass es.tlmates
appropriate adjustment tp was made, remembering that to The splrje—flttlng algorithm is compu_tathnally quite lengthy,
swing the chord through theaxis the gradient will approach and so it is sensible to_sectlon the fish |ntq only a few (10)
infinity (or o) and must then change sign and decrease (@egments. Where species are analysed with more vertebrae

increase) in value. The process was iterated from equation A23an those from the present study, then more segments should
until ja—pB|<m’500. be taken during the computation. The estimated radii of

The intersection betweef(x) and the y-axis may be curvature for the segments will thus give discrete values for

considered to be the centre of curvature for this segment of tife various locations along the fish. The coordinate data for the
spine. As discussed previously, the spine may act to divide tff&0ut, predicted spine positions and tail can be used to generate
distance, the area or the volume of the fish equally between RsCOntinuous estimate of spine curvature along the fish.

two sides. If the position vector for the centre of curvature is A cubic splines(i) was fitted to the spine positions. For any
b, the intercept of the chord with the left sid@isand of the value ofi, (i) represents the position vector of a point on the

chord with the right side ipr, then the position of the spine SPiNe. Forn segments along the fish, there arel spine
m on the chord is given by: positions, andtakes the range 1 te-1. For non-integer values

1k of i, the positions(i) is an interpolated position between two
~ pL= Pe) + (Pr —Pc) predlcte_d spine positions. . .
m=pc+ E( 5 E .+ (A27) The distancéalong the spine from the snout for any location
iis:
wherek takes the values 1, 2 or 3 for dividing the fish by width, ) 1l )
area or volume, respectively. The mean radius of curvature 0 = Z |s(i) - s(i 0.0, (A30)
for this segment is: 1=1.01
r= \m—pc\ _ (A28) wherei is incremented in steps of 0.01. The total spine length

isl(n+1), and so the non-dimensional distahatng the spine

I is given positive values when the left side is on the outsidi§ given by:
of the curve, and negative values when it is on the inside. .\ 1)
The new chord intersects the axis with an angled L(i) = in+1) ° (A31)
(=arctamp), and the new coordinate for the spine position is
given bym'. These two values are used to transform the fish The centre of mass occursiatm) spine lengths from the

outline ready for calculations on the next segment (Fig. 13D)}nout. Its positionl along the spine was determined by solving
Hence, the procedure is repeated from equation A22. the equation:

The spine-fitting procedure is asymmetrical; the ideal arc . .
lengtho is used as a measure of the distance between chor I(d) =1y(m). (A32)

only on the left side of the body and thus may not be the actu . .
arc length along the midline. The actual arc length will beﬂ]e coordinates for the centre of mass were thus given by the

greater tharo if the left side of the body is on the inside of aposition vectos(d)._The orientation of the spine at this point
bend and less thamif it is on the outside. In order to generate was calculated using a scalar product of the vectors:
a set of more evenly spaced spine markers, a varying value f

o was taken. A modified arc lengtt was thus taken for each s(d +0.01) — s(d -0.01)] « %
segment where:

y = arccos3 . (A33)
2 0 |s(d+0.01) -s(d-001 [

o' = 5 (A29) H H
with o being the intended arc length amthe actual arc length The angle between incremental sections of spiné is
for the previous segment. (Fig. 14). For a segment length df the radius of curvature

The spine-fitting procedure was repeated until the maximum(i) between the two segments is given by:
of the remainingx values from a newly transformed section
was less than® Such a case indicated the close presence ¢ o -0
the end of the tail. The coordinates of the tail were taken as tt r@i) = ?arctan QT[TQ (A34)

final coordinates for the spine position. The coordinates for th
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| (i+0.01) Table 5.Mean length-specific distance between the observed
and predicted spines for the various valueg of equation
A27 (see also Fig. 15)

Frame 1 Frame 2 Frame 3 Frame 4 Mean

0.00836 0.00752 0.00833 0.00855 0.00819
0.00943 0.00848 0.00796 0.01144 0.00933
0.01329 0.00671 0.00981 0.01467 0.01112

WN | X

*K is a factor defining spine position relative to the fish outline.

Centre of curvature produce a single functioi(u) to describe the non-dimensional

curvature as a function of non-dimensional distance along the

§(i—0.01) fish:
) . . : R I(n+1)
Fig. 14. The radius of curvatur€) is calculated between successive C(u) = . , (A35)
segments along the spine. Segment lengthpaisition vector for ri)

point on spineg(i); angle between incremental segments of sgine, .
whereu=I(i) and takes values from O to 1.

Finally, a Fourier series with three terms was fitted to the
curvature functioné(u) to produce a smooth, continuous
estimate for the curvature along the fish.

Despite the asymmetrical nature of the fitting procedure, we
found that, when this algorithm was used both on outlines and
on the mirror images of those outlines, then the predicted
positions of the spines were also mirror images of each other.
The method is thus robust in its fitting technique.

The spine-fitting procedure was tested on digitized outlines
of X-ray photographs dfl. scorpius A freshly killed fish was
fixed in position on a polystyrene sheet using hypodermic
needles, and X-ray photographs of the fish were taken. The fish
was photographed in a straight position, and curving @ a
and anS-bend to each side. Values ioftaking 1, 2 and 3 in
equation A27 were used for the spine fitting. The results from
these tests are shown in Fig. 15. The predicted spines
superimpose the observed one for the straight fish. F@-the
bend, the change in curvature is accentuated for the higher
values ofk ; the lowest value ok gives the smoothest (least
bendy) spine to fit along the fish. The mean distances between
the observed and predicted spines are taken as a measure of
the goodness of fit and are given in Table 5. The smallest
Fig. 15. Outlines of Myoxocephalus scorpiusfrom X-ray  deviation between the observed and predicted spines is shown
photographs. The circles mark positions on the spine as visualized & k=1, i.e. with the spine lying equidistant between the two
the photographs. The coloured lines are those predicted for the spigigles. This value af is used throughout the present study.
using the methods from this study. The red line was estimated with
k=1, the blue using=2, and the green using3 in equation A27.

List of symbols

a angular acceleration (rat®
The radius of curvature asymptotescatand —« for cases A acceleration (m3)
where the spine is straight. A ‘curvature’ function, being theAmax maximum acceleration (m?%
reciprocal of radius of curvature, is more useful; a curvature ok length-specific acceleration A4.)

zero represents a straight section with no bending, whilst Iarg§enax maximum length-specific accelerationAGax/L)
positive and negative values for curvature represemmaxtan Maximum length-specific tangential acceleration
considerable bending to the right and left, respectively. Thb half the width of the fish (m)

two functions describing distance and radius of curvature alony half the depth of the fish (m)

the spinel(i) andr(i), respectively, are finally combined to b length-specific half-width of fish G£L)
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Piner
Piner,rot
Pt

Puse

non-dimensional curvature of spineL(radius of S
curvature) S
non-dimensional curvature of spine as a function t
of spine position u
interpolated segment number locating centre of
mass for cubic spline U
transverse chord through fish
gravitational acceleration constant (=9.818) s Y
section of fish outline Y
smoothing function Vmax
segment or position number Y
moment of inertia (kg ®) Vmax
frame or position number Vo
longitudinal distance from snout (m)
non-dimensional length (&) a
non-dimensional radius of the moment of inertia
from the centre of mass B
non-dimensional radius of theh moment of mass
non-dimensional radius of théh moment of o)
volume €
non-dimensional radius of theh moment of area ¢
distance along spine as a function of the number op
predicted spine coordinates ¢
=10/ n
maximum fish length, snout to end of tail (m) K
body mass (kg) A
added mass (kg) 0
mass ofith segment of body (kg) o]
kth moment of mass a
non-dimensional muscle mass 0

position vector describing mid-point of transverse

chord through fish W
position vector for next calculated mid-point ]
volume of fish ()
kth moment of volume
non-dimensional volume of fist(L3) C
number (see text for details) I
number (see text for details) L
number of point along fish outline
position vector for point on outline of fish red
transformed position vector for point on outline of R

fish w
power (W) wet

inertial power (W)

inertial power required for rotation (W)
total hydrodynamic power (W)

useful hydrodynamic power (W)
number of point along fish outline
position vector for centre of mass

kth moment of area

non-dimensional area §4.2)

time (s)

non-dimensional position along spine for curvature
function

length-specific velocity of curvature wave along
body

volume ofith segment of fish (&)

velocity (ms?)

maximum velocity (m3h)

length-specific velocity (#/L)

maximum length-specific velocitWfax/L)

maximum fibre-length-specific contraction velocity
of muscle (1)

angle between tangent to fish outline and transverse
chord

angle between tangent to fish outline and transverse
chord

spine arc length for previous segment in spine fitting

muscle strain

mean muscle strain

gradient of chord intersecting fish outline

angle between incremental segments of spine

hydrodynamic efficiency

factor defining spine position (=1, 2 or 3)

gearing ratio of red to white muscle strain

angle betweer-axis and transverse chord

arc length for spine fitting

modified arc length for spine fitting

x coordinate for intersection of fish right side and
transverse chord

angular velocity (rad3)

orientation of spine at centre of mass

Further subscripts

centre of curvature
longitudinal area (from side)
left side of fish outline
planform area (from top)
red muscle

right side of fish outline
white muscle

wetted area (skin surface)
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radius of centre of rotation from centre of mass (M)project was funded by a grant from the Natural Environment
mean radius of curvature for spine segment (m) Research Council (GR3/8814).

radius of curvature of spine

area ofith segment of fish (&

cubic spline for position vector for the centre of the
ith segment

area (M)
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