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Summary

An analysis is presented of body curvature, acceleration fibres (red 17 %; white 10 %). In a C-start, the fish made a
and muscle strain during fast-starts in the common carp large turning angle directed away from the stimulus by
(Cyprinus carpio L.). C- and S-starts were filmed at bending its tail strongly and thereby producing a large
200framess! at 23°C. Curvatures and accelerations of thrust. A larger anterior peak curvature of the fish during
mid-body axes were calculated from digitised outlines. S-starts enabled the carp to control the direction of escape
Maximum accelerations at 0.3-L (fork length) from the better than during C-starts, but with lower accelerations
snout were 54 ms? for C-starts and 40ms? for S-starts.  and smaller turning angles. During cyclic and intermittent
The total turning angle was approximately 150° in C- swimming, red posterior fibres experienced the largest
starts. This angle was 70° during escape S-starts, strains. Interestingly, previous studies have shown these
significantly larger than for predatory S-starts in other  fibres to have the lowest passive stiffness and the largest
species. Sarcomere strains of axial muscle fibres were titin isoform, allowing them to attain large strain
calculated at 0.4 and 0.&L. During C-starts, white muscle  amplitudes with relatively low passive tensions.
fibres were exposed to maximum sarcomere strains of up
to approximately 16 %, and posterior fibres had similar
strains to anterior fibres (red 27 %; white 16 %). During S-  Key words: red muscle, white muscle, startle response, C-start, S-
starts, however, maximum strains in anterior fibres (red start, intermediate swimming, acceleration, body curvature, turning
39 %; white 24 %) were more than twice those in posterior rate, sarcomere, titin, caryprinus carpio

Introduction

Fish generate fast-start swimming manoeuvres to avoigredatory attacks and escape responses. During predation
predators and to capture prey. Very high accelerations of tretarts, the turning angle of the body is small and the posterior
body (typically 30m$=? or more, see Domenici and Blake, region of the trunk curves more than the anterior portion
1997) enable high swimming velocities to be attained in a shofHoogland et al., 19565-shaped escape responses exist with
time. Three kinematic stages of fast-starts have been describednsiderable turning angles (generally smaller than in C-
(1) a preparatory stroke; (2) a propulsive stroke; and (3) starts). Little is known about the neuronal mechanisms
subsequent variable behaviour (Weihs, 1973; Webb, 197@pntrolling S-starts.

Webb and Blake, 1985). For subcarangiform swimming (in Kinematic analyses of fast-starts of fish provide important
teleosts), two major types of fast-start, generally referred to asformation (e.g. curvature of the fish body and acceleration of
C- and S-starts, have been distinguished (Hertel, 1966; Weihte fish) for a functional analysis of the axial muscles that drive
1973; Eaton et al., 1977; Webb, 1975, 1976, 1978a,b; Welithe movements. The lateral curvature of the fish body can be
and Blake, 1985). During C-starts, the whole trunk curves imised to derive the length changes of the sarcomeres. The tensile
the same direction (Weihs, 1973; Webb, 1978a; Frith andtresses of the sarcomeres are strain-dependent owing to
Blake, 1991). These escape or startle responses are usuddiggth-dependent variations in (1) the overlap of thick and thin
mediated by the Mauthner system (Eaton et al., 1977; Kimmé&laments (active contribution) and (2) the tension of titin
et al., 1980). C-starts have been subdivided into single- ar{passive). Titin, a giant highly elastic muscle protein, is a
double-bend types, depending on the presence of a second &dbilising structure that spans the distance between the Z- and
beat (Domenici and Blake, 1991; Kasapi et al., 1993). M-lines of the sarcomere and contributes importantly to

S-starts have been subdivided into those occurring duringassive tension (Fig. 1). The titin segment in the A-band region
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Fig. 1. Hypothesised mechanism of passive A Slack sarcomere length
tension generation by titin (schematic). The
titin segment in the A-band region of the
sarcomere is ignored in this figure for the
sake of clarity. The I-band segment of titin
consists of two subsegments: a stiff
anchoring segment attached to the Z-line
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(coloured blue) and a highly elastic Straightening of highly Straightening of highly
segment, connecting the anchoring segment elastic segment elastic segment

to the myosin filaments (coloured red). o s

(A) Slack sarcomere. The highly elasticB Shortening C Stretch
titin  segment is  highly  folded.

(B) Sarcomere shortened below the slack

length. The highly elastic segment of titin @ |":mmmm>
straightens and passive tension develops

(see corresponding green curve in D).

(C) Sarcomere stretch. The highly elastic

segment of titin again straightens and

passive tension develops (see

corresponding red curves in D). < > — < o>

T T

(D) Force—sarcomere length curve for carpD 12 T
red and white muscles. The lengths of the
actin and myosin filaments are 1}& and
1.58um, respectively. The passive tension
versussarcomere length curves for carp red
anterior and posterior fibres upon stretching
(red curves) and shortening (green curve),
derived from the data of Spierts et al.
(1997), are also shown and are expressed
relative to a maximum active tension of
approximately 150kPa. The mean
maximum sarcomere length excursions of
red (25.1%) and white (14.7%) axial
muscle fibres during fast-starts are
indicated by dashed and solid lines,
respectively. The blue dashed line indicates 0.2}
a hypothetical work loop for the white
muscles that primarily power fast-starts and
generate approximately 50% maximum 0
tension. During (passive) muscle
lengthening, the work loop ‘follows’ the
matching passive tensiarersussarcomere -0.2L
length curve (not indicated for white muscles; see text for further details). Red fibres are not able to keep up with tioetdngig s
velocity of white fibres and therefore tend to buckle at the concave side of the fish body (see red hatched area). A-@ra@rhagea
et al. (1996).
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of the sarcomere is ignored in this figure for the sake of clarityoutput of the muscle fibres. For kick-and-glide swimming, van

Titin also helps to maintain the central position of thickLeeuwen et al. (1990) found that intermediate and fast muscle
filaments in contracting sarcomeres (Wang, 1985; Maruyamédipres are required to drive the movements.

1986, 1994; Wang et al., 1991, 1993; First et al.,, 1988; Rome et al. (1988) examined strain rate amplitudes of fast
Granzier et al., 1996). and slow fibres during fast-starts in cafRyprinus carpig.

So far, very few studies have investigated the strain wavekhese data were compared with experimentally obtained
during intermittent swimming, turning manoeuvres and fastvalues for maximum shortening speed, and they suggested that
starts. van Leeuwen et al. (1990) recorded high-speed film ¢dist fibres operated at strain rates close to optimum values for
carp Cyprinus carpi¢p during cyclic and kick-and-glide maximum power output.
swimming simultaneously with electromyographic recordings Johnston et al. (1995) investigated instantaneous muscle
of the slow muscle fibres at eight positions along the trunk. Thgtrain and power output during a fast-start in the short-horned
strain and strain rate of the slow fibres were determined (usirggulpin Myoxocephalus scorpiisPredation fast-starts were
curvature data) and used to calculate the force and powBimed, and muscle strains were calculated for dorsal fast
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muscle using the lateral body curvature and the fibrenaximum error of the digitising process was 0.5 mm, which is
orientation. The maximum peak-to-peak ranges of the muschkgpproximately 0.002 % of the fork length of the fish.
strain at 15°C during the first tail beat were largest For successive frames, a longitudinal axis of the fish during
(approximately 0.19) at 0.592. (whereTL is the total length the swimming event was calculated from its digitised outlines,
of the fish measured from the snout) and smallestising the methods of van Leeuwen et al. (1990) and Johnston
(approximately 0.15) at 0.711. At 0.32TL, the muscle strain et al. (1995). The axis was divided into a number (typically
range was 0.16. Furthermore, fibres at 0562nd 0.77TLon  20-35) of straight-line segments before its shape was
the same side of the body were initially stretched by thealculated. The mathematical segment ledgghvas reduced
contralateral bending of the fish body, thus receiving a prdinearly down the trunk of the fish:
stretch prior to shortening.

The present study examines fast-starts in carp. First, we wi As= m, 1
guantify the kinematic profiles of C- and S-starts by measurin FL

and calculating (1) turning angles of the anterior part of thg\,h ; . .
4 ere FL is the fork length of the fish (determined
body, (2) accelerations at -8, and (3) lateral body curvature independently for the fish in a straight positiany, the distance

as a function of posmon.and t|me. Sgcond, the curvature da&q the most rostral point of the segment along the axis from the
and measured muscle fibre orientations are used to calcuI%tﬁ

. L . : : . gtiout,s; is the length of the most rostral segment, sand a
strain variations of anterior and posterior red and white axi econd prescribed lengtip¢s:). The variable segment length
muscle fibres. Finally, sarcomere strains are used to interpn'ell‘1
known structural features of the sarcomeres (which vary wit
fibre type and position along the trunk), such as the dimensio%

of titin and myofilaments.

proved the stability of the applied algorithm while
proaching the actual curvatures as closely as possible by
owing enough flexibility. The largest segment length chosen
was in the head region, which is very stiff, allowing practically
no curvature (typicallys;=0.1FL) and the smallest segment
Materials and methods length was in the tail region where curvature is largest (typically
$1=0.025FL). The chosen segment lengths corresponded
approximately to the anatomical length of the carp segments
(skull, vertebrae and finray segments, respectively). Every axis
was calculated starting at the anteriormost visible point of the
obody (determined manually). The orientation of each new axis
t§’egment was found iteratively by assuming that the left and
l'ilrtft}ht projected fish areas were equal (van Leeuwen et al., 1990).
This assumption was supported by the results of radiography of
ee-swimming fish (van Leeuwen et al.,, 1990). The axis
alculation ended at the posteriormost visible point of the body

Swimming experiments

Eight specimens of common cargyprinus carpiol.),
22.5-27.5cm in fork length+(), bred in the laboratory at 23°C
and fed on commercial fish food (Trouvit pellets; Trouw and C
Putten) were used. High-speed motion films were made
determine sarcomere length changes (muscle strain) during f
swimming at 0.4 and OFL (measured from the snout) in red
and white axial muscle fibres of carp. Swimming events of th
fish were filmed from a dorsal viewpoint in a tank (90cm Iongc

;\15 c;}m Wlds arl1d'45 cm deep)t uzs(')g% a Tgle;zne DBM 54 lerU.e. the fork point of the tail blade, also determined manually).
'9 .t—.spe% 20|neb carr:;:rat ak d ra'r\rlTks Zg carr|1era Was " The number of initial segments was allowed to vary from
positioned = m above Ihe tank, and a INikon 2 mm lens was usﬁgme to frame (generally, the highest numbers of segments

to capture images of the complete tank. Fims (Kodak dOUbI(:V'/T/ere used for the strongest curvatures). The ‘raw’ data were

X negative, 250 ASA) were taken with continuqus light from herefore interpolated so as to obtain 31 points for each

L . Slculated axis. The axes were subsequently smoothed as a
swimming fish (power input of 5.2kW). Water temperature Wa$§ \nction of position down the trunk using natural cuBic

23 °C':,.and warming of the aguarium by th.e filming Ilgh?s W‘."‘Sspline functions (spline function package; Woltring, 1986). A
negligible because of the short lighting periods. Fast swimming_ . o spline function can be defined as a piecewise
responses, C- and S-starts and an intermediate swimming m ynomial function between and outside selected knot
(I-swimming) were elicited by a sudden sound wave in the tan ositions § on the abscissa (reflecting, for the positional
created by a blow to the laboratory floor adjacent to the tank rmoothing, the distances along the axis, to the anterior snout

by tapping the side of the tank with a hard rubber mallet. point). AB-spline (e.g. de Boor, 1978) of degeonsists of
g+1 polynomial pieces that join gtinner knots. Derivatives

Calculation of accelerations and muscle fibre strain . S : .
Fil vsed b acting th t0 sheets of A p to ordelg—1 are continuous at the joining points. On a basis
ims were analysed by projecting them onto Sheets o é{ B-splinesBj(s): j=1, ...,n, a fitted spline curveto data §,

paper through a flat glass .plate'. Prqjected outlines of the fi ) is the linear combination:
during fast-starts and cyclic swimming were traced onto the
paper at 5ms intervals and digitised relative to fixed referenc
points, using am,y-data tablet (Calcomp 9100). For each side
of the body, approximately 100 points were used. The point.
were distributed non-equidistantly. The shortest distances wevéherea are the spline coefficients. The spline coefficients can
used for the strongest curvatures of the outline. The estimatég manipulated using the so-called regularisation or smoothing

Inek

aBj(sq) , )

1
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parameter (Woltring, 1986). For smoothing of the axesstraingpagin a direction parallel to the axis, at an instantaneous
appropriate values were chosen for the smoothing parametdistanced from the median plane, was calculated as (van
(the higher the smoothing factor, the more ‘straight’ the curvéeeuwen et al., 1990):

approximation becomes) in such a way that (1) the fish axi

was kept as straight as possible in the head region, ( spaq:—% 4
unrealistic small-scale fluctuations (i.e. with a length of the

order of a few anatomical segments of the fish) in the curvatug
were eliminated, and (3) the fundamental characteristics of th
wave of lateral curvature were preserved (i.e. over-smoothin e —d ®)
was avoided). A more objective smoothing criterion, such a: PATR

the minimisation of the generalised cross-validation (GCV, fol

details, see Woltring, 1986) function, could not be used for thfor the convex side of the body, whétel/kis the local radius
positional smoothing because of correlated errors i®f curvature. Similarly, the stragppqgperpendicular to the axis,
neighbouring points. This would lead to too small a smoothingt an instantaneous distandefrom the median plane, was
parameter. The smoothed axes,yp) were described in calculated as (van Leeuwen et al., 1990):

parametric form byp=F(st) andyp=G(st), wheret is time,

§r the concave side of the body, and

and F and G are functions. Owing to inaccuracies in the Sppq:ﬁ‘l (6)
digitising process (see above), small errors were introduce v 0

tha_lt varied frpm frame to frame, suqh as very s_mall undeswe‘%r the concave side of the body, and

rigid body displacements and rotations. Functignand yp

were therefore smoothed as a function of time using quinti 1 ©)

naturalB-spline functions and the GCV criterion as described Eppa J(R+2do)R
by Woltring (1986). The GCV criterion was used because thi
mean squared error in the data was not knawiori. The  for the convex side of the body, whelkeis the corresponding
GCV criterion should be used cautiously because it leads {@nitial) distance in the straight axis position. Finally, the
under-smoothing if too small a number of knots is used for atrains of red and white muscle fibres were calculated using:
given knot density (our data sets contained several hundred
points, far more than the minimum number of 40 suggested in
Woltring, 1986, which was evaluated to be too low). This lastvherel andn are the direction cosines of the muscle fibres in
smoothing step had only a minor effect on the data set. Thhe perpendicular and the parallel direction, respectively.
calculated axes (using the smoothed 31 points per frame) wereEight fish were used for the strain calculations and, for every
used to calculate the turning rates (degreed)méthe midline  fish, C-starts, S-starts and a fast-swimming mode intermediate
of the anterior part of the body (shout to estimated centre dfetween these two forms (I-swimming) were filmed and
mass at 0.BL) throughout a C- and an S-start. We alsodigitised. In total, we used 24 filmed scenes of fast-starts.
calculated the accelerations (derived as the rate of change d$ing equations 4—7, the maximum sarcomere strains were
the velocity magnitude in time) of some carp atfL3luring  calculated for red and white muscle fibres at 0.4 anBLOf8r
C- and S-starts. all fast-starts examined. For every type of fast-start, a mean

The absolute curvatutewas calculated using tHeandG  maximum sarcomere strain was calculated for each muscle
functions introduced above in the following formula type and location (i.e. the mean of eight maximum values, one
(Lipschutz, 1969): per filmed scene).

————— We also examined mean sarcomere strains during cyclic

€p=1%€ppq+ N*€pag, (8)

2 2
\[%j + (%;) swimming of each carp. All computer programs were written
k= FZ dGZ ©) for the Macintosh family of computers, using Think Pascal
(E) + (@) 4.0.2 (Symantec Corp.) or Mac FORTRAN Il (Absoft Corp.)

as programming languages. The two-dimensional-curvature

The fork length divided by the local radius of the curvaturedata were interpolated using the cubic interpolation routine
R gave the normalised curvatureL(R), which is defined as available in the Transform plotting package (Fortner
positive for curvature to the right and as negative for curvaturResearch LLC). The interpolated data were represented as
to the left. For reasons similar to those given for thecontour plots.
accelerations, the curvatures obtained from sxthgt) and The calculations did not compensate for possible buckling
Yp(st) data were finally smoothed as a function of time usingffects that are likely to occur in the red fibres during fast-
the GCV criterion. In calculating the strain, the observedtarts. Unrealistically low negative sarcomere strains for red
thickening at the concave side of the body, the thinning at th@uscles were therefore obtained occasionally (see Results and
convex side and the position and orientation of the musclBiscussion). Only positive strains of the sarcomere (on both
fibres were taken into account. It was assumed that the fibreise left and right sides of the body during a filmed scene) were
were at their resting length when the trunk was straight. Thigcluded in the statistical analysis.
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Muscle fibre orientation and sarcomere length measurementgalues) appeared to be normally distributed (Shapiro and Wilk,
The red and white muscle fibre position and orientation weré965). The differences in sarcomere strain we found between
measured using the method described by Alexander (1969gd and white anterior and posterior muscle fibres during
The skin of the fish was removed from one side of the body téifferent swimming modes were analysed statistically using a
reveal the musculature, and incisions were made using a shatpivariate analysis of variance procedure (ANOVA; SAS 6.11,
razor blade at the mid-point of the red (1-2mm deep) an8AS Institute Inc., Cary, USA):tests and least significant
dorsal white muscle (3_4 mm deep) at points 0.4 an€l0.8 difference (LSD) of means (Sokal and Rohlf, 1981). Individual
along the body (Fig. 2). The angles, measured with respect ftgh were taken as a random factor with four test positions of
the median and frontal plane of the fish, were used to correé@rcomeres. Statements of statistical significance are based on
strain calculations for the orientation of red and white fibres.P<0.05 unless specified otherwise (Sokal and Rohlf, 1981;
Red and white muscle fibres at Bldand 0.6-L along the Rohlf and Sokal, 1981). Values are presented as meaps *
trunk of a carp were prepared for electron microscopy as
described by Akster (1985). The length of the actin filament
and the myosin filament were measured. We used the cross ) )
striation in the I-band (caused by the 38.5 nm periodicity of the The ranges of muscle fibre angles measured with respect to
troponin complexes on the actin filament; Page and Huxleyhe median planes were 4-6° atBl4and 6-8° at 0.BL for
1963) to correct for the combined effects of uncertainties in thged muscle fibres, and 20-27° atBldand 12-17° at 0BL
microscopic magnification and shrinkage. In this way, thdor white muscle fibres. The ranges of angles measured with
natural length of the filaments could be accurately determinef€Spect to the frontal plane were 8-10° atfl.4nd 2-5° at
In addition, our filament length measurements and derivefl-8FL for red muscle fibres, and 14-16° atBl4and 29-31°
sarcomere resting length were supported by single-fibre las@k 0.8-L for white muscle fibres. The mean sarcomere lengths

diffraction length measurements and force measuremeng red fibres, 1.95+0.003#m, and of white fibres, 1.92+0.0036
(Spierts et al., 1997). um, differed significantly N=36). The length of the actin

filament was 1.82+0.038n (N=12) and the length of the
Statistics myosin filament was 1.58+0.04iin (N=12). As values varied
The maximum strain data calculated in this study (relativ&/ery little along the trunk, no significant differences were
found between anterior and posterior fibres.

Three types of fast-starts were distinguished: a typical C-
start or startle response, an S-start and an intermediate fast-
swimming mode (I-swimming). The statistical analysis did not
reveal significant differences between individual fish.

Results

40%

Swimming responses of carp after introducing a sound wave
into the tank
C-start

C-starts of carp occurred very suddenly and rapidly and
involved large turning angles. Fig. 3 is an example of a single-
bend C-start showing the calculated central axis of an adult
carp (Fig. 3A) and the turning rate of the anterior body midline
(Fig. 3B). Only stage 1 could be recognised, which is typical
for a single-bend C-start because no change in turning direction
occurs. Stage 1 startedt@® ms, when the carp was in a resting
position, and ended &t 100ms, when the turning rate had
decreased to zero. The maximum turning rate was 4% ms
After 100 ms, a total turning angle of 155° had been reached.
Fig. 3C shows a contour plot of the body curvature during this
C-start. The horizontal axis represents the normalised position
along the body axis (O=tip of snout, 1=fork of tail fin), the
ordinate shows the time, and the colours and contours in the
plot show the normalised curvatUfe/R (Ris the local radius
of curvature). The largest curvatures occurred between 0.5 and
Fig. 2. Schematic drawing showing the positions used for calculatin8'8FL' The body bent mainly to the right side during this start,
the muscle fibre strain in red and white muscle tissue on the left artithough between 0 and 20ms a very small curvature to the left
right side of the fish body at 0.4 and BI§ whereFL is fork length. ~ was calculated for the tail region. At approximatelyRL.6the
The positions for white and red muscle tissue are indicated by fillethaximum curvature (inner small contour in the red area) was
and open circles, respectively. reached approximately 25ms after starting from an almost
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Fig. 3. Single-bend C-start of an adult carp. (A) The central axis of the fish (plotted using the 31 points derived pet azis)ithieing a single-
bend C-start, shown every 10ms. Times between tracings are in milliseconds from the first detectable movement. (B) Tte afrthiaganterior
body midline (snout to estimated centre of mass &l0.@hereFL is fork length) during this C-start. The single-bend C-start consisted of stage 1
only. (C) Contour plot of the body curvature during this C-start. The horizontal axis represents the body axis of thesisd esprermalisdel

(O=tip of snout, 1=fork of tail fin), the ordinate shows the time, and the colours and contours in the plot show the ncumvatisefL/R (where

R is the local radius of curvature). Curvature was positive for bending to the right and negative for bending to the lefhe@hieodaontal
reference lines numbered 1 and 2 indicate the peaks in acceleration of the fish akis dtng this C-start, shown in Fig. 4A.

straight position. The contours show that the position of peak The curvatures of the fish (Fig. 5A—C) clearly showed that
curvature along the trunk travelled at fairly constant speetloth head and tail region curved extensively in the same
from 0.5 to 0.7FL (approximately %Ls™1). Between 0.72 direction during the C-start, resulting in large sarcomere strains
and 0.83-L (peduncle region), the speed of the position ofanteriorly as well as posteriorly. In Fig. 5A, the carp started
peak curvature was much higher, and the speed dropped aghimm a straight position. In Fig. 5B,C, the fast-start began
in the most posterior region. while the fish was swimming slowly. In these latter cases, the
Fig. 4A,B shows two typical examples of the acceleration ofast-start was preceded by a short preparatory stroke (see the
the fish axis at 0.BL during a C-start. Fig. 4A is from the same first 10-15ms) owing to the preceding swimming motion.
start as shown in Fig. 3. In the first 20ms of a C-start, largBuring this stroke, the fish body bent slightly, after which the
accelerations of up to 54 mavere achieved. The acceleration large C-shape developed in the opposite direction. Fish often
during a C-start showed at least two peaks. The first main peplerformed double-bend C-starts, which consisted of two stages
almost coincided with the moment of maximum turning ratge.g. Fig. 5A—C). During stage 1, the carp bent extensively to
(Fig. 3B), just before the moment of maximum curvature. Thene side, followed by a smaller bend to the opposite side, stage
timing of peaks 1 and 2 (Fig. 4A) is indicated by dashe®. In the absence of electromyographic (EMG) recordings,
horizontal lines in Fig. 3C. stages 1 and 2 of a fast-start were defined using the turning rate
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(Figs 3B, 6B). Stages 1 and 2 were delimited by the changegcurred at 0.BL (dark blue area) and was reached
in the turning direction of the anterior body midline (afterapproximately 50ms after the initial straight position. The
Domenici and Blake, 1991, 1993b; Kasapi et al., 1993). Theontours show that the position of maximum curvature along the
double-bend C-starts investigated lasted approximatelyrunk travelled at fairly constant speed from 0.35 toFQ.7
50-100 ms (the sum of stages 1 and 2). When carp performéapproximately 1&L s71). In contrast to the C-start of Fig. 3, the
C-starts, the maximum curvature on one side of the bodspeed decreased gradually posteriorly frontQ.7These were
(anteriorly, posteriorly or both) was always reached withintypical S-starts because the largest curvatures occurred
10-25ms after starting from a straight body position. Duringapproximately half-way along the trunk (resulting in large
this period of maximum curvature, maximum sarcomerenterior sarcomere strains, see below). S-starts of carp occurred
strains were reached on the convex side of the fish body (sat lower accelerations (Fig.4) than in C-starts with
Figs 7A—C, 8A-C). Anterior and posterior maximum displacements that were more in line with the body axis.
curvatures were reached with a time difference up tdig. 4C,D shows two typical examples of the acceleration of the

approximately 5ms (Fig. 5A-C). fish at 0.3-L during S-starts. In the S-start shown in Fig. 4C, the
fish began the movement slowly, after which large accelerations
S-start occurred (peak close to 40 The peaks in the acceleration

Fig. 6 is an example of an S-start showing the central axis @lurve (in Fig. 4C at=45ms and in Fig. 4D at 15ms and 70 ms)
an adult carp (Fig. 6A) and the turning rates of the anterior bodyoincided with moments at which the tail fin had a high lateral
midline (Fig. 6B). In stage 1, the carp started from a straightelocity (approximately 3—-4m% and was at a considerable
position and bent into a largeshape with turning rates up to angle (approximately 70-90°) relative to the direction of
approximately 1.5°md. At t=60ms, the turning rate became movement (i.e. favourable conditions for generating thrust).
negative and stage 1 was followed by stage 2, in which the fish The normalised curvatures plotted in Fig. 5D,F are for fish
adopted an oppositeshape. Stage 2 lasted until approximatelythat began the S-start while swimming slowly, whereas in
t=88ms, when a further reversal of turning direction occurredrig. 5E the fish was in a straight position at the beginning of
and stage 3 (variable behaviour) followed. At 140ms, the totdhe start. The S-starts investigated lasted slightly longer (stages
turning angle was 72°. Fig. 6C shows a contour plot of the body+2) than the C-starts, and lower turning rates were achieved.
curvature during this S-start. The contour plot shows that at eadihe time carp required to reach maximum curvature from a
instant positive and negative curvatures were present down te&aight position (with large strains, see Figs 7D—-F, 8D-F) was
trunk, which is typical for an S-start. The largest curvaturdonger and more variable than in the C-starts.
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Fig. 5. Normalised curvatureL/R (whereFL is fork length andR is local radius of curvature) of anterior (triangles) L3} and posterior
(circles) (0.8-L) regions of the fish body during fast-starts. Curvature was positive for bending to the right and negative for bendefy to the |
When both anterior and posterior curvatures are zero, the fish is lying in a straight position. (A—C) C-starts. (D—F)c8pstagsgenses.
(G-I) Intermediate fast-swimming movements (I-swimming). The sarcomere strains of red and white anterior and posteridiresusnléni

left and right side of the fish body during these fast-starts are shown in Figs 7 and 8, respectively.

[-swimming C-start

During I-swimming, the body curvatures were largest in the Figs 7A—-C and 8A—C show the sarcomere strain of red and
posterior region of the trunk. In this region, curvaturewhite anterior and posterior muscle fibres on the left and right
amplitudes were similar to those of the C- and the S-start (se@le of the fish body, respectively, during typical C-starts. No
Fig. 5G-I). Hence, much larger sarcomere strains occurresignificant differencesN=8) in maximum sarcomere strain

posteriorly than anteriorly (see Figs 7G—I, 8G-lI). were found between red anterior (0.272+0.211), red posterior
] o ) ] (0.275+0.120), white anterior (0.163+0.142) and white

Strain variations in muscle fibres posterior (0.168+0.079; Table 1) fibres. On the basis of the
Antero-posterior and red—white differences curvature data shown in Fig. 5A-C, we conclude that in C-

Table 1 presents results from a statistical comparison of treiarts the maximum curvature does not consistently occur in
maximum sarcomere strain at the convex side of the fish bodie posterior or anterior half of the body, unlike S-starts and I-
There was a large and significant differend&=0,0002) swimming.
between the maximum strains in red fibres (0.251+0N268)
and white fibres (0.147+0.07M=48). Strains for anterior fiores S-start
sampled at 0.BL, which is close to ‘mid-body’, did not differ Figs 7D—-F and 8D-F show the sarcomere strain of the
significantly from those for posterior fibres (618). different muscle fibre types on the left and right side of the fish



Kinematics of C- and S-starts in carplO1

Direction
of escape

125

100

75
&
E
0o
E
70 mm =
50
Total turning angle 72°
2.'I'I'I'I'I'I'I'I'I'I'I'I'I'II
a = B
w 15 F 7
= i
§ 1L ] 25
g :
e 0'5;' Stage 2 3
§ - -
> 0
£
[
5
|_

e ]
05|  Stagel \/ ] 0
: : 0 0.25 0.50 0.75

L L L L L 1 1 PR I I I T |
0 20 40 60 80 100 120
Time (ms)

1.00

1A|,0 ] Normalised position along body

-10 -5 0 5 10
Normalised curvature
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shown every 10ms. Times between tracings are in milliseconds from the first detectable movement. (B) The turning rateriirthedynt
midline (snout to estimated centre of mass at-0,3whereFL is fork length) during this S-start. The stages of the start are indicated.
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(O=tip of snout, 1=fork of tail fin), the ordinate shows the time, and the colours and contours in the plot show the notmeltseeFL/R
(wereRis local radius of curvature). Curvature was positive for bending to the right and negative for bending to the left.

body, respectively, during S-starts. Red anterior (0.389+0.01%ibres were exposed to significantly larger maximum strains
N=8) and white anterior (0.240+0.017) fibres had significantly(0.307+0.053N=8) than all other muscle fibres (see Table 1).
larger maximum strains than red posterior (0.171+0.008) anNo significant differences in maximum strain were found
white posterior (0.097+0.004; Table 1) fibres, respectively. Ibetween red and white fibres.

general, during S-starts, red fibres had significantly larger

maximum strains (0.280+0.118y=16) than white fibres Comparison of different fast-starts

(0.167+0.077N=16). The maximum sarcomere strain of anterior fibrids16)
was significantly larger during S-starts (0.315+0.081) and C-

I-swimming starts (0.215+0.16) than during I-swimming (0.103+0.052).

In Figs 7G—I and 8G-I, the sarcomere strain is shown durinBosterior fibres were subjected to significantly larger
I-swimming on the left and right side of the fish body, maximum strains in I-swimming (0.242+0.080) than in S-starts
respectively. During this swimming mode, only red posterior(0.134+0.040).
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Table 1.Mean maximum sarcomere strain during fast-starts predation S-starts of other species (during which larger

Mean maximum

posterior curvatures occur) and was associated with fairly
large turning angles (approximately 60—80 °). On the basis of

Muscle fibre type N sarcomere strain - ’ >
these observations, it is expected that the final swimming
\?vi?t’etottc?tlal :'g g'ff%fg'éﬁf direction can be determined least accurately in C-starts and
' B most accurately in predation S-starts (in which precision of
Anterior. total 48 0.209+0.138 aiming is of vital importance). Escape S-starts seem to have
Posterio’r, total 48 0.201+0.082 an intermediate position in this respect.
During I-swimming, the largest curvatures and muscle
C, red anterior 8 0.272+0.231 strains occurred posteriorly, similar to the reported pattern for
C, red posterior 8 0.275+0.120 predation fast-starts. I-swimming is not a real fast-start but may
C, white anterior 8 0.163+0.1a2 occur just before or just after an actual fast-start.
C, white posterior 8 0.168+0.079 The duration of C-starts is size-dependent (Domenici and
Blake, 1993b) and linearly related to turning angle (Domenici
S, red anterior 8 0.3890.029 and Blake, 1991; Domenici and Batty, 1994). C- and S-starts
S, red posterior 8 0'17110'038 differ in their duration. Swimming performance is also
gm:i zgggggr 2 g'(z)ggig'goz influenced by water temperature and body length. In the
’ DR present study, double-bend C-starts were performed slightly
I, red anterior 8 0.130+0.087 more quickly (50-100ms) than S-starts or I-swimming. Fast-
I, red posterior 8 0.307+0.053 starts of rainbow trout with similar body sizes (20.4-29.6cm
I, white anterior 8 0.076+0.033 TL) to our carp but at 15°C had durations of 78-96 ms (Webb,
I, white posterior 8 0.177+0.082 1976), whereas a duration of 115ms was found for the fast-

start of pike Esoxsp., 21.7cmTL, 15°C; Webb, 1978b).

Within each section of a column (separated by spaces), differe@iven the large variation in results from previous studies on
letters (a,b,c) indicate a significant difference(F05).

N, total number of muscle tissue sections used for determining thgifferent species requires the use of more similar experimental
mean maximum sarcomere strains (eight fish).

Values are meansso.

fast-starts, direct comparison between the performance of

designs.

C, C-start; S, S-start; |, intermediate fast-swimming movements. Accelerations of the fish at (F& during fast-starts

Discussion

Fast swimming movements of carp

Defining S-starts of carp

Predation S-starts are characterised by a variaisleape of
the fish axis, with the largest curvature and sarcomere strai

The accelerations at 0F8 were larger during C-starts than
during S-starts. The trough between the two main acceleration
peaks observed during C-starts (Fig. 4A) was probably caused
by rotation around the fish centre of mass atFQ,3since
bending caused the head and tail to move with large
ggcelerations.  During  S-starts, maximum accelerations

located posteriorly and a small turning angle of the body. Theoincided with a tail-fin movement of high lateral velocity and

(inclined) tail moves almost perpendicularly to the anterior axi
of the fish (Hoogland et al., 1956). In escape S-starts, t
largest sarcomere strains occur anteriorly and turning angl&g:
are generally larger. Webb (1976) reported such escape S-stdf
in large rainbow trout @ncorhynchus mykissbut with

relatively small turning angles.

Comparing different fast-starts
The fast-starts investigated in the present study resultdzbcause of their similar experimental conditions. In that study,

at a considerable angle to the anterior axis of the fish,

Hepnditions for which a large thrust will be produced. Reported

aximum accelerations during fast-starts vary greatly between
{ferent studies (for a review, see Domenici and Blake, 1997).
When comparing accelerations during fast-starts from different
fish species, factors such as fish size, water temperature and
filming rate must be considered. The study of Harper and Blake
(1990) is most appropriate for comparison with the present data

from escape responses to the same stimulus. Why do casperall mean maximum accelerations of 59.7+8.3h{mean
respond to the same stimulus with a C-start in one case aard s.e.m., N=30) were reported for fast-starting rainbow trout
with an S-start or I-swimming in other situations? It is(Oncorhynchus mykis81.6+2 cmFL, mean + 2s.e.m.) and
interesting that the highest maximum strains were recorded fonuch higher single maximum accelerations (96#s
S-starts. It is thought that C-starts are initiated by theompared with those in the present study (approximately
Mauthner system, but little is known about the mechanism84 ms? for C-starts and 40 nm&for S-starts).

controlling S-starts. Depending on the stimulus, there is great

variation in turning angle relative to the initial orientation of Sarcomere strains during different fast-starts

the fish (Domenici and Blake, 1993a). The maximum It is assumed that the strains of red muscle fibres depend on
curvature of the anterior trunk during escape S-starts of caf) the distance between the fibre and the backbone of the fish
in the present study was strikingly large compared wittand (2) the instantaneous local curvature of the body during
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swimming. This is supported by a study of Coughlin et alvelocity (Vmay of 4.65+0.59 s7! (whereL is length, mean *
(1996), who compared calculated and measured strain in sceg.m., N=5) for red muscle fibres and 12.88+D&* for
(Stenotomus chrysgpsStrain variations of white fibres are, skinned white fibres N=6) both at 15°C. Since our
because of their helical fibre paths, dependent not only on theixperiments were carried out at a higher temperature (23 °C),
distance to the body axis but also on their orientation. Rede expect somewhat higher values than those obtained by
fiores are consequently exposed to larger strains, as was fouRdme et al. (1988): approximately .51 for red muscle

in the present study (e.g. 25.1% for red fibres and 14.7 % fdibres and 1& s for white muscle fibres. Owing to the low
white fibres). Strains determined by Rome and Sosnicki (199Mmax0f red fibres compared with the fast white fibres, red fibres
in rigor muscle of carpQyprinus carpig at 0.38 and 0.6BL)  are not able to equal the high shortening velocity of white fibres
that had been bent into extreme curvatures similar to thoskuring very rapid fast-starts and will therefore tend to buckle
found during C-starts also showed larger maximum straion the concave side of the fish body. This confirms earlier
values in red than in white fibres. They found the highessuggestions by Rome et al. (1988) and Rome and Sosnicki
sarcomere strains in red anterior fibres (up to 25 %, compar€iti991). The negative sarcomere strains of red fibres shown in
with 16.5% for red posterior fibres), which they attributed toFigs 7 and 8 were not corrected for these buckling effects, but
the relatively large distance between these fibres and the borflect the shortening that these fibres would need to undergo
axis. In the present study, maximum strains of red anterior arid avoid buckling. White posterior fibres experienced similar
posterior fibres during C-starts were similar, approximatelstrains (16.8%) to white anterior fibres (16.3%) during C-
27%. Rome et al. (1988) obtained a maximum shorteningtarts. Rome and Sosnicki (1991) found that white posterior
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Fig. 7. Sarcomere strain of red (triangles) and white (circles) anterior (open symbols) and posterior (filled symbols) rassmtetfibrieft
side of the fish body during fast-starts. Positive strains indicate muscle fibre lengthening; negative strains indicate rensbcigefiting.
(A—C) C-starts. (D—F) S-start escape responses. (G-I) Intermediate fast-swimming movements (I-swimming).
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Fig. 8. Sarcomere strain of red (triangles) and white (circles) anterior (open symbols) and posterior (filled symbols) resismiethidright
side of the fish body during fast-starts. Positive strains indicate muscle fibre lengthening; negative strains indicate rengbaleefiting.
(A—C) C-starts. (D—F) S-start escape responses. (G-I) Intermediate fast-swimming movements (I-swimming).

fibres experienced larger strains than white anterior fibreaxial muscle fibres, respectively, Gyprinus carpioduring
(anterior 6.1 %; posterior 10.7 %) but with lower values tharcyclic swimming. Posterior fibres experienced larger
in our study. The carp we investigated were largesarcomere strains than did anterior fibres during cyclic
(22.5-27.5cnFL) than those of Rome and Sosnicki (1991)swimming (van Leeuwen, 1995). van Leeuwen et al. (1990)
(10—-20cmTL). The sarcomere strains we found in anterioffound that, during cyclic swimming, anterior fibres were
fibres during S-starts were more than twice as large as mainly concentrically active, within a limited length range,
posterior fibres for both red and white muscle fibres (Table 1)yhereas fibres in the caudal peduncle were active for a longer
owing to the larger anterior curvature that occurs in S-startgeriod while being stretched. At the level of the anus, the
relative to C-starts. The maximum strain rate we calculatedoncentric and eccentric activation periods were approximately
was less than approximately 10-5for white fibres and 358  equal. Rome and Sosnicki (1991) determined strains in rigor

for red fibres. muscle of carp with body postures similar to those of cyclic
o _ o swimming. They found strains of 2.9 % anteriorly (at OIBB
Sarcomere strain in relation to titin isoforms and 5.7 % posteriorly (at 0.6&). For intermittent swimming,

Sarcomere strain variations during cyclic swimming ardarge strains (up to 20 %) were calculated for posterior fibres
smaller for white fibres than for red fibres (Rome et al., 1988f carp (van Leeuwen et al., 1990; for a correction, see also
van Leeuwen et al.,, 1990; Rome and Sosnicki, 1991). vavan Leeuwen, 1992). For cyclic swimming, we found that the
Leeuwen et al. (1990) and van Leeuwen (1992) calculatecbmbined effects of muscle fibre type and muscle location led
strains of approximately 1.5-2% and 5% for white and redo the following set of declining mean sarcomere straF8):
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red posterior 0.051+0.023; white posterior 0.028+0.013; rewvhich the smallest titin isoforms are found. To quantify the
anterior 0.02+0.022; white anterior 0.012+0.012. The observepassive tension required to stretch red anterior fibres
variation in strain corresponds well with previously reportednaximally during S-starts, we compared our strain value of
differences in molecular mass of the huge, highly elastic39 % with the passive tension of carp red anterior fibres derived
muscle protein titin: red and posterior fibres of carp possessém a passive tensiorersussarcomere length curve (Fig. 2A
larger titin isoforms compared with white and anterior fibresn Spierts et al., 1997). The passive tension necessary for a
(Spierts et al., 1997). The increased molecular mass of titistrain of 39 % in these fibres is 20 kPa (Spierts et al., 1997). Of
correlates with an increase in the length of the highly elastithis 20 kPa, the titin-based passive tension is 14 kPa, whereas
segment of titin (I-band segment). The position of titin in ahe intermediate-filament-based passive tension is 6 kPa. This
slack sarcomere is illustrated in Fig. 1A. Titin acts as a duglassive tension during stretching is considerable compared
spring resisting both negative (Fig. 1B and the green curve iwith the maximum active tension that can be generated by carp
Fig. 1D) and positive (Fig. 1C and the red curves in Fig. 1Dyed muscles (which is low because of the buckling described
sarcomere strain. Differences in the length of the highly elasti@bove) when these fibres actively participate in power
titin segment are reflected in differences in the passive tensigeneration during fast-starts. The passive tension of red fibres
versussarcomere length relationship of skinned muscle fibreduring shortening, however, is much smaller, also because of
(Granzier et al., 1996). When red fibres are gradually stretcheldis buckling. Further research is required to quantify the
at a constant velocity from resting length to twice this lengthenergetic consequences of these features of muscle.

the passive tensiomersussarcomere length curve increases

more steeply in fibres with small titin isoforms (anterior fibres) We thank Dr H. A. Akster and Professor Dr J. W. M. Osse
than in fibres with larger titin isoforms (posterior fibres). Thefor useful discussions and comments on the manuscript. We
passive tensiowersussarcomere length curves for carp redalso thank an anonymous referee for a detailed report that
anterior and posterior fibres upon stretching and shorteningelped to improve this paper. This research was supported by
derived from Spierts et al. (1997), are shown in Fig. 1D as thihe Life Sciences Foundation (SLW), which is subsidised by
red and green curves, respectively, expressed relative tottge Netherlands Organisation for Scientific Research (NWO).
maximum active tension of approximately 150kPa. The

smaller titin isoform in anterior fibres results in greater passive

tension for a given sarcomere strain. Spierts et al. (1997) References
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