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Summary

Fish fast-starts and sprints are rapid kinematic events
powered by the lateral myotomal musculature. A
distinction can be made between fast-starts and sprint-
swimming activity. Fast-starts are kinematic events
involving rapid, asymmetrical movements. Sprints involve
a series of symmetrical, high-frequency tailbeats that
are kinematically similar to lower-frequency, sustained
swimming. The patterns of muscle recruitment and
strain associated with these swimming behaviours were
determined using electromyography and sonomicrometry.
Axial patterns of fast muscle recruitment during sprints
were similar to those in slow muscle in that the duration of

a power producer. The threshold tailbeat frequency for
recruitment of fast muscle differed with location in the

myotome. Superficial muscle fibres were recruited at
lower tailbeat frequencies and shortening velocities than
those deeper in the musculature. During sprints, fast
muscle strain ranged from +3.4%lo (where lp is muscle
resting length) at 0.3%L (where FL is fork length) to

+6.3%lp at 0.65L. Fast-starts involved a prestretch of up
to 2.5%lo followed by shortening of up to 11.3%o. Stage
1 EMG activity began simultaneously, during muscle
lengthening, at all axial locations. Stage 2 EMG activity
associated with the major contralateral contraction also

electromyograhic (EMG) activity decreased in a rostro-
caudal direction. There was also an axial shift in activity
relative to the strain cycle so that activity occurred
relatively earlier in the caudal region. This may result
in caudal muscle performing a greater proportion of
negative work and acting as a power transmitter as well as

commenced during lengthening and proceeded along
the body as a wave. Onset of muscle activity during
lengthening may enhance muscle power output.

Key words: fast muscle, rainbow tro@ncorhynchus mykissast-
start, electromyography, sonomicrometry, swimming, locomotion.

Introduction

Fish fast-starts and sprints are rapid kinematic events powersgnapses with motor neurones that innervate the lateral body
by the lateral myotomal musculature. The level of performancemusculature (Fetcho, 1991; Fetcho, 1992). M-cell activity can
in this type of rapid manoeuvre is of direct survival value to thée initiated by auditory, visual or lateral-line stimuli (Canfield
fish, both in terms of prey capture and in terms of predatand Rose, 1993). Eaton et al. (Eaton et al., 1984) found that
avoidance. The majority of the lateral muscle is made up of fasiscape responses could also be initiated by non-Mauthner
anaerobic muscle fibres which power these rapid unsustaineguronal pathways.
movements (e.g. Hudson, 1973; Bone, 1978; Jayne and Lauder,The structure of the lateral musculature is complex. Axially,
1993). A distinction can be made between fast-starts and sprintis divided into a series of segmentally arranged myotomes.
swimming. Fast-starts are kinematic events involving rapidcach myotome is bounded by collagenous myosepta, which act
asymmetrical movements of the body. Kinematically, fast-startas attachment points for the muscle fibres. The myotomes form
are divided into two stages. Stage 1 represents the first muscudarseries of nested cones. Muscle fibre orientations in the
contraction when the body is typically thrown intdCaor S superficial muscle lie approximately parallel with the body
curve. This stage ends when the contralateral contraction staréis, although further from the body surface this is not the case.
Stage 2 is the return sweep of the tail blade. This produces rapid most teleosts, the muscle fibres follow helical trajectories.
acceleration of the body (e.g. Webb, 1975; Webb, 1978; Harp&almonids are an exception in that the trajectories are not
and Blake, 1990). Sprints involve a short series of symmetricahelical but run from anterior to posterior cones of the
high-frequency tailbeats that are kinematically similar to lowermyotomes, or from myotomal cones to the vertebral column
frequency sustained swimming. Fast-starts are associated withlexander, 1969). Patterns of innervation are also complex.
activity in the Mauthner neurones or M-cells, a pair of gianHudson (Hudson, 1969) identified 12 motor units within a
reticulospinal neurones. The axon of the M-cell decussates asthgle myotome. In the majority of teleosts, fast muscle fibres
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are multiply innervated, and each fibre
more than one motor end plate (Bar
1961; Hudson, 1969), the number of wt
varies with position in the myotor
(Altringham and Johnston, 1981).

addition, any given fibre may be innerve
by axons from several adjacent sp
nerves (Hudson, 1969).

The fast myotomal muscle powers
diversity of swimming behaviours tF  Epaxal anterior-pointingarm (APA)
encompass a wide range of swimmn
speeds and body kinematics. Th
require a range of strains and shortel
velocities. The division between sl
muscle activity at low speeds and {  Deepanterior-pointing coneXPC)
muscle activity at higher speeds is v
established (e.g. Rayner and Keel
1967; Bone, 1978; Rome et al., 19
Jayne and Lauder, 1993). The underh
neuroanatomy may provide the scope

Posterior-pointing cone (PPC)
Supefficial anterior-pointing coneAPC)
Median horizontal septim (MHS)

Hypaxial fastmusde

- . Fig. 1. Myotome 15 of the rainbow troudncorhychus mykissThe surrounding
complex patterns of mu_SCI_e acpwty witt myotomes have been removed to reveal its structure and relationship to the axial
the fast muscle. There is little informat skeleton. Fibres tended to be oriented so that they were directed towards the apices of the
on the muscle recruitment patte  anterior- and posterior-pointing cones. The circles indicate the locations of the
within the complex three-dimensiot measurement points.

architecture of the myotome. Jayne
Lauder (Jayne and Lauder, 1995) sho
that, in largemouth bassMi{cropterus salmoidés during Sonomicrometry and electromyography
burst-and-glide swimming, muscle activity in the extreme The locations of measurement points are shown in Fig. 1.
hypaxial and epaxial portions of the myotome could beTable 1 details the muscle fibre orientations at these points.
decoupled from activity in the central portion. It seems likelyFour different approaches were used to gather muscle
that that there is variability in muscle recruitment withinrecruitment and strain data. In the first group of fish6),
the myotome during different swimming behaviours.electromyographic (EMG) and sonomicrometry recordings
Electromyography was used to determine the patterns efere made from three superficial points in the lateral fast
muscle recruitment during fast-starts and sprint swimming imuscle. These were at 0.35, 0.5 and BL6proportion of fork
the rainbow trouOncorhynchus mykisRecruitment patterns length from the snout). In a second groiy=§), EMG and
were determined both along the body axis and within a singlgonomicrometry recordings were made from three sites in
myotome. The relationship between muscle activation anthyotome 15. This was the fifteenth myotome posterior to the
length is crucial in determining the patterns of power outputmargin of the operculum. The first caudal vertebra was located
Simultaneous sonomicrometry was used to measure musae 0.5%L from the snout. This placed the measurement point
length changes. This information is required if subsequerdt 0.6%L within the caudal region, whilst the remainder of the
measurements of power output are to be made using the warleasurement points were in the trunk region. The superficial,
loop technique (Josephson, 1985). lateral portion of myotome 15, where the median horizontal
septum (MHS) meets the skin, was located atflL.3%he sites
within the myotome were the posterior-pointing cones (PPCs),
Materials and methods deep in the anterior-pointing cones (APCs) close to the
Rainbow trout, Oncorhychus mykisgWalbaum), were vertebral column and the hypaxial muscle surrounding the
purchased from Washburn Valley Trout Farm, Northbody cavity. In two further groupsN€6 for each group),
Yorkshire, UK. Fish were maintained at 14 °C in a circular tanksimultaneous recordings were obtained for a given site in
2m in diameter and 1m in depth. Water was aerated andyotome 15 on both sides of the fish and from a point in the
recirculated through biological filters. Fish were exposed to alow muscle at 0.39.. In one group, the fast muscle
16 h:8 h light:dark photoperiod and fed a diet of commerciammeasurement site in myotome 15 was the superficial APC and
trout pelletsad libitum The mean fork length=() of the fish  in the second group it was the epaxial anterior-pointing arm
was 332+10mm (range 295-354 cNx24). Mean mass was (APA).
342+11g (range 290-392 g). All swimming experiments were Sonomicrometry determines length changes from the transit
conducted at 14°C in a static tank 5.0m long, 1.0 m wide antime of an ultrasonic pulse between pairs of piezoelectric
1.0m in depth. crystals. Measurements were made with a Triton Technologies
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Table 1.Fast muscle fibre orientation at the measurement points

Height of entry Depth of Angle Angle
point relative to anterior end relative to relative to
lateral line of fibre Fibre length vertical septum MHS
Position (mm) (mm) (mm) (degrees) (degrees)
0.35L, superficial anterior-pointing cone 6.0 7.0 5.4+0.1 11+0.5 18+0.8
0.5CFL, superficial anterior-pointing cone 5.5 6.0 5.240.2 15+0.8 16+0.5
0.65-L, superficial anterior-pointing cone 5.0 4.3 4.84+0.1 +0.9 15+0.5
Deep anterior-pointing cone 5.0 14.0 6.5+0.2 24+0.8 0£0.5
Posterior-pointing cone 17.0 8.0 4.8+0.1 -28+0.9 9+0.5
Epaxial anterior-pointing arm 24.0 4.0 3.6:0.1 10+0.6 0+0.5
Hypaxial fast muscle =20 2.2 4.610.1 10+0.5 33+0.5

Positive angles relative to the vertical septum indicate that the fibres were angled outwards from the long axis pogjeticel\gnuges
indicate that the fibres were angled inwards posteriorly. Fibres at all location were either parallel to the median hepizom@BlS, Fig. 1)
or angled away from it posteriorly.

Height of entry point refers to the entry point of the anterior needle for sonomicrometry crystal placement during suitjegy (pos
measurements are above the lateral line). The anterior needle was set to the depth of the anterior end of the muscle fibre.

Values are meansst.M. (N=6).

FL, fork length.

model 120-1000 sonomicrometer. The crystals were disdathythermograph wire (Sippican Ocean Systems, Marion,
shaped, with a diameter of 1.0 mm and a thickness of 0.3 mMA, USA). All solder joints were cleaned with concentrated
(Triton Technologies type SL5-2). Crystals were implanviad phosphoric acid prior to soldering. Phosphoric acid was also
17 gauge hypodermic needles. Calibration of the crystalssed as a flux in combination with a fluxless solder. All
was carried out by direct measurement in fresh water. Thexposed solder joints were waterproofed using Dip-it Fantasy
transmission speed of ultrasound is slightly faster in musclBilm (Dip Film Products, UK).
(1522-1572m3) than in water (1500nT%), so a small Data channels were fed to a PC using a CED1401plus A/D
correction had to be made (Goldman and Richards, 1954; Mabnverter and interface card. Data were recorded using Spike
and Breddels, 1982). Changes in muscle density durinfpr Windows version 2.24.
contraction have little effect on the velocity of ultrasound
(Griffiths, 1987; Hatta et al., 1988). The disc-shaped crystals Surgical procedures
are directionally sensitive. To ensure a clear signal, the flat Experimental animals were removed from the main holding
faces of crystal pairs need to be facing each other. Pairs tnk using a net. A solution of MS 222 was used to anaesthetise
needles were clamped together in the same plane and at the fish. Initial induction of anaesthesia was carried out by
desired spacing to ensure correct alignment of the crystal paiimimersing the fish in a tank containing MS 222 at a
The distance between the needles was equal to the mean fibomcentration of 100mg). Once the fish had clearly lost
length at the sampling point (Table 1). All crystal leads anaquilibrium (usually within 1 min), it was transferred to an
EMG electrodes were fitted with a 5mm crossbar made froraperating table. This consisted of a length of polyvinylchloride
nylon monofilament fishing line. This was attached with epoxyguttering lined with wetted polyurethane foam. Anaesthesia
resin. The crossbar was sutured to the skin to hold the wireswas maintained with a less concentrated anaesthetic solution
place and at the correct depth in the lateral muscle. The b@vS 222, 37.5 mgt), which was aerated and recirculated over
was arranged parallel to the face of the sonomicrometry crysttie fish’s gills using a submersible pump. The flow rate of the
to indicate correct alignment. anaesthetic solution was 1.01minSurgical duration ranged

An EMG electrode was implanted 3 mm dorsal to each paiirom approximately 10 to 30 min. Minimising the time under
of crystals. The bipolar electrodes were constructed from 0.12&naesthesia reduced recovery times. In almost all cases, the fish
mm diameter Teflon-coated silver wire (World Precisionrecovered equilibrium within 2 min of being placed in the static
Instruments AGT 0510). The spacing of the recurved electrodank. Restoration of the startle response took a further
tips was 1.0mm, and the exposed portions of the tips we®-10 min. Fish were left for a further 4 h to recover before data
1.5mm in length. EMG signals were filtered and amplifiedcollection began.
using a CED 1902 signal conditioner. Amplifier gain was set Prior dissection had established the desired placements for
at 1000 for each channel. A 50Hz notch filter was applied tthe crystals and EMG electrodes in the myotomal muscle. The
remove mains interference. EMG data were filtered digitallypectoral fin and lateral line were used as external markers to
using Spike 2 software to apply a 100 Hz high-pass filter andiadicate correct placement during surgery. Fish were killed at
1500 Hz low-pass filter. EMG electrodes and sonomicrometrshe conclusion of each experiment by decapitation and pithing.
crystals were linked to the preamplifiers by 5m lengths oCrystals and electrodes were dissected out to establish whether
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they had been placed in the desired region of the myotome and Results
were correctly aligned with the muscle fibres. Points where Kinematic analysis
alignment of the sonomicrometry crystals was greater than 1C§print swimming

out from the fibre long axis, or where the crystals and The presence of EMG electrodes and sonomicrometr
electrodes were not placed in the desired portion of the P Y

myotome, were excluded from the analysis. Crystals had no apparent eff ec.:t.s on .sprmt swimming
performance. There was no significant difference in stride

length between wired and unwired fish during sprint swimming

Video recording and kinematic analysis 0.58, Student'stest). M ride lenath in wired fish
: . — =0.58, Student's-test). Mean stride length in wired fish was
Experiments were recorded using a NAC 400 high-spee 67+0.0FL (N=20) compared with 0.68+0.62 (N=20) in

video camera. This was mounted above the tank. At a framuenwired fish. There was no significant relationship between
rate of 200frames3, the field of view was approximately ' 9 P

2.0mx1.4m. The height of the field of view was halved at astnde length and tailbeat frequendy=0.56,r=0.12, Pearson

frame rate of 400 frames’s An ATI All-in Wonder Pro video product moment correfation). During sprint swimming, the

) : eak lateral deflection of the tail tip proportion of FL
card and software were used to grab video frames for kinema & owed a significant _positive cf?r(elpatign with tail)beat

analysis. Frames were grabbed at a resolution - _
640 pixelx480 pixels. This meant that measurements could t?erequency 0 (P=0.0004,r=0.88, Pearson product moment

. correlation). The relationship can be described by the
o1 40012 gave a i resotuton of 0.00755. Measuemen]QIOWing IMeatr equationD=(0.062:0.03)+(0.0036:0.000).
were made from still frames using Sigma Scan Pro imag _ilg-32A)- Fish outlines during a typical sprint are shown in
analysis software. 9. oA

During bursts of swimming, the stride length and tailbeagqi_starts

amplitude of the fish were measured. Stride length is the The movement of a fish during a typical C-start is shown
distance travelled by the fish during one complete tailbe% Fig. 38. The duration of kinematic stage 1, the formation
cycle. During fast-starts, the displacement of the centre of ma C ge L

s - - .
of the fish during kinematic stage 1 and stage 2 of the fast—stegr% t7hf3 %r%i%eiz(‘;‘;a; ?Jivtﬁgdsfgﬁl:%ﬂ)e I;(:V;;egisflslsgczgqc; .
was measured. The centre of mass of a trout lies aFl0.38 " "~ ‘ : p

(Webb, 1978). A marker was placed on the dorsal surface of the centre of mass during kinematic stage 1 was 5.2+0.4cm

the trout at this point. This consisted of a loop of suture threa% =20) and 5.0£0.4 cm\=20) in wired fish and unwired fish

marked with white paint. Displacement provides an accuratreespectlvely. There was no significant difference in the fast-

measure of performance compared with other parameters s Strjl(;t%e r?{:?;zgﬁepclfovxg;ed d?smljalégvr:;(tj) f'S: (fi tsLJt(-jsEtnahret$t/1\/as
as acceleration and velocity as it is least subject t? ' o P '

computational error (Webb, 1978). The angle turned during thé/plcally preceded by a rapid straightening of the body or a
fast-start was also measured.

Statistical analyses 011

Sigma Stat (SPSS, Chicago, IL, USA) software was use < 0.1051 . e
for statistical analyses. Sprinting involved an initial L
acceleration phase. During sprints, analysis was restricted g 0
the centre tailbeat of a sequence of five steady tailbeats. T 0.0951
sequence was considered steady if the tailbeat period and 1 E 0.09
swimming speed of the fish did not change by more than 10! S
between the first and fifth tailbeat. Kinematic parameters ¢ é 00851
wired and unwired fish were compared using a Student's g 0.08;
test. A Pearson product moment correlation was used to te g o005 .
for any relationships between muscle strain and activit k& 007_°
and tailbeat frequency. A two-way analysis of variance €
(ANOVA) was used to test for significant differences in & 0.065
muscle strain and phase of activation between differer 0.06 . i i
locations in the musculature. The factors considered wel 4 6 8 10 12
either strain or activation, position within the musculature Tailbeat frequency (Hz)

.(elt'h('ar axial Iocatlon. 9r position within myotome Jj5) and Fig. 2. The relationship between peak lateral deflection of the tail tip
Indlv!dual. The pogltlon of the _measurement site Waind tailbeat frequency. Peak deflection was measured as the
considered to be a fixed factor, whilst all other factors werperpendicular distance to the swimming track during straight-line
considered to be random. All results are expressed as mezswimming. Each data point represents a steady swimming sequence
+ sEM., with the number of observations given in from a different unwired individuaN=20). FL, fork length. See text
parentheses. for further details.
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slight curvature of the body to the side contralateral to the firc  Table 2.Mean fast muscle strain during sprint swimming
major muscle contraction. All fast-starts were initiated with
the body in a straight position. This can be seen in Fig. 3E
where the tail shows a small initial displacement in the  0-3%L, superficial APC 3.420.07 (30)

Position % Strain tp

direction opposite to the C-curve, highlighted in red. The  0-50FL. superficial APC 4.18.08(30)
change in direction of the fish during fast-starts was 0.65L, superficial APC 6.32.08(30)

- . ) Deep APC (myotome 15) 2.2405(25)
quantlfled: This was rr?easured as the angle between a li Posterior-pointing cone (myotome 15) 2805(25)
from the tip of the fish’s snout that bisected the head at re Hypaxial fast muscle (myotome 15) 3(RE86(25)

and a similar line drawn at the completion of kinematic stag

1 and subsequently on completion of kinematic stage : Muscle strains are expressed as + percentage of the muscle resting
Changes in direction during stage 1 ranged from 3 to 123 lengthlo.

There was a significant relationship between the angle of tui  Means represent pooled data from more than one individua. Dat
and the duration of kinematic stage 1 (Pearson produiwere obtained from six fish in the superficial anterior-pointing cones
moment correlationP=4.9x1075, r=0.78). The mean change (APCs) and from five fish at all other locations. Five measurements
in direction during stage 2 was small compared with thavere taken from each individual. Values are meass.m. (N).

during stage 1 (8.0+1.0 =18, compared with 58.0+9.0°, _ L forklength.

N=18).
_ initial stages of the fast-start did not simply involve shortening
_ o Strain patterns associated with the formation of the C-curve. There was
Sprint swimming typically a small increase in muscle strain prior to the major

During sprint swimming, there was no significant muscle shortening. Because of the asymmetry of the strain
relationship between superficial fast-muscle strain and tailbeaycle, the degree of lengthening and the degree of shortening
frequency ) at 0.3%L (P=0.75,r=-0.06, Pearson product are considered separately rather than the mean strain amplitude
moment correlation) and 0.60 (P=0.82,r=-0.05, Pearson about lp (muscle resting length). There were significant
product moment correlation). Overall, at (F85 there was a differences in strain at different axial positions (two-way
significant relationship between muscle strain and tailbedANOVA, P<0.001,F=46.8, degree of lengthening<0.001,
frequency, with strain showing a slight increase withF=39.9, degree of shortening, d.f.=2), but not between fish for
increasing f (P=0.03, r=0.52, Pearson product moment a given axial position (two-way ANOVAP=0.086,F=2.1,
correlation, Fig. 4). The relationship between muscle stgain ( degree of lengthening=0.886,F=0.28, degree of shortening,
and tailbeat frequency can be described by the following.f.=4). Pairwise comparison between positions was made
equation: s=0.09+5.62. If the data for individual fish are using the Student—-Newman—Keuls method. The degree of fast
considered separately, then only two of the six individualsnuscle lengthening and shortening in the superficial APC at
showed a significant relationship between strain and tailbe@65L was significantly greater than at the other axial
frequency. Representative recordings from a sequence of sprpsitions.
swimming are shown in Fig. 5. The timings of the starts of the strain cycles at 0.35, 0.50

A two-way ANOVA was used to test for significant and 0.65L were measured relative to the first detectable
differences in muscle strain between different points in the fashovement of the tail tip. These times did not differ
muscle. There was no significant difference in the muscle
strain between different fish at a given axial position (two-wa) ape 3 Mean fast muscle strain during stage 1 of fast-starts
ANOVA, P=0.44, F=0.93, d.f.=5). Muscle strain differed — - -
significantly with axial location (two-way ANOVAP<0.001, ~_Position %Lengthening % Shortening
F=60.4, d.f.=2). All pairwise comparisons were significantly 0.35L, superficial APC 2.01+0.03 (Z5) 9.23#0.25(25p
different (Student—-Newman—Keuls tesP<0.05). Strain  0.5CFL, superficial APC 2.022.07(25 9.5140.19(25)
increased along the body axis from anterior to posterio 0.65-L, superficial APC 2.54204(25) 11.269.28(25)
(Table 2). For strain measurements obtained from within th Deep APC (myotome 15) ~ 1.2696(25)  6.918.33(25)

same myotome at 0.B&, there was no significant difference Po(it]eg‘t)(;'rﬁziggr)‘g cone 1.8608(25)  8.7610.38(25)
in strain between fish for a given | i - Y
strain between fish for a given location (two-way ANOVA, Hypaxial fast muscle 1.7815(25)1  8.82#0.45(25)

P=0.59, F=0.71, d.f.=4). Strain did differ significantly with
position within the myotome (two-way ANOVAR<0.001,

F=148, d.f.=2). All pairwise comparisons were significantly  siains are expressed as + percentage of the muscle restirtg lengt
different (Student-Newman-Keuls ted®<0.05, Table 2). |,

Strain was lower deeper in the myotome than in the mor Muscle strains marked with the same superscripted numbertare no

(myotome 15)

superficially placed measurement points. significantly different (two-way ANOVAP>0.05).
Data are from five fish, five measurements were taken from eac
Fast-starts individual. Values are meanss&.m. (N).

Muscle strains during fast-starts are shown in Table 3. Th APC, anterior-pointing cone.
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+61 0.65FL

+3]

61
EMG
+61 0.5FL

Stran (% lo)
o

Stran (% lo)
o

EMG
+63 0.35FL

Fig. 3. Fish outlines during sprinting (A) and a C-start (B). Outlines
were traced at 20ms intervals during sprinting and at 10 ms intervals
during the C-start. The outline highlighted in red shows the small

Stran (% lo)
o

initial movement contralateral to the C-curve. o
I T T T T
0 01 0.2
8 Time (s)
0.65FL Fig. 5. Representative fast muscle strain and EMG traces from three
2 R points along the body axis during sprinting at approximately 12 Hz.
. De * a4 o Measurements were taken at 0.35, 0.5 andRL.6@hereFL is fork
o A length, from the snout in the superficial anterior-pointing cones of
= 6 ags m U . the myotom_e. Strain is e_xpressed as the percentage length change
E . Ll = *lo, wherelp is muscle resting length.
S
£ o
g 51 - the speed of the wave of muscle shortening was calculated
@ 4 05 A from this time lag. The mean velocity of the strain wave
g %, A 2. ° N a o d measured from the points of minimum muscle fibre length
= 47 e g, L L e along the body was 17.9+GB6s ! (N=6).
o e gt A n ° 5 Within myotome 15 at 0.3, for a given position, there
.| " N s, A was no significant difference in strain in different fish during
s 0.35FL muscle lengthening (two-way ANOVAP=0.652, F=0.62,
d.f.=4). However, one individual did show significantly lower
5 : : : strains during muscle shortening (two-way ANOVR%,0.011,
4 6 8 10 12 F=3.6, d.f.=4). There were significant differences in strain

between different locations within the myotome (two-way
ANOVA, P<0.001,F=52.6, degree of lengthening<0.001,

Fig. 4. Muscle strain in the superficial anterior-pointing cones aF=102, degree of shortening, d.f.=2). The degree of fast muscle
three points along the body during sprint swimming. Strain idengthening and shortening was significantly lower in the deep
expressed as the percentage length chahgewvherelo is muscle  APC than in the other more superficial positions in myotome
resting length. Blue, red and green points represent data from 0.3p5 (Table 3).

0.5 and 0.6BL respectively, wheré&L is fork length. Values from

different fish are shown with different symbols. Data are from six Activation patterns

fish, with five measurements from each individual. The solid line i
the significant relationship for 0.B5 (see text for further details).

Tailbeat frequency (Hz)

Blow muscle activity

EMG activity was detected from slow muscle during sprint
swimming at all tailbeat frequencies and during fast-starts.
significantly with body position (two-way ANOVAR=0.315,
F=0.17, d.f.=2). On this basis, onset of the strain cycle wa8print swimming
considered to be synchronous at all points along the body. Strain patterns in sprint swimming were approximately
Despite this, there was a clear time lag in the attainment sinusoidal and can be described using a 360° cycle. The
minimum muscle length along the length of the body axis, anckelationships between phase of EMG activity and the muscle
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250 Table 4.Relationships between EMG activity patterns and
tailbeat frequency during sprint swimming
200 - Correlation
Variable Linear equation coefficient,
_ EMG onset 0.36L =(99.9#4.7) —(8.2+0.5) -0.95*
g 150 EMG onset 0.56L =(88.0410.5) —(9.1+1.0) -0.85*
=4 EMG onset 0.65L =(42.845.1) —(6.2+0.5) -0.91*
i EMG offset 0.35L =(277.046.4) —(10.3:0.1¥ -0.94*
£ 1004 EMG offset 0.56L =(253.4:8.5) —(10.70.8) -0.92*
= EMG offset 0.65L =(210.54.0) —(10.5:0.7¥ -0.94*
g EMG duration 0.36L  =(168.145.4) —(1.0+0.6) -0.32
S EMG duration 0.56L  =(165.4412.9) —(1.5¢1.3 -0.22
E; EMG duration 0.6BL  =(167.848.9) —(4.3t0.9) -0.35
_g Correlation coefficients marked with an asterisk denete
e statistically significant relationship between the variabRs0(05,
Pearson product moment correlation).
f, tailbeat frequencykL, fork length.
-100 : : : Table 5.Mean tailbeat frequency during sprint swimming at
4 6 8 10 12 which EMG activity was detected in the fast muscle of

Tailbeat frequency (Hz)

myotome

Fig. 6. The relationship between phase of EMG activity and tailbee
frequency during sprinting. Onset and offset times of EMG activity

Threshold tailbeat
frequency during sprints

are relative to the sinusoidal, 360 °, strain cycle. Muscle is at restin
lengthlp at 0° and maximum length at 90°. Blue, red and greer
points represent data from 0.35, 0.5 and BL65espectively, where
FL is fork length. Values from different fish are shown with different
symbols. Data are from six fish, with five measurements from eac
individual. Equations for the lines are presented in Table 4.

Position (Hz)
Superficial APC 4.8+01
Deep APC 9.1+0.8
PPC 8.310.2
APA Inactive
Hypaxial fast muscle 5.0+0'3

Frequencies that are not significantly different are marked by the
) ) same numbemN=6).
strain pattern at three points along the body are shown \aglues are meanssEe.m.

Fig. 6. The only portions of the myotome consistently active APC, anterior-pointing cone; PPC, posterior-pointing cone; APA,
during sprint swimming were the superficial APCs and theanterior-pointing area.

hypaxial fast muscle. The onset of EMG activity relative to the

strain cycle occurred progressively earlier moving in a rostra

caudal direction. There was a significant difference in EM@-ast-starts

duration relative to the strain cycle with axial position during Because of the asymmetrical movements involved in fast-
sprint swimming (two-way ANOVA, P<0.001, F=72.9, starts, it is not appropriate to describe them using a 360 ° strain
d.f.=2). EMG duration became significantly shorter moving incycle. The EMG activity associated with the first major muscular
a caudal direction. Mean EMG duration (pooled data for sixontraction is referred to as the stage 1 EMG burst, and EMG
fish) was 159+1.4°N=30) at 0.3bL, 150+£1.9° N=30) at activity associated with the successive contralateral contraction
0.5FL and 128+2.4° N=30) at 0.65L. The EMG duration is referred to as the stage 2 EMG burst. The stage 1 EMG burst
relative to the strain cycle did not change significantly withwas preceded by a preliminary EMG burst (Fig. 8).

tailbeat frequency (Table 4). The mean tailbeat frequency at There was a significant linear relationship between the
which fast muscle EMG activity was first detected in fastthange in direction during stage 1 of a fast-start and the
muscle, at a range of locations, is shown in Table 5. There wedaration of the stage 1 EMG (Pearson product moment
significant differences in the tailbeat frequency at which fastorrelation,P=4.4x1075, r=0.78). There was also a significant
muscle was initially recruited during sprint swimming atlinear relationship between the duration of stage 1 and the
different locations within the myotome (two-way ANOVA, duration of the stage 1 EMG (Pearson product moment
P<0.001,F=82.2, d.f.=3). The APAs remained inactive during correlation,r=0.67,P<0.05). The proportion of stage 1 taken
sprint swimming. The superficial APCs and the hypaxial fastip by EMG activity remained relatively constant regardless of
muscle were recruited at lower tailbeat frequencies than therning angle or stage 1 duration and had no significant
PPCs (Fig. 7). correlation with change in direction (Pearson product moment
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Fig. 7. Fast muscle EMG activity in the posterior-pointing cones i i i i Time (s)
(PPCs), the hypaxial muscle and the deep anterior-pointing con P i i
(APCs) of myotome 15. Traces show sprinting at 10 Hz and the stag ! i EMG 2
1 EMG of a fast-start, both in the same fish. Prelirlninlary
EMG
correlation,P:0.0S,r:0.11_) or with stage 1 duration (Pearsongig. g Simultaneous strain and EMG recordings from the superficial
product moment correlatiof=0.54,r=-0.15). anterior-pointing cones of myotome 15 on both sides of a trout

To determine whether there was a wave of EMG progressicduring a fast-start. Strain is expressed as the percentage length
during stage 1 of the fast-start, the time of maximum musclchange %, wherelp is muscle resting length.
length at 0.3BL during the first contraction of the fast-start
was taken as a reference point. The timing of EMG activity
along the body relative to this point was measured. Durin@>0.05, g=1.75). Pooled mean EMG 2 durations were
stage 1, the time differences between EMG onsets along t86.4+1.2, 34.7+£0.9 and 28.4+0.8 n¥=@5) at 0.35, 0.5 and
body and the reference point were not significantly differen0.65-L respectively.

(two-way ANOVA, P=0.40,F=0.94, d.f.=2). EMG 1 duration At all positions, EMG 2 onset occurred before maximum
did not differ significantly with axial location (two-way muscle length. There was a shift in the onset of EMG 2 relative
ANOVA, P=0.81,F=0.22, d.f.=2). to the point of maximum muscle length with axial location

To determine whether there was a wave of EMG activitytwo-way ANOVA, P<0.001, F=64.7, d.f.=2). All pairwise
during stage 2, the time of maximum muscle length atf.35 comparisons were significantly different (Student—-Newman—
was again taken as a reference point. There was a significdfeuls, P<0.05). EMG 2 onset occurred progressively earlier
difference in the time lags between this reference point and thelative to the strain cycle moving along the body axis from
EMG onsets along the body (two-way ANOVR<0.001, anterior to posterior. There was no significant difference in
F=74.3, d.f.=2). EMG onset occurred significantly later atEMG onset between different fish (two-way ANOVA,
0.65-L than at 0.3bL (Student-Newman—-Keulsg=7.48, P=0.626, F=0.65, d.f.=4). EMG 2 onset occurred at
P<0.05) or 0.FL (Student-Newman—Keulg=5.20,P<0.05).  16.8+0.6 ms =25), 21.6+0.8ms N=25) and 27.9+0.6ms
This suggests that there was a wave of muscle activity durin@=25) before maximum muscle length at 0.35, 0.5 andflL.65
stage 2 of the fast-start (Fig. 9). respectively (pooled mean data).

There was a significant change in stage 2 EMG duration with
axial location (two-way ANOVAP<0.001,F=18.5, d.f.=2).
There was no significant difference in EMG 2 duration
between different fish for a given position (two-way ANOVA, Kinematics
P=0.999,F=0.02, d.f.=4). EMG 2 duration was significantly A variety of manoeuvres involving very different degrees of
shorter at 0.65 than at 0RB5 (Student—Newman—Keuls, body curvature can be powered by the fast muscle (Fig. 3). The
P<0.05,g=8.17) and 0.BL (Student—Newman—KeulB<0.05, speed of kinematic events also spans a wide range, from C-
0=6.42). There was no significant difference in EMG 2curves executed in 65ms to tailbeats with a period of 250 ms.
duration between 0.35 and BI5 (Student—Newman—Keuls, Fast-starts showed kinematic variation, especially during stage

Discussion
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EMG 2 onsets tanks and those showing a marked change were conducted in
| flow tanks. It is possible that the flow conditions within flow
| tanks lead to changes in stride length as the imposed flow
EMG r“w/\“v“' JA‘ velocity increases.
= 12 Strain and shortening velocity
5 18 0.65FL . .
© +4 4 The speed of the strain wave along the body relative to the
95“ 2 M_\/ tailbeat cycle (1.EL T-1) was similar to that measured in trout
£ 5 slow muscle by Hammond et al. (1998; ELOT-1). Mean
g 12 superficial fast muscle strains (increasing from +3.4% at
EMG it J\ W"M’ 0.35-L to +6.3% at 0.6BL) were similar to those previously
measured in the superficial slow muscle (increasing from

+12 +3.0% at 0.36L to +6.0% at 0.6BL) during low-tailbeat-
' frequency swimming (Hammond et al., 1998). The increase in
caudal muscle strain with increasing tailbeat frequency (Fig. 4)
may be linked to a progressive change in swimming kinematics
as tailbeat frequency increased. This was detected as an
increase in the lateral deflection of the tail blade (Fig. 2).
Within certain limits, increased muscle strain can result in
increased power production (e.g. Ellerby et al., 2001) and may
in part help to meet the greater power requirements of high-
velocity swimming. Increased muscle strain has also been
recorded in milkfish Chanos changs(Katz et al., 1999) at
high swimming velocities.
T . - 1 The measurements made within the same myotome were not
0 ! i 01 0.2 precisely within the same transverse plane; however, the
Preliminary EMG 1M (S) distance between the sampling points along the long axis of the
Fig. 9. The relationship between the strain cycle and EMG activity affSh was small (apprOXImatgly Q'EB)’ and the . strain
three points along the body of a trout during stage 2 of a fast-staffi€asurements gave an approximation of those within the same
Data were obtained from the superficial anterior-pointing cone of thef0oss section (Fig. 1). Muscle strain was significantly lower in
myotome at 0.35, 0.5 and Of85 whereFL is fork length. Strain is  the deepest portion of the APC than in more superficial regions
expressed as the percentage length chahgenherelp is resting  of the myotome during both sprints and fast-starts. There was
muscle length. no uniformity of strain across different depths of a given
muscle cross section as predicted by Alexander (Alexander,
1969) on the basis of muscle fibre geometry. Although strain
1, in which the degree of turning was highly variable. Stage at different myotomal locations was not uniform, it did not
was more stereotyped and appeared mainly to involve thrushange with chordwise distance as much as would be expected
generation. The straightening of the body prior to the C-curvéor longitudinally arranged fibres. In longitudinally arranged
coincided with an increase in muscle strain. In some respecfifhres in the same transverse plane, strain would be
sprint swimming was similar to the swimming style adopted aproportional to the chordwise distance of the fibre from the
low speeds and powered by slow muscle. Stride lengthpine. If this were the case, then strain in the superficial APC
(0.68-L) was similar to that previously measured in steadilywould be approximately four times that in the deep APC,
swimming trout at lower velocities (Webb et al., 1984, BI§5  whilst the measured values were only 1.5 times greater.
Hammond et al., 1998, 0.BR). Tailbeat amplitudes fell Many important muscle properties (e.g. power output,
within the range measured previously (Webb et al., 1984gfficiency) are dependent on the rait/max, whereV is the
Stride length did not change significantly with tailbeatshortening velocity of the muscle fibres a¥glax is their
frequency. This was also the case in saif@léchius vireng ~ maximal shortening velocity. Maximum superficial muscle
and mackerel§comber scombrygVideler and Hess, 1984) shortening velocities have previously been measured in carp
and bluefin tunaThunnus thynnysWardle et al., 1989), in (Cyprinus carpi¢p Rome et al., 1990) and scuBténotomus
which stride length varied little over a wide range of swimmingchrysops Rome et al., 1992). In the present study, the overall
speeds. This contrasts with the results of many other studieshortening velocity taken from peak to minimum length was
which show an increase in stride length with increasingalculated. As this includes periods of acceleration and
swimming speed (e.g. Bainbridge, 1958; Hunter and Zweifeldeceleration, it will clearly be lower than the maximum
1971; Webb et al., 1984; Dewar and Graham, 1994). The majoelocity. As the strain waveform approximated a sine wave,
difference between the two groups of studies is that thogbe difference between maximum and overall shortening
showing little change in stride length were conducted in statigelocities can be calculated. The differential of a sine wave is

Strain (% lo)
= + +
NoOBM~MOS~

m

MG
+12

Strain (% o)
= + +
NSO O
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35 At all points in the fast muscle that were examined, there
. was a small extension (1.3-2.9%in muscle length prior to
5] Mean fat-start o4 the major muscular contraction associated with the C-curve.
shortening velocity This also appears to occur during fast-starts in other species.
5 . 0.65FL A similar, although smaller (1 %), prestretch was detected by
. Franklin and Johnston (Franklin and Johnston, 1997) during
fast-starts in the Antarctic rock coNdtothenia coriiceps A
small prestretch is also discernible in some of the strain traces
obtained during cargdyprinus carpi fast-starts by Wakeling
and Johnston (Wakeling and Johnston, 1999). Covell et al.
. ¢ Minimum fpst-start (Covell et al., 1991) did not identify any prestretch in the trout
shortening Yelocity prior to the main stage 1 muscle contraction. However, length
was determined at a sampling rate of 200Hz. This may have
obscured the brief prestretch which, in the present study, was
approximately 10ms in duration from resting length to peak
length (Fig. 8, Fig. 9). Franklin and Johnston (Franklin and
0 . . Johnston, 1997) identified shortening of more anterior muscles
2 7 12 as the source of the prestretch. If the onset of activity and
Tailbeat frequency (Hz) shortening are synchronous, as in the trout, then this seems

Fig. 10. Fast muscle shortening velocity at three points along th@nl'kely' . L
body axis during sprinting. Blue, red and green points represent data 1he degree of overall shortening (6.9-11.3 %) was similar
from 0.35, 0.5 and 0.6%., respectively, wher&L is fork length. to that found in trout by Covell et al. (Covell et al., 1991)
Data for carp and scup were derived from Rome et al. (Rome et a(9.4 % shortening at 0.#%, range 4.5-15.4%). The onset of
1992). The solid horizontal line represents the mean fast-start musdlee strain cycle was simultaneous along the length of the body,
shortening velocity. The dashed horizontal line represents thput there was a delay in reaching minimum muscle length
minimum fast-start muscle shortening velocity. is the resting moving from anterior to posterior. The strain wave speed
muscle lengthr=0.99, 0.98 apd 0.97 for Iin_ear regression lines at(17_9|:|_s—1) calculated from this progression was towards the
0.35, 0.5 and 0.69., re;pectlvely. For all line®<0.05 (Pearson upper end of the range of fast-start body curvature speeds
product moment correlation). measured by Wakeling and Johnston (Wakeling and Johnston,
1998; 4.1FLs! in Notothenia coriicepgo 24.45FLst in
a cosine. This means that, if the maximum shortening velocitgerrana cabrillg. This contrasts with the results of Covell et
is 1, then the overall shortening velocity will bert2dgr  al. (Covell et al., 1991), who found that in trout the muscle
approximately 64 % of the maximum shortening velocity. Areached minimum length approximately synchronously at
comparison can therefore be made between maximum amahterior (0.45L) and posterior (0.64.) recording sites. The
overall shortening velocities. time lag is rather small (approximately 17 ms) even between
During sprinting, the shortening velocity increased with0.35 and 0.65L. The closer placement of their sample points
tailbeat frequency (Fig. 10). In carp, maximum muscle velocitiesnay have obscured the difference. The delay in reaching
ranged from 0.6 to 2l9s (wherelp is the resting muscle minimum length may be due to the change in muscle properties
length) over a tailbeat frequency range of 2.5-5.5Hz (Rome atong the length of the fish; alternatively, or additionally, the
al., 1990). Scup maximum muscle velocities ranged from 0.8 tesistance of the water may delay the movement of the caudal
1.8lps™1 over a tailbeat frequency range of 3.5 to 6.5Hz (Romeegion of the body.
et al.,, 1992). At 5.5Hz, in trout, overall shortening velocities
range from 0.7 to 113s7! (Fig. 10). This corresponds to an Activation patterns
approximate maximum velocity range of 1.142€%. At an Progressing caudally along the fish there was a clear
equivalent tailbeat frequency, superficial muscle shorteningegative shift in the onset of EMG activity relative to the strain
velocities were similar in carp, scup and trout. cycle in the fast muscle (Fig. 5, Fig. 6). This was qualitatively
Mean shortening velocities during stage 1 of fast-starts werg@milar to the pattern observed in the slow muscle of several
generally higher than during sprints. Mean overall shorteningpecies (for a review, see Altringham and Ellerby, 1999). This
velocities were 2.9+0.2, 3.0£0.1 and 3.04921 (N=30) at suggests a change in fast muscle function along the length of
0.35, 0.5 and 0.68., respectively. However, shortening the body. A negative phase shift results in a greater proportion
velocities measured during fast-starts ranged from 1.2 tof negative work performed by the muscle (Altringham et al.,
49lpst. In terms of shortening velocity, there was 1993; van Leeuwen et al., 1990). This stiffens the muscle and
considerable overlap in fast muscle function between the twmay act to transmit power from more anterior muscle as well
types of swimming behaviour, although many fast-start&is producing power. This may be of particular importance in
involved greater shortening velocities than those involved ifiast muscle, in which the bulk of the muscle is placed
sprinting. anteriorly, well away from the tail blade. Measurements of
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axial fast muscle power outpuis vitro are required to occurred 17 ms before maximum length at 613and 28 ms
establish whether this occurs in the trout. before maximum length at 0.Bb. This compares with values
The absolute duration of muscle activity decreased witlof 16 and 28 ms at 0.35 and OF&5 respectively, during
increasing tailbeat frequency, but the duration of activitysprinting at 12 Hz.
relative to the strain cycle remained approximately constant Slow muscle activity was detected at all tailbeat frequencies
(Table 4). This was also the case in the sculpin (Johnston étiring sprinting and also during fast-starts. Jayne and Lauder
al., 1993), in which duty cycle remained at around 110°, anfayne and Lauder, 1993) also found that during fast-starts in
also in mackerel and saithe (Wardle and Videler, 1988). bluegill sunfish lepomis gibbosysoth slow and fast muscle
vitro, the optimum duty cycle decreases as cycle frequenat a given longitudinal location were activated simultaneously.
increases (Altringham and Johnston, 1990; Johnston et alhis is despite the fact that tie vitro performance of trout
1993; Hammond et al., 1998; Ellerby et al., 2001). As tailbeatlow muscle suggests that it could not produce net positive
frequency increases, the fast muscle fibres may be operatipgwer at tailbeat frequencies above 5Hz (Hammond et al.,
under increasingly sub-optimal stimulus conditions. Long dutyi998). It is possible that slow muscle EMG electrodes were
cycles at high cycle frequencies prevent the the fibre frordetecting activity from the adjacent fast muscle fibres.
relaxing fully before the subsequent stimulus (Altringham and Recruitment of fast fibres was not an all-or-nothing event.
Johnston, 1990; Johnston et al., 1993). This results in a great@uring sprinting, there was evidence for increasing recruitment
negative work component during the strain cycle and reduceaf fast muscle fibres as tailbeat frequency increased (Table 5;
overall power output. Fig. 7). Initial recruitment of fast muscle fibres occurred in the
The preliminary EMG burst may be the source of thesuperficial anterior-pointing cones of the myotome and the
prestretch in the lateral muscle prior to the muscle contractiosuperficial hypaxial muscle. As tailbeat frequency increased,
associated with the C-curve. EMG activity contralateral to th@dditional fibres in the posterior-pointing cones and deeper in
C-curve and coincident with a small prestretch is apparent ithe anterior-pointing cones were recruited. Fibres in the
the carp (see fig. 1 in Wakeling and Johnston, 1999gmnterior-pointing arms of the myotomes were only recruited
although it appears to be coincident with the stage 1 EM@uring fast-starts. The power requirements of swimming scale
rather than prior to it as in the present study. During the stage approximately the third power of swimming speed (Webb
1 contraction, muscle activity started during muscleet al.,, 1984). The number of motor units recruited could
lengthening (Fig. 8). Onset of muscle activity during thisapparently be increased to meet increasing power
prestretch should enhance muscle force and power productioequirements. The underlying neuroanatomy may support this
during the subsequent shortening phase (Altringham anslechanism. In the zebrafishanio rerio, separate motor
Johnston, 1990; Franklin and Johnston, 1997). Increasewurones innervate different regions of the myotome
power production would be advantageous in increasing fasf¥esterfield et al., 1986), and Hudson (Hudson, 1969) showed
start performance. Onset of stage 1 activity appeared to leat there were 12 motor units within each abdominal myotome
simultaneous at all points along the body. This was also th&f the short-horned sculpin. Altringham and Johnston
case in the caryprinus carpio(Wakeling and Johnston, (Altringham and Johnston, 1981) showed that deeper fast fibres
1999). in the cod Gadus morhuphad fewer motor end plates than
Kinematic stage 1 was a preparatory phase mainlguperficial fast fibres. They suggested that, for a given level of
dominated by turning. The turning angle was proportional tstimulation, this could lead to a lower level of activity in deep
the length of the initial EMG burst. The duration of the stageompared with superficial fibres. Innervation patterns in the
1 EMG may dictate the turning angle. Stage 1 EMG duratiotrout have not been studied in detail, but a similar innervation
remained constant along the body. Stage 2 activity also startpdttern could provide a possible mechanism to allow
during muscle lengthening, although the overall pattern oflifferential fibre recruitment with depth.
stage 2 muscle activity was very different; a wave of The recruitment of deeper portions of the myotome at higher
activation passed along the body and EMG duration decreastilbeat frequencies and during fast-starts may not just be
posteriorly (Fig. 9). There was also shift in activity relative torelated to the increased power requirements of higher
the strain cycle so that more time was spent active duringwimming speeds. The wide range of shortening velocities
lengthening in the caudal than in the anterior muscle. In thesxperienced by fast fibres could also be a factor. It is possible
respects, stage 2 exhibited similar activity patterns to thogsbat the contractile properties of the deeper portions of the
seen in sprint swimming and appeared to involve mainlynyotome are better suited to higher shortening velocities.
thrust generation rather than turning. A direct comparisoihere is evidence that myotomal slow muscle twitch times
between the activation patterns during stage 2 and sprintingdecrease with depth (Altringham and Block, 1997). It is not
difficult because of the asymmetry of the fast-start strailkknown whether fast muscle properties also change with depth.
cycle. However, the range of mean EMG 2 durations (36 mK the twitch kinetics of the fibres were faster at greater depth,
at 0.3%-L, 28 ms at 0.6BL) was similar to that during a 12Hz they would be better suited to powering higher tailbeat
tailbeat frequency sprint (37 ms at O0R25 30ms at 0.6BL).  frequencieslin vitro investigation of the intrinsic properties
The magnitude of the phase shift relative to peak musclend power outputs of fast fibres at different myotomal locations
length was also similar. On average, onset of muscle activifg required to determine whether this is the case.
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