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Summary

The Pacific bonito, Sarda chiliensis is anatomically
intermediate  between mackerel and tuna. The
specialisations exhibited by tuna are present in the bonito,
but to a lesser degree. Slow-twitch muscle strain and
activity patterns were determined during steady swimming
(tailbeat frequency 1.2-3.2Hz) at four locations on the
body of Sarda chiliensis using sonomicrometry and
electromyography. Both strain and the phase of
electromygraphic activity were independent of tailbeat

relative to the strain cycle. Muscle activity patterns are
comparable with those of tuna. At 0.5BL, the onset of
activity in deep slow-twitch muscle was approximately
synchronous with the onset of activity in superficial muscle
in the same myotome at 0.@5_. The distribution of slow-
twitch muscle along the body ofSarda chiliensisand four
additional fish species,Anguilla anguilla, Oncorhynchus
mykiss Scomber scombruand Thunnus albacareswas also
measured. Slow-twitch muscle appears to become more

frequency. The strain of superficial slow-twitch muscle
increased from £3.1%lg at 0.35-L to £5.8%lo at 0.65L,
where lg is muscle resting length and-L is the body length
from snout to tail fork. Between 0.35 and 0.65L, there
was a negative phase shift of 16° in the onset of
electromygraphic activity in superficial slow-twitch muscle

concentrated at approximately 0.5L as swimming
kinematics become more thunniform.

Key words: swimming, Pacific bonito,Sarda chiliensis
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Introduction

Most fish power swimming with their lateral musculature.facilitates study of the function of different fibre types during
Muscular contraction, the interactions between the fish and thecomotion. Low-tailbeat-frequency, sustained swimming is
water, and the mechanical properties of the passivpowered by slow-twitch aerobic muscle (e.g. Bone, 1966;
components of the body combine to produce a wave dRayner and Keenan, 1967; Rome et al., 1992; Coughlin and
curvature that passes along the fish from head to tail. THeome, 1999). Fast-twitch fibres are recruited during fast starts
body/tail wave generates net forward thrust. Lateral musclend bursts of high-tailbeat-frequency, unsustained swimming
fibres lengthen and shorten rhythmically during steadye.g. Rayner and Keenan, 1967; Johnston et al., 1977). Patterns
swimming. Patterns of muscle strain and activation show sonw muscle recruitment at intermediate speeds appear less clear
variation both among species and with position along the bodi.g. Bone, 1978; Brill and Dizon, 1979). There is considerable
in a given species (Grillner and Kashin, 1976; Williams et al.yariation in the amount and placement of slow-twitch muscle
1989; van Leeuwen et al., 1990; Wardle and Videler, 1993n different groups. The relative proportions of slow-twitch and
Johnson et al., 1994; Jayne and Lauder, 1995; Hammond et &st-twitch muscle appear to be related to lifestyle (Boddeke et
1998). Studies of isolated muscle fibres from a number of fisal., 1959). Fish specialised for cruising tend to have relatively
species have shown that the phase relationship between striirge amounts of slow-twitch muscle, whilst those with a more
and activation is crucial in determining how muscle functionsedentary mode of life have little slow-twitch muscle and
(Altringham et al., 1993; Rome et al., 1993; Hammond et alselatively large amounts of fast-twitch muscle. In most cases,
1998; for reviews, see Wardle et al., 1995; Altringham andhe slow-twitch muscle is present as a wedge positioned
Ellerby, 1999). beneath the lateral line. Some scombroid fish (Scombridae and

The lateral musculature of all fish has a complex anatomyiphiidae) differ from this pattern, having a portion of the
Axially it is divided into a series of metamerically arrangedslow-twitch muscle placed closer to the backbone (Fierstine
myotomes. In fish, different muscle fibre types with distinctand Walters, 1968; Westneat et al., 1993). This medial
properties are usually arranged in discrete populations. Thigacement of the slow-twitch muscle is most pronounced in
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scombrid fish of the Thunnini tribeEgthynnus Auxis  and a clearer picture of how muscle function and anatomy
KatsuwomusndThunnu$}. The positioning of the slow-twitch interact to produce swimming movements may emerge.
muscle away from the body surface, coupled with the presenceThe ideal scombrid species to study would be one that
of countercurrent heat exchangers in the circulatory systems mfpresented a functional and phylogenetic intermediate
some species, allows the temperature of the slow-twitchetween mackerel and tuna. Phylogenies based on molecular
muscle mass to be maintained at a value well above thend morphological data suggest that the bonitos (ggardg
ambient water temperature. In the bluefin tuflaunnus are closely related to the genera of tuna that exhibit systemic
thynnus the differential may be as high as 20°C (Careyendothermy (Collette, 1978; Block and Finnerty, 1994). The
and Lawson, 1973). This has important implications forspecialisations exhibited by tuna are present in the bonito, but
locomotory performance by increasing muscle power outpub a lesser degree. Bonito have some medial slow-twitch
(Rome and Swank, 1992; Altringham and Block, 1997). muscle, and a tendon arrangement intermediate between that
All scombrids are specialised in varying degrees for steadyf mackerel and tuna (Westneat et al., 1993). In terms of
sustained swimming (Magnuson, 1978). This is based on tlevimming function, the bonito may be similar to the
presence of a range of morphological features. These includlamediate ancestors of tuna. Study of the bonito could provide
a body thickness to length ratio that is close to that requireidhportant insights into the processes associated with the
for minimum drag (Hertel, 1966), a rounded body profile,evolution of endothermy in this group. An understanding of its
which increases swimming efficiency (Weihs, 1989), a lunatepatterns of muscle strain and activation may suggest how the
high-aspect-ratio tail with a high lift to drag ratio (Lighthill, thunniform mode of locomotion evolved.
1969) and a narrow caudal peduncle with lateral keels, which Using electromyography and sonomicrometry, we have
may maintain laminar flow in the region of the tail bladedetermined the patterns of muscle strain and activity in free-
(Lighthill, 1969; Webb, 1975) and provide lift (Magnuson, swimming Pacific bonitoSarda chiliensis The distribution
1973). Internally, there are features linked to efficient poweof slow-twitch muscle along the body has been quantified in a
transfer. The myotomes are highly elongated relative to thosange of scombrids and non-scombrids as a means of further
of other teleosts and contain large amounts of connectivievestigating changes in slow-twitch muscle function within
tissue. This connective tissue of the myosepts forms tendothe Scombridae. Differences in muscle distribution, muscle
like structures that insert on the cones of the myotomes arattivity and connective tissue anatomy are related to
the axial skeleton (e.g. Fierstine and Walters, 1968). Thdifferences in swimming mode.
arrangement of the connective tissue is crucial in determining
how force is transferred to the caudal region (Westneat et al.,
1983). These adaptations may explain how yellowfin tuna Materials and methods
achieve high locomotory efficiency relative to other teleosts Bonito Sarda chiliensigCuvier) were caught off the coast
(Dewar and Graham, 1994a). of California in surface water temperatures of 17—-20°C. The
Data on slow-twitch muscle function exist for threefish were caught using lift poles with barbless hooks. They
scombrid genera, a mackerel gen8sdmbey and two tuna were held on board ship in seawater-filled wells before being
genera Thunnusand Katsuwonus Tuna and mackerel lie at transferred to a holding facility in San Diego, California. A
opposite ends of the spectrum of morphological, anatomicaspecialised transport tank was used to transport the fish by road
physiological and kinematic variation displayed by theto the Tuna Research and Conservation Centre (TRCC) at
scombrids. Tuna differ in their patterns of muscle activity fromPacific Grove, California. All experiments were carried out at
other teleost species studied thus far. In most teleosts, therelti® TRCC, a joint facility of Hopkins Marine Station (Stanford
a clear tendency for the onset of electromyographic (EMGWniversity) and the Monterey Bay Aquarium. Fish were
activity to occur progressively earlier in the muscle straimaintained at 20°C in a tank 6m in diameter and 1.5m in
cycle, moving in a caudal direction along the fish (for reviewsdepth. Filtered and aerated sea water from Monterey Bay
see Gillis, 1998; Altringham and Ellerby, 1999). In thepassed through the tank. The mean fork lengt) ©f the
yellowfin (Thunnus albacargsand skipjack tunakatsuwonus fish was 64.3+0.8cm (range 60-71cm). Mean mass was
pelamig, the tendency for a negative phase shift in muscl2.96+0.11kg (range 2.50-3.99kg) (meanss.ezm., N=10).
activity is largely absent (Shadwick et al., 1999). Patterns dbequences of swimming covered a range of tailbeat
muscle activity in mackerel have also been determined (Wardfeequencies from 1.2 to 3.2 Hz.
and Videler, 1993; Shadwick et al., 1998). Mackerel show a
clear negative shiftin EMG activity to earlier in the strain cycle Sonomicrometry and electromyography
in the caudal region. This is the more typical teleost pattern. Electromyographic and sonomicrometry recordings were
The fish species for which data on muscle activity exist arenade from four points in the lateral slow-twitch muscle. These
highly diverse phylogenetically, anatomically and in termswere the superficial slow-twitch muscle underlying the lateral
of their swimming mode. This makes it difficult to draw line at 0.35, 0.5 and 0.B%, whereFL is the body length from
meaningful conclusions about differences in muscle functiorsnout to tail fork, and a point deeper in the slow-twitch muscle
By comparing muscle function in related scombrid generayhere it extended to the backbone along the median horizontal
confusion caused by phylogenetic disparities should be reducesgptum. Superficial placements were at a depth of 5mm below
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(World Precision Instruments AGT 0510). The spacing of the
recurved tips was 1.0mm. The exposed portions of the tips
were 1.5mm in length. EMG signals were filtered and
amplified using a CED 1902 signal conditioner. Amplifier gain
was set at 1000 for each channel. A 60Hz notch filter was
applied to remove mains interference. EMG data was filtered
digitally using Spike 2 software to apply a 100 Hz high-pass
filter and a 1500 Hz low-pass filter. The EMG electrodes and
sonomicrometry crystals were linked to the preamplifiers by
9m lengths of bathythermograph wire (Sippican Ocean
Systems, Marion, MA, USA). All solder joints were cleaned
with concentrated phosphoric acid prior to soldering.
Phosphoric acid was also used as a flux in combination with a
Fig. 1. Placement of sonomicrometry crystals and electromyographituxless solder. All exposed solder joints were waterproofed
(EMG) electrodes. Superficial placements are at 0.35, 0.5 andsing Dip-it Fantasy Film (Dip Film Products, UK).
0.65-L, whereFL is the body length from snout to tail fork. The left ~ Data channels were fed to a PC using a CED 1401plus A/D
dorsal portion of the myotomal muscle is removed to a level jusgonverter and interface card (Cambridge Electronic Design,
ventral to the main horizontal _septum_exposing the deep sIow-twitc@K)_ Data were recorded using Spike for Windows version
musclt_e placement at 0BB. This was in the same myotome as the s 54 A 5ms correction for phase delay must be applied during
superficial placement at 0.B6. data analysis because of the active filtering of the Triton
system.
the skin surface and on a straight line between the base of the )
pectoral fin and the caudal keel. The deep placement was located Surgical procedures
in the same myotome as the (F6%uperficial placement. The  Experimental animals were isolated from the other fish in
depth of placement in the deep slow-twitch muscle was=0.06 the tank with vinyl crowders and captured in a water-filled
below the skin surface (38 mm in a 64 Einfish; Fig. 1). The vinyl sling. Whilst held in the sling, fish length was measured
entry point for the deep placement was at BL58 and a mass/length curve was used to estimate body mass. Fish
Sonomicrometry determines length changes from the transitere anaesthetised with a mixture of ketamine at a dosage
time of an ultrasonic pulse between pairs of piezoelectriof 4mgkg'bodymass and medetomidine at a dosage of
crystals. Measurements were made using a Triton Technologi@st mgkgtbodymass. Each drug was administered by
model 120-1000 sonomicrometer. Calibration of the crystalgitramuscular injection into the slow-twitch muscle posterior
was carried out by direct measurement in fresh water. THe the base of the pectoral fin. After surgery, a recovery dose
transmission speed of ultrasound is slightly faster in musclef atipamezole was administered by the same method, at a
(1522-1572m3) than in water (1500n%, so a small dosage of 2 mgkg. Surgery was carried out on a raised,
correction had to be made (Goldman and Richards, 1954; Mpadded platform in the tank. The gills were perfused with
and Breddels, 1982). Changes in muscle density duringxygenated sea water using a submersible pump at a flow
contraction have little effect on the velocity of ultrasoundrate of 2Iminl. The duration of surgery ranged from
(Griffiths, 1987; Hatta et al., 1988). The disc-shaped crystalgpproximately 10 to 25min. Prior dissection had established
are directionally sensitive. To ensure a clear signal, the flat fac¥e desired placements for the crystals and EMG electrodes in
of crystal pairs need to be facing each other. Crystals wetbe slow-twitch muscle. It had been found that the slow-twitch
implantedvia 19 gauge, 1.5inch hypodermic needles. Pairs ofnuscle fibres were aligned parallel to the body axis at all the
needles were clamped together in the same plane and at theasurement points used in the experiments. The pectoral fin,
desired spacing to ensure correct alignment of the crystal paitgil keel and lateral line were used as external markers to
Al crystal leads and EMG electrodes were fitted with a 10 mnindicate correct placement during surgery. All suturing was
crosshar made from nylon monofilament fishing line. This wasarried out using PDS Il (Ethicon Inc., Somerville, NJ, USA)
attached with epoxy resin. The crossbar was sutured to the skind an FS-2 cutting needle. Fish were killed at the conclusion
to hold the wires in place and at the correct depth in the lateraf each experiment by decapitation and pithing. Crystals and
muscle. The bars were arranged parallel to the face of tidectrodes were dissected out to establish whether they had
sonomicrometry crystals to indicate correct alignment. been correctly aligned with the muscle fibres. Points where
An EMG electrode was implanted immediately adjacent t@lignment of the crystals was greater than 10 ° out of line with
each pair of crystals. The entry point of the hypodermic needlée fibre long axis were excluded from the analysis.
was 5mm dorsal to the position of the crystal pair. The needle
track was angled ventrally so that the electrode tip was placed Video recording and kinematic analysis
in the slow muscle mass 3mm dorsal to the muscle tissue Experiments were recorded using a Canon EX2 Hi-8 video
between the two crystals. The bipolar electrodes wereamera with a wide-angle lens. This was mounted above
constructed from 0.125 mm diameter Teflon-coated silver wiréhe tank. The field of view was approximately 3<% m.

Deep dlow-twitch muscle

Slow-twitch
muscle
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Sequences of undisturbed, steady swimming for 10 wired and Statistical analyses

10 unwired fish were selected at random for analysis. Sequencessigma Stat (SPSS, Chicago, IL, USA) software was used for
in which the final trajectory of the fish differed from its initial statistical analyses. The kinematic parameters of wired and
trajectory by more than 10° after three tailbeats were not useghwired fish were compared using a Studertést. A Pearson

for analysis. An ATI All-in Wonder Pro video card and product moment correlation was used to test for any
software were used to grab video frames for kinematic analysigelationships between strain and phase of activation and
Frames were grabbed at a resolution of 640 pid&8 pixels.  tajlbeat frequency. A two-way analysis of variance (ANOVA)
This meant that measurements could be made to an accuracyyfs used to test for significant differences in strain and phase
approximately 5mm. The frame rate of 50Hz gave a tim@f activation between different points in the slow-twitch
resolution of 0.02s. Measurements were made from still frameguscle and between different fish. All results are expressed as

using Sigma Scan Pro image-analysis software. Cartesigiean +sem. with the number of observations given in
coordinates were recorded at seven points along the length gdrentheses.

the fish. These were the snout, the posterior base of each

pectoral fin, the rear of the second dorsal fin, the tip of each tail

keel and the tip of the tail. Mid-points were calculated for the _ _

pairs of points at the pectoral fin bases and keel tips. The Kinematics

displacements of these points through time were used to There were no significant differences between the kinematic

calculate stride length, propulsive wavelength, yaw and tailbegiarameters measured for wired and unwired fi2h0(05)

amplitude. Because the lengths of all fish were not known, aflfable 1). The mean speed of the wave of body curvatre (

measurements are expressed as a proportion of the body leng#ssing caudally along the body was 1.28+8107F 1 (N=20),

(BL). Total body length is used rather than fork lendgth)( whereT is the duration of one complete tailbeat.

because, when viewed from above, the tail fork is not visible.

In bonito, the fork of the lunate tail is not deep, so the difference Strain patterns

betweenFL andBL is small (2—-3cm for a 70 cm fish). There was no significant relationship between strain
Stride length is the distance moved by a fish during a tailbeamplitude and tailbeat frequenci=0.32) (Fig. 2). Fourier

cycle. Measuring the time between peak lateral displacemeanhalysis confirmed that the strain cycle approximated a sine

of successive points of known separation on the body allowmsave: more than 95% of the spectral power appeared in the

the velocity of the propulsive wave along the body to bdirst harmonic. For this reason, the cycle was described by a

calculated. This parameter can be used to estimate tlstne wave where resting lendihis at 0/360°, peak strain is

propulsive wavelength (propulsive wavelength = propulsiveat 90 ° and minimum length is at 270 °. The mean speed of the

wave velocity/tailbeat frequency). The yaw is the amplitude oftrain wave passing caudally along the body was

the lateral displacement of the snout, and tailbeat amplitude is34+0.04/L T-1 (N=20), whereT is the duration of one

the amplitude of the lateral displacement of the tail tip. Acomplete tailbeat.

statistical comparison was made between these parameters foA two-way ANOVA showed that there were significant

wired and unwired fish to determine whether implantation oflifferences in muscle strain at different positions on the body

Results

the sensors affected swimming kinematics. (P=0.013). For a given body position, differences between fish
- _ were not significant R=0.11). Strain was recorded as the
Distribution of slow-twitch muscle along the body percentage change in resting muscle fibre lengd). (Mean

Transverse sections were made of three scombrids; bonitmuscle strains for results pooled from each body position are
Atlantic mackerel $comber scombryyisand yellowfin tuna +3.1+0.08%¢ at 0.3%L, +5.2+0.07%09 at O0.5-L,
(Thunnus albacargsat 0.FL intervals. Two non-scombrid +5.8+0.08%o at 0.6%L, all in the superficial slow-twitch
species, the ednguilla anguillaand the trouDncorhynchus
mykiss were similarly sectioned. Each section was
photographed using a Nikon E3s, or Sony Mavica, digita Table 1.Summary of kinematic parameters for wired and

camera. Absolute cross-sectional areas of slow-twitch and fas unwired fish
twitch muscle were measured using Sigma Scan Pro softwal Wired Unwired P
To allow clear comparison among species, muscle areas we__.
also expressed aspa proportiongof F;he amount of muscle Stride length 0.75:0.03 0.770.03 0.76
Mechanical wavelength 1.07+0.07 1.13+0.06 0.94
0'5':.L' . ) . Tailbeat amplitude 0.19+0.01 0.21+0.02 0.66
Fifth-order polynomial functions were fitted to the curves ofy 5, 0.05+0.01 0.05+0.01 0.89

cross-sectional area and slow-twitch muscle area. B

integrating these functions and calculating the areas under t values are meansse.m. (N=10).

curves, estimates of total muscle volume and slow-twitcl All measurements are expressed as a proportion of total body
muscle volume were made for each species. Slow-twitclength BL).

muscle volume was expressed as a proportion of total musc Probability values are those returned by a Studéftést used to
volume for each species. compare the kinematic parameters of wired and unwired fish.




Slow muscle function of Pacific boni2005

Fig. 2. Muscle strain in

relation to tailbeat

frequency. Strain was

recorded as the =
percentage change inX
resting muscle fibre
length (#40). Values
from different fish are
shown by different
symbols. Values for
superficial muscle at
0.35, 0.5, 0.6bBL,

where FL is the body
length from snout to
tail fork, and for deep
slow-twitch muscle at
0.58L are shown by

o
Ju
9]

blue, red, green
and black symbols,
respectively.

15

muscle, and +2.8+0.12 §in the deep slow-twitch muscle at
0.58L.

2 25

Tailbeat frequency (Hz)

Table 2.Mean onset and offset times of electromyographic
activity relative to the sinusoidal, 360 °, strain cycle

Phase of activity

EMG onset EMG offset

Position (degrees) (degrees)

There was no significant relationship between phase ¢
EMG activity and tailbeat frequenci<£0.25) (Fig. 3). A two-
way ANOVA detected significant differences in the phase o
EMG onset relative to the strain cycle at different positions ol
the body P=0.019). For a given body position, there was nc
significant difference in phase of EMG onset among differen
individuals. There was a small, but statistically significant,
negative shift in the onset of EMG activity relative to the strair
cycle moving in a caudal direction along the fish (Table 2)
The mean speed of the wave of EMG onset passing cauda
along the body was 1.66+0.84 T-1 (N=20).

Superficial slow-twitch muscle

0.35L 52.9+0.8 (70)  209.7+0.9 (70)
0.5FL 45.9+1.0 (50)  180.2+1.2 (50)
0.65L 36.8+0.8 (80)  159.5+0.8 (80)

Deep slow-twitch muscle 58.5+2.4 (30) 182.4+3.2 (30)
0.58L

Values are meanss£.M. (N).

FL is fork length.

Muscle is at resting length at 0 °.

Data represent pooled results from a number of individuals.

The duration of EMG activity decreases posteriorly along
the fish. Longer anterior EMG duration results in later offse
times relative to the strain cycle in the anterior of the fish tha
in the posterior.

The EMG electrode in the superficial muscle at BL6&nd

tissue the apices of which are directed both anteriorly and
posteriorly. The hollow cones of successive myotomes are
nested within each other. The relative extent of elongation of

the deep slow-twitch muscle EMG electrode were placed in thdne myotomes can be assessed by counting the number of
same myotome. The time of EMG onset at these two pointsested cones cut across in a body cross section. The anterior-
was measured relative to a ‘time zero’ when the muscle giinting cones of the myotomes 8arda chiliensisare less
0.35L was atlp whilst lengthening. A two-way ANOVA highly nested than in tuna, but more so than those of the
showed that there was no significant difference in EMG onsehackerel. InSarda chiliensisthe anterior-pointing cones of
timing at these two positions or among different fish at a giveright myotomes are cut across in each quadrant of the cross
position £=0.57) (Fig. 4). section; this compares with six $comber scombrusnd 12
in Thunnus albacaredn addition to differences in myotomal
Distribution of slow-twitch muscle anatomy, there are differences in slow-twitch muscle
A myotome consists of several hollow cones of musclalistribution within the myotomeScomber scombrugisplays
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Fig. 3. Phase of electromyographic (EMG) onset and offset within the strain cycle in relation to tailbeat frequency. Vatliferirotrfish
are shown by different symbols. Values for superficial muscle at 0.35, 0.5/.Ga68 for deep muscle at 08 whereFL is the body length

from snout to tail fork, are shown by blue, red, green and black symbols respectively. There was no correlation betwdesouadbeyn and
phase of EMG onset or offset.

the typical teleost slow-twitch muscle distribution with ashift in the onset of electrical activity relative to the strain cycle
wedge of slow-twitch muscle underlying the lateral line. Inmoving caudally along the length of the bonito. This occurs
Sarda chiliensis the region of slow-twitch muscle fibres because the speed of propagation of the wave of EMG onset
extends all the way from the lateral line to the backbone. lis greater than the speed of the muscle strain wave. This is
Thunnus albacareghe slow-twitch muscle similarly extends comparable with the pattern seen in the skipjack tuna
to the backbone, but a greater proportion of the slow-twitciiShadwick et al., 1999) (Fig. 7). The phase shift is much
muscle is placed medially (Fig. 5). smaller than that seen in Atlantic and Pacific mackerel (Wardle
Estimates of slow-twitch muscle volume as a percentage @ind Videler, 1993; Shadwick et al., 1998). A shift in the phase
total muscle volume between 0.3 andFL8were 11% in  of muscle activity relative to the strain cycle is not confined to
Scomber scombru46 % inSarda chiliensis10% inThunnus  axial, aquatic locomotion in fish, but occurs in a wide range of
albacares 3% inOncorhynchus mykissnd 13% inAnguilla  organisms and situations, e.g. in terrestrial locomotion in the
anguilla. In Thunnus albacareand Sarda chiliensisthere is  eel Anguilla rostrata(Gillis, 2000), in undulatory, pectoral fin
a clear peak in slow-twitch muscle cross-sectional area #&comotion in the stingra¥aenuria lymmgRosenberger and
0.5FL, but the peak is broader iBarda chiliensisand Westneat, 1999), in snake swimming (Jayne, 1988) and in
proportionally more slow-twitch muscle is found in the salamander swimming (Frolich and Biewener, 1992). A
posterior of the body (Fig. 6). lIBcomber scombrughe peak substantial negative phase shift, where present, may suggest a
is broader still, but it is still located at around 0.5FL6 change in muscle function along the length of the body. In
Oncorhynchus mykisshows a posterior shift in peak slow- saithe, trout and scup, this pattern of activation results in a
twitch muscle placement. The pattern is very different irlarger negative work component during the strain cycle in
Anguilla anguilla in which the slow-twitch muscle is evenly caudal muscle and enhanced muscle stiffening, although net
distributed between 0.4 and BLZ power production is still positive. It has been suggested that,
in the absence of substantial tendons, this may aid power
. , transmission from the anterior of the fish to the tail region. This
Discussion is presumably an inefficient means of power transmission
Muscle activity compared with tendon; however; it allows the fish to maintain
There is a small (16 °), but statistically significant negativelexibility in its tail region, therefore maintaining a high level
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Deep slow-twitch muscle Scomber scombrus Sarda chiliensis Thunnus albacares

EMG
+
o

EMG  Strain (+ % Ig)
Lo

16 Fig. 5. Cross sections of Atlantic macker&@comber scombrys
S 44 0.65FL bonito Sarda chiliensisand yellowfin tunaThunnus albacargsat
X +2 0.5FL, whereFL is the body length from snout to tail fork. Shaded
32/ (2) areas denote slow-twitch muscle.
®
g5 -4
o © used ann vitro onset of activation increasing from 20 to 60°
= FMMWN\_NMV\ between 15 and 30°C to optimise power productioBanda
+6 0.5FL chiliensisslow-twitch muscle. The onsets of activation observed
S 14 for bonito (37-53 °) lie within this range of values. This suggests
X +2 that in vivo the slow-twitch muscle is operating close to the
iCL 0 optimal phase of activity for maximising power production.
s j Surprisingly, the question of whether muscular activity
@ 6 progresses along the body from myotome to myotome or
) whether activity progresses by longitudinal position has not
= “WVWMWMMMWW been resolved. Jayne and Lauder (1995) found that in fast
16 0.35FL muscle the myotome appeared to be the functional unit in terms
S +4 of muscle activation. The onset of activity in bonito deep slow-
f +(2) twitch muscle occurs at the same time as the onset of activity
= 5 in the superficial slow-twitch muscle of the same myotome.
s This supports the idea of sequential activation of myotomes
S 4 pp q y
Y 6 : . : : : : rather than activation of muscle at the same axial position. This
0 1 2 is in contrast with the findings of Knower et al. (1999), who

suggest that in tuna a given axial position on the body is
activated, rather than a given myotome. Knower et al. (1999)
Fig. 4. Sonomicrometry and electromyographic (EMG) recordingsiid not obtain sufficient data to completely rule out whole
for a sequence of three steady tailbeats at a tailbeat frequenﬁyyotome recruitment in tuna. Without further EMG studies, it

of 1}'17 Hz. The Vte”ifcaE'M‘éaSh‘ifj_t””_e rllighli\?vhttsh the alppa{etntlyls impossible to establish whether the progression of muscular
synchronous onset o acuvity In slow-twitch muscie at two iV | n r I n h Iﬁ: r nl in n
points within the same myotome but at different locations along ttht ation proceeds along the body differently tuna

body axisFL is the body length from snout to tail fork. compared with other teleosts.

Time (s)

Muscle strain

of manoeuvrability compared with thunniform fish (for a Shadwick et al. (1999) found in skipjack tus&{suwonus
review, see Wardle et al., 1995). In the bonito and the tunapelamig that deep local muscle shortening was not in phase
where a phase shift in the activation of muscle along the bodyith local body curvature and that strain increased from +5.4 %
is less apparent, the tendons are likely to play a greater role@0.4FL to +8.2 % at 0.6BL. Deep muscle strain in the bonito
power transmission. at 0.58L was much lower than this (£2.8 %). This may be due
EMG duration decreases caudally. This decrease in EM@® differences in swimming style and the site of placement of
duration is present in all teleosts for which EMG data existstrain gauges within the myotome. The superficial muscle
except anguilliform swimmers. The onset of EMG activity strain in Pacific mackerebomber japonicQsalculated from
occurs during muscle lengthening, just prior to maximum lengthmidline curvature was +6.3% at OH3 increasing to +8.7 %
at all points along the body. EMG activity then persists well intat 0.7%L (Shadwick et al., 1998). Superficial muscle strains
the shortening phase. This onset of muscle activity in th& bonito ranged from £3.1% at 0B5to +5.8% at 0.6BL.
lengthening phase has been shown to enhance muscle force @@ most anterior sampling point in bonito lies in a region of
power production during the subsequent shortening phase (etge body that undergoes relatively little bending during
Altringham and Johnston, 1990). Altringham and Block (1997swimming, and low superficial strains are to be expected.
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Kinematics tuna, the stride length ranged from 0.54 to 0.93 in the bluefin

Swimming kinematic parameters are apparently unaffectedinaThunnus thynnu@Vardle et al., 1989) and from 0.4 to 0.7
by the implantation of crystals and electrodes (see Table lin Thunnus albacare@ewar and Graham, 1994b). The value
The mechanical wavelength of the bonito (1.1) is intermediatis similar to that (0.79) previously measured in the bonito by
between that of the macke@tomber scombry4.00; Wardle  Altringham and Block (1997). The amount of yaw (0.05) is at
and Videler, 1993) and the yellowfin tumunnus albacares the upper end of the range seen Thunnus albacares
(1.23-1.29; Dewar and Graham, 1994b). The mean strid®.023-0.05; Dewar and Graham, 1994b). The envelope of
length (U=0.76) lies within the range measured for otherateral displacement is similar to that 8€omber scombrus
scombrids. Videler and Hess (1984) found a stride length rand€ig. 8). Lateral undulation is mainly confined to the posterior
of 0.74-1.04 in the Atlantic macker8comber scombrusn  two-thirds of the body, in contrast to tuna, in which lateral
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Fig. 8. Peak lateral body deflection of thre
scombrid species. Bonit&arda chiliensis
Atlantic mackerel Scomber scombrusand
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and vyellowfin are fitted with fourth-order§ 0.04
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(1993). Data for Thunnus albacaresare :

0.08
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0.06

derived from Fig. 3C in Dewar and Graham 0
(1994b).BL is total body length. Values for 0 61 02 03 04 05 06 07 08 09 1
bonito are means £e.m. (N=10). Position (proportion of BL from snout)

displacement is confined to the posterior third of the body. Thialbacaresas a percentage of body mass were 4.51, 6.22 and
places the bonito in the carangiform swimming mode alon®.51 respectively. On this basiSarda chiliensisappears to
with the mackerel. The mean speed of the wave of curvatuteve relatively less slow-twitch muscle than these other
(V) along the body (1.28L T-1) is greater than that &comber  scombrids, although rather wide confidence intervals suggest
scombrug1.02FL T-1; Videler and Hess, 1984). This yields a that the differences are not significant. When considering the
meanU/V ratio of 0.6. This compares with a meldf/ ratio  estimated volume of slow-twitch muscle in the 0.3F0.8

of 0.8 measured iscomber scombrusy Hess and Videler region as a proportion of total lateral muscle volume in this
(1984). ThaJ/V ratio can be viewed as a measure of efficiencyregion, bonito appear to have a greater proportion of slow-
because it quantifies the degree of ‘slip’ between the body dfvitch muscle than either yellowfin tuna or Atlantic mackerel.
the fish and the water. A higher value would suggest highérhis is only an estimate, but it suggests that caution should be
efficiency in translating body movements into useful thrust. Oexercised when making comparisons of muscle amounts
this basis,Sarda chiliensisappears to be a less efficient among different species. The relative slow-twitch muscle

swimmer tharScomber scombrus volume of scombrids (10-16 %) appears to be greater than that
_ of some other teleosts. The volume of lateral muscle occupied
Power production by slow-twitch muscle is only 5% in saithe (Videler, 1985) and

It is clear that bonito are capable of travelling considerabl®% in trout. The volume found in scombrids is comparable
distances and are well-adapted for sustained cruisingvith that found in the egnguilla anguilla This suggests that
Individuals can cover 962km during seasonal migration anthe possession of a relatively large amount of slow-twitch
can travel 400km at a speed of 19km per day (Grey, 1971). muscle is not confined to active, pelagic fish. In fact, in
bonito, the optimum cycle frequency for maximising slow-scombrids in which systemic endothermy is well developed,
twitch muscle power output is approximately 5Hz at 20°Cwe might expect to see a decline in slow-twitch muscle volume
(Altringham and Block, 1997). This is somewhat greater thamelative to that in ectothermic scombrids with similar power
the tailbeat frequency observed in undisturbed fish, usuallsequirements. This is because slow-twitch muscle power
approximately 2—3 Hz. There is therefore considerable scope foutput would be increased at elevated temperatures.
increasing cruising speed at this temperature without activation
of fast muscle. The optimum cycle frequency for bonito is lower Trends in scombrid evolution
(3Hz) at 15°C. In water at this temperature, it is unlikely that Graham et al. (1983) indicate that there are large differences
the swimming speed can be substantially increased without the distribution of slow-twitch muscle along the body in
recruitment of fast muscle. This may impose a lower limit ordifferent scombrid groups. In their study, the position of the
the environmental temperature range exploited in the wild. Fistnaximum amount of red muscleRsay) in carangiform
off southern California are primarily found in water swimmers (bonito and mackerel) coincides with the position
temperatures of 15-22 °C, and generally move northward in thef maximal body flexure (OFL as identified by Greer-Walker
summer and southward in the winter — presumably trackingnd Pull, 1975). In tun&max was found to be much farther

favourable water temperatures (Fitch, 1969). forward at 0.4-0BL. This clear difference is a consequence
o _ of expressing the amount of slow-twitch muscle as a
Distribution of slow-twitch muscle percentage of cross-sectional area rather than in absolute terms.

Graham et al. (1983) found that the slow-twitch muscldn the three scombrid species for which measurements were
masses oBarda chiliensisScomber japonicuand Thunnus made in the present study, the position of absolute maximum



2010 D. J. BELERBY AND OTHERS

200
180 1
160 1
140
120
100 1

80 71
60 T
40 7
27

Scomber scombrus

0
0

0.2 0.4 0.6 0.8

700

600 +

500 +

400 +

300 +

200 +

Slow-twitch muscle area (mm)

100 +

Sarda chilienisis

2500

0.2 0.4 0.6 0.8

2000 +

1500 +

1000 +

500 +

0

Thunnus albacares

0

0.2 0.4 0.6 0.8

Head Proportion of body length (FL)

Fig. 9. Distribution of slow-twitch muscle along the body of three
scombrid species. The solid lines show absolute muscle area, and

25

+20

T15

T10

35

+30

125

120

115

110

Slow-twitch muscle area (% of total muscle area)

0.7FL. In tuna, the amount of slow-twitch muscle decreases
markedly posterior to OF.. The bonito shows a pattern
intermediate between these. The distribution of slow-twitch
muscle in non-scombrid fish that swim in more undulatory
modes suggests the existence of a trend that is related to
function rather than phylogenetic relationships. In the trout
Oncorhynchus mykissaa subcarangiform swimmer, a broad
peak in the amount of slow-twitch muscle occurs at 0.6-0.7
In the eelAnguilla anguillg slow-twitch muscle is more evenly
distributed along the body. Differences in the distribution of
slow-twitch muscle along the body suggest a localisation in the
main site of power production as scombrids, and perhaps fish
in general, become more specialised for thrust generation by
the caudal fin. Differences in the pattern of slow-twitch muscle
distribution are probably related to the method of power
transmission from the site of power production to the site of
thrust generation and to the way in which thrust is transferred
to the water. It appears that there may be a trend towards
concentration of the majority of the slow-twitch muscle in a
discrete region of the body that is linked to the caudal region
by connective tissue. The substantial amount of connective
tissue present in the median horizontal septum is probably the
main route of power transmission in scombrids. Efficient
power transmission is critical in scombrids, particularly tuna,
in which virtually all thrust is developed at the caudal fin
(Lighthill, 1975). The most efficient way for a fish to oscillate
a posterior caudal fin would bfa a single muscle positioned
on each side of the body, each muscle being linked to the
caudal region by a single tendon. In essence, this would be
rather like the arrangement of antagonistic muscles around a
quadruped limb joint. This condition can never be achieved
in fish because of some major functional and anatomical
constraints. A fish has to perform manoeuvres other than
straight-line, steady swimming. In tuna, this capability is
reduced relative to other teleosts (Blake et al., 1995). A
metamerically segmented musculature imposes limits on the
concentration of slow-twitch muscle into a single unit, and a
similarly segmented nervous system produces a wave of
muscle activation passing along the body.

If the analogy with an antagonistic pair of muscles acting on
a joint is extended to include muscle activation patterns, then
ideally all parts of the slow-twitch muscle would be activated
almost simultaneously, and antagonistic, contralateral muscles
would not be activated at the same time. One would expect to
see a particularly rapid wave of EMG activity in tuna relative
[Reother fish and little, if any, overlap in contralateral slow-

dashed lines show muscle area as a percentage of total muscle crd¥dfch muscle activity. There is some evidence for a higher
sectional area. Data points are fitted with fourth-order polynomia$Peed of EMG propagation in relatively stiff-bodied swimmers
regression linesL is the body length from snout to tail fork. Values such as tuna and bonito compared with more undulatory
are means ..M. (N=4).

swimmers such as trout and eel (Table 3). Fig. 10 shows EMG
activity relative to the tailbeat cycle for a range of species.
There appears to be a trend for decreasing overlap of

red muscle cross-sectional area was approximately the sameciontralateral EMG activity moving from the anguilliform
all cases (0BL, Fig. 9).

In mackerel, slow-twitth muscle is relatively evenly chiliensis Katsuwonus pelamiand Thunnus albacargshere
distributed along the central portion of the body from 0.4 tds no overlap in contralateral EMG activity, andSoomber

mode of swimming through to the thunniform modeShrda
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Fig. 10. Slow-twitch muscle activity in relation to tailbeat cycle for a
range of species representing anguilliform, subcarangiform,
carangiform and thunniform swimmers. Activity is scaled relative to
a point in the tailbeat cycle, @bwhereT is the duration of the
tailbeat cycle, which represents peak force, or the point at which the
tail tip crosses the swimming track towards the active side of the fish.
To allow comparison, these two events are assumed to be
approximately coincident. This activity is represented by the shaded

1 1 1
_Anguillarostrata .-~
(anguil liformy)
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whoio~N
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0.8 e 1 areas. Contralateral muscle activity is shown by the regions bounded
_| Oncorhynchus mykiss .- 1 . . . .

0.7 (subcarangiform) ! by the dotted lines. Data were derived from the following sources:

g-g: ! Anguilla rostrata Gillis (1998); Oncorhynchus mykisglammond et

04 - ! al. (1998);Katsuwonus pelamiand Thunnus albacargesKnower et

0.3 T T al. (1999).FL is the body length from snout to tail fork.
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L 08 PR T S T T ' Table 3.Rate of propagation of the wave of muscle activation

5 0.7 -| Scomber scombrus ' —

2 0.6 (carangiform) - EMG activation

£ 054 | wave speed

o 8%— i Species FLT Source of EMG data

< 0 T T T T | r

% 05 0607 080910001 02 0.3 0.4 05 0.6 07 Thunnus albacares 2.0 Knower et al. (1999)

o i Katsuwonus pelamis 1.3 Shadwick et al. (1999)

% | Sarda chiliensis 1.7 This study

3 0.8 Sard' T i Scomber scombrus 15 Wardle and Videler (1993)
0.7 achlllgnss N o h h Ki d |

5 (6 (carangiform) ncorhynchus mykiss 1.2 Hammond et al. (1998)

5 054 - Anguilla rostrata 0.7 Gillis (1998)

£ 041 .

§_ 0.3 1 1 1 . ] FL, fork length;T, the duration of one complete tailbeat.

g 050607 0809100010203 04 0506 0.7 There is a general decrease in propulsive wavelength down the list

X of species.

0.8 1 1 1 . 1 1 1 1 1 1
0.7 Kaimv_vonus pelamis
0.6 -{ (thunniform) power transmission in the scombrid median horizontal septum
8_‘2: : (Westneat et al., 1993). These tendons extend back diagonally
0.3 [ - from the posterior lateral extremes of the myotomes and insert

05 0.6 0.7 0.8 0.91.0/00.1 0.2 0.3 0.4 055 0.6 0.7 on the vertebral column. The arrangement of POTs will
' determine how muscular contraction is translated into
. movement of the axial skeleton. Consider a posterior oblique
tendon of lengthA. This attaches to the vertebral column at
point X and runs through a sling formed by an anterior oblique
tendon (AOT) (Fig. 11). The slow-twitch muscle attached to the
L ] POT exerts a pull on the tendon, effectively reducing its length
0.5 06 0.7 08 091.0/00.1 0.2 0.3 04 05 06 0.7 as it slides through the sling. The new shorter lengt. Fhis
Proportion of tail beat period (T) exerts a lateral pull on the vertebral column, producing a lateral
deflection of poin¥, reducing angla by an amounfa to form
scombrusthe overlap is small. EMG activity tends to be angleas. The lateral displacement of pokts equal td3sinAa.
increasingly concentrated later in the tailbeat cycle, with offset
occurring at around the time of peak force or when the tail tip
crosses the swimming track. If the situation is simplified by making anghea right angle
The posterior oblique tendons (POTSs) are a major means pfior to any movement of the vertebral column; thenazgfs

08 1 1 1 1 1 1 1 1
0.7- Thunnus albacares :

0.6 _| (thunniform) -
0.5+ )
0.4
0.3

sinda=(sina—as) = sinacosas— cosasinas. Q)

Muscle
Posterior oblique tendon

Anterior oblique C
tendon
Fig. 11. Schematic diagram of the arrangement of the major

tendons in the median horizontal septum of a scombrid fish. See
Discussion for further details. B
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and sim=1. The formula for siia becomes simplified to Myotomal muscle function at different locations in the body of a

sinAa=cosas. swimming fish.J. Exp. Biol.182 191-206.
From the law of cosines: Blake, R. W., Chatters, L. M. and Domenici, P(1995). Turning
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cos= EBB 2+C? ‘ASZE @) swimming manoeuvres. Fish Biol.46, 536-538.
0 2BC 0 Block, B. A. and Finnerty, J. R.(1994). Endothermy in fishes: a
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