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Summary

Eels swim in the anguilliform mode in which the vyellow-phase eel and 0.74Wkd in silver-phase eel.

majority of the body axis undulates to generate thrust.
For this reason, muscle function has been hypothesised to
be relatively uniform along the body axis relative to some
other teleosts in which the caudal fin is the main site of
thrust production. The European eel Anguilla anguilla
L.) has a complex life cycle involving a lengthy spawning
migration. Prior to migration, there is a metamorphosis
from a yellow (non-migratory) to a silver (migratory) life-
history phase. The work loop technique was used to
determine slow muscle power outputs in yellow- and
silver-phase eels. Differences in muscle properties and
power outputs were apparent between yellow- and silver-

Power output peaked at cycle frequencies of 0.3-0.5Hz in
yellow-phase slow muscle and at 0.5-0.8Hz in silver-
phase slow muscle. The time from stimulus offset to 90 %
relaxation was significantly greater in yellow- than in
silver-phase eels. The time from stimulus onset to peak
force was not significantly different between life-history
stages or axial locations. Yellow-phase eels shifted to
intermittent bursts of higher-frequency tailbeats at a
lower swimming speed than silver-phase eels. This may
indicate recruitment of fast muscle at low speeds in
yellow-phase eels to compensate for a relatively lower
slow muscle power output and operating frequency.

phase eels. The mass-specific power output of silver-phase
slow muscle was greater than that of yellow-phase slow
muscle. Maximum slow muscle power outputs under
approximated in vivo conditions were 0.24Wkg! in

Key words: European eefnguilla anguilla work loop technique,
power, muscle, swimming.

Introduction

The European eelfguilla anguillaL.) has a complex life of curvature that passes along the fish from head to tail. This
cycle that includes a lengthy spawning migration. Severabody/tail wave generates the thrust that propels the fish.
years are spent in the non-migratory yellow phase in fresh @wimming styles based on body waves are classified on the
brackish water (Colombo and Rossi, 1978; Vgllestad anbasis of the proportion of the body contributing to thrust
Jonsson, 1986). There follows a metamorphosis to thgeneration (Breder, 1926). The study of eel locomotion has a
migratory silver phase. Eels in this phase leave fresh dong history, and the movement of the waves of curvature
brackish water in late summer or autumn (Lowe, 1952along the body of an eel was first recorded photographically in
Vgllestad et al., 1986; Poole et al., 1990). They then migrate895 (Marey, 1895). The gendmaguilla lends its name to
to the Sargasso Sea, a body of warm water located in tlaguilliform locomotion, a swimming style in which most of
Atlantic Ocean, where they spawn (McCleave et al., 1987}the length of an elongated undulatory body transfers thrust to
After hatching, the elvers migrate to Europe, where they leaviaie water. Anguilliform swimming is found in a range of phyla
the sea and enter fresh water (e.g. Deelder, 1958). A higheith elongate body forms (e.g. Gray, 1933; Graham et al.,
level of swimming performance in terms of sustainedl987; Jayne, 1988; Frolich and Biewener, 1992; for a review,
swimming speed and muscle power output may be required sze Gillis, 1996).
undertake this migration. The lateral muscle fibres lengthen and shorten rhythmically

The lateral myotomal muscle provides the power forduring steady swimming. Patterns of muscle strain and
swimming in most fish. Muscular contraction, the interactionsctivation show some variation both among species and with
of the fish with the water and the mechanical properties of thgosition along the body in a given species (Grillner and Kashin,
passive components of the body combine to produce a wau®76; Williams et al., 1989; van Leeuwen et al., 1990; Wardle
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and Videler, 1993; Johnson et al., 1994; Jayne and Laude¢ Table 1.Morphological values for the eels used in the study
1995; Hammond et al., 1998; Gillis, 1998b; Gillis, 2000;
Ellerby et al., 2000). Studies of isolated muscle fibres from
number of fish species have shown that the phase relationst ~ Mass (9) 68373 (10)  726+28(9)  0.634
between strain and activation is crucial in determining hoy ~ Length (mm) 734245 (10)  728+26 (9)  0.992
muscle functions (Altringham et al., 1993; Rome et al., 1993 Eye index 13.2:0.9(10)  20.0+1.0(9) 0.002
Wardle et aI.,.1995; Curtin and Woledge, 1996; Hammond ¢ Values are meanssem. (N).
al., 1998; Altringham and E"erby' ];9.99)' . . Variables were tested for significant differences between phases
The lateral musculature is divided into a series Oising a Studentstest.
metamerically arranged myotomes. In fish, different muscls
fibre types with distinct properties are usually arranged ii
discrete populations. This facilitates study of the function otontaining aerated, filtered fresh water. The water temperature
different fibre types during locomotion. Low-tailbeat- was maintained at 14 °C. A 16 h:8 h light:dark photoperiod was
frequency sustained swimming is powered by slow-twitchmaintained in the aquarium. The eels were fed a maintenance
aerobic muscle (e.g. Bone, 1966; Rayner and Keenan, 196diet of freeze-dried bloodworm three times a week.
Rome et al., 1992; Coughlin and Rome, 1999). Fast-twitch Eels were killed by decapitation, destruction of the brain and
fibres are recruited during fast starts and bursts of high-tailbegtithing of the spinal cord. Blocks of superficial skeletal muscle
frequency unsustained swimming (e.g. Rayner and Keenatissue were removed from the lateral line region. These were
1967; Johnston et al., 1977). In eels, as in most teleosts, thiced in Ringer's solution (composition in mn@lINacCl,
slow-twitch muscle is present as a wedge positioned along tH®9; KCI, 2.7; NaHC@ 2.5; CaC}, 1.8; MgCb, 0.47; sodium
lateral line. pyruvate, 5.3; Hepes, 10; pH7.4+0.05 at 14°C) oxygenated
Anguilliform swimmers are thought to transfer thrust to thewith 100 % oxygen and cooled to 8 °C. The tissue blocks were
water relatively uniformly along the majority of the body axis.pinned out, and any fast muscle fibres, fat and skin were rapidly
This is in contrast to fish with stiffer bodies and oscillating taillemoved by dissection. The Ringer’s solution was replaced
fins in which motion of the tail region is thought to be the mairfrequently during dissection. The resulting muscle preparations
source of thrust. This leads to the hypothesis that there may bensisted of a bundle of slow muscle fibres approximately
homogeneity of muscle function and mechanical propertie8.3mn? in cross-sectional area and 3—4 mm in length running
along the length of the body axis of anguilliform swimmersbetween two collagenous myosepta. Preparations were
such as the eel (Wardle et al., 1995; D’Ao(t and Aerts, 1999ttached directly to the hooks of a servo arm and force
To test this suggestion and to determine whether changestiansducer (AE801, SensoNor, Horten, Norwag)the thick
muscle power output occur prior to migration, we have usedollagenous myosepta. The length of the preparation was
the work loop technique (Josephson, 1985) to determine thiecreased until it was approximately 0.5mm less than the
net power output of the slow muscle of yellow- and silverinterseptal distance measured in the fish, and it was then left
phase European eels. Muscle preparations were exposed to theecover for 1 h. The preparation was bathed in recirculating,
full range of strains experienced by superficial, slow fibre®xygenated Ringer’'s solution at 14°C. The work loop
during forward swimming (D’Aolt and Aerts, 1999). Powerapparatus and techniques were as described previously (e.qg.
outputs were measured using optimal stimuli amdvivo  Altringham and Johnston, 1990; Hammond et al., 1998).
stimuli obtained forAnguilla rostrata(Gillis, 1998b). A substantial twitch response could not be obtained from the
preparations; the twitch:tetanus ratio was approximately 0.15.
For this reason, a brief tetanus was used to determine the
Materials and methods required stimulus amplitude and resting length to give
European eelsApguilla anguillaL.) were obtained from maximum isometric force production. Stimulus amplitude
commercial fishermen. The fish were caught using nets in tH@ ms pulses) was adjusted to 120 % of that giving a maximal
freshwater fenland drains of south Lincolnshire, UK.response. The fibre length was then increased in 0.2mm
Differences in coloration between different life-history stagesncrements using a micromanipulator until the preparation
were apparent, but coloration was variable. For this reasgrielded a maximal tetanic response. This was taken as resting
yellow- and silver-phase eels were distinguished on the badisngth (o) and corresponded closely to the resting fibre length

Yellow Silver P

of an eye size indek(Table 1): in the fish when lying flat. The stimulus frequency yielding a
maximum tetanic response (180Hz with little variation
| =100 T(A + B)?/4 between preparations) was determined and used for subsequent
BL ' work loop experiments. A standard tetanus (125 ms duration)

was used to compare the mechanical properties of fibres from
(Pankhurst, 1982), wherd and B are the horizontal and different axial locations and different life-history stages.
vertical eye diameters, respectively, aBd is body length Muscle preparations were subjected to sinusoidal length
(measurements in mm). changes and stimulated phasically.vivo strain patterns in
The fish were held in 2m diameter fibreglass tankswimming fish are approximately sinusoidal (see Gillis,
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1998b; Hammond et al., 1998; Knower et al., 1999; Ellerby Kinematic analysis
et al., 2000)In vivo stimulus variables were derived from To generate a range of Swimming Speeds and tailbeat
Gillis (Gillis, 1998b). Stimulus variables are expressed irfrequencies, kinematic data were obtained in a flow tank. The
degrees relative to a 360 ° sinusoidal strain cycle in which thﬂ/orking cross section of the tank was 25&@hcm. Fish were
muscle is at resting lengthand lengthening at 0 °. The phase exposed to a range of length-specific flow velocities from 0.25
of stimulus onset was 58° at 0Bk and 31° at 0.7BL,  to 0.7BLs! (whereBL is body length). Experiments were
whereBL is total body length. Total stimulus duration wasrecorded using a Canon EX2 Hi-8 video camera mounted
102° at 0.4BL and 108° at 0.7BL. These data were ahove the tank. An ATI All-in Wonder Pro video card and
obtained fromAnguilla rostratanot A. anguilla These two  software were used to grab video frames for kinematic
Atlantic eel species cannot be unambiguously separated @malysis. Frames were grabbed at a resolution ok4BM
the basis of morphology or enzyme electrophoresis (Williamgixels. This meant that measurements could be made to an
and Koehn, 1984) Small differences in mitochondrial DNAaccuracy of approximate|y 2mm. The frame rate of 50Hz gave
sequences separate the two species (e.g. Avise et al., 199%}ime resolution of 0.02s. Measurements were made from still
but the difference betweek anguillaandA. rostratais only  frames using Sigma Scan Pro image-analysis software.
slightly greater than the variation displayed with  Cartesian coordinates were recorded at six points along the
anguilla (Bastrop et al., 2000). On the basis of this highiength of the fish. These were the snout, 0.2, 0.4, 0.6 ad.0.8
degree of similarity, it seemed reasonable to use thesgd the tip of the tail. The displacements of these points
variables to approximate th@ vivo stimulus patterns of through time were used to calculate tailbeat frequency and
A. anguilla maximum lateral displacement at a given point. Swimming
In vivo, eel superficial muscle is exposed to a wide range &fequences in which the fish was within 5cm of the wall were
strains at different swimming speeds. Using the approximateglcluded from the analysis.
in vivo stimulus variables, power output was determined at a

range of muscle strains (3 to £12.3foencompassing the Statistical analyses
range calculated foA. anguilla superficial muscle during  statistical analyses were carried out using SigmaStat (SPSS,
forward swimming (D’Aolt and Aerts, 1999). Chicago, IL, USA) software. Basic muscle mechanical

To determine the optimal stimulus variables for maximisingproperties and optimal stimulus variables were tested for
power output, the stimulus onset relative to the strain cycle angignificant differences between body positions and life-history
the stimulus duration as a fraction of the strain cycle wergtages using analysis of variance (ANOVA). Significant
systematically changed until the maximum power output for gifferences were measured using the Student-Newman—Keuls
given cycle frequency was obtained. Determination ofest. VValues are shown as meanset.
optimum stimulus variables was carried out a strain of &b %

The muscle preparations were subjected to experimental
runs of five cycles. Work and power were calculated using the Results
work loop technique (e.g. Josephson, 1985; Altringham and Slow muscle isometric properties
Johnston, 1990). Power output stabilised after the first cycle. Maximum isometric tetanic stress did not change
Work and power output measurements were derived from tragnificantly with body position in the yellowg£2.9,P>0.05,
third cycle. Preparations were allowed to rest for 6minStudent—Newman—Keuls) or silver-phase egi2(1, P>0.05,
between experimental runs to minimise fatigue. On completioBtudent—Newman—Keuls). Maximum isometric tetanic stress
of an experiment, the preparation was removed from theas significantly higher in the silver- than in the yellow-phase
chamber. The preparation was viewed using a binoculagel =12.3, P<0.05, Student—-Newman-Keuls). The time to
microscope, and non-contractile cells were identified byeak forceTa did not differ significantly with body position
applying an electrical stimulus. The connective tissue of théwo-way ANOVA, P=0.574) or life-history phase (two-way
myosepta and the dead cells were cut away. The remainidgNOVA, P=0.052). Time from stimulus offset to 90%
tissue was blotted to remove excess Ringer’s solution prior teelaxation To9o showed significant differences between life-
weighing.  Cross-sectional area was calculated akistory stages (two-way ANOVAR<0.001) and between body
volume/length of the preparation, where volume wagositions (two-way ANOVAP=0.029).Too was significantly
determined assuming a value for muscle density ofjreater in yellow- than in silver-phase eais11.1, P<0.05,
1060 kg n3. Student—-Newman—Keuls). In yellow-phase eels, there was no

To detect any change in muscle performance during thgignificant difference inTgo with body position P=0.860,
experiment, preparations were subjected to a control trial, witBtudent—-Newman-Keuls), but in silver-phase ékils was
fixed variables (cycle frequency 0.5Hz, strain B6timulus  significantly longer in the posterior musclg=4.7, P<0.05,
onset/duty cycle 50°/100°) after every fourth run. PoweiStudent—-Newman—Keuls). The mechanical properties of slow-
outputs were scaled relative to these control trials. After atwitch muscle are summarised in Table 2.
increase in power output during the initial stages of the trial,
power output stabilised and remained virtually constant for the Slow muscle power output
remainder of the experiment (up to 6 h in total). The onset and duration of stimuli were systematically
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Table 2.Summary of the mechanical properties of yellow- and silver-phase eel slow muscle

Yellow Silver
0.45BL 0.75BL 0.45BL 0.75BL

Maximum isometric stress (KNT#) 65.2+1.8(5) 78.1+4.72(5) 115.6+5.4 (5) 106.2+5.2 (5)
Time to peak forcela (ms) 82+1.2 (5) 83+1.2 (5) 77+0.F (5) 84t1.5° (5)
Time from stimulus offset to 90 % relaxation, 48045) 47246 (5) 402+F (5) 437+13 (5)

Too (MS)
Peak power output (WK) at a strain +5 %p 0.22+0.04 (5) 0.43+0.09 (4) 1.29+0.05(4) 1.12+0.05(4)

using an optimal stimulus
Peak power output (W K@) at a strain +5 %y 0.05+0.0%(5) 0.18+0.06(4) 0.74+0.08 (4) 0.67+0.06 (4)

using approximateth vivo stimuli

Ta and Tgo were measured on the basis of a 125 ms, 180 Hz tetanic stimulus with a 2 ms pulse duration. Power outputs were @btained at
cycle frequency of 0.5 Hz.

Values marked with the same letter are not significantly diffeRerd.05, Student—Newman—Keuls).

Values are meanssEe.m. (N).

BL, body lengthjo, optimum length.

changed to find the stimulus variables that maximised powdé?<0.001) (Table 2). Power outputs peaked at cycle
output. At a cycle frequency of 0.5Hz, maximum powerfrequencies of 0.5-0.8Hz in silver-phase muscle and
output using optimal stimulus variables did not differ0.3—0.5Hz in yellow-phase muscle (Fig. 1).
significantly with body position in the silver-phase eel At a cycle frequency of 0.5Hz, maximum power output
(g=0.5, P>0.05, Student—Newman—Keuls). In yellow-phaseusingin vivostimulus variables did not differ significantly with
eels under optimal stimulus conditions, the power output dbody position in the yellow- or silver-phase eels (two-way
the posterior muscle was significantly greater than that of thANOVA, P=0.576). At this cycle frequency, maximum power
anterior muscle d=3.8, P<0.05, Student—Newman—Keuls). output usingin vivo stimulus variables was significantly
Maximum power output was significantly greater in silver-greater in silver- than in yellow-phase eels (two-way ANOVA,
than in yellow-phase slow muscle (two-way ANOVA, P<0.001, g=12.6, P<0.05, Student—-Newman—Keuls). Power
outputs obtained using approximated vivo stimuli were
lower than those obtained using optimal stimuli (Fig. 2;

Table 2).
14+ 50/150 40125
121 Silver Optimal stimulus conditions for power output
104 R Overall, the optimal stimulus onset was not significantly
' different between life-history phases (three-way ANOVA,
08¢ P=0.096) or body positions (three-way ANOVR=0.826).

06l 70180 IN0BL There was a significant change in optimal onset with

,}~\ 0.75BL cycle frequency (three-way ANOVAP<0.001). Optimal
041 f {\\ stimulus onsets tended to be earlier at higher cycle
frequencies.

021 ~{ :
0 Yelm\\l There was no significant difference in optimal duty cycle

Power (W kg1)

LN between life-history phases (three-way ANO\P%,0.074) or
021 \{ between body positions (three-way ANOVAR=0.264).
0.4 , , , , : , , There was a significant change in optimal duty cycle with
0 02 04 06 08 10 12 14 16 cycle frequency (three-way ANOVAP<0.001). Optimal
Cycle frequency (Hz) duty cycles tended to be shorter at higher cycle frequencies.

. . ) The mean onset/duty cycles for maximum power output are
Fig. 1. Optimal power outputs of yellow- and silver-phase eel Slov‘éhown in Fig. 1.

muscle versus cycle frequency. Optimal stimulus variables are

shqwn as onset phase/d_urati_on (both in degrees). Optimal stimulus Muscle strain and power output
variables apply to both life-history stages. Open symbols represent . . .
silver-phase eel slow muscle and filled symbols represent yellow- Th_e response of slow muscle to increasing strain
phase eel slow muscle. Data from 0BA5 whereBL is body length, @mplitudes was dependent on cycle frequency. At 0.3Hz,
are joined by solid lines, and data from (BI5are joined by dashed Silver-phase slow muscle showed an increase in power
lines. Values are meansse.m.; N=5 for yellow eel at 0.4BL, N=4  production with increasing strain from *3 to *100

for all other data sets. (Fig. 3A). Above strains of +10%, power production
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Fig. 2. Power outputs of yellow- and silver-phase eel slow mus
versuscycle frequency using approximatevivo stimulus variables.
Stimulus variables were obtained from Gillis (1998b). Open symb
represent silver-phase eel slow muscle and filled symbols repre
yellow-phase eel slow muscle. Data from B45whereBL is body
length, are joined by solid lines, and data from @Z%&re joined by
dashed lines. Values are meanss.em.; N=5 for yellow eel at
0.45BL, N=4 for all other data sets.

Power (W kg1)

tended to level off. This was also the case in yellow-ph
slow muscle from 0.7BL. In yellow-phase eel slow muscle
from 0.45BL, power output declined at strains above H5%
At 0.5Hz, the pattern remained similar in silver eel sla
muscle from 0.4BL (Fig. 3B). However, in slow muscle
from both silver- and yellow-phase eels at BT5there was
a decline in power production above strains of 19 &b this
cycle frequency. Yellow-phase slow muscle from B4#45
could no longer achieve positive power output above stra
of +5 %l at this frequency. At 0.8 Hz, there was no positi\
power output by yellow-phase slow muscle from B#5and
these data have been omitted from Fig. 3C. Yellow-ph
slow muscle from 0.7BL could not produce positive powel
above strains of £7.5% at 0.8 Hz (Fig. 3C). In silver-phase
slow muscle from both positions, power output peaked
strains of +5 to 7.5 %.

Fig. 3. Power outputersusmuscle strain for yellow- and silver-
phase eel slow muscle. (A) Cycle frequency 0.3Hz; (B) cycle
frequency 0.5Hz; (C) cycle frequency 0.8Hz. Open symbols
represent silver-phase eel slow muscle and filled symbols represent
yellow-phase eel slow muscle. Data from B45whereBL is body
length, are joined by solid lines, and data from @IZ%re joined by
dashed lines. Strain is the percentage length change of the
preparation fp, wherelp is the length of preparation that yields
maximum isometric stress. Values are means.em.; N=5 for
yellow eel at 0.4BL, N=4 for all other data sets.
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Fig. 4. Tailbeat frequency as a function of length-specific swimming 0104 04BLs?
speed of yellow- and silver-phase eels. Filled data points represe =
yellow-phase eels and open data points represent silver-phase e« %
Data are fitted with linear regression lines. The solid line is fitted t¢ & 0.08 -
the data points for yellow-phase eels, the dashed line is fitted to tl 5
data points for silver-phase eels. Equations are given in the te» g_
Values are meanss£.M. (N=5). BL, body length. 2 0.06
®
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Kinematics ~
Tailbeat frequency showed a linear relationship with §
swimming speed in both yellow- and silver-phase eels (Fig. 4 0.02 ],
In yellow-phase eels, tailbeat frequendy \Was related to
length-specific speedU§y) by the equatiorf=2.82Js5-0.15
(r?=0.92, P<0.01, Pearson correlation). In silver-phase eels
the corresponding equation wds2.73Usp-0.16 §2=0.93, 0.14
P<0.01, Pearson correlation). At a swimming speed o
0.25BLs™, there was no apparent difference in the degree ¢ 0.12-
lateral displacement of the body between yellow- and silver
phase eels (Fig. 5A). In both life-history stages, latera 0101
movement was confined largely to the posterior half of the '
body. At a swimming speed of B4s?, a difference in
swimming kinematics emerged (Fig. 5B). In the silver-phas¢ 0.081
eel, lateral displacement was still largely confined to the
posterior half of the body, whilst in the yellow-phase eel ther: 0.061
was now a greater degree of lateral displacement in the anter
part of the body. At a speed of 0BBs?, swimming 0.041
kinematics again became similar in terms of latera
displacement. The anterior part of the body underwent great 0.027
lateral displacement in both life-history stages than at lowe 1
swimming speeds. 0 5 02 02 06 08 1
Position (BL)

Fig. 5. Peak lateral displacement of the body during swimmii ,

yellow- and silver-phase eels. Filled data points and solid lines represent yellow-phase eels, open data points and sdesesdinte
silver-phase eels. PositiorBQ, whereBL is body length, is the tip of the snout and BLOis the tail tip. (A) Swimming speed 0.Bhs™.

(B) Swimming speed 0.4BLs™1. (C) Swimming speed 0.8 s1. Values are means ge.M. (N=5). Values marked with an asterisk are
significantly different between the two life-history phases (Studeig'st,P<0.05).
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Discussion The ability of silver-phase slow muscle to generate more work
Slow muscle isometric properties per cycle, and therefore more power, than yellow-phase slow
The isometric properties of yellow-phase slow muscle didnuscle may be due to its ability to exert larger stresses
not change with axial location. In silver-phase eels, théTable 2).
isometric properties were also uniform, except for the post- Power outputs obtained using optimal stimuli are
tetanic relaxation times, which showed a small but significar@Pproximately twice as high as those obtained using
increase in the posterior muscle. This fits the pattern observé@proximatedin vivo stimuli (Figs 1, 2; Table 2). This is
in the slow (e.g. Swank et al., 1997; Coughlin, 2000) and fagecause thi vivostimulus variables fromA. rostratadid not
(e.g. Altringham et al., 1993; Davies et al., 1995) muscle ofhatch those required for maximum power output at any of the
some other teleost species. However, the change in properti@gle frequencies at which power measurements were
was small relative to these other species. Overall, the isometi@tained. Despite their close phylogenetic affinities, the
muscle properties support the hypothesised uniformity ofimerican and European eel may have different patterns of
muscle properties in an anguilliform swimmer. muscle activation. However, maximising power output is not
The isometric stresses measured in yellow-phase slofecessarily the main consideratidn vivo. In dogfish
muscle (65-78 kN %) appear low relative to those measured(Scyliorhinus caniculpslow muscle, the operating conditions
in some other teleosts. Isometric stresses based on myofibrilf@ obtaining maximum efficiency are different from those
area ranged from 110 to 160 kN#in the scup $tenotomus required for obtaining maximum power output (Curtin and
chrysopsRome et al., 2000), in which myofibrillar area is only Woledge, 1993). It may be the case that during a lengthy
43% of the total muscle tissue cross-sectional area. THgigration efficiency is more important than maximising power
stresses measured in the present study were based on té#aput.
tissue area. If the stresses measured in scup are converted tdhe mass-specific power outputs measured in this study (up
tissue area stresses, then they range from 47 to 69kNmto 1.3Wkg?) appear low in comparison with the values
Under isometric conditions, the ability of yellow-phase slowobtained for slow muscle from other fish. Mass-specific power
muscle to exert stresses is similar to that of scup slow muscleytputs measured in scup slow muscle under approxinrated
whilst silver-phase slow muscle can exert greater stressegvo conditions ranged from 4.39WHKg anteriorly to
Directly comparable slow muscle tissue stresses have bedd-32Wkg?! posteriorly (Rome et al., 1993). These power
measured (Hammond et al., 1998) in rainbow trouPutputs were obtained at a cycle frequency of 6.4Hz, much
(Oncorhynchus mykissThese ranged from 132 to 140kN4n  higher than the maximum cycle frequency attained by eel slow
approximately twice the isometric stress measured in yellownuscle. Because of the large differences in cycle frequency
phase slow muscle in the present study. Myofibrillar stressg@nge, the work output per cycle provides a better means for
measured in the rainbow trout and largemouth basgomparing muscle performance. At maximum power output
(Micropterus salmoiddswere higher (170 and 186kN# under in vivd conditions, the work production per cycle
respectively; Coughlin, 2000). The variation in myofibrillar ranged from 0.37 to 0.80 J¥gin yellow-phase slow muscle
properties appears to be smaller than the variation in musckd 1.34-1.48JKg in silver-phase slow muscle. These
tissue properties. Most of the existing data on the amounts §mpare with in vivd work production values ranging from
muscle tissue in teleost fish are expressed in terms of mus@e8 to 3.80Jkd in the scup (Rome et al., 1993). The latter
tissue mass or volume, not in terms of myofibrillar mass ofieasurements were based on estimated myofibrillar masses
volume. When considering how whole-organism locomotoryhat were only 43 % of the total tissue mass (Rome et al., 1992).
performance is dictated by muscle properties, it is importan-fhe remainder of the preparation consisted of connective tissue
that the level of performance of the muscle tissue as a whol@nd fat cells. The measurements of eel muscle power output

not just its contractile component, is understood. were based on total tissue mass rather than estimated
myofibrillar mass. To make the values directly comparable, the
Slow muscle power output work outputs for scup need to be scaled down accordingly,

The differences in slow muscle power output betweelyielding values of 0.29-1.63 JKg In terms of work output,
yellow- and silver-phase eel are striking (Table 2; Figs 1, 2)eel slow muscle is comparable with other teleost slow muscle.
In the American eel, the relative proportion of slow muscle The only previous power measurement obtained for eel
increased from 8.6 to 14.4 % of the total muscle mass in thauscle was from the American e&hguilla rostrata(Long,
transition from the yellow to the silver phase (Eggington,1998). The maximum power output was 23 W%gmuch
1986). This means that not only does the mass-specific powgreater than in the present study. This measurement was
output of slow muscle increase during metamorphosis, but thabtained using whole-body work loops. Experimental
the overall potential power output of silver-phase eels igonditions were intended to mimic steady swimming
increased by this growth in muscle mass. If a similar increaseonditions; however, they were conducted at a cycle frequency
in muscle mass were to occur in the European eel, total slowf 3 Hz and involved stimulating the entire lateral musculature.
muscle power output would be almost seven times greater lhseems unlikely that this tailbeat frequency could be sustained
silver- than in yellow-phase eels (on the basis of an averagde vivo. The conditions were those of a fast start or unsustained
maximum power output using approximateadvivo stimuli).  burst rather than those that would be encountered during steady
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swimming. The majority of the myotomal muscle is made umpproximately +5% at 0.45L, increasing to +8% at 0.l
of fast fibres, so this was essentially a measure of fast muscldis swimming speed would require a tailbeat frequency of
power output. approximately 1.2 Hz. Yellow-phase slow muscle would not be
A major determinant of power output is the cycle frequencyble to sustain positive power output at this tailbeat frequency
at which the muscle operates. The maximum cycle frequenciesd strain (Fig. 3B,C). At the highest frequency at which slow
at which eel slow muscle can produce positive power and thauscle was exposed to a range of strains (0.8Hz), some
optimal frequencies for maximum power production are muclpositive power could be produced by the posterior slow muscle
lower than those that can be achieved by slow muscle fromt a strain of +7.5% (Fig. 3C). At a speed of 0.B4%™1
other fish. Scup slow muscle was able to produce positivitailbeat frequency 2.7 Hz), superficial muscle strain increased
power at a cycle frequency of 6.4Hz (Rome et al., 1993), antd +12 % at 0.4BL and +10% at 0.7BL (D’Aolt and Aerts,
rainbow trout slow muscle was capable of producing positiva999). At this higher speed, with higher tailbeat frequencies,
power at cycle frequencies of up to 5Hz, with power outpuyellow-phase slow muscle cannot produce positive power at
peaking at 2-3 Hz (Hammond et al., 1998). Direct comparisothese strains. Fast muscle fibres must power these higher
is difficult because of the different temperatures at which théailbeat frequencies because fast fibres closer to the backbone
experiments were conducted (present study 14 °C; trout 9°@ndergo lower strains (Alexander, 1969) and have faster
scup, not stated). The inability of eel slow muscle to producshortening velocities (Rome et al., 1988). During backwards
positive power at high frequencies may be related to longwimming, superficial muscle strains approached +25 %
relaxation times (Table 2). Post-tetanic relaxation timeseems unlikely that slow muscle can contribute much positive
measured in the scup (146 ms anteriorly increasing to 271 npower output during backwards swimming.
posteriorly; Swank et al., 1997) were shorter than those in the
eel (402-480 ms; Table 2). Long relaxation times tend to limit Swimming performance
power production at higher cycle frequencies by preventing the The characteristics of eel slow muscle suggest a low level
muscle from relaxing fully before the subsequent stimulus. Thef sustainable swimming performance in terms of tailbeat
significantly shorteffgo values obtained for silver-phase slow frequency and swimming speed relative to other teleosts. Also,
muscle may account for the ability of silver-phase slow musclgellow-phase eels should have a lower maximum sustainable
to produce net positive power at higher cycle frequencies thawimming speed and tailbeat frequency than silver-phase eels.
yellow-phase slow muscle. No difference in peak frequency Gillis (Gillis, 1998b) found that the slow muscle was
was apparent between anterior and posterior muscle in silverensistently active across the range of speeds examined
phase eels despite differencesTgy. Any difference in the (0.5-1.0BLs™1). This corresponds to an approximate tailbeat
frequency response may have been obscured by the variabilftgquency range of 1.6-2.7 Hz. It is clear that the properties of
in the data sets. eel slow muscle measured in the present study mean that it
Under approximatedn vivo conditions, there was no could not power swimming at these cycle frequencies. There
significant change in mass-specific muscle power output withre two possible explanations for this apparent mismatth of
axial location. This was also the case in silver-phase slowivo andin vitro performance. Gillis (Gillis, 1998b) measured
muscle under optimal stimulus conditions for maximum poweswimming performance and muscle activity at 19.5°C. The
output. However, in yellow-phase slow muscle with an optimapresentin vivo experiments were conducted at 14°C. In
stimulus, the posterior muscle generated a greater masgellowfin tuna Thunnus albacargsand Pacific bonitoSarda
specific power output than the anterior muscle. The underlyinchiliensi9, a rise in temperature from 15 to 20 °C resulted in a
reasons for higher power output in yellow-phase posteriodoubling of the cycle frequency at which peak power
muscle relative to anterior muscle are not immediately cleaproduction was achieved (Altringham and Block, 1997). A
There are no significant differences in isometric properties witsimilar effect in the eel would have allowed the slow muscle
axial location. Isometric stress was higher in the posteriaio operate at higher cycle frequencies than in the present study.
muscle, but not significantly so. Axial patterns of powerAlso, fast muscle was recruited in addition to slow muscle and
production are determined by muscle distribution as well as byas active during 20% of tailbeat cycles at a speed of
muscle properties and activation patterns. The axiad.75BLs™? (Gillis, 1998b). This intermittent recruitment
distribution of eel slow muscle is fairly uniform relative to thatpattern suggests that as tailbeat frequency increased above
of other teleosts, in which there is usually a clear peak in sloapproximately 2Hz American eels were incapable of
muscle area at approximately &5 in scombrids or at maintaining a steady swimming velocity using slow muscle
0.6—0.7BL in non-scombrids (Ellerby et al., 2000). Overall, thealone. This is much lower than the tailbeat frequencies that can
data suggest uniformity of axial power production inbe maintained using slow muscle alone in other teleosts (e.g.
anguilliform swimmers relative to fish in which the caudal finJohnston et al., 1977; Jayne and Lauder, 1994). If the

is the main source of thrust. temperature difference and additional recruitment of fast
_ muscle are taken into account, then the differences beiween
Muscle strain vivo andin vitro performance are small.

D’Aolt and Aerts (D’Aolt and Aerts, 1999) calculated Mean tailbeat frequencies can obscure differences in
superficial slow muscle strains at a speed of Bl481 of  kinematics and the underlying patterns of muscle activity. At
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10 speed, this would require a tailbeat frequency of approximately
1.2 Hz, yielding a speed of 0.29 M a 60cm eel (assuming
91 a stride length of 0.BL; Gillis, 1998a). The distance from the
8 | UK to the Sargasso Sea is approximately 5000 km. At a speed
of 0.29ms?, the journey would take 28.5 weeks. Eels
[ commence their spawning migration in late summer or autumn
> 6 (Lowe, 1952; Vgllestad et al., 1986; Poole et al., 1990).
§ Assuming a September departure, this would result in arrival
g 51 I at the spawning grounds in March/April, which is when
T 4] _ spawning is believed to occur (McCleave et al., 1987). Whilst
positive power is produced by silver-phase slow muscle at a
31 cycle frequency of 1.2Hz, power output is much lower than
2 | the peak power output (0.22WHg compared with
0.74Wkg?in the anterior muscle). This suggests that silver-
11 phase eels may have difficulty achieving this speed using slow
ol H WU H H Y H i muscle alone. Intermittent recruitment of fast muscle to

06 07 08 ‘0_9 1_0T ‘1_1‘ 12 13 14 increase overall swimming speed is a possibility, as is the use
of favourable currents, as exploited by silver-phase eels in the
North Sea (McCleave and Arnold, 1999). The silver-phase eels
Fig. 6. Frequency distribution of tailbeat duration in yellow- andused in this study were captured several months prior to their
silver-phase eels swimming at OBDs ™, whereBL is body length,  autumn migration, so further improvement in the locomotory

from typical swimming sequences. The data represent 20 ConseCUtiﬁ%rformance of slow muscle may occur in the months
tailbeat periods. Black columns represent silver-phase eel and grf)feceding their departure

columns represent yellow-phase eel.

Tailbeat duration (s)
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