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Summary

The swimming kinematics of two active pelagic fishes
from the family Scombridae were compared to test the
hypothesis that the kawakawa tuna Euthynnus affinis)
uses the thunniform mode of locomotion, in which the body
is held more rigid and undergoes less lateral movement in
comparison with the chub mackerel §comber japonicus
which uses the carangiform swimming mode. This
study, the first quantitative kinematic comparison of size-
matched scombrids, confirmed significantly different
swimming kinematics in the two species. Ten kawakawa
(15.1-25.5cm fork length,FL) and eight chub mackerel
(14.0-23.4 cnfrL), all juveniles, were videotaped at 120 Hz
while swimming at several speeds up to their maximum
sustained speed at 24°C. Computerized motion analysis
was used to digitize specific points on the body in sequential

propulsive wavelength, than chub mackerel when size
effects were accounted for. Midline curvatures subdivided
on the basis of X-rays into individual vertebral elements
were used to quantify axial bending in a subset of the fish
studied. Maximum intervertebral lateral displacement and
intervertebral flexion angles were significantly lower along
most of the body in kawakawa than in chub mackerel,
indicating that the kawakawa undergoes less axial flexion
than does the chub mackerel, resulting in lower tailbeat
amplitudes. However, lateral movement at the tip of the
snout, or yaw, did not differ significantly interspecifically.
Despite these differences, the net cost of transport was the
same in the two species, and the total cost was higher in the
kawakawa, indicating that the tuna juveniles are not more
efficient swimmers.

video frames, and kinematic variables were quantified
from the progression of the points over time. At a given
speed, kawakawa displayed a significantly greater tailbeat
frequency, but lower stride length, tailbeat amplitude and

Key words: locomotion, swimming, kinematics, Scombridae, chub
mackerel,Scomber japonicyguvenile, kawakawa tund&uthynnus
affinis, thunniform, carangiform.

Introduction

In a revision of the original classification system of BredefThunnini) with several unique characteristics (Collette, 1978;
(1926), Webb (1975) proposed that all possible patterns d@lock et al., 1993; Carpenter et al., 1995; Graham and Dickson,
body—caudal fin propulsion in fishes can be identified as one @0D00). The only other scombrid fishes whose swimming mode
four distinct swimming modes: anguilliform, subcarangiform,has been characterized are the mackerels (tribe Scombrini),
carangiform and thunniform. The thunniform mode,which have been classified as carangiform swimmers (Gray,
documented only in the tunas (Fierstine and Walters, 1968933; Lindsey, 1978; Videler and Hess, 1984; Shadwick et al.,
Dewar and Graham, 1994), is believed to be the most efficier998). Bonitos (tribe Sardini), the sister group to the tunas,
because of the small amount of lateral undulation along thigave been described as carangiform swimmers ‘verging on the
body, which minimizes frictional drag (Webb, 1975). Tunasthunniform’ (Lindsey, 1978, p. 20), but the only kinematic data
are streamlined, with a tear-drop-shaped body, a narrow caudaé¢ could find on bonitos (Pyatetskiy, 1970; Altringham and
peduncle with lateral keels and a rigid, high-aspect-ratio caud&8lock, 1997) do not provide the information needed to
fin that oscillates rapidly to generate lift-based propulsivaletermine swimming mode.
force. All these properties are considered to increase locomotorThe length of the propulsive wave that travels down the
efficiency (Lighthill, 1970, 1975; Lindsey, 1978; Magnuson, body during steady swimming and the percentage of the body
1978; Blake, 1983; Webb, 1975, 1998). However, thdhat undergoes lateral undulatory movements are the two
hypothesis that thunniform locomotion is the most efficientcriteria that have been used to distinguish the four modes of
mode of body-caudal fin propulsion has not been testdobdy—caudal fin locomotion (Webb, 1975; Lindsey, 1978;
empirically in swimming fishes. Videler, 1993). Gray (1933) indicated that propulsive

Tunas are the most derived members of the familywavelengths are slightly greater than body length in
Scombridae, comprising a monophyletic group (tribecarangiform swimmers, with the exception of the Atlantic
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mackerelScomber scombrusvith a propulsive wavelength of yellowfin and skipjack tunas, Knower et al. (1999) found less
93 % of body length (%), and thunniform swimmers display overlap in slow, oxidative (red) muscle fiber activation on the
propulsive wavelengths of 100-200Q%(Lindsey, 1978). two sides of the body in the swimming modes characterized by
Lateral undulations confined to the posterior 30 % of the bodless lateral movement, with the least overlap found in the
characterize carangiform locomotion, whereas thunnifornyellowfin tuna. In the tunas, red muscle EMG bursts begin later
swimmers have significant lateral movements confined to thia the tailbeat cycle and EMG offsets coincide more closely
peduncle and tail region (less than 30% of the bodyyith the time of peak force production. Shadwick et al. (1999)
(Kishinouye, 1923; Fierstine and Walters, 1968; Webb, 1975lso showed that shortening of the red muscle in the skipjack
Dewar and Graham, 1994). However, empirical data fotuna correlates with body bending at more posterior regions of
scombrid fishes show that these criteria do not clearly antthe body and not with local body bending, as it does in all other
consistently distinguish the carangiform and thunniformfishes that have been studied, including the chub mackerel
modes. (Shadwick et al., 1998). This difference has been attributed to
The first descriptions of tuna swimming kinematics, whichthe unique axial, anterior position of the red muscle in tunas,
served as the basis by which thunniform locomotion waghe elongated shape of tunas’ myotomes and differences in the
defined, were in the kawakawguthynnus affinisby Fierstine  tendons that transfer force from the red muscle to the axial
and Walters (1968) and Magnuson (1970). The propulsivekeleton and caudal fin (Fierstine and Walters, 1968; Westneat
wavelengths observed in kawakawa were between 108# et al., 1993; Knower et al., 1999; Graham and Dickson, 2000).
2009, but the percentage of the body that undergoes laterAlll these characteristics are expected to result in differences in
undulatory movements was not quantified (Fierstine andwimming kinematics and increased swimming efficiency in
Walters, 1968). Those two studies were limited by the use dfinas. What is needed to test these predictions are simultaneous
body-outline tracings for frame-by-frame analyses and becauseeasurements of the kinematics and energetics of size-
the fish swam in large circular tanks, making it difficult to matched individuals of closely related species representing the
measure swimming speeds accurately and to control trerangiform and thunniform swimming modes.
direction of travel. More recent studies of mackerel swimming We examined the kinematics of similar-sized individuals of
between two points in a large tank (Videler and Hess, 1984jvo members of the family Scombridae, one categorized as a
or of tuna and mackerel swimming steadily in a flow tankhunniform swimmer (kawakawa tunaythynnus affinjsand
with an induced current (Dewar and Graham, 1994; Knowelne as a carangiform swimmer (chub macke8dpmber
1998; Shadwick et al., 1998, 1999) have used computerizgdponicug. We hypothesized that the locomotor characteristics
digitizing systems to obtain accurate body outlines and tof E. affinisdiffer from those ofS. japonicuswith E. affinis
guantify swimming movements. The mean propulsiveexhibiting less lateral displacement along the body. The
wavelength was 98 &o(range 78-106 %) in Atlantic mackerel methods of Jayne and Lauder (1995) were used to quantify
S. scombruéVideler and Hess, 1984), and computer-generatetiody midline bending during steady swimming and to correlate
midline curvatures in bot8. scombruand the chub mackerel body bending with vertebral morphology, which has not been
S. japonicusshow significant lateral undulations confined toperformed previously with scombrids. Furthermore, by
the posterior third of the body (Videler and Hess, 1984combining the kinematic data with metabolic cost of transport
Shadwick et al., 1998), consistent with the general descriptiovelues measured in the same individuals used in the present
of carangiform locomotion. In yellowfin tunaTkunnus study (Sepulveda and Dickson, 2000), we have tested the
albacare$, Dewar and Graham (1994) reported propulsivehypothesis that tunas are more efficient swimmers than are
wavelengths of 123-129% of fork lengtkLj, within the  mackerels.
range for thunniform locomotion. However, Knower (1998)
reported propulsive wavelengths of only 103% and BL%
in yellowfin and skipjack Katsuwonus pelamijs tuna, Materials and methods
respectively. Dewar and Graham (1994) also reported Fish, Euthynnus affinis (Cantor, 1849) andScomber
significant yaw (lateral undulation of the anterior of the fishjaponicus (Houttuyn, 1782), were collected and maintained
and found no position along the body that did not oscillatas described in Sepulveda and Dickson (2000). Following
laterally. Thus, although all these studies have providedespirometry studies that measured maximal sustained
valuable information about the kinematics of scombrid fishesswimming speed and metabolic rat,) at each speed up to
they have not led to a quantitative characterization or a cleéinat maximum (Sepulveda and Dickson, 2000), each fish was
separation between the carangiform and thunniform swimmingllowed to swim at a low speed for at least 15 min before video
modes. analysis was performed to quantify swimming kinematics.
More recently, Knower et al. (1999) proposed differentThese experiments were conducted in a Brett-type
criteria, based on electromyographic (EMG) patterns along themperature-controlled swimming tunnel containing a total
length of the body during steady swimming, to separate theolume of 351. Individual fish were held within a chamber 13.5
body—caudal fin swimming modes. In comparing patterns foomx13.5cnx50.8cm and were forced to swim against water
representative anguilliform, subcarangiform, carangiform andurrents of known velocities. Becaugs,, maximal sustained
thunniform swimmers, including the Atlantic mackerel andspeed and kinematic variables were all measured on the same
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individuals, the swimming tunnel had to have a volume sma 1
enough to allow a significant reduction in oxygen
concentration within a 10 to 15 min period at each swimmin
speed. Corrections for solid-blocking effects were na
necessary because the cross-sectional area of each indivic
was less than 10% of the cross-sectional area of the cham 7
(Brett, 1964; Webb, 1971). However, wall effects may hav || /
affected the kinematics relative to fish swimming in nature '

Because this effect should be similar for both species, tl \ /
interspecific comparisons that are the focus of the present stt \I /i
should not be compromised. Furthermore, most recent stud ' /

of scombrid locomotor kinematics have used swimming \

tunnels with similar dimensions relative to the size range ¢ |

fish studied. For example, the respirometer used L
Shadwick et al. (1998) to stud$. japonicus22—-29cm in
total length TL) and 110-185g had a working section of
14.5cmx14.5 cnx47 cm.

4 5 6

| ]

Video analysis

Fish held at 24 °C were videotaped at 120Hz using a Pe
Performance Technologies high-speed video camera (moc
TM640). The camera was positioned in front of a mirrol
mounted at 45° above the lid of the working section of th
respirometer to obtain a dorsal view of the fish. Vide«
recordings were made onto Maxell Professional SVHS tap
over a 2 to 10 min period at each speed at which the fish swi
during itsVo, measurements. The speeds at which the fish we
videotaped ranged from the lowest speed of 37-40%ios
each individual’s maximum sustainable speed, in incremen
of 75cms! or 10cmsl. A total of ten kawakawa
(15.1-25.5¢cnkrL, 43-2659) and eight chub mackerelfig 1. A kawakawa (25.5cFL, the largest individual studied)
(14.0-23.4cnirL, 26-147g) were analyzed; all individuals swimming in the respirometer, viewed simultaneously from the side
were juveniles. and in dorsal view from the 45° mirror placed on top of the

All speeds on each video tape were analyzed using a Perespirometer. In sequential video fields at each swimming speed, six
Performance Technologies two-dimensional motion-analysiidentifiable points along the fish's dorsal midline were digitized: 1,
system. Video segments in which the fish was swimmindhe tip of the snout; 2, the anterior insertion point of the eye; 3, the
steadily through 8-10 complete tail beats and was positionepOSterior ins_ertion point of the eye; 4, the anterior insertion point of
in the center of the chamber, away from the walls and bOttOIthe dorsal fin; 5, the bas_e of the caudal peduncle; 6, the tip of the
of the chamber, were selected for analysis. Six points along glPPer lobe of the caudal fiRL, fork length.
dorsal midline of each fish were digitized in sequential videc
fields through 8-10 complete tail beats at each speed. The $irm the two-dimensional display of the progression of the tip
digitized points were chosen by pinpointing landmarks on thef the tail over time by dividing the number of consecutive
dorsal surface of the fish that are easily observed in botiilbeat cycles by the time, in seconds, taken for the completion
species in sequential video fields: the tip of the snout, the poiof those beats. One tailbeat cycle is defined as the excursion of
along the dorsal midline between both the anterior and thte tail from one side of the body to the other and back again.
posterior insertion points of the eyes, the midpoint between tHdsing the same two-dimensional display, tailbeat amplitude, the
anterior insertions of the pectoral fins, the caudal peduncle anlistance between the lateral-most positions of the tip of the tail
the tip of the upper lobe of the caudal fin (Fig. 1). A 5cmduring one complete tailbeat cycle, was calculated by measuring
square grid on the bottom of the flow chamber was used tbe height of each symmetrical tail beat in pixels. These values
calculate a scaling factor in each video tape. The kinematiwere then converted to centimeters by dividing by the scaling
variables were calculated for each speed by analyzing ttactor (pixels crmt) calculated prior to digitizing. Because of a

progression of these digitized points through time. degree of body curvature throughout the tailbeat cycle, it was
_ _ _ not possible to use the video tapes to obtain accurate estimates
Kinematic variables of each fish’s length in pixels. Because the fish were swimming

All kinematic variables were calculated at each speed for eash the center of the chamber, the calculated tailbeat amplitudes
individual of both species. Tailbeat frequency was calculatedverestimated the actual tailbeat amplitudes by 0.5-2.0%. The
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mean tailbeat frequency and tailbeat amplitude at each spedalyne and Lauder (1995). A computer algorithm was then used
were used in statistical analyses. Stride lenthmieasured in  to calculate a dorsal midline for each video field from the
cmtailbeat?, is the distance a fish travels forward with each taiborsal outlines. Each calculated midline was then divided into
beat. To calculatd, speed was divided by mean tailbeatsegments that represent the various skeletal elements, using the
frequency. relative lengths of each vertebral element. This was carried out
Propulsive wave velocityQ), the speed of the wave of for all fields comprising a full tailbeat cycle for each of the
undulation that travels down the length of the body from snoutix fish swimming at both speeds. Intervertebral lateral
to the tail during swimming, was calculated by first overlayingdisplacement and intervertebral bending angle were then
the two-dimensional displays showing the lateral displacememralculated using an Excel macro written by Jayne and Lauder
through time of the digitized points at the tip of the snout an@1995).
the tip of the tail and then measuring the time (in seconds) Maximum intervertebral lateral displacemend)( was
between the peaks in lateral displacement at the two pointietermined for each of the joints along the axial skeleton. For
(Dewar and Graham, 1994). This represents the time requiresthtistical analysis, lateral displacement was converted to units
for the wave of undulation to pass from anterior to posterioof relative length (%L), and the mean maximum lateral
between the two points on the fish [a distance equal to fish totdisplacements at specific positions along the body (s %6r
length {TL)]. Measurements were repeated 7-10 times for eaokach species were compared. Lateral displacements are
individual at each speed to calculate a mean progression tingalculated from the midline; thus, the maximum lateral
TheTL (cm) of each individual (the distance between the twalisplacement at the tip of the tail is equivalent to half the
points) was divided by the mean progression time to obtain thtailbeat amplitude as defined above, and twice the maximum
propulsive wave velocity@; in cms?) at each speed for each lateral displacement at the tip of the snout is equivalent to yaw.
individual. Propulsive wavelengthA\Y was calculated by The angle of bending between vertebral elemeBitsvas

dividing C by mean tailbeat frequency. determined for each joint along the axial skeleton, beginning
_ _ with the joint between the posterior edge of the neurocranium
Body bending analysis and the first vertebra and ending at the joint between the last

The body bending analysis entailed comparing theaudal vertebra and the anterior edge of the hypural plate. The
intervertebral lateral displacement and bending angle at eaemgle calculated is that angle subtended to the position of the
intervertebral joint along the entire length of the axial skeletonadjacent anterior skeletal segment at the same point in
of kawakawa tuna and chub mackerel (see Jayne and Laudéme. For statistical analysis, the maximum angle at each
1995). Three individuals of each species were used, three sidetervertebral joint was determined, and mean maximum
matched pairs that were videotaped at similar speeds: 15.1 aadgles at specific positions along the body (d¢.for each
14.0, 21.2 and 21.0, and 23.4 and 24.Gtnfor kawakawa species were compared.
and chub mackerel, respectively. Each individual was
redigitized swimming at one low and one high speed. Thirty- Statistical analyses
two approximately equally spaced points along the dorsal Because speed and size covary and both may have an effect
outline were digitized in sequential video fields through onen each kinematic variable, it was necessary to use a
complete tail beat, for each individual at each of the twanultivariate analysis to quantify the effects of speed and size
speeds, using the Peak Performance Technologies analyaisd to assess their relative influences on each kinematic
system. variable. We addressed the question of whether there was a

To calculate the relative positions of the vertebral joints, theignificant difference between chub mackerel and kawakawa
lateral view of each individual was X-ray photographed at thén the relationship between speed and each kinematic variable
University of California, Irvine (UCI). The lengths of the skull when size has been accounted for. In most published kinematic
and each vertebra were determined from the X-rays usingsudies, it has been common practice to account for differences
Measurement TV program in Dr George Lauder’s laboratoryn size between individuals by dividing the kinematic variable
at UCI to digitize points at the tip of the snout, the posterioby a unit of length or testing the significance of a regression
edge of the neurocranium and all intervertebral joints up to anof a kinematic variable versus speed expressed in
including the posterior tip of the hypural plate. An additionalbody lengths 3! rather than cni3. Those methods of adjusting
segment was added to the digitized midline corresponding tfor fish size assume that size has a linear effect on the
the length between the posterior edge of the hypural plate akthematic variable and on speed. However, the effect of size
the tip of the tail. Because of the difference in the number ahay not be linear; in this case, this assumption is incorrect
vertebrae between the two species (39 in kawakawa comparkdcause it introduces a different size effect to the data (Hunter
with 31 in chub mackerel), the positions of each joint along thand Zweifel, 1971; Packard and Boardman, 1999). Therefore,
body were converted to a percentage of total lengthLj% we have used the more accurate and appropriate method of
which is the length from the tip of the snout to the posterioaccounting for both size and speed effects by using a multiple
tip of the tail. regression analysis.

The dorsal outline point-coordinate data were converted to Statistical analyses were performed with Minitab (version
complete curves using a cubic spline function as described H.5) and SAS (version 6.12). Using Minitab, it was determined
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that the kinematic data were normally distributed and did nowere created in Minitab and included interactions of species

therefore require transformation prior to analysis. A statisticalvith speed, mass and fork length and of speed with mass and

model was then created for each kinematic variable in SAS usirigrk length.

a repeated-measures multiple regression analysis. Each multipleThe body bending data were subjected to analysis of

regression equation represents a plane in three-dimensionariance (ANOVA) using SuperANOVA (version 1.11). A

space, and takes the fogmyot+yixityaxo+yaxixe, wherey is the  three-way ANOVA was performed on the maximum

kinematic variablexi, X andxix2 are explanatory variables for intervertebral  lateral  displacement and  maximum

speed, fork length and a spe#atk length interaction, and the intervertebral bending angle data for each species to determine

y values are numerical coefficients that represent the magnitudéhether there were any significant effects of position, species,

of the effect of each variable. The statistical program tests if eadpeed or positiorspecies interactions. In all statistical

y value is significantly different from zer®£0.05). If not, then analyses, a significance level B£0.05 was used.

the corresponding variable makes no significant contribution to

the relationship, and the variable is dropped from the model and

a new regression is calculated. The final models used to describe Results

the actual fish kinematics were derived through this backwards Kinematics

step-wise reduction process in which insignificant terms were Several swimming kinematic variables were compared

dropped from the model one by one until only significant termbetween E. affinis and S. japonicusto characterize their

remained. respective swimming modes. The multiple regression equations
To test for significant interspecific differences, each multipldor each kinematic variable described by the final statistical

regression equation for chub mackerel was used as a baselinedels are shown in Table 1. Whenever both size and speed

with which the corresponding regression for kawakawa wasffects were significant, the maximum and minimum values for

compared. If there are significant interspecific differences iboth size and speed were used to solve the equation for the four

the slopes in either or both tkeandx, dimensions, then these corners of a plane, which was then plotted, along with the data

differences are best described by two separate planes wiir all individuals, in three-dimensional space in whichxthe

different orientations in three-dimensional space. If there is ngp andy axes are speed, fork length and the kinematic variable,

difference in the slope in either tkeor x2 dimension but the respectively. When a kinematic variable varied with only speed

y-intercepts Yo values) are significantly different, then the or size, two-dimensional plots were used.

species differences are best represented by two parallel planes,

one above the other in three-dimensional space. Each Tailbeat frequency

kinematic variable was tested for the effects of species, spe&ipeed effects

and fish size in terms of both mass and length. Interaction termsWhen the effects of fish size were accounted for, tailbeat

Table 1.The equations for the three-dimensional planes representing the final models of the repeated-measures multiple
regression analysis for each kinematic variable (see text for details)

Kinematic variabley Species Multiple regression equation
Tailbeat frequency (Hz) Scomber japonicus =(4.18+0.84)+(0.050+0.00R)+(—0.118+0.04 1L
Euthynnus affinis 3(7.66+1.89)+(0.050+0.00R)+(—0.251+0.094 L
Tailbeat amplitude (cm) S. japonicus ¥(-0.060+0.528)*+(0.010+0.00R)+(0.137+0.026¥L
E. affinis y¥(-0.060+0.528)*+{0.002+0.004)t)+(0.137+0.026FL
Tailbeat amplitude (%L) S. japonicus ¥(13.46+0.48)+(0.052+0.008)
E. affinis y(13.46+0.48)+0.008+0.001Y
Stride length] (cm) S. japonicus ¥(-1.82+1.36)+(0.086+0.006)+(0.462+0.066FL
E. affinis Y (-3.69+1.75)+(0.086+0.006)+(0.462+0.0665 L
Stride length| (%FL) S. japonicus ¥(73.92410.12)+(0.413+0.028)-(-1.782+0.500f L
E. affinis y(19.99+2.62)+(0.413+0.028)+(0.395+0.136FL
Propulsive wavelength, (cm) S. japonicus ¥(=7.93+4.31)*+(1.745+0.26 F)L+(-0.0438+0.013 1Y
E. affinis ¥ (-9.90+5.03)+(1.745+0.268) +(-0.0438+0.0131/1
Propulsive wavelength, (%TL) S. japonicus ¥(24.70£22.95)*+(6.524+1.68E) +(-0.532+0.129)1
E. affinis y(24.70+£22.95)*+(4.711+1.31B) +(-0.213+0.045\

In each equation, meanss£.M. are given for each coefficient, spe&t (s in cms1, fork length FL) is in cm, massM) is in g.
An asterisk indicates a coefficient that is not significantly different from &80.05).
TL, total length.
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Tailbeat frequency (Hz)

Tailbeat amplitude (cm)

Fig. 2. The dependence of tailbeat frequency on both swimminu. ) ) o
speed and fish fork length in kawakawa (red plane and red symbolFi9- 3. The dependence of tailbeat amplitude on both swimming
and chub mackerel (blue plane and blue symbols). Each Symbspeed and fish fork length in kawakawa (red plane and red symbols)
indicates the tailbeat frequenegrsusspeed data for an individual. @nd chub mackerel (blue plane and blue symbols). Each symbol
The maximum and minimum values of speed and fork length werindicates the tailbeat amplitudersusspeed data for an individual.
used to solve the multiple regression equations (Table 1) for the foll N& Maximum and minimum values of speed and fork length were
corners of each plane. At a given size, the kawakawa uses used to solve the multiple regression equations (Table 1) for the four
significantly greater tailbeat frequency than does the chub mackercOrners of each plane. Tientercepts of the two planes are similar,
to swim at a given speed. The increase with speed is similar in t@nd the effects of fork length on tailbeat amplitude are similar in
two species, but tailbeat frequency decreases more with fork IengbOth species. However, tailbeat amplitude does not vary significantly
in the kawakawa than it does in the chub mackerel. with speed in the kawakawa, but increases with speed in the chub
mackerel; thus, the two species have similar tailbeat amplitudes at
low speeds, but tailbeat amplitude is greater in the chub mackerel at

. - . . . the higher speeds.
frequency increased significantly with speed in both specie

(P=0.0001) (Fig. 2). There was no significant difference

between the slopes of the regressions of tailbeat frequeneye accounted for. Although both speed and size had an effect
versusspeed for kawakawa and chub mackerel (Table 1). on tailbeat frequency in both species, the size effects were not
as great irE. affinis whereas speed effects were the same in

both species (Fig. 2). Mean tailbeat frequency in the kawakawa
When the effects of speed were accounted for, there wasaad the chub mackerel were, respectively, 4.57 and

significant effect of fork length on tailbeat frequency3.82tailbeatcycles$ (Hz) at the lowest swimming speeds

(P=0.0055); at the same speed, smaller individuals had highéxpproximately 40 cnt3d) and 7.03 and 6.57 Hz at the highest

tailbeat frequencies than did larger individuals. The pattern cfwimming speeds (approximately 80-100 ct.s

decrease in tailbeat frequency with length was significantly

different between the two specig=0.0135). With a given Tailbeat amplitude

increase ifFL, tailbeat frequency decreased more in kawakaw&peed effects

than it did in chub mackerel. When the effects of speedrand  Tailbeat amplitude, measured both in centimeters and as a

were accounted for, mass had no significant effect on tailbepercentage of fish fork length ), increased significantly

frequency. with speed in the chub mackeré&=0.0001), but not in the
kawakawa (Table 1).

Size effects

Species effects

Because both speed and size had a significant effect &ize effects
tailbeat frequency, the data sets of the two species wereWhen the effects of speed were accounted for, tailbeat
represented as planes in three-dimensional space (Fig. 2). Tamplitude (in cm) increased witflL in both species (Fig. 3).
y-intercepts for the two species differed significantlyThere was no significant effect of mass on tailbeat amplitude
(P=0.0014), with the plane fdt. affinisbeing above that for whenFL effects were accounted for. To attempt to remove size
S. japonicusindicating that tailbeat frequency was greater ineffects, as other investigators have done, tailbeat amplitude
kawakawa than in chub mackerel when speed and size effeetgs converted into relative units ). There was no
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significant effect of size on tailbeat amplitude when expressed
as %-L (Table 1), indicating that using tailbeat amplitude in
relative units of fish length was an appropriate adjustment for
size differences.

Species effects

Differences in the data sets of the two species are best
represented in three-dimensional space (Fig. 3). ¥he
intercepts of the two planes are similar, and the effed&. of
on tailbeat amplitude (cm) are similar in the two species,
but the effect of speed on tailbeat amplitude differs
interspecifically P=0.0001). As speed increased, the
relationship between tailbeat amplitude and speed for the two
species diverged, wittE. affinis having lower amplitudes
than S. japonicusat high speeds (Fig. 3). This is because

Stride length (cm)

125
Fig. 4. The dependence of stride length on both swimming speec
fish fork length in kawakawa (red plane and red symbols) and ¢
mackerel (blue plane and blue symbols). Each symbol indicates
stride lengthversusspeed data for an individual. The maximum a
minimum values of speed and fork length were used to solve
multiple regression equations (Table 1) for the four corners of €
plane. At a given size and speed, the chub mackerel he
significantly greater stride length than does the kawakawa.
increase in stride length with both fork length and speed is simile
the two species.
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10 15 20 25 30 Fig. 6. Mean maximum intervertebral lateral displacement (A) and
Fork length (cm) mean maximum intervertebral bending angle (®)ysus position
along the body (%L) in kawakawa (red) and chub mackerel (blue).
Fig. 5. Mean propulsive wavelengtlversus fork length in In both species, there was no significant effect of swimming speed
kawakawa (red circlesN=9) and chub mackerel (blue squares;on either variable, but there were significant effects of body position
N=8). Because there was no significant effect of speed cand species. Minimum lateral displacement occurred at
propulsive wavelength, the mean of the propulsive wavelengths approximately 35-40%. and minimum bending occurred at
all swimming speeds was calculated for each individual. Error baiapproximately 40 %L in both species. Both maximum intervertebral
represent + 1s.0. Mean propulsive wavelength is significantly lateral displacement and maximum intervertebral bending angle were
greater in the chub mackerel than in the kawakawa when the effewsignificantly greater in the chub mackerel than in the kawakawa.
of size are accounted for. Values are meanssn. (N=3). TL, total length.
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tailbeat amplitude did not vary significantly with speed in theSpecies effects
kawakawa, but increased with speed in the chub mackerel There was a significant effect of size, but not speed, on
(Table 1). Maximum tailbeat amplitude ranged from 12 topropulsive wavelength, so differences between species were
14.59FL in kawakawa and from 14 to 20.5% in chub  represented by plotting meanversus FL(Fig. 5). When the
mackerel. effects of fish size are accounted for, the propulsive
wavelengths (cm) oE. affiniswere significantly lower than
they were for S. japonicus (P=0.0081). Mean relative
Speed effects propulsive wavelengths ranged from 89 to 9B%in
When size effects were accounted for, stride length kawakawa and from 98 % to 120%in chub mackerel. These
increased significantly with speeB=0.0001). There was no propulsive wavelengths were then translated into the number
significant difference in the slopes of the regressiohsessus  of propulsive waves on the body: 1.04-1.12 in the kawakawa
speed for the two species (Table 1). and 0.84-1.02 in the chub mackerel.

Stride length

Size effects Body bending

When speed effects were accounted for, both species Body bending analysis was performed on three size-matched
showed a significant increaseli@in cm) with fish fork length  individuals of each species swimming at one low and one high
(P=0.0001). There was no significant difference in the slopespeed. Intervertebral lateral displacement and intervertebral
of the regressions ¢fersus FLfor the two species. There was pending angle at each joint along the axial skeleton were
no significant effect of mass onwhen FL effects were determined. Each of these variables was assessed separately for
accounted for (Table 1). Because other studies have usggk effects of species, position along the body, speed and
relative stride lengths, we also analyzed stride length convertegeciesposition and speciespeed interactions using a three-
to %FL. However, a significant effect BL. was evident (Table way ANOVA in SuperANOVA (version 1.11). Position along
1), indicating that the effects BL were not removed by using the body was represented in relative units, or percentage of
relativel values. total length (94L).

Species effects Intervertebral lateral displacement

The | data are represented as two parallel planes in three- Speed effectdhere was no significant effect of swimming
dimensional space, with the plane ijaponicudeing higher  speed on maximum lateral displacements in either species.
than that forE. affinis(Fig. 4). They-intercepts of the planes  Position effectsintervertebral lateral displacemdhtvaried
differ, but the slopes in both the andx, dimensions are equal significantly with axial positionR=0.0001), but the pattern of
for the two species. Thus, stride lengths increase similarly withaximum lateral displacement with position along the body
speed and witRL in E. affinisandS. japonicudut, at a given was similar in both species (Fig. 6A). Minimum lateral
speed and size, the length of each stride is significantly loweimplitudes occurred at 35-40Rb in both species, and

in E. affinis(P=0.0001). maximumD occurred at the tip of the caudal fin (100RA
_ Species effectdlean maximum lateral displacements were
Propulsive wavelength significantly greater in the chub mackerel than in the
Speed effects kawakawa P=0.0001) (Fig. 6A).

When size effects were accounted for, there was no significant To determine whether there are interspecific differences in
relationship between propulsive wavelenytftm) and speed. yaw, twice the mean maximum lateral displacement at the tip
) of the snout (0%.L) for the two species was compared using
Size effects a two-tailedt-test. There was no significant effect of speed on
When speed effects were accounted for, both mass and faike yaw values within each speciés>(.30), so values for
length had a significant effect ar(Table 1). AsFL increased, both low and high speeds were grouped together in the

there was a significant increase \n(P=0.0001). When the analysis. Mean yaw was 3.5+1.ZW%in the kawakawa and

effects ofFL were taken into account, there was a significanB.8+1.5 %L (means 3s.0.) in the chub mackerel; these values

decrease inA with mass BP=0.0013). Thus, if a three- do not differ significantly #=0.684).

dimensional plane were to be drawn, unlike those for the other Mean maximum lateral displacement at the tip of the tail was

variables, the twx values would be mass amd, with no  6.7+1.5% L in the kawakawa and 8.9+1.6/% (means 3s.0.)

speed axis (Table 1). in the chub mackerel. These values are similar to half the
Propulsive wavelength as a percentage of body length is om&ilbeat amplitude values for the same individuals.

of the criteria used to determine swimming mode. Thus, the

statistical analyses included an assessmehespressed as a Intervertebral bending angle

percentage of fish total length . However, this size Speed effectsThere was no significant effect of speed on

adjustment i\ did not completely account for differences in mean maximum intervertebral bending angles in either species.

size, as indicated by the presence of significant size effects inPosition effects Intervertebral bending angl@ varied

the final models for both (cm) andA (%TL) (Table 1). significantly with position along the body=£0.0001). The
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positions of minimum and maximum bending angle wer&kawakawa (Fig. 3; Table 1). The maximum amplitudes
similar for the two species, occurring at approximately Z0% recorded in the present study (14.BI%in kawakawa and
and 859%L, respectively (Fig. 6B). Howevel} increased 20.5%FL in chub mackerel) are consistent with the range of
significantly more near the posterior end of the body in chuamplitudes recorded for yellowfithunnus albacarefDewar
mackerel than it did in kawakawa (Fig. 6B), as indicated by and Graham, 1994) and bluefiinunnus thynnuéWardle et
significant speciegosition interaction termPR=0.0448). al., 1989) tunas, dadesuciscus leuciscusrout Salmo irideus
Species effectdlean maximum intervertebral angles rangedand goldfishCarassius auratugBainbridge, 1958) and trout
from 0.67 to 3.6 ° in chub mackerel and from 0.53 to 1.48 ° irOncorhynchus mykig8Vebb et al., 1984). However, the mean
kawakawa; there was a significant species effect, with great&ilbeat amplitude values for similar-sized chub mackerel
angles in the chub macker&=0.0001). (approximately 23-26c¢ifL) in the present study are
consistently lower than those measured at similar speeds in a
_ _ three-dimensional kinematic study by Gibb et al. (1999),
Discussion possibly because of differences in the methods used in the two
The specific goal of this study was to create a more complegtudies.
guantitative description of the swimming kinematics of two Relationships between tailbeat amplitude and speed from
scombrid fishes to test the hypothesis that the kawakawa tupeevious studies are less consistent than are trends in tailbeat
uses a different locomotor mode from the chub mackerel, ifrequency. Previous results in the three species studied by
which the body is held more rigid with less lateral undulationBainbridge (1958), the jack mackef&achurus symmetricus
and thus swims more efficiently. Taken together, the kinemati(Hunter and Zweifel, 1971), and bluefiBomatomus saltatrix
data show that the kawakawa does display less laterahd gray mulleMugil cephalus(Pyatetskiy, 1970) indicated
movement of the body than does the chub mackerel whilnat tailbeat amplitude remains constant with changes in speed
swimming at the same speeds. The most direct measuresatfove a minimum steady swimming speed. In the chub
body flexure, maximum intervertebral lateral displacement antchackerel in the study of Gibb et al. (1999), tailbeat amplitude
bending angle, were significantly lower in the kawakawa thaimcreased significantly with speed. In previous studies of tunas,
in the chub mackerel (Fig. 6). To maintain the same swimmingmplitudes did vary with speed in kawakawa (Fierstine and
speed, kawakawa beat their tails at a higher frequency than tdalters, 1968), but did not change with speed in yellowfin
chub mackerel but use lower tailbeat amplitudes and move (®ewar and Graham, 1994). Thus, the tailbeat amplitude
smaller distance per tail beat. However, despite less lateraérsusspeed relationships in the present study are generally
movement in the kawakawa, the maximal sustainable speedsnsistent with previous studies, even though there was a great
and net cost of transport did not differ significantly betweerdeal of variability in these data (Fig. 3).
the two species (Sepulveda and Dickson, 2000). Thus, we haveAt a given speed and size, relative stride lengtivas
not provided evidence that thunniform locomotion is moresignificantly lower in kawakawa than in chub mackerel
efficient than the carangiform swimming mode. (Fig. 4). Relative stride lengths observed at the highest
swimming speeds ranged from 50 to 8bl%n kawakawa and
Kinematics and comparisons with previous studies  from 60 to 85 %L in chub mackerel, both of which encompass
At sustainable speeds, most fishes that utilize body—caudde range predicted by Videler (1993) for maximurtride
fin propulsion increase their swimming speed primarily bylengths greater than 80Pk have also been reported for bluefin
increasing tailbeat frequency. Previous research hasna (Wardle et al., 1989). However, because we found a
documented linear increases in tailbeat frequency with speeifynificant effect ofL onl, comparisons among species based
in a number of teleost species, including scombrids (Magnusan relative (as a percentage of fish length) may be misleading.
and Prescott, 1966; Yuen, 1966; Pyatetskiy, 1970; Hunter and The significant increase ih with speed found in both
Zweifel, 1971; Webb, 1971; Magnuson, 1978; Videler anckawakawa tuna and chub mackerel in the present study is
Hess, 1984, Fierstine and Walters, 1968; Dewar and Grahamonsistent with stride length relationships observed in other
1994, Jayne and Lauder, 1995), as was found fortbadlffinis  teleost fishes, including scombrids (Fierstine and Walters,
and S. japonicusin the present study (Fig.2). Tailbeat 1968; Hunter and Zweifel, 1971; Webb et al., 1984; Dewar and
frequency also varied with fish length in the juvenileGraham, 1994). As swimming speed increases, the kawakawa
scombrids, with larger individuals having a lower tailbeatand chub mackerel may recruit more red muscle fibers to
frequency than smaller individuals swimming at the sam@ower the tail beat, and this may result in an increase in the
speed (Fig. 2), as has been shown in other teleosts (Bainbridglstance swum per tail beat. Alternatively, adjustments in
1958; Magnuson, 1963; Magnuson and Prescott, 1966; Yueswimming kinematics and in the angle of attack of the tail,
1966; Pyatetskiy, 1970; Hunter and Zweifel, 1971; Videler andvhich was not quantified in the present study, may hltgy
Hess, 1984; Fierstine and Walters, 1968; Webb, 1975; Welthanging gait as speed increases, fish may also be able to vary
et al., 1984; Dewar and Graham, 1994). | (Webb, 1998).
The effect of speed on tailbeat amplitude differed between Videler (1993) suggested that fish may utilize their extended
the two species; tailbeat amplitude increased significantly witpectoral fins as a braking system while swimming at low
speed in chub mackerel, but did not vary with speed ispeeds and, thereby, reduce their stride lengths at these speeds;
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at higher swimming speeds, fish adduct their pectoral findypothesis that the kawakawa is a more stiff-bodied swimmer
resulting in an increase in stride length. Scombrids have algban is the chub mackerel.
been observed to orient the body at an angle to the flow to There was no significant relationship between speed and
generate lift at low speeds (He and Wardle, 1986), a behaviartaximum intervertebral lateral displacement or bending angle
that may reduck However, the fish in the present study swamin either kawakawa or chub mackerel, but body bending
continuously with their pectoral fins adducted and appeared ttharacteristics did vary with vertebral position. The position of
orient the body parallel to the flow in all video sequencedoth minimum lateral displacement and minimum
analyzed at all speeds studied. Thus, the increased stride lengttervertebral angle occurred at approximately 35-4Q %
cannot be attributed to variations in the use of the pectoral finbpth species. These data are consistent with previous studies
body ‘ilting’ or different gaits. of other teleosts, in which the position of minimum lateral
In previous studies, propulsive wavelengtht{as been used displacement occurred posterior to the neurocranium at the
to classify swimming mode (see Introduction). On the basis afenter of mass, with amplitudes increasing from that point
characterizations of thunniform and carangiform swimminggcaudally (Videler and Hess, 1984; Dewar and Graham, 1994;
the kawakawa was predicted to have highgalues than the Jayne and Lauder, 1995; Shadwick et al., 1998). Maximum
chub mackerel. However, the opposite was found to be trdateral displacement occurred at the tail tip (Fig. 6A), but
(Fig. 5). This may be due to the greater number of vertebramaximum intervertebral bending angle occurred just anterior
in the kawakawa, becauseluring steady swimming has been to the caudal fin (Fig. 6B). The relationship between bending
hypothesized to be inversely proportional to vertebral numbeangle and body position differed between the two species. In
(see Videler, 1985; Jayne and Lauder, 1995; Long and Nippehe middle and posterior regions of the body, the angles were
1996). When size effects were taken into account, there wéasgher in chub mackerel than in kawakawa. The greater
no significant relationship betweekx and speed in either bending angles caused the greater lateral displacement and
kawakawa or chub mackerel. This result confirms theailbeat amplitudes in the chub mackerel.
propulsive wavelength trends seen in some studies (Webb etThe intervertebral lateral displacement data allowed us to
al., 1984), but is not consistent with others (Jayne and Laudezstimate yaw, or twice the maximum lateral displacement that
1995). However, there were significant effectshoaf mass  occurs at the tip of the snout. On the basis of the predicted
and fork length, measured both in absolute terms (in cm) ardifferences between thunniform and carangiform locomotion,
as a percentage of total length, in both species in the presehtunniform swimmers should display less yaw because the
study. Thus, differences in size were not correctly accounteahterior of the body should be held more rigid. However, a
for by dividing by fish length. This implies that many previoussignificant amount of yaw (2.3-5Bk) was found in a
comparisons of propulsive wavelengths among species and kinematic study of yellowfin tuna (Dewar and Graham, 1994).
fish of different sizes are confounded by mass and lengfhhat range encompasses the values of 3.0-3.6 % of body length
effects and cannot accurately be made by expredsimg a in Atlantic mackerelScomber scrombusported by Videler
percentage of fish length. Furthermore, other studies hawnd Hess (1984). In the present study, yaw values for both
shownA to vary with axial position (Blight, 1977) and within species fell within the range for yellowfin tuna, and yaw did
a fish species (Long and Nipper, 1996). Thus, it is unclearot differ significantly between the kawakawa and the chub
whether propulsive wavelength can or should be used asnaackerel (3.5+1.2 %L and 3.8+1.5 %L, respectively; means
criterion for distinguishing swimming modes in fishes (see alsa s.0.). Thus, any contributions to drag made by the side-to-
Long and Nipper, 1996). Instead, the body bendingide movements of the snout should be similar in the two
characteristics were focused on, because they are more dirspecies.

measures of body flexure. Because neither intervertebral lateral displacement nor
_ intervertebral bending angle varied significantly with speed in
Body bending either kawakawa or chub mackerel, but did differ between the

Many previous kinematic studies of fish bending patternswo species, the properties that determine the degree of axial
have quantified body midline curvature but have not analyzeldteral flexion must vary interspecifically and with position
bending along the axial skeleton at each intervertebral joinalong the body in both species, but remain constant with
The latter is more meaningful because it relates body bendirghanges in swimming speed. This suggests that morphological
to the morphological characteristics of the fish that allowproperties, such as the degree of articulation between adjacent
bending. Prior to the present study, such studies had begartebrae, the number, length and diameter of vertebrae,
completed on anguilliform and subcarangiform swimmersharacteristics of the intervertebral joints, red muscle
(Jayne and Lauder, 1995; Gillis, 1998; Lauder, 2000), but ngilacement and/or the placement and strength of tendon
on carangiform or thunniform swimmers. We have shown thaattachments to the axial skeleton, are important determinants
this type of analysis can distinguish the swimming patterns aif intervertebral flexion. These characteristics will not change
the kawakawa and chub mackerel (Fig. 6). Both maximumvith swimming speed but may vary along the length of the
intervertebral  lateral  displacement and maximumbody and are known to vary between tunas and mackerels
intervertebral bending angle were significantly lower in thgCollette, 1978; Graham et al., 1983; Westneat et al., 1993;
kawakawa than in the chub mackerel, supporting th&raham and Dickson, 2000).



Swimming kinematics of juvenile scombrig$13

Videler (1985) suggested that the bony appendages betw « 2.5
vertebrae (pre- and post-zygapophyses) did not restrict lat i’é“
flexion, but rather that the nature of the intervertebral joir = 2.0
(the tightness of collagenous connection and the cro 5
sectional diameter of vertebrae) determined lateral flexibil § ~ 15
in the Atlantic mackerelScomber scombriisThe diameters 2 £
of the vertebrae ir5. scombrusare very similar down the ; g‘“ 64
length of the body up to the twenty-fourth vertebra and th 2 =
decrease caudally. This observation led Videler (1985) %
suggest that mackerel have limited flexibility throughout mu: £ oy
of their body, but increased flexibility near the peduncle, whi E§

U i

is reflected both in the midline curvatures reported for tt

species and in the body bending data in the present st 28 29 30 31 32 33 34 35 36 37 38 39
(Fig. 6). However, other studies have suggested that
zygapophyses are important determinants of lateral flexion ( Vericbral number

below). Furthermore, the distribution of the myotomal musc
may also affect lateral displacement.

Differences in lateral bending properties with position alot
the body were also seen in Hebrank’'s (1982) study of |
mechanical properties of isolated backbones of the skipj
tunaKatsuwonus pelamis species similar in body shape an
vertebral number (40-41) to the kawakawa (Kishinouye, 19:
Godsil and Byers, 1944; Fierstine and Walters, 1968). Hebr:
(1982) found three distinct regions of differing flexibility alon
the axial skeleton of skipjack tuna. All intervertebral joint
along the body from the cranium to the intervertebral joi
anterior to the thirty-fourth vertebra were similar in the
bending properties. There was significantly less flexibility
the intervertebral joints between vertebrae 34, 35 and 3fig 7. Mean maximum intervertebral bending angles for the
Hebrank (1982) attributed this limited flexibility to the intervertebral joints anterior to vertebrae 28-39, the last vertebra, in
presence of the bony processes on those vertebrae that fcthe kawakawa and an X-ray of the caudal region (lateral view) of a
the caudal keel (located at approximately 81-8®89%n K. 260 mm fork length kawakawa. The bony lateral keel is on vertebrae
pelamig. The intervertebral joints posterior to the keel within33, 34 and 35, indicated by the lines. Values are meams @N=3).
the caudal fin complex had greater flexibility, suggesting the
the majority of thrust-producing lateral movements were
restricted to the tail region in skipjack (Hebrank, 1982). Aat the vertebrae containing the caudal keel were not unusually
similar morphology has been described in the little tunnyow. The maximum bending angles for the intervertebral joints
Euthynnus alletteratugNursall, 1956) and irE. affinis in  between vertebrae 33 and 35 (anterior to vertebrae 34 and 35)
which the keel is on vertebrae 33, 34 and 35 (Godsil, 1954; seere higher than for more anterior joints (Fig. 7). The
X-ray photograph in Fig. 7). Magnuson (1970) reported thamaximum bending angles were even higher for the joints
the peduncular vertebrae Bf affinisare fused, the vertebrae anterior to vertebrae 36 and 37, but declined for the more
anterior to the prepeduncular joint have long interlockingoosterior joints within the caudal fin complex (Fig. 7). Perhaps
zygapophyses that would restrict lateral flexion and thaih steadily swimming tunas, flexion at the intervertebral joints
vertebrae 30, 31 and 32, which form the two joints immediatelis not influenced so much by the presence of the keel or the
anterior to the caudal keel, have poorly developediegree of articulation of the vertebrae along the axial skeleton
zygapophyses which would allow more lateral bending at theszs it appeared to be in the isolated vertebral columns studied
joints. by Hebrank (1982). In the intact body of a tuna, other features

The pattern of less flexibility at the caudal keel relative tdhat may affect axial bending, such as the distribution of the
intervertebral joints located more anteriorly and posteriorly isocomotor muscle and muscle-tendon connections to the
consistent with the ‘double-jointed’ system described byertebrae, may be more important than the presence of the
Fierstine and Walters (1968), which has been suggested to beny keel in determining the degree of bending that occurs at
a characteristic of the unique thunniform locomotor mode oflifferent positions along the body during sustained swimming
tunas (Fierstine and Walters, 1968; Dewar and Graham, 1994)/ideler, 1985; Westneat et al., 1993; McHenry et al., 1995;
However, the intervertebral angle data for the kawakawa in th®hadwick et al., 1999; Graham and Dickson, 2000).
present study do not support this view. In contrast to what The unusual anterior, axial red muscle position in tunas and
would be predicted from Hebrank (1982), the bending anglethe anterior displacement of the entire myotomal muscle mass
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may act to reduce axial flexibility and may affect thesame for these two species, and the total cost of transport is
mechanical advantage, force generation and kinematics at teeater in the kawakawa, when the effects of fish size are
tail (Nursall, 1956; Westneat et al., 1993; Shadwick et alaccounted for (Sepulveda and Dickson, 2000). Thus, improved
1999; Graham and Dickson, 2000). The anterior location of thewimming performance seems not to be a consequence of
red muscle and the relatively long posterior oblique tendonseduced lateral flexion during sustained swimming, at least in
connecting to the backbone in tunas allow red muscléhe juvenile scombrids in the present study. It is possible that
contraction at one position to cause bending at a positioncreases in efficiency may be manifested in the tunas when
located more posteriorly; this focuses red muscle contractiltney reach larger sizes or during voluntary swimmingivo.
force towards the tail and allows the anterior regions tddiowever, there may be trade-offs to the thunniform mode of
undergo less lateral movement (Shadwick et al., 1999). Thiscomotion that have not previously been considered. For
morphology also results in a lower mechanical advantagexample, we found that the reduced lateral displacement in the
(input motion/output motion) and a higher velocity ratio (thekawakawa results in a lower tailbeat amplitude than in the chub
inverse of mechanical advantage) in tunas compared witlnackerel at the same speed. The kawakawa thus requires a
mackerels (Westneat et al., 1993), which is reflected in thgreater tailbeat frequency to swim a given speed, and this
lower tailbeat amplitudes and higher tailbeat frequencies in thghould increase locomotor costs because each beat of the tall
kawakawa in the present study. Axial stiffness may also beequires energy for muscle contraction. We also found that the
affected by the nature of red muscle activation patterns iamount of yaw, which is assumed to lead to the production of
swimming fish (Knower et al., 1999) or may be increased ifirag, did not differ significantly between the kawakawa and
the axial muscles perform negative work (Long and Nipperchub mackerel. There would, however, be some reduction in
1996). However, the latter is unlikely in tunas during steadylrag in the posterior regions of the body because of the reduced
sustained swimming, because recent studies of the skipjatiteral displacement. The combination of this with the added
tuna have shown that the red aerobic muscle fibers generatest of higher tailbeat frequencies may result in a net cost of
only positive work, with the force of muscle contraction beingtransport that is similar in the kawakawa and the chub
transferred to the caudal fire stiff posterior tendons (Knower mackerel.
et al., 1999; Shadwick et al., 1999). Rather than swimming efficiency acting as a selective force
Using models based on the morphology of the tendons that the evolution of thunniform locomotion, the locomotor style
attach the red muscle to the axial skeleton, and assumimg tunas may simply be a consequence of their ability to
muscle shortening of 10%, Westneat et al. (1993) estimatembnserve metabolic heat to maintain elevated muscle
intervertebral bending angles of 3.6° for the little tunnytemperatures (i.e. they are endothermic). The anterior and axial
(Euthynnus alletteratgsand of 3.3° for the king mackerel red myotomal muscle placement has been hypothesized to have
(Scomberomorus cava)laThe maximum intervertebral angles contributed to the evolution of endothermy in tunas because it
for both species in the present study did not exceed 2 ° excemsults in reduced conductive heat loss across the body surface
for the value of 3.5° at 85%L in S. japonicus(Fig. 6B), (Carey, 1973; Block et al., 1993). The higher tailbeat
which implies that red muscle shortening is less than 10 % #&tequencies at a given speed observed for the kawakawa may
the sustained speeds studied or that the models aresultin higher heat production rates within the red muscle and
oversimplified. Muscle shortening was not measured in théhereby contribute to endothermy.
present study, but Shadwick et al. (1998, 1999) measured redFuture studies of similar-sized bonitos, members of the sister
muscle strain of £8% of resting length in a 23/imchub  taxon to tunas, and of the slender tédiathunnus fallaj the
mackerel swimming at 1.7 s (40cms?) and of +5-8% most basal member of the tuna clade (Graham and Dickson,
of resting length in 40-49cRL skipjack tuna swimming 2000), may resolve these questions and help to ascertain
1.1-2.FLsL whether thunniform locomotion evolved before or after the
evolution of endothermy. The bonitos have many characters
Implications for the evolution of thunniform locomotion and related to swimming performance that are intermediate
endothermy in tunas between those of mackerels and tunas, but they are not
The interspecific differences in body bending patterngndothermic (Kishinouye, 1923; Godsil, 1954; Collette, 1978).
documented in the present study show that the kawakawvidsing the only known kinematic data on bonitos swimming at
swims with less lateral movement than does the chub mackem@ntrolled speeds (Pyatetskiy, 1970), we made a preliminary
and support the hypothesis that the kawakawa and chuomparison between one (16.0Tk) Atlantic bonito Sarda
mackerel use different modes of locomotion. An increase isardg and individuals of approximately the same size from the
swimming efficiency has been postulated as the selectiveresent study. Since chub mackerel and kawakawa were
advantage of the thunniform locomotor pattern unique to tunadistinguished on the basis of their tailbeat frequeverssus
(Lighthill, 1970, 1975; Lindsey, 1978; Magnuson, 1978;speed relationships, these data were extracted for the Atlantic
Blake, 1983; Webb, 1975, 1998; Graham and Dickson, 2000honito from Pyatetskiy (1970). Because temperature may
Thus, the kawakawa would be predicted to be a more efficiemiffect the swimming kinematics of these fishes, chub mackerel
swimmer than the chub mackerel. However, the maximurkinematic data at 18°C (J. M. Donley, unpublished results),
sustainable swimming speeds and net cost of transport are tive temperature at which the Pyatetskiy (1970) study was
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conducted, were also examined. The relationship betweetarpenter, K. E., Collette, B. B. and Russo, J. L(1995). Unstable
tailbeat frequency and swimming speed has a similar slope butand stable classifications of scombroid fistiasl. Mar. Sci.56,
lower y-intercept in the bonito than in the chub mackerel at the 379-405.

same temperature, which is opposite to the relationship fourfep!lette, B. B.(1978).. Adgptations and systematics of mackerels and
between the kawakawa and chub mackerel. This suggests thaEA““é‘s'D'ir;TOTS F;)'LVS;O'??S'CSLEVC\?L‘;QK}’Xilggﬁ-PGréES' Sharp and
th.e bOI’lItF). may be more s.lmllar to Fhe thb mackerel and thLf:?ewar, H. ana Graham, J. B.(1994). Studies of tropical tuna
might utilize the carangiform swimming mode. However,

. . . e . swimming performance in a large water tunnel. 1ll. Kinematics.
because this comparison is based on very limited data, it doesEXp_ Biol 192 45-50.
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