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Summary

The swimming kinematics of the eastern Pacific bonito
Sarda chiliensisat a range of sustained speeds were
analyzed to test the hypothesis that the bonito’s swimming
mode differs from the thunniform locomotor mode of
tunas. Eight bonito (fork length FL 47.5+2.1cm, mass
1.25+0.15%kg) (mean + sbD.) swam at speeds of
50-130cms? at 18+2°C in the same temperature-
controlled water tunnel that was used in previous studies
of tunas. Kinematics variables, quantified from 6MHz
video recordings and analyzed using a computerized, two-
dimensional motion analysis system, were compared with
published data for similar sized tunas at comparable
speeds. Bonito tailbeat frequency, tailbeat amplitude and
stride length all increased significantly with speed. Neither
yaw (6.0+0.6%-L) nor propulsive wavelength (120+65%
fish total length) varied with speed, and there were no
mass or body-length effects on the kinematics variables
for the size range of bonitos used. Relative to similar sized
yellowfin (Thunnus albacarey and skipjack (Katsuwonus
pelamig tunas at similar speeds, the bonito has a lower
tailbeat frequency, a higher yaw and a greater stride

length. The lateral displacement and bending angle of
each intervertebral joint during a complete tailbeat cycle
were determined for the bonito at a swimming speed
of 90cmsl. The pattern of mean maximum lateral
displacement ¢max) and mean maximum bending angle
(Bmax) along the body in the bonito differed from that of
both chub mackerel Scomber japonicusand kawakawa
tuna Euthynnus affinis, znax was highest in the bonito.
This study verifies that S. chiliensisis a carangiform
swimmer and supports the hypothesis that the thunniform
locomotor mode is a derived tuna characteristic associated
with changes in this group’s myotomal architecture. The
finding that yaw and zmax were greater in the bonito than
in both mackerels and tunas suggests that swimming
kinematics in the bonito is not intermediate between that
of tunas and mackerels, as would be predicted on the basis
of morphological characteristics.

Key words: locomotion, swimming, kinematics, Scombridae, eastern
Pacific bonitoSarda chiliensisthunniform, carangiform, tuna.

Introduction

Tunas (family Scombridae, tribe Thunnini) are the only Swimming in tunas has been classified as thunniform
teleost fishes known to conserve metabolically derived heat tocomotion, characterized by minimal lateral undulation of

maintain the temperature of the slow-twitch myotomalmost of the body and thrust generation by rapid oscillations of
locomotor muscle (red muscle, RM) elevated above ambietihe high-aspect-ratio caudal fin (Fierstine and Walters, 1968;
water temperature (Carey et al., 1971; Graham, 1973; Blockjghthill, 1970; Webb, 1975; Lindsey, 1978). Many
1991). In addition, tuna RM is in a more anterior and mediamorphological specializations of tunas are associated with
position (closer to the vertebral column) than it is in othethunniform swimming. These include the anterior—medial RM,
teleosts (Kishinouye, 1923; Graham et al., 1983; Ellerby et alstreamlined body shape, elongated myotomes, RM—tendon—
2000; Graham and Dickson, 2000). Because this will reducgkeleton connections, and narrow-necking of the caudal
conductive heat loss from the RM across the body surface, tipeduncle (Fierstine and Walters, 1968; Lighthill, 1969, 1970;
‘internalization’ of RM was hypothesized to have been aWebb, 1975; Magnuson, 1978; Ellerby et al., 2000; Graham
precursor to the evolution of regional endothermy in the tunaand Dickson, 2000; Westneat and Wainwright, 2001). It has
(Block et al., 1993; Block and Finnerty, 1994; Westneat antbeen proposed that the RM position in tunas evolved to
Wainwright, 2001). enhance swimming performance by affecting the mechanical
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transfer of muscle contractile force to the backbone and caudalectromyography to measure RM strain and activity patterns,
propeller (Westneat et al., 1993; Ellerby et al., 2000; Grahawhich have been correlated with swimming mode (Wardle et
and Dickson, 2000). The transition to thunniform locomotional., 1995; Altringham and Ellerby, 1999; Knower et al., 1999;
was hypothesized to have occurred prior to the evolution ddltringham and Shadwick, 2001), at several positions along
endothermy, in response to changing oceanographic conditiottee body inS. chiliensig60-71cm fork length,FL). Muscle
(Graham and Dickson, 2000). activity patterns in the bonito were found to be more similar
Testing and distinguishing among these hypotheses requiressthose of tunas than to those of mackerels. On the other hand,
knowledge of the tunas’ sister groups and mappindpased on the extent of maximum lateral displacement of five
morphological characteristics onto a scombrid phylogenyoints along the dorsal midline measured from videotapes of
(Block and Finnerty, 1994; Graham and Dickson, 2000). Théonito swimming steadily in a large, open tank, Ellerby et al.
Scombridae is composed of a monotypic subgroup (th€000) concluded that the bonito swims in the carangiform
butterfly mackerelGasterochisma melampuand four tribes:  mode like the mackerel. They found lateral displacement of the
Scombrini (mackerels), Scomberomorini (Spanish mackerelslponito to be similar to that of the Atlantic macker@tdmber
Sardini (bonitos) and Thunnini (tunas) (Collette, 1978; Collettescombrus 30-34cm TL) from Videler and Hess (1984) and
et al., 2001). According to phylogenies based on botlgreater than that of a 4 FL yellowfin tuna derived from
morphological and gene-sequence data, the 15 species of tuzsvar and Graham (1994b).
form a derived, monophyletic clade, and their closest relatives From the existing data, it is not possible to determine
are the bonitos (Collette, 1978; Block et al., 1993; Finnerty andnequivocally if the swimming mode of bonitos is more similar
Block, 1995; Carpenter et al., 1995; Graham and Dicksorip that of mackerels or tunas, or if it is intermediate between
2000; Collette et al., 2001). Because of this sister-taxothe two. Therefore, thunniform locomotion cannot be mapped
relationship, examination of the bonitos is essential foonto the scombrid phylogeny at a specific position to determine
determining the sequence of character state changes that ledftthat trait evolved before or after the divergence of the tunas
the specializations of the tunas. This study quantifieand bonitos. Furthermore, because most kinematic variables
swimming kinematics in the eastern Pacific borffarda vary with swimming speed or fish size, it is important that
chiliensisso that the trait of thunniform locomotion can beinterspecific comparisons are made at the same speeds in
mapped precisely onto the scombrid phylogeny. similar sized individuals. Thus, the objective of the present
Studies of scombrid swimming kinematics have focusedtudy was to quantify the swimming kinematics of the eastern
primarily on mackerels and tunas (Gray, 1933; Fierstine anBacific bonito at a range of controlled speeds, and then to
Walters, 1968; Magnuson, 1970; Videler and Hess, 1984;ompare the bonito to tunas of similar size that have been
Dewar and Graham, 1994b; Shadwick et al., 1998; Knower atvum at similar speeds in the same respirometer (Dewar and
al., 1999; Gibb et al., 1999; Donley and Dickson, 2000; NaueGraham, 1994b; Knower, 1998; Knower et al., 1999) and to
and Lauder, 2000; Dickson et al., 2002). Donley and Dicksointervertebral lateral displacement and bending angle data for
(2000) distinguished the kinematics of juvenile chub mackerethub mackerel and kawakawa tuna (Donley and Dickson,
Scomber japonicuand kawakawa tunButhynnus affinisand  2000).
emphasized the importance of comparing similar-sized fish at
comparable speeds. They found that, at the same speeds, the
tuna swam with higher tailbeat frequencies, lower tailbeat
amplitudes, lower stride lengths and less lateral displacement Swimming kinematics
along most of the body, than did the chub mackerel. This study utilized the same bonfBarda chiliensiCuvier
Some kinematics data have been reported for bonitos, bas in the companion energetics study (Sepulveda et al., 2003),
comparisons with tunas and mackerels led to conflictingvhich describes the procedures for fish collection, handling
conclusions. The relationship between tailbeat frequency arahd metabolic measurements in a large, temperature-
speed for a 16m total lengthTL) Atlantic bonitoSarda sarda  controlled, swimming tunnel respirometer. After oxygen
derived from data in Pyatetskiy (1970) was similar to that otonsumption rates were measured at a series of swimming
similar sized (14.8 and 1€cin TL) chub mackerel, but lower speeds (experiments lasting up tch)sthe fish was allowed
than that of a 16.2m TL kawakawa tuna (Donley, 1999; to swim steadily at a low speed for at leastviib before video
Donley and Dickson, 2000). In contrast, Altringham and Blockanalysis was initiated. The dorsal view of the fish was then
(1997) reported similar tailbeat frequencieSirchiliensiand  videotaped at €6iz, using a JVC super VHS camcorder
yellowfin tuna Thunnus albacareswimming in a large, (model GR-SXM520; Fry's Electronics, Anaheim, CA, USA)
cylindrical tank, but swimming speed and fish size, whichmounted directly over the respirometer working section, for
both affect tailbeat frequency, varied interspecifically. Block2—15min at each speed, from 8ths? to 13Ccms? in
(personal observation, cited in Block and Finnerty, 1994)ncrements of 1@ms-L All fish did not swim at all of the
indicated that the Atlantic bonito swims in a more ‘stiff- speeds. During videotaping, respirometer water temperature
bodied’ (tuna-like) fashion than mackerels do. was maintained at 18+2°C, the temperature at which the
The most comprehensive study to date of bonitdonitos were acclimated in the laboratory prior to
swimming (Ellerby et al., 2000) used sonomicrometry ancexperimentation.

Materials and methods
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A Motus 3.2 motion analysis system (Peak Performanceomplete curves using a cubic spline function, and a midline
Technologies, Inc., Englewood, CO, USA) was used to analyasas calculated for each frame (Jayne and Lauder, 1995).
videotaped segments that met the following criteria: (i) the fishateral view X-rays were taken of each individual, and the
was positioned in the middle of the chamber, away from th&ngths of the skull, each vertebra, and the hypural plate were
walls and bottom, (ii) the fish was swimming steadily throughmeasured with digital calipers. Each midline was divided into
at least seven complete tailbeat cycles, and did not mowwegments representing the measured skeletal elements, and the
forward or backward in the chamber, and (iii) both the heagosition in each frame of each intervertebral joint and of the
and tail of the fish were in the field of view. Two points, thesnout and tail tip were calculated. Using a Microsoft Excel
tip of the upper lobe of the tail and the tip of the snout, werenacro written by Jayne and Lauder (1995), the lateral
followed through time by digitizing sequential video framesdisplacementZ using the terminology of Jayne and Lauder,
for 7-14 complete tail beats at each swimming speed. UsintP95) and angle of flexion3) of each intervertebral joint
the measured total length of the fish, a scaling factor wafroughout the tailbeat cycle were calculated. Then, maximum
calculated for each video segment so that pixels could Hateral displacementfax) and maximum bending angnax)
converted to centimeters. during the tail beat were determined for each joint along the

Using methods described in Donley and Dickson (2000)hody for each bonito. Meammax and Bmax values for each
kinematic variables were quantified for each bonito at each testtervertebral joint for the eight bonito studied were compared
speed. Tailbeat frequency (in Hz) was calculated by followingvith data for all intervertebral joints in the chub mackerel and
the tip of the tail through time and dividing the number ofkawakawa tuna studied by Donley and Dickson (2000) at
consecutive tail beats by the amount of time, in seconds, thapeeds of 75-10ém s, For these comparisons, the maximum
it took to complete those tail beats. Tailbeat amplitude (cmipteral displacement of each joint, measured in cm, was
and yaw (cm) were determined by measuring the distanamnverted to relative fish length %), and the position along
between the lateral-most positions of the tip of the tail and ahe body of each intervertebral joint was expressed Bis. %
the tip of the snout, respectively, during a complete tailbeafhe zmax at 0%T L is one-half of yaw, andmax at 10094°L is
cycle (the excursion of the tail from one side of the body t@ne-half of tailbeat amplitude, as defined above.
the other and back again). Mean tailbeat amplitude and yaw
values were computed at each speed for each fish. Stride Statistical analysis
length, the distance (cm) that the fish moves forward in each The bonito kinematic variables were assessed for significant
tailbeat cycle, was calculated by dividing swimming speed bgffects of swimming speed (csn}) and fish size (mass in g
tailbeat frequency. Relative values (asFl% of tailbeat and length in cm) and for significant interactions between these
amplitude, yaw and stride length were also determined. Thactors. Minitab (version 13.1) was used to create the data
propulsive wavelength (the length of the wave of undulatioriile, calculate interaction terms and test for normality. SAS
that travels down the body of the fish from snout to tail tip(version 8.2) was used to perform repeated-measures multiple
during swimming) was obtained by dividing propulsive waveregression analyses on tailbeat frequency (in Hz), tailbeat
velocity by the corresponding tailbeat frequency. Propulsivamplitude, yaw and stride length (in both cm an&L%
wave velocity was determined from the amount of time (spropulsive wavelength (in cm andT¥), and Orzmax (in %TL)
between the peaks in lateral displacement at the tip of the snaridPmax (in degrees). The initial statistical models for tailbeat
and the tip of the tail; then thie. (cm) of each individual (the frequency, tailbeat amplitude, yaw, stride length and
distance between the two points) was divided by the meapropulsive wavelength included the main effects of speed,
progression time in order to obtain the propulsive wavenass and-L, as well as all possible interaction terms. The
velocity in cms™® at each speed. Propulsive wavelength wasnodels forzmax and Bmax included mass, fish total length,
measured in both cm and as a percentagd¢®6TL). Based position along the body, and all possible interactions, but did
on the known size of the field of view that was videotaped andot include swimming speed because only one speed was used.
the resolution of 400 horizontal lines for super VHS, the spatidfor each variable, the full model was subjected to a backward
resolution of the measurements was 0.125-0cb®3which is  stepwise reduction to fit the best model to the data; each non-
equivalent to ranges of 0.25-0.4E&and 0.23—-0.38%L. significant term was dropped until a final model that included
Depending on tailbeat frequency, there were 18-40 video fieldsl significant terms was obtained.
per tail beat. We then determined if tailbeat frequency (in Hz), tailbeat

The lateral displacement and bending angle of eacamplitude, yaw and stride length (all expressed &4.)%
intervertebral joint during the tailbeat cycle were determine&nd propulsive wavelength (in Pk) in the bonito differed
using the techniques of Jayne and Lauder (1995) and Donlsjgnificantly from published data for two species of tuna
and Dickson (2000). With the Peak Performance MotugThunnus albacaresand skipjack Katsuwonus pelam)s
system, 32 points approximately equally spaced around th&ecause there was limited access to the raw data for the tunas,
dorsal outline of each individual were digitized in consecutivdwo-samplet-tests (Dixon and Massey, 1969) were used to
frames for one complete tailbeat cycle at a swimming speed detect significant interspecific differences in mean values or in
90cms! (relative speeds of 1.63-1.85s1), a speed at the slopes angrintercepts of linear regressions reported in the
which all bonito swam. The points were converted intditerature.
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We tested for significant interspecific differences in meai 6-

maximum lateral displacement of the body midline and mea A
maximum flexion angles, at all intervertebral joints along the
body, between the bonito and the chub mackerel an 5]
kawakawa tuna from Donley and Dickson (2000). Repeatec
measures multiple regression analyses were run in SAS 4
determine if there were any significant effects of positior
along the body (%L), species, or positior species Orfmax
and PBmax The position term was squared in order to 31
incorporate curvature into the equation for a more accurai
model of the data, but the coefficients of the squared termr _ 5|
were not interpreted. Significant interspecific differences ar i
indicated as significant terms in the final regression mode
after a backward stepwise reduction process was complete § 1
A significance level ofP=0.05 was used in all statistical 8
analyses. % 64
9 B
[
Results = 5y 7,
Swimming kinematics of the eastern Pacific bonito

A total of eight bonito were analyze#|.=47.5+2.1cm, 44
range 45.0-50.BmFL, mass 1.25+0.1kg (means 1s.D.).
When the effects of fish size were accounted for, tailbee 3
frequency increased significantly with spe@%@.0001) in
the bonito (Figl). When the effects of speed were accounter
for, there was no significant effect of fish length or mass o 24
tailbeat frequency. The range of tailbeat frequencies we
1.5-3.2Hz.

' Tailbeat amplitude, yaw and stride length were assessed f 1 0 20 40 60 80 100 120 140
size and speed effects using the absolute values in cm, as w speed (cm9)

as relative values (P.). When the effects of fish size were . . . o
accounted for, both tailbeat amplitude and stride lengtlFig. 1. Relationship between tailbeat frequency and swimming speed
increased significantly with swimming speed (Rigand 3), for Sarda chiliensigeach symbol denotes one individual) compared
but yaw did not vary significantly with speed. When the effect¥ith (A) 42cm and 5&m yellowfin tunaThunnus albacareopen

of speed were accounted for, there were no significant effec2"9/es) (Dewar and Graham, 1994b) and (B) 4@mdyeliowfin

. . . (open triangles) and 38—4in skipjack tunaKatsuwonus pelamis
of FL or mass on tailbeat amplitude, yaw or stride Iength(solid triangles) (Knower et al., 1999). Best-fit regression equation

Whe_n thgse thrge kinematics variables were expresseﬂlasf % (regression coefficients <p.) for the bonito data: tailbeat frequency
no significant size effects were detected. Tailbeat amplitud= g.017+0.002x speed + 0.75+0.15\E8). Broken lines are 95%
ranged from 16 to 24#4., and the range of stride length was confidence intervals of the regressions.
62-91%-L. The yaw for the bonito ranged from 5.2 to 6F%
(6.0+£0.69%-L, mean #s.p.).
Propulsive wavelength (in cm and inT¥ did not vary Interspecific comparisons
significantly with fish size or with swimming sped®-0.065) Significant effects of fish size were not detected for any of
in the bonito. Thus, a mean for each individual and a granthe kinematics variables measured in the present study, most
mean for all eight fish were calculated. The propulsivdikely due to the small size range of the bonito studied.
wavelength was 110-129%h (120+6%TL, mean s.p.). Therefore, interspecific comparisons were made using the
Both mean maximum intervertebral lateral displacemeniean values of yaw, propulsive wavelength, zng andpmax
(znay and mean maximum intervertebral bending anglesit different positions along the body, and the regressions of
(Bmay Vvaried significantly with position along the body the other kinematics variablegersusswimming speed for
(P<0.0001) in the bonito (Figé and 5). Minimum meammax  the bonito. In these comparisons, we have assumed that
occurred at 309%0L (the joint between vertebrae 11 and 12) andemperature differences among the studies compared (with
maximum Zmax occurred at the tail tip. Minimum medmax  reported temperatures ranging from 18°C to 28°C) do not
occurred at 18%.L (the joint between the first and secondcontribute significantly to differences in tailbeat frequency,
vertebrae) and maximum meBmax was at the joint between tailbeat amplitude, yaw and stride length. This assumption is
the last vertebra and the hypural plate (92%There were no based on a number of studies that have found little to no effect
significant effects of fish mass or length on boniigor fmax. ~ Of temperature on these kinematics variables when fish are
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coefficients +s.n.) for the bonito: tailbeat amplitude = 0.06+0.91 squares). Tuna and mackerel data are from Donley and Dickson

speed + 14.0+0.95NE8). Dotted lines represent 95% confidence (2000).
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Katsuwonus pelami@nverted solid triangles). Tuna data represented .
by solid lines are from Dewar and Graham (1994b) and by brokeand mackerel data are from Donley and Dickson (2000).

lines from Knower (1998). Best-fit regression equation (regressio
coefficients £s.0.) for the bonito: stride length 0.32+0.08% speed
+ 51.15+6.98 KI=8). Dotted lines are the 95% confidence intervals Of(Fuiman and Batty, 1997; Johnson et al., 1998) and by

this regression. affecting muscle power output and patterns of muscle fiber
recruitment, leading to higher maximum sustainable speeds at
higher temperatures (e.g. Rome and Swank, 1992; Altringham

acclimated to the measurement temperature and comparisarsd Block, 1997; Rome et al., 2000).

are made at a given speed (for a review, see Dickson et al.,Tailbeat frequency increased significantly with speed in both

2002). Temperature does affect swimming performance igellowfin and skipjack tunas (Dewar and Graham, 1994b;

fishes, primarily through changes in water viscosity thaknower 1998; Knower et al., 1999), as it did in the bonito

significantly impact swimming at low Reynolds numbers(Fig.1). The slopes of the tailbeat frequenegrsusspeed
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Table-1 Comparative data for yaw and propulsive wavelength (as a percentage of fish length) in scombrid fishes

Fish length Speed range
Yaw PWL PWL range (cm) (body lengths's
Speed ———
Species %L %TL %FL  %TL %FL %TL FL TL (cmsh FLs® TLs! References
Tunas
Yellowfin tuna 4.3+0.38 124+9 42+1.6 47+9.8 ~1.1 1
Thunnus albacares
Yellowfin tuna 2.8+0.15 123+17 48+2.2 92+3.3 ~1.9 1
Thunnus albacares
Yellowfin tuna 103 40-44 46-105 1.1-2.7 2
Thunnus albacares
Skipjack tuna 97 38-41 60-140 1.5-3.7 2
Katsuwonus pelamis
Kawakawa tuna 3.5+1.2 962 931 89-96 15.1-25.5 16.0-27.1 30-120 1.6-5.0 3
Euthynnus affinis (21.4+2.7)
Bonito
Eastern Pacific bonito 6.0+0.6 5.6+0.6 128+2 120+2 118-134 110-129 45.0-50.5 49.0-55.0 50-140 1.0-29 1.0-2.7 4
Sarda chiliensis
Eastern Pacific bonito 5.0+1 11346 60-71 5
Sarda chiliensis
Mackerels
Atlantic mackerel 3.0-3.6 89 78-106 30-34 129-381 3.9-11.2 6
Scomber scombrus
Chub mackerel 3.8£1.5 116+4 109+3 97-144 98-119 14.0-23.4 14.8-25.3 30-110 1.4-59 3
Scomber japonicus (20.3+£3.4)
Chub mackerel 2.2+0.4 106+2 98+2 89-124 84-105 15.6-26.3 30-105 1.4-4.8 7
Scomber japonicus (20.944.0)

Values are meanss. or range .. PWL values are meanss£.Mm.).

FL, fork length;TL, total length; PWL, propulsive wavelength.

1Dewar and Graham (1994FKnower (1998)3Donley and Dickson (2000¥This study;>Ellerby et al. (2000)8Videler and Hess (1984);
"Dickson et al. (2002).

relationships did not differ significantfp$0.25) between the of Dewar and Graham (1994b) are compared with the bonito
bonito and two groups of yellowfin tun&Ll( 42+1.6cm and data plotted in Fig2. It appears that, at similar speeds, the
53+£3.0cm, means #s.p.) (data from Dewar and Graham, tailbeat amplitude of the bonito does not differ significantly
1994b) or between the bonito and 40e84FL yellowfin tuna  from that of one group of yellowfirF{ 42+1.6cm, swimming
and 38-4mFL skipjack tuna (data from Knower et al., at a speed of 40+2@ns1; means #s.0.) but is higher than
1999). Because the slopes did not differ, comparisons wethat of the larger yellowfin (48+2@nFL, swimming at
made between theintercepts of these lines. The intercepts 0f100+6.5cms™1). The yaw for the bonito (6.0+0.@%, mean
the tailbeat frequencyersusspeed relationships for the 421 + s.p.) is significantly greaterP<0.001) than the values for
and 53cm yellowfin tuna groups did not differ significantly both the 4Zm (4.3+0.38%L) and 48cm (2.8+0.15%L)
from that of the bonitoR>0.25) (Fig.1A), but the intercepts yellowfin tuna groups (Tabl&). A high yaw value (5%L) was
for the 40-44&m yellowfin and 38—4&m skipjack tuna were also observed for the eastern Pacific bonito by Ellerby et al.
significantly higher than for the bonit®<€0.0005) (Fig1B).  (2000).
Because the original data from Knower et al. (1999) were Stride length increased significantly with speed in the
provided to us, 95% confidence intervals for the tailbeayellowfin and skipjack tunas (Dewar and Graham, 1994b;
frequency versus speed relationships were calculated andKnower 1998), as it did in the bonito (FB). The slopes of
plotted (Fig.1B). The lack of overlap of the 95% confidencethe stride lengthversusspeed relationships did not differ
intervals over the range of speeds studied suggests that thignificantly £>0.25) between the bonito and the two groups
bonito swim at a given speed with significantly lower tailbeabf yellowfin tuna from Dewar and Graham (1994b), or between
frequencies than do similar sized yellowfin and skipjack tunaghe bonito and the yellowfin and skipjack tunas from Knower
The only published data for tailbeat amplitudes and yaw at al. (1999). Ther-intercepts of the four tuna stride length
known speeds in tunas that are of comparable size to the bonitersusspeed regressions were significantly lower than that of
in the present study are from yellowfin tuna (Dewar andhe bonito P<0.001). Thus, at a given speed, stride length is
Graham, 1994b). Tailbeat amplitude did not vary significanthgreater in the bonito than it is in similar-sized tunas {Bjg.
with speed in the yellowfin tuna, and the values (meam.} The range of values for relative propulsive wavelength (as
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%FL) in the bonito (Tabld) overlapped with data for tailbeat frequencyersusspeed relationships (Donley, 1999;
yellowfin tuna from Dewar and Graham (1994b) (124¥2% Donley and Dickson, 2000) and the conclusion of Ellerby et
and 123+17%L for 42cmFL and 48mFL groups, al. (2000), based on midline lateral displacement data, that the
respectively; means £.EemMm.), but were higher than values bonitos use the carangiform locomotor mode, and supports the
reported by Knower (1998) (103%k in 40-44cmFL hypothesis that thunniform locomotion is an autapomorphy of
yellowfin tuna and 97%L in 38—41cm FL skipjack tuna). the tunas, associated with the anterior and medial RM position.
The patterns of mean maximum intervertebral lateral Because the mackerels that have been studied are all less
displacementznaxy and mean maximum bending andda4)  than 35cm in length, we cannot compare tailbeat frequency,
at all intervertebral joints in the bonito were compared withtailbeat amplitude or stride length data for similar sized
data from juvenile kawakawa tuna and chub mackerel (Donlesnackerels and bonitos swimming at comparable speeds.
and Dickson, 2000), the only scombrid species that have beé&towever, interspecific comparisons of the variables that are
analyzed in this manner. Overall, memax was significantly  apparently independent of fish size, yaw anrg expressed as
higher in the bonito than in both the tui(.0001) and the a percentage of fish length, show that the bonito swims with
mackerel P=0.032). Lateral displacement at the snout andignificantly more lateral displacement along most of the body,
posterior to 40%L is greater in the bonito than in the otherincluding the snout, than do juvenile chub mackerel. Thus,
two species (Figd). The pattern ofzmax along the body swimming kinematics in the bonito may not be intermediate
differed between the bonito and the kawakawa tuna, dsetween that of tunas and mackerels, as would be predicted on
indicated by a significant tuna position interaction the basis of morphological characteristics.
(P=0.0025), but did not vary significantly between the bonito
and the chub mackerel. The minimum meagx occurred at Swimming kinematics variables
38%TL (between vertebrae 10 and 11) in the chub mackerel Although we concluded that tailbeat frequency at a given
and at 41%L (between vertebrae 15 and 16) in the kawakawapeed is significantly lower in the bonito than it is in similar
tuna, compared with 30% in the bonito; maximum mean sized tunas, based on comparison with data for yellowfin and
Zmax Occurred at the tip of the tail in all three species. skipjack tunas from Knower et al. (1999), the relationships
Mean maximum bending angles in the bonito differedbetween tailbeat frequency and speed did not differ
significantly from those in both the kawakawa tuPa(d.0016)  significantly between the bonito and the yellowfin tuna from
and the chub mackereP£0.032), as did the pattern Bhax  Dewar and Graham (1994b). There was much greater
versusposition along the body, as indicated by significantvariability in the Dewar and Graham (1994b) data than in that
species« position interaction term$2€0.0001). The mackerel of Knower et al. (1999), which may be due to the methods that
had higher bending angles than the bonito in the anterior thindere used to record tailbeat frequency. Dewar and Graham
of the body, and the tuna had lower bending angles than tl{£994b) used visual observations and a stopwatch to determine
bonito at approximately 65—-75Ph (Fig.5). The position of the time required for a fish to complete 20 tail beats while
minimum mearBmax was 4099 L (between vertebrae 11 and swimming steadily, whereas Knower et al. (1999) used frame-
12) in the chub mackerel and 18%(between vertebrae 1 and by-frame analysis of video footage to calculate tailbeat
2) in both the kawakawa tuna and the bonito; maximum mednequency. The high variability may also be a consequence of
Bmax0ccurred at the intervertebral joint anterior to the hypurathe inclusion of lower swimming speeds by Dewar and Graham
plate in all three species (at 87, 90 and 246 the mackerel, (1994b). If a fish swims at a speed that is below the minimum
tuna and bonito, respectively). speed required for hydrostatic equilibrium (Magnuson, 1978),
it may use sporadic swimming motions to maintain position,
which can lead to high variability in kinematics data.
Discussion Consequently, we believe that the values measured in Knower
The objective of this study was to characterize theetal. (1999) are a more accurate representation of tuna tailbeat
swimming mode of the eastern Pacific bonito under controlleffequency at steady, sustainable speeds. However, it should be
conditions (i.e. at a range of steady swimming speeds) and toted that the tunas used in Knower et al. (1999) all were
compare specific kinematics variables between bonitos, tunamaller inFL than the bonito in the present study and thus
and mackerels. This study was designed to determine if theould be expected to use higher tailbeat frequencies at a given
bonito utilizes a mode of locomotion similar to the thunniformspeed than larger individuals. Because no size effects were
mode used by tunas, in which minimal lateral displacement ajbserved in either study, it is not possible to extrapolate the
the body occurs during steady swimming. Our analysedata sets to a common fish size. When we compared the largest
demonstrate that the swimming kinematics of the easteruna (44cm FL yellowfin) from Knower et al. (1999) and our
Pacific bonito are significantly different from those ofsmallest bonito (46mFL), tailbeat frequency was higher at a
yellowfin and skipjack tunas. Relative to comparably sizedjiven speed in the tuna than in the bonito.
tunas swimming at similar speeds, the bonito swims with a Because tailbeat frequencies were lower in the bonito, we
lower tailbeat frequency, greater yaw, higher stride length anelxpected that tailbeat amplitudes would be higher in the bonito
a greater degree of lateral displacement along the body. Thesempared to tunas. The bonito did swim at a given speed with
findings confirm the tentative conclusion from comparison of higher tailbeat amplitude than the&t8 yellowfin, but there
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was no difference between the bonito andcdRyellowfin ~ swimming modes (see Long and Nipper, 1996; Donley and
(Fig. 2). In addition, the maximum lateral displacement of theDickson, 2000).
tip of the tail (one-half of the tailbeat amplitude) was The intervertebral flexion angles were higher in the chub
significantly greater in the bonito than in the juvenile tuna omackerel than in the bonito and in the kawakawa tuna §lrig.
Donley and Dickson (2000) when expressed & ¥rig.4).  These angles reflect intervertebral lateral displacement, the
Thus, the limited tailbeat amplitude data that are availablaumber of vertebrae and vertebral flexibility. The larger angles
provide some support for a difference in swimming moden the mackerel can be attributed primarily to the smaller
between the bonito and tuna. number of vertebrae in the chub mackerel (31) relative to the
Stride length in the bonito was higher than the valuegkawakawa (39) and the bonito (44); when there are fewer
reported for tunas by both Dewar and Graham (1994b) andtervertebral joints, larger angles are required as the body
Knower et al. (1999), indicating that the bonito moves farthemidline is displaced laterally a given distance. In all three
with each tailbeat. Altringham and Block (1997) also notedspecies, lowPmax values were found for the intervertebral
greater stride lengths in free-swimming bonito (42ed7TL)  joints just anterior to the hypural plate, #hghx values at this
compared with larger yellowfin tuna (58-8hTL). These position were highest in the chub mackerel because the
data further support the difference in swimming mode betweemackerel has one relatively large vertebra in this position,
tunas and the bonito. whereas the tuna and bonito have two or three much shorter
Yaw, the result of anterior recoil forces generated byertebrae (Collette, 1978).
oscillation of the tail, is minimized in scombrid fishes by The interspecific differences in vertebral number may also
narrow necking of the caudal fin, a large muscle mass andcantribute to differences in yaw and in the pattermakalong
high body depth (Lighthill, 1969; Lindsey, 1978; Webb, 1978the body. Videler (1985) suggested that a greater number of
1998). Magnuson (1978) found that maximum body thicknesgertebrae would lead to a greater degree of lateral flexibility.
(the average of maximum height and maximum width) forThis may explain why the bonito swims with greater lateral
seven tuna species ranged between 20.8 and B8,38Gt was  displacement than do the kawakawa tuna and chub mackerel
only 18.4%-L for Sarda chiliensieand 16.0%L for Scomber (Fig.4). However, if vertebral number was the only factor
scombrus Decreased yaw has been used to distinguistmvolved, lateral displacement would be lowest in the chub
thunniform locomotion from other swimming modes (Fierstinemackerel, which has the fewest vertebrae of the three species,
and Walters, 1968; Dewar and Graham, 1994b; Ellerby et abut lateral displacement is lowest in the tuna (&)g.
2000). In the present study, the bonito had significantly higher The lowerzmax and Bmax values observed in the tuna may
yaw than did similar sized yellowfin tuna at similar speedsfesult from specializations for axial stiffness and/or the
which supports the hypothesis that tunas utilize a differerdanterior—medial RM position. Relative to other scombrids,
swimming mode than do bonitos. Because yaw (as tnas have enlarged neural and hemal spines, larger
percentage of fish length) apparently does not varygygapophyses that link adjacent vertebrae, more epipleural ribs
significantly with fish size, we examined yaw values from aand more extensive branching of tendons as they insert onto
number of other scombrid fishes (Tal)eand also found yaw the backbone within the horizontal septum, and bony caudal
in the bonito to exceed that in kawakawa tuna and Atlantic arkeels which are thought to stiffen the caudal region
chub mackerels. This interspecific difference is reflected in th@ishinouye, 1923; Fierstine and Walters, 1968; Collette,
midline lateral displacement at the tip of the snout (one-half 0c£978; Hebrank, 1982; Westneat et al., 1993). Tunas also have
yaw) (Fig.4). Thus, although morphological characteristicsa well developed vertical septum containing collagen fibers in
indicate that yaw in the bonito would be intermediate betweea crossed-fiber array, and some tuna species possess bony
that in mackerels and tunas, yaw was highest in the bonito. projections (lattices; Kishinouye, 1923) that extend between
Propulsive wavelength values (as-Roor %TL) for tunas, their hemal spines that may stiffen the skeleton (Westneat and
mackerels and the eastern Pacific bonito overlap (Tdbend  Wainwright, 2001). Furthermore, in the tun&sithynnus
no consistent pattern was detected. Propulsive wavelengitatsuwonusandThunnusthe first vertebra is partially or fully
has been used previously to categorize swimming mode, amsditured to the skull (Collette, 1978). All of these characteristics
should be greater for thunniform than for carangiformmay reduce axial flexibility, but their contribution to
swimmers (Lindsey, 1978). However, Donley and Dicksordifferences in swimming kinematics remains to be determined
(2000) found that propulsive wavelength as a percentage efmpirically.
body length was greater in the chub mackerel than in the Differences in swimming mode between mackerels, bonitos
kawakawa tuna, and varied with fish size. Although propulsivand tunas may also be related to the position of the RM, its
wavelength in scombrids is not known to vary with swimmingpattern of activation, and how muscle contractile force is
speed, it does vary with temperature (Dewar and Grahartransferred to the skeleton to produce swimming movements.
1994b; Donley and Dickson, 2000; Dickson et al., 2002)In bonitos and mackerels, the lateral RM is firmly attached to
Studies with other fish species indicate that propulsivéhe skin and is connected to the backbaagosterior oblique
wavelength varies with axial position (Blight, 1977) and withintendons (POTSs) within the horizontal septum that insert onto
a given species (Long and Nipper, 1996) suggest that thike backbone at higher angles than they do in tunas (Westneat
variable should not be used as a criterion for distinguishing fiset al., 1993; Graham and Dickson, 2000; Westneat and



Bonito swimming kinematic2757

Wainwright, 2001). Contraction of RM therefore results inAlthough it is assumed that all of the tunas use thunniform
localized bending in the chub mackerel (Shadwick et al., 1998)comotion, swimming in many tuna species has not been
and most likely also in the eastern Pacific bonito (Ellerby estudied. Efforts should be directed at describing the swimming
al., 2000; Altringham and Shadwick, 2001). In the tunas, littlenode of the most basal turfdjothunnus fallai Although this
of the RM is firmly attached to the skin and the POTSs are longespecies does not possess all of the circulatory specializations
and insert onto the backbone at a lower angle (Westneat et dbr endothermy that are found in the other tunas, its RM is
1993; Graham and Dickson, 2000). Tuna RM transfertocated in an anterior, medial position and a small central
contractile force further caudally, allowing RM contraction inheat exchanger is present (Graham and Dickson, 2000).
tunas to be uncoupled from local bending (Knower et al., 199% haracterizing the swimming kinematics of this species and
Shadwick et al.,, 1999; Altringham and Shadwick, 2001)determining if it is able to elevate RM temperature will
Because of the POT morphology, muscle contractile force igstablish whether the anterior—medial RM evolved prior to the
also transferred caudally with a higher velocity ratio, but @volution of thunniform locomotion or prior to the evolution
lower mechanical advantage, in tunas compared witlef endothermy.
mackerels and bonitos (Westneat et al., 1993; Graham and
Dickson, 2000), and this is reflected in the higher tailbeat This research was funded by NSF grant #IBN-9973916,
frequencies and lower tailbeat amplitudes in tunas. Futurghe California State  University (CSU) Fullerton
studies are needed to test how differences in vertebral numb&epartmental Associations Council, an intramural grant
structures that affect axial stiffness, total muscle mass, R¥fom the CSU State Special Fund for Research, Scholarship
position and connective tissue linkages between the locomotand Creative  Activity, the Scripps Institution of
muscle, skin and skeleton affect scombrid swimmingDceanography Director’s Office, and the Birch Aquarium at
kinematics. Scripps. Modifications of the respirometer system were
funded by NSF grants IBN-9607699 and IBN-0077502.
Conclusions Bonito were collected under California Department of Fish
The results of this kinematics study support the hypothesisnd Game scientific collecting permits. All experimental
that thunniform locomotion is a derived characteristic of thgprotocols were approved by the University of California San
endothermic tunas associated with the anterior, medial positiddiego and California State University Fullerton Institutional
of the RM. The traits of anterior—medial RM, thunniform Animal Care and Use Committees. We thank D. Bernal,
locomotion and endothermy all map onto the scombridC. Chan, J. Donley and H. Lee for assistance with fish
phylogeny after the divergence of the bonitos and tunas, ambllection and maintenance and with the experiments, G.
we cannot determine if the anterior—medial RM evolved\offal for use of the Peak Motus system, G. Lauder for
initially for a less flexible swimming mode and secondarily agproviding the Excel programs used in the body bending
a way to conserve metabolically derived heat. However, wheanalyses, J. Donley for her generous assistance with those
combined with the swimming energetics data for the bonitprograms and with data analysis, and K. Messer for
(Sepulveda et al., 2003), we have shown that an increagevaluable statistical assistance. We are indebted to T.
in energetic efficiency is apparently not associated witiKnower for supplying tuna data and H.J. Walker for
thunniform locomotion. Sepulveda et al. (2003) found that thassistance with the fish X-rays. We also thank M. Horn, S.
net cost of transport during sustained swimming was similar iMurray, J. Videler and an anonymous reviewer who
the eastern Pacific bonito and the yellowfin tuna studied bgrovided useful comments on drafts of the manuscript.
Dewar and Graham (1994a), but that total metabolic costs were
higher in the tuna due to a higher standard metabolic rate.
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