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Summary

Scombrid fishes possess a homocercal caudal fin with
reduced intrinsic musculature and dorso—ventrally
symmetrical external and internal mor phology. Because of
this symmetrical morphology, it has often been assumed
that scombrid caudal fins function as predicted by the
homocer cal tail model. According to that model, the caudal
fin moves in a dorso-ventrally symmetrical manner and
produces no vertical lift during steady swimming. To test
this hypothesis, we examined the tail kinematics of chub
mackerel, Scomber japonicus (24.8+1.3cm total length, L).
Markers were placed on the caudal fin to identify specific
regions of the tail, and swimming chub mackerel were
videotaped from lateral and posterior views, allowing a
three-dimensional analysis of tail motion. Analysis of tail
kinematics suggests that, at a range of swimming speeds
(1.2-3.0L s1), the dorsal lobe of the tail undergoes a 15%
greater lateral excursion than doestheventral lobe. L ateral
excursion of the dorsal tail-tip also increases significantly
by 32% over thisrange of speeds, indicating a substantial

increase in tail-beat amplitude with speed. In addition, if
the tail were functioning in a dorso—ventrally symmetrical
manner, the tail should subtend an angle of 90° relative to
the frontal (or x2) plane throughout the tail beat. Three-
dimensional kinematic analyses reveal that the caudal fin
actually reaches a minimum xz angle of 79.8°. In addition,
thereis no difference between the angle subtended by the
caudal peduncle (which is anterior to the intrinsic tail
musculature) and that subtended by the posterior lobes of
the tail. Thus, asymmetrical movements of the tail are
apparently generated by the axial musculature and
transmitted posteriorly to the caudal fin. These results
suggest that the caudal fin of the chub mackerel is not
functioning symmetrically according to the homocercal
model and could produce upward lift during steady
swimming.

Key words: locomotion, swimming, tail function, Scombridae,
Scomber japonicus, chub mackerel, kinematics.

Introduction

Teleost fishes typically possess a homocercal caudal fin with
asymmetrical morphology in which the dorsal and ventral |obes
of thetail fin are the same size and project posteriorly beyond the
axis of the vertebral column. In contrast, most elasmobranch
fishes and some primitive actinopterygian fishes possess a
heterocercal cauda fin with an asymmetrica morphology in
which the ventral lobe of the fin is smaller than the dorsal lobe
and the vertebral column extends into the dorsal 1obe of the fin.
For over acentury, it has been assumed that these morphological
differences generate functiond differences because the two types
of tail should deflect water differently during steady swimming.

Early German morphologists (Schulze, 1894; Ahlborn, 1896)
proposed that the asymmetrical morphology of the heterocercal
tail creates asymmetrical water movement during the tail beat.
According to the classic theory of heterocercal tail function,
during the tail beat, the large, stiff upper lobe leads the smaller,
flexible lower lobe, creating dorso-ventrally asymmetrical

movements as the tail beats from side to side. The predicted
consequence of this movement is that water is deflected
ventrally as well as posteriorly during the tail beat, which
creates an upward force, or lift, on thetail (Fig. 1). Support for
this theory accumulated when experiments conducted using
models (Grove and Newell, 1936; Affleck, 1950) and truncated
elasmobranch caudal fins (Alexander, 1965) demonstrated that
aheterocercal tail oscillated laterally produces upward lift under
certain experimental conditions. More recently, Ferry and
Lauder (1996) conducted the first comprehensive study of tail
kinematics during steady swimming in a living elasmobranch
(a leopard shark, Triakis semifasciata). Their study provides
both three-dimensional kinematic data and flow visualization
datathat support the classic theory of heterocercal tail function.
Therefore, this model appears to be accurate for some shark
species, athough it may not apply to all fishes that possess
heterocercal tails (Lauder, 1999).
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Unlike the heterocercal tal, the homocercal tail is
symmetrical in morphology. Because of this symmetry, the
homocercal tail has traditionally been assumed to produce no
upward lift during steady swimming (Fig. 1). For example, in
his classic paper on fish locomotion, Breder (1926; p. 225)
states that in the homocercal tail “... there is no tendency to
lift or depress the tail, the force being al in the horizontal
plane’. Similarly, Gosline (1971; pp. 35-36) notes that teleost
fishes “... can swing both caudal lobes back and forth
synchronously, both lobes generating adirectly forward force”.
This view has also been supported by numerous other workers
(e.g. Affleck, 1950; Patterson, 1968; review in Lauder, 1989).

However, surprisingly few researchers have examined the
movements of the homocercal tail. Early research with tail
models (Grove and Newell, 1936; Affleck, 1950) supported the
theory that ahomocercal tail moved from side to side produces
no upward lift. Aleev (1969) noted that the caudal fin of many
teleost fishes functions symmetrically during swimming,
producing no lift, whereas the tail of other species may move
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Fig. 1. Two models of tail function in fishes: (A) The classic model
of heterocerca tall function in a shark; (B) the classic model of
homocercal tail function in a mackerel. The angle of the fin relative
to its direction of travel () is predicted to be less than 90° in the
heterocercal model and equal to 90° in the homocercal model. Fi,
lift force; Fp, drag force; Fr, resultant force; Fw, the force imparted
to the water.

at an acute angle to the direction of transverse tail movement.
In the latter case, upward lift would be produced. However,
Aleev (1969) did not provide a quantitative analysis of this
phenomenon nor did he provide the references upon which he
based his conclusions.

In the present study, we examine the caudal fin morphology
and swimming kinematics of a derived actinopterygian fish, the
chub mackerel Scomber japonicus (Teleostei: Scombridae).
Scombrids are excellent fishes in which to examine the function
of the homocercal tail for several reasons. First, they possess an
internally and externally symmetrical cauda fin with reduced
intrinsic tail musculature, stiff fin rays and a rigid cauda
skeleton (Fierstine and Walters, 1968). Second, scombrids are
thought to possess exceptional swimming performance (for a
review, see Beamish, 1978) and swim continuously using their
body and caudal fin. Finally, previous research on scombrid tail
movements has provided evidence both supporting (Fierstine
and Walters, 1968; Magnuson, 1970) and refuting (Aleev,
1969; He and Wardle, 1986) the classic model of homocercal
tail function. However, al previous studies of scombrid
swimming have been based on either qualitative observations
or two-dimensional analyses (often for fish swimming in a
circular tank or at very low speeds). Such analyses have recently
been shown to be misleading (for a discussion of this problem,
see Ferry and Lauder, 1996; Lauder and Jayne, 1996).

Therefore, the goa of the present study is to quantify the
kinematics of the caudal fin in Scomber japonicus during steady
swimming across a range of swimming speeds. A three-
dimensional kinematic analysiswill allow usto describe complex
tail movements and to test the hypothesis that the tail of S
japonicus produces dorso-ventrally symmetrical movements
during the tail beat. Finally, these results will be compared with
similar studies recently conducted on a shark (Ferry and Lauder,
1996) and a more generalized teleost (Lauder, 1989, 1999) to
determine what similarities and differences exist between the tail
movements of mackerels and those of other fishes.

Materials and methods
Animal collection and maintenance

Scomber japonicus (Houttuyn) were captured off the coast of
southern California, USA, using hook and line. Several fish were
killed, fixed in 10% buffered formalin and subsequently used for
morphological analysis. Other fish were trangported to the
laboratory and maintained in large (400-10001) saltwater aquaria
with a12h:12h light:dark photoperiod and fed daily on adiet of
chopped frozen fish and squid. Thefour individuas (MK 1, MK2,
MK3 and MK4) videotaped for this study averaged 24.8£1.3cm
in total length, L (mean + s.E.m., range 22—28cm).

Morphological description
Specimens used for anatomical descriptions were stained by
immersion in an Alizarin Red solution to identify the caudal
bones. Preserved and stained specimens were dissected to
determine whether S. japoni cus possessesintrinsic tail muscles
and to describe the location and orientation of those muscles.



Anatomical drawings were made using the dissected
specimens, a Zeiss microscope with a camera lucida
attachment, a graphics tablet, a Macintosh personal computer
and a graphics program.

Experimental protocol

Prior to the experiments, individua fish were anesthetized in
0.1gl171 tricaine methanesulfonate (M S222) in salt water. When
afish stopped swimming because of the effects of the anesthesia,
it was transferred into a shallow plastic tray filled with the
anesthetic solution, and a peristaltic pump was used to pump
oxygenated water continuously over the gills. The caudal finwas
elevated out of the water to alow the attachment of small pieces
of black labeling tape using cyanoacrylate adhesive. Three
markers were placed in avertical line just posterior to the caudal
peduncle of the fish (Fig. 2). The most dorsal marker identified
the mid-dorsal edge of the fin, the middle marker identified the
central portion of thetail, and the most ventral marker identified
the mid-ventral edge of the fin. Two sets of three markers were
placed symmetrically on both sides of the cauda fin so that the
same points could be identified on either side of the tail.

After marker attachment had been completed, the fish was
placed into alarge round tub containing oxygenated salt water
and no anesthetic. This chamber was covered with dark plastic,
and the fish was allowed to recuperate for a minimum of
60min. At the end of the recovery period, the fish was quickly
transferred to a flow tank maintained at a temperature of
19+1°C and containing oxygenated salt water flowing at
approximately 1L s1. The fish was allowed to swim freely in
the flow tank for another 30—-60min to allow it to adjust to the
experimental chamber.

Following the adjustment period, the swimming fish was
videotaped using a NAC HSV-500 high-speed video system,
overhead photoflood lights and additional tungsten-flood or
fiberoptic side lighting. A propeller and a variable-speed
motor were used to adjust the water flow to the three target
swimming speeds (1.2, 2.2 and 3.0L s71) during videotaping.
These speeds were chosen so that mackerel kinematic data
could be compared with data collected for other fish species
in previous work (Lauder, 1989, 1999; Ferry and Lauder,
1996). Mackerel were videotaped from lateral and posterior
views simultaneously at the same absolute scale (Fig. 3), as
in previous work (e.g. Ferry and Lauder, 1996). The lateral
view was recorded with a video camera placed perpendicular
to the front surface of the flow tank. The posterior view was
recorded by a second video camera aimed at a front surface
mirror located 0.5-1.0L behind the swimming fish and
positioned at 45° to the flow. Output from the two
synchronized cameras was recorded as a split-screen image
onto VHS videotape.

For one of the individuals used in this study, additional
sequences of steady swimming at the three target speeds were
videotaped. For these sequences, the lateral view was expanded
so that the entire working area of the flow tank was visible.
The second camerawas used to observe the posterior view, and
a split screen combining the two views was videotaped. The
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Fig. 2. A drawing of the tail of Scomber japonicus demonstrating:
the seven points digitized (1-7), the orientation of these points
relative to the body of the fish; and the five triangles (A—E) that can
be constructed on each tail using the three-dimensional coordinates
of the points.

expanded lateral view was used to determine the angle of the
body relative to the water flow during the tail-beat cycle. The
posterior view was used to ensure that the fish was swimming
in the center of the flow tank during these sequences. To obtain
this view, additional light had to be focused on the anterior
portion of the fish's body. The expanded lateral view was
filmed for only oneindividual (MK 3) because most individuals
would not swim consistently at such high light levels.

Kinematic analysis

Video images were analyzed using a Peak Performance
motion-analysis system. Four tail beats were analyzed for each
individual at each swimming speed. In most cases, four
sequential tail beats were chosen; however, in afew cases, two
sets of two sequential tail beats were combined. Only
sequences in which the fish was matching swimming speed
with the water flow, swimming in the approximate center of
the tank (away from the tank walls, tank bottom and water
surface), and not drifting vertically or laterally were chosen for
kinematic analysis.

Swimming sequences were recorded at 250fieldss™ and
then down-sampled to approximately 20fieldstail beat.
Because the tail beats at a different frequency at each
swimming speed, a different sampling rate was used for each
speed. At 1.2L s71, the sampling rate was onefield every 20ms,
at 2.2L s, one field every 16ms, and at 3.0L s™1, one field
every 12ms.

All three tail markers were digitized in the lateral and
posterior views for each field. In addition, four other easily
identifiable points on the tail were digitized: the two posterior
tail-tips and the dorsal and ventral junctions of the fin rayswith
the caudal peduncle (Fig. 2). Finally, a reference point in the
flow tank was digitized in each field for both views so that
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Fig. 3. Schematic drawing of the flow tank and ——
videotaping methods. The mackerel is shown .

swimming in the working section of the flow tank with
a mirror positioned downstream. Two cameras
simultaneously record lateral and posterior views as a
split-screen high-speed video image, allowing a three-
dimensional reconstruction of tail movements. Note
that the size of both the mackerel and the mirror are
considerably enlarged in this schematic figure relative
to their size in the actual experimental apparatus.

y axis

movements of the tail could be quantified relative to an
external frame of reference. These data provided the lateral (2),
vertical (y) and horizontal (X) positions of the seven points on
the tail during the fin-beat (Fig. 3).

After digitizing, coordinates from the points on the tail were
exported to a computer spreadsheet program, and kinematic
displacement and timing variables were calculated for each tail-
beat cycle. To quantify displacement, the excursion (maximum
position — minimum position) of each of the seven tail points
was measured in all three dimensions for each tail beat.

Timing variables were aso measured for z (lateral)
movements. Maximum lateral excursion of the dorsal tail-tip
was used to measure tail-beat frequency (in Hz). The time (in
seconds) of maximum z (lateral) displacement was measured
for every point on the caudal fin. Time lags were calculated by
subtracting the time of maximum lateral displacement of the
dorsal tail-tip from the time of maximum lateral displacement
for each of the other six points on the tail. Thus, points that
achieved maximum displacement before the dorsal tail-tip had
negative time lags, and those that achieved maximum
displacement after the dorsal tail-tip had positive time lags.
Timelags varied with tail-beat frequency (i.e. ahigh-frequency
taill beat always has small time lags when measured in
seconds). Consequently, each time lag was divided by the time
it took the tail to complete that particular tail-beat cycle; this
yielded phase lag, ameasure of time lag as a percentage of tail-
beat cycle time. Because data calculated as ratios are not
normally distributed, the phase lag data were transformed
using an arcsine transformation before statistical analyseswere
performed (Zar, 1984).

X axis

Three-dimensional angle calculations

As in previous work (eg. Ferry and Lauder, 1996),
kinematic data were filtered to remove small variations created
by digitizing error before they were used for three-dimensional
analysis. Filtering was accomplished using the binomia
smooth function (with two passes) in the program Igor (version
3.3) for the Macintosh personal computer. From the smoothed
data set, the seven points digitized on the tail were used to
create three-dimensional triangles representing surface
elements of the tail (Fig. 2). Following methods previously
described in Lauder and Jayne (1996), the coordinates (X, v, 2)
for each of three points defining atriangle on the tail were used
to calculate the orientation of the three-dimensiona plane
representing each triangle (Fig. 4). Three reference planes
were defined by the x, y and z dimensions. The xz or frontal
plane is paralel with the bottom of the flow tank, the xy or
parasagittal plane is parallel with the back wall of the flow
tank, and the yz or transverse plane is parallel with the front
baffle of the flow tank (Fig. 4). The angles of intersection of
thetail triangle planes with each of these three reference planes
were then calculated. Intersection of the triangle plane with the
yz and xz planes was defined relative to 90 ° and the intersection
with the xy plane was defined relative to 0°. For example, if a
tail triangle were positioned at 90° relative to the yz and xz
planes and at 0° relative to the xy plane, it would be a simple
vertical plane, entirely parallel to the back wall and the path of
water flow through the flow tank.

Three-dimensional angle calculations were used to quantify
movements of particular regions of the tail over time and to
test specific hypotheses about tail function. If the tail of S



japonicus functions as predicted by the homocerca modd,
then a point on the dorsal lobe of the tail should have the same
x (horizontal) and z (lateral) coordinates as the homologous
point on the ventral lobe of the tail throughout the tail beat. If
this is the case, then any given region of the tail will
consistently maintain an angle of 90° relative to the xz plane
and be perpendicular to the bottom of the flow tank (see angle
B for the homocercal model in Fig. 1).

Even if the first hypothesis is rejected, a second type of
dorsal-ventral symmetry can be assessed. If the dorsd and
ventral lobes of the tail are not at an orientation of 90° in the xz
plane, they could still be symmetrical in another manner. If the
two lobes are moving symmetrically about the dorsal midline of
the fish, then the tail triangles of the upper and lower lobes
should actualy have opposite orientations. For example, if the
dorsal lobeisat 80° relative to the path of travel of the tail, then
the ventral lobe should be at 110° (in this example, each lobeis
deflected 10° away from the peduncle). Thus, comparing the xz
planar angles of homologous tail triangles in the dorsal and
ventral lobes of the tail (e.g. triangles D and E, Fig. 2) will
determine whether the dorsal and ventral lobes of the tail move
symmetrically about the mid-line during the tail beat.

During each tail beat, the caudal fin achieves a maximum
and a minimum angle in each plane. The maximum and
minimum angles for each beat were determined for individual
tail triangles. These values were subtracted from the
reference value for each plane (0° for xy and 90° for yz and
x2). The absolute value of this difference was used to
calculate the maximum deviation from the reference value in
each plane. The timing of these angular changes was
determined relative to the tail-beat cycle by calculating the
phase lag between angular movements of triangles and the
displacement of the dorsal tail-tip. As described above for the
displacement data, angular phase lags were calculated as a
percentage of tail-beat cycle time and arcsine-transformed
prior to statistical analysis.

A subsample of the data set was analyzed using three-
dimensional angle calculations. Only the highest and lowest
swimming speedswere compared for the planar anglesin all four
mackerel; the middle speed was not examined because the
kinematics at this speed were not statitically different from the
kinematics at the other two speeds (see Results). In addition,
preliminary analysis of the xy and yz anglesindicated that all tail
triangles achieve approximately the same maximum/minimum
angle and have similar timing (see Fig. 11). Therefore, the
timing (relative to the tail-beat cycle) and absol ute magnitude of
the angular movements of triangle D (Fig. 2) were measured in
the xy and yz planes from al fish at both speeds to summarize
overal tail movementsin these two planes.

The preliminary analysis of movements in the xz plane
indicated that the tail triangles might vary in both angle
magnitude and relative timing (see Fig. 12). However, the two
dorsal tail triangles (see Fig. 12, triangles B and D) showed
very similar patterns of movement, as did the two ventral tail
triangles (Fig. 12, triangles C and E). Because of the
similarities between these two sets of triangles, only the
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movements of triangles A, D, and E were statistically
examined for the xz plane.

Satistical analyses

Statistical analyses were performed on the data using the
programs StatView (version 4.5) and SuperANOVA (version
1.11) for the Macintosh. The preliminary analysis of the x, y
and z excursion variables was athree-way multivariate analysis
of variance (MANOVA), for which the main effects were
speed, location and individual. In this analysis, speed and
location were considered to be fixed effects and individua was
considered to be arandom effect. The F-valuefor theindividual
effect was calculated as the mean square (MS) individual
divided by the MS residual. F-values for fixed factors were
calculated asthe M S of the fixed effect divided by the two-way
interaction term of the random (individual) effect and the fixed
effect. The F-values for the two-way interaction terms for
fixed and random effects (location x individual and speed x
individual) were calculated using the MS residual. Finaly, the
F-value for the two-way interaction of the two fixed effects
(location x speed) was determined using the three-way
interaction term (location x speed x individua) (Zar, 1984).
When the results of the MANOVA indicated that there was
significant variation in the data set due to some of these effects,
separate three-way analyses of variance (ANOVAS) were
performed on the X, y and z displacements to determine which
of these variables showed individual, speed, location or
interaction effects. Error terms for the post-hoc three-way
ANOVAs were calculated as described above for the
MANOVA, athough only effects found to be significant in the
MANOVA were considered. Tukey—Kramer post-hoc tests
were performed on each variable that showed significant speed
and/or location effects in the three-way ANOVAs.

Timing variables were considered in a separate series of
statistical tests. A two-way ANOV A was performed on thetail-
beat frequency data considering the possible effects of
individual, speed and the interaction term (individual x speed).
In this ANOVA, speed was again considered as a fixed effect
and the F-value was calculated as the MS of speed divided by
theM S of individual x speed. Individual and interaction effects
were calculated using the residual MS.

The timing of maximum lateral displacement of the various
points on the tail relative to the tail-tip (phase lag) was
analyzed using one-sample t-tests and an additional three-way
ANOVA. (Phase lag could not be included in the MANOVA
described above because there are no data for the phase lag of
the point on the dorsal tail-tip relative to itself.) A series of
one-sample t-tests determined which phase lags differed
significantly from the null hypothesis that there was no phase
lag. F-values for the three-way ANOVA on phase lags were
calculated as described above for the displacement variable
MANOVA and ANOVAs. Tukey—Kramer post-hoc tests were
performed on any significant speed and/or location effects.

Another threeeway MANOVA was used to analyze the
magnitude and timing variables of the xz angle for triangles A,
D and E. The effects and error terms for this MANOVA were
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Transverse (yz) plane Parasagittal (xy) plane

Frontal (xz) plane

Fig. 4. Schematic illustration of the mackerel tail in three-
dimensional space to show the three-dimensional angle orientations
and conventions. Three reference planes are defined by the x, y and z
dimensions. (1) The xz (frontal) plane is parald with the bottom of
the flow tank. (2) The xy (parasagittal) planeis parallel with the back
wall of the flow tank. (3) The yz (transverse) plane is paralel with
the front baffle of the flow tank (see Fig. 3). Three-dimensional
coordinates for a tail triangle can be used to calculate a plane that
intersects with the reference planes to form three angles: xz, xy and
yz angles. In this image, the upper-posterior triangle of the tail
(triangle D) forms a plane that is shown intersecting with the three
reference planes; the lower lobe of the tail is not parallel with this
plane at that point in time. The light blue arrows to the left represent
the direction of water flow through the tank. See Materials and
methods for a more compl ete description of these calculations.

calculated as described above for the displacement variables.
Again, terms that were not significant in the MANOVA were

Fig. 5. The tall of a preserved Scomber japonicus
illustrating the intrinsic muscles of the cauda fin. The
axial musculature has been reflected anteriorly to revea
the deep muscles of the tail. Note the relative size and
orientation of the hypochordal longitudinalis muscle.

not included in the subsequent three-way ANOVASs, and
Tukey—Kramer post-hoc tests were used to determine which
triangles differed from one another.

Additional kinematic variables

Using the posterior view of all swimming sequences, a
qualitative assessment was made of the degree of abduction of
the pectoral fins during the tail-beat cycle. Thiswas performed
to determine whether the orientation of the pectoral fins
changes with swimming speed. The angular orientation of the
pectoral fin was not quantified because it could not be
measured without the use of an additional camera view (a
dorsal or ventral view) of the swimming fish.

The expanded lateral view videotaped for one individual
(MK3) was used to calculate the orientation of the fish’s body
relativeto the flow. The path of travel of the flow was estimated
using a horizontal line that formed part of the grid on the back
wall of the flow tank (Figs 3, 4); these lines are parallel to the
water flow through the working section of the tank. A line
measured from the tip of the fish's snout to the fork in the
caudal fin was used to describe the orientation of the fish's
body. The intersection of these two lines defined the angle of
the fish's body relative to the flow. This angle was measured
for ten fields spanning two compl ete tail-beat cycles at each of
the three swimming speeds.

Results
Tail morphology
Two intrinsic tail muscles were found in dissected
specimens of S japonicus after the tendons from the axia
musculature had been reflected anteriorly (Fig.5). The
interradialis muscle originates on the most medial fin rays, just
posterior to the hypural plate, and inserts on the media surface
of more distal caudal fin rays. This muscle is positioned such
that it should compress the tail vertically when it contracts. A

) Interradialis
Axial musculature
Hypochordal
longitudinalis /|
I

Tendons from the
axial musculature

Finrays



smaller muscle is also present in the tail: the hypochordal
longitudinalis (HL). The HL originates on the hypural plate
and inserts on the longest dorsa fin rays (Fig. 5). It is
positioned such that contraction of this muscle should move
the dorsal rays of the tail laterally relative to the ventral rays.
Although the deep ventral flexor has been reported previously
in sierra mackerel Scomberomorus sp. (Nursall, 1963), it was
not observed in the caudal fin of S japonicus.

Orientation of the body and pectoral fins

Qualitative assessment of the angle of the pectoral finsto the
body suggests that both pectoral fins were abducted more at
lower swimming speeds. At higher swimming speeds, the
pectoral fins are adducted and positioned closer to the body.
At al the swimming speeds, the pectoral fins were somewhat
abducted; at no time were they held flush against the body.

Body angle was slightly negative at all swimming speedsfor
the one individual measured. The mean body angles for the
individual measured were —0.5+0.09° at 1.2L.s1, -2.1+0.09°
at 2.2Ls?1 and —0.5+0.13° at 3.0Ls™! (means + sEM.). A
consistently positive body angle of attack was never observed
in any of the four mackerel used in this study.

General tail-beat kinematics

During the tail-beat cycle, there was relatively little
movement in they (vertical) and x (horizontal) dimensions (Fig.
6); the mgjority of the tail movement occurred in the z (lateral)
dimension asthetail beat from side to side. Although very little
movement occurs in the y dimension, the movement that did
occur was greatest at the tail-tips. In fact, the tail underwent a
cyclic vertical expansion and compression (Fig. 7). Even
though tail height varied from cycle to cycle, the taill was
consistently at its maximum expansion mid-beat (as the tail
crossed the midline of the direction of travel). In contrast, the

Displacement (cm)

|
0 0.2 0.4 0.6 0.8 1

- 4 | |

Time ()

Fig. 6. Three and a half tail beats measured from a mackerel (MK1)
swimming at 3.0Ls™. The lines represent movements of the dorsal
tail-tip of the fin in three dimensions (x, y and z). Only every fourth
data point is shown as a marker on the line for clarity. @, x
(horizontal) movements, M, y (vertical) movements; A, z (lateral)
movements. All variables show a cyclic pattern of change, but the
magnitude of change islargest in the z (lateral) dimension.
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Fig. 7. Three and a half tail beats measured from a mackerel (MK1)
swimming at 3.0Ls™. The solid line represents movements in the z
(lateral) dimension. Note that the left and right y-axes are shown at
different scales. The dashed line represents changes in the height of
the tail as measured from the dorsal and ventral tail-tips. Although
there is some variability in overall tail height, it is consistently
greatest when the tail-tip crosses the mid-line of its path of travel
(i.e. z=0) and smallest when the tail is maximally laterally displaced.

tal was maximally compressed at the maximum lateral
displacement of the tail-tip, as the tail reversed direction.

Examination of individua tail beats revealed that
dorso—ventral asymmetry was present in the lateral movements
of thetail. The lateral excursion of the dorsal portion of the tail
was consistently greater than the lateral excursion of the
ventral portion of thetail (Fig. 8). This result suggests that the
dorsal lobe ‘leads' the ventral lobe during the tail beat.

Displacement variables

The MANOVA of the three-dimensional displacement
variables (x, y and 2) indicated that only lateral (2) excursions
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Fig. 8. One tail beat measured from a mackerel (MK4) swimming at
3.0Ls1. @, movements of the dorsal tail-tip; B, movements of the
ventral tail-tip. The dorsal tail-tip undergoes a greater excursion
(greater than 4cm) during the tail beat than does the ventral tail-tip
(less than 4cm). These data are typical for al individuals at all
swimming speeds.
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Table 1. Results (F-values) of three separate three-way
ANOVAs on x, y and z displacement variables

Individual
Variable Individual Speed Location speed
d.f. 3,318 2,6 6, 318 6, 318
X 11.3* 3.2 6.3* 16.6*
y 36.9* 0.7 14.0* 18.2*
z 122.9* 10.4* 144.2* 33.4*

d.f., degrees of freedom.
*Statistical significance at P<0.05.

showed significant speed effects, indicating that tail-beat
amplitude increases with speed. There were also significant
effects of individual (F-value 46.6, Wilks lambda <0.001),
speed (F-vaue 8.0, Wilks lambda <0.05), location (F-value
9.7, Wilks' lambda <0.001), and individual x speed (F-value
18.1, Wilks' lambda <0.001). There was no significant effect
of the other two-way interaction terms or the three-way
interaction term (in all cases F-value <2, Wilks lambda
>0.10); thus, these terms were eliminated from subsequent
dtatistical analyses. The threeeway ANOVAs conducted as
post-hoc tests revealed that x (horizontal), y (vertical) and z
(lateral) movements all demonstrated effects of individual,
location and individual x speed (Table 1).

Tukey—Kramer post-hoc tests determined which locations on
the tail could be statistically distinguished from one another.
When all three variables are considered together, it is clear that
four points (the dorsal and ventral peduncle and the ventral and
central mid-tail) cannot be distinguished from one another in any
dimension (points 1-4, Fig. 9) and therefore demonstrate similar
kinematics. In addition, the amplitude of the excursions in all
three dimensions tends to be smallest in the peduncle and mid-
tail regions and larger at the tail-tips (Fig. 9; Table 2), athough
this trend is least apparent for the x (horizontal) dimension.

The tail also demonstrated dorso—ventral asymmetry. This
result was highly significant in the z (lateral) dimension, where
the excursion of the dorsal tail-tip was 15% larger than that of
the ventral tail-tip, and the excursion of the dorsal mid-tail was
9% greater than that of the central mid-tail (Fig. 9; Table 2).
x (horizontal) and y (vertical) average excursions were quite
small. In contrast, the average excursions for the z (lateral)
dimension were aimost an order of magnitude larger (Fig. 9).
Tail-beat amplitude (as measured by the lateral excursion of
the dorsal tail-tip) increased by 32% from 1.2to 3.0L s2, and

Fig. 9. Mean excursion values (z s.e.m.) for al individuas at all
swimming speeds, illustrating the effect of fin location on amplitude
of movement in all three dimensions (N=48 for each point). The
location points digitized on the tail are: 1, ventra peduncle; 2, dorsal
peduncle; 3, ventral mid-tail; 4, central mid-tail; 5, dorsal mid-tail; 6,
ventral tail-tip; 7, dorsal tail-tip; a schematic drawing of the tail
(bottom) is shown for reference. Horizontal lines represent locations
on the tail that could not be distinguished statistically from one
another using Tukey—Kramer post-hoc tests. A dashed line indicates
that the location below the dash was not included in a particular
statistical grouping.

this reflects the substantial speed effects observed for the tail

z excursions (Tables 1, 2).
Lateral (2) excursion wasthe only displacement variable that
showed a speed effect in the threeeway ANOVA. Since there
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Table 2. z (lateral) excursions for all individuals shown for
each swimming speed and each location on the tail

Speed (Ls™)

Variable 12 22 30

Ventral peduncle (cm) 2.64+0.12 3.22+0.09 3.58+0.12
Dorsal peduncle (cm) 2.77+0.12 3.31+0.09 3.68+0.13
Ventral mid-tail (cm) 2.76+0.13 3.48+0.09 3.81+0.12
Center mid-tail (cm) 2.83+0.11 3.47+0.09 3.83+0.09
Dorsal mid-tail (cm) 3.16+0.13 3.87+0.11 4.20+0.14
Ventral tail-tip (cm) 3.39£0.15 4.20+0.17 4.52+0.16
Dorsal tail-tip (cm) 3.91+0.14 4.75+0.15 5.17+0.16
N 16 16 16

Values are means + S.E.M.

was no significant interaction of location x speed in the
MANOVA, the zexcursionsfor all locations can be considered
together. In general, the z excursion of the tail increased with
swimming speed; at 1.2Lsl, overal z excursion was
3.1+0.1cm, a 20Ls?l, 38+0.1cm and, a 3.0Ls7,
4.1+0.1cm (means + s.E.M.). Post-hoc tests revealed that the
average lateral excursions for the points on the tail were
significantly different from one another at the lowest and
highest speeds. However, the middle swimming speed could
not be distinguished statistically from either the highest speed
or the lowest speed when all points on the tail are considered
together. The significant interaction effect of individua x
speed can be attributed to the fact that, although all individuals
increased z excursion with swimming speed, some individuals
increased z excursion of the tail more than others.

Timing variables

The two-way ANOVA revealed that there was significant
variationin tail-beat frequency dueto individual (F-value 10.9,
P<0.001), speed (F-value 53.2, P<0.001) and individua x
speed effects (F-value 3.0, P<0.05). Tail-beat frequency
increased linearly with swimming speed; at 1.2 s71, tail-beat
frequency was 2.4+0.08Hz, at 2.2L s, 3.0+0.08Hz and at
3.0Ls1, 3.7+0.05Hz. Post-hoc tests revealed that all three
speeds could be distinguished statistically from one another for
this variable. The significant interaction effect of individual x
speed can be attributed to the fact that some individuals
increased tail-beat frequency more rapidly than others.

Phase lags for each of the six points were determined to be
significantly different from zero in the one-sample t-tests (for
al six tests, t-value >4.0, P<0.001). The three-way ANOVA
performed on the phase-lag variables indicated that there were
significant individual (F-value 6.0, P<0.001), location (F-
value 5.2, P<0.05) and individual x location (F-value 2.6,
P<0.05) effects. There was no significant effect of the other
two-way interaction terms or the three-way interaction term (in
al cases F-value <2, P>0.10).

In general, the wave of lateral displacement was propagated
posteriorly, as expected. For example, the ventral and dorsal
peduncle points reached their maximum lateral displacements
approximately 9% of the total cycle time ahead of the dorsal
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tail-tip. In addition, dorso—ventral asymmetry in the timing of
tail movements was apparent. The ventral tail-tip reached its
maximum lateral displacement approximately 3% of the cycle
time behind the dorsa tail-tip (Fig. 10). Although the
magnitude of this response varied among individuals (creating
an individual x location effect), the same general trend was
present in al of the individuals.

Three-dimensional orientation

Planar angle calculations revealed that the tail oscillated in
all three reference planes throughout the tail beat. The yz angle
underwent relatively simple changes. Triangle D cycled
21+1.0° (mean + s.e.M.) above and below 90°, and the other
triangles showed a similar pattern (Fig. 11). This cycle is
approximately 16.1+1% out of phase with the cycle of lateral
displacement of the dorsal tail-tip when all individuals at both
speeds were considered. Consequently, the yz angle was at its
minimum angle shortly before the tail crossed the mid-line of
its path of travel (70% cycletime, Fig. 11C). Theyz angle was
90° (and therefore perpendicular to that plane) shortly before
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Fig. 10. Mean phase lag (= s.e.M.) measured as a percentage of tail-
beat cycle time for al individuals a al swimming speeds,
illustrating the effect of location on the fin on the timing of lateral (2)
movements of the fin. The locations on the tail are numbered as in
Fig. 9; a schematic drawing of the tail is shown for reference. The
dorsal tail-tip phase lag is not shown because it is the location used
to determine the timing of the tail-beat cycle and is zero by
definition. A negative value indicates that the point reached its
maximum lateral displacement before the dorsal tail-tip; a positive
value indicates that the point reached its maximum lateral
displacement after the doral tail-tip. Horizontal lines over the values
represent locations that could not be distinguished statistically from
one another using Tukey—Kramer post-hoc tests.
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it reached maximum lateral displacement (90% cycle time,
Fig. 11C). At that point, thetail triangle was paralléel to the path
of water flow through the tank. All six trianglesin the tail were
in a similar orientation to one another throughout the beat,
although the magnitude of the angle subtended by each triangle
in this plane varied dightly.

Movements of the tail in the xy plane showed a similar
pattern to that seen for yz angle. The xy angle of triangle D
oscillated 20.8+1° (mean + s.e.M.) above and below 0° during
the tail-beat cycle (Fig. 11B). Interestingly, the phase lag for
the xy angle relative to the movements of the dorsal tail-tip was
also the same (16.6+1 %) as that observed for the yz angle. In
this instance, tail triangles were paralel to the parasagittal
plane (0°) shortly before the tail reached its maximum lateral
displacement. Again, al six tail triangles were similar in
orientation throughout the tail beat. These data (and the yz
angle data) suggest that the anterior and posterior regions of
the tail were aligned in the horizontal axis near the end of a
tail beat and were not aligned mid-beat.

The pattern for the xz angle was quite different in severa
ways. First, not al the tail triangles showed the same pattern
(Fig. 12). Consequently, the phase relationships (relative to
tail-tip movements) differed for the different tail triangles.
However, changes in the xz orientation of the two dorsdl tail
triangles (triangles B and D) were quite similar, as were
changes in the xz orientation of the two ventral tail triangles
(triangles C and E; Fig. 12). Because of the similarities
between the two dorsal and two ventral triangles, only the
caudal peduncle (triangle A) and the posterior triangles (D and
E) were examined statistically (see Materials and methods).

The MANOVA revealed that there was significant variation
in the xz angle magnitude and timing data due to the effects of
individual (F-value 11.4, Wilks lambda <0.001), location (F-
value 15.4, Wilks' lambda <0.001), individual x location (F-
value 4.5, Wilks' lambda <0.001), and individual x speed (F-
value 3.8, Wilks lambda <0.05). There was no significant
speed effect and no other interaction terms were significant (in
all cases, F-value <3, Wilks' lambda >0.05); these terms were
therefore eliminated from subsequent statistical analyses.
Three-way ANOV Asindicated that the timing variablesfor the
xz angle showed significant effects for each of the terms found
to be significant in the MANOVA, including an effect of
location on the fin (Table 3). Tukey—Kramer post-hoc tests
revedled that the timing of movements of triangle D was
significantly different from that of triangles A and E. The
magnitude of the xz angle showed no significant location
effect, but the other three terms (individual and the interaction
terms) were significant (Table 3).

The average maximum/minimum angle for triangles A, D
and E in the xz plane was 10.2+0.5° (mean * s.e.M.) above or
below 90°. When the direction of movement of thetail istaken
into account, these values indicate that the cauda fin
consistently subtended an acute angle relative to its direction
of travel during the fin beat. However, the magnitude of this
angle oscillated asthetail beat. Triangles A (the peduncle) and
E (the ventral lobe) were 21+1% (mean * s.e.M.) ahead of the
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Fig. 11. Orientation of tail triangles in the xy and yz planes and
lateral displacement of the tail-tip during the tail-beat cycle. Points
represent the mean values (+s.e.m.) for al individuals swimming at
the lowest swimming speed (1.2Ls™) for two complete tail beats.
(A) Lateral displacement of the tail-tip, (B) xy angle of al tail
triangles and (C) yz angle of al tail triangles. The tail-tip
displacement is Ocm as the tail crosses the mid-line of its path of
travel. Markers on the graphs are color-coded to match the tail
triangles.



Table 3. Results (F-values) of three three-way ANOVAS on xz
angle magnitude and relative timing

Individualx  Individualx
Variable Individual  Location location speed
d.f. 3,79 2,6 6, 79 5,79
xz angle 21.5* 2.8 4.1* 10.1*
Phase lag 4.4% 19.6* 2.7* 5.3*

d.f., degrees of freedom.
*Statistical significance at P<0.05.

movements of the dorsal tail-tip. In contrast, triangle D was
only 8+1% ahead of lateral movements of the dorsal tail-tip.
Thus, triangles A and E achieved their maximum angle
(although this is an acute angle relative to the direction of
movement of thetail) asthetail crossed the midline of its path
of travel (25% of atail-beat cycle; Fig. 12). However, the most
dorsal triangle, D, achieved its maximum angle very shortly
before the tail reached its maximum lateral displacement
(Fig. 12). Similarly, triangles A and E were at approximately
90° relative to the xz plane shortly after the tail was maximally
laterally displaced. Triangle D was not at an orientation of 90°
until after the tail had begun to beat in the opposite direction
(115% of cycletime; Fig. 12).

Discussion
Orientation of the body and pectoral fins

Qualitative observations indicated that the pectoral finswere
abducted at all speeds for S japonicus, but that the degree of
abduction decreased with swimming speed. A decrease in
pectoral fin abduction with speed has traditionally been
quantified as an increase in sweepback angle (i.e. the angle of
the trailing edge of the fin relative to a line perpendicular to
the long axis of the body). Thus, our results for S. japonicus
are similar to the results of a study by Dewar and Graham
(1994) using yellowfin tuna (Thunnus albacares) swimming in
a flow tunnel, which showed that sweepback angle increased
linearly with swimming speed. In addition, an increase in
sweepback angle with increasing speed was reported in
kawakawa tuna (Euthynnus affinis) swimming in circular tanks
(Magnuson, 1970). According to calculations by Magnuson
(1970), an increase in sweepback angle in scombrids is
accompanied by a decrease in the coefficient of lift for the
pectoral fins. However, the lift generated by the pectoral fins
will increase with increased water flow around the fins. It
appears that S japonicus and other scombrids decrease
pectoral fin areain order to maintain constant lift as swimming
speed increases.

Measurements of the body angle of S. japonicus indicated
that chub mackerel swim tipped very dightly downwards at all
swimming speeds. This result is surprising because a previous
study demonstrated that Scomber scombrus (a sister species to
S. japonicus) tilts its body upwards at very low (<1.0Ls™)
swimming speeds (He and Wardle, 1986). The lowest speed
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Fig. 12. Orientation of tail triangles in the xz plane and lateral
displacement of the tal-tip during the tail-beat cycle. Points
represent the mean values (+s.e.m.) for al individuals swimming at
the lowest swimming speed (1.2Ls™) for two complete tail beats.
(A) Lateral displacement of the tail-tip and (B) xz angle of all tail
triangles. Markers on the graphs are color-coded to match the tail
triangles.

examined in this study was 1.2L s1 (S japonicus would not
swim consistently below this speed in the flow tank); it is
possiblethat S. japonicus also tip upwards at swimming speeds
below 1.0Ls™1. However, other researchers have suggested
that there is no body tipping in other scombrids (i.e. tunas) at
any voluntary swimming speed (Magnuson, 1970, 1978).
Although orientation of the body into the flow is important
because it can affect the force balance on a swimming fish,
body shape is aso important. Previous research on the
kawakawa tuna Euthynnus affinis, has suggested that the tuna
body produces no lift at 0° angle of attack to the flow because
it has no significant camber and alow aspect ratio (Magnuson,
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1970). Although S japonicus has a somewhat different body
shape from that of E. affinis, it seems reasonable to assume that
the body generates little upward lift at a0° or slightly negative
angles of attack. Thus, it appearsthat S. japonicus does not use
body shape or orientation to generate significant vertical lift
during steady swimming.

Foeed effects

Previous research on fish locomotion has indicated that tail-
beat amplitude increases only at very low swimming speeds
(Bainbridge, 1958, 1963). However, the only other data
previously collected for S. japonicus (Hunter and Zweifel,
1971) suggested that tail-beat amplitude does not increase with
swimming speed, even when very low speeds are considered.
Hunter and Zweifel (1971) also found no correlation between
swimming speed and tail-beat amplitude in another species of
marine teleost (Trachurus symmetricus), athough tail-beat
frequency did increase linearly in all species examined. These
results led Hunter and Zweifel (1971) to propose that
swimming fish increase their tail-beat amplitude only during
periods of acceleration.

Our data clearly indicate that tail-beat amplitude increases
with swimming speed (Table 2; Fig. 10) in S japonicus. In
fact, at the dorsal tail-tip, amplitude increases by 32 % between
1.2 and 3.0L s™1 (Table 2). The finding by other authors of no
increase in tail-beat amplitude with swimming speed in chub
mackerel may be an artifact resulting from the use of only
ventral or dorsal views to measure amplitude. Since the chub
mackerel tail changes shape during the tail beat, and there is
significant dorso—ventral asymmetry in tail movements (see
Results), it is not always possible to follow a single point on
the tail throughout the beat using a ventral or dorsal silhouette
of the swimming fish. Thus, changes in tail shape during
swimming may mask amplitude changes with speed. When a
posterior view is available (Fig. 3), specific points on the tail
can beidentified both throughout a beat and across speeds. This
allows accurate measurement of z excursions for specific
locations on the tail and, under these conditions, an increasein
tail-beat amplitude with swimming speed can be measured.

However, it is also possible that chub mackerel tail-beat
amplitude reaches a maximum at 3.0Ls™ and would not
increase with further increases in swimming speed. The data
of Bainbridge (1958) for swimming goldfish (Carassius
auratus) suggest that amplitude increases when tail-beat
frequency is below 4Hz, and above this frequency it will not
increase further. Tail-beat frequency at the highest swimming
speed for S japonicus was just under 4Hz; thus, any plateau
in amplitude for this species could occur at higher swimming
speeds and higher tail-beat frequencies.

Mackere tail function

Planar angles of the tail triangles (representative of the
caudal fin surface) were used to determine the three-
dimensional orientation of the tail during the tail beat. The xz
angle is the most important planar angle for testing the
hypothesis that the tail of S japonicus functions with

dorso—ventral symmetry. As the tail oscillates laterally, the yz
angle will oscillate above and below 90° and the xy angle will
oscillate above and below 0°. However, no such change is
obligate in the xz plane. If the tail functions in a
dorso-ventrally symmetrical manner with no bending out of
the vertical plane, then the xz angle could be 90° during most
(or al) of thetail beat (as shown for angle 3 for the homocercal
model in Fig. 1). However, thisis not the pattern we observed.
Our data indicate that the tail is not perpendicular to the xz
plane during most of thetail beat (Fig. 12). Infact, asit crosses
the midline, the tail subtends an angle of approximately 80°
relative to its direction of travel in the xz plane. In addition,
homologous dorsal and ventral tail triangles sometimes
demonstrate different xz orientations. For example, the xz
angles of the triangles on the dorsal and ventral lobes (triangles
D and E) are dightly out of phase with one another (Fig. 12;
Table 3). Clearly, the tail of S japonicus does not function
according to the traditional homocercal model.

Previous research on swimming tunas has suggested that the
caudal peduncle leads the tail during the tail beat in scombrid
fishes (Fierstine and Walters, 1968). This pattern of tail
movement has been used to contrast scombrids with more
generalized teleosts in which the dorsal-most and ventral-most
fin rays are purported to lead the tail during the beat
(Bainbridge, 1963; Webb, 1975). In the present study, the
three-dimensional angles can be used to assess which portion
of the tail ‘leads’ during the beat.

The xz angle is the best indicator of the orientation of the
tail relative to its direction of travel (since most movement
during the beat occurs in the z, or lateral, dimension). If the
caudal peduncle leads the tail, then the dorsal and ventra tips
of the tail should trail behind the central region. If the tail
functions in this manner, then the xz angle of the upper tail
triangle (D) should be obtuse (>90°) relative to its direction of
movement because both lobes of the tail will be deflected away
from the peduncle by water resistance (athough the ventral
lobe would form an acute angle for the same reason). In fact,
both the dorsal and ventral posterior lobes form acute xz angles
(<90°) relative to the direction of tail movement during most
of the tail beat (Fig. 12). This suggests that the central region
does not lead the dorsal and ventral portions of the tail in S.
japonicus as the tail moves lateraly. Instead, the tail moves as
asingle-angled blade for most of the tail beat, as demonstrated
by the three-dimensional angles measured for the tail triangles
(Figs 11, 12).

However, in one sense, the caudal peduncle will aways
‘lead’ the tail-tips because of the posterior propagation of the
wave of bending. As this wave travels posteriorly aong the
fish, the caudal peduncle region will consistently reach its
maximum lateral displacement slightly ahead of the posterior
regions of the tail (e.g. Fig. 10; points 1 and 2 on the caudal
peduncle are consistently ahead of point 6 on the ventral tail-
tip). This phenomenon may have led to confusion in previous
two-dimensional studies of tail movements.

A few researchers (Aleev, 1969; He and Wardle, 1986)
have suggested that mackerel may generate asymmetrical tail



movements during steady swimming, but this was generally
believed to occur only at very low swimming speeds (Videler,
1993). A study of S. scombrus swimming back and forth in
a rectangular chamber (He and Wardle, 1986) reported
dorso—ventral tail asymmetry at speeds below 1.0Ls™;
however, at those speeds, S. scombrus also tipped its body up
into the flow while swimming (see above). Videler (1993)
suggested that four forces acting on the fish combine to
produce a stable vertical position in the water column (i.e. no
rising or sinking). First, the body of a mackerel is negatively
buoyant (Magnuson, 1973), and this tends to move the fish
towards the substratum. Second, the pectoral fins are unable
to produce significant lift at very low speeds because of the
low flow velocity over the fin surface (Magnuson, 1973).
Third, the body is tipped up to provide additional upward lift
for the anterior portion of the fish. Finaly, the tail is
oscillated asymmetrically (with the dorsal lobe leading) and
produces upward lift to balance the lift generated anteriorly.
This theory has led to two predictions about dorso—ventral
asymmetrical tail movements: (1) this phenomenon will not
occur in mackerel swimming at high speeds, and (2) neutrally
buoyant fish will not demonstrate this phenomenon (Videler,
1993).

By combining our data with other recent studies, we can
address both these predictions. First, our data for Scomber
japonicus swimming from 1.2-3.0Ls?! show that
dorso—ventral asymmetry is present in the tail at all swimming
speeds. In fact, there is no measurable change in the degree of
tail dorso—ventral asymmetry as speed increases (Table 3).
Second, recent research has suggested that significant
dorsal—ventral asymmetry and tilting at low speeds may aso
be present in other teleosts with near-neutral buoyancy
(Lauder, 1989, 1999; Webbh, 1993). These results cast doubt on
the theory that asymmetrical tail movements are associated
only with low swimming speeds and negatively buoyant fishes
to balance lift generated by body tilting.

Perhaps the most accurate previous description of mackerel
tail movements was made 30 years ago by Aleev (1969) on the
basis of previoudy published still images of swimming
mackerel. Aleev (1969) suggested that, since Scomber sp. is
dlightly negatively buoyant, the tail produces lift to keep the
fish from sinking. Vertical lift produced posteriorly by the tail
may be balanced by anterior lift generated by the pectoral fins.
Aleev (1969) suggested that mackere tails always subtend an
acute angle relative to their direction of movement and
proposed a schematic model of Scomber tail movements that
is strikingly similar to our results (see Fig. 35in Aleev, 1969).
In addition, Aleev (1969) pointed out that Gray (1933), in his
classic paper on fish swimming, included an image of Scomber
scombrus swimming. Although that picture is only a dorsal
view of a swimming mackerel, it clearly demonstrates that the
dorsal and ventra tail-tips are not moving synchronously
during the tail beat.

Comparisons with other scombrids
The only other analysis of the tail angle from a posterior
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view in a scombrid is given in Magnuson (1970) for the
kawakawa tuna Euthynnus affinis. Magnuson and his
colleagues found that the ‘average’ value of thetail angle was
89° during the tail-beat cycle. Magnuson (1970) interpreted
this as evidence that the tail is dorso—ventrally symmetrical
and creates no posterior lift during the beat. Magnuson's
hydrodynamic calculations instead suggest that the wing-like
keel creates lift in the posterior region of tunas. In fact, the
keel is poorly developed in S. japonicus, and this could
potentially lead to differences in tail kinematics between
tunas and mackerels. However, there are two potential
problems with the angle measurement for E. affinis. First,
they are two-dimensional angles measured from a rear view
of the tail in fish swimming away from a camera, and other
work has demonstrated that two-dimensional angle
calculations can be misleading (Lauder and Jayne, 1996;
Lauder, 1999). Second, the relevance of an ‘average’ value
for this angle is not clear. In S. japonicus, this angle varies
cyclically through time (Fig. 12) and an ‘average’ value will
be affected by the phase of the tail-beat cycle that is sampled.
More research specifically examining the three-dimensional
movements of swimming tunas is necessary to determine
whether tunas and mackerels are similar in their tail
kinematics.

Muscular control of tail movements

The results of this study suggest that there is fine control of
the tail during the tail-beat cycle. For example, the tail is
vertically expanded and compressed during the tail-beat cycle
(Fig. 7). Previous researchers (Bainbridge, 1963; Webb, 1975)
have suggested that tail span and area (and thus aspect ratio)
change during a tail beat in fishes. Bainbridge (1963) showed
a cyclical pattern of expansion and compression for the dace
Leuciscus leuciscus, but he did not propose a specific
mechanism for this behavior. In S. japonicus, the change in tail
sizeisalso cyclical and demonstrates the same pattern as seen
in Bainbridge's (1963) data: expansion of the tail in S
japonicus isminimal at extreme lateral positions and maximal
when crossing themidline (Fig. 7). These changesintail height
(and consequently tail area) will maximize the surface areaand
velocity of the tail when it exerts force on the water and
minimize drag on the tail during the transition between beats
(Bainbridge, 1963; Lauder, 1999).

It is possible that cyclical vertical compression of the tail is
generated via action of the interradialis muscle, which is
positioned such that contraction of this muscle could draw the
dorsal and ventral fin rays towards one another (Fig. 5).
Physical manipulation of preserved specimens suggests that
most of the flexibility that existsin the tail islocated along the
posterior edge of the fork where the upper and lower fin rays
meet (Fig. 5). Although it is possible that the vertical
compression of the caudal fin is due to activity of the
interradialis muscle, at this time we cannot rule out the
possibility of passive compression of thetail resulting from the
force of water on the fin rays. In addition, there is no obvious
active mechanism for the vertical expansion of the fin (Fig. 5);
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expansion may be caused passively by the resistance of the
water to the tail movements.

The extreme internal and external morphological symmetry
of the caudal finin S japonicus (Fig. 5) suggests that an active
mechanism is responsible for the dorso—ventral asymmetry
present in the fin during the tail-beat cycle. However, the exact
mechanism is unknown. Recent research on another derived
teleost, the bluegill sunfish Lepomis macrochir (Lauder, 1999),
has suggested that the hypochordal longitudinalis is
responsible for lateral bending of the dorsal fin rays during the
tail beat. Although it has previously been reported as only ‘a
tendinous remnant’ in scombrids (Fierstine and Walters, 1968),
thismuscleis present in S. japonicus (Fig. 5) and it is oriented
such that it could potentially act on the dorsal fin rays.
However, this muscle is very small in S japonicus, and it is
certainly possible that the muscle is vestigial, as has been
suggested previously (Fierstine and Walters, 1968).

An aternative hypothesis is that the dorso—ventral
asymmetry in the cauda fin is generated by the axia
musculature and transmitted to the tail. Future experiments
using electromyography could determine whether the
hypochordal longitudinalis muscle is active during steady
swimming in S japonicus and whether its activity pattern
correlates with changes in the orientation of the upper lobe of
the tail. If this muscle is not active during steady swimming,
then the axial musculature may be responsible for determining
tail orientation.

However, one line of evidence that supports the hypothesis
that the anterior musculature generates asymmetrical tail
movements can be obtained from the present study by
comparing the orientations of the triangles defined on the tail.
The magnitude of the maximum/minimum xz angle of triangle
A, located on the caudal peduncle, is not significantly different
from the maximum/minimum xz angle of triangles D and E
(Fig. 12, Table3). This result implies that dorso—ventral
asymmetry is imparted to the tail anterior to the cauda
peduncle. This, in turn, suggests that the axial musculature
generates asymmetry and that the intrinsic musculature of the
tail may not contribute significantly to this effect.

Futureresearch

Our results clearly indicate that tail movements of S
japonicus do not follow the classic homocercal tail model.
Instead, the tail of S japonicus demonstrates consistent
dorso—ventral asymmetry and oscillates laterally as an acutely
angled blade during much of the tail beat. However, severa
additional questions about tail function remain unanswered.

First, the presence of dorso—ventral asymmetry suggests that
water is deflected downwards during the tail beat. Ventra
deflection of the water should exert a reaction force on the tail
that will push thetail upwards and forwards. Lift generated by
the pectoral fins, and the tendency of a negatively buoyant
body to sink, could potentially balance this vertical force. This
force balance is similar to that traditionally predicted for the
heterocercal tail model (Fig. 1). However, careful studies of
the flow of water around the fins of a swimming mackerel are

necessary both to describe and to understand force balance on
the fish during steady swimming.

Second, the role of muscles in producing complex tail
movements should be examined. Two types of movement are
of particular interest: (1) expansion and compression of the tail
during the tail beat, and (2) dorso—ventral asymmetry of tail
movements. Studies examining activity patterns of both the
axial musculature and the intrinsic tail musculature are
necessary to determine what active and passive forces are
involved in creating these surprisingly complex tail
movements.
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