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Summary

We have developed an experimental procedure in which the in situ locomotor muscles
of dead fishes can be electrically stimulated to generate swimming motions. This
procedure gives the experimenter control of muscle activation and the mechanical
properties of the body. Using pumpkinseed sunfish, Lepomis gibbosus, we investigated
the mechanics of undulatory swimming by comparing the swimming kinematics of live
sunfish with the kinematics of dead sunfish made to swim using electrical stimulation. In
electrically stimulated sunfish, undulatory waves can be produced by alternating
left—right contractions of either all the axial muscle or just the precaudal axial muscle. As
judged by changes in swimming speed, most of the locomotor power is generated
precaudally and transmitted to the caudal fin by way of the skin and axial skeleton. The
form of the traveling undulatory wave — as measured by tail-beat amplitude, propulsive
wavelength and maximal caudal curvature — can be modul ated by experimental control of
the body’ s passive stiffness, which is a property of the skin, connective tissue and axial
skeleton.

I ntroduction

Fishes swim by generating undul atory waves — bends of the body that propagate from
head to tail and produce thrust. Although the thrust generation of undulatory waves has
been investigated from an external, hydrodynamic perspective, less attention has been
devoted to the internal mechanisms driving this motion. Our goa is to determine how
active muscle interacts with the passive median fins, skin, muscular septa and axial
skeleton to produce steady undulatory mation. To this end, we performed experiments
with whole fish to test the predictions of several models of undulatory swimming.

Three undulatory models focus on the function of red muscle. In the latest, red muscle
appears to power the undulatory motion of scup, Senotomus chrysops, by contracting in
phase with local body bending (Rome et al. 1993). Red muscle acting in this manner
produces positive power — as measured by the mechanical work of isolated muscle
bundles subjected to physiological strains and activation — all aong the body, but
primarily in the caudal region. In contrast, red muscle in the caudal section of carp,
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Cyprinus carpio, is thought to produce net negative power, as estimated using in vivo
electromyography (EMG) activity patterns (Van Leeuwen et al. 1990). Negative power is
also thought to be produced in the caudal muscles of lamprey, |chthyomyzon unicuspis
(Williams et al. 1989; Curtin and Williams, 1990). Negative power in the caudal muscles
would resist bending by stiffening the body, while the precaudal muscles would produce
the positive power for swimming. Regiona differences in muscular function were
predicted from a third model, one in which kinematics of steadily swimming saithe,
Pollachius virens, were used to estimate red muscle force balancing hydrodynamic forces
(Hess and Videler, 1984). The model predicted that the red muscles on one side of the
body (ipsilateral) contract simultaneously, generating bending moments in a standing
wave, which, in turn, generates the traveling wave of undulation.

These red muscle models are appropriate for the slow and intermediate speeds at which
only red muscle operates; at faster speeds, white muscle becomes active in addition (Rome
et al. 1992). Furthermore, the three model s examine muscle function independently of the
body’ s passive mechanical propertiesand structures. Mechanical properties and locomotor
structures are integrated with muscle in two qualitative models. Blight (1976, 1977)
postulated that the body’s mechanical properties control undulatory motion. Using EMG,
he measured electrical activity of the precaudal myomeres in the embryos of the palmate
newt Triturus helveticus, while the caudal myomeres remained electrically inactive
(Blight, 1976). From these data, he proposed that traveling waves of EMG activity were
not required for undulatory motion — instead, the undulatory motion generated anteriorly
could passively propagate in a manner dependent upon the mechanical properties of the
body. When interna forces, both active and passive, restrict bending during lateral
movement, that part of the body is said to be * stiffness dominated’. When external forces,
from resistance of the water, cause or restrict bending during lateral movement, that part of
the body is said to be ‘resistance dominated’. Complementary to Blight's mechanical
properties model is the structural model of Wainwright (1983). He proposed that skin,
axial skeleton and horizontal septa were, by their connections to muscle, important in
transmitting forces from muscle to propulsive elements. This model assumesthat sincethe
bulk of the lateral muscle, red and white combined, islocated precaudally, it produces the
most locomotor force, which isthen transmitted to the caudal fin.

Clearly, the primary mechanisms of undulatory swimming differ in these models. To
examine these mechanisms in more detail, we tested the following sets of predictions.
(1) Power generation (generalized to include both red and white muscle): undulatory
swimming is powered primarily by either the caudal musculature (Rome et al. 1993) or
the precaudal musculature (Van Leeuwen et al. 1990). (2) Wave generation: undulatory
waves are generated either by precaudal muscle aone (Blight 1976, 1977) or by
simultaneous alternating contractions of the ipsilateral musculature (Hess and Videler,
1984). (We did not test the prediction that sequential contraction generates waves.)
(3) Wave modulation: undulatory waves can be modulated by the mechanical properties
of the body (Blight, 1976, 1977; Van Leeuwen et al. 1990). (4) Power transmission: axial
connective tissues transmit muscular power from the precaudal musculature to the caudal
fin (Wainwright, 1983).

To test these predictions, we needed an experimental system in which the experimenter



Undulatory swimming 131

controls muscle activation, the mechanical properties of the body and the integrity of
axial structures. To meet these requirements, we developed electrically stimulated
swimming, a procedure in which the investigator controls the ‘swimming’ of a dead fish
through stimulating electrodes implanted in the locomotor muscle. Using pumpkinseed
sunfish, Lepomis gibbosus, we compared the swimming motions of electrically
stimulated fish, both intact and surgically altered, with those of living fish.

Materials and methods
Sudy species

All Lepomis gibbosus were collected by seine or rod and reel during July 1992 and
May 1993 from Sunset Lake, Vassar College, Poughkeepsie, New Y ork. Fish were held
in tanks at room temperature prior to experiments. For live kinematics, individuals were
transferred directly from the holding tank to the flow tank, which contained water within
1°C of the holding tank temperature (18-20°C). For electrically stimulated swimming
experiments, individuals were killed with a 1:5000 overdose of MS-222 (Argent
Chemical Laboratories).

Electrically stimulated swimming

Following death, fish were implanted with stimulating electrodes in the left and right
precaudal musculature (Fig. 1). Electrodes were made of 0.2mm insulated solid-core
wrapping wire with 15mm of insulation removed at the tip. Electrodes were implanted
using a 20 gauge hypodermic needle inserted into the superficial muscle of the first four
myomeres, paralel to the skin, with the exposed tip flared and oriented in the direction
opposite to insertion to prevent dippage. A negative electrode was placed below and a
positive el ectrode above the horizontal septum.

Two stimulators (Phipps and Bird model 611) provided each side of the fish with the
voltage for muscle activation. Voltages were 20V d.c.,, which éicited maximum
swimming speed prior to muscle fatigue. Only trials prior to muscle fatigue were
analyzed. The stimulators were triggered to activate the left and right lateral musculature
aternately, at afrequency of 3Hz with square-wave pulses. The duration of the stimulus
was 30ms or about 9% of the tail-beat cycle, which corresponds to the time that
ipsilateral muscles are simultaneously activein carp (Van Leeuwen et al. 1990).

Stimulation of precaudal myomeres on one side simultaneously activated all ipsilateral
musculature. This was determined using a high-speed video system and muscle pressure
measurements in the following manner. Stimulating electrodes were implanted in a dead
sunfish as described above for electrically stimulated swimming. In addition, stimulating
electrodes were implanted in the caudal musculature. Between first the precaudal and
then the caudal electrodes, a pressure transducer (Gould model P23D) attached to astrain
gauge amplifier (Omega model DMD-520) was connected intramuscularly via a
hypodermic needle filled with vegetable oil. Pressure was used as a direct measurement
of muscle force; it has been used successfully for this purpose in human skeletal muscle
(Sejersted et al. 1984; Ballard et al. 1992). Using a high-speed video system (NAC model
HSV-500) at 500framess~1, we videotaped the fish’'s response to stimulation in a still-
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Fig. 1. Position of implanted electrodes for electricaly stimulated swimming. (A) Lateral
view of a dead pumpkinseed sunfish, showing the axial position of stimulating electrodes in
the myomeres. Bare electrode tips (black) were located in the first four myomeres, with the
positive electrode above and the negative el ectrode bel ow the horizontal septum. The skin has
been removed in this diagram only to show the positions of the myomeres and horizontal
septum. (B) Transverse view through the precaudal body at the level of the electrodes,
showing the depth and placement of electrodes relative to the horizontal septum. All red and
white muscle on one side was simultaneously stimulated (see Materials and methods).

water tank. Both the stimuli and the pressure were recorded on screen. A delay of
10-12ms from stimulation to muscle pressure was measured in both precaudal and
caudal regions with either precaudal or caudal stimulation, demonstrating simultaneous
ipsilateral contraction with local stimulation. The changes in pressure, from 8 to 16 kPa,
were not the result of body bending, since these pressures appeared before any movement
was detected.

Kinematic analysis
For electrically stimulated swimming, each dead sunfish with implanted electrodes was
suspended by its electrode wires from a platform floating on a ‘frictionless' air track into
a still-water tank (Fig. 2). The frictionless air track reduced forces associated with wire
movement as the fish swam across the tank; since we analyzed only constant-velocity
swimming segments, any inertia caused by the initial acceleration of the platform was
eliminated. A mirror at 45° placed under the tank allowed imaging of the ventral surface
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Fig. 2. Experimental set-up for electrically stimulated swimming. A dead fish was attached
via stimulating electrodes to a ‘frictionless’ air track. The electrodes led to electrical
stimulators that delivered alternating square-wave impulses to the left and right sides of the
musculature. The fish swam from left to right and its ventral surface was videotaped through a
45° mirror.

of the fish without refraction of the image due to waves at the surface of the tank. Fish
were videotaped (Panasonic model AG-450 SVHS camcorder) at 30framess=1 with an
exposure time of 1 ms.

Live sunfish were videotaped at constant velocities in a flow tank (Vogel, 1981). Two
flow straighteners reduced turbulence; the first was angled at 75° rel ative to the bottom of
the tank in order to flatten the parabolic vertical velocity gradient. The second
straightener was oriented at 90° relative to the bottom of the tank. The flattened velocity
gradient allowed fish to swim between 5 and 15 cm off the flow tank’s floor and to be in
flow velocities within 10% of the mean velocity in that 10cm section of the water
column. A mirror was placed at 45° under the working section, which was built with a
transparent bottom, so that ventral images of the fish could be used.

For live sunfish, eight swimming speeds (in body lengthss~1) were chosen: 1.4, 1.7,
21,24,27,3.1, 3.5 and 4.0. The slowest speed was the first at which some individuals
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swam using axial undulation without pectoral fin rowing. The highest speed was the last
at which some individuas could sustain a constant velocity. Fork length, the axia
distance from the anteriormost tip of the rostrum to the apex of the angle produced by the
two caudal lobes, was used as body length. For analysis, the only sequences used were
those in which the fish (1) did not use pectoral fins, (2) did not move forwards or
backwards in the flow for three tail-beats, and (3) stayed within the calibrated flow space
(lateral views were videotaped to ensure compliance).

Data points on the video frames were digitized using a computer (Commodore Amiga
1000) and a freeze-frame video deck (Sony SV0-9200-MDR SVHS). Each time-coded
frame was overlaid on the computer screen. Using a cursor within a Basic program
(Crenshaw, 1992), 15 points along the ventral midline of the fish, starting at the rostrum
and ending at the tip of the caudal fin, were digitized. The following kinematic variables
were calculated for an individual at a given speed: (1) tail-beat frequency, (2) tail-beat
amplitude, (3) rostral amplitude, (3) anterior propulsive wavelength, (4) posterior
propulsive wavelength, and (5) maximal caudal curvature. Tail-beat frequency (Hz) was
the inverse of the average time of three tail-beat cycles. Tail-beat amplitude (cm) was the
average peak-to-trough displacement of three tail-beats. Rostral amplitude (cm) was the
average peak-to-trough displacement of three cycles of the rostrum. Anterior and
posterior propulsive wavelengths (% body length) were the half-wave components of the
propulsive wave, a standard kinematic variable that is the apparent wavelength of the
body when midline images are superimposed about the axis of progression (Webb and
Keyes, 1982; Webb, 1986, 1988). Maximal caudal curvature was the maximum non-
dimensionalized curvature in the cauda section of the body. To find maximal caudal
curvature, the 15 midline points at the time of maxima body bending — when the
propulsive wavelength was smallest — were fitted by a least-squares third-, fourth- or
fifth-order polynomial equation (CricketGraph, version 1.3). The resulting equation
needed an r2 value of 0.99 or higher to be judged a close fit. To achieve a close fit, some
midlines were divided into two sections and fitted separately. Curvature, « (in units of
m~1, the inverse of radius of curvature) at any point, X, was determined using the
following equation (Gillet, 1984):

ol

[1+(y)2Hs’
wherey is the polynomial equation for the midline, y' isits first derivative and y” is its
second derivative. The accuracy of curvature determined in this way is 95+2.1% (+ 1

s.0.) (Long, 1994). To non-dimensionalize curvature, the relative curvature was
calculated asthe product of curvature (m~1) and fork length (m) of theindividual fish.

)

Experimental design
We designed our experiments so that the data could be analyzed using afully factorial
multiple analysis of variance (MANOVA). For response (dependent) variables, we used
swimming speed and four variables that are constant in living sunfish with respect to
swimming speed: tail-beat amplitude, anterior propulsive wavelength, posterior
propulsive wavelength and maximal cauda curvature. Tail-beat frequency was held
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constant at 3Hz in our experimental treatments. Rostral amplitude was not used because,
in living sunfish, it increases linearly with increasing swimming speed (see Results),
which, in turn, varies with experimental treatment.

The independent variable in our design was experimental treatment, which had five
categories with three different individuals in each category for a sample size of 15:
(2) live, (2) whole-with-fins, (3) whole-without-fins, (4) severed and (5) ablated. For the
live category, live sunfish were swum in the flow tank at a speed of 2.1lengthss™1. This
was the slowest speed at which at least three pumpkinseeds swam without using their
pectoral fins. Categories 2-5 were electrically stimulated swimming procedures
performed on dead fish. For the whole-with-fins category, dead fish were made to swim
electrically with their median fins in place and erect; paired fins were removed. For the
whole-without-fins category, the dorsal and anal fins were removed, leaving only the
caudal fin intact. For the severed treatment, dead fish were swum electrically with only
their caudal fin intact and with the caudal musculature, held in place by the skin, rendered
non-functional by severing the horizontal septa, spinal nerves and myotomes. For the
ablated treatment, the median fins, caudal musculature and skin were removed, leaving
only the axial skeleton connecting the precaudal body to the caudal fin. The ablated
treatment lowers the mass of the body by approximately 10 % and the mass of the caudal
region by 50 %.

The whole-with-fins category tests the prediction that fish with simultaneousipsilateral
contraction can generate an undulatory wave. The severed category tests the prediction
that the precaudal muscles alone are sufficient to generate an undulatory wave and to
power swimming via connective tissues; this indirectly tests whether the caudal muscles
could be the primary producers of power. The ablated category tests the prediction that
the axial skeleton can transmit locomotor power to the caudal fin. In addition, we planned
four comparisons between the treatment categories. (1) live compared with whole-with-
fins, to determine whether there are kinematic differences between live and electrically
stimulated swimming; (2) whole-with-fins compared with whole-without-fins, to
determine whether the anal and dorsal fins affect undulatory kinematics; (3) whole-
without-fins compared with severed, to test the prediction that mechanical properties,
specifically lower stiffness (see next section), as dictated by the connective tissues, affect
undulatory kinematics; (4) severed compared with ablated, to determine whether lower
stiffness of the body (see next section), as determined by skin and muscle mass, and lower
mass of the caudal region affect undulatory kinematics.

Siffness tests

To determine body stiffness in each experimental treatment, dead fish were bent
laterally using a bending machine (Long, 1992), which was modified to load a section of
the fish's body with a quasi-static bending moment (N m) and to measure the resulting
angular displacement (rad). The bending moment was measured using a strain gauge
attached to one of the grips holding the fish stationary. The other grip holding the fish was
attached to alever arm that pivoted midway between the two grips. The shaft of this pivot
was connected to a rotary variable differential transducer (RVDT, Schaevitz model
R30D), which measured the angular displacement of the shaft. The free end of the shaft
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was activated manually at cycle frequencies below 1Hz. Voltage signals from the strain
gauge and the RVDT were digitally sampled at 20Hz (Vernier Inc., Universal Laboratory
Interface and Datal_ogger software). Theinitial linear slope of the plot of bending moment
versus angular displacement was used as the angular stiffness per unit length of section
bent (kx1~1). Angular stiffnessk (N mrad—1), which isindependent of the section lengthl,
was calculated as the product of the section length and the length-specific stiffness.

The precaudal section of the whole dead fish was bent first, with one grip holding the
posterior margin of the neurocranium and the other holding the pectora girdle [the
distance between grips was 12.5+0.76 % (+ 1 s.p., N=3) of the fork length]. The caudal
section of the whole fish was bent next, with one grip in register with the anterior margin
of the anal fin and the other grip in register with the posterior margin of the anal fin [the
distance between grips was 6.5+0.17 % (+ 1 s.0., N=3) of the fork length]. Bending tests
were then repeated after structurally altering the fish in a manner identical to the severed
and ablated treatments for electrically stimulated swimming (see above). Three dead fish
were bent in this manner prior to rigor mortis.

Because repeated measurements were made on the same individuals, a profile analysis
of variance, instead of a traditional ANOVA, was used to avoid inflating degrees of
freedom through pseudoreplication (Simms and Burdick, 1988). The independent
variable was experimental treatment with three categories: whole, severed and ablated.
The response variable was angular stiffness, k. Two comparisons were planned. (1) Does
stiffness differ between whole and severed treatments? (2) Does stiffness differ between
severed and ablated treatments? All statistical tests were conducted using Systat
(Wilkinson, 1989).

Results
Live kinematics

In live, steadily swimming pumpkinseed sunfish, we detected a significant linear
relationship between swimming speed and two response variables, tail-beat frequency
and rostral amplitude (Fig. 3A,B), using regression analysis. In amanner similar to that in
other teleosts, tail-beat frequency can be described as a function of swimming speed
using the following regression equation y=1.360+1.040x (r2=0.810, P=0.002), where x is
the swimming speed and y is the tail-beat frequency. Rostral amplitude can be described
as a function of swimming speed using the regression eguation y=—0.014+0.207x
(r2=0.662, P=0.014), where x is the swimming speed and y is the rostral amplitude. For
the other four response variables (tail-beat amplitude, anterior propulsive wavelength,
posterior propulsive wavelength and maximal caudal curvature), we could not detect a
significant non-zero linear slope. This was expected for the tail-beat amplitude and the
wavelengths, since they remain constant above slow speeds in some teleosts (Webb,
1988; Webb and Keyes, 1982). The mean tail-beat amplitude was 2.25+0.210cm
(xs.eM., N=21) (Fig.3B). The mean anterior propulsive wavelength was
0.552£0.055%body length (xs.e.m., N=21) (Fig. 3C). The mean posterior propulsive
wavelength was 0.46+0.040 % body length (£s.e.m., N=21) (Fig. 3C). The mean maximal
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Fig. 3. Kinematics of live, steadily swimming pumpkinseed sunfish. The data points represent
the mean value of the kinematic variable for up to four individuals with respect to swimming
speed (body lengthss™1). Error bars are 1 s.e.m. (A) Tail-beat frequency. Tail-beat frequency
increases linearly with increasing swimming speed. See Results for regression equation. The
numbers under each point indicate the sample size at each speed for all kinematic variables.
(B) Tail-beat (filled circles) and rostral amplitude (open circles). Tail-beat amplitude is
independent of swimming speed. Its average value over the range of speedsis 2.25+0.210cm
(s.e.m., N=21). Rostral amplitude increases linearly with increasing swimming speed. See
Results for the regression equation. (C) Propulsive wavelength. Anterior (open circles) and
posterior (filled circles) half-waves are shown, both of which are independent of swimming
speed. For the anterior half-wave, the average value is 0.55+0.055%body length (s.E.m.,
N=21). For the posterior half-wave, the average value is 0.46+0.040% body length (S.E.M.,
N=21). (D) Maximal caudal curvature. This non-dimensionalized measure is independent of
swimming speed, with an average value of 467+43.1 (s.e.M., N=21).

caudal curvature was 467+43.1 (xs.e.M., N=21) (Fig. 3D). Note that the number of
individuals that swam without using pectoral fins varied with speed (Fig. 3A).

Electrically stimulated swimming

All electrically stimulated sunfish swam using traveling undulations of the body
(Fig. 4). For the whole-with-fins treatment category, this supports the prediction that
simultaneous ipsilateral contractions of the musculature can generate undulatory waves.
Severed, eectrically stimulated fish, with caudal muscle deactivated, also swam using
undulatory waves, supporting the prediction that precaudal muscles alone are sufficient to
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Fig. 4. Undulatory wavesin electrically stimulated sunfish travel from head to tail. Movement
of the undulatory wave is plotted against time as the axial position of the point of maximal
curvature of the midline. Time is given as the percentage of the tail-beat cycle. The data
plotted aretypical for all treatment categories, which all show traveling waves, asindicated by
the rostral—caudal movement of the maximal curvature. Note that in the severed and ablated
treatment categories, where body stiffness has been lowered, the waves travel more slowly
than in live, with-fins and without-fins treatment categories.

generate and power undulatory swimming. Ablated, electrically stimulated fish also
swam using undulatory waves, supporting the prediction that the axial skeleton can
transmit sufficient amounts of muscle power to the caudal fin to propel thefish.

The MANOVA detected significant overall differences in four of the five kinematic
variables with changes in experimental treatment: swimming speed, tail-beat amplitude,
posterior propulsive wavelength and maxima caudal curvature (Fig. 5). Anterior
propulsive wavelength did not change significantly with changes in experimenta
treatment. Mean vaues (x s.E.M., N=3) for anterior propulsive wavelength in each
treatment category were 0.50+0.121%body length (live), 0.55+0.096 % body length
(whole-with-fins), 0.55+0.150% body length (whole-without-fins), 0.42+0.072% body
length (severed) and 0.44:+0.055 % body length (ablated).

Four post-hoc comparisons revealed the following significant differences between
treatment categories. (1) In the comparison between live and whole-with-fins treatment
categories, we detected a significant decrease in the swimming speed (Fig. 5A) and in the
posterior propulsive wavelength (Fig. 5C). Swimming speed dropped by 43%, from a
mean of 2.1 to 1.2lengthss~1 (P=0.001). Posterior propulsive wavelength dropped by
35 %, from amean of 0.51 to 0.33 % body length (P=0.002). These changes correspond to
the change from presumed sequential muscle activation in live sunfish to simultaneous
ipsilateral activation in electrically stimulated fish. Otherwise, electrically stimulated
swimming mimics live swimming in terms of tail-beat amplitude, anterior propulsive
wavelength and maximal caudal curvature. (2) In the comparison between whole-with-
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Fig. 5. Swimming kinematics of pumpkinseed sunfish are atered by changes in locomotor
morphology. A fully factoridl MANOVA (N=15) was conducted with treatment as the
independent variable and swimming speed (A), tail-beat amplitude (B), posterior propulsive
wavelength (C) and maximal caudal curvature (D) as the dependent variables that varied
significantly with experimental treatment. For each dependent variable, four comparisons
(contrasts) were made, one between each treatment category. Asterisks indicate significant
differences between neighboring treatment categories at P<0.05. Bars show s.E.M.

fins and whole-without-fins treatment categories, we detected a significant decrease in
swimming speed (Fig. 5A), which dropped by 57%, from a mean of 1.2 to
0.52lengthss~1 (P=0.003). The only difference between these two categoriesis that the
anal and dorsal fins have been removed in the whole-without-fins category. (3) In the
comparison between whole-without-fins and severed treatment categories, we detected a
significant decrease in tail-beat amplitude (Fig. 5B), which dropped by 37 %, from a
mean of 2.7 to 1.7cm (P=0.035). This change corresponds to the deactivation of caudal
muscle — by severing nerves, horizontal septa and muscles — which also lowered the
gtiffness of the body (see Fig. 6). The fact that swimming speed did not change
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Fig. 6. Stiffness of the body is altered by changes in locomotor morphology. Profile analysis
of variance (N=3) was used to analyze the data from the mechanical bending tests, with three
experimental treatment categories in the independent variable and angular stiffness as the
dependent variable. The two comparisons revealed a significant drop in stiffness with each
treatment category. The asterisks indicate a significant difference between the means at
P<0.05. Bars show s.E.M.

significantly supports the prediction that most of the muscular power for swimming is
generated by the precaudal muscles under these circumstances. (4) In the comparison
between severed and ablated treatment categories, we detected a significant decrease in
swimming speed, tail-beat amplitude and posterior propulsive wavelength, and a
significant increase in maximal caudal curvature (Fig. 5). Swimming speed dropped by
65 %, from amean of 0.40 to 0.14|engthss~1 (P<0.001). Tail-beat amplitude dropped by
21%, from a mean of 1.67 to 1.32cm (P=0.002). Posterior propulsive wavelength
dropped by 44 %, from a mean of 0.32 to 0.18 % body length (P=0.001). Maximal caudal
curvature increased by 28%, from a mean of 637 to 815 (P=0.031). These changes in
speed and motion correspond to a decrease in body stiffness (Fig. 6) and caudal mass,
thus supporting the prediction that stiffness can ater undulatory wave form.

Siffness tests

The bending stiffness of the caudal region of the pumpkinseed body decreases
significantly with the structural changes dictated by experimental treatment (Fig. 6). In
the comparison of whole-with-finswith severed categories, we detected a significant drop
in angular stiffness (P=0.040), with a decrease of 50%, from a mean of 1.65X10-3 to
0.82x10~3N mrad~1. In the comparison of severed with ablated categories, we detected
asignificant drop in angular stiffness (P=0.024), with a decrease of 56 %, from a mean of
0.82x1073t00.36X10~3N mrad—1. We detected no significant differencesin precaudal
stiffness with the same structural changes.

Discussion
We have investigated the mechanics of undulatory swimming using the technique of
electricaly stimulated swimming. By controlling muscle activation, the integrity of
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locomotor structures and the stiffness of the body in dead pumpkinseed sunfish, we
produced and modulated traveling undulatory waves. These waves were generated by
aternating left—right contractions of all the axial muscle. Since this pattern of
simultaneous contraction differs from the pattern of sequential contraction seen in live
fish, these results should be interpreted with caution.

Powering swimming

Because there is no significant decrease in swimming speed when the caudal muscles
are disabled (severed treatment category) in dead sunfish swimming via electrical
stimulation (Fig. 5A), the precaudal muscle is generating most of the locomotor power in
theintact, electrically stimulated fish (without-fins treatment category). Swimming speed
isanindicator of power output sinceit isproportional to the cube root of locomotor power
(see Withers, 1992).

Thisresult supports the general prediction, derived from the red muscle model of Van
Leeuwen et al. (1990), that the anterior muscles in live fish produce most of the
locomotor power. However, we found no support for the prediction, derived from thered
muscle model of Rome et al. (1993), that the posterior muscles produce most of the
locomotor power. It isimportant to note, however, that our experiment does not directly
test the model of Rome et al. (1993), since it is possible that the simultaneous
contraction of all of the muscles atered the phase relationships between posterior
muscle contraction and local muscle strain necessary for positive power production
caudally.

The pattern of simultaneous contraction in dead, el ectrically stimulated sunfish (whole-
with-fins category) appears to produce less power than the presumed sequential
contraction in live sunfish. The speed, and hence power output, of the electrically
stimulated sunfish dropped by 43 % compared with live sunfish (Fig. 5A). This decreased
power output is correlated with a 35% drop in the posterior propulsive wavelength
(Fig. 5C).

Swimming speed also decreased significantly with the removal of the anal and dorsal
fins(Fig. 5A). Thisresult is consistent with therole of thesefinsin transferring the body’ s
momentum to the surrounding water. As the body accelerates, an ‘added mass of
surrounding water, in proportion to the body’ s volume and the fluid' s density, must aso
be accelerated (Daniel, 1984; Denny, 1988). The force needed to accelerate this added
mass, the accel eration reaction, actsin adirection opposite to the motion of the body, thus
resisting movement. In the case of fins, their added mass is small because of their low
volume, and thus they are highly efficient in transferring energy to the surrounding water
(Weihs, 1989). With a lower energy transfer efficiency caused by the removal of fins,
more locomotor power would be dissipated in the acceleration reaction, resulting in
decreased swimming speed.

Swimming speed, and hence power output, also decreased significantly with the
removal of the caudal muscle mass (ablated treatment category, Fig. 5A). Removing this
muscle decreases the added mass through volume reduction and decreases bending
stiffness through removal of the skin (Fig. 6). Apparently in this case, the decreased
acceleration reaction, and its accompanying increase in efficiency, are more than offset
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by the drop in stiffness, which decreases the body’ s ability to transmit power to the caudal
fin (see below).

Generating undul atory waves

In a dead sunfish swimming with electrical stimulation, undulatory waves can be
generated by alternating left—right contractions of either al the axial muscle (whole-with-
fins treatment category, Fig. 4) or just the precaudal muscle (severed treatment category,
Fig. 4). These results support the predictions of the models of Hess and Videler (1984)
and Blight (1976, 1977) respectively.

Atfirstitissurprising that asimple, aternating contraction of the lateral muscle, whichis
not characteristic of the EMG patternsin livefish (Williams et al. 1989; Van Leeuwen et al.
1990), produces undulatory motions. From hydrodynamic principles, Hess and Videler
(1984) predicted that smultaneous ipsilateral contractions, which would generate a
standing wave of bending moment, could in fact create atraveling wave of bending motion.
Our results show that Hess and Videler's model is afeasible, if not actual, mechanism for
generating undulatory motion. If simultaneousipsilateral contraction isfeasible, why dowe
not find such patternsin living fish? In fact, we do find this pattern, but in transient rather
than steady undulatory swimming. During phase 1 of fast startsin teleosts, the time during
which the fish bends from a straight postureinto atight C shape, theipsilateral musculature
is simultaneously activated in bluegill sunfish, Lepomis macrochirus (Jayne and Lauder,
1993). In terms of duration of muscle activity, however, the constant activity of electrically
stimulated swimming in pumpkinseed sunfish does not resemble the pattern of posteriorly
increasing activity in bluegill sunfish (Jayne and Lauder, 1993).

In the severed treatment category, sunfish swim with alternating contractions of only
the precaudal muscle. This result supports the prediction that traveling waves can be
produced with only the anterior muscles (Blight, 1976, 1977). This prediction is also
supported by the observation that EMGs limited to the anterior myomeres are associated
with undulations in amphibian tadpoles (Wassersug, 1989) and that undulations can be
generated by passive oscillation of anaesthetized Rana and Bufo tadpoles (Wassersug and
von Seckendorff Hoff, 1985).

Modulating undulatory waves

The form of undulatory waves can be atered by the passive control of axia stiffness.
Tail-beat amplitude decreased significantly (Fig. 5B) with the removal of skin and
muscle (ablated treatment), structural changes that caused a significant decrease in the
body’s caudal stiffness (Fig. 6). This decrease in stiffness also decreased the posterior
propulsive wavelength (Fig. 5C) and increased maximal caudal curvature (Fig. 5D).

The identification of the body stiffness as a determinant of tail-beat amplitude,
posterior propulsive wavel ength and maximal caudal curvature supports the prediction of
Blight's (1976, 1977) hybrid oscillator model. He predicted that mechanical properties of
the body, and stiffness in particular, would vary axially and at different swimming
speeds, acting either to maintain or to modulate undulatory motion. This result can be
understood, in part, in the context of vibratory mechanics. In a single-degree-of-freedom
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system, angular stiffness k is the constant of proportionality between an externally
applied bending moment M and the resulting angular displacement 8 (Den Hartog, 1958):

M =k@. 2
Any bending moment — applied externally via hydrodynamic forces or internaly via
muscular forces — will cause a displacement, or bend, inversely proportiona to the
angular stiffness. The angular displacement, proportional to maximal caudal curvaturein
our case, will increase as stiffness decreasesin asinusoidally oscillating system driven by
a constant-amplitude sinusoidal bending moment. The increased caudal curvature, which
reaches its maximum when the tail crosses the midline, decreases tail-beat amplitude and
posterior propulsive wavelength.

Transmitting power

Our results support the prediction that the skin and axia skeleton transmit locomotor
power from the muscles to the cauda fin (Wainwright, 1983). When the caudal skin and
muscle, which had been previously disabled, were removed in the ablated treatment
category, the stiffness of the body decreased (Fig. 6), as did the swimming speed
(Fig. 5A). Thus, during electrically stimulated swimming, the caudal skin appearsto bea
transmitter of the locomotor power that is generated by the precaudal muscles. Because
the muscles underlying the skin in the severed treatment category were disabled, the skin
may not, as predicted for sharks, transmit force generated by radial muscle bulging
(Wainwright et al. 1978). Instead, the skin may act as a series tendon between the muscle
and the caudal fin. Evidence for power transmission via the axial skeleton comesfrom the
observation that undulatory swimming is possible with only an axial skeleton connecting
precaudal muscle to the cauda fin (Fig. 4). This result supports the long-standing
hypothesis that the axial skeleton can function as a power transmitter (Home, 1809;
Rockwell et al. 1938; Symmons, 1979; Wainwright, 1983; Long, 1992).

Another axia structure implicated as a force and power transmitter is the horizontal
septum, which isrobust in tuna and mackerel (Westneat et al. 1993). Because destruction
of the horizontal septum and muscle architecture in sunfish reduced stiffness (Fig. 6), we
have evidence that the septum, which connects skin and axial skeleton, stiffens the body
passively. However, this structural alteration did not change swimming speed (Fig. 5A),
which suggests that the comparatively diffuse horizontal septum of sunfish transmitslittle
or no locomotor power.
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