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Summary

Labriform, or pectoral fin, propulsion is the primary
swimming mode for many fishes, even at high relative
speeds. Although kinematic data are critical for evaluating
hydrodynamic models of propulsion, these data are lar gely
lacking for labriform swimmers, especially for species that
employ an exclusively labriform mode across a broad range
of speeds. We present data on pectoral fin locomotion in
Gomphosus varius (Labridae), a tropical coral reef fish that
uses a lift-based mechanism to fly under water at sustained
speeds of 1-6total bodylengthss™ (TLs™). Lateral- and
dorsal-view video images of three fish swimming in a flow
tank at 1-4TL s were recorded at 60Hz. From the two
views, wereconstructed thethree-dimensional motion of the
center of mass, the fin tip and two fin chords for multiple
fin beats of each fish at each of four speeds. In G. varius, the
fin oscillates largely up and down: the stroke planeistilted
by approximately 20° from thevertical. Both frequency and
the area swept by the pectoral finsincrease with swimming
speed. Interestingly, there are individual differencesin how
this areaincreases. Relative to the fish, thefin tip in lateral
view moves along the path of athin, inclined figur e-of-eight.
Relative to a stationary observer, the fin tip traces a
sawtooth pattern, but the teeth are recumbent (indicating

net backwar ds movement) only at the slowest speeds. Distal
fin chords pitch nose downward during the downstroke and
nose upward during the upstroke. Hydrodynamic angles of
attack are largely positive during the downstroke and
negative during the upstroke. The geometry of the fin and
incident flow suggests that the fin is generating lift with
large upward and small forward components during the
downstroke. The negative incident angles during the
upstroke suggest that the fin is generating largely thrust
during the upstroke. In general, the large thrust is
combined with a downward force during the upstroke, but
the net backwar ds motion of thefin at slow speeds gener ates
asmall upward component during slow swimming. Both the
alternating sign of the hydrodynamic angle of attack and
the observed reduced frequencies suggest that unsteady
effects are important in G. varius aquatic flight, especially
at low speeds. This study provides a framework for the
comparison of aquatic flight by fishes with aerial flight by
birds, bats and insects.

Key words: fish, locomotion, pectoral fin propulsion, swimming,
hydrodynamics, kinematics, speed effects, bird wrasse, Gomphosus
varius.

Introduction

The kinematics and dynamics of locomotion using paired
oscillating appendages have been intensively investigated in
flying animals, including birds, bats and insects, but have
received comparatively little attention in their swimming
relatives (see Vogel, 1994). Most research programs in fish
locomotion have focused on axial mechanisms (see Videler,
1993). Many fishes, however, use oscillating pectoral fins for
maneuvering and rectilinear motion at low swimming speeds
(Lindsey, 1978). Severa large families of marine fishes from
the order Perciformes have members that employ flapping
pectoral fins, to the exclusion of median and caudal fins, for
relatively high-speed swimming. These families include the
Acanthuridae (surgeonfishes), Embiotocidae (surfperches),
Scaridae (parrotfishes) and L abridae (wrasses).

Animals flying through air generate thrust as a conseguence
of the aerodynamic lift produced on the surface of the flapping
wings. Importantly, the net resultant force also has an upward
component that keeps the animal aoft. Most fishes are nearly
neutrally buoyant and have less need, compared with flying
animals, to couple large upward forces with thrust production.
As a consequence, fishes have evolved a diverse array of
propulsive structures (Breder, 1926; Lindsey 1978), each of
which can generate thrust by multiple hydrodynamic
mechanisms (Lighthill, 1975; Blake, 1983a,b; Webb, 1982,
1984, 1988; Webb and Blake, 1985; Daniel et al. 1992).

Harris (1937) outlined qualitatively some basic mechanisms
of force production from paired oscillating or undulating
pectoral fins. Recent studies of pectora fin propulsion have
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focused on stroke parameters (Webb, 1973; Archer and
Johnston, 1989; Drucker and Jensen, 1996) or have not
provided the necessary suite of kinematic variables with which
to draw rigorous hydrodynamic conclusions (Geerlink, 1983;
Gibb et al. 1994). The one notable exception is the work of
Blake (1979a, 1980), who described the kinematics of the
oscillating fin in the angelfish Pterophyllum eimekel in
sufficient detail to model a drag-based mechanism of thrust
generation. In a drag-based stroke, pectoral fin movement
resembles the rowing motion of an oar (Breder, 1926): during
abduction, the fin is brought forward with its surface parallel to
fin movement, and during adduction, the finis pulled back with
its surface normal to its movement. Resistance to backward
rotation of the fin during adduction isfelt as thrust at the center
of mass. The rotating fin aso accelerates a mass of water,
causing areaction force in the opposite direction. For example,
the fin at the start of adduction accelerates a mass of water
backwards, creating a reaction force propelling the fish
forwards. Although rowing isreferred to as ‘ drag-based’, at the
Reynolds numbers (Re) encountered by most swimming fish,
the acceleration reaction force is likely to dominate the drag
force in magnitude (Daniel, 1984; Daniel and Meyhdfer, 1989).

Webb (1973) recognized that the fin stroke of the shiner
surfperch Cymatogaster aggregata resembled the wingbeat of
flying birds, suggesting that the surfperch generates thrust via a
lift-based mechanism. This lift-based fin stroke is characterized
by the largely up-and-down flapping of the fin (Breder, 1926)
with small changesin fin pitch to maintain optimal attack angles.
Blake (1983a,b) applied a simple lift-based modd to the C.
aggregata fin stroke, but a full kinematic and hydrodynamic
analysis was never published. In the present paper, we describe
the detailed mations of the flapping pectoral fin across a range
of speedsin the bird wrasse Gomphosus varius. The bird wrasse
is a member of the ‘type’ family of labriform swimmers, the
Labridae. Labrids present an unusua diversity of fin shapes and
pectora fin kinematics and are, therefore, a good model system
with which to investigate the evolution of pectoral fin
propulsion. In this study, we explored the effects of swimming
speed on stroke parameters and investigated the instantaneous
movement of the pectora fin in sufficient detail to alow the
congtruction of a preliminary hydrodynamic hypothesis of lift-
based pectora fin propulsion in fishes.

Materials and methods

The bird wrasse Gomphosus varius Lacépede is an active
diurnal carnivore inhabiting tropical Indo-Pacific coral reefs.
Its common name apparently refers to the elongated snout,
which is used to probe for small benthic prey. The body is
elongated and laterally compressed. The pectora fins are
broadest near the base, taper distally and have an aspect ratio
of approximately 4.1 (measured as the square of the length of
the fin divided by fin area). The base of the fin articulates with
the shoulder at an angle of approximately 45° above the
horizontal. Bird wrasses are negatively buoyant: the mean
weight of anesthetized fish in water is 2.4+0.4% (mean + s.D.,
N=3) of the weight measured in air.

Individua fish were purchased through tropical marine fish
wholesalers in Chicago, transported to the laboratory, and
maintained in 2001 aquariaat 25°C. We used a Panasonic AG-
450 S-VHS camcorder to film the movements of individual fish
swimming in aflow tank (Vogel and LaBarbera, 1978) at four
flow speeds (22, 35, 47 and 59cms™1). Two 250W lights were
used to illuminate the swimming arena. The working
dimensions of the flow tank were 30 cmx30cmx120 cm (1081).
A mirror mounted in the tank at 45° allowed simultaneous
viewing of the lateral and dorsal surfaces of the fish. A
centimeter grid was placed on the bottom and back of the tank
to calibrate the video images. Water temperature in the flow
tank was maintained at 25+1 °C.

Fin beats were digitized using an Apple Macintosh
computer. A TelevEyes/Pro video scan converter with genlock
(Digital Vision Corp.) was used to superimpose the computer
monitor display and the video images onto an external Sony
PVM-1340 monitor. Video sequences were played back at
60videofieldss™ using a Panasonic AG-1970 SVHS player.

Prior to filming, fish were anesthetized in Finquel (Aldrich
Chemical Co.), and tiny aluminum clips were attached to the
finsto mark the desired landmarks for the digitizing procedure.
The fish were alowed to recover fully before filming. We
marked five fin landmarks (Fig. 1) and an estimate of the
position of the center of mass. The fin markers are referred to
as the leading-edge proxima marker, leading-edge distal
marker, fin-tip marker, trailing-edge distal marker and trailing-
edge proximal marker. The pairs of markers define the proximal
and distal anatomical chords of the pectora fin (Fig. 1). The
center of mass was estimated using a tilt balance. The five fin
markers and the dorsal base of the pectora fin were digitized
from both lateral and dorsal views. Three-dimensiona
Cartesian coordinates of the fin landmarks were constructed
from their positions in the pairs of two-dimensiona views.

The fin clips caused a distinct asymmetry of pectora fin
kinematics between marked and unmarked fins in some
individuals. We analyzed only individuals that presented no
apparent asymmetry throughout the entire experiment.
Digitized sequences were obtained at all test speeds for three
individuals (Table 1). We digitized fin beats in which the
individual was swimming at least 5cm above the bottom of the
tank. Care was taken to digitize sequences in which the
individual presented minimal (<5°) pitch, yaw and roll.

Summaries of stroke parameters may be confounded by
differences in the total length (TL) of the individuals. We do
not have enough data to characterize and adjust for alometry
properly; hence, stroke parameters were computed for the three
fish separately. All statistics on stroke parameters were
performed in IMP 3.1 for the Macintosh (SAS Inc.).

We have not attempted a detailed hydrodynamic analysis of
individual sequences. To identify the major kinematic trends,
we present a summary of al collected data instead of
‘representative’ sequences. We used box plots to summarize
changes in instantaneous kinematic parameters across all
sequences, speeds and individuals. In these plots, time, on the
abscissa, has been standardized so that the length of abduction
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Fig. 1. Approximate locations of the five fin markers. The distal chord
(Distal c.) islocated at two-thirds of thelength of thefin. The proximal
chord (Proximal c.) is located at the widest portion of the fin.

and adduction are both unity. The standardized fields were
binned into ten equally spaced time divisionsfor the abduction
phase and six equally spaced time divisions for the adduction
phase. Data from all fish and all trials within each speed were
pooled. Standard quartiles were computed for each of the 15
time divisions for each of the four flow-tank velocities.

Results
General observations

When swimming, Gomphosus varius is extremely active.
Unlike many other fishes, G. varius does not hover in the water
column and we were unable to stimulate individuals to swim
at constant velocities below approximately 1.2TLs1. At
velocities below this, G. varius accelerates, glides, turns
laterally or pitches up or down using a combination of both
pectoral fin and axial movements. G. varius moved using
flapping of the pectoral fins exclusively at all test velocities.
The highest velocities we measured were near 4TLs™
Ongoing work in our laboratory suggests (1) that bird wrasses
employ a strictly labriform mode of locomotion until fatigue
velocity is reached and (2) that 4TLs is well below the
maximum sustainable swimming speeds (6-7TLs™) for the
size range of individuals investigated here.

G. varius flapped its pectora fins up and down with a small
anterior movement during abduction and posterior movement
during adduction (Figs2, 3). Because the dorsoventra
displacement of the fin tip far exceeded the fore—&ft
displacement, we often refer to abduction and adduction as the
downstroke and upstroke, respectively. Note that isolated views
of the flapping fin are similar to the fin geometry expected during
arowing stroke (Fig. 2). The fins flapped synchronoudly during
rectilinear motion at all test speeds. Fapping frequency
increased linearly with speed in all three individuals (Fig. 4;
Table 2). The mean frequency was 2.9Hz at 22cms™? and
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Table 1. Morphometric variables measured for each fish and
mean hydrodynamic variables for each of N digitized

sequences

Individuak N TL(cm) Mass(g) U (cms?) Re k
1 9 18.0 50.6 22 3668 0.56
35 5608 0.40

a7 7568 0.35

59 10588 0.28

2 11 13.8 24.6 22 2628 0.48
35 4122 0.39

47 5394 0.33

59 6576 0.28

3 10 15.9 439 22 3123 0.63

35 5038 0.40
47 6554 0.35
59 8171 0.31

TL istotal length; U isflow tank speed; Re is the Reynolds number
estimated for the mean chord; k is the reduced frequency parameter
for the mean chord (Spedding, 1992), where k=wC/(2Usish), w is the
angular frequency, 2rm, where n is the stroke frequency, Usish is the
speed of the fish and C is mean chord. Mean chord was measured as
fin area divided by fin length.

4.2Hz at 59cms . The adduction phase accounted for between
23 and 46% of the stroke cycle, but there was no association
between this variable and swimming speed in any fish (Table 2).

The distance travelled during a single fin stroke is the stride
length, As, which increased with velocity in all three fish
(results not shown). Mean stride length was 0.46TL at
22cms 1 and 0.89TL at 59cms™.

Sroke plane parameters

The configurations of the digitized fin markers were
tranglated to superimpose the fin base landmark at the origin.
Following this trandation, the three-dimensional scatter of
points for the tip marker reflects the oscillatory movement of
the marker along the surface of a sphere with aradius equal to
the distance from the marker to the fin base.

The motion of thetip marker islargely confined to oscillation
along asingle arc on the sphere. An arc on asphereisasegment
of the intersection between the sphere and a plane through the
sphere. For the fin-tip marker, this plane is the stroke plane.

The stroke plane, as traditionaly defined in insects (Jensen,
1956), (1) includes the base of the wing, (2) intersects a frontal
plane orthogonal to the anterior—posterior axis of the body, and
(3) intersects a sagittal plane by the inclination of the wing-tip
trace in lateral projection relative to the body. We used the
major axis of the scatter of thefin-tip pointsin lateral projection
relative to the body to estimate the inclination of the stroke
plane or stroke plane angle, 3, from apositive dorsal unit vector.

Uz — Sxx + \/(Szz - S(x)2 + (25x2)2 O
13 O
25 0

@

Tt
=——tan
b=

where s is the (co)variance of the errors and 3 is numerically
equivalent to the angle between the flapping and x axes
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Fig. 2. Video image of a single fin beat
of Gomphosus varius while swimming
at 22cms™L. (A) Maximum adduction.
(B) Early phase Il (the downstroke).
Note that the fin has protracted forward.
(C) Mid-phase Il. Note the dorsa
convexity of the fin. (D) Late phase Il.
Note the nose-down pitching of the
distal fin. (E) Phase Ill. Note the
protraction of the fin. (F) Mid-phase IV.
Note the anteroventral convexity of the
fin. Finaly, note that isolated images of
the fin can give a mideading
interpretation of the mode of labriform
propulsion (rowing versus flapping). For
example, the finin C or D appearsto be
feathered (which is distinct to rowing),
while the fin in F appears to be rotating
rapidly backwards with the blade normal
to the flow (again, distinct to rowing). In
reality, the finin C and D has moderate
hydrodynamic angles of attack (see
Fig. 14), and the fin in F is moving
dorsally rapidly at a small angle to its
motion.

(Fig. 3A). The mean value of B was 19.4°. (3 decreased
significantly by approximately 10° from the lowest to the
highest speed inindividual 1 but had no association with speed
in the other two individuals (Table 2).

The major axis of the fin of G. varius (the leading-edge ray)
does not oscillate back and forth on the stroke plane but sweeps
back and forth along the edge of a cone whose vertex is the
dorsal base of the fin (Fig. 3D). A similar geometry is also
observed in the hindwing of the dragonfly (Azuma and
Watanabe, 1988). In G. varius, the fin-tip marker oscillates,
with some deviation, along an arc of the cone’ s base (Fig. 3D).
We, therefore, defined the stroke plane as the plane containing
the base of the stroke cone. In this geometry, the flapping axis,
about which the fin rotates, is the central axis of the cone.

In order to estimate the orientation of the stroke plane, we
used principal components analysis (PCA). Eigenvectors were
computed from the covariance matrix of the scatter of the fin-

tip marker coordinates translated to center the fin base at the
origin. Using this method, we confirmed that the path of the
fin tip is largely confined to a single plane: the percentage of
total variance explained by the third principal component, a
measure of the deviation of the fin tip from the stroke plane,
was very small for all digitized sequences (mean percentage of
variation explained by the first two principal components was
99+0.13%; mean * s.D.).

The first two eigenvectors, with elements &, were used to
compute an equation for the stroke plane of the form:

xe1+yex+ze3+ d=0, 2

where X, y and z are the components of a vector normal to the
stroke plane and d is a constant. The angle Bxz, between the
intersection of the stroke plane with the x,z plane and a positive
dorsal unit vector is:

sz = tan_l(_X/Z) . (3)



The angle, Bxy, between the intersection of the stroke and x,y
planes and a positive lateral unit vector is:

Bxy =tan™}(y/x) . 4)
Thesign of theseanglesisindicated in Fig. 3B,C. Inindividual
2, both angles increase significantly with speed, but no

A
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significant associations are observed in the other individuals
(Table 2).

If the assumptions of the traditionally defined stroke plane
were true, 3 and Bxz would be equivaent. In fact, the values
of Bxz are lower than B and are negative for some of the
sequences. A negative Bxz indicates that the stroke plane

B C
z =Y
X \> X ;
. ,l'l sz I,l'l BXY
el A
. D E
Fig.3. Geometry  of  stroke
parameters. (A) Geometry of the
stroke cone, stroke plane angle, 3, and Ymin
flapping axis. (B) Projection of the ’L@
stroke plane in latera view, PBxz, q}o\
indicated by adashed line. The arrows R
indicate the sign of the angle, i.e. Bxz G?O

is positive when the dorsa end of
the projection tilts posteriorly.
(C) Projection of the stroke plane in
dorsal view, Bxy, indicated by a 0]
dashed line. The arrows indicate the
sign of the angle, i.e. Bxy is positive
when the lateral end of the projection
tilts anteriorly. (D) Geometry of the
stroke angle, @. The curved line
connecting the fin tip a maximum
adduction and abduction represents
a hypothetical path of travel.
(E) Geometry of the instantaneous
position of the fin tip (positional
angle), y, the stroke arc and its angle,
20.

Stroke circle
(base of stroke cone)
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actually tilts posteroventrally despite the anteroventra described by a positional angle y (Fig. 3E). We define the

movement of the fin tip during the downstroke.

This paradox is explained by the values of Bxy (results not
shown), which indicate that the stroke plane is inclined
anterolaterally. Bxz and Pxy are highly correlated (r=0.82,
P<0.0001), ranging from anteroventrally inclined planes nearly
orthogonal to the anterior—posterior axis in dorsal view
(meeting the assumptions of the traditionally defined stroke
plane) to vertical or posteroventrally inclined planes with
anterolateral orientations in dorsal view. Either of these
geometries, or their intermediates, allows the fin tip to travel
anteriorly during the downstroke.

The position of the fin-tip marker on the stroke arc is

positional angle relative to a vector contained within the
intersection of the stroke plane and a sagittal plane through the
fin base. y is positive when the position of the fin marker is
lateral to the fin base. y varies periodicaly, and we use
conventional mathematical definitionsto describe the function.
The stroke amplitude, @, is haf the difference between the
maximum, Ymax, and minimum, ymin, positional angles, the
stroke period, T, is the time between adjacent minima, and the
stroke frequency, n, istheinverse of the stroke period. We also
use Ymax to define the time of maximum abduction and ymin to
define the time of maximum adduction.

Our definition of stroke amplitude differs from its use in some

Table 2. Regression statistics for stroke parameters with tank speed as the independent variable

1 2 3
r F P r F P r F P

B -0.91 3550  0.0006* -0.39 1.63 0.2300 0.49 251 0.1516
Bxz 0.65 500  0.0600 087  27.20 0.0006* 0.46 2.06 0.1900
Bxy -0.26 050  0.5009 085 2430 0.0008* 0.39 143 0.2700
y 0.11 009 07688 091 4610 0.0001* 0.85 21.08 0.0018*
20 0.94 4920  0.0002* 0.04 0.02 0.9038 0.42 175 0.2226
® 051 249 01587 090 3971 0.0001* 0.86 22.98 0.0014*
Frequency 0.70 661  0.0369 089 3637 0.0002* 0.83 17.49 0.0031
Stroke area 0.72 754  0.0287 092  49.10 0.0001* 091 37.19 0.0003*
Phase lag 054 205 02117 0.28 0.75 0.4104 0.14 014 07178
%Ad -0.27 055 04817 -0.11 011 0.7487 -0.10 0.08 0.7903

r is the Pearson product-moment correlation coefficient.

F and P are the F-statistic and probability of the dependent variable mean squares.
*Significant at table-wise error rate of 0.05 using sequential Bonferroni test (Rice, 1989).

For definitions of symbols see Fig. 3.

%Ad represents the percentage of the stroke cycle accounted for by the adduction phase.
Phase lag is the difference between the leading and trailing edge of the fin.




of the kinematic literature, where it has been defined as the
difference between the maximum and minimum positiona
angles. This difference is actudly twice the amplitude, and we
refer to it as the double amplitude, 2@ (equivalent to the degree
measure of the stroke arc). In the geometry of the traditionally
described stroke plane, 2 is the angle between the mgjor axis
of the wing at the top and bottom of the stroke. Jensen (1956)
referred to this angle as the stroke angle, ¢. We measured @ as
the angle between the orientation of the leading-edge ray at
maximum abduction and adduction (Fig. 3D). If theleading-edge
ray oscillates on the surface of a cone, @ will aways be less than
2. If the stroke cone collapses into a circle, @ will equal 2®.

The double amplitudeisgenerally largein G. varius, ranging
from 125 to 173°. 2d was significantly positively correlated
with tank speed in one fish (individua 1) but not in the other
two (Table 2). As expected from the geometry of the stroke
cone versus stroke circle, ¢ values are smaller than
corresponding 2® values, ranging from 74 to 132°. In contrast
to 2, @ increased significantly with swimming speed in
individuals 2 and 3 but not in individual 1 (Table 2).

The stroke area is a measure of the area swept by the fin
during a half-stroke and is related to the total force generated
by the oscillating fins. If the major axis of the fin oscillates in
the stroke plane, this area, for both fins, is @R, where Ry is

Pectoral fin propulsion in Gomphosus varius 1555

the length of the wing or fin. In G. varius, the area swept by
both fins, A, varies not only with R, but also with the geometry
of the stroke cone:

A=40R:2, (5)

where R, the radius of the base of the stroke cone, isafunction
of both R and the angle, 0, between the major fin axis, which
lies on the edge of the cone, and the flapping axis, which is the
central axis of the cone (Fig. 3A):

Rc=RscosO . (6)

A increases significantly with swimming speed in all three
individuals (Table 2; Fig. 4), despite the observation that 2
does not change significantly in two. This increase is a
consequence of the change in the shape of the stroke cone with
swimming speed. As speed increases, 8 and, consequently, Re
increase, while the height of the stroke cone decreases. Were
0 egual to 90°, Rc would equal Rr and the stroke cone would
collapse into the traditionally described stroke circle.

Center of mass kinematics
G. varius oscillates up and down during steady swimming,
especially at higher swimming speeds. To quantify the
variation in acceleration in both the fore—aft and dorsoventral

100
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Fig. 5. Distribution of the accelerations of
the center of mass in the fore—aft (A) and
dorsoventral (B) directions (positive is
forward and up). Each box represents the
pooled distribution of all sequences and
individuals at a given tank speed. Error
bars represent standard quartiles, as shown
in the inset. Both abduction and adduction
in each sequence were standardized
independently. Data were binned into ten
abduction-phase time classes and six

Dorsoventral acceleration (cm s2)

adduction-phase time classes. Both -125
abduction and adduction share the time
class at phase transition.
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directions throughout the stroke cycle, we smoothed the data
using fourth-order central differences, and estimated
acceleration components using a five-point ‘movable strip’
quadratic regression as outlined by Rayner and Aldridge
(1985) and described in detail by Lanczos (1988).

The fore—aft acceleration trace (Fig. 5A) presents two
acceleration peaks per cycle, one occurring approximately
one-third of the way through abduction (0.33Ab or 33% of
the way through abduction) and the second occurring two-
fifths of the way through adduction (0.4Ad or 40%
adduction). During abduction, forward (positive) acceleration
peaks relatively earlier at low speeds compared with high
speeds. During adduction, the peak occurs at the same
relative time at al speeds. The magnitudes of the acceleration
peaks vary both between abduction and adduction and with
speed. The abduction peak is only slightly higher than the
adduction peak at low speeds but is substantially higher at
high speeds. Median maximal forward acceleration decreases

with speed during abduction but increases with speed during
adduction.

Acceleration minima occur at or near the phase transitions
between abduction and adduction. The adduction minimum,
occurring when the fin is maximally adducted, is increasingly
negative with increasing speed. The abduction minimum
occurs not at maxima fin abduction but at approximately
0.8Ab. Unlike the adduction minima, the abduction minimaare
similar at al speeds.

The dorsoventral acceleration trace varies considerably
among swimming speeds (Fig. 5B). At al speeds, there is a
distinct upward (positive) acceleration during abduction
occurring at approximately 0.5Ab. Peak accelerations increase
with speed at this point of the cycle. During adduction,
dorsoventral acceleration has a second upward acceleration
maximum at the lowest swimming speed (occurring at 0.4Ad),
but a downward acceleration maximum at the highest speed
(occurring at 0.2Ad). The acceleration due to gravity of abird

22cmst 35cmst
2 2
15 / 15 / //
1 / 1 /
05 / 0.5 /
0 0 /
-0.5 -05 w
-1 -1
e -5 -15
o)
5 -2 -2
& 05 0 05 1 15 2 05 0 05 1 15 2
g_g_ 47 cm sl 59 cmst
5 2 2
= 6%@
= 15 15
L o
A1 1
HE /IR
Fig. 6. Left lateral view of fin tip displacement, relative 0 / 0
to the body of the fish (the fin base), projected onto the / /
sagittal plane for one individual. The direction of fin-tip -05 -05
movement is counterclockwise around the dorsal 1oop and /
clockwise around the ventral loop. Thin lines represent Y 1 7 -1
individual sequences. Thick lines represent the mean > (J / /
sequence. The mean sequence was estimated by -15 -15
averaging equally spaced interpolates estimated from a
Fourier function fitted to the time-standardized data. -2 —2
05 0 05 1 15 2 05 0 05 1 15 2

Fourier coefficients were estimated using the least-
squares method (Hildebrand, 1987). A, anterior; P,
posterior; D, dorsal; V, ventral.

A «<—>P
Fin tip displacement (cm)



wrasse whose weight in water is 2.4 % of that in air (see above)
is 24.5cms2, while the peak downward accelerations of the
center of mass during adduction at the two highest speeds are
in excess of 50cms2.

Sroke geometry

We describe the time-dependent geometry of the fin in both
lateral projection (i.e. onto a sagittal or x,z, plane) and in the
full three-dimensional space of the fish. The fish swimsin the
positive x direction. Lateral motion is along the y-axis and up-
and-down mation is along the z-axis (Fig. 3A).

The trace of the path of the fin tip moving relative to the
fin base resembles a thin, inclined or italicized figure-of-
eight when projected onto a sagittal plane. The direction of
the movement along the figure-of-eight is counterclockwise
along the dorsal loop and clockwise along the ventral loop.
The traces are similar at all speeds (Fig. 6), except that the
dorsal loop appears bigger than the ventral loop at low
speeds, whereas the reverse pattern occurs at high speeds.
This pattern differs from those of the bluegill sunfish
Lepomis macrochirus, in which the lateral projection of the
fin-tip trace changes dramatically with speed (Gibb et al.
1994).

The dorsal side of the figure-of-eight is inclined posteriorly,
giving the major axis of the trace an inclination of
approximately 70° below the horizontal. The base of the
pectoral fin is inclined approximately 45° below the
horizontal; hence, the fin rays do not oscillate in a plane
orthogonal to the axis of the fin base.

Relative to the water, displacement of the fin tip resembles
a sawtooth pattern when projected onto the x,z plane (Fig. 7).
This pattern reflects the protraction of the fin during the
downstroke and the retraction of the fin during the upstroke.
Negative fore—aft displacement of thefin tip occurs during only
asmall portion (approximately 8% of the stroke cycle) of the
upstroke and only at the lowest swimming speeds (seven of
eight sequences digitized at forward speeds of 22cms™?, two
of eight digitized at swim speeds of 35cms™1, and none of the
14 sequences digitized at 47cms™ and 59cms™).

We use the figure-of-eight pattern observed in all sequences
(Fig. 6) to divide the stroke cycle into four phases. Phases |
and Il are subdivisions of abduction, while phases Il and 1V
are subdivisions of adduction (see also Fig. 2).

Phase | begins with the fin tip at its maximum posterior
position. In this phase, the fin is protracted along the body.
Phase |1 begins with the fin tip at its most superior position.
Extension of the fin down and away from the body surface
initiates phase I1. Thismotion isled by the distal portion of the
fused first and second fin rays and passes distally-to-proximally
and anteriorly-to-posteriorly. This has the effect of peeling the
fin off the body surface by pulling the fin tip. Following this
peel, the fin is depressed and may be dlightly protracted or
retracted. Thetip of the fin is positioned caudal to the fin base
throughout this downstroke, giving the pair of fins a swept
planform in dorsal view. During the course of the downstroke,
the fin is pronated, twisting aong its length in a
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Fig. 7. Left lateral view of fin tip displacement (projected onto the x,z
plane), relative to the water, for all sequences and individuals at
22cmsL. Individual sequences, represented by the open circles, are
composed of equally spaced interpolates estimated from a Fourier
function fitted to the time-standardized data. Fourier coefficients were
estimated using the least-squares method (Hildebrand, 1987). A single
sequence is highlighted by the filled circles. The thick line represents
the median path for all sequences.

counterclockwise direction (as seen in lateral view). At low
velocities, the fin may be maintained near maximum abduction
for a short period.

In phase 11, the fin is supinated, protracting and elevating
the leading edge and causing the fin to twist in a direction
opposite to that in phase Il. In phase IV, the fin is rapidly
retracted and elevated to theinitial phase | position. Supination
continues at the beginning of phase IV, causing the dista
portion of the fin to have a nearly vertical orientation.

The vertical oscillation and dynamic twisting of the fin
causes the chords between the markers to heave (translate)
and pitch (rotate) throughout the stroke cycle. Projections of
the proximal and distal chords on a sagittal plane (Fig. 8)
illustrate time-dependent changes in the position (due to
heave) and orientation (due to pitch) of the proximal and
distal chords. Time-dependent changes in pitch for the
proximal chord (Fig. 8A) are fairly simple because of the
very small displacement of the proximal trailing-edge marker
throughout the stroke cycle. At the start of phase I, the chord
has a high positive, or nose-up, pitch at all speeds. During the
downstroke (phase 11), the pitch gradually decreases,
reaching small negative, or nose down, values at higher
speeds. In phases |1l and 1V, the pitch gradually increases
with a pattern that is simply the reverse of that in phases |
and II.

In contrast to that of the proximal chord, the pattern of
change in pitch of the distal chord differs appreciably between
the abductive and adductive phases (Fig. 8B). The leading-
edgefin ray beginsthe downstroke (phase I1) while thetrailing-
edge fin ray is dill elevating and protracting, and is
approximately half-way through phase |11 when the trailing
edge begins depression. This delay in the trailing edge results
in the distal chord attaining negative pitch midway through
phase Il at all speeds. The distal chord has a distinct convex
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over al trials at 22cms™ and 59cms™L,
Mean values were estimated from the 05
positions of the interpolates estimated
from a Fourier function fitted to the time- 0
standardized data. Fourier coefficients
were estimated using the least-squares 05
method (Hildebrand, 1987). The numbers '
identify the standardized time (percentage
of stroke period) associated with the -1
neighboring chord. The solid line 15

represents the chord during abduction, the
broken line represents the chord during
adduction.

upward bend during this part of the stroke cycle. During the
second half of the downstroke, the distal chord reaches higher
negative pitch at higher speeds. The leading edge protracts and
elevatesin phase II1 while the trailing edge is till depressing,
producing asmall positive pitch. In phase IV, the trailing edge
reaches maximum protraction at approximately the time that
the leading edge has rotated half the distance back to the
starting location of phase |. The dista chord, therefore,
reattains a high positive pitch during this phase. The highest
positive pitch occursin fish swimming at the lowest swimming
speed. During phase 1V, the distal chord presents a distinct
convex-downward bend.

Undulation

Inspection of heave and pitch of the fin chords suggests
that the leading and trailing edges are out of phase, with the
trailing edge lagging behind. This phase difference reflects an
undulatory wave passing from the leading to the trailing edge.
To illustrate the phase lag, we compared the instantaneous
positional angles, y, of the leading-edge distal marker (yie)
and trailing-edge distal marker (yte) (Fig. 9). A positional
vector is the radian vector from the center of the stroke circle
to the projection of the coordinates of the distal marker onto
the stroke plane (Fig. 3E). y is the angle between the

14 -07 02 03 08 13
Mean position, heave

18 23

positional vector and a dorsoventral radian vector (Fig. 3E).
In this geometry, y measures the magnitude of abduction.
Angles near 0° indicate aleading- or trailing-edgefin ray that
is near maximum adduction, while angles greater than 90°
indicate a leading- or trailing-edge fin ray that is near
maximum abduction. It is important to note, however, that
the fin rays do not rotate within the stroke plane and, thus, y
measures the degree of abduction of the hypothetical position
vector.

The phase lag between the leading and trailing edges at the
distal chord isapparent from the distribution of these positional
angles (Fig. 9). Minimum vie, by definition, occurs at OAb,
while minimum yte occurs between 0.11Ab and 0.22Ab.
Maximum vyie, by definition, occurs at OAd while maximum Vte
occurs between 0OAd and 0.2Ad.

The distribution of positional angles in Fig. 9 suggests a
phase lag of between 10 and 20% of the stroke cycle. To
quantify the phase lag more rigorously, we estimated the phase
lag for each sequence as the difference in time between
maximum yte and maximum yie. The mean phase lag across all
sequences, fish and speeds is 19.2° (0.33m). We found no
correlation between phase lag and swimming speed (Table 2).

The computation of this phase lag alowed us to compute a
rough estimate of wave speed, Vw, at the distal chord:
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where c is distal chord length, n is stroke frequency and o is
the phase lag. Wave speed increased significantly from 24.4 to
52.5cms™ (F=12.1, P=0.0018). It is interesting to note that
wave speed was higher than swimming speed at the two lowest
test speeds but lower than swimming speed at the two highest
test speeds.

Velocity and acceleration components

The velocity of the fin relative to the water depends on both
the velocity due to the fin flapping and the swimming speed of
the fish. To estimate the components due to fin flapping, we
used a four-point quadratic regression to approximate the
function describing fin displacement at each time. Velocities
were estimated by differentiating the quadratic function. We
used a four-point regression as inspection  of
time—displacement plots of markers revealed that the sampling
frequency (60Hz) was too low to justify regression through
five points. A four-point regression is asymmetric about the
point of interest; the regression may include either the two
points prior to or the two points following the foca point. We
used the average of the estimates computed from the two
asymmetric regression functions.

We computed the instantaneous velocity of the tip marker
and the leading-edge distal marker due to fin flapping. To
these, we added the velocity of the center of mass to give the
resultant velocity of the marker relative to the water, Vres.
Reversing the sign of wres gives an estimate of the resultant
flow velocity over the fin. This estimate, —Vres, ignores the
induced velocity component. Induced velocity can be
understood by thinking of the flapping fins as a helicopter
rotor. Lift in a helicopter rotor is a reaction force resulting
from the rotor accelerating a mass of air past the blades. The
induced velocity is the additional velocity due to this
increased momentum.

Induced velocity is difficult to measure directly (but see
Blake, 1979b). Application of detailed hydrodynamic
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models estimating induced velocity (Archer et al. 1979;
Phlips et al. 1981; Azuma et al. 1985; DeL aurier, 1993) was
beyond the scope of the present analysis. Induced velocity is
often estimated using momentum theory (Osborne, 1951;
Weis-Fogh, 1973; Norberg, 1976). The assumptions of
momentum theory, that induced velocity is constant both
over time and along the fin, are grossly violated for a
flapping fin. Nevertheless, we used momentum theory to
obtain a rough estimate of the error of ignoring induced
velocity. The momentum theory estimate of induced velocity
is approximately 6 % of vres a the mid half-stroke and 12 %
of wes at full abduction and adduction. The maximum
difference in direction (i.e. if the induced velocity were
normal to vres) at the mid half-stroke is approximately 3.4 °,
while at the end of each half-stroke it is 6.8°. Given the
caveats of applying momentum theory, in combination with
the relatively small influence of the induced velocity on the
direction and magnitude of the resultant stream, we have
chosen to ignore the induced velocity component of the
resultant stream.

In Fig. 10, we illustrate the fore—aft component of Vres for
both the fin tip and the leading-edge distal marker. The
downstroke has an early peak at approximately 0.22AD,
reflecting theinitial protraction during phasel. A trough occurs
between 0.44Ab and 0.67Ab dueto the largely ventral, or even
posteroventral, trandation of the fin relative to the fish. A
second peak occurs at around the transition from downstroke
to upstroke, reflecting the protraction occurring in phase I11.
Finally, the rapid retraction of the fin during the upstroke
results in a marked trough occurring between 0.4Ad and
0.6Ad. It is important to note that the tip marker, but not the
distal marker, attained negative velocities at this point in the
stroke cycle in individuals swimming at the lowest forward
speeds but not at the higher forward speeds. Thus, the fin
moved backwards faster than the fish moved forwards only at
the lowest forward speeds, only for the distal portion of the fin
and only for a short period. We should note that the reduction
in the fore—aft component of fin velocity midway through
adduction is not associated with a decreased flow over the fin.
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Fig. 5. wres is the resultant velocity of the 0
marker relative to the water.

On the contrary, the peak magnitude of vres Occurs between
0.4Ad and 0.6Ad (results not shown).

An oscillating fin accelerates and decelerates a mass of
water, generating added-mass forces that can contribute to
thrust (Daniel, 1984). Added-mass forces are proportiona to
—(dvn/dt), where t is time and vy is the component of flow
velocity normal to the fin.

Vi = VresCOS . (8)

Y is the angle between the resultant stream and the vector, n,
normal to the fin at the relevant chord. n is found by:

n=mxc, 9

where, m is the vector from the base of the fin to the tip of the
major axis and c is the chord vector, centered at the leading
edge.

Profiles of the fore—aft and dorsoventral components of
dvn/dt for the leading-edge distal marker are illustrated in
Fig. 11. We used the dista fin chord (see Fig. 1) to estimate
the orientation of the fin near the tip (equation 9). A small
negative fore—aft acceleration peak occurs during the first half
of the downstroke, but remarkably trivial fore—aft accelerations
characterize the second half. By contrast, during the upstroke,
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a second small negative fore—aft acceleration pesk is rapidly
followed by large positive accelerations that peak at
approximately 0.6Ad. Dorsoventral accelerations are largely
positive during the downstroke, although asmall negative peak
occurs between 0.33Ab and 0.44Ab. A large positive
dorsoventral acceleration peak occurs at the transition from
abduction to adduction (OAd). Finaly, a large negative
dorsoventral acceleration occurs midway through the upstroke.

Angles of attack
We estimated two angles of attack. The morphological angle

of attack, am, is the angle between the chord of interest and a
frontal plane (Fig. 12).

Hix xiy) -dJ
0 0O
lc| O

where ix and iy are unit vectors in the positive x and y
directions, respectively, and c is the vector from the leading-
edge chord marker to the trailing-edge chord marker (centered
at the leading-edge chord marker). Thelocal stream angle, Ores,
is the angle between the resultant stream vector, —Vres, and a
frontal plane (Fig. 12):

am=(T2) —cos? (10)
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where Vsream iS the local stream vector. The proximal chord
maintains a positive am through most of the first half of the
downstroke (Fig. 13A). At the lowest forward speed, a
negative am was achieved in approximately half of the
sequences. Maximum negative am, generally occurring from
0.8Ab to 0.9AD, increased with forward speed. At the two
highest forward speeds, a negative om was generaly
maintained until 0.2Ad.

The distal chord achieves a negative am sooner in the stroke
cycle (at approximately 0.44Ab) than the proximal chord
(Fig. 13B). Negative am values occur at all speeds, but their
magnitude increases with speed. At each speed, the maximum
negative am is greater for the distal chord than for the proximal
chord. During the upstroke, a positive am is rapidly achieved
at approximately 0.4Ad.

Loca stream angles were estimated for the fin-tip marker
and the leading-edge marker of the distal chord (Fig. 14). At
the fin tip, dres is initially positive, corresponding to the
elevation of the fin during phase I. With the initiation of the
downstroke, ares achieves and maintains negative angles until
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1.0Ab. Maximum negative angles during the downstroke are
approximately —40°. During the upstroke, dres becomes
rapidly positive at the fin tip and reaches peak positive angles
a 0.4-0.6Ad. At the lowest forward speed, peak positive
angles are sometimes greater than 90°. The pattern of ares for
the distal chord issimilar to the pattern at thefin tip. In general,
peak negative and positive angles are smaller than those
occurring at the fin tip (reflecting the lower flapping velocity
at the distal chord compared with that at the fin tip). In contrast
to the fin tip, ares at the distal chord is amost never greater
than 90° during any part of the upstroke, even at the lowest
forward speed.

The hydrodynamic angle of attack, an, is given by dm—Qres.
This angle (Fig. 14) is positive throughout the first two-thirds
of the downstroke and negative for the last quarter of the
downstroke and the first half of the upstroke.

Discussion
Members of the families Labridae, Scaridae, Embiotocidae,
Acanthuridae and Gasterosteidae swim at relatively high
speeds (>1TL s™1) employing only their pectoral fins. Despite
the common use of pectoral fin locomotion among fishes, only
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two reports on pectora fin kinematics in fishes swimming at
high speeds have been published: Webb’s (1973) investigation
of the shiner surfperch Cymatogaster aggregata (Webb, 1973)
and Drucker and Jensen’ s (1996) work on the striped surfperch
Embiotoca lateralis. Both Webb (1973) and Drucker and
Jensen (1996) concentrated on the effects of increased
swimming speed on stroke parameters. Our data on
Gomphosus varius highlight for the first time the kinematic
details of fin motion in afish employing flapping aquatic flight
across a wide range of speeds.

Sroke parameters

To increase swimming speed, a fish must modify its
propulsive kinematics in order to generate the extra thrust
required to overcomethe increased drag on the body. Increased
flapping frequency, stroke amplitude or both are common
mechanisms of generating increased thrust in many paired-
appendage propulsors. In the present study, flapping frequency
increases with tank speed in al individuals tested. An increase
in flapping frequency both maintains an appropriate direction
of the resultant stream vector to generate a thrust component
of hydrodynamic lift and increases any contribution from the
acceleration reaction. Thrust increases with the volume of
water accelerated by the flapping fins. G. varius controls this
volume by either increasing stroke amplitude or * flattening’ the
stroke cone.

It is difficult to compare our measures of fin excursion, @
and 2, with those of previous studies because our angles
reflect the actual three-dimensional displacement of the fin tip
while all previous studies report only the projection of the
displacement onto a single plane (Blake, 1979a; Geerlink,
1983; Archer and Johnston, 1989; Gibb et al. 1994; Drucker
and Jensen, 1996). In fishes that abduct the leading edge along
alargely horizontal stroke plane, a measure of amplitude from
adorsa view (asin Blake, 1979a; Archer and Johnston, 1989)
will closely approximate a three-dimensional measure. The
leading edge of the fin rotates by 120-140° in the frontal plane
of Corisformosa (Figs 2, 4 in Geerlink, 1983) but only by 90°
in Cymatogaster aggregata (Webb, 1973). In G. varius,
leading-edge rotation within the frontal plane increases with
swimming speed (as can be deduced from Fig. 6) and only
regularly exceeds 90° (when the tip attains negative x values)
a 59cms™l. Rotation in the frontal plane is somewhat
misleading for the bird wrasse. Because of the largely

Fig. 12. Hypothesis of resultant forces acting on the distal fin.
(A) Explanation of angles. am, morphologica angle of attack; an,
hydrodynamic angle of attack; ares, resultant angle of attack
(CressOm*an); —Vres, resultant stream vector. (B) When the fin chord
translates backwards faster than the fish is moving forwards, the
resultant stream vector has an angle of greater than 90° to a positive
x vector. If an is negative, lift will have both forward and upward
components. (C) When the fin chord translates backwards slower than
the fish is moving forwards, the resultant stream vector has an angle
of lessthan 90° to a positive x vector. If an is negative, lift will have
both forward and downward components. L, lift; T, thrust.
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dorsoventral motion of the pectora fin, large rotations of the
leading edge in the frontal plane are associated with only very
small forward displacements of the fin tip.

While amplitude increased monctonically in G. varius, it
increased asymptoticaly in two embiotocids, Cymatogaster
aggregata and Embiotoca lateralis (Webb, 1973; Drucker and
Jensen, 1996). Drucker and Jensen used the difference between
the maximum and minimum dorsoventral positions of the fin
tip as a measure of amplitude (as did Gibb et al. 1994). The
mapping between angular displacement and a rectangular
proxy is nonlinear. An asymptotic relationship between
rectangular amplitude and speed is expected even if the angular
amplitude relationship is linear (as long as the amplitude
exceeds approximately 160 ° at the high speeds). Neverthel ess,
the long plateau present in Fig. 3 of Drucker and Jensen (1996)
suggests that the flattening results largely from the angular
amplitude reaching its asymptotic value rather than from a
mapping artifact. If a plateau is expected in fishes swimming
at speeds approaching the maximum sustainable speed using
only the pectoral fins (Upc of Drucker and Jensen, 1996), the
absence of a plateau in the G. varius curves probably reflects
the fact that the highest speeds attained in this study are less
than two-thirds of the estimated Upc.

Frequency and amplitude are related by a non-dimensional
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frequency parameter, the Strouhal number & (Triantafyllou et
al. 1993):

nA
S=—

Utish (12)

where n is stroke frequency, A is the maximum displacement
of thefin tip and V is the mean forward velocity of the fish. &
is a measure of the wake geometry behind an oscillating fin
and, therefore, both thrust and mechanica efficiency are
causally associated with it (Triantafyllou et al. 1993).
Theoretical modeling and experimental results indicate that
optimal efficiency occurs when & lies in the range 0.25-0.35
(Triantafyllou et al. 1993). Indeed, S for many fishes and
cetaceans swimming at or near peak sustained speeds, at Re
values of 10%-10°, was in the range 0.25-0.35 (Triantafyllou
et al. 1993). In the bird wrasse, S decreased asymptotically
with swimming speed, with mean values of 0.54 at 22cms™
and 0.31 at 59cms™. The estimated S at 6 TLS™? (near the
measured maximum sustained swimming speed for bird
wrasses of the size in this study) is 0.27.

A wave propagating along a median or pectoral fin generates
both resistive and reactive forces, and many fishes employ a
variation of this mechanism for hovering and for forward and
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backward swimming (Breder, 1926; Harris, 1937; Lighthill,
1969, 1975; Lighthill and Blake, 1990; Lindsey, 1978; Blake,
1979b; Daniel, 1988; Arreola and Westneat, 1996). A
dorsoventrally flapping pectora fin can potentially generate
thrust by propagating a wave from the leading to the trailing
edge, even though the fin, as a whole, has no fore—aft
oscillation (Daniel, 1988). As discussed above, pitching the fin
nose-downward during the downstroke and nose-upward
during the upstroke effectively propagates a wave from the
leading to the trailing edge. The average magnitude of the
phase difference at peak abduction indicates that only 10% of
afull wave is present at any one time on the distal chord. Our
estimates of the speed of thiswave are approximate but suggest
that, at low test speeds, backward propagation of the wave
exceeds the forward speed of the fish.

Unlike the nearly constant, small (19°) phase lag between

the leading and trailing edges observed in the bird wrasse, the
phase lag in C. aggregata differed markedly with speed
(Webb, 1973). At low speeds, the phase lag (type A motionin
Webb, 1973) was close to 180°. At higher speeds (type B
motion in Webb, 1973), the phase lag was only 36° and thus
resembles the more rigid flapping of the bird wrasse fin. The
large phase lag in Coris formosa swimming at slow speeds, of
90-180° (Geerlink, 1983), resembles type A motion of C.
aggregata.

We expect large differences in the stroke plane angle
between fishes using a drag-based or lift-based mode.
Unfortunately, stroke plane angles have not been measured for
the pectora fins of any fish prior to the present study. Fig. 1
in Drucker and Jensen (1996) suggeststhat Embiotoca lateralis
has a steep stroke plane, similar to that of the bird wrasse.
Blake (1983b) mentioned that Webb's films of Cymatogaster
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aggregata indicate a stroke plane angle of approximately 70°
(or 20° below the horizontal). This estimate seems unusually
flat for alift-based swimmer; perhaps Blake's estimate is from
a low swimming speed, when C. aggregata employs type A
motion (Webb, 1973), which may be more drag-based.

Geerlink (1983) noted that the fin stroke of Coris formosa
swimming at slow speeds (0.4-0.8TL s1) differed from the
rowing stroke of Pterophyllum eimekei (Blake, 1979a, 1980)
in the distinctly downward movement of the leading edge
during abduction. But the leading edge of afin has to depress
during abduction in a rowing stroke in order for the fin to
feather properly. Illustrations of the pectoral fin in C. formosa
show the leading edge of the fin rolling over the trailing edge
during the first half of abduction (Geerlink, 1983). This roll,
reflecting the depression of the leading edge while the trailing
edge is till elevating, helps to feather the fin rapidly during
abduction (note that with some downward motion of thefin, as
awhole, during abduction, a perfectly feathered fin is pitched
nose-downward, as illustrated for C. formosa).

The adduction phase also differs considerably between G.
varius swimming at high speeds and Coris formosa swimming
at low speeds. In C. formosa, the fin tip maintains negative
fore—aft velocities for much of adduction (Geerlink, 1983),
while the fin in G. varius attains negative velocities for only a
very short period and only at the lowest forward speeds. The
long period of negative fin-tip velocities during adduction
suggests that C. formosa employs a drag-based mechanism of
thrust generation, at least at slow speeds. All wrasses observed
in our laboratory can achieve and maintain relative swimming
speeds much greater than those analyzed for C. formosa, and
it is assumed that C. formosa can as well. Whether C. formosa
employs amore lift-based mechanism at higher speedsremains
to be investigated. The bird wrasse does not use a more drag-
based mechanism at the lower speeds investigated in this study
and, perhaps as a conseguence, cannot swim steadily at low
relative speeds (less than 1.2 TLs™1).

Hydrodynamic inferences

The largely dorsoventral motions of the flapping fins in G.
varius suggest that hydrodynamic lift due to a net circulation
around the fins is the major steady mechanism for generating
thrust at the center of mass during sustained swimming at all
speeds. From kinematic patterns of the center of body mass,
we have inferred three hydrodynamic features of the bird
wrasse fin stroke. (1) A small thrust pesk occurs midway
through abduction (downstroke), while a larger thrust peak
occurs midway through adduction (upstroke). (2) An upward
force peak occurs during the downstroke. The magnitude of
this peak increases with swimming speed. (3) The dorsoventral
force peak occurring during the upstroke is speed-dependent.
At dow speeds, asmall upward force occurs. At higher speeds,
a downward force pesk occurs. The magnitude of the
downward force peak increases with speed. The magnitude of
this downward peak at the two higher speeds exceeds the
downward acceleration due to gravity and, therefore, reflects
downward forces generated by the adducting fins.
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Steady-state aerodynamic properties of wings over a range
of attack angles and velocities can be directly measured using
aforce balance and awind-tunnel (Jensen, 1956; Vogel, 1967;
Zanker and Gotz, 1990). In a quasi-steady analysis of flapping
wing propulsion, these aerodynamic properties are used to
estimate forces acting along the length of the wing at each
instant of the wingbeat cycle (Jensen, 1956; Vogel, 1967,
Norberg, 1976; Azuma et al. 1985; Zanker and Gotz, 1990;
Dudley and Ellington, 1990; Wilkin and Williams, 1993). The
major assumption of a quasi-steady analysis is that the forces
acting on a flapping wing section at any instant are similar to
the steady-state forces acting on a wing section at the same
angle of attack and flow velocity.

A gualitative quasi-steady analysis based on the orientation
of the fin chords and the resultant stream suggests steady
hydrodynamic mechanisms that could account for the inferred
dynamics of the center of mass.

The resultant stream attains an upward component at the
beginning of phase Il (0.22Ab). At thistime, the fin is rapidly
pronating, allowing the distal fin to maintain a small positive
hydrodynamic angle of attack until approximately 0.67Ab
(Fig. 14). The geometry of the resultant stream (Fig. 14) and
fin pitch (Fig. 13) at the distal chord during the first half of the
downstroke should create a lift force with large dorsal and
small forward components. This inference is supported by the
acceleration profile of the center of mass: the smaller of the
fore—aft peaks occurs between 0.33 and 0.44Ab, while alarge
dorsal acceleration peak occurs at 0.44Ab (Fig. 5).

During the upstroke, the resultant stream velocity vector has
a positive fore-aft component only when the tangentia
velocity of the fin in the backward direction is greater than the
forward speed of the fish. This positive x component occurs for
the fin tip in most of the sequences filmed at 22cms™, very
few of the sequences at 35cm s and none of the sequences at
the two highest forward speeds. By contrast, at the level of the
distal chord, very few of the sequences, even at the lowest
forward speed, present positive fore—aft velocities.

A positive x component of the resultant stream vector has
interesting implications for the kinematics of the center of
mass. Given both a positive x component and a small negative
hydrodynamic angle of attack, any generated circulatory lift
will have both a forward and an upward component (Fig. 12).
However, a negative x component combined with a small
negative hydrodynamic angle of attack resultsin aforward and
downward component (Fig. 12). The difference in sign in the
x component of the local stream between the lowest swimming
speed and the three higher swimming speeds is, therefore, the
likely cause of the upstroke peak in positive fore—aft
acceleration at the center of mass in the lowest speed trials
(Fig. 5), apeak that does not exist at higher swimming speeds.

The much more vertically oriented resultant velocity vector
during the upstroke compared with the downstroke (Fig. 14)
suggests that thrust forces are much greater during the
upstroke. Again, this hypothesisis supported by the kinematics
of the center of mass (Fig. 5), which indicates that the major
thrust peak occurs at approximately 0.4Ad. The asymmetry
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between the orientation of the resultant stream between the
downstroke and the upstroke suggests that the sum, or impulse,
of the upward forces during the downstroke is greater than the
sum of the downward forces during the upstroke. This net
upward hydrodynamic force for the stroke as a whole should
be equal in magnitude to the downward force due to gravity
on the negatively buoyant bird wrasse.

The positive x component of the resultant stream during a
small portion of the upstroke at the slowest forward speeds
indicates al so that the hydrodynamic drag generated during this
period contributes to thrust at the center of mass. While thisis
a drag-based mechanism of thrust generation, the bird wrasse
should not be considered a‘ drag-based’ swimmer, even at low
swimming speeds.

Unsteady mechanisms

There are, of course, potential problems with this qualitative
quasi-steady hydrodynamic inference. The efficacy of a quasi-
steady analysis to estimate the actual force profile on an
oscillating wing diminishes as the reduced frequency
parameter, k (see Table 1 for adefinition), increases (Spedding,
1992, 1993). k is essentialy theratio of the motion of the wing
due to oscillation to the motion of the wing due to translation
of the body and is, therefore, a measure of the unsteadiness of
the flow over the wing. Quasi-steady models become
increasingly inadequate predictors of wing performance as
reduced freguencies increase above 0.3 (Cloupeau et al. 1979;
Azuma and Watanabe, 1988; Dudley and Ellington, 1990;
Spedding, 1993). The observed values of the reduced
frequencies in the present study (Tablel) suggest the
importance of unsteady mechanismsin pectoral fin propulsion
in G. varius.

The inferred change in the sign of the hydrodynamic attack
angle (Fig. 14) and, therefore, the sign of the circulation
around the fin highlights the importance of unsteady
mechanisms in G. varius pectoral fin swimming at all speeds.
A theoretical problem not addressed in quasi-steady models of
lift-based locomotion is the Wagner effect, i.e. the time delay
for circulation, and thus ift, to grow around an aerofoil starting
from rest (Ellington, 1984; Dickinson and Gotz, 1993). Until
recently, the Wagner effect had only been investigated at Re
values much greater than those relevant to the present study.
Using a model wing at low Re (<1000), Dickinson and Gotz
(1993) found an unexpectedly rapid growth of lift at an<13.5°.
At higher attack angles, measured lift was up to 80% higher
after 2 chord lengths of travel than after 5 chord lengths. In the
trandating model, thisinitial pulse of high lift lasts only a few
chord lengths because of eventual flow separation, causing a
‘delayed’ stall, but flow visualization experiments suggest that,
in a translating and flapping wing, spanwise flow effectively
prevents stall (Ellington, 1995).

The Wagner effect potentially affects forward flight only in
strokes in which the direction, or sign, of the circulation differs
between half-strokes, as suggested here for the bird wrasse.
Dickinson and Gotz (1996) have noted that, in such strokes,
the vortex shed at the end of a previous half-stroke, having the

same sign as the starting vortex for the new half-stroke, would
increase the delay of circulation above and beyond the Wagner
effect. During the downstroke in forward swimming of the bird
wrasse, the hydrodynamic angle of attack changes from
positive to negative well before the ventral phase transition, at
approximately 0.67-0.78Ab. The ‘additive Wagner effect’
(Dickinson and Gotz, 1996), if it exists, would occur during
the last part of the downstroke and not during the beginning of
the upstroke. At some point around the phase transition from
downstroke to upstroke, the fin would shed a stopping vortex
because of the change in the sign of circulation. This stopping
vortex would act as the starting vortex for the upstroke
(Brodsky, 1994). The resulting wake geometry should be
similar to the vortex chain illustrated for the skipper
Thymelicus lineola (Fig. 3.9 of Brodsky, 1994).

An unsteady mechanism to develop circulation rapidly
around insect wings starting from rest is the ‘ clap-and-fling’
(Weis-Fogh, 1973; Ellington, 1984). The potential vacuum
created between a pair of insect wings that ‘fling’ open from a
closed position alows the instantaneous development of
circulation. Prior to the fling, the wings ‘clap’ together,
producing a jet reaction force that may contribute to thrust
(Ellington, 1984). In the bird wrasse, a pectoral fin does not
fling open from its opposite fin but peels open, dorsally-to-
ventrally and anteriorly-to-posteriorly, from the body. The
reverse motion occurs at the end of adduction. This motion is
similar to the ‘squeeze-peel’ described for some insects
(Ellington, 1984). From our data, it is difficult to evaluate the
influence of the peel-like behavior observed in the bird wrasse
on the development of circulation around the fin. Daniel and
Meyhofer (1989) suggested that the squeeze mechanism
should occur in fishes swimming with the pectoral fins and,
indeed, Geerlink (1983) had previously observed a clap- or
sgueeze-like pattern in Coris formosa with an associated
positive acceleration. In the bird wrasse, the squeeze occurs
during an acceleration minimum.

When a fin speeds up or slows down, it accelerates a mass
of surrounding water. The acceleration of water in one
direction results in a reaction force in the opposite direction.
The magnitude of the reaction force is proportional to both the
magnitude of the acceleration and the mass of water
accelerated (Daniel, 1984). The mean angular acceleration of
an oscillating fin must be zero over a half-stroke. Nevertheless,
positive linear accelerations occur in the direction of the stroke
axis (Daniel, 1984), i.e. the axis within the stroke plane that
lies midway between the extreme positions of the stroke. Thus,
Daniel (1984) proposed that the acceleration reaction
contributes to thrust in the oscillating limbs of aquatic insects
and fish (this non-zero linear acceleration of an oscillating fin
is also the basis for the acceleration reaction model of caudal
fin propulsion in fish; Lighthill, 1975). The contribution of the
acceleration reaction to thrust was explicitly excluded from
early models of oscillatory fin propulsion (Blake, 1979a) but,
following Daniel (1984), was included in later models (Morris
et al. 1985; Blake, 1986; Gal and Blake, 1988; Williams,
1994).



In G. varius, the fins oscillate about a stroke axis directed
dorsally, posteriorly and laterally, and the net acceleration
reaction would be expected to accelerate the fish forwards and
downwards (the lateral accelerations of each fin cancel). To
maintain a mean height above the substratum across the stroke,
G. varius must therefore generate upward forces to balance not
only its slight negative buoyancy but also the net effect of the
acceleration reaction. We can qualitatively evaluate the
instantaneous influence of the acceleration reaction by
comparing the acceleration of the center of mass (Fig. 5) with
that of the fin (Fig. 11). During abduction, the maximum
backward acceleration of the fin occurs dlightly prior to the
maximum forward accel eration of the center of mass and, thus,
the acceleration reaction contributes to thrust during this part
of the stroke. Similarly, during abduction, maximum
downward accelerations of the fin occur dlightly prior to
maximum upward accelerations of the center of mass and,
again, the acceleration reaction contributes to the net upward
force on the body. During adduction, however, the center of
mass has large forward accelerations between 0.2 and 0.8Ad,
despite the positive forward accelerations of the fin (due to
backward deceleration asit closes against the body) generating
reaction forces that contribute to drag. Similarly, acceleration
of the center of mass in the dorsoventral direction varies with
speed during adduction despite the consistent downward
accelerations of the fin. The inconsistency between fin and
body acceleration suggests that acceleration reaction forces
contribute only arelatively small component to the total force
balance.

At the initiation of fin retraction following full abduction,
the fin rays were bent by passive hydrodynamic forces so that
the distal tip of the fin faced rearwards for longer than would
be possible if the fin were rigid. This passive bending could
potentialy increase the thrust and efficiency of the oscillating
fin (Katz and Weihs, 1978).

Comparisons with other flyers

The major features of pectoral fin swimming in G. varius
present interesting comparisons with forward flight in air. On
the basis of the heaving and pitching motions of the fin and the
kinematics of the center of mass, we have argued for G. varius
(2) that the fins generate thrust during both the downstroke and
upstroke, with the larger contribution occurring during the
upstroke, (2) that the downstroke generates an upward force,
(3) that the upstroke generates an upward force at low speeds
and a downward force at high speeds, and (4) that the
contrasting upstroke and downstroke dynamics reflects the
change in sign of the circulation between half-strokes. Similar
aerodynamic conclusions have been inferred for forward flight
in severa insects (Weis-Fogh, 1956; Jensen, 1956; Nachtigall,
1966; Azuma and Watanabe, 1988; Dudley and Ellington,
1990; Dudley, 1991; Zanker and Go6tz, 1990; Wilkin and
Williams, 1993) and bats (Norberg, 1976; Aldridge, 1986,
1987).

Weake visualization investigations suggest that inferred
negative circulation and consequent thrust during the upstroke
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of bats and insects should be treated with caution. Wing strokes
characterized by a change in the sign of the circulation at each
half-stroke generate a vortex ‘chain’ wake, i.e. a wake
presenting a pair of undulating tip vortices interconnected by
transverse vortices shed during circulation transitions (Rayner,
1986; Brodsky, 1994). By contrast, a stroke in which one of
the half-strokes is unloaded produces a ‘ring’ wake, while a
stroke with constant circulation between half-strokes generates
a ‘continuous’ vortex wake (Rayner, 1986; Spedding, 1987).
Contrary to expectations based on center of mass or wing
kinematics (Norberg, 1976; Aldridge, 1986, 1987), no vortex
chain wakes have been observed in the steady forward flight
of vertebrates, leading Rayner (1993, p. 357) to conclude that
it ‘apparently does not exist in vertebrates in steady flight’.
There is similar ambiguity of the dynamic function of the
upstroke in forward-flying insects. Direct force measurements
indicate that the wing during the upstroke generates thrust in
combination with either upward or downward forces
(Cloupeau et al. 1979; Zanker and Gotz, 1990; Wilkin and
Williams, 1993; Dickinson and Gotz, 1996), a pattern
consistent with inferences based on wing kinematics (Jensen,
1956; Nachtigall, 1966; Azuma and Watanabe, 1988; Dudley
and Ellington, 1990; Dudley, 1991). Indeed, vortex chain
wakes have been observed in some forward-flying insects
(Brodsky, 1994). But, in an interesting experiment, Dickinson
and Gotz (1996) observed a vortex ring wake, indicating the
absence of aerodynamic forces on the wing during the upstroke
(Rayner, 1979, 1986, 1993), coupled with direct force
measurements, indicating distinct aerodynamic forces during
the upstroke. Clearly, in both bat and insect flight studies, there
is some inconsistency between aerodynamic inferences drawn
from flow visualization and those drawn from the combination
of direct force measurement, the kinematics of the center of
mass and theoretical models applied to wing kinematics.
Despite these potential problems interpreting the dynamics
of flapping wings or fins from kinematic data, direct force
measurements and flow visualization, we predict that flow
visualization studies of forward swimming in the bird wrasses
or other fishes with a similar kinematic pattern will reveal a
vortex chain wake, even at slow speeds. Our kinematic data
support Rayner's (1986) suggestion that negative
hydrodynamic attack angles on the upstroke in aguatic flyers
that are neutrally buoyant are to be expected, given that these
animals need to optimize thrust and not upward forces.
Finally, we note that the kinematics of the the center of mass
suggest that peak thrust is generated during the upstroke, even
at the lowest speeds. This pattern contrasts with that found in
vertebrate flyersin air, in which peak thrust occurs during the
downstroke and the upstroke is either unloaded or generates
negative thrust (but see Norberg, 1976; Aldridge, 1986, 1987).
Isthe generation of peak thrust during the upstroke a historical
constraint or does it reflect different aerodynamic goals
between vertebrates flying under water and in air? Current
estimates of labrid phylogeny (Westneat, 1993; Bellwood,
1994) suggest that lift-based pectoral fin propulsion is derived,
having evolved from the more primitive drag-based propulsion
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several times within the Labridae. Drag-based propulsion is
characterized by a distinctly loaded power stroke as the fin is
rapidly adducted followed by a relatively unloaded recovery
stroke during abduction (Blake, 1979a,b). This suggests that
the primitive architecture of the labrid pectoral girdle made it
easier to evolve a lift-based mechanism that maintained
primary thrust generation during adduction and not abduction,
as in birds and bats. However, kinematic data, direct force
measurements and some flow visualization data suggest that
the fins of G. varius function in a strikingly similar manner to
the wings of insects. In insects, as in the bird wrasse, large
upward forces are generated during the downstroke. Similarly,
thrust during the upstroke is associated with downward forces
at all but the lowest forward speeds. Aerial flying in insects
and aquatic flying in teleost fishes are similar in two respects
to aerial flying in vertebrates. First, the wings of insects and
the fins of teleost fishes are thin, relatively rigid along their
span and lack the multiple joints found in the forelimbs of
flying vertebrates. Second, insects (in air) and fish (in water)
weigh much less than birds (in air). Rayner (1986) argued that
avortex chain wake, indicating alternating signs of circulation
between half-strokes, may be expected in neutrally buoyant or
‘particularly light’ animals, since there is less need for weight
support. Bird wrassesin the size range of theindividualsin this
study weigh between 0.8 and 1.3g in water, which is far less
than birds and bats but approximately the same as moderate-
to-large flying insects [of course, weight support is more
important in a 1g insect (in air) than in a 19 fish (in water)
because the water offers greater resistance to downward
motion)]. The similarities between insect and bird wrasse
kinematics and dynamics, then, suggest that the lift-based
mechanism in insects and fishes has converged on a similar
pattern either as a result of shared design constraints of the
flapping appendage or as a common goal of thrust
maximization. Clearly, it would be of general interest to
explore how wake structure, or kinematic gait, scales with
body size.
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