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Summary

The classical theory of locomotion in sharks proposes
that shark pectoral fins are oriented to generate lift forces
that balance the moment produced by the oscillating
heterocercal tail. Accordingly, previous studies of shark
locomotion have used fixed-wing aircraft as a model
assuming that sharks have similar stability and control
mechanisms. However, unlike airplanes, sharks are
propelled by undulations of the body and tail and have
considerable control of pectoral fin motion. In this paper,
we use a new approach to examine the function of the
pectoral fins of leopard sharks;Triakis semifasciataduring
steady horizontal swimming at speeds of 0.5-2.6'1, where
| is total body length, and during vertical maneuvering
(rising and sinking) in the water column. The planar
orientation of the pectoral fin was measured using three-
dimensional kinematics, while fluid flow in the wake of the
pectoral fin and forces exerted on the water by the fin were
guantified using digital particle image velocimetry (DPIV).
Steady horizontal swimming in leopard sharks is
characterized by continuous undulations of the body with
a positive body tilt to the flow that decreases from a mean
of 11° to 0.6° with increasing flow speeds from 0.5 to
2.0ls7L. Three-dimensional analysis showed that, during
steady horizontal locomotion, the pectoral fins are

cambered, concave downwards, at a negative angle of Key words:

attack that we predict to generate no significant lift.

Leopard shark pectoral fins are also oriented at a
substantial negative dihedral angle that amplifies roll
moments and hence promotes rapid changes in body
position. Vortices shed from the trailing edge of the
pectoral fin were detected only during vertical
maneuvering. Starting vortices are produced when the
posterior plane of the pectoral fin is actively flipped
upwards or downwards to initiate rising or sinking,
respectively, in the water column. The starting vortex
produced by the pectoral fin induces a pitching moment
that reorients the body relative to the flow. Body and
pectoral fin surface angle are altered significantly when
leopard sharks change vertical position in the water
column. Thus, locomotion in leopard sharks is not
analogous to flight in fixed-wing aircraft. Instead, a new
force balance for swimming leopard sharks is proposed for
steady swimming and maneuvering. Total force balance on
the body is adjusted by altering the body angle during
steady swimming as well as during vertical maneuvering,
while the pectoral fins appear to be critical for initiating
maneuvering behaviors, but not for lift production during
steady horizontal locomotion.

leopard shark, locomotion, pectoral fin, flow

visualization, force balance, hydrodynami€sakis semifasciata.

Introduction

According to the classical view of locomotor biomechanic§Ferry and Lauder, 1996). Using three-dimensional video
in sharks (Affleck, 1950; Alexander, 1965; Simons, 1970analysis and dye-stream visualization, these authors proposed
Thomson, 1976; Videler, 1993), the pectoral fins function tahat movement of the tail surface deflects water ventrally and
generate lift forces anterior to the center of mass and henpesteriorly, generating an anterodorsally directed reaction
generate torque that counters the torque introduced by thierce with both lift and thrust components.
heterocercal tail. Because of its morphological asymmetry in While further research on tail function is certainly needed to
the horizontal plane, the heterocercal tail of sharks has lordetermine the generality of this result in other shark species,
been thought to generate forces at an angle to the body axigctoral fin function hypothesized by the classical model of
in contrast to the function of the homocercal tail in teleosshark locomotion has not yet been examined quantitatively.
fishes (Lauder, 1989). Recently, the tail component of theélowever, evidence based on manipulation of living sharks and
classical theory of shark locomotion has been corroborated studies of mechanical models has supported the view that the
a study of freely swimming leopard shaillkg&kis semifasciata pectoral fins provide lift in swimming sharks. Daniel (1922)
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disabled the pectoral fins of sharks and found that, aftgrevious paper on sturgeon (Wilga and Lauder, 1999) as
releasing them into the water, they were unable to swinlosely as possible so that data could be compared between
steadily and headed downwards towards the substratum. Harsigecies. Briefly, sharks were videotaped using a NAC HSV500
(1936) conducted wind-tunnel experiments on a model ofigh-speed video system at 250fieltlss(resolution
Mustelus canisn which the pectoral fins were set at an angle540 pixelx480 pixels) while swimming in a 6001 flow tank
of inclination to the body axis of 8-10° and found that thewith a working area of 82 cm long28 cm widex 28 cm high.
presence of the pectoral fins greatly increased pitching lateral view of the swimming sharks was recorded by
moments. Several studies have also proposed that sharks tdirecting one camera perpendicular to the side of the flow tank,
and maneuver by altering the angle of the pectoral fins as wellhile the ventral view was recorded by aiming a second
as the pectoral fin surface (Daniel, 1922; Harris, 1936¢amera at a front-surface mirror oriented at 45° below the
Klausewitz, 1962, 1965; Simons, 1970; Thomson andvorking section of the tank. For all experimental protocols, the
Simanek, 1977), although others suggest that the pectoral fingo cameras were electronically synchronized. The filming
are relatively fixed in position and move little (Breder, 1926)distance was large enough for parallax errors to be negligible.
Fish and Shannahan (2000) videotaped sharks swimming inMarked grids were used to scale lateral and ventral recordings
public aquarium and concluded that the pectoral fins arsimilarly. Whole body (zoomed-out) views were recorded to
oriented in such a way as to generate lift. analyze speed and behavior effects on body angle, while head
Given the paucity of empirical data on the function of theand pectoral (zoomed-in) views were recorded for detailed
pectoral fins during locomotion in sharks, our main objectivehree-dimensional analysis of pectoral fin conformation. A
here is to test hypothesized functions of the pectoral fins undetstom-designed computer program was used to digitize video
the classical theory of shark locomotion by studying freelysequences.
swimming sharks of the same specigésiakis semifasciata Four swimming speeds, 0.5, 1.0, 15 and
leopard sharks) used by Ferry and Lauder (1996) in theR.Ototalbodylengthsd (Is), while fish were holding
analysis of tail function. We test this hypothesis in two waysposition in the flow were examined to investigate whether
First, we quantify the three-dimensional kinematic positions oharks alter their body angle with swimming speed. Each
the pectoral fins during steady horizontal swimming as well amdividual was filmed swimming at four speeds using the
during rising and sinking maneuvering behaviors to determinerhole body camera arrangement. In total, 400 images were
whether the pectoral fins are held in an orientation that wouldigitized for the speed effect experiments: five fields evenly
be expected to generate lift. Second, we quantify water flow ispaced within each tailbeat for five different tailbeat sequences
the wake of the pectoral fins during locomotion in leopardat four speeds in each of four individuals.
sharks using digital particle image velocimetry (DPIV) Holding position, rising and sinking in the water column
(Willert and Gharib, 1991; Krothapalli et al., 1997), which were studied as the sharks swam in the flow tank as%.0
allows estimates of fluid vorticity and, hence, the forcedVe investigated whether sharks are capable of altering the
exerted by the fin on the fluid (see Drucker and Lauder, 199@ngle of the body and pectoral fins to change position in the
Wilga and Lauder, 1999). Our secondary objective is tavater column using both the whole body and the head and
compare these data on leopard sharks with our previous resyisctoral fin camera arrangements as described above. Holding
on locomotion in the white sturgeéipenser transmontanus position is defined as the animal maintaining a stationary
a ray-finned fish species also possessing a heterocercal failithin 2%l s deviation from a fixed frame of reference)
(Wilga and Lauder, 1999). horizontal (anteroposterior) and vertical position in the water
column. We define rising and sinking as maintaining horizontal
position in the water column while actively increasing or
decreasing vertical position by at least 4 chvgith minimal
Animals lateral movement. Only those video sequences were analyzed
Leopard sharksTriakis semifasciat&irard, were obtained in which the shark maintained horizontal and vertical position
from Santa Monica Bay off Southern California underduring holding or ascended or descended smoothly in the water
Scientific Permit number 801133-4 from the State ofcolumn during rising and sinking, in all cases with minimal
California. Sharks were housed in 1325| aquaria at #&ateral, upstream—-downstream, pitching (except when
temperature of 20+2°C and maintained on a diet of smelthanging vertical position) or roll motions (within 2%5!
Experiments were conducted in a calibrated flow tankleviation from a fixed frame of reference). Pitching
maintained at an average temperature of 20+1°C (see Jaym®vements are necessary when rising and sinking behaviors
and Lauder, 1995; Jayne et al., 1996; Wilga and Lauder, 1999e initiated. To test whether sharks are capable of altering
Four individuals averaging 44cm in total length (range pectoral fin movements with behavior, holding, rising and
39-47cm) were used for the kinematic and digital particlesinking sequences were chosen priori from videotape
image velocimetry (DPIV) experiments described below. recordings. Only sequences in which any body or pectoral fin
surface of the shark was at least 4 cm from any side of the flow
Kinematics tank or the surface of the water were analyzed to minimize
Kinematic methods for sharks followed those used for oupotential boundary effects from the tank walls on the flow

Materials and methods
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Fig. 1. Schematic diagram of a leop
shark Triakis semifasciatallustrating the
digitized points on the body and pectc
fin. (A) Lateral view showing the enti
body; (B) lateral view of the head &
pectoral fin; (C) ventral view of pecto
fin region. Note that the reference a
differ for lateral & y) and ventral X, 2
views. Data in B and C were recor(
simultaneously, while data in A we
obtained separately using a differ
magnification so that the entire animal \
visible. Therefore, homologous points ir
and B are numbered differently to refl
points that were not digitized from imag
recorded concurrently and at equiva
magnification. Points 14-16 are the si
points in lateral and ventral views, wt
points 17 and 17v represent the Sainc

location on the dorsal and ventral fin surfaces. These three-dimensional coordinate data were used to calculate a thre¢qlemensingle
between the anterior and posterior fin plamear(df) as shown in B and C.

around the fish for all experimental protocols (Webb, 1993)marking the fins. To this end, sharks were anesthetized using
In total, 300 digitized images for the whole body experiment§.15g ! tricaine methanesulfate (MS-222), intubated and
were analyzed for the behavior experiments: five fields equalljnaintained on 0.065 gl MS-222 while reflective aluminum
spaced throughout a tailbeat for five tailbeats in foumarkers were glued to the pectoral fins using cyanoacrylate
individuals for three behaviors. adhesive. Rectangular markers (0.5%6n2cm) for points

On lateral views of the whole body (Fig. 1A) for the speedl4-16 and 14v-16v were wrapped around the edge of the fin
effect and behavioral analyses, the(horizontal) andy  so that they were visible in both lateral and ventral images.
(vertical) coordinates of nine points were digitized: point 1.Small square markers (0.2 énfor points 17 and 17v were
fixed reference mark on the background; 2, snout tip; 3lued to the dorsal and ventral surfaces of the fin. Preliminary
posterodorsal point of first dorsal pigment mark; 4,ideo recordings were used to place points 17 and 17v at a
posterodorsal point of fourth dorsal pigment mark just anterigposition where the posterior portion of the fin begins to move
to dorsal fin; 5, anterior base of second dorsal fin; 6, dorsakrtically (as a flap) during rising and sinking behaviors. After
caudal peduncle; 7, anterior base of pectoral fin; 8, anteridhe markers had been glued in place, the sharks were intubated
base of pelvic fin; 9, anterior base of anal fin. with fresh water until swimming movements began, after

On simultaneous lateral and ventral views of the head anahich they were returned to the flow tank and allowed to
pectoral fins (Fig. 1B,C), the y andz coordinates of 11 points recover for at least 3h prior to video recording.
were digitized: point 10, fixed reference mark on the Asin our previous paper (Wilga and Lauder, 1999), a three-
background; 11, snout tip; 12, ventral body surface ventral tdimensional planar angle between the two triangles comprising
posterior margin of the eye; 13, ventral body surface at anteritine pectoral fin (Fig. 1o and ) (in the animal frame of
base of first dorsal fin; 14, anterior base of pectoral fin; 15eference) was calculated in addition to the angle that each of
lateral pectoral fin tip; 16, posterior edge of pectoral fin; 17these triangles makes with three perpendicular reference planes
internal marked location on fin surface. On ventral images dh the earth frame of reference. These angles were used to
the pectoral fins, th& and z coordinates of six points were detect whether the position and conformation of the pectoral
digitized (Fig. 1C): 14v anterior base of pectoral fin; 15vfin surface is altered among the three behaviors during
lateral fin tip; 16v, posterior fin margin; 17v, medial markedlocomotion. Examination of video sequences and digitized data
point on the fin; 18, first gill slit. revealed that movement of the posterior region of the pectoral

Points 14-17 on the shark pectoral fins were marked tin is well represented by plarfis and that movement of the
provide reliable landmarks for video digitizing prior to filming entire surface of the pectoral fin is well-represented by
the head and pectoral (zoomed-in) views. Preliminary videquantifying the position of the two planesandf.
recordings revealed that reliable identification of specific The working space of the flow tank in which sharks moved
points on the fin margins and interior was not possible withoutan be divided into a standard Cartesian coordinate system in
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which the position of any point in space can be identified byoted above for fin kinematics. Consecutive pairs of video
X, y andz values (Fig. 1). The measurements and calculationgnages (4 ms apart) of the water flow just downstream of the
follow the procedures used in previous research (Ferry armkctoral fin were digitized and analyzed using two-frame cross-
Lauder, 1996; Lauder and Jayne, 1996; Wilga and Laudecprrelation to produce a 220 matrix of 400 velocity vectors,
1999). The lower left-hand corner in the lateral view forxhe as in conventional DPIV methods (Raffel et al., 1998; Lauder,
(horizontal) and (vertical) dimensions and the lower left-hand 2000). The size of the sampling window i64, the sampling
corner in the ventral view for the(horizontal) andz (vertical)  overlap varied between 75 and 83 % because of the rectangular
dimensions was defined as the origin of the coordinate systemature of the area of interest, and the spatial resolution of the
The x, y and z coordinates for each point were obtained byimage is 648480. In total, 27 image pairs were analyzed
using thex andy coordinates in horizontal view and tlze for three occurrences of each behavior for each individual.
coordinate in ventral view, the redundartoordinate data in Additional image pairs of the vortex after it moved further
the ventral recording was deleted from the data. Points 14, 14dpwnstream were analyzed to trace the path and strength of the
15, 15v, 17 and 17v were used to form fin triarmgbend points  shed vortex when identifiable vortices attributable to the
15, 15v, 16, 16v, 17 and 17v were used to form fin triafgle pectoral fin were visible and when such vortices were not
The angle that trianglesand3 make with the three orthogonal obscured by movements of the shark body or pelvic fins.
reference planes, parasagittdl), transverseY(2 and frontal Using the same system, Drucker and Lauder (1999)
(X2, was calculated by determining the orientation of themeasured the accuracy of DPIV by comparing the average
triangles in three-dimensional space. The parasagittal planefige-stream velocity calculated using DPIV with that
parallel to the longitudinal axis of the animal when swimmingcalculated by tracking individual particles (PTV) and
and is equivalent to the side of the flow tank (visible as thdetermined that the DPIV estimation of mean velocity was
lateral camera view). The transverse plane is the plane towardéhin 5% of the true velocity. During leopard shark
which the shark is swimming and is represented as the froldcomotion, holding behavior represents the situation (with
wall of the flow tank. The frontal plane is equivalent to theeffectively free-stream flow behind the fin) for which the PTV
floor of the tank (visible as the ventral view). The planar anglanalysis will be most similar to the DPIV analysis undertaken
of intersection between fin trianglesand  with each of the here. The flow during this behavior is similar to relatively
three reference planes was calculated fromxhg andz  uniform flow without localized flow peaks and vorticity, and
coordinates. is the portion of the DPIV analysis that has the most biological
significance in terms of evaluating previous hypotheses of
Digital particle image velocimetry locomotion. DPIV will underestimate peak flow velocities and,
Water flow in the wake of the pectoral fins of sharks durindience, circulation and force for situations in which substantial
holding, rising and sinking behavior was analyzed using digitdbcal velocity peaks occur, and our estimates of circulation
particle image velocimetry (DPIV) as in previous researchHor rising and sinking behavior may well therefore be
(Drucker and Lauder, 1999; Wilga and Lauder, 1999; Laudeynderestimates, while the values for holding behavior will be
2000). Water in the flow tank was seeded with near-neutrallselatively more accurate. However, such underestimates of
buoyant 121m diameter silver-coated hollow glass beadscirculation for rising and sinking behavior will make it more
(density 1.3gcrm®, Potters Industries Inc). A 5W argon-ion difficult to detect differences among behaviors and will
laser was focused into a 1-2mm thick by 10cm wide lightherefore work against our finding statistically significant
sheet oriented using mirrors into a vertical configuration. Lightifferences. We did not conduct a separate error analysis of our
reflected by the beads was recorded as particle movementD#|V technique to quantify the extent of the underestimate of
the water flow using a NAC two-camera high-speed videairculation in regions of flow with large local velocity peaks.
system at 250fieldss The flow tank described above was For some analyses (such as those shown in Figs 8 and 9),
used to record the swimming sharks atl&:® (for further we used non-rectangular subimages for the cross-correlation
details, see Wilga and Lauder, 1999). Particle reflections inalculations of vectors. This was performed primarily because
lateral (parasagittal) view were recorded by placing one cameltaopard sharks swim using considerable lateral undulation of
perpendicular to the side of the flow tank. The position of théhe body, which often resulted in the pelvic fins projecting into
shark relative to the laser light sheet in posterior (frontal) vievthe laser light sheet. To minimize interference by the pelvic
was recorded by directing a second (synchronized) camerafats (which can faintly be seen just downstream of the yellow
the surface of a mirror placed in the flow at a distance ofectors in Fig. 8), we reduced thelimension of the matrix of
30-40 cm behind the swimming shark and positioned at 45 ° teelocity vectors by choosing non-rectangular areas. Our choice
the side of the flow tank. Previous studies have shown that tloé the shape of the interrogation area was thus determined by
presence of the mirror imparts no statistical effects otpiological considerations. The change in shape of the cross-
locomotor kinematics and does not affect the flow in the regionorrelation subimage had no significant effect on the accuracy
of interest (Ferry and Lauder, 1996; Drucker and Lauder, 1999f the velocity reconstructions. First, the free-stream velocities
Wilga and Lauder, 1999). calculated for the non-square areas and the square areas (e.qg.
Sequences of particle images during holding, rising andomparing Figs 7 and 8) were effectively identical. Because of
sinking behavior in sharks were identified using the criteridghe relatively short time interval (4 ms) between images and the
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relatively slow flow velocities, particles used for the crossgenerated by the pectoral fins, the quantiig taken as the
correlation analyses did not move more than 20% of the bavadius of the vortex ring (Dickinson, 1996). Because some
width between the two frames. sequences captured the fin vortex after it had moved less than
Three analytical protocols were used to quantify water flova vortex ring diameter downstream and since the zoomed-in
patterns in the wake of the pectoral fin. First, fluid flow patternsideo image of the wake sometimes did not show the middle
were documented by estimating flow structure using thef the pectoral fin, we approximated the vortex ring radius by
magnitude and direction of velocity vectors from plots of thaneasuring the radius of the vortex core when the shed vortex
20x20 matrix of velocity vectors in the wake of the fin. Fluid had moved approximately one radius downstream from the
structures in the wake were revealed by subtracting flowtantkailing edge of the fin. Under these conditions and given the
current from the matrix of velocity vectors. sizes of the pectoral fins and shed vortices, the radius of the
Second, rotational motion in the flow was quantified byortex core will be equal to that of the vortex ring. To provide
calculating fluid vorticity using the velocity vector matrix a check on this, we measured (for those sequences for which
(Vogel and Feder, 1966; Krothapalli et al., 1997). Plots oft was possible) both the vortex core radius and the ring radius,
vorticity in the present paper are shown to visualize rotationapproximated as half the distance from the vortex core to the
fluid motion in which the red/orange color indicatesmidpoint of the pectoral fin (estimating the center of bound
counterclockwise fluid movement, the purple/blue colorcirculation). The mean radius of the vortex core was
indicates clockwise motion and the greenish color is used fdr.92+0.077cm, while the mean radius of the ring was
zero vorticity (Krothapalli et al., 1997; Drucker and Lauder,1.94+0.202cm (means .M., N=18). Given the sources of
1999; Wilga and Lauder, 1999). measurement error, these values are effectively identical. The
Third, a two-dimensional estimate of lift force generated bydifference in radii between weak and strong vortices (which
the pectoral fin was calculated from the velocity vector matrixwe specifically included to obtain a range of biological
Lift forces generated by the pectoral fin were compiled fronvariation during locomotion) also contributes to the standard
the circulation of vortices shed from the trailing edge of theerror.
fin. A useful concept in airfoil theory is Kelvin's law, which ~ We captured the entire vortex inside the border of the image
states that shed vortices are of equal and opposite strengthino75% of the sequences and a partial one in the remaining
the hypothesized bound circulation on the fin (Dickinson25%. The reason for this inclusion of partial vortices derives
1996). The circulationl{, cn?s™1) of vortices shed by the from the relatively anguilliform locomotor mode of leopard
pectoral fins was calculated directly from the matrix of velocitysharks where other portions of the body often enter the vector
vectors using a custom-designed program (Drucker anfield as the pectoral fin vortex drifts downstream. No vortex
Lauder, 1999; Wilga and Lauder, 1999). The vast majority ofvas used that was cut off at the center or less than the center.
the vortices were circular and, to conform with previousMost importantly, we captured the entire region just behind the
studies of fish locomotion and insect flight, we chose a circuldin and inside the border of the image in all the position-holding
integration path, although some vorticity plots do show a&equences for which circulation values are expected to be (and
somewhat oval vortex. The circular integration a&emound  were) the lowest. The integration routine does not supply data
a vortex center is defined by the user interactively against tHer missing vectors; it calculates circulation only for visible
matrix of velocity vectors. Linear interpolation of the four vectors within the designated radius. We realize that this
adjoining neighboring vectors in the matrix was used tgrovides an underestimate of the lift force for those sequences
calculate velocities at points o6 and by summing the with missing vectors but, since the circulation values for
tangential components arou@duntil an asymptotic value for sequences with missing vectors fall within the range of the
total vortex circulation was detected by calculating increasingalues for sequences for which no vectors were missing, they
integration of path radii at 0.01cm increments (Willert andwere not considered outliers. In other words, the range of
Gharib, 1991). The location of the core center was located Hyiological variation for a given behavior is greater than the
a local vorticity maximum near the center of the vortex. Largevariation introduced by missing a portion of the vortex in 25 %
increases in path radii are used far from the maximum (0.1 cnof the sequences. We analyzed rising and sinking behaviors
and much smaller ones near the peak (0.01cm). Circulatichat may be described as weak to strong deliberately to
values steadily increased from the core until the periphery @hcompass the range of biological locomotor variation, and the
the vortex was reached, where they then started to decreasassociated vortices and calculated values for lift varied
The lift forceF (N) exerted by the pectoral fin on the wateraccordingly.
was calculated in two dimensions usigg2mt® (Dickinson, The vertical fluid impulse of the downwash behind the fin
1996), where 2 is included to account for the force generatedas calculated using fluid momentum data obtained from the
by both finsmis fluid momentum (actually impulse) ahiés  laser light sheet, which provided a two-dimensional
the duration of pectoral fin movement digitized from videoreconstruction of vortex geometry. These calculations permit
sequences. Fluid impulse (kgm)s was quantified using comparative analysis of vortex properties and wake
m=plA, at a density of 1250 (kg m?3), and a cross-sectional momentum among the three behaviors, but do not constitute
areaA (cn¥?) of the vortex calculated usinmg?, wherer is the  total lift force on the fin, for which three-dimensional data
digitized radius of the vortex core. In calculating forcesand upstream flow profiles are required (Prandtl and
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Tietjens, 1934; Drucker and Lauder, 1999; Wilga and Sharks swam horizontally with no pitching or vertical or
Lauder, 1999). On the basis of our two-dimensional analysidateral drifting during holding sequences, and smoothly rose or
we recognize that our reported values will not provide amsank (instead of rolling or yawing) during the rising and
accurate estimate of the absolute magnitude of lift generatesihking sequences as confirmed by plotg-obordinate values

by the pectoral fin and that the lift values for rising andof five points digitized along the body (points 2—6 on Fig. 1)
sinking behavior may be underestimates. The key issue fer

us in the present paper is the comparative values obtain 20
from the same fish during three different locomotor
behaviors. The sources of error in estimating lift force worlk
against finding significant differences among behaviors
therefore, if such differences are found, we feel confident c
their biological significance.

Fin wake vortices were typically observed following
movement of the posterior region of the pectoral fin (triangle
B). The velocity of trianglg3 movement was calculated for
sequences in which the wake vortex force was estimated
compare the velocity of fin motion with the magnitude of od O....0\ ...
estimated lift forces and among the three behaviors. W (@) 8
measured the vortex an average of 45ms after it left the f
trailing edge. According to the viscous length scale (Achesor -5 , , ,
1990), vorticity diffuses a distance of 0.022cm in 45ms, an 05 10 15 20
thus we belieye thqt viscqus dissipation is not significanth Flow speed (I s9)
affecting our circulation estimates.

oo
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Body angle (degrees)
00
o

Statistical tests

Linear regression analyses were calculated using tr
following dependent and independent variables and adjuAted
values: whole body angle and flow speed; anterior base
second dorsal fin position and proportion of tailbeat; three
dimensional pectoral fin angle and body angle; lift force and fil
flip velocity. For the whole body and head and pectoral fir
variablesversusbehavior analyses, a mixed-model two-way
analysis of variance (ANOVA) using Type Il sums of squares
was performed on the behavior data (Hicks, 1982; SAS, 199¢
Behavior was treated as a fixed main effect and individuals as
random main effect. Behavior was tested over the behavior
individual interaction term. If a difference was detected by
ANOVA, then a Student—Newman-Keuls multiple-comparison:
test was performed on the data. The data were tested 1
homogeneous variances using the Levene mediarPte3i06)
and normal distribution using the Kolmogorov—Smirnov test
(P<0.05). Statistical tests were performed using SAS v. 6.12 «
SigmaStat v. 2.01 statistical software or were calculated usir
Zar (1996).

Results Fig. 2. Plot of body angleersusflow speed to show the decreasing
Body and pectoral fin kinematics angle of the body with increasing speed. Each symbol represents the

Swimming sharks held position in the flow tank usingmean of five body angle measurements (equally spaced in time) for

continuous undulations of the body and tail at a positive bodflve tailbeats for four individuals. Images below show body position

. - L at the corresponding flow speedd &1, wherel is total body length
t”t_ relative to the flow that decreases with increased Spee(ﬂow direction is left to right). At all speeds, sharks are holding both
(Fig. 2). Body tilt averaged 11 °+1.66e.m., N=12 at 0.5s1

. ) - horizontal and vertical position in the flow, and not rising or sinking
and decreased to 0.6 °+0.86.m.,N=12 by 2.0s™% The linear i, the water column. Body angle was calculated using the line

regression was significant with a? of 0.43 P<0.001).  connecting points 7 and 9 (Fig. 1) and the horizontal (parallel to the
Significantly higher body angles were adopted by swimminglow). A linear regressiony€15.1-7.4x, adjusted?=0.43; P<0.001)
sharks at decreasing flow speeds (ANOWAQ.005). was significant and gives the best fit to the data.
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versustime. Incremental vertical changes during the tailbeatonformation does not change throughout the tail-beat cycle
sequence from an initial point position of 0 were tested for thevhile holding. During holding behavior, the pectoral fin is
y position of points 2—6 during rising, holding and sinkingheld at a mean internal angle of 191° (Table 1) between
behaviors at 1.0s71. Least-squares linear regression revealed

that the slopes are significantly different for each of the thre 40
behaviors: rising/=—0.059+3.7%; holdingy=—0.043+0.09%;
sinking y=0.29-4.3% (P<0.001), where x is time. 30+ A

Furthermore, the slope is not significantly different from zerc
for holding behavior =0.36). Rising and sinking sequences
were initiated by pitching movements caused by changes

20 §

Body angle (degrees)

pectoral fin angle as described below. 10- 0

The angle of the body relative to the flow varied o
significantly while changing position in the water column at O oo
1.0ls'1 (ANOVA, P=0.0001) (Fig. 3; Table 1). A positive [ ]
body tilt averaging 22.0 ° was assumed during rising, wheree -104
a negative body tilt averagingll.1° was adopted during I
sinking, and a positive body tilt averaging 8.3° was 20

. . . . . . T T T
maintained while holding position. Overall mean tailbeat Hold Rise Sink

duration was 545+54ms, within which sharks actively
increased or decreased vertical position by an average
8.1+1.9cms! during rising and 12.0+2.7 cm’s (means +
s.E.M., N=20) during sinking. The conformation of the
pectoral fin surface also changed significantly during the
initiation of sinking and rising from an initial holding position
at 1.0s?! as revealed by three-dimensional analyses o
pectoral fin angles (ANOVAP=0.0001; linear regression,
internal pectoral fin angle=190.824+0.414vherex is body
angle, r?=0.39, P<0.001; Fig. 4). Conversely, pectoral fin

Rise

Fig. 3. Plot of body angleversusbehavior during locomotion at
1.0ls1, where | is total body length. Circles indicate holding
behavior, triangles show rising behavior and squares reflect sinking
behavior. Body angle was calculated using the line connecting points
7 and 9 (Fig. 1) and the horizontal (parallel to the flow). Each point
represents the mean of five sequences for each of four individuals.
Images below show a sample body position during rising, holding
and sinking behaviors. Body angle is significantly different among
the three behaviors (ANOVA=0.0001).

Table 1.Summary means of kinematic and DPIV variables while holding and changing positiohsat ih@wo fish species
with heterocercal tails

Triakis semifasciata Acipenser transmontanus
Variable Hold Rise Sink Hold Rise Sink
Body tilt angle relative to flow (degrees) 8+0.80 22+1.75 -11+1.93 8 19 -10
Pectoral fin internal angle (betweerand 191+0.89 200+1.59 185+0.99 186 193 170

[ planes) (degrees)

Pectoral fin chord angle to flow (degrees) -5+1.07 14+1.61 —22+1.57 -11 12 -29
Dihedral @ plane) (degrees) —23+2.41 -35+1.91 -5+3.62 -33 -34 -26
Downstream vertical fluid impulse (N) 0.0009+0.0024 0.0620+0.00940.0925+0.027 -0.0023 0.0261 -0.0537
Fin velocity (ms?) -0.0035+0.0011 -0.0799+0.0069 0.0899+0.0069 0.0066-0.0628  0.0493

Data forAcipenser transmontanase from Wilga and Lauder (1999).

I, total body length; for definitions of andp, see Fig. 1.

Values are means<£.m. of 300 kinematic sequences (5 fields for 5 tailbeats for 3 behaviors for 4 individed)sand 27 DPIV sequences
(3 fields for 3 behaviors for 3 individuald=3).
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210 - Table 2.Summary statistics of three-dimensional planar
: angles in the pectoral fin ifiriakis semifasciatavhile holding

£ position at 1.0s™

g 200- Holding Rising Sinking
E\—/
5 % Plane T (degrees) (degrees) (degrees)P SNK
e XZ o 14942 217+1.8 14615 0.0001* R>H>S
== XZ B 207+8.4 21716 151+2.0 0.0033 R>H>S
E?, 190 YZ a  87+0.7 105+1.8  67+1.2 0.0001* R>H>S
5 YZ B 96+1.8 115+1.6  74+2.0 0.0001* R>H>S
= = : XY a 113#24 125+1.9  95+3.6 0.0008* R>H>S

e - : XY B 114477 119+1.7  90#3.4 0.0279

E 180 - ™.

oy

: Values are means&Et.M. of 300 kinematic sequences (5 fields for
! ! ! ! 5 tailbeats for 3 behaviors for 4 individuais4).

20 -10 0 10 20 30 *Significant at the Bonferroni-correcteetvalue of 0.008. SNK,

results of Student—-Newman—Keuls test; H, hold; R, rise; S, sink.

In theXZ plane, 0° is anterior and 180 ° is posterior; in Yzeand
XY planes, 0° is dorsal and 180 ° is ventral.

Note that the orientation of tHgtriangle to the perpendicular of
the YZ plane represents the plane of the posterior portion of the
pectoral fin relative to the flow (see Fig. 1 for a definition offthe
plane).

held like a rigid flat plate. The internal angle increases to an

average of 200 ° during rising (Table 1), indicating that the fin

is held in an even greater concave-down position, while the
Hold fin is less concave with a mean internal angle of 185 ° during
sinking. In addition, the leading edge of the pectoral fin is
retracted to 170+3.2° during rising and protracted to
152+4.5° during sinking (ANOVAP<0.001) from the mean
angle during holding of 158+2.2° (the angle between lateral
side of head and anterior margin of fin, angle formed by points
15v, 14v and 18) (means .M., N=20). The repositioning
of the pectoral fin to redirect water flow to reorient the body
for rising and sinking behaviors is reflected in the change in
the internal angle. Changes in internal pectoral fin angle
B precede the change in body angle associated with rising or

Fig. 4. Graph of three-dimensional internal pectoral fin amgteus ~ SINKINg and function to initiate the pitching moment that
body angle for each of the three behaviors during locomotion dorients the body angle from the holding position to the more
1.01sL, wherel is total body length. Symbols are as in Fig. 3. Bodyextreme body angles associated with rising and sinking
angle was calculated using the line connecting points 12 and 13 (sbehavior (Fig. 4).

Fig. 1) and the horizontal (parallel to the flow). Each point represents The movement of the pectoral fins during locomotion in
the mean of five sequences for each of four individuals. Imagesharks is complicated and characterized best by illustrating the
below show sample head and pectoral fin positions during risingmg|e of the pectoral fin planes with respect to the three
holding and sinking behaviors. Pectoral fin angles equal to 180gyiernal reference planes (Table 2; Fig. 5). Pectoral fin plane

indicate that the two fin triangles (see Fig. 1C) are coplanar; angl%f was held outwards from the body at a mean angle of 67°
less than 180° show that the fin surface is concave dorsally; anglﬁsbm the parasagittalX(y) plane while holding position, as
greater than 180° indicate that the fin surface is concave ventrally. P 9 P gp ’

The three-dimensional internal pectoral fin angle is significantl easured ventral_ly (_Or 113(_) as measured dorsally,__see
different among the three behaviors (ANOV:0.0001). The least- Table 2). The leading fin edge is actually ventral to the trailing

squares regression line is significant (slope OR&D.001; adjusted €dge with the fin chord inclined at an angle-6f to the flow
r2=0.39). (Fig. 6A; Table 1). The angle of attack of the pectoral fin is

thus negative during holding behavior, and the lateral tip of the
fin is significantly ventral to the base and posterior margin of
planesa andf, indicating that the fin is retained in a slightly the fin.
concave downward orientation. Note that if the internal angle During rising, the pectoral fin tilts so that the leading edge
were 180 °,a and would be coplanar and the fin would be is dorsal to the trailing edge, and the fin chord is at a positive

Sink
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Lateral V entrolateral Posterior
A Hold
86°, 95° YZ
g 8|
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151°, 206° XZ
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Fig. 5. Orientation of the two pectoral fin planesafdp) in three-dimensional space during holding, rising and sinking behaviors. The three
columns show lateral, ventrolateral and posterior views of the fin triangles respectively. Points defining the fin triangpencdoehe
following digitized locations in Fig. 1: blue circle, point 14; red triangle, point 15; yellow diamond, point 17; green pqumré6. The
homologousXY plane (the earth plane of reference) is outlined in bold in each panel to assist in identifying the rotational view. &hfnintern
angle between planesand is given in the ventrolateral view column, and the angles of each fin triangle are given with respect to the three
external reference planes in the posterior view column. The first and second numbers indicate the external three-diméesiohgieng

andp triangles respectively; note that in the posterior view column the angles are given as ac& fahe and thus are the complement to

the angles reported in Table 1. Values reflect orientation in these three specific sequences, rather than the overall stkalsevepene.

14° to the flow (Figs 5B, 6B; Table 1). The orientation of thedorsally located, the posterior plane of the fin slants upwards
pectoral fin during sinking changes significantly from itsrelative to the base, and the fin chord is oriented at an angle of
conformation while holding with respect to all three referenceattack of-22° to the flow relative to the holding position
planes (Table 2). The lateral edge of the pectoral fin is mor@g-igs 5C, 6C; Table 1).
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A Hold fluid in the vorticity plot indicates the position of a clockwise

vortex.
AttaCkangle_S Mean values for relative downstream vertical fluid impulse

------------ and velocity of pectoral fin movement for the three behaviors
were calculated from the velocity vector matrix and from video
images (Table 1). Mean force values quantified while holding
position were not significantly different from zero (mean force
0.0009 N; t-test P=0.493). The counterclockwise vorticity

B Rise observed in the wake of the pectoral fin during rising
Camber 0.20 corresponds to a significant positive force that acts to pitch the
body upwards (mean force 0.062tNestP<0.001). Similarly,

the clockwise vorticity observed in the wake of the pectoral fin
during sinking corresponds to a negative force that acts to pitch
the body downwards and is significantly different from zero
Attack angle 14° (mean force-0.0925 N;t-testP<0.001).

Relative two-dimensional forces produced by the flipping of
the pectoral fin are significantly different among the three
behaviors (ANOVA, P=0.01). The least-squares linear
regression of fin flip velocityersusdownstream vertical fluid
impulse was also significant2€0.22, P=0.007) (Fig. 10).
Holding events, in which the fin is held constant and does not
flip up or down, cluster around zero force and zero fin flip
velocity. Rising events are generated by downward fin flips and
have positive values (negative velocities) and are located in the
upper left quadrant of Fig. 10. In contrast, sinking events are
Fig. 6. Schematic diagram of pectoral fin chord, camber an@ssociated with an upward fin flip and have negative lift forces
orientation during holding, rising and sinking behaviors. The(positive velocities by our convention) and are located in the
pectoral fin is represented as two planes+(B; see Fig. 1 for lower right quadrant of Fig. 10.
definitions) seen laterally, and camber is calculated as described by
Kundu (1990). Note that, during steady horizontal swimming ) )

(holding behavior), the pectoral fin has a negative angle of attack and Discussion

is inclined downwards with respect to the flow, which is parallel to Body position effects

the horizontal dotted line. The angle of attack is given between the ;

chord line (dashed line) and the flow (dotted line). Steady horizontal

C sink Attack angle —22°

swimming inT. semifasciata is
characterized by continuous undulations of the body and
caudal fin with the body tilted at a positive angle to the flow.
Digital particle image velocimetry (DPIV) It has been suggested that negatively buoyant fishes may adopt
Digital particle image velocimetry was used to visualize thea positive body tilt during steady horizontal swimming as a
pattern of water flow in the wake of the pectoral fin during thdehavioral mechanism to increase total lift (He and Wardle,
three behaviors. Video images were superimposed with tHE986). The positive tilt of the body is used as a hydrofoil to
corresponding velocity vector field, and the calculated vorticityncrease the total body area generating lift, particularly at low
matrix is shown for the three behaviors in Figs 7-9. The bodgwimming speeds (less than lsdY) when lift from the
of the shark was often faintly visible through the light sheetpectoral fins is presumably insufficient. In addition, mean body
while the left pectoral fin was clearly visible as it extendedilt during steady swimming inT. semifasciatasteadily
through (or just anterior to) the light sheet. decreased from 11° at 0.1 to 0.6° at 2.0s L. Leopard
The DPIV analyses reveal downstream-oriented vectors argharks thus appear actively to alter body tilt to modulate the
largely solid green vorticity fields, indicating that essentiallyamount of lift generated by the body profile as needed.
no vorticity was detected in the wake of the pectoral fins ofilustrations in the literature of body posture during steady
leopard sharks during holding (Fig. 7). In contrast, as leoparswimming in sharks typically show fish swimming with the
sharks rose in the water column, a counterclockwise vortewentral body surface oriented horizontally, parallel to the flow
(Fig. 8: the red/yellow center of vorticity on right) was (Breder, 1926; Harris, 1936; Aleev, 1969; Thomson and
generated by the downward flipping of the posterior portion o§imanek, 1977). However, in the flow tank, leopard sharks
the pectoral fin and shed from the trailing edge of the fin tewim with a positive body angle of attack at speeds less than
initiate the upward pitching of the body. Similarly, a clockwise2.0l s™1. This positive body angle posture is crucial to the total
vortex (negative vorticity) was produced as the posterioforce balance during steady swimming as well as in
portion of the pectoral fin flipped upwards to initiate a sinkingnaneuvering, as discussed below. Dorsal views of swimming
event in leopard sharks (Fig. 9). The blue region of rotatingharks will not reveal the tilted posture, and changes in body
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orientation with speed may not be detected with such camegenerated by the heterocercal tail, there must be a downwash
views. behind the wing to satisfy Kelvin's law. The lack of an

Tailbeat frequencyf) increased linearly, as in most fish, observable downwash indicates clearly that, during holding
from 1.2Hz at 0.5s?, to 2.0Hz at 1.0s, to 3.0Hz at behavior, the pectoral fins generate negligible lift.
1.51s? and to 3.5Hz at 2I&™1 (Johnson, 1970; Webb and  The posture of the body and pectoral fins relative to the flow
Keyes, 1982). This is similar to the tailbeat frequency of 1.1 Heluring steady horizontal swimming in leopard sharks contrasts
reported for largerT. semifasciata(98cm total length) with the position of the fuselage and wings of a cruising airplane.
swimming at 0.58s1 in large still-water aquaria (Webb and According to our conventions, the direction of flow is
Keyes, 1982). perpendicular to th&/Z plane, and hence an acl& angle

The tilt angle of the body was also altered whEn would indicate a negative angle of attack relative to the flow,
semifasciatachanged position in the water column atls@.  while an obtuse angle would indicate a positive angle of attack
Mean body tilt was increased to 22° during rising andFig. 5). The anterior and posterior planes of the pectoral fin in
decreased tell ° when sinking. These alterations in body tilt leopard sharks during holding make acute and obtuse angles,
facilitate rising and sinking by altering the total force balanceespectively, with th&Zplane (Table 2), and the anterior plane
on swimming sharks to allow changes in vertical position iris held at a negative attack angle and the posterior plane at a

the water column. slight positive attack angle to the flow. When both planes are
_ _ o considered together, the angle of the chord line-5s.
Role of the pectoral fins during steady swimming Conversely, the wings of most cruising airplanes make an obtuse

In contrast to predictions of previous hypotheses of pectorangle to therZplane and hence possess a positive attack angle
fin function in sharks, we were unable to detect any evidende the direction of oncoming air, which generates positive lift.
of lift in the wake structure behind the pectoral finsTof Our findings that the pectoral fins of sharks do not generate
semifasciataduring steady horizontal swimming at 19!  a flow downwash during steady forward swimming stand in
with our methods. The planar surface of the pectoral fin is helcbntrast to previous suggestions (Daniel, 1922; Harris, 1936;
concave downwards relative to the flow during steadyAleev, 1969). Daniel (1922) described experiments in which a
horizontal swimming. Thus, the pectoral fin has camber witmubber band was placed over the pectoral fins of a juvenile
a mean dorsal obtuse angle of 191 ° between the two planesdifark, which resulted in downward swimming. From this,
the fin. Furthermore, the angle of attack between the directidbaniel concluded that the pectoral fins function to allow
of flow and the chord line of the pectoral fin is on averdge  horizontal swimming by directing water downwards. Pectoral
during steady horizontal swimming (Fig. 6A). Therefore, thefin amputation experiments on dusky smoothhouMdstelus
pectoral fins of leopard sharks are held in such a way tcanis and spiny dogfisfSqualus acanthiaglso resulted in
generate negligible lift or even potentially slight negative lift,downward swimming of the fish (Harris, 1938; Aleev, 1969).
in contrast to previous assumptions that the pectoral fins ¢forizontal swimming was resumed only when the fish elevated
sharks during steady horizontal swimming generate positivi,s head and ultimately ended with the fish swimming at the
lift forces. surface with its head out of water and its body at 45° to the

The results of the DPIV analyses of the pectoral fin wakélow (Harris, 1938). Although the results of such radical
further corroborate the conclusion from the kinematic data thaxperiments are difficult to evaluate because of various possible
the pectoral fins of leopard sharks generate negligible lift duringeactions to surgery and compensatory action by the shark, it is
steady horizontal swimming. There was virtually no vorticitylikely that the lack of pectoral fins prevented the sharks from
and downwash detected in the wake of the pectoral fins dfitiating changes in pitch using the mechanisms discussed
leopard sharks during steady horizontal swimming, suggestingelow and, hence, limited their ability to achieve a horizontal
that little or no lift is being produced by the fins (Table 1).position and adjust to perturbances in oncoming flow.
According to Kelvin's law, vortices shed from the pectoral fin Lift forces measured on the pectoral fins and body of a
must be equivalent in magnitude but opposite in direction to thglaster model ofustelus canig a wind tunnel also suggested
theoretical bound circulation around the fin (Kundu, 1990that the pectoral fins generated upward lift while the body
Dickinson, 1996). Therefore, the circulation of the shed vortegenerated no lift (Harris, 1936). However, the pectoral fins
can be used to estimate the force on the fin. We calculated liftere modeled as rigid flat plates that were tilted upwards at 8°
in only one plane so that relative comparisons among the thrée the flow and perpendicular to the longitudinal axis of the
behaviors could be made (our calculations do not reveal theody, which was oriented at 0 ° to the flow. Pectoral fins placed
total force on the fin). Mean downstream vertical fluid impulsen this orientation must generate a downwash while the body
calculated in the wake of the pectoral fins during steadyould not. Although it is possible thatustelus canis
horizontal swimming was 0.0009 N, which is not significantlylocomotes with the body and pectoral fins in this position, the
different from zero tftest, P=0.493) (Table 1). This indicates results of the present study on the closely relatadkis
that leopard sharks are holding their pectoral fins in such a wagmifasciata a shark with very similar fin and body
that the flow speed and pressure are equivalent on the dorsabrphology, show a radically different orientation of the body
and ventral surfaces of the fin. Furthermore, if the pectorand pectoral fingn viva: that of a cambered, downward-tilted
fins were generating substantial lift to counteract momentpectoral fin in a negative dihedral orientation (negative angle
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Fig. 7. Digital particle image velocimetry (DPIV) data from shark the green color indicates no fluid rotation, the blue color reflects
pectoral fins during holding behavior. The video image (on the leftclockwise fluid rotation and the red/yellow color indicates
is a single image of a shark with the left pectoral fin located juscounterclockwise fluid rotation. To assist in visualizing the flow
anterior to the laser light sheet. Note that the ventral body margin pattern, a mean horizontal flow £33 cm s was subtracted from
faintly visible through the light sheet. TheX2® matrix of yellow each vector.

vectors downstream of the pectoral fin represents the results

DPIV calculations based on particle images visible as the speckleFig. 8. Digital particle image velocimetry (DPIV) data from leopard
pattern in the light sheet. The plot on the right shows fluid vorticityshark pectoral fins at the initiation of rising behavior. Conventions as
with superimposed velocity vectors (scaled to the same size as tin Fig. 7. Note that the fin has flipped ventrally (curved white arrow)
vector matrix in the video image). Note that the fin is held in &o initiate the rising event, and that a counterclockwise vortex
horizontal position, and that the vorticity plot (scaled to the sam(orange/red vorticity on the right) has been shed from the fin. To
values as Fig. 9) shows effectively no fluid rotation. Hence, theassist in visualizing the flow pattern, a mean horizontal flow of
pectoral fins in this position do not generate lift forces. Note thaU=35cm s was subtracted from each vector.

to the horizontal planXY) with the body tilted at a positive (Table 1), while the leading edge of the fin is rotated upwards
angle to the flow. relative to the flow. This downward flipping of the posterior
portion of the fin increases the chord angle of attack to +14°
Role of the pectoral fins during vertical maneuvering  (Fig. 6B). As the posterior plane of the pectoral fin is flipped
Leopard sharks actively adjust the angle of their pectoral findown, a counterclockwise vortex is produced and shed from
to maneuver vertically in the water column. Angularthe trailing edge of the fin (Fig. 8). This vortex is readily
adjustments of the pectoral fins are used to generate negatiisible in the wake and visualized using DPIV as it rolls off
and positive lift forces, which then initiate changes in the angléhe fin and is carried downstream.
of the body relative to the flow. Rising in the water column is The opposite wake flow pattern occurs when leopard sharks
initiated when the posterior plan@)(of the fin is flipped initiate a sinking maneuver in the water column. In this case,
downwards to produce a mean obtuse fin internal angle of 20@fe posterior plane of the pectoral fin is flipped upwards
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Fig. 9. Digital particle image velocimetry (DPIV) data from leopard shark pectoral fins at the initiation of sinking behawientiGns as in
Fig. 7. Note that there is a clockwise vortex (blue vorticity on right) which resulted from the upward fin flip (curved wijt¢cainiiate the
sinking event. The clockwise vortex is indicated by the blue region of rotating fluid. To assist in visualizing the flowapaem horizontal
flow of U=33 cm s1 was subtracted from each vector.
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will assist the change from a horizontal to a rising body

2 position.

8 014 The planar surface of leopard shark pectoral fins is held at
é a negative dihedral angle eR3° relative to the horizontal

S 04 during steady horizontal swimming (Fig. 11A). The pectoral
3 fins are destabilizing in this position (Smith, 1992; Simons,
3 01 1994; Wilga and Lauder, 1999) and promote rolling motions
T of the body, such as those made while maneuvering in the
> : water column (Fig. 11D). For example, in a roll, the fin with
% -0.24 : the greatest angle to the horizontal meets the flow at a greater
§ : angle of attack, resulting in a greater foreg) (directed into

§ 0.3 m the roll, while the angle of attack of the more horizontally

: oriented fin is reduced by the same amount. This fin therefore
! ! ! ! ! possesses a smaller forde)( opposing the roll (Fig. 11D).
015 -010 -005 0 005 010 0I5 The resulting horizontal force is greater in the direction of the
roll, thereby contributing to the roll. This result is in contrast
to previous studies suggesting that the pectoral fins of sharks
Fig. 10. Plot of the two-dimensional downstream vertical fluidare oriented to prevent rolling, as in the keel of a ship (Harris,
impulse resulting from a pectoral fin fligersuspectoral fin flip 1936, 1953). Wings that are tilted at a positive angle with
velocity. Force was calculated from digital particle imagerespect to the horizontal have a positive dihedral angle (seen

velocimetry (DPIV) measurements (see Materials and methods), some ajrplanes) and are stabilizing in that they resist rolling
Symbols and conventions as in Fig. 3. Negative velocities ar

defined as those in which the fin moved ventrally, and negative IitzWOtlons of the fulself’;\ge (Flllg' hllE) (Sn;lth., 1995’ Sl.mon:zj,
forces are oriented downwards. Note that negative lift forces ar 994)' For example, in a ro., the more 0rlzor_lta ,y orlen'te

associated with an upward fin flip (positive velocities), and tha{N”Tg generates a greater_llft forpe than thg inclined wing,
greater force results from higher fin flip velocities. The least-square¥hich generates reduced lift (Smith, 1992; Simons, 1994). A
regression line is significant P£€0.007; adjusted r2=0.22).  corrective restoring moment arises from the imbalance of lift

Downstream vertical fluid impulse is significantly different amongon the two sides, and this imbalance stabilizes the aircraft in
the three behaviors (ANOVAP=0.01). Values are for 27 DPIV roll.
sequences (three fields for three behaviors for three individuals, The dihedral angle of leopard shark pectoral fins changes
N=3). significantly during vertical maneuvering in the water column
(Fig. 11B,C). The dihedral angle increases—&b° during
relative to the anterior plane to produce a mean dorsal obtugeing and decreases #® ° during sinking. This may be due
internal fin angle of 185° (Table 1). At the same time, thdo a need for greater stability during sinking behavior since the
leading edge of the fin is rotated downwards relative to the flolweterocercal tail generates a lift force that tends to drive the
such that the chord line is decreased to an angle of attack head ventrally. Holding the pectoral fins nearly horizontal
the flow of-22° (Fig. 6C). As expected, a clockwise vortex isduring sinking would result in increased stability relative to
visualized in the wake of the pectoral fin as a result of a dorsabking. During rising, the increased negative dihedral angle
fin flip (Fig. 9). relative to horizontal swimming would increase
Lift produced by altering the planar surface of the pectoramaneuverability and allow rapid changes in body orientation.
fin to rise and sink appears to be a mechanism to reorient theThree-dimensional kinematic analyses of swimming fishes
position of the head and anterior body for maneuveringare crucial to deriving accurate hypotheses about the function
Changing the orientation of the head will alter the forceof the pectoral fins and body (Wilga and Lauder, 1999).
balance on the body as a result of interaction with thé&revious studies of swimming sharks modeling the pectoral fin
oncoming flow and will induce a change in vertical force thats a two-dimensional rigid flat plate have concluded that the
will move the shark up or down in the water column. Forcepectoral fins produce lift during steady horizontal swimming
generated by the pectoral fins are significantly greater i(Breder, 1926; Daniel, 1922; Harris, 1936; Aleev, 1969).
magnitude during sinking than during rising (Table 1). ThisIndeed, in lateral views of swimming sharks (see Fig. 5B:
may be due to the necessity of reorienting the body througfold), there appears to be an angle of incidence of
a greater angular change to sink from the positive body tilhpproximately 8—10° between the anterior margin of the fin
adopted during steady swimming. Leopard sharks musind flow direction (if fin angle is measured from the anterior
reposition the body from a positive body tilt of 8° (meanfin base to the lateral tip). Quantification of this two-
holding angle) down through the horizontal to a negativalimensional angle during steady horizontal swimming in
body tilt of -11 ° (mean sinking angle), a change of 19 °. Inleopard sharks also resulted in a positive pectoral fin attack
contrast, to rise, leopard sharks simply increase the positivengle of 12°, similar to values reported in the literature. It
tilt of the body by 14 ° (mean rise—hold difference), whichshould be noted that this two-dimensional angle as a
should require less force given that the oncoming flowepresentation of the planar surface of the pectoral fin in sharks

Fin flip velocity (m s1)
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Fig. 11. Schematic diagram of the dihedral orientation of the pectoral
fins in a leopard shark during (A) holding, (B) rising and (C) sinking
behaviors analyzed in this study. Forces during a roll are illustrated
) for (D) the pectoral fins of a leopard shark and (E) the wings of an
_____ D |hedral —23 airplane. The body and fin are represented as a cross section at the
level of planea of the pectoral fin (see Fig. 1). Double-headed
arrows represent the dihedral angle between the plddetted line)
and pectoral fin. Thick arrows show the direction of movement of the
body and fins or wing during a roll. Note that positive dihedrals
(such as those used in aircraft design, E) are self-stabilizing, while
fins oriented at a negative dihedral angle, as in the leopard shark (D),
are destabilizing in roll and tend to amplify roll forcEg, horizontal
force; Fy, vertical forcefL, resultant force.

A Hold

B Rise

Dihedral —35°

Proposed force balance on swimming sharks

The results of this study on freely swimming leopard sharks
in a flow tank are in contrast to previous models of heterocercal
tail locomotion of sharks and sturgeon. Classical theory states
C sink that the pectoral fins function to generate lift to balance the

moments generated by the heterocercal tail (Affleck, 1950;

Alexander, 1965; Aleev, 1969; Thomson, 1976; Videler,

Dihedral -5° 1993). The beating of the heterocercal tail produces a lift force
------------ that is directed dorsally and anteriorly and deflects water
ventrally and posteriorly (Simons, 1970; Ferry and Lauder,
1996). The lift force from the tail then generates a turning
moment around the center of balance that tends to pitch the
head ventrally. This turning moment is thought to be countered
by the passage of dorsally slanted pectoral fins and the ventral
surface of the head through the water, which presumably
Dihedral —23° generate a lift force that is directed dorsally. The net upward
lift forces are balanced by weight, and the fish are then able to

j swim in a horizontal plane with both vertical forces and

D Roall

moments in balance.

We propose a new hypothesis for the vertical force balance
on leopard sharks during steady horizontal swimming and
vertical maneuvering in the water column atlx@ (Fig. 12).

Fy Fu The new hypothesis is based on our results showing that the
pectoral fins generate negligible lift force during horizontal
swimming and on those of Ferry and Lauder (1996) which

FL Fy show that the heterocercal tailloiakis semifasciatgenerates

IS upward thrust during steady horizontal swimming. We suggest

E Airplane

FL=Fy that four vertical components of force act on leopard sharks

during steady horizontal swimming: a downward force at the
center of mas$weight due to the negative buoyancy of leopard
sharks; upward forces due to the dorsally pitched ventral
Dihedral 12° surface of the body cranial to and caudal to the center of
Mass Fcranial ventral body surfac@Nd Feaudal ventral body surfac@nd an
upward force resulting from oscillation of the caudal Figjl
(Fig. 12B). The pectoral fins do not contribute significant lift
is extremely misleading. Although the pectoral fin appears tduring steady horizontal swimming. Also, note that the body
be oriented at a positive angle to the flow in lateral view, threds tilted at a positive angle of attack to the flow (8° al £79).
dimensional kinematics reveals that the fin is actually concavehis new force balance hypothesis for steady horizontal
downwards with a negative dihedral. When viewed laterallyswimming suggests that leopard sharks adjust body tilt to
this negative-dihedral concave-downwards orientation of thbalance the forces on the ventral body surface anterior and
pectoral fin creates a perspective that suggests a positive anpgtesterior to the center of mass. The effect of the ventral body
of attack when the angle is, in fact, negative. surface on the balance of moments depends on the location of
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A Rise

Feranial ventral body surface

Fcaudal ventral body surface

B Hold

Fcaudal ventral body surface .
/\ Ftail

Fig. 12. Diagram of proposed vertical force balance on

swimming leopard sharks at 1€, wherel is total body C sk
length. The gray circle indicates the location of the center
of mass, and vectors indicate fordeexerted by the fish

on the fluid. In all panels, the tail vector is assumed to
generate upward force (see text for discussion) based on
the work of Ferry and Lauder (1996). Lift forces are
generated by the ventral body surface, both anterior and
posterior to the center of mass. (A) Rising; (B) holding

position (based on the experimental results of this pap
no forces are generated by the pectoral fins durirg
holding); (C) sinking. The curved arrows indicate the fin
flip initiating rising or sinking behaviors. Fecranial dorsal body surface

Fcaudal dorsal body surface

that surface relative to the center of mass. The ventral bodyovement of the body is assisted by the negative tilt of the
surface posterior to the center of mass will generate a momembdy interacting with oncoming flow for the remainder of the
tending to rotate the head ventrally, while the momensinking behavior. Thus, the pectoral fins in leopard sharks
generated by the ventral surface of the head and body anteragpear to be critical for initiating maneuvering behaviors in
to the center of mass will produce a moment rotating the healle water column, but not for lift production during steady
dorsally. horizontal swimming.

A fifth vertical lift component due to the pectoral fins,
Fpectoral becomes active on leopard sharks during vertical Comparison of shark and sturgeon pectoral fin function
maneuvering in the water column. Ventral rotation of the The orientation and function of the pectoral fins and body
posterior plane of the pectoral fins at the initiation of risingduring swimming in leopard sharks are remarkably similar
behavior produces a significant upwardly directed forceto our previous findings on white sturgeofsicipenser
which then pitches the anterior region of the body dorsallyransmontanus(Wilga and Lauder, 1999). Like sturgeon,
(Fig. 12A). Thereafter, upward movement of the body issharks have an elongate body with a heterocercal tail and a
probably effected by the positive tilt of the body interactingplesiomorphic pectoral fin morphology in which the basals and
with oncoming flow during the remainder of the rising eventradials of the fin extend laterally from the trunk. Both leopard
Similarly, dorsal rotation of the posterior plane of the pectoratharks and white sturgeon use the ventral body surface to
fins at the initiation of sinking behavior generates agenerate lift by adopting a positive body tilt of 8° to the flow
significant downward force, which pitches the anteriorduring steady horizontal swimming at 19! (Table 1). In
portion of the body ventrally (Fig. 12C). Again, downward addition, both fishes adjust total lift by increasing body tilt at
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low flow speeds and decreasing body tilt at higher flow speedsody surface, but must necessarily do so in different ways
Furthermore, during vertical maneuvering in both fishes, thbecause of differences in the forces generated by the tail.
positive tilt of the body is increased to rise and decreased to aAre the results presented here applicable to other species of
negative angle to sink. Both leopard sharks and white sturgeaharks? Do the pectoral fins of other sharks, such as benthic
tilt the body into the flow to generate lift and balance momentand pelagic species, function primarily for generating forces
around the center of mass as appropriate during steadiyring maneuvering as in leopard sharks? Or do the pectoral
horizontal swimming as well as in vertical maneuvering. fins of other sharks generate lift during steady horizontal
Similarly, the pectoral fins of leopard sharks and whitdocomotion as predicted by the classical model? Such
sturgeon are held in a position that suggests that negligible oomparative analyses are the next logical step towards
no lift is generated during steady horizontal swimming. Thainderstanding the generality of these results and the functional
pectoral fins in both fishes are cambered, concave downwardtesign of pectoral fins in relation to the diversity of body and
with similar dorsal planar angles that are held at a negativiail morphologies exhibited by sharks.
chord angle of attack to the flow and are oriented in a negative
dihedral (Table 1). DPIV analyses show no evidence of The authors thank two anonymous reviewers for helpful
downwash behind the pectoral fins in this orientation duringuggestions that improved the manuscript. We also thank
steady horizontal swimming. Thus, in two fishes withEliot Drucker, Alice Gibb, Stephen Anderson, Lara Ferry-
heterocercal tails, leopard sharks and white sturgeon, tieraham, Jen Nauen and Ted Stankowich for providing
pectoral fins do not appear to be generating lift. assistance during the experiments and/or analysis. We also
Vertical maneuvering in the water column is alsothank Eliot Drucker, Alice Gibb, Lara Ferry-Graham, Jimmy
accomplished similarly in leopard sharks and white sturgeon.iao, Frank Fish and Jen Nauen for providing helpful
Orientation of the pectoral fins during rising is similar in bothcomments or discussion during the course of this project.
leopard sharks and white sturgeon (Table 1). As in holding, th8upport was provided by NSF grants to C.D.W. (DBI 97-
pectoral fins are still cambered, concave downwards, with a®7846) and G.V.L. (IBN 98-07012).
obtuse dorsal angle and a negative dihedral, but to rise, the
posterior plane of the fin is flipped downwards, resulting in a
greater positive chord angle to the flow. Similarly, the posterior
plane of the fin is flipped upwards to sink, producing a negativ'é

chord angle t.0 the flow. Even' thou_gh. thg posterior plane of th,gffleck, R. J. (1950). Some points in the function, development and
pectoral fin flips upwards during sinking in leopard sharks, the . S

g . . . evolution of the tail in fishesProc. Zool. Soc. Lond120,

fin is still cambered concave downwards at a negative dihedral.549_3gg

In contrast, white sturgeon flip the posterior plane of theyeey, v. G. (1969). Function and Gross Morphology in Fish
pectoral fin dorsally to such a degree during sinking that Translated from the Russian by M. Raveh. Jerusalem: Keter Press.
camber is reversed and is now concave upwards with an acut@xander, R. McN. (1965). The lift produced by the heterocercal
dorsal fin angle of 170° (Table 1). However, the end result is tails of SelachiiJ. Exp. Biol.43, 131-138.

similar: both leopard sharks and white sturgeon initiate risingreder, C. M. (1926). The locomotion of fisheZoologica 4,

or sinking behavior by actively moving the posterior plane of 159-256.

the pectoral fin ventrally or dorsally, respectively, producing Laniel, J F.(1922).The Elasmobranch FisheBerkeley: University
starting vortex that induces a pitching movement reorienting °f California Press. _ ,
the anterior body in the appropriate direction. Thus, th ickinson, M. H. (1996). Unsteady mechanisms of force generation

. . in aquatic and aerial locomotioAm. Zool.36, 537-554.
pectoral fins of leopard sharks and white sturgeon are used &9 cker. E. G. and Lauder. G. V (1999). Locomotor forces on a

adjust body angle as appropriate to balance moments aroun wimming fish: three-dimensional vortex wake dynamics

the center of mass. . _ . quantified using digital particle image velocimetdy.Exp. Biol.
Note that there is at least one important difference in the 202 2393-2412.

force balance during steady horizontal swimming in leopargerry, L. A. and Lauder, G. V. (1996). Heterocercal tail function in
sharks and white sturgeon. Recent studies show that theleopard sharks: a three-dimensional kinematic analysis of two
heterocercal tail oAcipenser transmontanuenerates thrust ~ models.J. Exp. Biol.199 2253-2268.

directed near the center of mass (Lauder, 2000; J. Liao and 8sh, F. and Shannahan, D(2000). The role of the pectoral fins and
V. Lauder, in preparation). In addition, sturgeon, while bPody trim of sharks]. Fish Biol.56, 1062-1073.
negatively buoyant, possess a gas bladder. In contrast, tHérrlg, J.. E. (1936). The role of the fins in the equilibrium of.the
heterocercal tail ofTriakis semifasciatagenerates thrust s&//lv_umrr]mﬂ]g;usg I Vg!nflg’ln% ti;tgs on a modeMistelus canis
dorsally and anteriorly to the center of mass (Ferry and Laudq_rr( fichell). J. Exp. Biol.13, 476-493.

arris, J. E. (1938). The role of the fins in the equilibrium of the
1996), and sharks lack a gas bladder. Leopard sharks have tgwimmmg fish. II. The role of the pelvic fink.Exp. Biol 16, 32-47.

generate more lift anter'ior to the center of mass than dﬂarris,J. E. (1953). Fin patterns and mode of life in fishesE$says
sturgeon because the tail generates a greater moment tending, Marine Biology(ed. S. M. Marshall and A. P. Orr), pp. 17—28.
to rotate the head ventrally. Therefore, both leopard sharks andedinburgh: Oliver & Boyd.

sturgeon balance moments and lift forces using their ventréle, P. and Wardle, C. S(1986). Tilting behavior of the Atlantic
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