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Summary

A key evolutionary transformation of the locomotor
system of ray-finned fishes is the morphological
elaboration of the dorsal fin. Within Teleostei, the dorsal
fin primitively is a single midline structure supported by
soft, flexible fin rays. In its derived condition, the fin is
made up of two anatomically distinct portions: an anterior
section supported by spines, and a posterior section that is
soft-rayed. We have a very limited understanding of the
functional significance of this evolutionary variation in
dorsal fin design. To initiate empirical hydrodynamic
study of dorsal fin function in teleost fishes, we analyzed
the wake created by the soft dorsal fin of bluegill sunfish
(Lepomis macrochiruy during both steady swimming and
unsteady turning maneuvers. Digital particle image
velocimetry was used to visualize wake structures and to
calculate in vivo locomotor forces. Study of the vortices
generated simultaneously by the soft dorsal and caudal fins
during locomotion allowed experimental characterization
of median-fin wake interactions.

During high-speed swimming (i.e. above the gait
transition from pectoral- to median-fin locomotion), the
soft dorsal fin undergoes regular oscillatory motion which,
in comparison with analogous movement by the tail, is
phase-advanced (by 30 % of the cycle period) and of lower
sweep amplitude (by 1.0cm). Undulations of the soft
dorsal fin during steady swimming at 1.1bodylength3
generate a reverse von Karman vortex street wake that
contributes 12% of total thrust. During low-speed

turns, the soft dorsal fin produces discrete pairs of
counterrotating vortices with a central region of high-
velocity jet flow. This vortex wake, generated in the latter
stage of the turn and posterior to the center of mass of the
body, counteracts torque generated earlier in the turn by
the anteriorly positioned pectoral fins and thereby
corrects the heading of the fish as it begins to translate
forward away from the turning stimulus. One-third of the
laterally directed fluid force measured during turning is
developed by the soft dorsal fin. For steady swimming,
we present empirical evidence that vortex structures
generated by the soft dorsal fin upstream can
constructively interact with those produced by the caudal
fin downstream. Reinforcement of circulation around the
tail through interception of the dorsal fin's vortices is
proposed as a mechanism for augmenting wake energy
and enhancing thrust.

Swimming in fishes involves the partitioning of
locomotor force among several independent fin systems.
Coordinated use of the pectoral fins, caudal fin and soft
dorsal fin to increase wake momentum, as documented for
L. macrochirus highlights the ability of teleost fishes to
employ multiple propulsors simultaneously for controlling
complex swimming behaviors.

Key words: swimming, maneuvering, locomotion, dorsal fin, vortex
wake, wake interaction, flow visualization, digital particle image
velocimetry, bluegill sunfisi,epomis macrochirus

Introduction

Change in fin morphology and position is a centralpropulsors employed by fishes, one of the least well understood
component of the evolutionary transformation of functionalfrom a mechanistic perspective is the dorsal fin, which is
design in ray-finned fishes (Actinopterygii). Documentingcharacterized by an evolutionary trend of anatomical
phylogenetic patterns in the structure of the paired and mediataboration. The plesiomorphic condition exhibited by most
fins, and interpreting the functional significance of suctbasal teleost fishes is the possession of a single soft-rayed
patterns, has been the subject of ongoing study by systematigddsysal fin (e.g. Fig. 1: Clupeiformes, Salmoniformes). In
functional morphologists and hydrodynamicists (e.g. Bredemontrast, more derived teleosts typically have two distinct
1926; Harris, 1953; Aleev, 1969; Lighthill, 1969; Gosline, dorsal fins, the first (anterior) stiffened by spines and the
1971; Alexander, 1974; Rosen, 1982; Lauder, 2000). Of theecond (posterior) soft-rayed (Lauder and Liem, 1983,
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fluid dynamics (Wolfgang et al., 1999). Although
encompassing a broad taxonomic range of fishes, existing
biomechanical studies of the teleost dorsal fin have largely
excluded consideration of the Perciformes, the largest and most
diverse order of bony fishes with approximately 9300 species
(Helfman et al., 1997).

In this paper, we initiate empirical hydrodynamic study of
the locomotor functions served by the perciform dorsal fin
through the use of quantitative wake visualization. The bluegill
sunfish Lepomis macrochirysis selected as a representative
Acarthopterygii perciform fish, exhibiting the characteristic dual dorsal-fin

anatomy (Fig. 1), for which patterns of fin movement and
motor activity during swimming are well described (Jayne et
al., 1996). Our experimental analysis focuses on the soft-rayed
dorsal fin, the plesiomorphic portion of the dorsal fin that has
been retained throughout teleost evolution. We address two
Teleostei specific questions regarding the function of the soft dorsal fin

Fig. 1. Interrelationships among selected orders of teleost fishes I Sumf'Sh' First, What Ioc;omotor role, if any, IS. played by the
illustrate variation in dorsal fin design (see Lauder and Liem, 1983)'" durlng steagiy swimming and unsteady turning maneuvers?
Basal teleosts (e.g. Clupeiformes and Salmoniformes) typicalljyunctions traditionally ascribed to the dorsal fin of perch-like
possess a single, softrayed dorsal fin (shown in red). Modishes have been largely non-propulsive. During steady
acanthopterygian fishes have, in addition, a spiny dorsal fin (showswimming, for instance, the fin has been described as
in blue) positioned anterior to the soft-rayed portion. The two findydrodynamically inactive when furled (Webb and Keyes,
may be either contiguous (e.g. Perciformes) or separated by a gap81) or as a keel or body stabilizer when erected (Aleev,
(e.g. Atheriniformes). In this study, we investigate the wake1969). During turning, the dorsal fin has been proposed to
generated by the soft dorsal fin dfepomis macrochirysa  ggrve as a pivot point, again playing a largely passive, non-

representative perciform fish, to explore the functional rt_)le c_)f thi%ropulsive role (Helfman et al., 1997). In this paper, we study
cons_e_rved feature of teleostean locomotor anatomy. Fish imag e wake shed by freely swimming fish to determine
modified from Nelson (Nelson, 1994). . . . .
experimentally the extent to which propulsive force is
generated by the dorsal fin. Second, do wake structures shed
Helfman et al., 1997). This apomorphic condition characterizelsy the soft dorsal fin either positively or negatively influence
most acanthopterygian fishes, including species with a distintte wake and associated fluid forces of the tail downstream?
separation between the spiny and soft dorsal fins as well &his question is addressed in the light of previous theoretical
species in which these fin sections are fused (Fig. 1; civork emphasizing the potential for wake interaction among
Atheriniformes, Perciformes). In spite of this significantnearby fish fins to increase propulsive efficiency (Lighthill,
anatomical variation, we have only a very limited1970; Wu, 1971b; Yates, 1983; Weihs, 1989).
understanding of the hydrodynamic significance of Our overall goal is to begin an experimental hydrodynamic
evolutionary transformations in dorsal fin design within teleostinalysis of dorsal fin function through study of the soft dorsal
fishes. fin in sunfish. The aim of future work will be to examine the
Studies of locomotor anatomy and behavior have identifietbcomotor roles of the spiny dorsal fin in derived teleosts as
a number of specialized swimming modes involving activitywell as the soft dorsal fin in more basal clades. Investigating
of the dorsal fin (summarized by Breder, 1926; Lindsey, 1978jorsal fin function by means of quantitative flow visualization
Braun and Reif, 1985; Webb, 1993). Fishes may swim steadilgontributes to a growing body of literature on the experimental
by undulating the soft dorsal fin alone, as in the bowfiria  hydrodynamics of animal swimming and is intended to clarify
calva (Breder, 1926), or by undulating or flapping the dorsathe biomechanical role of a key anatomical feature of teleost
fin in concert with other fin surfaces, as in tetraodontifornfishes.
fishes (Harris, 1937; Blake, 1977; Blake, 1978; Lighthill and
Blake, 1990; Arreola and Westneat, 1996; Gordon et al., 2000), ,
seahorses (Breder and Edgerton, 1942; Blake, 1976) and the Materials and methods
crossopterygian fishLatimeria chalumnae (Fricke and Fish
Hissmann, 1992). In unsteady swimming (i.e. fast-start Bluegill sunfish Lepomis macrochirufRafinesque) were
acceleration and turning), the potential hydromechanical roleollected by seine from ponds in Newport Beach, CA, USA.
played by the dorsal fin has also been explored througBtudy of median fin function ib. macrochirusallowed direct
kinematic analysis (Blake, 1976; Blake, 1977; Jayne et alcomparisons with previous work with this species on wake
1996), mathematical modeling (Weihs, 1972a; Weihs, 1973flow dynamics during pectoral fin locomotion (Drucker and
fin amputation (Harris, 1936; Webb, 1977) and computationdlauder, 1999; Drucker and Lauder, 2000; Drucker and Lauder,
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2001). Animals were maintained at 20°C in 401 freshwater dorsal perspective by means of a mirror inclined at 45 ° above
aquaria and fed earthworms twice weekly. Four fish of similathe working area. Vertically oriented laser sheets (i.e. in the
size (total body lengthl, 21.0+1.2cm, mean £.D.) were  parasagittal and transverse planes) projected from below were

selected for wake visualization experiments. obstructed by the body of the fish itself and were therefore not
o _ o employed. However, previous DPIV work examining flow
Swimming protocol and wake visualization within orthogonally oriented laser planes supports a three-

Sunfish swam individually in the center of the working areadimensional vortex-ring wake structure for the median fins of
(28 cnx28cnmx80cm) of a variable-speed freshwater flowfishes (Wolfgang et al., 1999; Lauder, 2000; Liao and Lauder,
tank. Steady swimming was elicited at two speedst 85  2000). On this basis, we used flow measurements from frontal-
(approximately 11cnvd), a speed at which propulsion was plane transections of the dorsal fin wake to estimate vortex ring
achieved by oscillation of the paired pectoral fins withoutmorphology and associated fluid forces generated during
contribution from the median fins, and L4 (approximately  locomotion.
23cmsl), a speed just above the gait transition to combined A dual-camera high-speed video system (NAC HSV-8D0c
paired- and median-fin locomotion (for animals of the sizevas used to record simultaneous images of both the fish and
studied here, this gait transition speed id&@; Drucker and its wake at 250 frames(1/500 s shutter speed). Lateral video
Lauder, 2000). In addition, sunfish performed unsteady turrismages (Fig. 2A,B) provided a reference view of the trailing
in response to a visual and auditory stimulus. While fish swaradge of the dorsal fin and the vertical position of the horizontal
steadily at 0. s, a wooden dowel was introduced into thelaser plane. Synchronized dorsal-view video images (Fig. 2C)
water along the wall of the working area inducing a low-speedevealed patterns of particle movement within the frontal plane
evasive maneuver, as described previously (Drucker and real time. The horizontal light sheet was positioned at three
Lauder, 2001). heights along the dorsoventral body axis of the fish. In its

During both steady swimming and unsteady turning behaviohighest position (Fig. 2D, position 1), the laser plane
the wake shed by the soft dorsal fin was studied experimentaliytersected the middle of the soft dorsal fin, allowing
using digital particle image velocimetry (DPIV) (for details of measurement of the structure and strength of shed vortices and
the method, see Willert and Gharib, 1991; Drucker and Laudeestimation of the momentum added to the dorsal fin wake
1999; Lauder, 2000). The flow-visualization system employeduring both steady swimming and turning. In its intermediate
in this study was a slight modification of that described by theosition (Fig. 2D, position 2), the laser plane intersected both
authors in earlier work (Drucker and Lauder, 2001). A 5Wthe ventral portion of the soft dorsal fin and the dorsal lobe of
argon-ion laser was focused into a sheet of light 16 cm wide arte tail. This configuration enabled direct observation of the
used to illuminate reflective microspheres suspended in the floimteraction between the wakes shed by the two adjacent fins.
In separate DPIV experiments, it is possible to reorient the light its lowest position (Fig. 2D, position 3), the laser plane
sheet into three perpendicular orientations, allowing threentersected the tail at mid-fork. Flow patterns within this plane
dimensional reconstruction of wake geometry (Drucker anevere used to characterize the structure of the tail's wake and
Lauder, 1999). In the present study, the dorsal fin wake wde estimate caudal-fin swimming forces, which provided a
visualized in the horizontal (frontal) plane and videotaped fronzontext for interpreting calculated dorsal fin forces.

Fig. 2. Experimental approach for visualizing
the median fin wake. (A) Within the region
bound by the rectangle, lateral video images A B

of bluegill sunfish were recorded during Lateralview 1cm
steady swimming at both low and high speed
and during unsteady turning maneuvers.
(B) Representative lateral-view reference

image showing the dorsal lobe of the tail and -
the trailing edge of the soft dorsal fin

intercepted by a horizontal (frontal-plane)
laser sheet seen on edge as a white stripe.
(C) Synchronized dorsal-view video of this
laser sheet allowed analysis of wake flow
using digital particle image velocimetry (see C Dorsal view D
Materials and methods). (D) To study the

wake structures and fluid forces generated by

the soft dorsal and caudal fins, flow was
analyzed within laser planes at three height C?,/
(1-3). Fin movements and the resulting fluid

flow within these planes are illustrated in

Figs 3-8 and Fig. 10.
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Kinematic and hydrodynamic measurements frontal plane after mean free-stream flow velocity had been
From DPIV video tapes, 68 swimming events performed by;ubtracted. For both steady swimming and turning behavior,
four fish were reviewed to establish general patterns dft angle was defined as the average orientation of velocity
propulsor motion and water flow in the wake. Of these eventyectors comprising the fluid jet, measured relative to the
12 each were selected for detailed analysis of dorsal fin activifjeading of the fish at the onset of the fin stroke (see also
during steady swimming and unsteady turning. Kinematic anBrucker and Lauder, 2001).
hydrodynamic measurements were also made from 16 Cyc|es|n the absence of information about wake flow in three
of caudal-fin oscillation. In addition, 25 video sequences oflimensions, fluid forces produced during locomotion were
fluid flow within laser planes intersecting both the dorsal an@stimated from frontal-plane velocity fields. We assumed that
caudal fins simultaneously (Fig. 2D, position 2) were inspectefaired vortices observed in the frontal plane represent
to study median-fin wake interaction. approximately mid-line sections of a circular vortex ring. The
For the purpose of calculating stroke-averaged locomotdhomentum of the ring was calculated as the product of water
force, the duration of propulsive fin movementas measured density, mean vortex circulation and ring areB% whereR
from each swimming sequence. For steady swimmingas IS half the distance between paired vortex centers). Stroke-
defined as the stroke period of median fin oscillation (i.e. thaveraged wake force was then computed as the reaction to the
interval in milliseconds separating the position of maximal leffate of change in wake momentum (i.e. the fluid momentum
or right excursion of the fin tip and the analogous position idded to the wake by the fins over the stroke duraticee
the immediately following stride). For turning, during which Milne-Thomson, 1966). Further details of the calculation of
vortical wake structures were generated over the course ofgake force by this method can be found in earlier studies
single half-strokex was taken as the duration of dorsal fin(Spedding et al., 1984; Dickinson, 1996; Dickinson and Gétz,
abduction and following adduction to the midline. To1996; Drucker and Lauder, 1999). The total force exerted by
characterize temporal and spatial patterns of median fi@ach median fin was resolved geometrically into perpendicular
movement during steady swimming, selected video framegomponents within the frontal plane (thrust and lateral force)
were digitized using custom-designed image-analysigccording to the mean jet angle. For both steady swimming and
software. In every other frame (i.e. at 8ms intervals), théurning, force components were measured relative to the axis
trailing edges of the soft dorsal fin and caudal fin within thedf progression of the fish at the onset of fin abduction (see also
horizontal light sheet were assigney Cartesian coordinates. Drucker and Lauder, 2001).
Each fin beat cycle was thus represented by approximately 50
digitized points. These data allowed graphical presentation of Results
two-dimensional fin tip trajectories as well as measurement of _
the relative sweep amplitude and phase lag of oscillatory ~Dorsal fin wake: flow patterns and locomotor forces
motion of the dorsal and caudal fins. The Strouhal nungjer ( During steady locomotion, the wake of the dorsal fin of
was calculated for each fin during steady swimming as 8unfish shows pronounced structural variation with swimming
predictor of vortex wake structure and propulsive efficiencyspeed. At the lower swimming speed studied (&3), all the
(Triantafyllou et al., 1993; Anderson et al., 1998): median fins are hydrodynamically inactive as the paired
_ pectoral fins alone propel the animal forward. The spiny and
St=1AU, @) soft dorsal fins remain parallel to the fish’s heading and cause
wheref is fin beat frequencyA is wake width (estimated as no large-scale deflection of the incident flow. In regions
maximal side-to-side excursion of the fin's trailing edge) andmmediately upstream and lateral to the dorsal fin (Fig. 3A),
U is the forward swimming speed of the fish. as well as in the near-field wake posterior to the fin (Fig. 3B),
Two-dimensional water velocity fields in the wake of sunfishwater flow remains in an undisturbed downstream-oriented
were calculated from consecutive digital images 80  direction. In contrast, during higher-speed swimming at
pixels) by means of spatial cross-correlation (Willert andl.1Ls™1, the median fins are recruited to supplement
Gharib, 1991; Raffel et al., 1998). In total, 171 image pairswimming forces generated by the oscillating pectoral fins. At
from steady swimming and turning events by the fourspeeds above the gait transition from purely pectoral-fin
experimental animals were processed for calculation of wakecomotion to combined pectoral- and median-fin propulsion,
structure and strength (for details, see Drucker and Laudethe undulating soft dorsal fin sheds a well-defined vortex wake
1999). Frontal-plane flow fields were typically 7-10cm on(Fig. 4). Although the trailing edge of the dorsal fin shows
each side and made up of20 matrices of velocity vectors. generally similar kinematics to that of the tail, the upstream
Vectors overlying the body or fins, or falling within regions ofand downstream median fins create distinct and independent
shadow cast by the fish, were misrepresentative of actual wat@omentum flows.
flow and deleted manually from flow fields. From each vector Each half-stroke of the soft dorsal fin involves excursion
matrix, the mean velocity and orientation of the fluid jetfrom a maximally abducted position to a corresponding
between paired counterrotating vortices were measured. Jaintralateral position. As the fully abducted dorsal fin begins
velocity was taken as the average magnitude of vectots sweep inwards towards the midline of the body, flow
comprising the central region of accelerated flow within theconverges on the concave surface of the fin (Fig. 4A). On the
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Fig. 3. Frontal-plane water velocity vector fields in the vicinity of the dorsal fin during swimming by sunfish st @#.5 cm s1), whereL
is total body length. (A) Laser plane slightly above position 1 (see Fig. 2D) to illuminate the leading edge of the spifig (ke@salal fin
spines are visible, each of which casts a discrete shadow) and the anterior portion of the soft dorsal fin (at right) p(&)d-asgosition 1
intersecting the trailing edge of the soft dorsal fin. At this low swimming speed, propulsion is achieved solely by osfilladqmaired
pectoral fins (anterior to the field of view); the dorsal fin is not observed to oscillate. At a gross level, incident floveramgahatspiny
dorsal fin (A) remains unchanged in orientation and velocity when measured downstream of the soft dorsal fin (B). Scak&crarsdyv,
bar, 1cm.

next half-stroke, rotational flow can be seen projected awasides of the body. Velocity vectors within these momentum jets
from the convex surface of the fin (Fig. 4C). This medial andave a mean magnitude of 7 cthabove the free-stream flow
lateral water flow, arising from regions of alternating low andvelocity and an average orientation of 62 ° offset from the axis
high pressure on each side of the dorsal fin, helps develop aofiprogression of the fish (Table 1).

concentrate vorticity for shedding into the wake. In Fig. 4A, a Low-speed (i.e. non-fast-start) turning maneuvers in sunfish
counterclockwise-rotating ‘starting vortexsgnsuBrodsky, are characterized by two kinematic stages: rotational and
1991; Grodnitsky and Morozov, 1992; Grodnitsky andtranslational. In the initial stage of a turn, sunfish use unilateral
Morozov, 1993) is visible at the trailing edge of the soft dorsapectoral fin abduction to generate a laterally oriented wake
fin (vortex | in Fig. 4E). Over the course of the stroke, thiflow on the same side of the body as the given stimulus
structure is shed as a free vortex (visible in the upper rightFig. 5A). A medially oriented reaction force, transmitted to
hand corner of Fig. 4B,C) and travels downstream to enter titee body through the pectoral fin base, causes yawing rotation
wake. Opposite-sign vorticity bound to the dorsal fin upstrearof the animal at velocities up to 324sDuring the rotational

in the region of suction flow (see upper left-hand corner ophase of the turn (Fig. 5A,B), the center of mass of the body
Fig. 4A and vortex Il in Fig. 4E) migrates posteriorly, forming undergoes minimal side-slip. Upon completion of body
a discrete ‘stopping vortex’ at the end of the half-stroke (sesotation, both pectoral fins rapidly adduct; the fin contralateral
clockwise flow at the trailing edge of the fin in Fig. 4B andto the stimulus generates a posteriorly directed momentum
vortex Il in Fig. 4F). The onset of the return stroke (Fig. 4C)low whose reaction helps propel the animal forward and away
results in a new starting vortex Il (analogous to vortex I)from the stimulus (Fig. 5B). In addition to these previously
During the stroke reversal, vortex Il coalesces with thelocumented pectoral fin movements (Drucker and Lauder,
previous half-stroke’s stopping vortex Il to form a combined2001), the soft dorsal fin was also observed to become active
vortex lI+11l (Fig. 4G). As the fin decelerates at the end of itsduring turning. After the rotational phase of the turn, and after
contralateral abduction (Fig. 4D), this combined vortex ighe onset of pectoral fin adduction that marks the beginning of
visible in the wake downstream. A stopping vortex for thethe translational phase, the trailing edge of the dorsal fin
return stroke (IV) develops but remains attached to the fin tiponsistently abducts (Fig. 5B,C). A starting vortex is shed
at the end of the kinematic stroke period (Fig. 4H). (Note thags the fin moves laterally (Fig.5D,F, vortex I) and a
on the subsequent half-stroke, vortex IV fuses with a newlgounterrotating ‘stopping-starting’ vortex (Brodsky, 1991;
created vortex | to form a combined structure analogous tBrodsky, 1994; Drucker and Lauder, 1999) is shed as the fin
vortex lI+lIl.) Thus, each complete beat of the soft dorsal firdecelerates, completes its stroke reversal and returns to the
generates a pair of free counterrotating vortices (I and llI+llmidline of the body (Fig. 5E,G, vortex II+ll). As during
within the horizontal wake plane. Continuously repeated cyclesteady swimming at speeds above the gait transition, turning
of fin oscillation result in an array of staggered vortices within sunfish involves the generation of paired vortices with a
downstream-directed fluid jets alternating on the left and rightentral fluid jet during the course of each fin stroke. Unlike
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Fig. 4. Representative flow fields in the wake of the oscillating soft dorsal fin of sunfish during steady swimmihg4tlereL is total
body length. A-D show wake flow patterns within the frontal-plane laser sheet intersecting the middle of the soft dors&Bing&sition
1) for two consecutive fin half-strokes. The direction of fin motion is indicated by large solid-line arrows. Free-streayn(28ltcin st)
from left to right has been subtracted from each velocity vector to reveal vortical wake structures. Schematic illustitz¢smstodctures are
given in E-H (observed vortices and fluid jets are represented by dashed-line arrows). At this relatively high swimmimg spéedotsal
fin's activity causes substantial deflection and acceleration of the incident flow (cf. Fig. 3). (A) As the fin sweeps mediadly ttieer
beginning of a half-stroke), a strong center of vorticity is generated at the fin’s trailing edge, while opposite-sign bauticitjo the fin
develops upstream. These two rotational flows can be seen converging on the concave surface of the dorsal fin. Notarlatldukyase
vortex at the right side of this panel were developed during the previous half-stroke in the opposite direction. (B) Atftthe dvadf-stroke,
vorticity is released from the trailing edge of the fin and shed into the wake as a free vortex (see counterclockwise ittiiyw)préviously
attached to the anterior portion of the fin migrates downstream to contribute to new trailing edge vorticity (clockwise) flowhéCreturn
half-stroke, trailing edge vorticity is strengthened and contributes to developing jet flow. (D) By the end of the retyra stwked vortex
has been shed into the wake (see clockwise flow), while opposite-sign, bound vorticity develops at the fin's trailing edgmpledeHfin
stroke therefore creates a pair of free counterrotating vortices (I and II+l11) with a central region of jet flow. Over cgpkssted soft dorsal
fin oscillation, a staggered trail of linked vortices is formed, with downstream jets alternating on the left and rightisedbedy. From the
momentum of this reverse von Karman vortex street, stroke-averaged wake forces for propulsion can be calculated. Noterttbes the
labeled -1V in E-H are directly comparable with those illustrated for turning (see Fig. 5F,G). |, starting vortex of halt:sttoktopping
vortex of half-stroke 1; 1l+lIl, stopping vortex of half-stroke 1 combined with same-sign starting vortex of half-stroket@ppifig vortex of
half-stroke 2. Scales for A-D: arrow, 10 ctsar, 1cm.
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steady swimming, however, turning is characterized by nor Table 1 Kinematic and hydrodynamic measurements from
periodic dorsal fin motions and unilaterally applied fluid dorsal- and caudal-fin swimming behaviors by bluegill sunfish
forces.

To define the role of the soft dorsal fin in controlling the Dorsal fin Caudal fin
turning maneuver, wake forces were resolved geometricall Steady , Steady
into perpendicular components within the frontal wake planeM&asurement swimming _Turning  swimming
These force components were measured relative to the rotaiDuration of propulsive fin 404+8.5 261+16.1 398+9.8
heading of the fish at the onset of dorsal fin abduction. In thi movement (ms)
study, we recorded DPIV video with a relatively high- Mean jetangle (degrees) 62.4+1.8 42.6+5.7  58.4+1.9
magnification field of view that included the laser-illuminatedMean jet velocity cms) 7.3:05 7.6:11  7.3204

Force, lateral component (mN) 8.7+0.9 11.2+2.0 23.2+1.3

flow field but that excluded much of the body of the fish (e.g _
Force, posterior component 4.5+0.7 13.2+2.6 14.2+0.9

Fig. 3, Fig. 4, Fig. 5D,E). As a result, direct measurement ¢ (mN)

the erentatlon of th'e Iongltudlna! body axis WaS_ rarelyForce ratio, lateral:posterior 2.06+0.19 1.05+0.21 1.68+0.12
possible. However, in separate light-video recordings Ogiouhal number 0.19+001 - 0.31+0.01
turning (250 frames3), we observed that body rotation is

completed by sunfish well before the soft dorsal fin begins t Dorsal fin measurements are reported for steady swimnting a
abduct (temporal difference 437 ms, meagem., N=10).  1.1Ls and for turning immediately following steady swimmirng a
Therefore, average total body rotation (25.7° in yaw) wa0.5Ls™L. Caudal fin data are for steady swimming al.s%. Mean
used to estimate the heading of the fish at the onset of dordbody lengthL=21.0cm.

fin movement. In Table 1, jet angles and fluid force All measurements are tabulated as measetm. (N=8-16 fin
components for turning are measured in relation to this initi?€ats per behavior performed by four individuals for rows N=@5
heading axis. During turning, the wake jet of the dorsal ﬁrfor Strouhal number). Wake measurements are defined in the dext an

has an average velocity that is similar to that during steac6'¢ made from frontal-plane velocity fields (see Fig. 2Drlase
. . 1 1 plane positions 1 and 3 were used for the dorsal and caudal fins,
swimming at 1.1 st (7-8cms?'). However, one-way

| f . . ) . respectively). Note that jet velocities are measures taken above the
analyses of variance reveal that the orientation of the jet arnean free-stream flow velocity. Calculated lateral and posterio

the magnit.ude of wake force differ .signi.fica.ntly betweerll the(thrust) forces are averages over the stroke duration (i.e. associate
two behaviorsR<0.001). Steady swimming is characterizedwith a single vortex pair).

by dorsal-fin wake jets oriented 20° further laterally thar One-way analyses of variance were used to assess the significance
those produced by turning (Table 1). In addition, the laterallof differences among the three behaviors (Bonferroni-adjuste
and posteriorly directed components of force generatesignificance levebi=0.008). All dorsal fin measurements for steady
during unsteady turning maneuvers exceed those developswimming differed significantly from those for turnin§<0.001),

during steady swimming by 1.3- and 2.9-fold, respectivelyexcept mean jet velocity and lateral wake force. During steady
on average (Table 1). swimming, the dorsal and caudal fin wakes showed highly sigrtifican

differences in the magnitude of laterally and posteriorly dicecte

Median-fin wake interaction: kinematic and hydrodynamic force £<0.0001).

measurements

To investigate potential hydrodynamic interactions betweegontamination of DPIV video. Shadows cast by the median
the dorsal and caudal fins, we measured median fin kinematiies obscured particles in a substantial portion of each video
and corresponding wake flow patterns within the frontal planéeld (see Fig. 6A-D), thereby limiting the area available for
(Fig. 2D, position 2). Above the gait transition speed, sunfislsross-correlation. Flow fields calculated for regions including
initiate axial undulation and exhibit sinusoidal motions of theboth fins were dominated by erroneous vectors representing
dorsal fin and tail (Fig. 6A-D). The period of oscillation is propulsor motion rather than fluid flow. As a result, vortices
not significantly different between the two fins (Table 1);in the region of the caudal peduncle (i.e. between the soft
median-fin beat frequency at 1.& 71 is approximately 2.5Hz. dorsal fin and tail) were studied closely in the raw video
Temporal and spatial patterns of fin motion within therecording to allow vortex positioning relative to the paths
horizontal plane of analysis are presented for two consecutiteken by the median fins (Fig. 7). Since vortices shed by the
stroke cycles in Fig. 6E. The trailing edges of the two finglorsal fin develop as the propulsor begins to move medially
move with an average phase lag of 121.4+2.0ms (mean ftom a position of maximal left or right abduction (Fig. 4),
s.EM., N=25 fin beat cycles), with the soft dorsal fin leadingthese wake structures are positioned in Fig. 7 precisely at the
the dorsal lobe of the tail. The sweep amplitude (i.e. maximairests and troughs of the dorsal fin's sinusoidal trajectory. The
side-to-side excursion) of the tail (2.69+0.08cm, mean ath followed by the trailing edge of the tail consistently
sEM.) significantly exceeds that of the dorsal finpasses between the paired vortices shed by the dorsal fin.
(1.66+0.04cm, mean isEeM.) (unpaired t-test, d.f.=48; Specifically, because the caudal fin has a larger sweep
P<0.0001). amplitude than the dorsal fin (by an average of 0.51cm on

In the immediate vicinity of the dorsal and caudal fins,each side of the body), at the extremes of its left—right motion
qguantification of vortex flow was hindered by opticalthe former is positioned to intercept the wake of the latter
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(Fig. 7). The tail itself generates a vortex wake very similavelocity of these jets are similar for the dorsal and caudal fins
to that produced by the soft dorsal fin: a trail of staggeredjuring steady swimming, the tail generates significantly
counterrotating vortices arranged in pairs, each with a centrgteater laterally and posteriorly directed components of
fluid jet (Fig. 8). Although the average orientation andforce (Table 1). The nature of the dorsal-caudal fin wake

TEET T,

Pectoral | _ 0 o 0 1
fin i ;

; PRl el I dorsal IR

strong side) | e rsal. sl
i( sl oms. LoL | eagee LS |

PRI o T S
YV A o > o o
VIO £ 2V o

* W W
-
> - -
V4«

Yr'na

Ko

i heac N iw

* R W SN
x Wi« Y
U1 X X Rywadiadaa
AR 7 7 5
a2

/\\\\4«-&&(
P
P W+« K M N A
B S e I o g
A - -

7

e /; - :
vy
Py 9 L g
LR Q N S S D2 B

#k
/ i
y <
y.

Fig. 5. A low-speed turning maneuver by a sunfish illustrating the propulsive roles of the paired and median fins. In lightyéde@—C),
arrows signify the average orientation of jet flow developed by each fin sequentially during the turn. (A) In responseltis é&sstiedion the
left side of the fish (i.e. at the bottom of the panel), the ipsilateral or ‘strong-side’ pectoral fin abducts, generatipgatestlty oriented
wake flow that rotates the body around the center of mass. (B) The contralateral ‘weak-side’ pectoral fin subsequentlyesdohacts, c
posteriorly directed fluid jet that initiates forward translation of the body. Details of wake flow produced by the pecteeat fpresented in
an earlier study (Drucker and Lauder, 2001). Near the end of the turn (B,C), the soft dorsal fin abducts independentlemdibgdynd
generates an obliquely oriented fluid jet. Flow fields in the wake of the soft dorsal fin during turning are presented ifoDeafndrieal-plane
laser sheet in position 1 (see Fig. 2D). Large solid-line arrows indicate the direction of fin motion. Free-stream velbtitypfahereL is
total body length, or 10.5 cris from left to right has been subtracted from each vector. Schematic representations of observed wake structures
are shown in F and G. (D) During abduction of the dorsal fin, a free vortex is shed from the trailing edge (shown as ¢ovistefldod,
while opposite-sign vorticity develops at the fin tip (cf. Fig. 4B). (E) Upon return of the fin towards the body midline, btiaityg igcsshed

into the wake to form a second free vortex (cf. Fig. 4C). The momentum of these paired vortices and associated jet floangnsitle sf

the body is not balanced by subsequent fin abduction to the opposite side of the body as during steady swimming (FigcéddnTioeceea
acting on the soft dorsal fin posterior to the center of mass of the body serves the dual function of slowing initial pecthreédi body
rotation and helping to propel the animal forward away from the stimulus. CM, center of mass of the body (locatedasi@dér to the
snout after Webb and Weihs, 1994). Light-video images in A—C are modified from previous work (Drucker and Lauder, 200 Bcales
and E: arrow, 10cnt$; bar, 1cm. Vortex labels in F and G are defined in Fig. 4.



Dorsal fin function in fishe951

@ Trailing edge sdt dorsal fin (D)
O Trailing edge dorsal lobe d tail (T)

Fig. 6. Kinematic patterns for the soft
dorsal fin D) and tail fin 1)
oscillating in tandem during steady
swimming at 1.1s?, wherelL is
total body length. A-D show video
images of the two fins moving within
a frontal-plane laser sheet (Fig. 2D, 1.5+ E
position 2) over the course of one .
complete stroke cycle. Digitizing such
images allowed measurement of
temporal and spatial patterns of fin tip
excursion. In E, left-right movements
of the trailing edges of the soft dorsal
fin and the dorsal lobe of the tail are
plotted against time for two
consecutive stroke cycles. Although |
both fins oscillate at a frequency of :
2.5Hz, motion of the tail lags behind o :
that of the dorsal fin by an average of ] % :
121 ms, or 30% of the stroke cycle. -1.04 I
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interaction, and implications for thrust production, areillustrated occasional abduction of the posterior portion of the
discussed below. dorsal fin during steady swimming, but did not report
continuous undulation as observed in this study (e.g. Fig. 4,
, ) Fig. 6). Furthermore, non-periodic, unilateral abduction of the
Discussion soft dorsal fin during turning (Fig. 5) has not previously been
Role of the soft dorsal fin in locomotion documented for perch-like fishes. Below, we examine the
This paper provides new information on the motion andelationship between dorsal fin kinematics and hydrodynamic
hydrodynamic function of the perciform dorsal fin duringfunction, specifically addressing the roles played by the soft
locomotion and contributes to our understanding of thelorsal fin of sunfish during steady and unsteady swimming.
diversity of propulsive roles played by fish fins in swimming. The pronounced mediolateral excursions of the dorsal fin
In a previous study of dorsal-fin locomotor mechanicsobserved during fast steady swimming (i.e. at speeds involving
in Lepomis macrochirysJayne et al. (Jayne et al., 1996)oscillation of the caudal fin) as well as during unsteady turning

Dorsalfin

. ...-""‘n.

Lg%
..

" Tail

Fig. 7. Sinusoidal paths described by the soft dorsal fin and dorsal lobe of the tail within the horizontal plane (Fig. &D2)dsiing steady
swimming at 1.1.s71, whereL is total body length. Flow fields generated separately by each fin are illustrated in Fig. 4 and Fig. 8. Vortices
shed by the trailing edge of the soft dorsal fin are represented schematically, but are located in positions determineis loy BIRAlY

videos. By virtue of phase-delayed motion and a larger sweep amplitude (Fig. 6), the caudal fin is positioned to interceptiogake v
generated by the dorsal fin.
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Fig. 8. Representative flow fields in the wake of the oscillating caudal fin of sunfish during steady swimmihg 4t WHerelL is total body
length. Flow patterns within the frontal-plane laser sheet intersecting the tail at mid-fork (Fig. 2D, position 3) are sti@eafty stages of
two consecutive fin half-strokes. The direction of tail fin motion is indicated by large white arrows. Free-stream velocityg24tiom left
to right has been subtracted from each velocity vector to reveal vortical wake structures. In general, the wake generataldchyséty
resembles that produced separately by the soft dorsal fin upstream (cf. Fig. 4A,C). Each half-stroke generates vortiaitingtatige of the
fin that is ultimately released into the wake (counterclockwise flow in A and B). Opposite-sign vorticity attached to thieefinpjer left-
hand corner of A) migrates to the trailing edge over the course of the stroke period (visible at the tip of the fin in 8}l Repes of caudal
fin oscillation generate a reverse von Karman vortex street. Scales: arrow, 10twan,sl cm.

raise two functional questions. First, does the dorsal fin moveending, the free posterior margin (e.g. see Fig. 2A) is capable
actively and independently from the body to which it isof independent movement. Light-video motion analyses of the
attached? Like the body, whose bending during swimming isoft dorsal fin and body during steady swimming are still
powered by contraction of the myotomal musculature, the softeeded to determine the extent to which the traveling waves of
dorsal fin is invested with segmentally arranged musclesending on the two propulsors are out of phase with each other.
capable of controlling mediolateral motion of the propulsive Analysis of unsteady braking maneuvers liepomis

fin surface. On both sides of the body, dorsal inclinator musclesacrochirus(Jayne et al., 1996) reveals a pattern of dorsal
arise from the fascia overlying the epaxial myomeres and insdriclinator activity that is markedly different from that
onto the lateral base of each flexible dorsal fin ray, therebyeasured during steady swimming. During deceleration of the
enabling fin abduction (Arita, 1971; Alexander, 1974; Geerlinkbody, the dorsal inclinators show activity that overlaps that of
and Videler, 1974; Winterbottom, 1974; Jayne et al., 1996 myomeres on the contralateral, rather than ipsilateral, side of
Electromyographic recordings from the dorsal inclinatorthe animal. This decoupled pattern of activation results in
muscles of bluegill sunfish reveal discrete activity patternsbduction of the caudal and soft dorsal fins in opposite
during both steady and unsteady swimming behaviors (Jaymkrections — a drag-inducing fin arrangement likened to a ‘sea
et al., 1996). This result indicates that the soft dorsal fin is na@nchor’ (Breder, 1926, p. 208). The ability of the soft dorsal
merely a passive vane, but instead has the capacity to servefiasto move actively and independently of the body during
an active control surface. During fast steady swimming immaneuvering is also evident during turning behavidrs.
sunfish, the onset of dorsal inclinator activity is similar to thamacrochirusperforms low-speed turns that involve minimal
of ipsilateral red myomeric muscle at a correspondingxial bending (Drucker and Lauder, 2001). In the absence of
longitudinal position. Jayne et al. (Jayne et al., 1996) suggeptonounced body undulation, the soft dorsal fin nonetheless
that such dorsal inclinator activation may serve to stiffen thexhibits clear abduction (Fig. 5B,C). These empirical results
soft dorsal fin and resist its tendency to bend passively as thave implications for numerical models used to predict
body sweeps laterally through the water. The idea that motiorelocity fields in the wake of swimming fish. Biomechanically
of the soft dorsal fin is not completely independent from bodwyccurate simulations of fish bodies should ideally include
bending during steady swimming is supported by two findingsnedian fins modeled not simply as rigid plates moving in phase
of the present study: (i) undulation of the dorsal fin is observedith body undulation (e.g. Wolfgang et al., 1999) but as
only when axial undulation occurs (cf. Fig. 3, Fig. 4), and (ii)surfaces with free, flexible trailing edges capable of actuation
above the gait transition speed, the soft dorsal and caudal fimglependent from that of the trunk and tail.

exhibit nearly identical periods of oscillation (Table 1). A second major question concerning dorsal fin function is
However, while the anterior portion of the soft dorsal finwhether the soft portion of the fin plays an active role in
attached to the body should be strongly influenced by axigenerating locomotor force. The impact of a harmonically
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oscillating body on wake structure and associated fluid forcat high speed reveals the simultaneous, coordinated use of
is predicted by the Strouhal numbg&t (see equation 1). three separate fin systems: the paired pectoral fins, the caudal
Experimental studies of a foil in steady forward motion and din and the soft dorsal fin. At a swimming speed just above the
combination of heaving and pitching motion (Anderson, 1996gait transition to combined paired- and median-fin locomotion,
Anderson et al.,, 1998) reveal that, wh$®0.2, a loosely the Strouhal number for each active fin falls within the range
organized wake forms that generates very low or negativ@.19-0.31 on average (Table 1; Drucker and Lauder, 1999).
thrust. In this case, one observes either a ‘wavy wake’ with nGonsistent with this finding, each fin generates a propulsive
distinct vortex formation or a drag-producing von Karmanwake (Fig. 4, Fig. 8; see fig. 9 in Drucker and Lauder, 1999).
street characterized by staggered, counterrotating vortices a@aiantitative wake visualization documents the capacity of
a central region of jet flow oriented upstream that reduces thbese distinct components of the propulsive anatomy to make
momentum of the incident flow (e.g. Goldstein, 1965, p. 38)independent contributions to locomotor force.
As Strouhal number rises to within the range 828.5, wake Such division of labor among fins can be illustrated by an
structure and force change dramatically: a reverse von Karmamalysis of unsteady swimming behavior. Previous study of the
street develops that generates a strong thrust force (see fig.déttoral fin wake (Drucker and Lauder, 2001) together with
in Anderson et al., 1998). This wake trail consists of pairechew observations of the dorsal fin wake in the present study
vortices with opposite-sign rotation and a downstream-directeallow a description of the combined role of paired and median
momentum jet between each vortex pair (von Karman anfins in low-speed turning maneuvers. During the initial stage
Burgers, 1935; Weihs, 1972b; Lighthill, 1975; Triantafyllou etof a slow yawing turn, sunfish abduct the strong-side pectoral
al., 1993; Triantafyllou et al., 2000). For the undulating soffiin (i.e. the fin closer to the given stimulus) to generate a strong
dorsal fin of sunfish swimming at 1.5, Staveraged 0.19 laterally oriented wake flow (Fig. 5A). The medially directed
(Table 1), with most fin beats falling within the rangereaction force on this fin (212 mN on average) is transmitted to
0.18-0.22, transitional values suggesting the generation tfie body through the pectoral fin base, which is located
either a drag- or thrust-producing wake. In this study, howevegpproximately 12 % of body length, anterior to the center of
the use of quantitative flow visualization has clearlymass of the animal (Drucker and Lauder, 2001); this relative
demonstrated that the dorsal fin plays an active role idistance corresponds to 2.5cm on average for the sunfish
generating propulsive force. examined in this study. During DPIV image recording, the
During steady swimming above the gait transition speedijsh’s center of mass was excluded from the relatively high-
frontal-plane flow fields in the wake of the dorsal finmagnification field of view, thereby preventing direct
consistently contain a reverse von Karman street (Fig. 4neasurement of moment arms for turning. In the absence of
whose momentum flow is a source of thrust. Stroke kinematia$ata on turning moments, however, we propose that the
and patterns of wake flow are remarkably similar for the sofprimary role of the strong-side pectoral fin is to exert torque
dorsal and caudal fins (cf. Fig. 4, Fig. 8), suggesting that tharound the center of mass, thereby rotating the body and
former functions as a ‘second tail’ during forward locomotion.changing the fish’'s heading. In the next stage of the turn, the
Turning maneuvers performed by sunfish, although involvingontralateral (weak-side) pectoral fin adducts, generating a
non-periodic dorsal fin movements, also generate fluid flodarge posteriorly directed momentum flow (Fig. 5B) whose
consistent with thrust production. The pattern shown imeaction (mean 48 mN) helps to translate the body forward
Fig. 5F,G, as the dorsal fin completes its abduction and thgBrucker and Lauder, 2001). In the present study, we observed
returns to the body midline, is essentially the portion of dhese early pectoral fin motions to be followed in the latter
reverse von Karman street generated by a single stroke of teiages of the turn by activity of the dorsal fin. After the onset
propulsor during steady swimming (cf. Fig. 4F,G). The softof the translational phase of the turn (i.e. upon weak-side
dorsal fin of sunfish, therefore, generates propulsive forcpectoral fin adduction), the soft dorsal fin abducts (Fig. 5B,C),
by a similar hydrodynamic mechanism during forwardplaying a previously unrecognized role in unsteady
locomotion and turning. For both steady and unsteadynaneuvering propulsion by sunfish. The momentum jet
swimming behaviors, a key kinematic feature leading to theroduced by the dorsal fin during turning is at nearly 45° to
development of a thrust wake is the rapid stroke reversal at tlige fish’s initial heading, reflecting the generation of lateral and
end of fin abduction. The abrupt change in stroke directioposterior (thrust) forces of comparable magnitude (11 and
forces vorticity bound to the dorsal fin into the wake (Fig. 413 mN, respectively; Table 1). The medially oriented reaction
Fig. 5, vortex Il; see also Dickinson and Goétz, 1996), whicHorce exerted on the soft dorsal fin is transmitted to the body
contributes to a central jet flow whose velocity exceeds that gfosterior to the center of mass (Fig. 5C). Although half that
the free-stream flow (Table 1). On the basis of empirical datexperienced by the strong-side pectoral fin, this inward force
on wake flow, we conclude that the soft dorsal fin indeedcts at a greater distance from the center of mass. For the fish
makes an active contribution to the development of propulsivexamined in this study, the center of the soft-dorsal fin base is

forces during locomotion. located 21+2 %, or 4.4+0.5cm (mean <p., N=4), posterior
o _ to the center of mass (see Webb and Weihs, 1994, in which the
Division of labor among multiple propulsors center of mass for adultepomis macrochiruss located at

Observation of sunfish maneuvering and swimming steadil9.36_ on average). Accordingly, we predict that an important
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locomotor role of the soft dorsal fin is to exert opposite-sigriorce generated (Fig. 9B). These data provide quantitative
torque at the end of the turn to counter the body rotatiosupport for an active role for the soft dorsal fin in propulsion.
generated earlier by the strong-side pectoral fin. In resistinQur results highlight the ability of perciform fish to use

further body rotation, the dorsal fin helps correct the headinguultiple fins simultaneously and independently for generating
of the fish as it begins to translate forward on a linear trajectofpcomotor force and for controlling complex swimming

away from the stimulus. The relatively large thrust forcebehaviors. In addition, there is evidence that this propulsion
associated with the dorsal fin during the translational phase afay be achieved with relatively high efficiency. Studies of
turning (Table 1) suggests that the fin also makes a substantimbn-made foils undergoing heaving and pitching motion
contribution to this forward propulsion. Low-speed turns in(Triantafyllou et al., 1993; Anderson et al., 1998) show that

Soft dorsd:
112420 mN
(34.9%)

sunfish therefore involve the generation of fluid forces that ar
both perpendicular and parallel to the longitudinal axis of the
body and are applied sequentially by the paired and medi: A Thrust (steady swimming)
fins. . . Soft dorsd:
For steady swimming, locomotor force can also be 9.1+1.5 mN
partitioned among multiple active fins. At low speed (12.1%)
(0.5Ls™), swimming force is generated solely by the
oscillating pectoral fins without contribution from the tail or )
dorsal fin (Fig. 3; Drucker and Lauder, 1999). Atl1st?, in Z Pectordl: ) Cauda
37.6+£13.6 mN 28.5:1.9 mN
contrast, the median fins of sunfish shed two free vortices ini (50.0%) (37.9%)
the wake during the kinematic stroke periogFig. 4, Fig. 8).
From these paired vortices, stroke-averaged locomotor forct
can be calculated for each fin (Table 1). Such values, howeve
may underestimate the total rate of change in wake momentu
overt. Each complete cycle of median fin oscillation generate
two sets of starting and stopping vortices (labeled here and B Latera force (turning)
Fig. 4 in order of appearance I-1V). First, a starting vorte»
(Fig. 4E, vortex |) is shed as the fully abducted fin begins t
move towards the body midline. As the fin decelerates on tt
opposite side of the body, vorticity bound to the fin develop:
as a stopping vortex (Fig. 4F, vortex Il). However, the rapic
stroke reversal that follows results in the fusion of this stoppin
vortex with the starting vortex (lll) of the next half-stroke. A
stopping—starting vortex is visible as clockwise flow in
Fig. 4G. Finally, as the fin returns to its original abductec
position at the end of the stroke, bound vorticity migrates Zopgfgoga'r;w
towards the trailing edge of the fin to contribute to a nev '(6},_1'%)
stopping vortex (Fig. 4H, vortex 1V). At the end of the
kinematic stroke period, the circulation of such developing 19: 9- Summary of stroke-averaged locomotor forces generated by
vortices (i.e. attached to the fin, but not yet shed into the wak"¢€ fin systems in sunfish. Each force is reported as meanst
o . (N=6-11 fin beats) with the corresponding percentage of total force
as_free centers of v.ort|C|ty) could not be 'accura.lt.ely deterr.nl.negenerated by all fins given in parentheses. (A) Thrust produced
using DPIV anglyas. To account_for this additional vortmﬂyduring steady swimming at 1L, whereL is total body length.
developed during the stroke period, we used an alternatiporsal and caudal fin forces are calculated from the momentum of
estimate of force based upon all three contiguous vortethree frontal-plane vortices developed during each complete fin
structures formed by each fin stroke (i.e. |, I+l and 1V). Instroke period (see Discussion; cf. Table 1). Pectoral fin force is the
Fig. 9, median fin force for steady swimming is reported amean reaction force experienced by both left and right paired fins
twice the mean value calculated for a single pair of fredogether over the downstroke-upstroke period (from Drucker and
vortices in the wake (as in Table 1). This estimate reflects trlauder, 1999). (B) Lateral force generated during turning following
production of two linked vortex rings (represented by thre(stegdy swimming at 015s71. Since turning involves nop-periodic fin
frontal-plane vortices) over the course of each complete stromotion, mean forces are calculated over the_ duration of the half-
cycle. stroke. Pectoral force is for _the stro_ng-gde fin (from Drucker_and
The soft dorsal fin of sunfish is responsible for generating Lauder, 2001). The substantial contribution of the soft dorsal fin to
. ) ) locomotor force (12% thrust and 35% lateral force) supports an
SubStant'al portion of OYEV?‘” locomotor force. During Stead3a(:tive role for this fin in propulsion. In general, the observed
swimming at 1.1 s™, this fin exerts 12% of the total thrust paritioning of force among fins highlights the ability of teleost fishes
developed by all three fin systems studied (Fig. 9A). Duringo use multiple fins simultaneously and independently during
turning maneuvers, the dorsal fin also serves an importalocomotion. CM, center of mass of the body (positioned according to
function, producing more than one-third of the total laterawebb and Weihs, 1994).
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propulsive efficiency, defined as the ratio of useful poweswimming sunfish, the type of vortex interaction is similarly
output to total power input, is maximized when Strouhaldictated by encounter kinematics.

number falls within the range 0.25«k0.4. For Lepomis In the present study, we experimentally examined the
macrochirus the frequency and amplitude of oscillation of thehydrodynamic impact of vortices produced by the soft dorsal
caudal fin yield Strouhal numbers within this range (Table 1){in on vortices generated by the taillafpomis macrochirus

a result matching that for the tails of many other aquatids explained in the Results, particle images in the narrow
vertebrates (Triantafyllou et al., 1993) as well as the pectorakgion between the two fins were contaminated by rapidly
fins of perciform fishes (Walker and Westneat, 1997; Druckechanging areas of shadow and bright reflection from the fins
and Lauder, 1999). Further, we find that the soft dorsal fin dhemselves (e.g. Fig. 6A-D), which precluded accurate
steadily swimming sunfish shows an averatjest below this  quantification of water velocity fields in this location.
range of expected peak efficiency (Table 1). Predictions sudinspection of raw DPIV video, however, revealed consistent
as these about swimming performance based upon fjpatterns of vortex generation by this tandem fin arrangement.
kinematics can be tested empirically. In future work,As the dorsal fin moves laterally (Fig. 10A,B), it produces a
combining study of locomotor muscle performaricevitro  trailing vortex @) that represents a portion of the fin's reverse
with quantitative analysis of wake dynamiosvivowill allow  von Karman street (cf. Fig. 4E,F, vortex 1). This vortex is
measurement of the efficiency of transmission of the interna!
mechanical force developed by the swimming musculature t
external fluid force for overcoming drag. A

Dorsal—caudal fin wake interaction
The observation that fish can use multiple fins simultaneous D T
to generate separate wake vortices and fluid forces raises | \
interesting possibility of hydrodynamic interaction among thes:

propulsors. For the specific case of two median fins oscillatin B 148 ms f

in tandem, a modification of elongated-body theory allowing RN

for longitudinal variation in body depth and wake interaction . 3/' —_
between adjacent fins has been used to predict locomotor for * _,:*'

and efficiency (Lighthill, 1970; Wu, 1971b; Yates, 1983; "

Weihs, 1989). At the trailing edge of the upstream fin, a vorte

sheet is shed that carries both momentum and ener C 276ms

downstream. If the downstream fin is of sufficient depth, it will . b

intercept this sheet and reabsorb its vorticity, reducing the los *
of wake energy. When the two fins oscillate with a substantic DR
phase difference, the upstream vorticity is hypothesized t \ _,4

augment thrust and the overall propulsive effectivenes

(Lighthill, 1970; Wu, 1971a). It should be noted, however, tha D 368ms Lo~
the concept of the vortex sheet in hydromechanical theory hi [ \,
been used to describe flow in inviscid fluids. For multiple e “ 7
median fins moving in water, an alternative possibility is tha \ T
each propulsor sheds an array of discrete vortices that m

individually coalesce with vortices produced by an adjacen
propulsor, thereby influencing wake circulation and force. Thejg 10. Constructive wake interaction between the soft dorsdin (
nature of such vortex interactions has been explored in greatand the dorsal lobe of the tail)( during steady swimming at
depth experimentally in non-biological systems. It has beei1.1Ls?, wherel is total body length. Silhouettes of the two fins
shown that vortex trails shed by upstream bodies can intercewithin a frontal-plane laser sheet (Fig. 2D, position 2) are shown
and affect the strength of developing vortices shed by bodiemoving over the course of one stroke cycle. The direction of fin
downstream. For example, the drag wake (von Karman streemovement is indicated by solid-line arrows. Vortices observed in the
of an upstream bluff body can either strengthen or weaken traw DPIV video recording are indicated by dashed lines. V(arigx
circulation of the near-field thrust wake (reverse von KarmasShed as the soft dorsal fin sweeps laterally (A,B) and migrates
street) produced by a downstream oscillating foildownstream du_rlng the deve_lopment of an analogous tail vbrt(_ex
(Gopalkrishnan et al., 1994; Anderson, 1996: Triantafyllou e(C). As the tail completes its stroke, the two counterclockwise-

. . . __rotating vortices coalesce, forming a single larger downstream vortex
al., 2000). Whether the interaction is constructive or destructiv, (D). The process illustrated in A-D is repeated on both sides of the

(Le. involves a reinforcement or annihilation of vortices)yody to yield the tail's reverse von Karman street wake (cf. Fig. 8).
depends on the sign of vortex rotation and the encounter phéreinforcement of developing circulation around the tail through
of the foil with respect to the upstream wake. For two adjacelinterception of the dorsal fin's vortices is proposed as a mechanism
hydrofoils shedding a thrust wake, as observed in freelfor enhancing thrust.



2956 E. G. DRucKER AND G. V. LAUDER

intercepted by the re-entrant dorsal lobe of the tail, which has The vortex structures and associated fluid forces measured
a larger sweep amplitude than the soft dorsal fin (see Fig. #h this study for the dorsal fin anatomy of sunfish (i.e. fused
Vortexa passes along the surface of the tail while the tail itselfoft and spiny dorsal fins; see Fig. 1, Perciformes) suggest
develops bound vorticity and finally sheds an analogous vorteedditional functional hypotheses regarding fin design in other
(b) (Fig. 10C). The two vortices generated by these median fileages. One such hypothesis concerns the role of the spiny
have the same rotational sense and the correct timing dbrsal fin in facilitating the generation of a thrust wake. In
interaction to merge constructively in the vicinity of the tail, Lepomis macrochirysas in other perciform fishes, the spiny
forming a larger, combined vortexFig. 10D). We expect the dorsal fin is comparatively rigid, with a limited range of
circulation of this combined vortex, although less than thenediolateral motion. Between the most posterior fin spine and
strength ofa andb together, to be greater than the circulationthe most anterior ray of the soft dorsal fin is a robust connective
of aorbalone. It is important to note, however, that, althoughissue webbing (Jayne et al., 1996). This connection may serve
vortexcrepresents a fusion of two vortices, this structure formso ‘anchor’ the soft dorsal fin and provide increased rigidity in
downstream of the tail and therefore does not imply a benefils anterior section. Accordingly, we predict that, in
to force production. We hypothesize that, in the early stage @iesiomorphic teleosts that lack the spiny dorsal fin (e.qg.
the tail's half-stroke, the presence of rotational flow from theClupeiformes, Salmoniformes; see Fig. 1), the soft dorsal fin
dorsal fin's wake (vortex) increases incident velocity over may be insufficiently stiffened (in spite of activity in the dorsal
the tail and enhances same-sign vorticity bound to the tail (flommclinator muscles) to resist passive bending as the body
that is ultimately shed as vortek; Fig. 10C). Such sweeps laterally through the water. In these fishes, the soft
reinforcement of developing circulation is proposed as aorsal fin may be a less effective propulsor because of its
mechanism for adding energy to the tail's wake and fogreater compliance. Using digital particle image velocimetry
increasing thrust production by the tail. to study freely swimming salmoniforms, for example, it will
The phenomenon of wake interaction in freely locomotingoe possible to test the prediction that a dorsal fin lacking a
animals has been the subject of limited experimental study &piny section generates a ‘wavy’ drag wake (Anderson et al.,
date. Wolfgang et al. demonstrated that upstream body-boud®98) rather than a thrust-generating reverse von Karman
vorticity in the teleost fislbanio malabaricusan be released street.
downstream to interact constructively with vorticity formed by Flow visualization may also be used to evaluate a number
the oscillating tail (Wolfgang et al., 1999). Flapping insectof untested theoretical hypotheses about the functional impact
wings may also benefit from ‘wake capture’ (Dickinson et al.pf phylogenetic variation in dorsal fin design. For two or more
1999). In this unsteady mechanism, fluid accelerated duringiedian fins oscillating in tandem, the significance of the
each half-stroke may be exploited by the wing on the returapacing between propulsors has been addressed using
stroke to increase incident velocity and lift. Whether vortexhydromechanical theory. When the gap between fins is small
interaction of the type illustrated in Fig. 10 confers any(e.g. in gadid fishes and many atheriniforms; see Fig. 1), a
hydrodynamic benefit to bluegill sunfish requires a comparisowortex sheet is hypothesized to fill the interval, making
of the circulation around the tail in the presence and absenseparate median fins mechanically equivalent to a single,
of the dorsal fin’s wake (cf. Anderson, 1996). structurally continuous propulsor. Since the surface area of the
moving body is reduced between the fins, overall drag is
Future directions: interpreting evolutionary variation in diminished (Lighthill, 1970; Wu, 1971a; Wu, 1971b). Using
dorsal fin design DPIV, one can visualize whether such vortex sheets in fact
The evolution of teleost fishes is characterized by awdevelop between fins and test this potentially important
impressive diversification of locomotor anatomy. The dorsaimechanism for drag reduction. When the gaps between fins are
fin, in particular, shows pronounced taxonomic variation irlarge (e.g. in basal teleosts, Fig. 1), the theoretical prediction
design. The soft-rayed portion of the dorsal fin, for instances that thrust can be increased (Lighthill, 1970; Wu, 1971a).
varies widely among species in number, shape and position dine wake interaction of greatest benefit (i.e. resulting in
the body (Breder, 1926; Harris, 1953; Aleev, 1969; Helfmamaximal thrust and propulsive efficiency) is hypothesized to
et al., 1997). Several auxiliary soft fins on the dorsal midlineccur with an inter-fin distance of @4(Weihs, 1989).
also occur with scattered distribution (e.g. the adipose fin ilowever, when the median fins are separated by a sufficiently
salmoniform, myctophiform and many ostariophysan fishetarge gap, we predict that overall thrust will be reduced. For
and the dorsal finlets in scombroid fishes). In addition, derivegdlesiomorphic teleosts, our expectation is that the energy of
acanthopterygian fishes are distinguished from more basabrtices shed by the soft dorsal fin will have dissipated
teleosts by the presence of a stiff, spiny dorsal fin positionecbnsiderably by the time these vortices reach a longitudinal
anterior to the flexible, soft dorsal fin (Rosen, 1982)position corresponding to the tail. Accordingly, such fishes are
Improving our understanding of the functional significance ohot expected to benefit from the type of wake interaction
such evolutionary variation in fin design requires continuegroposed for sunfish (Fig. 10), in which the two fins are nearly
experimental study of wake dynamics in freely swimmingcontiguous. Quantitative wake visualization holds considerable
fishes representing the diverse array of morphologies exhibitggtomise for illuminating the hydrodynamic significance of
by living taxa. evolutionary variation in propulsor morphology.
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