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Summary

Past study of interspecific variation in the swimming

(with one ring only partially complete and attached to the

speed of fishes has focused on internal physiological body) at maximal labriform speeds. Across a biologically

mechanisms that may limit the ability of locomotor muscle
to generate power. In this paper, we approach the question
of why some fishes are able to swim faster than others from
a hydrodynamic perspective, using the technique of digital
particle image velocimetry which allows measurement of
fluid velocity and estimation of wake momentum and
mechanical forces for locomotion. We investigate the
structure and strength of the wake in three dimensions to
determine how hydrodynamic force varies in two species
that differ markedly in maximum swimming speed. Black
surfperch (Embiotoca jacksoni and bluegill sunfish
(Lepomis macrochiruy swim at low speeds using their
pectoral fins exclusively, and at higher speeds switch to
combined pectoral and caudal fin locomotionE. jacksoni
can swim twice as fast as similarly sizedl. macrochirus
using the pectoral fins alone. The pectoral fin wake of black
surfperch at all speeds consists of two distinct vortex rings
linked ventrally. As speed increases from 1.0 to 3L0s™,
where L is total body length, the vortex ring formed on the
fin downstroke reorients to direct force increasingly
downstream, parallel to the direction of locomotion. The
ratio of laterally to downstream-directed force declines

relevant range of swimming speeds, bluegill sunfish
generate relatively large lateral forces with the paired fins:
the ratio of lateral to downstream force remains at or above
1.0 at all speeds. By increasing wake momentum and by
orienting this momentum in a direction more favorable for
thrust than for lateral force, black surfperch are able to
swim at twice the speed of bluegill sunfish using the
pectoral fins. In sunfish, without a reorientation of shed
vortices, increases in power output of pectoral fin muscle
would have little effect on maximum locomotor speed. We
present two hypotheses relating locomotor stability,
maneuverability and the structure of the vortex wake.
First, at low speeds, the large lateral forces exhibited by
both species may be necessary for stability. Second,
we propose a potential hydrodynamic trade-off between
speed and maneuverability that arises as a geometric
consequence of the orientation of vortex rings shed by the
pectoral fins. Bluegill sunfish may be more maneuverable
because of their ability to generate large mediolateral force
asymmetries between the left- and right-side fins.

from 0.93 to 0.07 as speed increases. In contrast, the sunfishKey words: swimming, pectoral fin locomotion, flow visualization,
pectoral fin generates a single vortex ring per fin beat at hydrodynamics, digital particle image velocimetry, black surfperch,
low swimming speeds and a pair of linked vortex rings Embiotoca jacksonbluegill sunfishLepomis macrochirus

Introduction

What is the physical basis of interspecific variation in theSimilarly, the power output of white muscle fibers has been
swimming speed of fishes? Virtually all previous worksuggested to limit peak sprint speed (Wardle, 1975; Wardle
addressing this question has investigated the mechanics of ted Videler, 1979).
musculoskeletal system of fishes to determine the limits that While the analysis of internal force and power production is
muscle physiology imposes on force production and poweandeed important for understanding variation in fish swimming
output. For example, differences among species in swimmingerformance, the mechanical force produced by the swimming
speed have been studied from the perspective of recruitmentmfisculature must ultimately be transmitted to the water by the
different muscle fiber types: the contractile properties of rethody and fin surfaces. The mechanisms by which this
myotomal fibers may dictate the peak power productiontransmission is effected also have an important role to play in
and hence maximum locomotor speed, that can be achievedplaining the limits to fish swimming speed since the
before recruitment of white fibers (Rome et al., 1988, 1992)fin—water interface is the locus of thrust production.
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The major difficulty in undertaking an analysis of force Ebeling, 1975), surfperches also exhibit relatively high-speed
transmission between a swimming fish and the water is thédcomotion during prey capture and agonistic interactions
direct measurements of force applied to the aquatic mediumith congeners (Hixon, 1980; Jensen, 1993). The maximal
have not been possible. In studies of terrestrial locomotion, thgectoral-fin swimming speed of adult black surfperch is
use of force plates has allowed quantification of the ground.0bodylengths, twice that of bluegill sunfish (Fig. 1).
reaction forces experienced by running animals (e.g. Carriédespite their difference in labriform swimming ability, sunfish
et al.,, 1998; Roberts et al., 1998), and such direct forcand surfperch possess very similar pectoral fin morphology and
measurements have allowed substantial progress in oadult body size and shape (see illustrations in Fig. 5).
understanding of the mechanical basis of locomotion on land. This paper provides an experimental analysis of the
For aquatic animals, the application of such devices ipectoral-fin vortex wake, and associated locomotor forces, in
precluded by the fluid surroundings in which locomotionthe black surfperch for comparison with data published
occurs. However, in a previous paper (Drucker and Laudepreviously for bluegill sunfish. Our aim is to determine which
1999), we presented an experimental approach to quantifyirgf several possible hydrodynamic and kinematic variables,
the forces exerted on the water by freely swimming fisheacting either singly or in combination, influence the
based on measurement of the fluid momentum added to theagnitude of the propulsive reaction forces exerted on
wake by the body and fins (see also Wilga and Lauder, 1998unfish and surfperch by the fluid medium. By quantifying
Lauder, 2000). wake momentum, vortex jet orientation and fin stroke timing,

In the present paper, we address the question of how fisheg present a hydrodynamic interpretation of the observed
attain different maximum swimming speeds through aifference in maximum labriform swimming speed of these
comparative analysis of two species: the bluegill sunfisislow and fast fishes.

Lepomis macrochirugfamily Centrarchidae) and the black
surfperch Embiotoca jacksoni(family Embiotocidae). The
bluegill is a maneuverable planktivore that exhibits slow
routine labriform swimming in limnetic habitats (Keast and Fish

Webb, 1966; Werner and Hall, 1974). Previous work has Black surfperch Embiotoca jacksonhgassiz) were netted
shown that adult bluegill have a maximum labriformat Mohawk Reef, Santa Barbara, CA, USA. Animals were
swimming speed of 1.0bodylengtisand that, above this housed in a 1300| salt-water aquarium at an average
speed, they switch to combined pectoral and caudal fitemperature of 20°C and fed chopped shrimp twice weekly.
propulsion (Gibb et al., 1994; Drucker and Lauder, 1999)Four adult fish of similar size (total body length,
Surfperches are common species in near-shore marine habita®8+0.3 cm, mean «D.) were selected for study.

of the north Pacific, occurring in kelp forests, rocky reefs and

exposed bays of the open coast (DeMartini, 1969; Ebeling et Flow visualization

al., 1980). While capable of low-speed maneuvering (Bray and The protocol for inducing steady swimming behavior in the

Materials and methods
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Fig. 1. Conceptual framework used in this paper for intra- and interspecific comparisons of the pectoral fin wake of blatk@uomfpetoca
jackson) and bluegill sunfishLgpomis macrochirys The range of swimming speeds examined in each species is indicated by the series of
horizontal black arrows. The horizontal axes denote both relative swimming speed, expressed in terms of total botytrievejtts per
second, and corresponding absolute speed (approximate) based on anlag&liem for all fish studied. The effects of swimming speed on
wake variables (vortex ring structure, momentum and associated fluid force) are assessed within each species at speedsowe theand
pectoral-caudal gait transition spedglc (circled). Note that surfperch of the size studied are capable of swimming at up ®12:0th the
pectoral fins alone (i.e. before recruitment of axial undulation). This performance limit is twice that of similarly sizéd Iswerfspecific
comparisons of wake measurements, indicated by gray arrows, can be made either at individual length-specific or absolgtesjs@gnsnin
(vertical arrows) or at speeds expressed as a percentage of each species’ respective gait transition speed (diagohal lattewappFoach
provides control for interspecific variation in maximal labriform swimming performance.
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black surfperch and for visualizing the vortex wake producedtb reveal vortical flow structures. Several variables describing
by the pectoral fins closely follows that described for thehe planar geometry of the vortex wake were then measured.
bluegill sunfish Lepomis macrochirufRafinesque) studied (i) Momentum angle § was measured between the
by Drucker and Lauder (1999). Briefly, individual surfperchupstream—-downstream axis of flow and the axis traversing the
swam in the working area (28x28cmx80cm) of a paired centers of counterrotating vortices (see Fig. 4 for an
recirculating salt water flow tank. Animals swam against lowdllustration of angle and Figs 2, 3 for the location of vortices
to medium-speed currents in which propulsion was achieveklative to fish’'s body). The anglg reflects the degree to

by oscillation of the paired pectoral fins (0.5, 1.0 andwhich vortex rings introduced into the downstream wake are
1.5Ls™1), at Up, the pectoral-caudal gait transition speedtilted relative to the orientation of upstream incident flow. (ii)
(2.0Ls™), and at a high speed (3.871) at which the fish Jet anglep was the average angle of inclination of velocity
required combined pectoral and caudal fin oscillation to holdectors comprising the central region of jet flow between
station (Fig. 1). paired vortices of opposite-sign rotation (see Fig. 6). Since the

A digital particle image velocimetry (DPIV) system was central jet flow produced by a pectoral fin may not be precisely
employed that allowed visualization of water flow in planarperpendicular to the vortex ring plane (Drucker and Lauder,
transections of the pectoral fin wake following the methods th&lt999), it was necessary to measurend ¢ independently.
we have used previously (e.g. Drucker and Lauder, 199%®Both angles were measured separately for vortices shed during
Wilga and Lauder, 1999; see also Lauder, 2000). A 3W argoriin downstroke and upstroke. (iii) Vorticity components were
ion laser beam, focused into a thin sheet (1-2 mm thick) anchlculated (see Drucker and Lauder, 1999) and plotted for the
projected into the working area of the flow tank, illuminatedfrontal and parasagittal planes to highlight centers of fluid
reflective microspheres (mean diametepd® suspended in rotation.
the water. Two synchronized high-speed video cameras Locomotor forces experienced by the pectoral fins of the
(250fields s, NAC HSV-500) were used to record images ofsurfperch were calculated as the reaction to the rate of change
the laser flow field. One camera imaged particles movingf the wake's momentum over time (Ellington, 1984; Drucker
within the laser light sheet itself, while the second camerand Lauder, 1999). The time-averaged total fluid fof€e (
visualized the posterior aspect of the fish by means of a smaénerated during the pectoral fin stroke was calculated from
mirror mounted downstream at 45°. Signals from the twdVilne-Thomson (1966) as:
cameras were recorded to videotape as split-screen images, = _

Lo T . ) . ; F=MIT, (1)
facilitating simultaneous inspection of patterns of fluid flow in
the wake and the position of the fish’s fin with respect to the/here, in the present applicatiox, is the momentum of a
laser plane. In separate experiments, the laser was orientedvtwrtex ring shed into the wake amds the duration of pectoral
illuminate flow in the frontalX2) and parasagittaK() planes fin movement. Vortex ring momentum was determined
(e.g. Fig. 2). Flow patterns observed in these orthogonal planssparately at the end of the downstroke and at the end of the
were incorporated into a three-dimensional reconstruction afpstroke as the product of seawater density (1023 R
wake geometry. 20°C), the mean circulation magnitude of paired vortices in

The experimental portion of this study focuses onmidline sections of the ring and the projected area of the vortex
visualization of the wake shed by the left pectoral fin ofring onto the plane of analysis (see equation 3 in Drucker and
Embiotoca jacksonFlow patterns are reported for laser planed_auder, 1999). In calculations of fluid force developed during
intersecting the abducted pectoral fin at midspan, the positieach fin half-stroke] was taken separately as the duration of
at which wake vortices were best defined (Drucker and Lauddfin downstroke and fin upstroke.

1999). DPIV data were collected from four fish to establish Within the frontal plane of analysis, the force exerted by
general wake flow patterns and vortex dynamics. Forty-twohe left pectoral fin was geometrically resolved into two
pectoral fin strokes performed by two of these individuals werperpendicular components according to the average
subjected to detailed quantitative analysis. In total, 105 videorientation of the central fluid jet (i.e. me@h For each fin
image pairs were selected from these fin beats to determibeat analyzed, the total force arising in reaction to the wake
planar flow patterns in the wakeBfjacksonduring labriform  of the left pectoral fin was partitioned into a thrust component
locomotion. parallel to theX axis and a non-propulsive medially oriented
component parallel to th& axis (see Fig. 2). From the
Image analysis and wake measurements parasagittal plane of analysis, the lift forces exerted on the

Digitized video images of the pectoral fin wake offish were calculated by resolving geometrically the
Embiotoca jacksoniwere evaluated using a DPIV cross- orientation of the central fluid jet into downstream (thrust)
correlation algorithm (Insight v. 3.0 software, TSI Inc., St Pauland vertical components parallel to thé and Y axes,
MN, USA) to yield two-dimensional flow fields consisting of respectively. To obtain estimates of the total reaction force
400 uniformly distributed water velocity vectors (Raffel et al.,experienced by the entire animal during each fin stroke cycle,
1998). Post-processing of DPIV data was performed accordirfgrces calculated for the left pectoral fin were doubled to
to Drucker and Lauder (1999). From each validated velocitaccount for the simultaneous action of the contralateral fin
vector, the average free-stream water velocity was subtract¢Drucker and Lauder, 1999).
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Interspecific comparisons of each species’ respective pectoral-caudal gait transition

The black surfperch studied in this paper exhibit arspeedUpc (Drucker, 1996). Since hydrodynamic forces
average maximum labriform swimming speed, expressed iare directly related to the absolute speed of propulsion,
body lengths traveled per second, that is twice that of thkowever, Fig. 1 is provided to allow translation of speeds
bluegill sunfish described by Drucker and Lauder (1999)expressed in terms of Wp.c to cmsl. The surfperch
As a result, differences in animal activity level atand sunfish compared in this paper are not significantly
individual body-length-specific swimming speeds candifferent in total body lengthttest, d.f.=10P=0.33; pooled
confound interspecific comparisons of wake morphologymean #*s.0.=20.4+0.8cm,N=4 and 8, respectively) and
and dynamics. To control for differences in labriformtherefore comparisons at given length-specific speeds
swimming performance, cross-taxonomic wake comparisonsiay equivalently be considered as absolute speed
are made at swimming speeds expressed as fixed percentagesiparisons.
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Fig. 2. Water velocity vector fields in perpendicular planar transections of the pectoral fin wake of the black surfperdnglarsigdoes of

labriform swimming at 1.0s™1. Flow patterns are shown at the end of fin upstroke and illustrate the general patterns of vortex wake

morphology observed at all speeds (cf. Fig. 3). In the frontal plX@ four discrete vortices are observed: the right-hand pair of
counterrotating vortices is created during the fin downstroke, and the left-hand pair is formed on the upstroke. In thlpaleasady),
three vortices are visible. The right-hand pair appears on the downstroke, with the largest and most ventral vortex dtckngtbethe fin
rotation at stroke reversal. The single vortex in the upper left develops during the upstroke. Note that the axes atttedigppentiefine the
perpendicular orientations of the two flow planes, but that the planes illustrated in this paper intersect the abducterdhldfh @enidspan
(see Fig. 2 in Drucker and Lauder, 1999). A mean horizontal flow speedlo? 21 cm s?) from left to right has been subtracted from each
velocity vector to reveal the vortices. Scales: arrow, 10¢&nbar, 1 cmL, total body length.
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Frontal Parasagittal

1.0Ls"!

20Ls!

Vorticity (s71)

Fig. 3. Vorticity components for horizontal (front&Z) and vertical (parasagittaky) planes in the pectoral fin wake of the black surfperch.
Representative patterns of fluid rotation are shown for single fin beats at speeds representing 50, 100 and 150% of tteugdetwmdl—
transition speed (cf. Fig. 1). The degree of rotation (vorticity) is represented by pseudocolors; the direction of rotdibateld by icons at
either end of the vorticity color scale. The gross morphology of flow in each perpendicular plane remains constant actdes/epeedhe
downstroke vortex pair observed in the frontal pladfe F2) shows a progressive downstream reorientation, and the triple vortex grouping in
the parasagittal plane as a whole undergoes counterclockwise rotation. Vortices observed in the frorftal parfe3(andF4) are named in
order of appearance during the fin beat cycle (i.e. downstroke starting, downstroke stopping, upstroke starting and ppatgkersices,
respectively). Similar abbreviations are used for vortices detected in the parasagittaPptée: P2+P3 is the combined downstroke
stopping—upstroke starting vortex. See Drucker and Lauder (1999) for a discussion of the dynamics of vortex generatidrody length.
Scale bar applies to A—F.
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Results speed, the similar rate of increasejifor the downstroke and
Vortex flow patterns upstroke in the parasagittal plane (Fig. 3B,D,F; Fig. 4B,
Surfperch 1.0-3.a.s?) indicates a counterclockwise rotation of the

As seen in perpendicular planar transections, the wake ghtire linked-pair vortex ring structure, as viewed from a lateral

the pectoral fin in black surfperch consists of arrays oP€rspective.
well-developed, counterrotating vortices. An example ofI ¢ i .
perpendicular velocity flow fields calculated from video nterspecitic comparison . i .
images of particle movement during steady labriform The wake morphology of the bluegill sunfish differs
swimming is given in Fig. 2. Four vortices are observed in th@harkedly from that of the black surfperch. The vortex ring
frontal plane, two produced during the downstroke of the finStructures foL.epomis macrochirushown in Fig. SD-F are
and two produced during the upstroke. In the parasagitt®@sed on patterns of vorticity observed in frontal- and
plane, three vortices are visible at the end of the fin stroKgarasagittal-plane flow fields (see Figs 4, 6 in Drucker and
cycle. The first vortex to appear in this vertical plane arises@uder, 1999) and mean momentum angles of vortex pairs
during early downstroke, the final vortex is produced by théFig- 4C,D). At 50% of the pectoral-caudal gait transition
upstroke and a third vortex is created in the intermediate pericP&edJp-c, sunfish produce a single vortex ring per stride with
of fin rotation during the transition from downstroke to€ach pectoral fin (Fig. 5D), as opposed to the linked pair of
upstroke. In all cases, between paired vortices of opposite-sigfdS produced by surfperch (Fig. 5A). At higher speeds, the
rotation flows a jet of fluid oriented approximately sunfish upstroke becomes hydrodynamically active, shedding
perpendicular to the longitudinal axis traversing both vortex@ Second vortex filament that is proposed to terminate on the
centers. fish’s body rather than forming a complete loop. The partial

The gross morphology of the wake in planar sectiong/Pstroke vortex ring inL. macrochirusis linked to the
remains constant over the entire range of swimming spee@@wnstroke ring laterally (Fig. 5E) and, at the highest speed,
examined inEmbiotoca jacksonithe wake at all speeds Ventrally (Fig. 5F). At and abovElp-, both species exhibit
consists of four centers of vorticity in the frontal plane andarge differences in the mean momentum angle measured in
three in the parasagittal plane (Fig. 3). However, the relativée parasagittal plane for downstroke and upstroke vortex pairs
positions of wake vortices within each plane do change &d&i9. 4B.D). In sunfish, as in surfperch, the ring planes are
speed increases. In the frontal plane, the downstroke vortictled (i.e. rotated away from each other around the fish's
(Fig. 3A, F1, F2) undergo a progressive reorientation withmediolateral axis), but in general the sunfish’s rings are more
speed, describing an increasing momentum angle with respadright, reflecting a relatively small component of velocity
to theX axis (Up in Fig. 4A). At the highest swimming speed oriented along the vertical (dorsoventral) axis of the fish in the
studied (3.0.s%, Fig. 3E), the downstroke vortices in the central fluid jet of each ring (cf. Fig. 5C,F).
frontal plane fall along an axis perpendicular to the A further interspecific difference in wake morphology
longitudinal body axis of the fishpp is approximately 90°; relates to the orientation of the fluid jet induced by each pair
see Fig. 4A), reflecting a primarily downstream-orientedof counterrotating vortices in the frontal plane of analysis.
momentum flow. The upstroke vortex pair (Fig. 38, F4)  With increasing swimming speed, the momentum angle of the
changes little in orientation with increasing spe@d fanges downstroke vortex pairdfp) measured in the frontal plane
from 79 to 90°, Fig. 4A). In the parasagittal plane, thedecreases sharply in sunfish (Fig. 4C) because the plane of the
downstroke starting vortex (Fig. 3#1) and the combined downstroke vortex ring rotates laterally (Fig. 5D-F, see
downstroke stopping—upstroke starting vorte2+P3) define  vorticesF1 andF2). The opposite trend is observed for the
a steadily increasing momentum angle with respect toKthe surfperch: yp becomes maximal at the highest swimming
axis above 1.0s! (Fig. 4B, yp). A similar pattern is speed (Fig. 4A) and the downstroke ring faces increasingly
observed forP2+P3 and the upstroke stopping vort®¢  downstream (Fig. 5A-CF1, F2). Corresponding to this
(Figs 3B, 4B:w). difference in the speed-dependence yofis interspecific

A three-dimensional interpretation of the wake structure fowariation in the central jet angle Mean jet angles for the
the surfperch at three speeds is shown in Fig. 5A-C. Thaownstroke vortex ringgp) in the frontal plane are shown in
reconstruction is based upon the numbers and relative positiokig. 6. For the surfperch, megp decreases from 55 to nearly
of discrete centers of vorticity seen in perpendicular flowd° at speeds between 50 and 1300% (1.0-3.0Ls™). In
planes (Fig.3) and the average momentum angles @bntrast, the mean jet angle for sunfish increases from 55
downstroke and upstroke vortex pairs (Fig. 4). Like theo 86° over the comparable range of swimming speeds
bluegill sunfish studied previously (Drucker and Lauder(0.5-1.8.s1). Unlike the downstroke jet angle for the
1999), the black surfperch sheds vortex rings into the wakepstroke shows little variation with speed in the frontal plane
during labriform swimming. Across the entire range offor surfperch (pooled mean across spee82+1.3°, N=8,
swimming speeds studied, the pectoral fin wake takes the formean +s.em.), and the momentum flow remains directed
of paired vortex rings that are linked ventrally (as demonstrateldrgely downstream. The absence of paired frontal-plane
by P2+P3 observed in the parasagittal plane). With increasingortices on the upstroke of sunfish (Fig. 5D-F) precluded
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measurement of corresponding upstroke jet angles for th@urfperch carry significantly more momentum into the wake
species. than those of sunfish (Fig. 7C). Correspondingly, time-
In both sunfish and surfperch, independent measurementsaferaged thrust produced by the pectoral fins of surfperch
vortex ring radiugk from perpendicular wake planes exhibited exceeds that of sunfish at the same percentageldp.ef
only minor variation. Vortex rings of sunfish showed no(Fig. 7D) (unpaired-tests at 50, 100 and 1508, d.f.=7-9,
significant differences iR measured in the frontal and P<0.001). When swimming at the same length-specific speeds
parasagittal planes of analysis at each of the three swimmirg.5, 1.0 and 1.6s™1, Fig. 1), the two species show a similar
speeds studied (unpair¢dests, d.f.=9-12P=0.08-0.29). In difference in thrust production (unpairadests, d.f.=6-9,
surfperch, the ring radii were significantly greate<@.05) in  P<0.05).
the parasagittal plane than in the frontal plane at all speeds, butin both species, the total thrust produced by the left and right
the absolute variation in ring dimensions was small: estimatds together increases linearly updgcand plateaus above this
of R differed by only 0.07-0.26 cm, or 2—-8% of mean ringspeed (Fig. 7D). For the purpose of comparing the rate of
diameter, in the two planes. Accordingly, ring radii for bothincrease in thrust with speed in the two species, least-squares
species were pooled across the two planes (Table 1), andimear regressions were performed. To determine regression
circular configuration of vortex rings was assumed forcoefficients for the range of data plotted up Ug.c only,

calculations of wake momentum and locomotor force. regression lines were not forced through the origin. In the region
of linear increase in stride-specific thrust (25-1Q:%for E.
Locomotor forces jacksonj 50—100 %Jp-cfor L. macrochirusFig. 7D), regression

The mean force arising in reaction to the pectoral fin wakeoefficients showed a significant difference from zero in each
may be estimated from both the timing of the fin stroke andpecies B<0.001), but no significant interspecific difference.
the momentum of shed vortices (equation 1). These variabl@he slope of the regression line was 0.063+0.012 Ngér
are plotted separately against swimming speed in Fig. 7. Abr the surfperch and 0.060+0.014 N par! for the sunfish
swimming speeds representing comparable levels of activitfineans 1s.e.m.).
surfperch and sunfish show no significant differences in the From frontal-plane flow fields, a downstream-oriented force,
duration of the downstroke (Fig. 7A) or upstroke, except at thevhose reaction is propulsive, and a non-propulsive laterally
pectoral-caudal gait transition speed (Fig. 7B).Uptc, the  oriented force exerted on the fluid were calculated for each fin
black surfperch completes the upstroke an average of 55mfroke. The relative magnitude of these two perpendicular
faster than the bluegill sunfish, a difference representing 15 %omponents of locomotor force varies significantly between
of the period of propulsive fin movements. Unlike the timingspecies. In the surfperch, the ratio of force directed laterally
of fin half-strokes, wake momentum varies markedly betweerersusdownstream declines sharply with speed, reaching 0.07
the species. At all speeds examined, the vortex rings shed fyr roughly 1:10) on average at the maximum speed examined,

Table 1.Vortex ring measurements related to wake momentum for black surfperch and bluegill sunfish

Surfperch Sunfish

Swimming Ring radius 102 Circulationx 104 Ring radiusx 1?  Circulationx 104
speed Stroke (m) (AsD) (m) (m2s
0.5Ls1 D 1.87+0.26 21.6x£2.0 1.79+0.07 51.71+6.3

U 1.99+0.15 24.3£3.0 - -
1.0Ls1 D 2.67+0.24 28.5+4.0 1.55+0.10 24.3+2.1

U 2.19+0.14 31.0+£3.5 1.71+0.14 28.4+1.7
15Ls1 D 3.21+0.35 26.5+2.2 1.54+0.08 20.9£2.3

U 1.55+0.21 29.2+2.9 1.24+0.13 21.9+3.7
2.0Ls? D 3.17+0.38 38.4+5.3 - -

U 1.76+0.11 42.2+3.0
3.0Ls? D 2.58+0.33 36.61£3.4 - -

U 1.84+0.10 49.2+5.3

Data are given for the end of each half-stroke as meamswt: At each speed\=3-14 pectoral fin strokes performed by two individuals of
each species.

All measurements are reported as averages across the frontal and parasagittal planes of analysis (see text) exceptKentbitexpshg
of the sunfish, for which only parasagittal-plane data were available (see Fig. 5E,F). For each plane, circulation wasasmtasaratage
magnitude of values for paired clockwise and counterclockwise vortices.

Data for sunfish are from Drucker and Lauder (1999).

D, downstroke; U, upstroké; total body length.
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Fig. 4. Relationship between vortex ring momentum angle and swimming speed for surfperch and sunfish. Plotted values are means -
s.E.M. (N=3-6 fin strokes). Momentum angle, defined graphically at the top of the figure, was measured separately for the daywstroke (
and upstrokeyju) in each of the two perpendicular plangsY—Z axes are provided to aid orientation of angles with respect to the fish and

its vortex wake (cf. Figs 2, 3). Note that, in the parasagittal plane, the center of combinedP2si8xserved as the vertex of both
measured angles. The wake structure of the sunfish precluded measurempgrin dfie frontal plane and at 05! in the parasagittal

plane. In three-dimensional reconstructions of the wake (Fighkand Yy are represented by the degree to which the downstroke and
upstroke vortex rings are tilted in spade.total body length. Other abbreviations are as in Fig. 3. Sunfish data are from Drucker and
Lauder (1999).

150%Jp-c (Fig. 8). In the sunfish, in contrast, this ratio sunfish exerts forces of comparable magnitude sideways and
remains at approximately 1 (mean 1.25-1.02) over the randgmckwards with each pectoral fin during the stroke period
of swimming speeds studied. Thus, at 1304% the bluegill  (Fig. 8).
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Fig. 5. Schematic three-dimensional representation of the pectoral fin wake at the end of the upstroke in the black su@fpanchiiegill
sunfish (D—F). Vortex rings were reconstructed from the geometry of vortex pairs observed in perpendicular planar trah#eetivakeo
(surfperch, Figs 3, 4; sunfish, Drucker and Lauder, 1999). Curved arrows represent centers of vorticity visualized uspagtidigitahage
velocimetry. Straight arrows indicate the direction of jet flow through the center of each vortex ring. For simplicity r¢gtiseaemted only at
50 %UJp-c, but in fact are present at all speeds, oriented approximately normal to each ring plane. Variation in wake structurénamiogg sw
speeds and between species is proposed to reflect differences in the magnitude of locomotor force developed (see teskbripritliscus
pectoral-caudal gait transition spekdtotal body length. Other abbreviations are as in Fig. 3.
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Fig. 6. Orientation of jet flow associated with the downstroke vortex ring plotted as a function of swimming speed in thefféack and
bluegill sunfish. The jet angke measured in the frontal plan¥Z) is defined as 0° when velocity vectors comprising the jet are oriented on
average directly downstream and as 90 ° when oriented laterally (see illustration at the top of the figure). For both spedoesnstrekeap

is represented by the orientation of the thick arrows (accompanying values are m&ans M=3-8 fin strokes). With increasing swimming
speed, the faster fish (surfperch) directs the downstroke jet increasingly downstream, while the slower fish (sunfish) lyrogpessitethe

jet laterally. Sunfish data at 0.5 are from Drucker and Lauder (1998).total body length.

Discussion Such interspecific variation in wake structure can be
Pectoral-fin wake structure understood in terms of differing demands for locomotor force.
Although differing twofold in  maximum labriform The most pronounced difference in the form of the wake is
swimming speed, the fishes examined in this study exeR€en at speeds below_the pectoral—caud_al gait transitiqn speed.
mechanical force on their fluid surroundings by means of At 50%Up-, the sunfish generates a single vortex ring per
similar strategy: the production of momentum-bearing vortextroke period (Fig. 5D), a structure developed during the fin
rings (Fig. 5). It is important to emphasize that the formatiorflownstroke and the fin rotation at stroke reversal. The slow,
of such biological wake structures is not directly analogous t8nd relatively weak, upstroke at this low swimming speed
that of man-made vortex flows of the same shape. It is incorretgsults in no detectable circulation in the wake (Drucker and
to assume that the paired vortices generated by the fish's fi@uder, 1999). The surfperch at this speed, in contrast,
are merely a byproduct of the central fluid jet, as is the casBroduces separate vortex rings on both the downstroke and
for instance, for vortices generated by fluid ejected frontpstroke (Fig. 5A). Although representing the same fraction of
nozzles (e.g. Maxworthy, 1972). The leading- and trailingPeak labriform swimming speed in both species, 8R%
edge vortices produced by the flexible, oscillating pectoral figorresponds to absolute swimming speeds that differ by a
on each half-stroke arise concurrently with, rather than as factor of 2 (Fig. 1). The single ring produced by the sunfish at
consequence of, the central jet (see Fig. 3 in Drucker arfd5Ls™ (approximately 10cnT$) reflects a lower overall
Lauder, 1999). Therefore, the entire vortex ring (i.e. vortexequirement for thrust production than that of the surfperch
filament+central jet) — the visible record of momentum transfeswimming at 1.0 s (approximately 20 cn$).
within the wake — is considered in evaluating mechanisms of When the fishes swim at the same absolute speed, however,
propulsion. interspecific differences in wake structure are still observed. At
The vortex ring wake of the pectoral fin is a finding in1.0Ls™, for example, both species generate measurable
agreement with the general wake structure observed in otheorticity during the upstroke as well as the downstroke, but the
animals moving with paired appendages through fluidvakes differ in the degree of development of the upstroke
(Spedding et al., 1984; Rayner et al., 1986; Spedding, 1988ortex filament. On the basis of vortex patterns observed in the
Brodsky, 1991; Dickinson, 1996). Morphological features offrontal plane, Drucker and Lauder (1999) proposed that, at the
the reconstructed pectoral fin wake, however, diffeend of the upstroke in sunfish, the developing upstroke vortex
substantially in.epomis macrochiruandEmbiotoca jacksoni  ring is not fully closed upon itself and instead terminates on
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Fig. 7. Effects of swimming speed on fin stroke timing and wake variables in surfperch and sunfish. Data are plotted asEmeéNs3-6

fin strokes). Note that, for some plotted points, the error bars are obscured by the symbol. (A,B) Duration of pectoratrikekalfC)
Summed momentum of downstroke and upstroke vortex rings, per fin. (D) Average forward thrust generated by both pectotfa¢finggoge

the course of a stride period. Statistical comparisons between the species (urtpateed!.f.=7-9) revealed significant differenceB=0.05

in the duration of the upstroke at 100y (B) and in both momentum and thrust at all speeds studied (C,D). We propose that interspecific
variation in stroke timing and wake momentum underlies the observed difference in thrust production of the two speciemtSaméshom
Drucker and Lauder (1999)p-c, pectoral—caudal gait transition speed.

Fig. 8. Ratio of laterally to downstrea
directed components of force (mean
stride £s.e.m., N=3-10 fin strokes) for blac
surfperch and bluegill sunfish plotted a
function of swimming speed. In t
surfperch, this ratio drops by a factor
more than 10 over the range of swimmr
speeds studied, while in the sunfist
declines only by a factor of 0.25, remain
near unity. The vectors accompanying
drawing of each fish represent the rela
magnitudes of downstream and lateral fc
applied by the pectoral fins to the wate
150 %Jp-c and, accordingly, of the thrt
and inward-directed force experienced
reaction. These vectors are comparable
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within and between species. See text for discussion. For two plotted points, the error bars fall within the dimensiogsbbltHéps,

pectoral—-caudal gait transition speed.
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the side of the body (Fig. 5E). At the same absolute spee®PIV data were partitioned into forces arising separately on
surfperch shed two complete and distinct vortex rings into ththe downstroke and upstroke (Table 2) to evaluate the relative
wake (Fig. 5A). The same interspecific pattern is observedontributions of each half-stroke to locomotor force. At most
when comparisons are made at constant fractions of the gaivimming speeds examined, both species exhibit an
transition speed (Fig. 5B,E and C,F). asymmetry in average force developed during the downstroke
A further difference in wake geometry exhibited by the twoand upstroke. At low swimming speed (D$7), the
species relates to the orientation of the central momentum jdbwnstroke of the surfperch on average accounts for 41 % of
of each vortex ring. In the surfperch, the downstroke ringhe total thrust and 56 % of the total lift produced during the
faces ventrally and bears a fluid jet with a strong downwardourse of each complete fin stroke cycle. The balance (59 %
component of velocity. On the upstroke, the ring is tiltedand 44 % respectively) is created by the upstroke. At higher
dorsally and the jet is oriented upwards (Figs 2B, 5A—C). Thepeeds, the importance of the downstroke increases: the ratio
positive and negative lift forces that result from each halfof downstroke force to total force peaks at 71 % for thrust and
stroke (Table 2), together with lift arising from the profile of 79 % for lift atUp.c, and above this speed declines (Table 2).
the fish’'s body, must on average cancel over the course bf the sunfish, vortex rings and associated force are produced
many fin stroke cycles since the fish were not observed tnly during the downstroke at .5 (Fig. 5D). At higher
follow a rising or sinking trajectory during labriform speeds, the contribution of the upstroke grows, but does not
swimming. The dorsoventral orientation of the wake'sexceed 27 % of total lift on average (Table 2,L1s5) and
momentum flow, however, suggests an imbalance of verticalccounts for the majority (64 %) of total thrust only at the gait
forces acting on the surfperch at any particular momertransition speed (Table 2, 1.8Y). Thus, in both species, the
during the stride. Such an imbalance can explain thdownstroke is the primary thrust- and lift-producing portion of
dorsoventral surging or ‘bobbing’ that is observed inthe pectoral fin beat at most labriform swimming speeds. At
surfperches and other fast labroid fishes (Webb, 197%wimming speeds representing comparable levels of exercise
Westneat, 1996; Walker and Westneat, 1997). Bobbing im the two species (100 and 15Q%; see Fig. 1), the
negligible in slower pectoral fin swimmers such as sunfisldownstroke thrust of the surfperch, measured as a proportion
(Gibb et al., 1994), an observation consistent with thef total thrust, exceeds that of the sunfish by 1.2- to twofold.
production of vortex rings that are more upright in orientatiombsolute lift forces at these speeds are also substantially

(Fig. 5D-F). greater in the faster swimmer, but the sunfish generates a larger
- _ o fraction of total lift with each downstroke than does the
InterspeC|f|C comparison of swimming forces Surfperch at the same percentagesj@t (Tab|e 2)

The total pectoral fin thrust and lift per stride calculated from The mean thrust per stride generated by the pectoral fins at

Table 2.Time-averaged thrust and lift forces calculated from the downstroke and upstroke wakes of black surfperch and bluegill

sunfish
Surfperch Sunfish

Swimming Thrust Lift Thrust Lift
speed Stroke Force Total Ratio Force Total Ratio Force  Total Ratio Force Total Ratio
0.5Ls1 D 10.7 4.5 11.1 3.2

U 155 26.2 041 -35 8.0 0.56 - 11.1 1.00 - 3.2 1.00
1.0Ls1 D 38.0 14.3 13.4 4.7

U 35.8 73.8 0.1 -6.9 212 0.67 24.2 376 036 02 49 0.96
1.5Ls? D 56.5 35.6 19.1 16.0

U 24.0 80.5 0.70 -11.9 47.5 0.75 16.3 35.4 0.54 -5.9 21.9 0.73
2.0Ls1 D 92.5 86.6

U 384 1309 0.71 -23.3 1099 0.79 - - - - - -
3.0Lst D 78.3 40.8

U 48.7 127.0 0.62 -39.9 80.7 0.51 - - - - - -

Mean forces per stride (in mN) generated by both pectoral fins together are calculated at each speed from 3-8 fin strad&ypérform
individuals of each species.

D, downstroke; U, upstroke; Total, sum of the absolute value of each half-stroke’s force; Ratio, downstroke force expresspdrisn
of total force developed.

Positive and negative values of lift indicate upward and downward forces, respectively.

Data for sunfish are from Drucker and Lauder (1999).

L, total body length.
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speeds up t®Jp-c (Fig. 7D) is assumed to be the total thrustdifferences in the structure of the animals’ wakes. The
generated by the fish to overcome drag. The steady-stadppearance of no more than two vortices in frontal-plane
expectation for the dra acting on a streamlined body, such transections of the wake of the sunfish (Fig. 5SEEE, F2)
as that of a fish, is given by: indicates that the upstroke vortex loop is not closed upon
D = 1pU%ACH @ itself at the end of the upstroke. Vortex ring momentum is
2 ' proportional to both mean vortex circulatibrand ring are#
wherep is the density of watet) is the forward swimming (equation 3 in Drucker and Lauder, 1999). The downstroke and
speedA is the projected area of the body dbslis the drag upstroke rings of sunfish do not differ significantly lin
coefficient (Vogel, 1994). The drag acting on the oscillatinglunpairedt-tests at 1.0 and 157, d.f.=8,10;P=0.15, 0.82,
pectoral fins, however, changes dynamically and iSable 1). While the radii of these rings are also statistically
proportional to the second power of the velocity of incidenindistinguishable (unpairetitests, d.f.=14,16P=0.06, 0.37,
flow, which is influenced both by and by the fin flapping Table 1), the upstroke loop is incomplete, thereby possessing
velocity (cf. Ellington, 1984), which changes unsteadily oveldower area. With the assumption that unsteady hydrodynamic
time. Thus, the total average drag per stroke cycle on a figfhenomena, such as the Wagner effect, have equal influence
swimming with the pectoral fins will not necessarily follow on I during each half-stroke (see Dickinson, 1996), the
the quadratic relationship to speed given in equation 2. Imcomplete upstroke vortex loop (Fig. 5E,F) is therefore
Embiotoca jacksoniand Lepomis macrochirysthe time- expected to add less momentum to the wake than would a
averaged pectoral fin thrust per stride indeed increases lineadgmplete loop. In the surfperch, in contrast, the production of
with U up toUp-c (Fig. 7D). For both species, the incrementalfour distinct frontal-plane vortices at all speeds (Fig. 5A-C,
rate of increase in thrust with speed is approximatelfr1-F4) reflects the shedding of two complete vortex rings
60mNpelLs®. The absence of an obvious quadraticaway from the body. At comparable swimming speeds,
relationship between thrust and swimming speed for theurfperch generate rings that are significantly larger and
species studied may be a result of (i) possible effects of tteronger than those produced by sunfish (unp&itests at 50,
mucus coating of the body and fins acting to diminish the rat€00 and 150 %p-¢, d.f.=6-15,P<0.01). At fixed fractions of
of increase in total drag with speed (Hoyt, 1975; Bernadsky edp.c, surfperch produce rings whose radius exceeds that of
al., 1993), (ii) the narrow range of absolute swimming speedsunfish rings by as much as 1.6cm and whose total vortex
over which thrust data were collected (note, however, that warculation (the sum of downstroke and upstrokaagnitude)
examined the biologically relevant range of labriformsurpasses that of sunfish by 8-43emh (Table 1).
swimming speeds in these species), or (iii) the reduction iAugmentingA and ™ is a mechanism for imparting greater
drag that occurs as the boundary layer makes its transition fromomentum to the wake (Fig. 7C).
laminar to turbulent flow with increasing speed. The Reynolds A second relevant interspecific difference in wake geometry
number for the fish studied here (calculated using total bodyvolves the orientation of the wake’s central momentum jet.
length) varies from 2310* to 1.2<10°, a range in which flow The average orientation of water velocity vectors interposed in
around streamlined bodies indeed becomes transitional amite downstroke vortex pair changes markedly with swimming
drag forces do not rise quadratically with increasing speespeed. In the frontal plane, downstroke jet anglen the
(Shapiro, 1961; Vogel, 1994). Changing boundary-layer flowsurfperch decreases with speed, reaching nearly 0° on average
conditions over the range of speeds examined in the presaait 150%Jpc (Fig. 6), reflecting a largely downstream
study may therefore result in a lower rate of increase in dragrientation of momentum flow and an increasing contribution
(and hence thrust) than would be expected at higher speedlfsthe paired fins to forward thrust. In spite of the immediate
above the transition to a turbulent boundary layer. demand for thrust at high speeds, the sunfish increpses
The black surfperch and bluegill sunfish differ by a factorapproximately 90° during the downstroke (Fig. 6), thereby
of 3—4 in the total pectoral fin thrust that is generated at thexerting a relatively large lateral component of force. We
upper limit of the labriform swimming gait (Fig. 7D). What propose that this difference in momentum jet orientation,
hydrodynamic or kinematic features of the fin beat mightogether with the difference in vortex ring area and circulation
explain this difference? Thrust is related both to the momentuniiscussed above, provides a hydrodynamic explanation for
of the vortex wake and to the period of propulsor movementoth the observed interspecific difference in thrust production
during which momentum is added to the fluid (equation 1). Thand the variation between species in maximum labriform
only significant interspecific difference in fin stroke timing wasswimming speed.
observed at the pectoral-caudal gait transition spggg).(At Aside from differences in wake dynamics correlated with
Up-¢, the surfperch exhibits a significantly faster upstroke thadifferences in thrust, there are in addition anatomical,
the sunfish (Fig. 7B), a difference that contributes to th@euromuscular and physiological variables that may help to
surfperch’s greater thrust at this speed (Fig. 7D). Differencesxplain the observed interspecific variatiotinc. Pectoral fin
in wake momentum, in contrast, were observed at aBhape and kinematics have been proposed to influence
swimming speeds (Fig. 7C) and can account more completegwimming force in theoretical studies of labriform locomotion
for the higher forces developed by the surfperch. (Blake, 1979, 1981), and differences between the bluegill
Underlying this difference in momentum are two importantsunfish and black surfperch in pectoral fin form and motion
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may indeed contribute to differences in maximum swimmingsuddenly altered. Large laterally directed forces exerted by a
speed. In addition, variation in pectoral fin muscle mass anfih on one side of the body will generate rapid body turning to
physiology will lead to interspecific differences in thrust forcethe opposite side. This hypothesis predicts that bluegill sunfish
and power. The mechanical properties of pectoral fin musckhould exhibit a turning performance superior to that of black
have been described for sunfish (Luiker and Stevens, 199urfperch, especially at speeds between 50 and UpQ %5 ig.
1993) but not for surfperch; obtaining such measurements wifl). An additional implication of this second hypothesis is that
be an important next step in understanding the physiological hydrodynamic trade-off between speed and maneuverability
basis of differences in labriform swimming performance.may exist that emerges from the geometric orientation of
Fishes capable of prolonged high-speed swimming have alswrtex rings shed by the fins. When the vortex wake is oriented
been shown to possess a greater proportion of aerobic fibersgrimarily laterally, thrust, of necessity, will be limited but the
the locomotor muscle than slower-swimming fishes (Boddekeapacity for turning enhanced. Species that shed vortex rings
et al., 1959). Variation in the composition of fiber types withinoriented primarily posteriorly will exhibit elevated thrust
pectoral fin muscle might further contribute to an explanatioproduction at the expense of laterally directed force generation.
for differences in maximum speed. The ability of fishes to circumvent this trade-off may depend
Both the analysis of the internal power output of locomotoon the orientation and flexibility of the fin base, which should
muscle and the study of how such power is transmitted to tHenit the ability to vary the direction of vortex ring shedding
fluid are needed to understand fully the observed variatioimto the wake. The relationship between pectoral fin
among species in maximum swimming speed. Without aorientation, kinematic versatility and wake structure is a
analysis of interspecific differences in locomotor musclecompletely unexplored area that holds considerable promise
physiology, we will not know the extent to which species differfor clarifying the hydrodynamic significance of pectoral fin
in the amount of power that can be delivered to the fingnorphology in fishes.
But without also an understanding of the hydrodynamic
interactions between the propulsors and the fluid, we will be We thank J. Liao, J. Nauen, J. Posner and C. Wilga for
unable to predict how species differ in the efficiency ofhelpful discussions and two anonymous reviewers for
transformation of internal mechanical energy to external workaluable comments on the manuscript. Animals were kindly
on the environment. As an example, in bluegill sunfish, nsupplied by Mark Akins, Shane Anderson and Ted Mainey.
change in fiber type composition or increase in the amount &upported by NSF DBI-9750321 to E.G.D. and NSF IBN-
power generated by the pectoral fin muscles will be sufficier807012 to G.V.L.
to increase the downstroke's contribution to maximal
swimming speed since the locomotor force at high speed is References

directed laterally, almost at right angles to the direction Ofsernadsky, G., Sar, N. and Rosenberg, E1993). Drag reduction
movement (Fig. 6). of fish skin mucus: relationship to mode of swimming and size.
Fish Biol. 42, 797-800.
Stability and maneuverability Blake, R. W. (1979). The mechanics of labriform locomotion. I.
The production of large laterally oriented forces by both Labriform locomotion in the angelfistP{erophyllum eimekgian

surfperch and sunfish at low swimming speeds and the analysis of the power strok&. Exp. Biol.82, 255-271.
maintenance of such large lateral forces in sunfish even at higfke, R. W. (1981). Influence of pectoral fin shape on thrust and
speeds (Fig. 8) are remarkable and unexpected results of thélrag in labriform locomotion]. Zool., Lond194, 53-66.
analysis of the vortex wake. At the lowest speeds studied fé&°ddeke. R., Slijper, E. J. and Stelt, A. V. D(1959). Histological

each species the laterally directed forces nearly e ualcharacteristicsofthe body-musculature of fishes in connection with
PECIes, y Y €qualiheir mode of lifeProc. K. Ned. Akad. Wes2, 576-588.

(surfperch) or significantly exceed (sunfish) thg thrust fqrcesBray’ R. N. and Ebeling, A. W.(1975). Food, activity, and habitat
These data suggest two hypotheses concerning stability ancyy three ‘picker-type’ microcarnivorous fishes in the kelp forests
maneuverability during pectoral fin locomotion in these off Santa Barbara, Californi&ish. Bull. 73, 815-829.

species. First, large lateral forces may be necessary f@Fodsky, A. K. (1991). Vortex formation in the tethered flight of the
locomotor stability. In bluegill sunfish (comparable data are peacock butterflynachis ioL. (Lepidoptera, Nymphalidae) and
not available for surfperch), the center of buoyancy is located some aspects of insect flight evolutidn Exp. Biol.161, 77-95.

near the center of mass (Webb and Weihs, 1994), yet largearrier, D., Gregersen, C. and Silverton, N.(1998). Dynamic
laterally oriented forces may still be needed to stabilize the 9earing in running dogs. Exp. Biol.201, 3185-3195.

body during steady horizontal swimming. This hypothesieMartini, E. E. (1969). A correlative study of the ecology and
suggests that bluegill sunfish should be relatively resistant to COmPparative feeding mechanism morphology of the Embiotocidae

. . . . . . (surf-fishes) as evidence of the family’s adaptive radiation into
mediolateral perturbations during pectoral fin swimming available ecological nichewasmann J. BioR7, 177-247.

compared With bIaCk. Sgrfperch. Second, Iargg 'Iateral fOr(.:_q§ickinson, M. H. (1996). Unsteady mechanisms of force generation
may be associated with increased maneuverability. The ability j3 aquatic and aerial locomotioAm. Zool.36, 537-554.

of a fish to change its hegding by modulating the force bf'ﬂ'an@ucker, E. G. (1996). The use of gait transiton speed in
between the left and right fins may be enhanced if the comparative studies of fish locomotighm. Z00l.36, 555-566.
magnitude or direction of the force exerted by one fin i®rucker, E. G. and Lauder, G. V. (1999). Locomotor forces on a



Wake structure and force in slow and fast fis2&883

swimming fish: three-dimensional vortex wake dynamics visualizations reveal change in upstroke function with flight speed

quantified using digital particle image velocimetdy.Exp. Biol. in bats.Nature321, 162-164.

202 2393-2412. Roberts, T., Kram, R., Weyand, P. and Taylor, C. R.(1998).
Ebeling, A. W., Larson, R. J., Alevizon, W. S. and Bray, R. N. Energetics of bipedal running. I. Metabolic cost of generating force.

(1980). Annual variability of reef-fish assemblages in kelp forests J. Exp. Biol.201, 2745-2751.

off Santa Barbara, Californi&ish. Bull.78, 361-377. Rome, L. C., Funke, R. P., Alexander, R. McN., Lutz, G.,
Ellington, C. P. (1984). The aerodynamics of hovering insect flight. ~Aldridge, H., Scott, F. and Freadman, M.(1988). Why animals

IV. Aerodynamic mechanism®hil. Trans. R. Soc. Lond. 805 have different muscle fibre typdsature335 824-827.

79-113. Rome, L. C., Sosnicki, A. and Choi, 1(1992). The influence of
Gibb, A. C., Jayne, B. C. and Lauder, G. V(1994). Kinematics of temperature on muscle function in the fast swimming scup. Il. The

pectoral fin locomotion in the bluegill sunfishepomis mechanics of red muscld. Exp. Biol.163 281-295.

macrochirus J. Exp. Biol.189, 133-161. Shapiro, A. H. (1961). Shape and Flow: The Fluid Dynamics of
Hixon, M. A. (1980). Competitive interactions between California Drag. New York: Doubleday & Co.

reef fishes of the gend&mbiotoca. Ecologyl, 918-931. Spedding, G. R.(1986). The wake of a jackdav€drvus monedu)a

Hoyt, J. W. (1975). Hydrodynamic drag reduction due to fish slimes. in slow flight.J. Exp. Biol.125 287-307.
In Swimming and Flying in Natureol. 2 (ed. T. Wu, C. Brokaw Spedding, G. R., Rayner, J. M. V. and Pennycuick, C. 1984).
and C. Brennen), pp. 653-672. New York: Plenum Press. Momentum and energy in the wake of a pigeGalgmba livig in
Jensen, J. S.(1993). Relationships and trophic functional slow flight.J. Exp. Biol.111, 81-102.
morphology of the Embiotocidae (Perciformes). PhD dissertationyogel, S.(1994). Life in Moving Fluids: The Physical Biology of
Harvard University. Flow, 2nd edition. Princeton: Princeton University Press.
Keast, A. and Webb, D.(1966). Mouth and body form relative to Walker, J. A. and Westneat, M. W.(1997). Labriform propulsion
feeding ecology in the fish fauna of a small lake, Lake Opinicon, in fishes: kinematics of flapping aquatic flight in the bird
Ontario.J. Fish. Res. Bd Ca3, 1845-1874. wrasse Gomphosus varius(Labridae). J. Exp. Biol. 200
Lauder, G. V. (2000). Function of the caudal fin during locomotion 1549-1569.
in fishes: kinematics, flow visualization and evolutionary patternsWardle, C. S.(1975). Limits of fish swimming speelature 255,

Am. Zool 40, 101-122. 725-727.

Luiker, E. A. and Stevens, E. D.(1992). Effect of stimulus Wardle, C. S. and Videler, J. J(1979). How do fish break the speed
frequency and duty cycle on force and work in fish muscémn. limit? Nature284, 445-447.
J. Zool.70, 1135-1139. Webb, P. W. (1973). Kinematics of pectoral fin propulsion in

Luiker, E. A. and Stevens, E. D.(1993). Effect of stimulus train Cymatogaster aggregatd. Exp. Biol.59, 697-710.
duration and cycle frequency on the capacity to do work in pectoraebb, P. W. and Weihs, D(1994). Hydrostatic stability of fish with

fin muscle of the pumpkinseed sunfiskepomis gibbosugan. J. swim bladders: not all fish are unstablgan. J. Zool. 72
Zool. 71, 2185-2189. 1149-1154.
Maxworthy, T. (1972). The structure and stability of vortex ringjs. Werner, E. E. and Hall, D. J.(1974). Optimal foraging and size
Fluid Mech.51, 15-32. selection of prey by the bluegill sunfishepomis macrochirys
Milne-Thomson, L. M. (1966). Theoretical Aerodynamigcsdth Ecology55, 1042—-1052.
edition. New York: Macmillan. Westneat, M. W.(1996). Functional morphology of aquatic flight in
Raffel, M., Willert, C. E. and Kompenhans, J.(1998). Particle fishes: kinematics, electromyography, and mechanical modeling of
Image Velocimetry: A Practical GuideHeidelberg: Springer- labriform locomotion Am. Zoo0l.36, 582—-598.
Verlag. Wilga, C. D. and Lauder, G. V.(1999). Locomotion in sturgeon:

Rayner, J. M. V., Jones, G. and Thomas, A1986). Vortex flow function of the pectoral fing. Exp. Biol.202 2413-2432.



