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Summary

Salmonid fishes (trout, salmon and relatives) have

served as a model system for study of the mechanics of allow anteroposterior

aquatic animal locomotion, yet little is known about the
function of non-axial propulsors in this major taxonomic
group. In this study we examine the behavioral and
hydromechanical repertoire of the paired pectoral fins of
rainbow trout Oncorhynchus mykiss performing both
steady rectilinear swimming and unsteady maneuvering
locomotion. A combination of kinematic analysis and
quantitative flow visualization (using digital particle image
velocimetry) enables identification of the propulsive roles
played by pectoral fin motions. During constant-speed
swimming (0.5 and 1.0bodylengthd), the pectoral fins
remain adducted against the body. These fins are actively
recruited, however, for a variety of maneuvering
behaviors, including station holding in still water
(hovering), low-speed (i.e. non-fast-start) turning, and
rapid deceleration of the body during braking. Despite
having a shallow pectoral-fin base orientation (the
plesiomorphic teleost condition), trout are capable of
rotating the fin base over 30° during maneuvering, which
affords the fin an impressive degree of kinematic
versatility. When hovering, the pectoral fins are depressed

beneath the body and twisted along their long axes to
sculling. During turning and
braking, the fins undergo spanwise rotation in the opposite
direction and exhibit mediolateral and dorsoventral
excursions. Water velocity fields and calculated
momentum flows in the wake of the pectoral fins reveal
that positive thrust is not generated during maneuvering,
except during the retraction half-stroke of hovering.
Relatively large laterally directed fluid force (mean
2.7mN) is developed during turning, whose reaction
powers yawing rotation of the body (4—41°%). During
deceleration, the wake-force line of action falls below the
center of mass of the body, and this result supports a long-
standing mechanical model of braking by fishes with
ventrally positioned paired fins. Despite its traditional
categorization as a propulsor of limited functional
importance, the salmoniform pectoral fin exhibits a
diverse locomotor repertoire comparable to that of higher
teleostean fishes.

Key words: swimming, maneuvering, locomotion, pectoral fin,
vortex wake, flow visualization, digital particle image velocimetry,
rainbow troutOncorhynchus mykiss

Introduction

Teleost fishes of the order Salmoniformes have historicallfEugéne and Barets, 1982; Williams et al., 1989; Hammond et
received much attention from experimentalists interested ial., 1998; Coughlin, 2000), energetics (e.g. Brett, 1964, 1965;
aquatic animal locomotion. Many salmoniforms, such as trolVebb, 1971b; Facey and Grossman, 1990) and locomotor
and salmon, are capable of high-speed burst swimming, amperformance (recent work includes Wilson and Egginton,
undergo long-distance spawning migrations. Such highi994; McDonald et al., 1998; Peake and McKinley, 1998).
performance swimming has stimulated both field and One important aspect of salmoniform locomotion, however,
laboratory investigation of the locomotor biology of theseremains poorly understood: the role of non-axial propulsors
fishes. Of the extensive literature on salmoniform swimmingduring steady and unsteady swimming. Although the primary
most studies have focused on axial locomotion (i.e. propulsiosource of mechanical power for locomotion indeed is supplied
by body undulation). This work has shed light on theby the myotomal musculature, ancillary propulsors, including
mechanics of both fast-start acceleration (reviewed bthe paired fins, are commonly recruited to supplement body
Domenici and Blake, 1997; Hale, 1999; Ellerby andundulation. During routine swimming (low-speed volitional
Altringham, 2001) and constant-speed rectilinear swimmingocomotion, as defined by Webb, 1991), trout and salmon have
with emphasis on body kinematics (Bainbridge, 1958; Webkheen observed to use their pectoral fins, in particular, for fine
1971a, 1988; Webb et al., 1984; McLaughlin and Noakes;ontrol of body position. However, aside from measurements
1998), muscle physiology (Hudson, 1973; Bone et al., 197&f pectoral-fin beat frequency (McLaughlin and Noakes,
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1998), information on pectoral fin function in such fishes hafish balanced; at that anteroposterior position, the same
been strictly qualitative (e.g. the pectoral fins exhibitprocedure was then performed along the dorsoventral axis. The
‘swimming movements’ or ‘paddling movements’). There iscenter of mass of the body was assumed to lie at the midpoint
little detailed, quantitative information about pectoral fin useof the transverse axis intersecting the anteroposterior—
during locomotion by salmoniform fishes, and virtually dorsoventral balance point.
nothing is known about the hydrodynamic functions served by
active pectoral fin movement in this major taxonomic group. Behavioral observations and wake visualization

The objective of the present study was to investigate the Trout swam individually in the center of the working area
function of the pectoral fins in a representative salmoniforn28 crmx28 cmx80 cm) of a variable-speed freshwater flow tank
fish, the rainbow trouDncorhynchus mykissduring both  under conditions similar to those described in our previous
steady and unsteady locomotion. Specifically, we firstesearch (Drucker and Lauder, 1999, 2000, 2001a,b). Three
characterized the behavioral repertoire of trout pectoral finsurrent speeds were used to elicit a range of steady and
by documenting patterns of use during constant-speeghsteady swimming behaviors. Relatively low-speed
swimming and during three maneuvering behaviors: hoveringgwimming was selected for study, since such behavior
turning and braking. Second, we employed quantitative floommonly involves use of the pectoral fins to generate
visualization to record pectoral-fin wake dynamics. Empiricalocomotor forces, and comprises the majority of the time-
measurement of wake momentum flux and of resulting fluidctivity and energy budgets of many fishes including
force enabled identification of the propulsive roles played bgalmonids (reviewed by Webb, 2002). Rectilinear axial
various pectoral fin motions. Of the several maneuveringpcomotion was induced at B sl the lowest speed at
behaviors exhibited by trout, we focused in particular on thevhich fish consistently oriented upstream and held station in
mechanics of braking. Using experimental data on théhe current, and at 1BLsl Low-speed maneuvering
orientation of pectoral fin forces during deceleration of thdocomotion was performed by trout in response to a visual
body, we evaluated a long-standing yet previously untesteshd auditory stimulus. A small-diameter wooden dowel was
functional hypothesis (Breder, 1926) regarding braking irdirected into the water and toward the floor of the working area
plesiomorphic ray-finned fishes. approximately 20cm away from trout swimming steadily at
0.5BLs™ (cf. Drucker and Lauder, 2001b). Introducing the
dowel upstream of or lateral to the head elicited braking or low-
_ speed (non-fast-start) turning, respectively. The fish's

Fish immediate response to the stimulus precluded any interaction

Rainbow trout Oncorhynchus mykis$Valbaum) were between the pectoral fin wake and the wake shed by the dowel.
obtained from Red-Wing Meadow Hatchery, Montague, MAIn still water (i.e. with the flume current turned off), trout used
USA, and housed in circular 1200liter tanks at 15°Cslow fin motions to maintain a stable orientation and to hold
Animals were fed a maintenance ration of commercial troubody position in the water column; this behavior we termed
chow three times weekly and acclimated to laboratorhovering. To characterize patterns of movement of the pectoral
conditions for 2 weeks before experimentation. Six animaléins and body during both steady swimming and maneuvering,
of similar size (total body lengtiBL=24.7+0.8cm, mean £ fish were imaged simultaneously in lateral and ventral aspect
s.n.) were selected for swimming trials, which wereusing synchronized digital high-speed video cameras (Redlake

Materials and methods

conducted at 15°C. MotionScope PCI 500) operating at 250 fram@s(4/500s
_ shutter speed). Review of these light video recordings (39
Anatomical measurements sequences from three fish) allowed each swimming behavior

Trout were anesthetized using tricaine methanesulfonate be defined kinematically.
(MS-222) to allow morphological measurements of the In separate swimming trials the wake of the pectoral fin was
pectoral fin. Digital photographs were taken of fish in leftvisualized using digital particle image velocimetry (DPIV).
lateral aspect, from which pectoral-fin base angle and surfadéis technique provides empirical data on patterns of water
area were measured (ImageJ software, National Institutes 6w in two-dimensional sections of a swimming fish’'s wake
Health, USA). Fin base angle was taken as the angle ¢&s described in detail by Willert and Gharib, 1991; Drucker
inclination of the axis connecting the bases of the leading- arehd Lauder, 1999; Lauder, 2000). For our DPIV experiments
trailing-edge fin rays, and was measured both with the pectorafith rainbow trout, an 8 W continuous-wave argon-ion laser
fin adducted, as when at rest, and abducted, as durii@oherent Inc., Santa Clara, CA, USA) was focused into a thin
maneuvering locomotion. Surface area was measured witlght sheet (1-2mm thick) which illuminated reflective
the fin in an adducted and fully expanded position. Aftemicroparticles suspended in the water. Particle motion induced
experimentation, animals were killed by overdose of MS-22dy pectoral fin activity was recorded by imaging the laser sheet
and frozen with their bodies straight. The location of the centexith one of the Redlake video cameras (250framless
of mass of the body was then estimated by suspending fidiil000s shutter speed); the second camera synchonously
from needle-tipped probes inserted bilaterally into the flankiecorded a perpendicular reference view showing the position
Probes were moved along the longitudinal body axis until thef the fin relative to the visualized transection of the wake. In
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separate experiments, the laser was oriented to reveal thangitudinal body axis over the pectoral-fin stroke period.
perpendicular flow planes: frontal (horizontal) and parasagittdfrom ventral and lateral video views, respectively, yawing
(vertical) (cf. fig. 2 in Drucker and Lauder, 1999). In this studyrotation during turning and pitching rotation during braking
we focused our analysis on laser planes that maximized theere measuredNE22 events per behavior).

image of within-plane flow for each swimming behavior. In total, 83 DPIV video sequences of steady and unsteady
During steady swimming, hovering and yawing turns, wakdocomotion from five fish were reviewed to establish general
flow was studied within the horizontal plane; for braking, thewake flow patterns. Of these, detailed quantitative analysis was

vertical flow plane was examined. restricted to scenes in which the fish swam at a constant speed,
_ _ _ _ either during prolonged rectilinear locomotion or immediately
Kinematic and hydrodynamic analysis before maneuvers, and the pectoral fin intersected the light

Unsteady maneuvers induced by the experimental stimuligheet at approximately mid-spal=(L5 each for turning and
involved three-dimensional body movements. To define thedaraking; N=12 for hovering;N=5 for steady straight-ahead
swimming behaviors quantitatively, continuous variation inswimming). Water velocity fields in the wake of the pectoral
body velocity in theX; Y andZ directions (see reference axesfin were calculated from consecutive digital video images
in Fig. 1) was partitioned into discrete ranges. The distanc@80 pixelx420 pixels, 8-bit grayscale) by means of spatial
traveled by an anatomical reference point visible in both lateralross-correlation (Willert and Gharib, 1991). To study the
and ventral views (the proximal end of the pectoral fin'srelatively weak vortices shed by trout pectoral fins, we
leading edge) was measured over the course of the fin strokmployed a new image processing algorithm that greatly
duration (i.e. abduction + adduction time) using Imagedmproved the accuracy and spatial resolution of DPIV flow
software. These excursion and timing data allowed calculatioanalysis. With InsightUltra software (TSI Inc., St Paul, MN,
of mean body velocitieX, Y and Z (cms?Y). Such body USA), which utilizes recursive local-correlation (Hart, 2000),
velocities are expected to differ slightly from those obtainedve measured velocity fields 8-9 cm on each side that contained
by tracking motion of the fish’'s center of mass, a landmarkearly 2300 vectors (i.e. 52 horizontéd vertical or
whose position could not be consistently imaged in ouBOvectorscm?). For all swimming behaviors except hovering
relatively high-magnification video field. For the purpose ofin still water, the average free-stream flow velocity of the flume
distinguishing turning from braking, the following kinematic was subtracted from each vector matrix to reveal vortical
criteria. were applied: a turning event was defined as structures in the wake and to allow measurement of flow
maneuver involving translation of the body away from thestructure and strength (for details, see Drucker and Lauder,
given stimulus Z>0) without backward displacement of the 1999). Vortex circulation was calculated using a custom-
body X=0); braking was defined as maneuvers W&0. In  designed computer program. Jet flow induced by pectoral fin
addition to linear velocity, the average angular velocity of thenotion was quantified as follows: (i) jet velocity was measured
body was calculated by measuring the degree of rotation of tless the mean magnitude of velocity vectors comprising the

Lateral Ventral

0 ms

Fig. 1. Light video images of
steady swimming by rainbow
trout at 1BLsY recorded
simultaneously in lateral and
ventral views. As a traveling
wave of bending passes
posteriorly along the body from
time 0 (A,B) to time 50ms
(C,D), the paired fins remain at
rest in an adducted position. Pc,
position of the left pectoral fin;
Pv, position of the left pelvic fin.
The dorsal fin (D) is relatively
depressed during constant-speed
straight-ahead locomotion.

50 ms
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region of accelerated flow; (ii) jet angle was taken as the Results
average orientation of these vectors, measured relative to the Behavioral and kinematic patterns
longitudinal axis of the fish at the onset of the pectoral fin Recruitment and kinematics of the pectoral fin varied
stroke. Both jet measurements were made at the end of pea%rkedly with the mode and speed of locomotion. During
fin adduction, at which time vortices and associated jet f'°"¥;teady straight-ahead swimming, the pectoral fins showed no
were fully developed. movement, remaining in a fully adducted position on both
Estimating the fluid force exerted by the pectoral fingiges of the body (Fig. 1). Both at 0.5 andBLGL, rectilinear
involved measuring the rate of change in wake momentumgcomotion was powered solely by axial undulation. By
over the stroke duration. On the basis of observed planar flogsntrast, during all maneuvering behaviors examined in this
patterns (see Results), the three-dimensional shape of the wajtgqy, the paired fins were invariably active. While hovering
generated by each fin stroke was taken as a vortex ring (gft 0BLs1, trout maintained a stable, horizontal orientation in
Drucker and Lauder, 1999, 2000, 2001b). Ring momenturthe water by sculling the left and right pectoral fins beneath the
was calculated as the product of water density, vorteyody. These fin motions were bilaterally symmetrical in
circulation and ring area (the latter two measurements made @kcursion, but out of phase temporally such that protraction of
the end of the fin stroke). Ring area was takenfswhere  one fin coincided with retraction of the contralateral fin.
Ris half the distance between paired vortex centers. Followinghroughout the hovering stroke period, the pectoral fins were
earlier work (Milne-Thomson, 1966), time-averaged wakenheld in an abducted position while moving fore and aft (Fig. 2).
force was then computed as the total momentum divided by | ow-speed turning maneuvers elicited from trout were
the period of propulsive fin motion. Total force exerted by th&ubmaximal escape responses involving excursions of both
pectoral fin was resolved geometrically into perpendiculapectoral fins. At the onset of a turn, as the experimental
components within the frontal plane (thrust and lateral forcegtimulus was issued (Fig. 3A,B), the pectoral fin on the same
and parasagittal plane (thrust and lift) according to the meagide of the body as the source of the stimulus (the ‘strong-side’
jet angle. Further details of the calculation of wake force byin) rapidly abducted and the body rotated toward the
this method can be found in earlier studies (Spedding et atontralateral or ‘weak’ side (Fig. 3C,D). As the fish translated
1984; Dickinson, 1996; Dickinson and Gotz, 1996; Druckemway from the stimulus, the strong-side fin returned toward the
and Lauder, 1999). The accuracy of wake force estimatdsody while the weak-side fin, delayed in its movements,
provided by the DPIV technique has previously beerreached a position of maximal abduction. This turning
demonstrated by the measurement of a hydrodynamic foreeaneuver in trout involved both yawing rotation (mean
balance on steadily swimming fishes (Drucker and Laudef,3°s?) and bending of the anterior trunk (Fig. 3E,F; Table 1).
1999; Nauen and Lauder, 2002a). Rapid deceleration of the body, unlike turning, was

Lateral Ventral

0 ms

Fig. 2. Hovering in still water

(0BLs)) at 0 (A,B) and 50ms

(C,D). This behavior involves

maintenance of both horizontal
and vertical body position, and is
characterized by  moderate
erection of the dorsal fin and
low-speed sculling of the

pectoral fins beneath the body.
The left and right pectoral fins
move out of phase with each
other such that when one fin is
protracted the contralateral fin is
retracted. Abbreviations as in
Fig. 1.

50 ms
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Lateral Ventral

0 ms

- Pc
Pc Py
TStimulus

C D

Weak side

110 ms

Fig. 3. Low-speed turning (non-
fast-start escape response).
While swimming steadily at Strong side
0.5BLs™, trout are exposed to a

visual and auditory stimulus (at

0ms; A,B), which elicits rapid
abduction of the strong-side
pectoral fin (i.e. the fin closer to

the source of the stimulus). The
weak-side pectoral fin shows
slower and delayed abduction.
These propulsor motions are ;34 s
accompanied by slight dorsal fin
erection and abduction of the
strong-side pelvic fin (at 110 ms;

C,D). During the turning
maneuver, the body of the fish

yaws and translates toward the

weak side (at 130ms; E,F).
Abbreviations as in Fig. 1. 1 cm

characterized by temporally and spatially symmetricadefinition, turning and braking differed in the direction of body

excursions of the left and right pectoral fins. When trout werenotion along theX-axis. For the former, the body moved

stimulated to brake, the fins were synchronously abducted asahteriorly over the course of the pectoral-fin stroke cycle

flexed along their long axes so that the trailing edges wer@=+0.9cms! on average); for the latter, body motion was

elevated and protracted (Fig. 4A-D). These fin motions causeqmbsteriorly directed (meax=-3.5 cms?) (Fig. 5). In addition,

the fish to move posteriorly and to pitch nose-downward (meaturns involved significantly faster body translation toward the

11°s?) (Fig. 4E,F; Table 1). weak side (mean difference=1.6crhs t-test, d.f.=28;
Pectoral-fin stroke timing and linear velocity of the bodyP<0.001). Both maneuvering behaviors were characterized by

during maneuvering also varied significantly with behaviorsinking in the water columny(0), with braking exhibiting a

During turning and braking, the fin stroke generating thegreater downward body velocity than turning by 1.6 chos

strongest wake flow, and hence greatest fluid force, wamverage (Fig. 5).

abduction. The duration of pectoral fin abductidag) was

12748 and 207+13ms (means£.M.), respectively, for these Wake dynamics and locomotor force

two maneuvers (unpaired-test, d.f.=28; P<0.01). By Pectoral fin motions exhibited during maneuvering generate
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Table 1 Kinematic and hydrodynamic measurements for pectoral fin

maneuvers by rainbow trout

Measurement
Angular Mean jet Mean jet
velocity of body angle velocity Wake force (mN)

Maneuver (degreesy (degrees) (cnTd) Lateral Anterior Dorsal
Hovering

Protraction - 118.545.4 3.6+0.3 - - -

Retraction - 32.2+3.8 4.8+0.4 - - -
Turning 13.5+2.4 121.4+5.0 5.9+0.4 2.7+0.9 1.1+0.2 -

(0.8+0.3) (0.4+0.1)
Braking 11.4+2.4 116.3+2.0 6.1+0.3 - 2.5+0.6 4.7+1.5
(0.7+0.1) (1.5+0.2)

Values are meansst.M. (N=12—-22 events from two individuals per measurement).
Measurements for hovering and turning were made in ventral view (frontal-plane velocityX#gldand for braking in lateral view

(parasagittal-plane velocity fiel2Y).

Angular velocity of body data report the rate of yawing rotation and nose-down pitching of the longitudinal body axis rehimimghal
braking, respectively (not measured for hovering). For turning and for the protraction half-stroke of hovering, tabutafied jedacate wake
flow oriented anterolaterally; for the retraction half-stroke of hovering, the average jet angle represents posteromediafdtawvaking, the

jet is directed anterodorsally.

Wake forces are stroke-averaged measurements reported per fin. Laterally, anteriorly and dorsally oriented components refpiontesl a
for turning and braking, with force per unit pectoral fin area (mNPcin parentheses.

Lateral

Ventral

0 ms

200 ms

Fig. 4. Braking maneuver. Trout
swimming steadily at 0BLs?

(at Oms; AB) react to an
upstream stimulus by abducting

the left and right pectoral fins

simultaneously and erecting the
dorsal fin (at 200ms; C,D). The
pectoral fins’ trailing edges are
elevated and protracted resulting
in a characteristic ‘cupping’ of
the fins along their longitudinal
axes. These fin  motions
decelerate the body and cause
the snout to pitch ventrally (at

375ms; E,F). Abbreviations as
in Fig. 1.
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other fishes swimming by pectoral fin propulsion (Drucker and
Lauder, 1999, 2000, 2001b), and we assume that centers of
opposite-sign rotation within planar flow fields represent
transections of a roughly symmetrical, three-dimensional
vortex ring (see also Spedding et al., 1984; Spedding, 1986;
Nauen and Lauder, 2002a). Vortex circulation generated by fin
abduction [aB) exceeded that produced by fin adduction
(Tap) by nearly twofold on average (mears.£m.=19.9+1.4
and 11.4+0.9 ci#s1, respectively). This pattern contrasts with
results of earlier DPIV studies of fishes swimming by pectoral
fin propulsion, in which"ag and"ap were comparable (e.qg.
Drucker and Lauder, 1999). In perfect cross sections of a
symmetrical vortex ring, opposite-sign paired vortices have
circulations of equal magnitude, according to Helmholtz's
theorem (Fung, 1990). In our studies with trout, to avoid
underestimating total vortex ring circulation due to possible
out-of-plane flow on adduction, or by non-transverse
Fig. 5. Velocity of body excursions in three dimensions duringS€ctioning of the vortex ring, we calculated stroke-averaged
turning and braking maneuvers. Text labels on XpeY and Z ~ wake momentum during braking usifigs only, rather than
reference axes (cf. Fig. 1) signify the direction of body movementthe mean of ag andl"ap. Pectoral fin force then was taken as
Each plotted point reflects the distance traveled by a reference poititis momentum value divided byag. For turning, during
on the pectoral fin base over the entire fin stroke duration. Turning ighich only one vortex appears on abduction, momentum and
charact_erized by anterior body_ movement ar_1d significantly fasteorce were calculated similarly by modeling the wake as a
translation toward the weak side than braking. Both maneuvergiiey ring whose medial portion remains attached to the fin
involve sinking in the water column (i-€.velocity<0). at the end of abduction (cf. fig. 8 in Drucker and Lauder, 1999).
In this case, vortex ring diameter was approximated by
distinctive wake flow patterns. While maintaining a stationaryneasuring the distance between the centroid of the pectoral fin
body position in still water, trout use asymmetrical left- andand the center of the shed vortex at the end of abduction.
right-side fin strokes to produce alternating anterior- and Turning maneuvers were characterized by the production of
posterior-directed jet flow. During this hovering maneuver, firanterolaterally directed wake force, with the lateral component
protraction results in the entrainment of water behind thexceeding the anterior component by a factor of 2.5 on average
propulsor; flow around the lateral and medial margins of théTable 1). Braking involved the exertion of significantly
fin takes the form of paired attached vortices with oppositegreater anterior force than turning (unpaiteést, d.f.=28;
sign circulation (Fig. 6, left side). These vortices remain bouné<0.05), and a substantial dorsally oriented component of
to the fin at the end of the protraction half-stroke, and are néorce. When corrected for interindividual variation in pectoral
shed anteriorly as free vorticity. At the end of the retractiorfin area (mean 15.0.=3.18+0.34cr4, N=4 fish) swimming
half-stroke, the pectoral fin is feathered and sheds attachéatces ranged from approximately 0.5 to 1.5mN&m
flow posteriorly into the wake (Fig. 6, right side). BecausgTable 1). Since the three-dimensional morphology of the
contralateral fin strokes are out of phase with each other, wakeke was not well defined for hovering, locomotor forces were
flow is generated in opposite directions on opposite sides aiot estimated for this behavior.
the body at once (velocity range=1.1-7.5cinable 1).
During turning, by contrast, the dominant wake flow is ) .
generated unilaterally. Abduction of the strong-side fin results Discussion
in the appearance of a single free vortex within the horizontal Kinematic repertoire of the trout pectoral fin
plane of analysis. This flow structure contains a region of Despite its traditional categorization as a propulsor of
relatively high-velocity jet flow oriented anteriorly and limited functional importance as compared to the relatively
laterally (Fig. 7B). Braking maneuvers are characterized by thiarger and more laterally positioned pectoral fin of perciform
production of paired counterrotating vortices by each pectordishes, the salmoniform pectoral fin exhibits a diverse
fin. Each half-stroke generates a single vortex, with abductiolocomotor repertoire that complements the swimming
typically creating stronger rotational flows than adduction (cffunctions served by steady axial undulation. The range of
clockwise and counterclockwise vortices in Fig. 7D). Formotion of the fin observed during locomotion by
braking and turning, the velocity of the central region ofOncorhynchus mykids summarized in Fig. 8. When at rest,
accelerated flow ranged from 2.5 to 11.3 ch{siean 6 cmt, as during steady swimming (cf. Fig. 1A), the pectoral fin
Table 1). remains fully adducted with the first (leading edge) fin ray
The paired-vortex flow pattern observed for trout duringdefining the dorsal margin of the fin surface (Fig. 8A). During
deceleration of the body is similar to that noted previously fohovering in still water (cf. Fig. 2A), the fin is abducted,

y velocity
(cm s?)

E
V5

\Y
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depressed and twisted along its long axis so that the surfapesteriorly oriented (Fig. 8B). Low-speed turning involves
which before the maneuver faced medially becomesimilar spanwise rotation butin the opposite direction and with
the fin above rather than below the ventral body margin (cf.
Fig. 3C). This fin motion causes the initially medial surface of
the fin to face dorsally (Fig. 8C). Braking maneuvers are
characterized by elevation of the fin’s trailing edge, which
results in a ‘cupped’ appearance of the fin blade (cf. Fig. 4C).
The leading edge is substantially depressed to define the
ventral margin of the fin. During deceleration of the body, the
pectoral fin undergoes more extreme longitudinal rotation than
during turning such that the originally medial-facing surface
becomes laterally and dorsally oriented (Fig. 8D).

The impressive kinematic versatility of the trout pectoral fin
during maneuvering may be facilitated by the mobility of the
fin base. In previous studies of paired fin function in
fishes, the angle of inclination of the fin’s insertion on
the body §) has been viewed as influencing the
propulsor’s kinematic range of motion (Geerlink, 1989;
Lauder and Jayne, 1996; Drucker and Jensen, 1997,
Wainwright et al., 2002; Walker and Westneat, 2002).
More vertically oriented fin bases restrict fin oscillation
to primarily anteroposterior (fore-and-aft) motions
within a horizontal plane, whereas more horizontally
oriented bases dictate a primarily dorsoventral (up-and-
down) motion within a vertical plane (see Drucker and
Lauder, in press). In rainbow trout, the insertion of the
pectoral fin on the body is a flexible hinge joint, which
defines a primary dorsoventral kinematic axis but also
allows additional degrees of freedom of motion. When
the pectoral fin is adducted (e.g. at rest during steady
swimming), the base of the fin lies at a moderate angle
to the horizontal (mean 1s.0.=42+5°, N=4 fish)
(Fig. 8A). However, when the fin is abducted (i.e. in a
position relevant for propulsion), the anterior fin base is
depressed, which markedly reduég$ig. 8B—D; mean
+ s.0.=10+3°). Similar mobility of the pectoral fin base
is visible in trout and salmon performing agonistic
displays (see fig. 7 in Kalleberg, 1958). In salmoniform
fishes, contraction of the arrector ventralis
(‘Marginalmuskel’ of Jessen, 1972), which inserts on the
proximal end of the first fin ray, may play an important
—_—  — role in causing this fin rotation.

With a nearly horizontal pectoral fin base during
maneuvering, coupled with spanwise fin rotation, trout
Fig. 6. Visualization of pectoral-fin wake flow during hovering. can achieve fore-and-aft fin movements that are critical
(A) Schematic illustration of the left pectoral fin in a protracted position (cffor the generation of anteroposterior wake flows (Figs 6,
Fig. 2A) intersecting a horizontal laser plane (broken line). High-speed) |n general, fin base angle cannot be considered a fixed
video images of this plan&Z) recorded from below were used to calculate yeristic for a given species, but rather a variable whose

velocity vector fields, an example of which is shown in (B). The ﬁsr\/alue depends on propulsor motion. Fin base angle as
maintains its position in still water using asymmetrical-édtht pectoral . : .

X ) SR . m r xternally m influen han in
fin motions (direction indicated by red arrows). As the fin at left protracts easured externally may be uenced by changes

fluid behind the fin is entrained and drawn anteriorly. At the same time, tr{%osmon of the bases of pectoral fin ra,‘ys relative to
fin at right retracts and sheds attached flow posteriorly. These momentu'iprp:"ma_I skeletal e_lements $UCh as the radials, scapula a.nd
flows are balanced on the following half-stroke as each fin assumes th@racoid supporting the fin. Each of these elements is
other's position. The center of mass of the body (CM) of trout used in thi®0bile, although magnitudes of pectoral girdle
study was located at a longitudinal position 39#2%(mean +s.p.) excursion during locomotion are not known. For relating
posterior to the snout. fin design to locomotor kinematics and function (e.qg.
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Drucker and Lauder, 2001a, in press), the most appropriate The absence of pectoral fin motion during steady
measure may be the ‘functional fin base angle’ — the degresvimming by the fish examined in this study conflicts with

of inclination of the fin in a position used for swimming. the results of an earlier report of the swimming behaviors of
Turning Braking
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Fig. 7. Representative wake flow patterns during pectoral-fin turning and braking maneuvers. (A,C) Line drawings (not tpiscala)tde
ventral view during turning with the strong-side pectoral fin abducted (A) (cf. Fig. 3D) and in lateral view during brakihe ¥ifthcupped’

(C) (cf. Fig. 4C). Boxed regions indicate areas within the laser light sheet for which velocity vector fields were calc)lBdngBslow
turning, pectoral fin abduction generates a single vortex within the horizontal plane with an anterolateral-facing fluiddetickon on the
following half-stroke contributes no additional vorticity within this plane of analysis. (D) During braking, elevation antoabdfiboth
pectoral fins at once generates a strong vortex on each side of the body visible in the vertical plane (clockwise flovdatofigiangl);
subsequent depression and adduction of the fins produces weaker counterrotating vortices (counterclockwise flow centesedadliioye ba
The central fluid jet between paired rotational centers is oriented anterodorsally. In B and D, the mean free-stream flo{@.5Blosit in
the X direction) has been subtracted from each velocity vector. CM, center of mass of the body.
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trout in their natal streams (McLaughlin and Noakes, 1998Yequired to use their paired fins for correcting heading and
For young-of-the-year brook tro@&alvelinus fontinalisthe  attitude in response to local flow disturbance. Such stabilizing
relationship between pectoral-fin beat frequency andbehavior is not expected when fish swim against a
swimming speed was highly variable, but the frequency ofnicroturbulent current, as in the present flow tank study. Our
oscillation decreased significantly as speed increasedesults indicate for trout that corrective pectoral fin motions
However, a majority of the fish observed during steadynay not be necessary during steady swimming if the
locomotion (approximately 65%) beat their pectoral fins at alflow environment is sufficiently homogeneous. Further
swimming speeds (fig. 1C in McLaughlin and Noakes, 1998)investigation of propulsor motions used in the field, in
This fin activity observed in the field may not be directlyparticular involving quantitative kinematic analysis, will
comparable to that documented under more controlletnprove our understanding of the diverse behavioral
laboratory conditions. When swimming against a current witliepertoire of the salmoniform pectoral fin.
large-scale turbulence, as in natural streams, trout are likely
Pectoral fin function during maneuvering locomotion

The use of quantitative flow visualization to study the wake
of freely swimming fish provides insight into the functional
roles played by the fins during locomotion. Previous studies
have collected empirical data on wake flow generated by
rainbow trout, but this work has focused on the mechanics of
the axial propeller during straight-ahead constant-speed

swimming (Blickhan et al., 1992; Lauder et al., in press; Nauen

%*_/ and Lauder, 2002b). The present application of DPIV to
investigate wake dynamics in trout has revealed that the paired
fins also serve important locomotor functions, in particular

* s during unsteady maneuvering.
For negatively buoyant fishes (eSynchropus picturatys
Blake, 1979) as well as for flying animals (insects and birds;

Weis-Fogh, 1973; Rayner, 1979; Ellington, 1984), hovering
involves the generation of relatively large lift forces with the
paired appendages to balance body weight. For rainbow trout,
which are only slightly negatively buoyant (Webb, 1993),
B Hovering C Tuming D Braking ‘hovering’ motions of the paired fins undoubtedly generate

some lift, but serve primarily to maintain a stationary and
. * @‘ * stable body position in still water. Unlike many other fishes
that undulate large, broad-based pectoral fins along their

anteroposterior axes (e.g. Blake, 1978), trout possess relatively
small pectoral fins, which oscillate about narrow bases in a fore
and aft motion during hovering. The broadside orientation of
the fin during the protraction half-stroke results in an induced

Fig. 8. Kinematic repertoire of the pectoral fin of rainbow trout}et flow behind the propulsor directed anteriorly (left side of

A Steady swimming

(A) During steady swimming, the fin remains adducted against thg. . L
body (cf. Fig. 1A). The enlarged image of the fin below the bod ig. 6; Table 1); this momentum flow toward the surface of the

illustrates the angle of inclination of the fin base (dotted line) and thgn reflects the p'_’OdUCt'On of drag. Qurlng the retractlor) half-
first fin ray (thick line), whose proximal end is indicated by anStroke of hovering, the pectoral fin is feathered slightly,
asterisk. During the maneuvering behaviors examined in this stud@llowing attached fluid to be shed away from the fin and into
pronounced rotation and flexion of the pectoral fin was observed. lihe wake posteriorly (right side of Fig. 6; Table 1), a thrust-
B-D, white and red areas indicate fin surfaces that face laterally aqgroducing flow pattern (cf. Drucker and Lauder, 2002). When
medially, respectively, when the fin is at rest in an adducted positiohovering, therefore, each pectoral fin serves the alternating
(as in A). (B) While hovering, trout twist the fin along its spanwisefynctions of braking and propulsion. Playing these roles
axis (cf. Fig. 2A) to enable fore-and-aft sculling beneath the bodysimyltaneously on opposite sides of the body, the fins exert a
(C) Turning is characterized by rotation of the fin in the 0ppositeiational moment around the center of mass of the body
direction above the ventral body margin (cf. Fig. 3C). (D) Brakingy, iny each half-stroke. Over the course of two consecutive
involves fin rotation in the same direction as during turning, but to . . .
alf-strokes opposite-sign moments are balanced, as evidenced

greater degree such that the fin surface which faces medially at r K of di bl . f th . hi
becomes dorsolaterally oriented (cf. Fig. 4C). Note that the pector&y the lack of discernible yawing of the body during this

fin base rotates to a nearly horizontal orientation during maneuveriffganeuver.

locomotion. The considerable kinematic versatility of the trout Unlike fast-start turning, which is characterized by extreme

pectoral fin permits a range of locomotor functions comparable t@nd rapid axial bending (e.g. Domenici and Blake, 1997), the
that of more derived teleost fishes. turning behavior examined in this study was a low-speed startle
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reaction powered primarily by the pectoral fins. In responset A

the experimental stimulus, trout used strong-side pectoral fi

abduction to yaw the body (angular velocity range=4-4%,°s

Table 1) and to translate it toward the weak side (linea

velocity range=1.0-2.8cm’ Fig. 5). These body velocities cM
are comparable to those measured in bluegill subhBglomis @ a
macrochirus performing the same maneuver (Drucker and J

Lauder, 2001b). In trout, pectoral fin abduction during turning

generates anterolaterally directed wake flow (Fig. 7B). Thi

fluid force acting to move the fish away from the turning Braking force Readion
stimulus arises in reaction to the dominant laterally oriente
component of momentum added to the wake. Despite tF
production also of an anterior component of pectoral fin forc
(mean 1.1 mN, Table 1), whose reaction resists forward motio
of the body, trout were consistently observed to trave
anteriorly during turning X>0, Fig. 5). One explanation for
this phenomenon is that turning forces are not generated sole
by the pectoral fins. In addition to strong-side pectoral fir
motion, turning trout exhibited low-amplitude axial bending
and abduction of the pelvic fin posterior to the center of mas
(Fig. 3), as well as abduction of the dorsal fin toward the
strong-side of the body (not figured; fin obscured by body i
ventral view, Fig.3). These propulsive fin motions may

. : Fig. 9. Experimental evaluation of the braking hypothesis of Breder
contribute to the forward translation of the body observe((1926)_ (A) Fishes such as trout possessing pectoral fins located

dyrlng _the maneuver. The simultaneous use of multiple fins tventrally on the body are predicted to exert an anteriorly directed
fishes is well documented (e.g. A”eOIa_ ".’md. Wesme‘f’“* 1.99braking force (black vector). The reaction to this horizontal

Gordon et al., 2000). However, the partitioning of swimmingmomentum flow (gray vector) decelerates the body. We tested
force among these propulsors as yet has received very litlBreder’s hypothesis that the line of action of the braking force lies
experimental study (see Drucker and Lauder, 2001a, 2002).below the center of mass of the body (CM) using anatomical and

The pattern emerging from analysis of wake dynamics ilhydrodynamic measurements fro@ncorhynchus mykisgB) An
trout is that the pectoral fins do not function primarily as thrustarbitrarily oriented braking reaction force (stroke-averaged) is shown
generating surfaces. Although the fins can indeed generet© illustrate two angles within the parasagittal plane: (i) the amgle
posteriorly oriented fluid flow, this function is limited to the between the Iongitpdinal axis of.the f.i.sh and the line of action of the
retraction stroke of hovering during which jet velocities arelbrak_mg_force acting on the fin; (i) the angfe between the
relatively low. For the other maneuvers examined here, th ongitudinal axis of t.he fish and the line connecting .th'? center of
largest component of locomotor force was oriented eithemass of the p_ody W't-h the C?mm'd of t,he pecmra! fl-n In s fu”y-

s . ) extended position during braking. Breder’s hypothesis is supported if
laterally (turning) or anteriorly and dorsally (braking) 4 is significantly less thaf.
(Table 1). The regulation of body posture and position by th
paired fins of trout provides a clear example of active stabilit
maintenance in fish to control both external (i.e. turbulenceaf the body (CM), the reaction to this braking force exerts a
induced) and self-generated (i.e. locomotor) perturbations (céubstantial pitching or ‘somersaulting’ moment which must be
Weihs, 1993; Webb, 1993, 2002). opposed by action of the posterior fins to avoid an uncontrolled
maneuver. Although much-cited since its introduction, the
Hydrodynamics of braking: testing Breder’s hypothesis  model of Breder has persisted untested in the literature.

In an effort to decelerate their bodies, ray-finned fishes We used rainbow trout as a representative plesiomorphic
(Actinopterygii) commonly extend the pectoral fins bilaterallyactinopterygian taxon possessing anteriorly and ventrally
to produce a retarding drag force (Breder, 1926; Harris, 193@psitioned pectoral fins to evaluate the following hypothesis:
Bainbridge, 1963; Videler, 1981; Geerlink, 1987; Jayne et alduring paired-fin braking, the line of action of the braking force
1996; Webb and Fairchild, 2001). One influential modelies below the center of mass of the body (Breder, 1926)
proposed in the early part of the twentieth century attempts @&ig. 9A). The experimental measurements required to test this
explain the physical mechanism by which such braking i$iypothesis are illustrated in Fig. 9B: using parasagittal-plane
achieved. Breder (1926) proposed for elongate fishes with tH2PIV we compared the angular inclination of the stroke-
pectoral fins low on the body that braking forces are orientedveraged reaction force vector to that of the CM. Breder’s
horizontally without a vertically oriented lift component model was considered supported if the former is significantly
(Fig. 9A). Since the center of pressure of the pectoral fin (takdess than the latter.
as the centroid of the fin surface) lies below the center of massAlthough rainbow trout have a more limited ability to extend
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the pectoral fins from the body than do many derived fishdsngitudinal axis so that the trailing edge is elevated and
(e.g. Gibb et al., 1994; Westneat, 1996; Drucker and Jenseamrotracted (Fig. 4). A similar pectoral fin motion has been
1997; Walker and Westneat, 1997; Drucker and Lauder, inbserved in juvenile salmonid fish during benthic station-
press), this species can nevertheless generate an anteridrblding (e.g. Kalleberg, 1958; Keenleyside and Yamamoto,
directed component of force for decelerating the body. Durind962; Arnold et al., 1991). The function of this fin motion is
braking, trout rapidly bend the pectoral fin along itsto direct a central wake jet (i.e. relatively high-velocity fluid
flow between counterrotating vortices) in an anterodorsal
direction (Figs 7D, 10A; Table 1). The average orientation of
the braking-force line of action, defined by the mean
momentum jet angle, is summarized in Fig. 10B. In trout, the
braking reaction force is inclined on average at an angle of 64°
below the horizontal. This angteis significantly less than the
angle of inclination of the center of mass of the body (one-
sample comparison af to hypothesized meafd of 22.3°:
d.f.=14;P<0.001), a result supporting the hypothesis of Breder
(1926).

The fact that the braking-force line of action in trout lies far
below the horizontal orientation postulated by Breder (1926)
(Fig. 9A) indicates that ventrally positioned pectoral fins may
have larger than expected moment arms for exerting torque
around the CM. During braking we observed trout to recruit
fins posterior to the CM, presumably to counter the
‘somersaulting’ moment induced by pectoral fin extension.
Specifically, the soft-rayed dorsal fin is erected and abducted
to one side, and the trailing edges of the pelvic fins are
protracted and elevated in a manner similar to that of the
pectoral fins anteriorly (Fig. 4C). In spite of these
simultaneous fin motions to control the braking maneuver,
however, trout exhibit pronounced pitching of the body during
deceleration (Fig. 4A,C,E; ventral rotation of the longitudinal
body axis anterior to the CM, range: 1-13°; pitching rate:
2-44°s1),

The potential importance of multiple fin surfaces in
controlling braking is revealed through a comparison of forces
derived from wake velocity fields and from the dynamics of
body motion. From analysis of DPIV data, we estimate the
anteriorly directed braking force generated by the left and right
pectoral fins together as 5mN (i.e. 2 fin2.5mN, Table 1).
Following Newton’s second law, we can calculate the total
force required to decelerate the body using mean kinematic
measurements fron®ncorhynchus mykisDuring braking,
trout decrease their forward velocity by 3.5 ci sn average
(Fig. 5), over the duration of the pectoral-fin stroke cycle (the
period of abduction + adduction, mean 430 ms), and therefore
Fig. 10. Jet velocity vectors measured from the braking wake oéxperience a mean body deceleration of 8énfor trout of
trout. (A) Each arrow originating from the centroid of the pectoral finthe length studied (body mass approximately 160g; Webb,
signifies the mean magnitude and orientation of multiple velocity_|_991), such a deceleration requires a total braking force of
vectors =32-116) comprising the central wake jet for a single;3mN. We conclude that the two- to threefold discrepancy
braking maneuver (cf. Fig. 7D). (B) Average orientation of thepenyeen pectoral fin force and total braking force reflects a
braking-force line of action (xsem.), defined by the mean qoigeant contribution of the median fins (tail, dorsal and anal
momentum jet angleNE15 braking events). Black and gray vectors _. g .

Jgﬁs) and pelvic fins to body deceleration.

represent braking force and reaction force, respectively. Broken lin .
indicate the angle of inclination of the center of mass of the body 't IS noteworthy that Breder (1926) selectesoxsp. as a

(CM) above the horizontal (22)3 The orientation of the braking epresentative long-bodied fish for modeling pectoral fin
force reaction relative to the CM supports a previously untesteBraking. In such fishes, the paired fins are protracted beneath
hypothesis (Breder, 1926) for fishes with ventrally positionedthe body to generate anteriorly directed force (fig. 57A in
pectoral fins. Breder, 1926). Althoug®ncorhynchus mykiss fully capable

A

-63.#20°
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