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Summary

Although considerable progress has been made within
the last decade in experimental hydrodynamic analyses of
aquatic locomotion using two-dimensional digital particle
image velocimetry (two-dimensional DPIV), data have
been limited to simultaneous calculation of two out of the
three flow velocity variables: downstream (), vertical (V)
and lateral (W). Here, we present the first biological
application of stereo-DPIV, an engineering technique that
allows simultaneous calculation ofU, V and W velocity
vectors. We quantified the wakes of rainbow trout
(Oncorhynchus mykiss 16.5-21.5cm total body length,
BL), swimming steadily in a recirculating flow tank at a
slow cruising speed of 1.BLs . These data extend the
comparative basis of current hydromechanical data on the
wakes of free-swimming fishes to the salmoniforms and
are used to test current hypotheses of fin function by
calculations of mechanical performance and Froude
efficiency.

Stereo-DPIV wake images showed three-dimensional
views of oscillating jet flows high in velocity relative to
free-stream values. These jet flows are consistent with the
central momentum jet flows through the cores of shed
vortex rings that have been previously viewed for
caudal fin swimmers using two-dimensional DPIV. The
magnitude and direction ofU, V and W flows in these jets
were determined over a time series of 6-8 consecutive
strokes by each of four fish.

Although the fish swam at the same relative speed, the
absolute magnitudes ofU, V and W were dependent on
individual because of body size variation. Vertical flows

were small in magnitude (<l1cms) and variable in
direction, indicating limited and variable vertical force
production during slow, steady, forward swimming. Thus,
in contrast to previous data from sunfish epomis
macrochirug and mackerel Scomber japonicus the trout
homocercal caudal fin does not appear to generate
consistent vertical forces during steady swimmingJ flows
were of the order of 3—-6 cm'st; lateral flows were typically
strongest, with W magnitudes of 4-6cmsh. Such strong
lateral flows have also been shown for more derived
euteleosts with homocercal caudal fins.

The ratios of the magnitudes of wake flonJ/(U+V+W),
which is a flow equivalent to mechanical performance,
were also dependent on individual and ranged from 0.32
to 0.45, a range similar to the range of mechanical
performance values previously determined using standard
two-dimensional DPIV methods for caudal fin locomotion
by more derived euteleosts. Strong lateral jet flow appears
to be a general feature of caudal fin locomotion by teleosts
and may reflect the nature of undulatory propulsion as a
posteriorly propagated wave of bending. Froude efficiency
(np) was independent of individual;, meannp was 0.74,
which is similar to previous findings for trout.

Movies available on-line
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Introduction

Studies of locomotor hydrodynamics in fish have entered particles in a planar section of flow using a laser light sheet.
new phase within the last decade with the application of thElow-field characteristics including velocity and vorticity are
technique of digital particle image velocimetry (DPIV). DPIV calculated from successive images of particle movement
allows quantitative visualization of flow fields created by freelycaptured at high frequency (Raffel et al., 1998). Wake
moving fishes, which is an advantage over more qualitativmmomentum and force can be calculated from DPIV velocity
approaches such as tracking streams of dye introduced into thector fields (e.g. Drucker and Lauder, 1999, 2001a). DPIV has
flow and inference of flow patterns from kinematic data. DPIVbecome a popular method for quantifying wakes produced by
involves visualizing flow by adding reflective, inert, near-the caudal fin of fishes (Stamhuis and Videler, 1995; Mdller et
neutrally buoyant particles to fluid and illuminating theal., 1997; Hanke et al., 2000; Lauder, 2000; Liao and Lauder,
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2000; Mdller et al., 2000; Drucker and Lauder, 2001b; Nauehauder, 2002) offered an advantage in using trout rather than
and Lauder, 2002). a completely uncharacterized system as a test of the application
To date all studies of aquatic locomotion using DPIV havef stereo-DPIV to aquatic locomotory systems.
used two-dimensional DPIV methods, in which flow is The third goal of this study was to examine two specific
visualized separately in one plane, typically the parasagittdéatures of the salmoniform vortex wake in the light of current
(xy) or frontal &2) plane. A few studies have combined two- data on the function of the homocercal caudal fin in teleost
dimensional measurements of the three flow velocity variable§ishes (for a review, see Lauder, 2000). Previous studies of
downstream\), vertical §) and lateral\(V), calculated from more derived clades (Gibb et al., 1999; Lauder, 2000; Nauen
separate kinematic events measured with different planar lighihd Lauder, 2002) have suggested that the homocercal caudal
sheet orientations to estimate the three-dimensional structufie, which is externally symmetrical in shape, can generate lift
of wake flow patterns (e.g. Drucker and Lauder, 1999orces due to asymmetrical movements that direct flow dorsally
2000; Nauen and Lauder, 2002). Such three-dimensionak ventrally. We quantified wake flow patterns to determine
reconstructions require study of a repetitive behavior thawvhether the homocercal caudal fin of rainbow trout was
shows little kinematic variation among repetitions, such aslirecting flow dorsally or ventrally, and thus producing lift,
pectoral fin locomotion by bluegill sunfishLgpomis during steady swimming. In addition, previous studies of
macrochirug (Drucker and Lauder, 1999, 2000) and caudal firmore derived clades using two-dimensional DPIV have
locomotion by chub mackereb¢omber japonicggNauen and demonstrated that lateral flow velocities are typically higher
Lauder, 2002). than the downstream flow velocities, resulting in surprisingly
These limitations of two-dimensional analysis can be avoidetbw caudal fin mechanical performance ratios of approximately
by using three-dimensional stereoscopic DPIV, in which the use.35 (out of a possible maximum value of 1) for taxa as varied
of two cameras with two different fields of view allows as bluegill sunfislhhepomis macrochirugDrucker and Lauder,
simultaneous visualization of all three velocity component2001b) and chub macker8lcomber japonicugNauen and
using only a single light sheet orientation. While stereo-DPIV idauder, 2002). We used the simultaneously measured
well established in the engineering literature (Gaydon et almagnitudes ofJ, V andW produced byD. mykisgluring steady
1997; Lawson and Wu, 1997; Willert, 1997; Westerweel and vaswimming to determine whether the ratio of downstream to
Oord, 2000), this is the first application of this technique to théotal wake flow magnitude is similar to the previously reported
study of biologically generated flow patterns. Hence, the firstaudal fin mechanical performance measurements for more
goal of this study was to test the utility of stereo-DPIV to studyderived species. Values of Froude propulsive efficiency, an
wakes created by freely swimming fishes. index of overall locomotory efficiency, were also calculated
Our second goal was to examine the vortex wake of &om the velocity measurements for comparison both with
salmoniform fish. This group represents a major phylogeneticalues from other studies and with values of caudal fin
grouping within ray-finned fishes for which few experimentalmechanical performance.
hydrodynamic data are available, although this clade has been
the subject of extensive previous research on locomotory ,
performance. For example, the steady swimming kinematics Materials and methods
(Stevens, 1979; Webb et al., 1984; Webb, 1988, 1993) and Animals
energetics (Webb, 1971a,b), myotomal slow muscle Rainbow trout, Oncorhynchus mykisgWalbaum), were
locomotory function (Hammond et al., 1998) and musclgurchased from a local fish hatchery. The trout were fed
power output (Coughlin, 2000) @ncorhynchus mykidsave  commercial trout food and housed in 12001 tanks at a water
been examined previously, although the hydrodynamics demperature of 15°C with a 12h:12h light:dark photoperiod.
locomotion byO. mykissremain unexplored except for the Four fish with a total body lengtiBI() range of 16.5-21.5cm
preliminary report of Blickhan et al. (1992). and a mean body length of 18.9£1.0cm (meaEMm., N=4)
Wake structure reveals important information about thevere used.
timing, magnitude and direction of thrust production as well as
potentially interesting data on the mechanisms of thrust Stereoscopic DPIV flow visualization
production. On the basis of previous studies of trout steady Experiments were conducted using a 6001 recirculating flow
swimming kinematics (Stevens, 1979; Webb et al., 1984tank. The flow tank has a working area of 82&cnx28 cm
Webb, 1988, 1993) and wake structure (Blickhan et al., 1992flength x width x height). Water temperature was 15+1°C.
it is likely that trout wakes are composed of linked vortex rings-low speed in the tank was controlled using a variable-speed
with oscillating central jet flows that are high in lateral velocitymotor. Details of the flow tank and flow speed calibration have
(and are thus similar to the wakes of other body—caudal fineen presented previously (Jayne et al., 1996; Gibb et al.,
swimmers). The expectation that trout wakes would bd999). A flow tank was used to control the speed of the fish
composed of linked vortex-ring wakes such as those previousnd to provide a relatively small field of view for the images
visualized using various two-dimensional techniqueqapproximately 15cm7 cm, lengthx height) for a close view
(Anderson, 1996; Mdller et al., 1997; Videler et al., 1999;0f the wake (see Figs 2, 3).
Hanke et al., 2000; Drucker and Lauder, 2001b; Nauen and Fish swam at 1.BLs™, which matches the speed used for
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Wake flow

. . ) . Light shed
Fig. 1. Equipment configuration for ster ZI (1—2 mm thick)
DPIV flow visualization viewed from abo
(xz plane). The laser light sheet (showr 7
blue) is positioned in the center of the fl S e
tank. Two cameras are placed at a wide ¢ Rt
relative to the laser light sheet (A). The tt Lens " L. "'--'.';;:,. Lens
black arrow (A) represents wake flow, wh \ /
is shown with a relatively large late y
trajectory angle (i.e. high magnitude 9,
which is flow in thez dimension) to illustrat Left Right
differences between the field of view of camera camera
two cameras. The red and green dotted B
and arrows for the left and right came .
respectively, represent the different fields The Scheimpfluig condition
view of each camera and the resulting t
dimensional views of flow movement
opposite directions. Each camera’s len
tilted relative to the camera (B) in 1
Scheimpflliig configuration so that the li
sheet plane, the image plane and the
principal plane intersect at a common
(depicted here as an orange circle), anu uic
plane of best focus is the light sheet plane. The Scheimpfliig configuration results in a clear and sharp image of pairizted Biythe light
sheet, despite the large camera angles. See Materials and methods for more details.

camera sensor

several previous two-dimensional DPIV studies of caudal firamera is positioned perpendicular to the light sheet. Stereo-
locomotion (Liao and Lauder, 2000; Drucker and LauderDPIV measurements require two synchronized cameras both
2001b; Nauen and Lauder, 2002) and is close to speegssitioned at a wide angle to the light sheet (Fig. 1), so that
examined in other two-dimensional DPIV studies of caudal firach camera records a different, but overlapping, perspective
locomotion (Mdiller et al., 1997, 2001). The relatively low flow of the flow. In the present study, two Redlake Motionscope
velocities also facilitated the calculation of out-of-planemodel PCI 500 digital video cameras were used. Images of
particle movement (see below). Only video sequences durirg80x420 pixels resolution were recorded at a frequency of
which the trout swam steadily and did not drift either vertically250 Hz.
or laterally were analyzed. Steady swimming behavior was A second novel characteristic of the stereo-DPIV
determined by visually evaluating tkgposition of the dorsal arrangement is the camera lens position and orientation. Lenses
and ventral tips of the caudal fin as it moved through the lighdare uncoupled from the body housing the camera sensor and
sheet during each stroke. Error is estimated to be of the ordélted relative to the camera to achieve the Scheimpflig
of 2mm, which is substantially less than 5% of the field ofstereoscopic configuration (Fig. 1B) in which the object plane
view of the cameras (15 i cm). (in this case, the light sheet), the image plane and the lens
As in previous two-dimensional DPIV studies conducted irprincipal plane intersect in a common line. Tilting the lens of
this laboratory (e.g. Drucker and Lauder, 2000; Lauder, 200@ach camera relative to the camera’s CCD sensor (using a
Wilga and Lauder, 2000; Nauen and Lauder, 2001, 2002), floaustom-designed mounting bracket) makes the plane of best
was visualized by seeding the water with near-neutralljocus the plane of the light sheet, rather than the plane
buoyant 12um diameter silver-coated glass beads (densitperpendicular to the camera’s optical axis. This results in
1.3gcnt3, Potters Industries, USA) that reflected light from animages that are bright and in good focus across the field of view
8W argon-ion laser (Fig.1). The laser light sheet wador accurate vector calculations.
approximately 2 mm?7 cmx15cm (depthx heightx width). It The camera arrangement and Scheimpfliig lens orientation
was positioned in the center of the working section of the flovintroduce perspective distortion. For example, the cameras
tank, and oriented in the parasagitta))(plane. Data were view a rectangular calibration grid illuminated by the light
collected when the fish was positioned so that the caudal fsheet as a trapezoid (Fig. 2A). This image distortion is
beat through the light sheet in mid-stroke. corrected by recording simultaneous views of a three-
A key characteristic of the stereo-DPIV arrangement is thdimensional calibration grid (Fig. 2A). Calibration marker
use of two cameras (Fig. 1) to view the light sheet. For twopoints in a square grid with a fiducial mark at grid center
dimensional measurements (see studies cited above), a sin@iég. 2A) define the coordinate system and match calibration
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Fig. 2. A schematic view of stereo-DPIV image processing andield is two-dimensional analysis of the simultaneously
calculation methods using data from a trout 21.5cm in total bodgollected left and right images (Fig. 2B). Using Insight
length BL) swimming at 1.BLs with a freestream velocity in the software (v. 3.3, TSI, Inc., USA), sequential pairs of video
x direction, U, of 25.8cmsl. Images of the three-dimensional jmages (4 ms apart in time) were analyzed by subdividing the
calibration gr.id (A).record'ed from the two cameras show distortior]mages into a series of interrogation areas and comparing pixel
of the two-dimensional views caused by the camera armangemepiangin, in these areas using two-frame cross-correlation
and Scheimpfliig configuration (Fig. 1). The uniform, ser1'memc"’“analysis. The areas of flow analyzed were typically rectangular

calibration grid appears slanted, with a decreased vertical distance . . .
between rows on the inner sides of both images. Image alignme shape. The cross-correlation analysis used a Hart algorithm

and distortion are corrected using polynomial equation mappinéHart' 2000), a spot size of 64 pixels and a peak:noise ratio of
functions created using a least-squares method and the calibratier?- DPIV calculation methods have been previously described
grid points. Each of the two cameras (Fig. 1) collects twodn detail (Willert and Gharib, 1991; Anderson, 1996; Raffel
dimensional images of the wake from which two-dimensionalet al., 1998). The two components of velocity nominally
velocity vectors (dimensions scaled in pixels, B) are calculated. Notperpendicular to the camera optical axis (in our ddsndV)

that freestreant has not been subtracted from these calculationsare calculated from the two-dimensional recorded images (Fig.
the high value ob results in a downstream trajectory for both sets OfZB). Note that the two-dimensional vectors are calculated in a

two-dimensional vectors (unlike the diagram in Fig. 1), and thatsymmetrical, aligned grid (Fig. 2B) based on the calibration
vector density was decreased for viewing clarity. The orientation c;é{id (Fig. 2A).

the trout caudal fin relative to the light sheet is depicted as a sm

icon below B. The two-dimensional vectors are used to caIcuIatE. 2CD)i lculated using the t di . | tor fil
three-dimensional flow fields (scaled in T <C,D). Vector color in 9. D) is calculated using the two-dimensional vector files

C and D indicates the magnitude bf (the lateral orz velocity (Fig. 2B) and a set of four p°|yn0mia| ?quations tha_t determine
component); note that free-stream flow has not been subtractddl€ W component at each location in the two-dimensional
Orange boxes connected by broken lines represent the a|ignméfQCt0r fields. Interpolation of the rlght and left vector fields
between areas of the calibration images (A), two-dimensiongbrovides particle image displacements; fluid displacement is
velocity vectors calculated from DPIV images scaled with thesolved for using a least-squares method.
calibration images (B) and the final three-dimensional velocity
vectors (viewed in the parasagittal plane in C, and viewed in three DPIV measurements
dimensions in D by rotating the.parasagittal plang f:ounterclockwise). To visualize wake geometry, downstream free velotit) (
The vector calculated for the image area identified by the orangg. s g hiracted from each three-dimensional velocity vector
boxes in A, B and C is identified by a black arow in D, with the o0 "t example, Fig. 3). Downstream rather than upstream
magnitude of itsU, V and W components given. Rotating C locity was subtracted because the presence of the fish affects
counterclockwise shows strong lateral jet flow (emphasized here b\f y . p.
the small scale of theaxis for ease of viewing) that alternates to thethe flow field. The met_hOd Tor §ubtract|blg was F’ased on.the.
right (blue vectors) and left (red vectors) sides of the fish. fact that the present visualizations showed defined, oscillating,
posteriolaterally oriented jet flows in the trout wakes such as
are associated with linked vortex ring wakes produced by
image points to target locations in the fluid. Alternating rowsody—caudal fin swimmers (e.g. Miller et al., 1997; Wolfgang
of calibration marks are offset in depth by 1 mm for calibratioret al., 1999; Drucker and Lauder, 2001b; Nauen and Lauder,
in the z direction (this offset is not visible in the Fig. 2A 2002). In addition, previous studies of trout steady swimming
calibration images). Images of the target from each camera dmematics (Stevens, 1979; Webb et al., 1984; Webb, 1988,
analyzed, providing a pair of locations for each marker on th2993) and wake flow (Blickhan et al., 1992) indicate that the
target: thex, y andz location of the marker point on the target jet flows seen here are associated with a linked vortex-ring
in the fluid and itsx andy pixel location in the image. A wake. The height of linked vortex-ring wakes produced during
polynomial equation mapping function is created based osteady swimming is typically equal to caudal fin span
calibration grid points using a least-squares method; thi@8lickhan et al., 1992; Mdiller et al., 2000; Nauen and Lauder,
equation is used to determine the spatial dimensions of the flo002). Thus, flow above and below the caudal fin represented
field. Use of the calibration grid and image mapping functionfree-stream velocity, and we evaluated free-stream velocity
had the added advantage of aligning the images duringagnitudes in regions of the stereo-DPIV images above and
processing so that the field of view of the cameras did not hallow the caudal fin.
to be aligned pixel to pixel. Areas seen by each individual The magnitudes and directions &f, V and W were
camera that do not overlap the view from the other camemetermined for 10 vectors in the central jet flow of the wake
(approximately 15% of the field of view, Fig. 2A) are (Figs 2, 3) created by each stroke of the caudal fin. Six to eight
discarded prior to calculation of the three-dimensional vectotonsecutive strokes were analyzed for each individual. The
field. Stereo-DPIV calibration and the required calculations areatio of the magnitudes df/(U+V+W), which is referred to
discussed extensively in the engineering literature (Gaydon aereafter adJ/total wake flow, was calculated from the flow
al., 1997; Lawson and Wu, 1997; Willert, 1997; WesterweeValues. Froude propulsive efficiencypf was also calculated
and van Oord, 2000) and will not be repeated here. as o(U-Ug)/(UH+VZ+W2-Ug?) based on Blake (1983).
The first step in calculating the three-dimensional vecto&ingle-factor analyses of variance (ANOVAs) were performed

The out-of-plane velocity component (in our ca¥¥,
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using SuperANOVA (version 1.11) to determine the effect otonsistent and showed defined directional reversals that
individual on the measured parameters, the ratidJiodtal  resulted from the change in movement direction of the caudal
wake flow andhp. All F-values were calculated as describedfin with each stroke.

by Zar (1984).

A
Results RS S e v s iy .
During steady swimming at 181.s1, e I
. 20 © 7~ - R e Y
the wake of Oncorhynchus myki R e e Y,
. . . . . [ -t - e e T T T e (NN b d g
contained a directed jet of relatively hi i ‘. .- g L SRS
velocity flow that alternated in direction - S T
the left and right sides of the fish with OF e - paattldscli bttt
change in direction of the caudal fin r LT B AN Shaage
the end of each stroke (Figs2C,D, € 77777 ~~ T I
Stereo-DPIV methods produced thr & oF o ;;;;\-x - S ra s - T
dimensional views of the jets with th ™ | 7+ 771 N TPSrry
relatively high-velocity lateral flo NN LoTTIIzoLLILLL
components; the overlapping field of vi -10 SRR R i
B ttr Yt [ . P P
area of approximately 90c&m was R R e N e O
characterized by more than 750 vec L SO SAAAEER IR a it
(Fig. 3). 20 .. B
A series of jets was visible in the fit BTSSR
Of V|eW of the cameras (eg F|93 ca o b b b by by b W(mS_l)
which allows an evaluation of | 1. p -0 =20 10 0 10 20 I 0.065
dynamics. The time-dependence of lat X x (mm)
(W) flows is depicted for an individu [ 0.039
of 16.5cm BL swimming at 1.BLs? 05F
(19.8cms). A wake flow o ~ [ 0013
approximately 6.6cm in length, whi g of SEWERA
. .. . ~ - 24 3 TEERD
was created over 0.33s, is visible i ~ [ } 0.013
single image. Lateral flows are strong 05 N W\/ —0.01
i -0.039
F|g 3. Stereo-DPIV measurements of 1 N BT BN BN BN S S S BN S S S B
wake of a 16.5cnBL fish, whereBL is tota —-30 —20 20 —0.065

body length, swimming at 1B s! with free-
stream flow subtracted to reveal w
structure. The caudal fin of the fish \
positioned immediately upstream of the w
flow (i.e. to the left of the vector plot). Vec
length indicates flow magnitude; vector ct
indicates the magnitude oV (ms™%). The
alternating areas of blue, red and blue ve
visible in the parasagittal plane (A) are cle
visible as regions of jet flow to the right ¢
left of the fish, respectively, when view
from above (B). Note that the late
component of jet flow, emphasized here by
small scale of the-axis for ease of viewing,
10-60% greater in magnitude (on aver:
than that of U (see Fig. 4A). Rotating
counterclockwise also shows the alterne
pattern of strong lateral jet flows. Ten vec
from the jet flow of 6-8 strokes for et
individual were sampled to determing V
andW magnitudes, wherd, V andW are flow
velocities in the downstreanx)( vertical §)
and lateral %) directions, respectively.
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0.07— d.f.=3,286,F=15.6,P=0.0001). MeartJ/total wake flow ratios
0.06 A } i for each individual (Fig.4B) varied from 0.32+0.012 to
R ] 0.45+0.014 (mean &E.M., N=60-80). Froude efficiencynp)
0.06 . was independent of individual (ANOVA, d.f.=3,2861.67,
_omd % [ ] P=0.17). On averagerp was 0.74+0.01 (mean ®EM.,
® 1 mU N=290).
£ 0.3
E 0] | oV . -
o . AW Discussion
@ 0014 ® Stereo-DPIV
0‘_ """"" li """""" Stereo-DPIV is a unique method for the simultaneous
-0.01 ¢ calculation ofJ, V andW velocity components for flow fields
1 created by free-swimming animals. In this case, the flow fields
0. , , , , : ) )
0 1 2 3 4 examined are wakes created by caudal fin locomotion by
1. Oncorhynchus mykis€audal fin wakes have been the subject
1B of many studies using two-dimensional DPIV techniques
09+ B U/total flow mean (Stamhuis and Videler, 1995; Muller et al., 1997; Hanke et al.,
0.8 2000; Lauder, 2000; Liao and Lauder, 2000; Mdller et al.,
0.7 2000, 2001; Drucker and Lauder, 2001b; Nauen and Lauder,
= 06_§ 2002) but have not previously been visualized in three-
= ] dimensions. Characteristic of most of these wakes is the
g 0'5‘; - formation of linked vortex rings with laterally oriented central
5 044 - u jet flow. Such jet flows were created during slow, steady,
034 [ ] forward swimming byO. mykissand were visible in high
022 resolution (>750 vectors) using stereo-DPIV.
1 Previous studies have estimated three-dimensional wake
0'1'; geometry using two-dimensional DPIV methods (see, for
04 T T T | example, Drucker and Lauder, 1999; Nauen and Lauder, 2002),
0 1 2 3 4 which requires combining two-dimensional measurements

Individual made in at least two different planes (typically the parasagittal
Fig. 4. The magnitudes (means£M., N=60-80) ofu andWwake  and frontal planes) measured during independent kinematic
flows, and the magnitude and direction (relative toxtaais) of v~ €vents. This combination of measurements requires study of
flows as a function of individual (A). Ratio bftotal wake flow as a a repetitive behavior with low kinematic variation. Such
function of individual (B). Symbols represent means.etv. (error  requirements are unnecessary with stereo-DPIV, however, as
bars are smaller than the symbolSy60-80. Freestream flow has simultaneous calculation dfl, V and W allows for three-
been subtracted from. U, V and W are flow velocities in the dimensional visualization from measurements made using a
downstream), vertical §) and lateral) directions, respectively.  sjngle light sheet orientation. The 1—2 mm thickness of the light
sheet used here limited the presaétmeasurements to a subset
of the total wake volume. Nevertheless, stereo-DPIV has high
Average vertical flows\) were low in magnitude (typically potential for three-dimensional flow visualization of non-
less than 1 cnmd, Fig. 4A) and variable in direction (Fig. 4A). repetitive, highly variable behaviors for which combining
The magnitude and direction of were dependent on separate measurements from orthogonally oriented light sheets
individual (ANOVA, d.f.=3,286, F=6.9, P=0.0002). One is not suitable.
individual (no. 2) typically produced small vertical flows in the

upward direction (or positive flows, Fig. 4A). The other three Trout caudal fin locomotion
individuals produced small vertical flows that were positive or The swimming speed of 1B s studied here has been
negative (Fig. 4A) depending on the particular tail beat. used in previous studies of wake structure produced by caudal

The magnitude of downstream flow)(was also dependent fin locomotion (Liao and Lauder, 2000; Drucker and Lauder,
on individual (ANOVA, d.f.=3,286,F=51.0, P=0.0001).U  2001b; Nauen and Lauder, 2002) and is close to speeds
flows, of the order of 3—-6cmsabove free-stream velocity examined in other two-dimensional DPIV studies of caudal fin
(Fig. 4A), were relatively substantial. Lateral flow¥)( were  locomotion (Mdller et al., 1997, 2001), which allows for direct
typically the largest in magnitude, with average values otomparison of the present wake structure data with wake
4-6cms! (Fig. 4A), and were dependent on individual structures described for other species. The data of Webb et al.
(ANOVA, d.f.=3,286,F=6.7,P=0.0002). (1984) indicate that the speed of BI2s1 is well within the

The ratio ofU/total wake flow (a flow index of mechanical aerobic capacity limits oD. mykiss
performance) was also dependent on individual (ANOVA, Stereo-DIPV revealed a strong, oscillating jet with a large



3278 J. C. Nauen and G. V. Lauder

lateral flow component in the wake @incorhynchus mykiss magnitude thanJ, although by a factor of less than two
swimming steadily at 1BLsL Such jets are typically (Fig. 4).
associated with linked vortex ring wakes produced by High-magnitudeW relative toU (and low-magnitudeV)
body—caudal-fin locomotors (e.g. Mduller et al., 1997;resulted inU/total wake flow ratios in the range 0.32-0.45.
Wolfgang et al., 1999; Drucker and Lauder, 2001b; Nauen anthis ratio is a flow-based estimate of true mechanical
Lauder, 2002). The magnitudes and directionsl o andW  performance (which is the ratio of thrust/total force).
flows in the wake correspond to the magnitude of reactioMechanical performance ratios of the order of 0.3-0.4 have
forces to the jet flow that powers locomotion. Of particulabeen determined using two-dimensional DPIV for caudal fin
interest are the magnitude and direction of vertical flowsocomotion by slightly larger (approximately 23 &)
produced by the caudal fin that may act to rotate the fish abobluegill sunfish (Drucker and Lauder, 2001b) and chub
its anteriorly positioned center of mass and the ratld/tiftal  mackerel (Nauen and Lauder, 2002) swimming at
wake flow, which is a flow index of caudal fin mechanicalapproximately BLs . These values are consistent with the
performance. present three-dimensional DPIV data @rmykissThus, data
Vertical flows measured here were very small in magnitudeollected using two methods, from three distantly related
and were variable in directio®. mykiss a member of the euteleost taxa with a variety of body and fin shapes and a range
Salmoniformes, has a symmetrically shaped, or homocercalf swimming performance capacities, indicate a high lateral
forked caudal fin. It is traditionally assumed that caudal fins oforce component during slow, steady caudal fin locomotion. It
this shape move symmetrically and generate forces in thie possible that the relatively low mechanical performance of
horizontal plane only (for a review, see Lauder, 2000). Théhese taxa reflects an inherent limitation to caudal fin
present data, and study of more derived teleosts with forkgatopulsion as a posteriorly propagated wave of lateral bending.
homocercal caudal fins, do not, however, support thiSupporting this hypothesis is the finding of Triantafyllou et al.
assumption. During relatively slow, steady swimming, thg1991) of optimum mechanical performance values of 0.2 for
caudal fin of bluegill sunfishepomis macrochirusits relative  a foil oscillating transversely through uniform incoming flow
to the vertical (probably because of intrinsic tail musclegwhich is a physical model of caudal fin locomotion).
activity; Lauder, 2000) and produces ventrally inclined flows In contrast to these caudal fin mechanical performance
(Lauder, 2000). The homocercal forked caudal fin of chulvalues, our calculated mean Froude propulsive efficiengy (
mackerel Scomber japonicuslso tilts relative to vertical of 0.74 was relatively high. Thgp value of 0.74 determined
during steady swimming (Gibb et al., 1999) and producekere for the single relative speed of BL% is somewhat
ventrally inclined flows and thus lift forces that tend to lowerlarger than values determined previously using kinematic data.
the head (Nauen and Lauder, 2002). For example, Webb (1971a) calculataghaalue of 0.54 using
Vertical flows produced by homocercal caudal fins tend téarger trout (30 cnBL) than those studied here swimming at
be small in magnitude. For example, vertical forces are lesspeeds of approximately 1.B&s ™. Values ofnp approached
than 3% of the total force production of slightly larger0.7 as swimming speed increased to approximately
mackerel (23+1 cm fork length, meas£.m., N=4) swimming ~ 1.7-1.9BLs ! (see Table 11 in Webb, 1971a). In that sturgly,
at 1.2 and 2.2 fork lengthsls(Nauen and Lauder, 2002). The was calculated as the ratio of fish swimming speed to the speed
low-magnitudeV flows measured in the present study are thusf the body propulsive wave, on the basis that this is the ratio
similar to those for the more derived species (Lauder, 200®etween the momentum added to the water by the propulsive
Nauen and Lauder, 2002). The present data indicate, howevarave and the amount of kinetic energy necessary to accelerate
that, unlikeL. macrochirus(Lauder, 2000) ané. japonicus that water (Webb, 1971b). A later study (Webb et al., 1984)
(Nauen and Lauder, 2002). mykissshows variable caudal confirmed the conclusion thafp increases with increasing
fin vertical orientations during slow steady swimming. Indeedspeed folO. mykissAn efficiency value of 0.7 was, however,
on average, the flows produced by three out of the foupreviously determined fo®©. mykisson the basis of power
individuals studied here were directed slightly upwards. Thisneasurements calculated from automatic particle tracking and
indicates the production of a lift force that would tend to raiséaser-Doppler anemometry techniques (Blickhan et al., 1992);
the head, which is the opposite of previous findings. however, few data and methodology details from that study are
There is also typically a strong lateral component to jet flovavailable for direct comparison with the present study.
produced by caudal fin locomotion (Stamhuis and Videler, The above range afp values suggests a relatively high
1995; Miiller et al., 1997; Hanke et al., 2000; Lauder, 2000propulsive efficiency folD. mykissat slow cruising speeds, in
Liao and Lauder, 2000; Mdiller et al., 2000, 2001; Drucker andontrast to the caudal fin mechanical performance values
Lauder, 2001b; Nauen and Lauder, 2002), which signifiesf 0.32—0.45. Thenp ratio reflects whole-body propulsive
relatively strong lateral force production. Studies of bothefficiency, including, for example, the volume of water
bluegill sunfish (Drucker and Lauder, 2001b) and chulaccelerated by the fish (see the discussion in Blake, 1983),
mackerel (Nauen and Lauder, 2002) indicated that for animalghereas caudal fin mechanical performance simply reflects the
swimming freely at a speed of approximateBLis, lateral ~ proportion of wake flow that is thrust. The finding thatis
forces are approximately twice the magnitude of thrust forcesnuch greater than caudal fin mechanical performance suggests
W flows seen in the present study were typically greater ithe involvement of additional factors (such as body shape and
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propulsive wave amplitude and frequency), which might result frequency water disturbances caused by swimming goldfish and its possible

in relatively high overall propulsive efficiencies even though  relevance to prey detectiod. Exp. Biol.203 1193-1200. .
. . . Hart, D. P. (2000). Super-resolution PIV by recursive local-correlatioVis.
the performance of any given propulsor is relatively low. 3 187-194.

The use of stereo-DPIV to determine simultaneously albayne, B. C., Lozada, A. F. and Lauder, G. (1996). Function of the dorsal
three velocity components allowed for calculations of h@th fin in bluegill sunfish: motor patterns during four distinct locomotor

d dal fi hanical effici f inale ki ti behaviors.J. Morphol.228 307-326.
ana cauaal fin mechanical €miciency 1or single kinema 'CLauder, G. V. (2000). Function of the caudal fin during locomotion in fishes:

events in the present study (rather than averaging over multiplekinematics, flow visualization, and evolutionary patteAra. Zool 40, 101-
events as is necessary with two-dimensional DPIV, Drucker 122.

. Lawson, N. J. and Wu, J.(1997). Three-dimensional particle image
and Lauder, 1999, 2000; Nauen and Lauder, 2002). The€g|ocimetry: experimental error analysis of a digital angular stereoscopic

homocercal caudal fin shows flexibility in performance during systemMeas. Sci. Tecl8, 1455-1464.

steady forward locomotion with increasing speed, particularlyiaov J. and Lauder, G. V.(2000). Function of the heterocercal tail in white
sturgeon: flow visualization during steady swimming and vertical

in regard to vertical force production and increases in maneuveringd. Exp. Biol.203 3585-3594.
thrust/total force production as a function of speed (Nauen aniiller, U. K., Smit, J., Stamhuis, E. J. and Videler, J. J(2001). How the

Lauder 2002)_ Euture studies of the homocercal caudal fin of?ody contributes to the wake in undulatory fish swimming: flow fields of a
| ,f h d id f hvdrod . diti swimming eel Anguilla anguilld. J. Exp. Biol.204, 2751-2762.
teleost fishes under a wider range of hydrodynamic con mor}\ﬁuller, U. K., Stamhuis, E. J. and Videler, J. J.(2000). Hydrodynamics of

(including unsteady and maneuvering locomotion) are unsteady fish swimming and the effects of body size: comparing the flow
necessary to ascertain the extent of functional versatility in the fields of fish larvae and adults. Exp. Biol.203 193-206.

dal fi f diff tt Includi lculati " h Mdiller, U. K., Van Den Heuvel, B. L. E., Stamhuis, E. J. and Videler, J.
caudal 1ins or aiiferent taxa. Including calculations o U‘P;S J. (1997). Fish foot prints: morphology and energetics of the wake behind

and caudal fin mechanical performance will allow a better a continuously swimming mulle€helon labrosuisso).J. Exp. Biol 200,
understanding of the interplay between caudal fin performancg2893-2906. o o

.. Nauen, J. C. and Lauder, G. V.(2001). Locomotion in scombrid fishes:
and locomotor eff|C|ency. visualization of flow around the caudal peduncle and finlets of the chub
mackerelScomber japonicus). Exp. Biol.204, 2251-2263.
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