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Summary

Most fishes commonly experience unsteady flows and altering their body kinematics to synchronize with the
hydrodynamic perturbations during their lifetime. In shed vortices (tuning), using a mechanism that may not

this study, we provide evidence that rainbow trout
Oncorhynchus mykiss voluntarily alter their body
kinematics when interacting with vortices present in the
environment that are not self-generated. To demonstrate
this, we measured axial swimming kinematics in response
to changes in known hydrodynamic wake characteristics.
We compared trout swimming in the Karman street
behind different diameter cylinders (2.5 and 5cm) at
two flow speeds (2.5 and 4I5s1, where L is total body
length) to trout swimming in the free stream and in the
cylinder bow wake. Trout swimming behind cylinders
adopt a distinctive, previously undescribed pattern of
movement in order to hold station, which we term the

involve propulsive locomotion. This behavior is most
distinctive when cylinder diameter is large relative to
fish length. While tuning, trout have a longer body
wavelength than the prescribed wake wavelength,
indicating that only certain regions of the body may need
to be oriented in a consistent manner to the oncoming
vortices. Our results suggest that fish can capture energy
from vortices generated by the environment to maintain
station in downstream flow. Interestingly, trout
swimming in front of a cylinder display lower tail-beat
amplitudes and body wave speeds than trout subjected to
any of the other treatments, implying that the bow wake
may be the most energetically favorable region for a fish

Karman gait. During this gait, body amplitudes and
curvatures are much larger than those of trout
swimming at an equivalent flow velocity in the absence of
a cylinder. Tail-beat frequency is not only lower than
might be expected for a trout swimming in the reduced
flow behind a cylinder, but also matches the vortex
shedding frequency of the cylinder. Therefore, in
addition to choosing to be in the slower flow velocity
offered behind a cylinder (drafting), trout are also

to hold station near a cylinder.

Movies available on-line.
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Introduction

Historically, laboratory studies of fish locomotion havetemperature differences, flow over inanimate structures, and
focused on steady swimming under micro-turbulent conditionsorticity generated by moving organisms.
to discern the fundamental principles of how fish move. This Fishes swimming in flowing water often prefer to exploit
environmental simplification is necessary to understand theirbulence associated with physical structures to reduce
effects of three-dimensional movement for complex body antbcomotory costs (Heggenes, 1988; Fausch, 1993; Webb,
fin morphologies across swimming speeds and modes. Still993; Gerstner, 1998; Gerstner and Webb, 1998; Webb,
fish biologists acknowledge that steady swimming through lovi998a). Numerous field studies (Puckett and Dill, 1985;
turbulence environments is not the dominant behavior ofleggenes, 1988, 2002; McMahon and Gordon, 1989; Shuler
fishes, and in most cases represents only a small fraction ef al., 1994; McLaughlin and Noakes, 1998; Pavlov et al.,
their daily behavioral routine (summarized in Webb, 1991)2000) attest to the strong ecological and commercial
Turbulence is a ubiquitous phenomenon that fishes mugnhportance of understanding how fish interact with unsteady
contend with in nature, resulting from such varied sources d®ow regimes. Fisheries scientists need to assess the impact of
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hydrodynamic perturbations on migratory species in order trout swimming at free stream flows equivalent to the velocity
make management decisions about stream design, habitificit behind the cylinder. However, if trout are actually
management and fish passageways (Fausch, 1993; McLaughdiltering their body kinematics to reflect interaction with the
and Noakes, 1998). For engineers and biomechanisteortices in the cylinder wake, then we expect that tail-beat
recognizing how fish utilize heterogeneous flows could providérequency and body wavelength will match the corresponding
valuable insight into the governing principles of aquaticvortex shedding frequency and wake wavelength of the
propulsion and stability. cylinder, respectively, and that the general swimming

Despite these applied and theoretical benefits, relatively fekinematics will differ substantially from propulsive swimming
laboratory studies (but see Sutterlin and Waddy, 197%inematics in unobstructed flows.
Gerstner, 1998; Webb, 1998a) have quantitatively described
the effects of hydrodynamic pertyrpationg at the organismal Materials and methods
level, in part because of the difficulty in generating and .
interpreting repeatable hydrodynamic perturbations. The wake ) ) ) An_lmals _
behind simple geometric objects in a moving fluid, a subject e obtained juvenile rainbow tro@ncorhynchus mykiss
well characterized by fluid mechanists, presents an attractivéValbaum) from a commercial hatchery in western
opportunity to generate consistent flow perturbations. B>Massachusetts, USA. F|sh were held_ in a 1200liter circular
altering the dimensions of a given object, it is possible td"eShwater tank (maintained at 13€) with constant flow and
manipulate vortical flows systematically to investigate theif€d commercial trout pellets daily. Eight trout, 10.0+0.3cm
effect on swimming fish. In this study, we take advantage dtal body lengthl{) and 10.0£0.5g (meanste.m.), were used
the periodicity of vortex shedding behind a cylinder to generat# the experiments.
repeatable hydrodynamic perturbations.

For Reynolds numbers between 300 and 150,000, flow past

a stationary cylinder generates a staggered array of discret\?\}orking section 28 ca28 c80 cm) maintained at 154C.

perlodl_cally shed, - columnar vortlce§ Of, alternating S9N e used 5.0cm (large) and 2.5cm (small) diameter, solid
collectively known as a vortex or Karman street (Blevins, - . . . . :
1990). By changing flow velocity and cylinder diameter, it ispolyvmyl chloride cylinders Cl.Jt in half Iengthws@:(secﬂon .

: ' cylinders) to promote more discrete vortex shedding (Blevins,

possible to change the frequency of the Karman vortice . ecti
(vortex shedding frequency) and the wavelength that describeggo)' The prolected areas .Of the Iargg and s ctlgn
their spacing and size (wake wavelength). cylinder (herein referred to simply as cylinder) were 18% and

. . 9% of the cross-sectional area of the flow tank, respectively.
Our goal is to use a controlled experimental system t

contribute to an understanding of how swimming fish interac ylinders were secured in place from above with the lower end

with hydrodynamic perturbations. We describe axial bodyrestmg against the bottom of the flow tank to avoid self-

kinematics of rainbow trout swimming behind differentoscnlat|on (Fig. 1A). A RedLake high-speed digital video camera

diameter cylinders at two different flow speeds and compargsmramessl’ 500's shutter speed) recorded the ventral

oo view of the trout against a lighted background, which was
them to trout swimming in the free stream flow, and alsg . Y 2 .
. accomplished by aiming the camera at a 45° front-surface mirror

describe the kinematics of trout swimming in the bow wake in laced below the flow tank (Fig. 1). To minimize turbulence in

front of a cylinder. Relative to the free stream, trout behind e flow tank, water was directed through a baffle consisting of

cylinder invariably encounter lower flow velocity. We define6mm diameter flow straighteners located anproximately 50 cm
the ability of a fish to use this region of reduced flow as g bp y

‘drafting’, and distinguish this from ‘entraining’, which Upstream from the working section of the flow tank.

describes the use of upstream flow in the suction regio We specifically designed three ‘downstream’ cylinder
) . . P . 998 atments to identify the hydrodynamic variables that might
directly behind a cylinder to hold station (Webb, 1998a). W

e responsible for the kinematic behaviors observed (Fig. 2).

employ the term ‘tuning’ to describe the voluntary alteratlonUsing the Strouhal number (0.2) appropriate for the Reynolds

of body kinematics to match a cyclical, external, hydrodynamie - p o of our experiment (5600-20,000 and 5000-40,000
stimulus. Furthermore, we make the distinction that the

mechanism for drafting and tuning may or may not ba/Sing cylinder diameter and fish length, respectively; Blevins,

€ . :
propulsive in nature. Although we could alter cylinder Wakelggo)’ we determined the expected vortex shedding frequency

parameters, we could not separate the presence of the S[@da ceording to the equation:

vortices from the phenomenon of reduced flow velocity in this St=1fd/U, (1)
study. Therefore, our goal is to determine if trout behind . . . .
cylinders are tuning in addition to drafng. We test they\/hereStls Strouhal number, d is the cylinder diameter, ldnd

. . . . . _is the flow velocity in the region of the cylinder. To account
hypothesis that trout are drafting with propulsive Iocomotlor}or flow constriction near the cylinder due to solid blocking

versusan alternatlvg hypothe5|§ in which troqt are draﬂmgeffects, vortex shedding frequency was calculated above using
using a non-propulsive mechanism of locomotion. If trout areie flow velocity:

only using the drag wake of the cylinder for its reduced flow,
then tail-beat frequency and amplitude should be similar to U = Us x [W/(W —d)], (2)

Experimental procedures
Fish swam in an aerated, 600liter recirculating flow tank
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Fig. 1. Diagram of the experimental setup (A)
showing aD-cylinder (not to scale) in the center

y of the flow tank with gray arrows representing the
z direction of water flow. Images of swimming fish
X : were obtained with a high-speed video camera

aimed at a 45° front-surface mirror positioned
below the flow tank. An image of the ventral

view of the fish (B) silhouetted against a lighted
background provided a high-contrast image that
could be digitized.

Mirror

l

Four of the five treatments were conducted at a free stream
flow velocity of 4.3_s1 (high flow): downstream of the small
cylinder (smD4.5), downstream of the large cylinder (laD4.5),
free stream (FS4.5), and bow wake in front of the large cylinder
(BW4.5). The remaining treatment (smD2.5) consisted of a
small cylinder at a velocity of 215571 (low flow), and was
ﬁ designed to replicate the shedding frequency of the large

cylinder at high flow, despite halving its wavelength and
therefore decreasing the vortex spacing in xhdirection

(Fig. 2). For a given Strouhal number, vortex shedding
frequency can be altered by cylinder diameter or flow speed

[ (Equation 1). In contrast, by solving fdrin Equation 1
Z

and substituting into Equation 3, it is apparent that wake
wavelength depends only on cylinder diameter. We were
interested in testing the effect of vortex shedding frequency
and wake wavelength on fish swimming, so we designed flow
whereU is the actual flow velocity in the region of the cylinder, velocity and cylinder diameter combinations for our treatments
Ut is the nominal flow velocity (2.5 or 451), and W is the to hold one wake parameter constant while varying the other.
width of the flow tank. We calculated the cylinder wakeFor example, subjecting trout to two different speeds using the
wavelength X), which describes the downstream spacing ofsame cylinder allowed us to observe differences in swimming
the vortices, according to the equation: kinematics caused by changing the vortex shedding frequency
A = Uit 3) without changing the wake wavelength (Fig. 2A,B).

' The high and low flow velocities were chosen because they
Wake wavelength was calculated by dividing the nominal flovallowed manipulation of cylinder wake variables, elicited
velocity by the constricted shedding frequency, becauseecognizable, stereotypical body kinematics, and were within
although the cylinder sheds vortices at a frequency determingde range of swimming speeds attained by trout swimming
by the constricted velocity, these vortices translate downstreabehind boulders and woody debris in the field (Heggenes,
at the nominal velocity. 1988; McMahon and Gordon, 1989; Shuler et al., 1994). For

X



1062 J. C. Liao and others

all treatments, we analyzed only those sequences in which figtas generated and overlaid (Fig. 3A; Insight version 3.0
were swimming more than OL.3above the bottom of the flow software, TSI Inc., St. Paul, MN, USA). DPIV procedures
tank. Because cylinders were positioned in the middle of thisllow those used previously to study locomotor
flow tank, all swimming sequences by necessity were obtaindd/drodynamics in freely swimming fishes (Drucker and
with the fish at least 1 away from the side walls. Lauder, 1999; Liao and Lauder, 2000; Wilga and Lauder,
We used digital particle image velocimetry (DPIV) to verify 2000; Nauen and Lauder, 2002). At approximately the same
the presence of a Karman street behind the cylinders, confirdistance (20cm) and height (5¢cm) that fish were observed
calculated shedding frequencies and wake wavelengths, ahdlding station downstream from the large cylinder, a single
make measurements of the reduced flow (velocity deficit) inow of 36 velocity vectors (Fig. 3A, white arrows) along the
the center of the wake. Silver-coated glass spheregn{l2 direction was averaged for 103 continuous video frames (in the
diameter) were seeded in the flow tank and illuminated by absence of a fish), representing a random, 8s sequence of the
horizontal light sheet (15cn28cnx0.1cm) generated by an wake (Fig. 3B). Predicted values of vortex shedding frequency
8W argon-ion Coherent laser. Two-frame cross-correlatiomnd wavelength (Equations 1-3) were verified by statistical
analysis of particle images recorded 4 ms apart yielded3631 comparison to empirically derived values based on visual
matrix of 1116 velocity vectors, from which a plot of vorticity selection of vortex centers.
From the video sequences, we measured tail-
beat frequency, wavelength, wave velocity,
A B f=4.0 Hz c £=2 2 Hy magnitude and location of maximum body
curvature, maximum amplitude of four body

locations (snout, center of mass, 50%nd tail),
maximum head angle and downstream distance
from snout to cylinder. Tail-beat frequency was

determined by averaging the number of tail-beat
oscillations over a known time (at least four
oscillations per individual). Body wavelength was
calculated according to Equation 3 by substituting
the length-specific body wave spe& ¢btained
by measuring the average speed of the maxima
moving down the midline) for the nominal flow
velocity (Uf) and the tail-beat frequency for the
vortex shedding frequencyf)( The four body
locations were selected to provide a general
indication of the effects of different cylinder
4=2.5 cm 4=2.5 cm d=5 em wakes on longitudinal . body kinematics.

' i Amplitudes at these four points were measured as

W W ' the maximum lateral excursion from the midline.
We experimentally determined the center of mass
T T T T T T T (COM) post-mortenfor straight-stretched fish by
) » » iteratively balancing the body between right and
« U=2.5Ls U=4.5Ls U=4.5Ls left side pins. Head angle was calculated as the
maximum angle of the head relative to the axis of
z the free stream flow. In addition, we calculated

Fig. 2. Diagram of the experimental design showing the effect of cylinder diamet&fiP asUt/V, whereUs is taken to be the length-
and flow speed on vortex shedding frequency and wake wavelength. Objects SR€cific swimming velocity of the fish. Strouhal
not drawn to scale. (A) The small, 2.5cm diameterQebylinder in low flow  numbers for swimming trout were calculated
(ambient flow speed is set at 2.§ prior to solid blocking effects) has a low according to Equation 2 by substituting tail-beat
shedding frequency (2.2Hz) and a short wavelength(11cm). (B) Using the frequency for vortex shedding frequency) (
same cylinder and increasing the ambient flow velocity ta g5 the shedding and tail-beat amplitude (using peak-to-peak
frequency almost doubles (4.0 Hz) but the wavelength remains the same. (C) Usﬁ}glplitude; as in Triantafyllou et al., 2000) for
the large, 5cm diamet&-cylinder at high flow results in a shedding frequency ofC linder diameter (d).

2.2Hz, which is the same as in A, except that for the large cylinder the waké/

wavelength almost doubles (20 cm), representing a substantial difference in Image analysis
downstream—upstream vortex spacing. Vortex shedding frequency can be changed .

by altering cylinder size or flow speed, while wavelength depends only on cylinder For all trlea'gments, at least 20 V'de(? frames
diameter. Shedding frequency and wavelength values reported are calculated figgParated in time by 12-20ms, depending on the
constricted flow velocitiesU; see Materials and methods)s, nominal flow  Swimming speed of the fish) were captured for
velocity — see text. each fish for each of four tail-beat trials. We used

f=2.2 Hz

A=20cm

A=11lcm A=1llcm
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>

Fig. 3. (A) Superimposed vorticity and velocity vector plot
Vorticity (rad s7) of the wake in the region_ that trout were pbserved holding
station downstream behind the 5cm cylinder atl43.

l 15 The color plot represents vorticity and the length and

9 orientation of the arrows represents velocity magnitude

and direction. The single row of white arrows represents

—_ 0 the region of the wake in which vectors were selected for
g statistical analysis of the velocity in (B). Flow is from

@ -9 bottom to top. One counterclockwise vortex (red) has been

s shed into the middle of the frame and a second, clockwise
x -15 vortex (blue) has just entered the field of view. Two

centers of vorticity are shed per period to form the Karman
street, with a wavelength of 20.30+£0.43cm (Mmea&EM.,
t =045 ms! N=29). (B) Time-averaged velocity profile of the
~ downstream flow component direction) reveals that the
P S R T L minimum velocity in the wake (2.7+0L%%; mean *
5 10 15 20 sEM., N=103) is over half the free stream velocity

z axis(cm) (4.5Ls7D).
60 B
- excluded since we were primarily interested in detecting

differences in swimming kinematics between downstream
cylinder treatments and free stream swimming. A multivariate
analysis of variance (MANOVA) was performed on principal
component 1 (PC1) and principal component 2 (PC2) to
determine if there were significant differences among
treatment means when all kinematic variables were considered
together.

A MANOVA and subsequentpost-hoc tests on all
treatments except the bow wake (to make maximum use of the
data set, 7 individuals) determined if there were differences
between the downstream cylinder treatments and the free
stream treatment as well as within cylinder treatments. We
performed a MANOVA on all five treatments (4 individuals)
to analyze bow wake data in the context of other treatments.

zaxis(cm) Two-way, mixed-model analyses of variance (ANOVA) were
used to determine the effects of individual (random) and
cylinder treatment (fixed) on the kinematic variables. Fhe
an automated digitizing program written in Matlab v6.1 tovalue of the fixed effect was calculated as the mean square of
digitize 20 points on each side of the axial body silhouettethe fixed effect over the interaction term of the random effect
thresholding out interferences with fin profiles, for a total ofand the fixed effect. To account for multiple simultaneous
40 points per image. After a series of cubic spline function&NOVAs, the level of significance was adjusted within
were fitted to these outline points, a midline spline wagolumns using the sequential Bonferroni technique (Rice,
constructed and then divided into 20 segments, the longitudindB89). Where appropriate, we note wikevalues are less than
positions of each which were recorded as relative body lengtls05 but do not meet the Bonferroni adjusted significance

Velocity (L s79)

(as in Jayne and Lauder, 1995). value. For all kinematic variables, we recorded 3—4 tail-beat
o cycles for each fish for each treatment. Statistical tests were
Statistical tests performed by Systat (version 4.5 for the PC), Statview (version

Means and standard errors were calculated for all kinemati&:0.1 for the PC), or calculated from Zar (1999).
variables associated with swimming. Two-sample unpdired
tests were conducted to see if tail-beat frequency differed from

vortex shedding frequency and if body wavelength differed . Results _ _ .
from wake wavelength. All statistical tests were performed at ~ General observations of drafting behind a cylinder
ana level of 0.05. At a flow velocity of 2_s™1 or lower, trout typically swim

A principal-components analysis determined which of themore than & downstream of a cylinder and close to one of the
kinematic variables contributed to most of the variation in theide walls of the flow tank. Within minutes of increasing the
entire data set. Data from the bow wake treatment werilow to 4.5L s71, trout advance upstream and center themselves
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approximately 2 behind the cylinder and between 0.1 ahd 1 same position behind the cylinder. At the beginning of an
above the bottom of the flow tank. Trout hold station at @&xperiment, trout advancing too close to the cylindet j<ire
consistent distance behind a cylinder for the remainder of arawn rapidly upstream, often hitting the cylinder. The
experimental treatment (1-3h) using a visually distinctiveoccurrence of this behavior was most noticeable for fish behind
pattern of locomotion. This behavior is usually not continuoushe large cylinder, and decreased as an experiment progressed.
for more than six consecutive tail oscillations, beingAlthough the ambient flow velocity was set atl4s5! for the
interrupted by corrective tail motions of small amplitude andarge cylinder treatment, due to the direction of fluid rotation
high frequency. Even without these corrective motions, fish dat the outside edge of the wake, the flow velocity increases
not always oscillate their tails symmetrically while holding16% to a maximum of 5.2+0lsl (mean =+ sEM.).
station. Fish occasionally leave the wake to investigat€onversely, in the center of the wake vortical flow is directed
particles mistaken for food, only to return immediately to theupstream relative to the free stream velocity, though overall

A Free stean Bow wake Kérman gait
Z
B
33 _2
& e 321 x -7
g8 L» -8
%=~ 30 z 9
8 2
o 2 -10
g= 28
ST 27 -11
c —12
S £ 26
% 9 25 -13
Q% o4 =14
P L — RN -5 . — -
-6 4 2 2 4 6 -6 4 -2 O 2 4 6 6

Latead position (cm)

Fig. 4. Superimposed body outlines (A) and body midlines (B) for three treatment conditions, from left to right; free stieasylioder’
treatment, bow wake treatment in front of a 5Breylinder, and downstream treatment behind the ®eaoylinder, illustrating the Karman
gait. The ten body outlines for each treatment (A) showing approximately one tail-beat cycle were recorded at intervals48n2<l arxd

48 ms, respectively. Spacing along thdirection between successive outlines reflects relative swimming velocities. Superimposed midlines
(B) show the motion of the body at higher time resolution for the three treatments. The distance of the fish relative hstieamosdge of
the cylinder (where the downstream edge of the cylinder is zero, the region upstream of the cylinder is negative, andndofvtistrea
cylinder is positive) is given on theaxis, while the lateral position of the fish relative to the center of the cylinder is given naxise For

the free stream treatment, values on xkexis illustrate the position of the trout relative to a fixed point upstream (approximatély 2.5
downstream of where the cylinder would be located for other treatments). Therefore, during the free stream treatmentdiwsin ladidug a
half body length further downstream in the flow tank than during cylinder treatments. The tip of the caudal fin for a fishgsimithminow
wake is positioned 5cm upstream from the downstream edge of the cylinder, or 2.5 cm in front of the cylinder.
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there is still a net downstream fluid movement that manifestabsence of a cylinder (Fig. 4). In general, trout holding station
itself in the form of a sinusoidal region of reduced flowbehind a cylinder appear passive, resembling the motion of a
(2.7£0.2Ls1, Fig. 3B). flag flapping slowly in the wind. Compared to trout swimming
in the free stream at 451, trout holding station behind the

Holding station behind cylindersersusfree stream swimming |arge cylinder at the same speed show a 303% decrease in tail-

Trout holding station behind a cylinder display unique axiabeat frequency and a 354% increase in body wavelength
body kinematics that are readily distinguishable from steadilyFig. 5). In addition, body amplitudes increase 300-800%
swimming trout using active undulatory propulsion in the(depending on the body point), owing to the lateral translation
of the entire body in the wake (Figs 4, 6). All body amplitudes
increase significantlyR<0.001) for trout behind the large

7 A cylinder as compared to trout swimming in the free stream. For
®
64 @ Fish 0.35
B Cylinder A A A Tailtip
~ 0.30 & 50%L
T 5 O COM
= O Snou
2 0.25
2 ¢ 5
2 4 = 2 0.20
® 2
g 015- R
3 <
0.10 - A A
o ou
2 T T T T T 0.05 6 o
45 0 ® @ ¥ e
B T T T T T
}
—~ 25
=
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= E L 20- é
= o
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10 T T T T T 5 2 075
smD2.5 smD4.5 laD4.5 FS45 BWA4.5 s i ® L
= O
Fig. 5. Mean tail-beat frequency (A) and normalized body §8 0.70 @
- . T T T T T

wavelength (B) for each of the five treatments (smD2.5 is the sma
D-cylinder at 2.5 s, smD4.5 is the smalD-cylinder at 4.3 s7%, smD2.5 smD4.5 |aD4.5 FS4.5 BW4.5

laD4.5 is the larg®-cylinder at 4.3 s, FS4.5 is the free stream at Treatment

4.5L s, and BWA4.5 is the bow wake in front of the large cylinder at

4.5Ls1, whereL is the total length of the fish). Values are means #Fig. 6. (A) Lateral body amplitudes taken relative to the midline at
S.E.M., but in most instances the error bars are small enough to Ifour locations. Circles represent the snout; squares, the center of mass
obscured by the data symbol. Circles represent fish data (A) ar(COM); diamonds, a point 50% down the body; triangles, the tail tip.
squares represent cylinder data (see text for calculation). For all thr(B) Maximum curvatures and (C) their corresponding positions along
downstream cylinder treatments, the tail-beat frequency is similar tthe body. Trout behind the large cylinder have the largest and most
the vortex shedding frequency and the fish adopts a body wavelencanteriorly located body curvatures, while trout in the bow wake have
that is longer than the cylinder wake wavelength. the smallest and most posteriorly located curvatures.
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Table 1.Summary statistics of cylinder wake variables and trout kinematic variables for five experimental treatments

Variable smD2.5 smD4.5 laD4.5 FS BW
Vortex shedding frequency (Hz) 2.24+0.01 4.02+0.02 2.22+0.01 - -
Tail-beat frequency (Hz) 2.10+0.04 3.71+0.05 2.18+0.05* 6.62+0.11 4.34+0.24
Cylinder wake wavelength. ] 1.12+0.01 1.12+0.01 2.03+0.01 - —

Body wavelengthl() 1.57+0.04 1.50+0.03 4.05+0.22 1.15+0.02 1.21+0.03
Snout amplitudel() 0.02+0.01 0.02+0.01 0.16+0.02 0.02+0.01 0.02+0.01
COM amplitude () 0.01+0.01 0.02+0.01 0.15+0.01 0.02+0.01 0.01+0.01
50%L amplitude () 0.05+0.01 0.05+0.01 0.17+0.01 0.02+0.01 0.02+0.01
Tail-beat amplitudel() 0.14+0.01 0.16+0.01 0.32+0.02 0.11+0.01 0.09+0.01
Max. body curvature (L) 1.60+0.06 1.83+0.06 2.09+0.09 1.71+0.06 1.16+0.09
Location of max. curvature.} 0.74+0.01 0.74+0.01 0.71+0.01 0.76+0.01 0.78+0.01
Distance downstream from cylinder) ( 1.68+0.03 1.7740.05 1.92+0.05 - -
Maximum head angle (degrees) 16.53+0.54 14.74+0.49 16.76+0.96 12.96+0.40 10.46+0.65
Slip 0.77+0.02 0.82+0.01 0.55+0.02 0.60+0.01 0.93+0.06
Strouhal number 0.24+0.01 0.26+0.01 0.31+0.01 0.32+0.01 0.17+0.01

Values are meansse.m. (N=8 for all treatments except for BW:=5).

L, total body length.

*Not significantly different from the corresponding vortex shedding freque?r.48).

Treatments: smD2.5, 2.5cm diameter cylinder at. 2:%; smD4.5, 2.5cm diameter cylinder at #$; laD4.5, 5cm diameter cylinder at
4.5LsL FS, free stream at 451, BW, bar wake of 5cm diameter cylinder at 452,

trout behind small cylinders, the increase in the snout ankydrodynamic characteristics of the cylinder wake. We found
COM amplitude is greater relative to the posterior half of thehat trout generally match their tail-beat frequency to the
body compared to trout swimming in the free stream (Table 1pxpected vortex shedding frequency for all three downstream
Irrespective of flow velocity, trout behind a small cylindercylinder treatments (see Fig. 5 and Table 1). Trout behind
display larger midbody and tail amplitudés<(0.002, Table 1) cylinders have a body wavelength that is always longer than
than those of trout in the free stream, but have similar snotlhe corresponding wake wavelengtiP<Q.05, N=108;
and COM amplitudes PE0.68, P=0.59, respectively). Table 1). For example, behind the large cylinder the body
Maximum body curvature for trout behind the large cylinderwavelength (41cm) is more than twice as long as the wake
is not statistically different from that of trout swimming in the wavelength (20 cm; Figs 2, 5). Body wavelength differs among
free stream F=0.054, Fig. 6), though the absolute radius oftrout behind the large and small cylindeP<(.001,N=108)
curvature is larger. Compared to trout swimming with activebut not between the two small cylinder treatmets0(19,
undulatory propulsion in the free stream, the location oN=108, Fig.2), reflecting the relationships in wake
maximum curvature is closer to the head for trout holdingvavelength. There is a larger difference between the body and
station behind cylindersP&0.05, N=108). Trout behind the wake wavelengths for trout behind the large cylinder treatment
large cylinder at high flow and the small cylinder at low flowthan for trout behind the small cylinder treatments.
have larger head angles than free stream swimming tro@omparisons among the three downstream cylinder treatments
(P<0.001, Fig. 7). reveal that trout do not match their body wave speed to the
Traditional metrics of fish swimming efficiency further speed at which they encounter shed vortices.

illustrate how swimming behind a cylinder differs from Regardless of flow speed, trout behind the small cylinder
swimming in the free stream. Trout behind the large cylindehave body amplitudes that are not statistically different from
have a lower slip value, resulting from a higher body waveach otherf>0.37,N=108, Fig. 6A), indicating that shedding
speed, than trout swimming in the free stream alL 45 frequency does not affect body amplitude. These body
(P=0.001,N=108, Fig. 8A). By contrast, the body wave speedsamplitudes behind the small cylinders are, in turn, much
for trout behind the small cylinders are lower than that for trousmaller than that of trout behind the large cylind&+@.001,
swimming in the free stream, resulting in higher slip valuedN=108). The amplitude of the snout, COM and midbody are
(P=0.001,N=108, Fig. 8A). The Strouhal number for trout similar for trout behind the large cylinder, while the tail-beat
holding station behind a large cylinder is not statisticallyamplitude is about twice this magnitude. Trout subjected to the
different from that of a trout swimming in the free stream. Insmall cylinder treatments have snout amplitudes that are
comparison, trout holding station behind small cylinders havsimilar to the COM amplitude, but much larger midbody and
much lower Strouhal numbers (Fig. 8B). the tail-tip amplitudes @and 1&, respectively), resulting in

a steeper amplitude envelope than seen in trout swimming

Locomotor kinematics behind different cylinder treatments pehind the large cylinder.

Trout alter their axial swimming kinematics to reflect the The degree and location of body bending depends on the size
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Fig. 8. Slip (A) and Strouhal number (B) for all five experimental
treatments. (A) A low slip value, such as that for fish displaying the
Karméan gait behind the large cylinder, indicate that the body wave
velocity is relatively greater than the swimming velocity of the fish.
For the slip values shown here, swimming velocities were taken as
the free stream velocity and not the reduced velocity behind the
cylinder. A high slip value for trout swimming in the bow wake
suggests a high mechanical swimming efficiency. (B) Strouhal
number for trout swimming behind the large cylinder is not
statistically different from the Strouhal number for free stream
swimming fish. Strouhal number is significantly lower for fish
swimming in the bow wake. See Discussion for the appropriateness
of measuring slip and Strouhal number for fish swimming behind
and in front of cylinders.

and strength of the shed vortices and not on the frequency

vortex shedding. Maximum curvature along the body of thérom that of trout behind the small cylinder at high flow
trout does not track cylinder diameter or flow speedFig. 6B), butis higher than for trout behind the small cylinder
individually; only a combination of the two causes larger bodyat low flow (<0.05,N=108, Fig. 6B,C; Table 2). Likewise,
curvatures. For example, the maximum body curvature fathe maximum body curvatures for trout behind the small
trout behind the large cylinder is not significantly differentcylinder treatments at two different flow speeds are not

Fig. 7. (A) Distance from the tip of the snout to the downstream edg
of the D-cylinder for the three downstream cylinder treatments. Fist
are located furthest downstream from the laD4.5 treatment, followe
by the smD4.5 and smD2.5 treatments. (B) Mean maximum hee
angle relative to the axis of free stream flow. Head angles are high
for trout behind cylinders than for trout swimming in the free strean
and the bow wake. Head angles are not statistically different betwe
the cylinder treatments that have the same vortex shedding frequer
but different wavelengths (smD2.5 and laD4.5), and are differer
between the treatments that have different shedding frequencies t
the same wavelength (smD2.5 and smD4.5).
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Table 2.Results from a two-way ANOVA of the effects of individual and treatment on swimming kinematic variables

Individual
Individual Treatment x treatment Summary of pairwise
Variable (6,80) (3,18) (18,80) Bonferroni—Dupost-hogorobability matrix
Tail-beat frequency (Hz) 6.7** 317.9** 4.7%* FS>smD4.5>smD2.5=laD4.5
Body wavelengthl() 0.8 77.5%* 1.3 laD4.5>smD2.5=smD4.5>FS
Snout amplitudeL() 1.6 198.4** 1.4 laD4.5>smD2.5=smD4.5=FS
COM amplitude k) 1.3 178.0** 1.8 laD4.5>smD2.5=smD4.5=FS
50%L amplitude L) 2.2 192.7** 1.9 laD4.5>smD2.5=smD4.5>FS
Tail-beat amplitudel() 3.6* 261.9** 1.3 laD4.5>smD4.5>smD2.5>FS
Max. body curvature (L) 2.4 5.8* 0.8 laD4.5>smD2.5, smD2.5=smD4.5=FS,
smD4.5=laD4.5
Location of max. curvature.} 5.2** 5.3* 1.0 FS>smD2.5=smD4.5>laD4.5
Distance downstream from cylinder) ( 7.9%* 1.3 5.6** -
(6,60) 2,22y (12,60)
Maximum head angle (degrees) 5.1** 5.2* 1.8 smD2.5=smD4.5=laD4.5>FS, smD4.5=FS

Data are from 7 individuals (3—4 cycles per individual for each treatment). To increase statistical power in the analysegreérdo
cylinder treatments, bow wake data were excluded.

Table entries arE-values, with degrees of freedom in parentheses in the column heading.

*Significant atP<0.05 or **P< 0.005, using the sequential Bonferroni method (Rice, 1989).

TDegrees of freedom for downstream cylinder distances.

Treatments: smD2.5, 2.5¢cm diameter cylinder at.2:3; smD4.5, 2.5cm diameter cylinder at B§1; laD4.5, 5¢cm diameter cylinder at
4.5LsL FS, free stream at 4.5 L.

statistically different P<0.05, N=108, Fig. 6B,C; Table 2). This generates a low slip value for trout behind the large
Thus, when flow speed is held constant, trout behind the largglinder (Fig. 8). Strouhal numbers for all high flow
cylinder do not bend their body to a greater degree than trotreatments, with the exception of the bow wake, fall within the
behind the small cylinder; the only difference is that troutange 0.25-0.35.
behind the large cylinder use more of the body to participate
in the curvature. Of the three downstream cylinder treatments, Locomotor kinematics in the bow walersusfree stream
maximum body curvature is closest to the tail for trout behind Only certain kinematic parameters differ between trout
the small cylinder, high flow treatment, and closest to the heaxlvimming in front of a cylinder and trout swimming in the free
for trout behind the large cylindeP€0.05,N=108, Fig. 6C). stream after Bonferroni adjustment. Trout in the bow wake
Longitudinal position of maximum body curvature does nothave a much lower tail-beat frequency than trout swimming in
vary with flow speed, as shown by comparing the values frorthe free streamP<0.0001,N=79, Fig. 5A). Although trout in
the two small cylinder treatments. Thus, the degree dhe bow wake (Figs 4, 6) have body amplitudes that are not
maximum body curvature depends on the size and strength different than trout swimming in the free stream after
the vortices generated by the combination of cylinder diametdonferroni adjustment, they have lower tail-beat amplitudes
and flow speed, while the location of maximum curvaturgP<0.05, N=79) prior to Bonferroni adjustment. Likewise,
depends only on the cylinder diameter. maximum body curvature is significantly loweP<Q.05,
Additional locomotor variables illustrate that trout behindN=79) for fish in the bow wake only prior to Bonferroni
cylinders are reacting to wake parameters. Trout hold staticedjustment. Maximum body curvature is located further
further downstream from the large cylinder treatment thaposteriorly along the body for bow wake fish than for free
the small cylinder treatment at low flowr€0.005, N=81);  stream fish P<0.005, N=79, Fig. 6). Fish swimming in the
however, downstream distances are not different between otheow wake do not have a smaller maximum head angle after
treatmentsi®=0.1157 N=81, Fig. 7A). The two treatments that Bonferroni adjustment. Although body wavelength is not
generate the lowest vortex shedding frequency (smD2.5 argfatistically different between the two treatments, the speed at
laD4.5, Fig. 7B) also elicit the largest head angles (which arehich this wave passes down the body is much lower
not statistically different from each other). Body wave speedP<0.0001,N=79) and more variable for fish swimming in the
increases with the combination of increased cylinder diametérow wake, thus generating a higher slip value (Fig. 7).
and flow velocity, and is not affected by either variableStrouhal number for the bow wake is 0.17, the lowest of all
individually (P=0.001,N=108). Specifically, trout behind the treatments.
large cylinder have a faster body wave than trout behind the
small cylinder at high flow, which in turn have a faster body Principal components analysis
wave than the small cylinder at low flow=0.001,N=108). A principal components analysis on 13 kinematic variables
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for all treatments except the bow wake indicated that PC1 artbe suction region behind cylinders. Instead, they hold station
PC2 accounted for 50% and 18% of the total variation anthr enough away from the cylinder that the net flow they
in the dataset, respectively (Fig.9). The variables mostxperience is always directed downstream. Trout choose not to
responsible for separating out the treatments along PC1 wepesition themselves close to the cylinder (¥because the
body wavelength and body amplitude, while the variables mostverage low-pressure region, which extends less than two
responsible for separating out the treatments along PC2 wed@meters downstream from the cylinder (Gerrard, 1966), is
tail-beat frequency, body wave speed, and location oftrong enough to draw them into contact with the cylinder and
minimum amplitude. Performing a MANOVA on these scoreshereby disrupt their station holding behavior. The distance
indicated a highly significant difference among the treatmenthere trout hold station behind the large cylinder coincides
means (Wilks’ lambdaF=23.94, P=0.004). Post-hoctests  with the region in which the Karman vortices are fully formed;
indicate that for PC1 all treatment means were differenlepending on the Reynolds number, this is 3-5 cylinder
(P<0.05, N=108) except between the two small cylinderdiameters or 1.5-215 downstream of the cylinder (Weihs,
treatments (Fig. 9). For PC2, all treatment means wer&973; Zdravkovich, 1997; Fish, 1999). Our data show a
different (P<0.005,N=108) except between the small cylinder tendency for trout to hold station further downstream as
and large cylinder at high flow speed. cylinder diameter and flow speed increase (Fig. 7A).
We propose that the onset of the K&rman gait coincides with
. , the hydrodynamic stability and strength of the cylinder wake.
Discussion By using long, fine-diameter flow straighteners and lddge
A novel gait behind cylinders cylinders, we able to generate a relatively stable vortex street
Trout swimming behind cylinders adopt a unique pattern ofverified by DPIV) at these high Reynolds numbers to observe
axial body motion that we term the Karman gait after Theodorthe Karméan gait. Only within a certain range of flow velocities
von Kéarman, the fluid dynamicist who, in 1912, formally and cylinder sizes do vortices shed periodically and discretely
described the stable street of staggered vortices behimhough to provoke a regular kinematic response. During low
cylinders (see Blevins, 1990). It is generally accepted thdtow, fish avoid swimming behind cylinders, and at high flow
locomotor styles that differ fundamentally in mechanics arg¢6L s1), turbulence displaces fish from the wake, as revealed
distinguished as different gaits. Our criteria for naming thidvy sudden, high amplitude lateral excursions of the whole
behavior a gait are based on previous definitions and ideas body. Although we confirmed the periodicity of the shed
animal movement through fluids (Blake, 1983; Alexanderyortices with DPIV, at the Reynolds numbers of our
1989; Rayner, 1995; Webb, 1998b; Tobalske, 2000). Wexperiment the three-dimensional cylinder wake is still subject
believe that the kinematic differences between the Karmén gdit turbulence, axial flow and braid vortices (Blevins, 1990).
and free stream swimming are at least as dramatic as thodée attribute interruptions during the otherwise steady Karméan
separating classical terrestrial gaits (Alexander, 1989). Wagait to corrective, stabilizing movements used to compensate
propose that trout adopting the Karméan gait reduce locomotdor these flow irregularities. Preliminary results from a cleaner,
costs by altering their body kinematics to capture energy froomore stable wake generated by an automated, heaving cylinder
the low-pressure, high-vorticity regions in the cylinder wake.verify that trout adopt a Karman gait for longer periods with
Previous studies using smaller cylinders (Sutterlin andewer corrective motions.
Waddy, 1975; Webb, 1998a) found that fish entrain (hold
station using upstream flow) with their head just behind and td<arman gait kinematics: evidence and implications of tuning
one side of a cylinder. In addition to several biotic factors The hypothesis that fish are swimming behind cylinders only
(Webb, 1998a), entraining may depend on the ratio of cylindeo take advantage of the reduced flow velocity (i.e. drafting) is
diameter to fish length, which at 1:12 (Sutterlin and Waddynot supported. On the contrary, the distinctive and consistent
1975) is much smaller than for the large cylinder treatment ioshanges in axial body kinematics among different cylinder
this study (1:2). The proximity of the body to the cylinder intreatments supports the hypothesis that trout can tune their
these earlier studies (Sutterlin and Waddy, 1975; Webb, 1998syvimming kinematics to capture energy from vortices shed
indicates that fish were taking advantage of actual upstreafrom cylinders. The body wave speed of trout behind small
flow in the low-pressure region directly behind the cylindercylinders is lower than the body wave speed for similar sized
(Vogel, 1994; zZdravkovich, 1997). In addition, the proximity trout swimming at the equivalent free stream speed (Webb et
of the fish to the cylinder can disrupt the vortex sheddingl., 1984), indicating that trout are not producing thrust in the
frequency and may be responsible for the aperiodic bodyame manner as when they swim in the free stream. The
movements observed. Station holding strategies may alstramatic differences in the Karméan gait as compared to trout
differ with species. Trout in this study position themselveswimming in the free stream at 4.5 probably reflect
further downstream from a cylinder compared to river chuldifferent mechanisms of locomotion. Since the flow velocity
and smallmouth bass, despite a similar cylinder diameter to fisgkehind the large cylinder is much lower than the free stream
length ratio (1:4) and swimming speed (3.544s55; Webb,  velocity, it can be argued that a more legitimate comparison
1998a). would be between the kinematics of the Karman gait behind
Given our experimental conditions, trout do not entrain irthe large cylinder and the kinematics of trout swimming at an
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unobstructed flow equivalent to the reduced flow behind theondition. In contrast to the wake wavelength, the shedding
large cylinder. Though we did not measure the tail-beafrequency, or the speed at which trout encounter vortices, has
frequency and body wavelength of trout swimming at a freéess of an effect on how trout shape their body into waves.
stream velocity of 2.Z s, values taken from similarly sized What shedding frequency does dictate is the location of
trout at a similar flow velocity (approx. 4.5Hz and .97 maximum body curvature, revealing that fish are not only

respectively; Webb et al., 1984) are significantly higher andonforming their bodies to interact with the shed vortices, but

shorter than trout exhibiting the K&rmén gait behind the largéhat they do so in a consistent way despite encountering
cylinder. differences in vortex size and strength.

As mentioned above, the ratio of fish length to cylinder Wake parameters differ in every respect between the small
diameter is probably a key factor in determining the ability ofand large cylinder at high flow and yet trout show similar
fish to use the Karman gait. Certain cylinder diameters wilimaximum body curvatures when swimming behind them.
prevent fish of a given length from conforming their bodies td/Vhile body curvature may reflect the degree of body bending
the size and spacing of vortices in the Karman street. Contragyound large vortices shed from the large cylinder, the same
to one of our predictions, fish do not alter their bodymagnitude of curvature for fish behind the small cylinder
wavelength to match the wake wavelength prescribed by theeatment may reflect a shift in station holding strategy to
cylinder. Why do trout consistently adopt a longer bodyinclude active propulsion in addition to tuning. In support of
wavelength than the wavelength dictated by the spacing of thikis, maximum body curvature in trout swimming behind a
vortices, and why does this relationship change with cylindesmall cylinder at high flow is no different from that of trout
size? One explanation is that during the Karman gait, trolswimming with undulatory propulsion in the free stream at the
position their head differently relative to a vortex than theirsame speed. For trout swimming behind small cylinders, more
tail. For example, by positioning the head to intercept a vortegf the body moves laterally and by a greater factor relative to
and the tail to slalom around it, a trout will have a longer bodyhe center of mass than trout behind the large cylinder. The
wavelength than the cylinder wavelength despite interactingteeper amplitude envelope and larger relative midbody
with each vortex in a consistent manner. Therefore, eveamplitude for trout behind the small cylinder treatments
though the wavelength along the body does not exactly matcuggest that either body amplitude reflects a hydrodynamic
the wake wavelength for each of the three respectiveelationship particular to shorter wake wavelengths, or that
downstream cylinder treatments, the body wavelengths fdhere is a degree of active undulation that is not present for
trout subjected to the small cylinder treatments are still morgout swimming behind the large cylinder.
similar to each other than either is to the wake wavelength Head angles track vortex shedding frequency, further
behind the large cylinder. Since it is likely that trout utilize supporting the idea that body kinematics reflect interaction
vortices by maintaining the body at an angle of attack relativevith vortices and not just undulatory propulsion through the
to the localized region of vortical flow, then as vortex diametereduced flow behind a cylinder (Fig. 7B). Fish subjected to
increases, body wavelength may increase to insure thiseatments with the same shedding frequency adopt similar



head angles, suggesting that buffeting of the he
the vortices, combined with active contractior
anterior axial muscles, may be what determine
position of the head in the current. Alternativ
head angle may result from an entirely pas
motion generated by the buffeting effect of
vortices.

Our calculations of slip (Lighthill, 1975) for trc
behind cylinders are likely to be an overestime
because we considered swimming velc
equivalent to the nominal velocity), rather tha
the reduced velocity behind the cylinder. If sli|
calculated by substituting the appropriate red
velocity value behind a cylinder for fish swimm
speed, then slip values for fish behind all cylin
are about half those of free stream swimming
Slip values may not be a useful metric of efficie
for fish swimming in perturbed environments si
the proportion of the body wave that generates t
propulsively is unknown. Thus, the faster body w
in trout behind cylinders may indicate vortex ent
capture and wake buffeting rather than e
propulsion. If trout are holding station behind
large cylindervia some mechanism of vortic
control, they may be experiencing enhar
locomotory performance compared to ti
swimming in the free stream (Anderson, 1¢
Triantafyllou et al., 2000).

Hypothesized mechanism of the Karman gai
Our results, which clarify the relationsl
between body kinematics and hydrodyne
parameters, lead us to propose that axial mt
may be largely inactive during the Karméan ¢
especially behind the large cylinder. By w
mechanism can a fish hold station or move upst
entirely passively if there is no net flow upstre:
Drawing on a nautical analogy, we hypothesize
trout use their body like a sail to tack upstream
changing the camber and angle of attack of the
to establish a differential pressure gradient (usin
low pressure region of each oncoming vortex),
possible to generate a net circulation arounc
body that, on average, keeps a component of ti
force directed upstream (Fig. 10). Thus, a
component of the Karman gait may consist
passive, lift-based mechanism that relies on
interaction of a body with the high velocity regi
of shed vortices, similar to the mechanism of tt
production in foils oscillating in a vortex str
(Streitlien and Triantafyllou, 1996).

Although not quantified in this study, it is poss
that by positioning the body at a high angle of af
relative to the incident flow the lift force genere
will direct the fish upstream as well as later:
thereby causing the fish to hold position relativ
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= |ncidentflow ——. Resutant force
Lift force —— Thrug componentof resutant force
Dragforce Lateral componentof resutant force

Fig. 10. Schematic of the hypothesized hydrodynamic mechanism of the
Karman gait. A low-pressure, counterclockwise vortex (red circle) is shed
from the cylinder and approaches the head of the trout (A), causing the
incident flow (gray arrow) to be directed at an angle to the body (simplified as
the wide, dark gray line). The region of reduced flow behind the cylinder is
illustrated by the sinusoidal light gray lines. The relatively large angle of
attack of the body produces a lift force (light green arrow) normal to the path
of the incident flow and a drag force (olive arrow) parallel to the flow.
The resultant force (green arrow) can be decomposed into a forward
component (purple arrow) and a lateral component (lavender arrow). At a
small angle of attack (B), such as when a vortex is directly to the side of the
body, the lift force causes the fish to only move laterally, since the thrust
component of the lift force is zero (purple dot). A clockwise vortex (blue
circle) is forming on the opposite side of the cylinder. The shed clockwise
vortex is now just upstream of the trout in (C), and the counterclockwise
vortex has drifted past the body of the trout. Force vectors are similar to that in
A, only opposite in direction. Due to vorticity decay, the upstream vortex has a
lower pressure than the downstream vortex, which may facilitate station
holding.
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the cylinder instead of drifting downstream (Fig. 10A). promises to shed light on biomechanical questions regarding
However, at times the incident flow may be parallel to the bodgtability and control of aquatic animals, as well as stimulate
(Fig. 10B). At this moment, the resultant lift vector can onlypractical applications for fisheries management. While the
be resolved into a lateral force, and the fish translates sidewagsneral tendency of salmonids to reduce locomotory costs by
but does not generate thrust. Over the course of one Karmérploiting flow refugia has been shown in the field (Puckett
gait cycle, on average, the angle of attack of the body shoulthd Dill, 1985; Heggenes, 1988; McMahon and Gordon, 1989;
generate enough thrust to overcome drag, allowing the fish fausch, 1993), the results of this paper detail the ability of trout
hold station while exhibiting large lateral oscillations of theto hold station by (1) adopting a novel gait to utilize the vortex
body. Postural changes of the body such as these probalsfyeet behind a cylinder and (2) swimming in the bow wake in
generate ‘trimming’ forces that stabilize the body in thefront of a cylinder.
presence of hydrodynamic perturbations (Webb, 2002). Ongoing investigations using electromyography, DPIV and
An additional mechanism may contribute to the ability ofoscillating hydrofoils should clarify the neuromuscular and
trout to hold station using the Karman gait. Since vorticityhydrodynamic basis of the Karméan gait, enabling us to better
decays abruptly with distance from its source in turbulenaddress the mechanisms by which fish can make use of
systems (Glezer and Coles, 1990), the low-pressure region loydrodynamic perturbations created by inanimate objects in
a vortex returns to ambient as it drifts downstream. A troutmoving flow or by schooling fish. Current projects and key
positioning its head near an oncoming low-pressure vortex arfdture questions include the following.
its tail near a passing vortex (which has a relatively higher (1) What is the pattern of myotomal muscle activation
pressure) would be continuously drawn upstream relative to ttiuring the Karman gait? Electromyograms of trout across

flow, but hold station relative to the cylinder. different cylinder treatments may reveal the proportion of the
Karman gait that reflects wake-specific tuning and the
Bow wake proportion that reflects propulsive undulation in a turbulent

When trout swim in the low velocity, high-pressure regionenvironment. Furthermore, changes in axial muscle activity,
in front of a cylinder, their low tail-beat frequency, body waveand hence body stiffness, may be expected to occur as wake
speed and posterior body curvature suggest they are using therameters are altered. Energetics studies may show that trout
least amount of energy of all the treatments (Figs 5, 6). At thewimming in predictably perturbed environments benefit when
behavioral level, once fish discover the bow wake they do nainditions favor energy capture from vorticity.
leave, choosing to return immediately to the front rather than (2) Precisely what are the spatial and temporal relationships
behind the cylinder if displaced. A similar phenomenon is seeaf the fish to the vortices during the Karmén gait? Does the
in dolphins riding in the bow wake of ships (Scholander, 195%0dy pass through the vortex cores or does it slalom around
Fejer, 1960; Bose and Lien, 1990). Slip values for bow wakeach vortex? Simultaneous visualization of body kinematics
fish indicate the highest mechanical efficiencies of all otheand flow behind the cylinder using DPIV will allow us to test
treatments; however, since the flow velocity near the tail is ndghe hypothesis presented in Fig. 10.
the same as along the anterior region of the body, calculating (3) What are the roles of other fins, particularly the pectoral
slip overestimates the forward swimming velocity of the fishfins, in effecting corrective movements? We have observed the
In addition, we do not know what portion of the tail-beatpectoral fins to be constantly active during the Karméan gait,
amplitude and frequency reflects propulsive thrust generatioand believe they play a key role in station holding and resisting
Strouhal number is lowest for fish swimming in the bow wakepassive upstream movement in the suction region directly
indicating a suboptimal swimming efficiency for what seemsbehind a cylinder.
to be the most economical kinematic behavior of all the (4) How do fish alter their kinematics when swimming in
treatments. Since highly efficient swimmers have Strouhabther vortex wakes? For instance, will fish tune when not given
numbers between 0.25-0.30 (Triantafyllou et al., 2000), ththe option to draft? By adjusting the heave and pitch of an
low value for bow wake fish (0.17) illustrates another uniqueutomated, oscillating foil, it may be possible to align vortices
mechanism of station-holding separate from the Karman gaiinto a linear yersusstaggered) array to eliminate the velocity

deficit. Trout that choose to swim in this vortex wake must be
Conclusions and future directions tuning and not drafting, since vorticity is present without a

Our understanding of fish locomotion is dominated byregion of reduced flow. Will fish swim in the drag wake created
detailed studies of steady swimming in homogenoushetween two artificially generated thrust wakes, as proposed
laboratory flow environments. The ubiquity of turbulence infor the hydrodynamic mechanism of fish schooling?
nature provides ample justification for exploring the effects of
hydrodynamic perturbations on fish swimming. Quantitatively We would like to thank Monica Daley, Eliot Drucker, Paul
assessing the reactions of fish to unpredictable hydrodynanmiebb, Ellen Freund, Franz Hover, Jen Nauen and Eric Tytell
perturbations found in the natural environment is not currentljor constructive comments on the manuscript, and Laura
within our grasp. Examining how fish alter their swimmingFarrell for assistance in maintaining fish. We would also like
behavior in response to periodic perturbations in theéo acknowledge Eric Tytell for use of his digitizing program.
laboratory, however, is a productive intermediate step tha&upport was provided by grants-in-aid of research from the
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