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Summary
Basal ray-finned fishes possess a heterocercal tail in ring axis angle and vortex jet angle, rising and holding

which the dorsal lobe containing the extension of the
vertebral column is longer than the ventral lobe. Clarifying
the function of the heterocercal tail has proved elusive
because of the difficulty of measuring the direction of force
produced relative to body position in the aquatic medium.
We measured the direction of force produced by the
heterocercal tail of the white sturgeon Acipenser
transmontanu$ by visualizing flow in the wake of the tail
using digital particle image velocimetry (DPIV) while
simultaneously recording body position and motion using
high-speed video. To quantify tail function, we measured
the vertical body velocity, the body angle and the path
angle of the body from video recordings and the vortex ring
axis angle and vortex jet angle from DPIV recordings of
the wake downstream from the tail. These variables were
measured for sturgeon exhibiting three swimming
behaviors at 1.24_s1, where L is total body length: rising
through the water column, holding vertical position, and
sinking through the water column. For vertical body
velocity, body angle and path angle values, all behaviors
were significantly different from one another. For vortex

behavior were not significantly different from each other,
but both were significantly different from sinking behavior.
During steady horizontal swimming, the sturgeon tail
generates a lift force relative to the path of motion but no
rotational moment because the reaction force passes
through the center of mass. For a rising sturgeon, the tail
does not produce a lift force but causes the tail to rotate
ventrally in relation to the head since the reaction force
passes ventral to the center of mass. While sinking, the
direction of the fluid jet produced by the tail relative to the
path of motion causes a lift force to be created and causes
the tail to rotate dorsally in relation to the head since the
reaction force passes dorsal to the center of mass. These
data provide evidence that sturgeon can actively control the
direction of force produced by their tail while maneuvering
through the water column because the relationship
between vortex jet angle and body angle is not constant.

Key words: locomotion, sturgeon, heterocercal tail, flow
visualization, hydrodynamics,Acipenser transmontanusforce
balance.

Introduction

Most elasmobranchs and basal ray-finned fishes possesstanthat of sharks (Patterson, 1982; Lauder and Liem, 1983;
asymmetrical taill morphology in which the dorsal lobe,Grande and Bemis, 1996), their swimming kinematics have
containing the extension of the vertebral column, is longer thabeen shown to be quite different (Webb, 1986; Long, 1995;

the ventral lobe. Over the last century, studies investigating tHeauder, 2000). Both sharks and actinopterygians, such as
function of this plesiomorphic tail morphology have proposedsturgeon, possess a heterocercal tail, yet studies aimed at
that the movement of the heterocercal tail pushes water posterucidating its function have concentrated almost exclusively
ventrally, generating both thrust and lift (Grove and Newellon the former (Grove and Newell, 1936; Affleck, 1950;
1936; Affleck, 1950; Alexander, 1965; Simons, 1970; OlsonBainbridge, 1961; Alexander, 1965; Aleev, 1969; Simons,
1971; Ferry and Lauder, 1996). This classical model 0l970; Thomson, 1976; Ferry and Lauder, 1996). Despite the
heterocercal tail function asserts that the postero-ventralfiact that one of the major trends in the evolution of Osteichthyes
directed force is generated by the stiffer upper lobe leading the the origin of the homocercal tail from the plesiomorphic
lower lobe during the oscillatory cycle. Most recently, Ferry ancheterocercal condition, only a few researchers have examined
Lauder (1996) used three-dimensional kinematics and dy¢he function of the heterocercal tail in basal actinopterygians
streams to confirm that the heterocercal tail of a freely swimminAlexander, 1966; Aleev, 1969; Lauder, 2000). The few studies
leopard sharkT(riakis semifasciafgproduces lift when the body that have experimentally determined the function of the
is moving horizontally at a steady vertical position. heterocercal tail in sturgeon have produced conflicting results
Although the body form of sturgeon is superficially similarindicating that the sturgeon tail both does produce lift
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(Alexander, 1966; Aleev, 1969) and does not produce liffransmontanusRichardson) from commercial dealers in
(Lauder, 2000). These experiments involved the use of severadrthern California. Sturgeon were individually housed in 201
sturgeon tails, wooden models and three-dimensional kinematigjuaria maintained at 20+1 °C and fed commercial fish pellets
analyses, all relatively indirect approaches for measuring thsvice a week. Five sturgeon (25-31cm total body length,
direction of force produced by the tail of a sturgeon swimmingvere selected from among 13 for their ability to swim steadily
steadily forwards in the horizontal plane. No functional analysign a flow tank. Sturgeon were trained to hold speed in a flow
has yet been attempted by directly measuring the orientation t&fnk a few days prior to experimentation.
force produced by the tail in a freely swimming sturgeon.
In addition, since fishes reside in a three-dimensional Digital particle image velocimetry and high-speed video
environment and commonly maneuver vertically in the water recording
column (e.g. Hughes and Kelly, 1996; Webb et al., 1996; Digital particle image velocimetry (DPIV) was employed to
Gerstner, 1999; Wilga and Lauder, 1999), investigations thajuantify the hydrodynamic characteristics of the wake
look only at horizontal swimming may fail to document theproduced by sturgeon swimming at two speedsl. &2 and
potential diversity of heterocercal tail function. There isano 2.0Ls™L. Although analyses of the wake were carried out for
priori reason to assume that the function of the heterocercttie two swimming speeds to document changes in wake
tail during horizontal locomotion is maintained when fisheamorphology as a function of speed, this paper will focus on
rise or sink through the water column. data obtained for sturgeon swimming at 11s2!. Sturgeon
In this study, we examine the function of the heterocercal ta8wim and maneuver readily at this speed, which is well within
of a plesiomorphic ray-finned fish, the white sturgefaripenser  the range of speeds exhibited during locomotion, and the use
transmontanus by measuring the direction of force producedof this speed allows for comparisons with previous studies of
by the tail over a range of natural swimming behaviors. In theectoral fin function (Wilga and Lauder, 1999). In addition, we
past, force balance diagrams have been challenging to constrémind that wake structure is more amenable to force balance
for freely swimming fishes because it is difficult to quantify theanalysis at 1.2 s™1 than at 2.0. s™! because of the shedding of
mean direction of force produced by the tail and, consequentlgjscrete vortex rings.
the direction of the associated reaction force. For example, to A 6001 freshwater recirculating flow tank (working section
determine whether the tail generates a reaction force direct@® cmx28 cnmx80 cm) maintained at 20+2 °C was seeded with
through the center of mass during locomotion, the direction dd g of near-neutrally buoyant silver-coated glass spheres (mean
the mean vortex jet force generated by the tail must be estimatetiameter 121m, density 1.3gcn$), which in turn were
and the center of mass and the angle of the body relative ituminated by a light sheet (10 ef@ cnx0.1 cm) created by a
the horizontal must be determined. Digital particle imageCoherent 5W argon/ion laser as in previous studies (Drucker
velocimetry (DPIV) is a technique that enables directand Lauder, 1999, 2000; Wilga and Lauder, 1999, 2000;
measurement of the wake produced by the fins of freelizauder, 2000). The light sheet was oriented in both the vertical
swimming fish (Miller et al., 1997; Drucker and Lauder, 1999and horizontal planes during separate experiments using a
Lauder, 2000). In previous DPIV analyses of the wake of th&ont-surface mirror to describe the wake (see Discussion in
homocercal tail in teleost fishes (Mdiller et al., 1997; Wolfgandrucker and Lauder, 1999, 2000; Wilga and Lauder, 1999;
et al., 1999; Muller et al., 2000), the nature of the vortex rind.auder, 2000). Orthogonal orientations of the light sheet
structure of the wake has been demonstrated and quantifiedallowed for three-dimensional analysis and subsequent
the horizontal plane. Because we were interested in the role @fconstruction of the wake although, for the purposes of
the tail during holding and vertical maneuvering, and sinceneasuring the direction of lift forces in this study, we found it
sturgeon swim with the body at a significant angle to theéecessary to analyze data from the vertical light sheet only.
horizontal plane (Wilga and Lauder, 1999), we focused outateral forces that arise from tail beats are measured using a
analysis of the wake on the vertical plane. horizontal light sheet, but these forces cancel during steady
The specific goals of this study were to apply DPIV to thehorizontal locomotion (e.g. Muller et al., 1997; Wolfgang et
wake behind freely swimming sturgeon (i) to determine thel., 1999). In contrast, vertical forces generated by the tail are
direction of the force produced by the tail (and hence theot necessarily symmetrical about the horizontal plane and
direction of the reaction force) during steady horizontaheed to be directly measured to determine whether tail function
swimming, (ii) to compare tail function during horizontal is asymmetrical, taking into account that fish may swim with
swimming with that during vertical maneuvering (rising, their body at a significant angle to the flow (Videler, 1993;
sinking), and (iii) to propose a new lift force and rotationalLauder, 2000). We used data from the horizontal light sheet as
balance diagram for sturgeon by integrating reaction force datm adjunct to our more detailed analysis of the vertical light
on the tail with previous data from the pectoral fins. sheet data to confirm that the toroidal structure of the vortex
rings produced by the tail during locomotion is similar to that
) described for fishes with homocercal tails (Muller et al., 1997,
Materials and methods 2000; Wolfgang et al., 1999; Lauder, 2000).
Animals DPIV software allowed us to reconstruct the orientation of
We obtained juvenile white sturgeon Adfpenser the vortex rings shed by the tail. Two-frame cross-correlation
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Fig. 1. Synchronized views from two high-speed video cameras illustrating lateral views of a stdapenser transmontanugxhibiting

steady horizontal locomotion (A) showing the body angle and position relative to the vertical laser sheet (note the dgsitingebielative
to the horizontal flow) and the lateral view of the vertical laser sheet (B) with illuminated tail and particles. The \ngetitddetind the
sturgeon in A is a thin wire probe that was used as a physical and visual stimulus to guide the sturgeon into the mitiole taitthand is
positioned well behind the body of the sturgeon (>12 cm). The white scale bar in the lower left-hand corner of each ineame tepres

analysis yielded a 220 matrix of 400 uniformly distributed a positive vertical displacement while maintaining a steady
velocity vectors (Insight version 3.0 software, TSI Inc., Sthorizontal position. Holding behavior was defined as a
Paul, MN, USA). The resultant two-dimensional velocity swimming sequence in which the fish exhibited no vertical or
vector field, covering an area of approximately &&thcm, horizontal displacement. Sinking behavior occurred when the
was superimposed onto a plot of angular momentum to revebbdy experienced a negative vertical displacement while
the centers of vorticity for each vortex ring. Details of themaintaining a steady horizontal position. Only sequences in
analytical procedures have been presented in previous pape&rsich the tail was beating symmetrically (lateral excursions of
(Drucker and Lauder, 1999, 2000; Wilga and Lauder, 199%qual magnitude) through the light sheet centered in the middle
2000; Lauder, 2000). of the working section of the flow tank were considered for
Two electronically synchronized NAC HSV-500 high- analysis. All sequences for all behaviors analyzed were
speed video cameras filming at 250fram@ssecorded selected on the basis of the criterion that sturgeon matched
images of the swimming sturgeon and the resultant wakeeir speed with the flow and thus held their horizontal position
directly downstream from the tail. Camera 1 provided awithout drifting downstream or accelerating upstream. Any
lateral view of the swimming sturgeon to record the bodysequences in which the sturgeon were turning to the right or
angle and path of motion, while camera 2 was positionetkft were excluded.
perpendicular to the light sheet to record the movement of the For rising and sinking behaviors, sequences were selected in
particles in the wake of the oscillating caudal fin (Fig. 1).which the sturgeon were maintaining a constant body angle
Overlapping the two camera views allowed us to categorizehile half-way through a rising or sinking event (i.e. not at the
the three swimming behaviors and to image the bodpeginning of a rising or sinking event). We did this to quantify
angle while simultaneously capturing images of particlgail function during rising and sinking, but not during the
displacement created by the tail (Fig. 1). This methodransition from one swimming behavior to another. These
enabled us to identify discrete vortex rings being shed by eriteria for choosing video sequences were the same as those
specific tail beat during a particular swimming behavior andised previously for the analysis of pectoral fin function (Wilga
to correlate wake morphology with body orientation andand Lauder, 1999). Considerable natural variation in the three
velocity at the same instant in time. Since the vertical lighswimming behaviors (rising, holding and sinking) provided a
sheet was located in the center of the flow tank, tail beats thaide range of body angles over which to examine wake
intersected the light sheet necessarily occurred well awastructure. This natural range of body angles and maneuvering

from the surrounding walls. velocities was extremely useful in assessing differences in tail
o _ function. Hydrodynamic variables quantified from the wake
Categorizing behaviors (see below) were plotted against this range of body angle

We quantified three swimming behaviors for sturgeon in th@alues, which were distributed across the three types of
flow tank. These behaviors were similar to those observed Hyehaviors. Although we provide mean values for each behavior
Wilga and Lauder (1999): rising through the water columnio summarize the data (see Table 1), it is in fact the variation
maintaining horizontal position in the water column (holdingin body angles and maneuvering velocities that permits the
vertical position) and sinking through the water column. A tailquantitative assessment of caudal fin function as reflected in
beat was assigned to a rising behavior if the body experiencélte graphs and regression analyses (see Figs 4-6). For each of
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five fish, 3-5 trials for each of the three swimming behaviorsturgeon were swimming without rotating dorsally or ventrally,

were analyzed, generating a total of 62 tail-beat trials. all points on the body travel parallel to the trajectory of the
_ center of mass and, hence, the path of motion of the digitized
Variables point will be identical to that of the center of mass. The true

Vertical velocities for rising and sinking behaviors werecenter of mass did not have a natural visual marker and was
calculated by digitizing a fixed point on the body using aexperimentally determinedpost-mortem by iteratively
customized digitizing program at two known times andbalancing sturgeon between right and left side pins.
calculating the vertical distance covered in that time. Position Ring axis angle, defined as the angle between a line
data were unfiltered. Body angle)(was defined as the angle connecting the center of the two counter-rotating vortices of
between the horizontal and a line drawn between the anteritite vortex ring and the horizontal, was measured directly from
base of the insertion of the pectoral fin and the anterior basmalyzed images of the laser light sheet (Figs 2B, 3). Care was
of the anal fin, which corresponds to the ventral surface of th@aken to analyze only vortex rings that were shed immediately
body (Fig. 2A,B). The path of motion of the center of m@3$s ( downstream of the tail (between 1 and 5cm downstream of the
was measured by connecting a line between two poindistal tip of the dorsal lobe) and to match individual body and
digitized on the same part of the body (the anterior base of thgydrodynamic variables with the corresponding tail beat. Mean
pectoral fin) at two different times (200 ms apart). The anglget angle §) was calculated directly from the velocity vector
of this line was then measured relative to the horizontdield by averaging 8-12 high-velocity vectors located in the
(Fig. 2A,B). The difference between the body angle and theenter of a vortex ring (Fig. 3).
path of motion of the center of mass is therefore the geometric
angle of attack. Because we selected sequences in which Statistical tests

A two-way, mixed-model analysis of variance (ANOVA) was
conducted treating individual as the random effect and behavior
A as the fixed effect. A Bonferroni-Dunpost-hoc test was
performed to determine whether differences among behaviors
were significant aP<0.01. TheF-value for the fixed effect of
behavior was calculated as the mean square of the behavioral
(fixed) effect divided by the two-way interaction term of the
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Fig. 2. (A) Diagram showing the four variables measured relative t
horizontal: body anglea(), path of motion angleBj depicted below
the sturgeon for clarityring axis angley) and mean jet angled)
Angle measurements are illustrated by the curved, solid lines. Tt
dashed line represents the path of motion of the sturgeon. The path
motion and the body angle need not be the same and were measu -0.018 0 0.018

separatgly. The (_10tted Iir?e con_nect_s the centers_ of two vortice's in Vorticity (rad s1)

vortex ring to define the ring axis, with the gray circle representing .

counterclockwise center of vorticity and the white circle representinfFig. 3. Analyzed section of the vertical laser sheet in which black
a clockwise center of vorticity. Mean jet flow is shown as a dotte@rrows represent a velocity vector field plotted over vorticity
arrow. Fora, B andy, any value above horizontal is considered (magnitude and direction are represented in color). A jet of relatively
positive and any value below horizontal is considered negative (Bstrong flow, shown by the larger velocity vectors, passes between
For example, in this schematic diagramijs +15° andp is +10°, two counter-rotating vortices, where red represents a region of
while & is —15°. Ring axis angle was measured out of 360 °, suclcounterclockwise vorticity and blue represents a region of clockwise
thatyis +130°. vorticity. The green area indicates regions of zero vorticity.
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Table 1.Summary statistics of DPIV variablesAgipenser transmontandsiring three behaviors while swimming at L.

Variable Holding Rising Sinking P-value BD

Vertical body velocity (cm3) 0.02t1.1 4119 -5.4+1.4 <0.001* R>H>S
Body angleg (degrees) 741.9 13.¢1.9 -5.53.5 <0.001* R>H>S
Path of motion anglé3 (degrees) 141.6 7.83.0 -9.2¢2.2 <0.001* R>H>S
Ring axis angley (degrees) 113£8.1 121.86.6 80.411.2 <0.001* H=R>S
Jet angled (degrees) —6.4+2.2 -6.5¢2.4 0.615 <0.005* H=R>S

*Significant at the Bonferroni-corrected two-way ANO\PAvalue of 0.01. Bonferroni—Dunn (BD) results: H, holding; R, rising; S, sinking.
L, total body length.
Values are meansst.M. (N=5).

random (individual) effect and the fixed effect. Results werdmeans *s.e.m., N=5) during sinking behaviors, which is a
Bonferroni-corrected for the five separate ANOVASs performedtrend in accord with previous experiments (Wilga and Lauder,
Statistical tests were performed using Statview (version 4.5) fd999). Body angle is not an acceptable surrogate for swimming
the Macintosh or calculated from Zar (1999). trajectory, since the values for body angle during the three
Model | least-squares linear regression analyses weltwehaviors did not coincide with the values obtained for the
performed for the following pairs of dependent andpath of motion angle (Table 1). For example, during holding
independent variables, respectively: ring axis anglesus behavior, the mean path of motion (1.1 °) was not significantly
body angle, jet angleersusring axis angle, jet angleersus different from zero (horizontal), while the body was held at a
body angle and jet angleersuspath angle. The slopes from mean angle of 7.4 °. Vertical displacement of the body during
these experimental data were tested for significance and thasing was of similar and opposite magnitude to that found for
compared statistically with the slope of the relationshipsinking, while very little vertical displacement occurred during
expected (under our measurement conventions) if vortex rinigolding behaviors.
jets were shed perpendicular to the vortex ring axis (expected Imaging the wake with vertical and horizontal light sheets
slope 1) or if the vortex jet were parallel to the body axigeveals that after each tail beat a discrete vortex ring is shed
(expected slopel). with a jet of high-velocity flow through its center (Fig. 3). As
body angle increased, ring axis angle increased (Fig. 4),
maintaining a relationship that was significantly greater than
Results 90° and significantly different from zero (slope of regression
Body angle and wake variables 1.30). However, the mean angle of the fluid jet through the
Quantitative values for body and wake variables grouped bgenter of the vortex ring decreased as ring axis angle increased
behavior are summarized in Table 1. Sturgeon adopt a positiyslope of regressior0.12) with a slope significantly greater
body angle during rising and holding behaviors (13.6£1.9° anthan 90° and significantly different from zero (Fig. 5).
7.4+£1.9°, respectively) and a negative body angle5+3.5°)  Therefore, the mean jet angle is closer to horizontal than one
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Body angle, o (degrees) Fig. 5. Plot of jet angled] versusring axis angley). The solid line

is the significant linear regression for 62 data poifts0(0001,
Fig. 4. Plot of ring axis angley) versusbody angle ¢). The solid r=-0.62. The dashed line represents a perpendicular (90°)
line is the significant linear regression relationshpg2, P<0.0001, relationship between the fluid jet and the vortex ring axis. The slope
r=+0.66). The dashed line represents a perpendicular (90 of the regression is significantly less negative than the expected line
relationship between ring axis angle and body angle. The slope of tland intersects the expected line, indicating that over a range of ring
regression is significantly greater than 90 °. angles the jet angle is more horizontal than predicted.
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A for each of the three associated behaviors, producing an overall
left-ward shift of the data points.

"~ Five separate Bonferroni-corrected ANOVAS revealed that
10} S there was significant variation in mean vertical body velocity,
body angled), path anglef), ring axis angley] and jet angle
() among the three swimming behaviors (Table 1). Each
behavior was significantly different from the others for body
velocity, body angle o) and path angle3j. While no
significant differences were found for ring axis angle between
rising and holding behaviors, both behaviors were significantly
different from sinking behavior P0.001). Similarly, no
significant differences were found for jet angle between rising
'3920 10 0 10 20 0 and holding behaviors, but the mean jet angle values for both

Body angle, o (degrees) these behaviors Wgre.3|gnlf|can_tly different from the mean jet
angle value for a sinking behavid?<0.005).

20 ¢

Jet angle, & (degrees)

20, B

100 . Discussion
o Vortex wake structure of freely swimming sturgeon
o ® o s o'e, P ° Although our study reveals that vortex rings shed by the
‘i ] heterocercal tail of white sturgeon are qualitatively similar in
10 ° "] . @ morphology to vortex rings shed by the homocercal tail of
e & %0 ° teleost fishes (Videler, 1993; Muller et al., 1997; Wolfgang et
® LA al., 1999; Lauder, 2000), the axes of the vortex rings produced
-20¢ ° *\&80" by sturgeon are more oblique with respect to body angle
v (Figs 2, 4) than the vortex rings illustrated in vertical section
0 _*10 6 1*0 2*0 3;0 in the wake of quegiI.I sunfismépomis macrophirt)s(Lauder,
Path angle, [ (degrees) ZOQO). Thg conventions showr? in F|g._2 illustrate how the
' oblique axis of a shed vortex ring describes an obtuse angle
Fig. 6. (A) Plot of jet angled) versusbody angle ¢). The solid line ~ (>90°) with the body angle. The relationship between ring axis
is the significant linear regression for 62 data poifs0(0001, angle ¢) and body anglea( observed for sturgeon does not
r=—0.50. The dashed line represents the 180° relationship that isonform to the perpendicular relationship that might be
expected if the fluid jet produced by the tail were parallel to the bodgxpected if we assumed that fins can be modeled as rigid, plate-
angle. The slope of the regression is significantly less negative thdike control surfaces. For example, a sinking sturgeon with a
the expected line. (B) Plot of jet ang®) versuspath angleff). The  hody angle of-10° exhibits a ring axis angle of 85°, while a
solid _Iing is_the_ Iin_e_ar regre_ssion for 62 data point_s, and the Sloﬂ%ing sturgeon with a body angle of +15° exhibits a ring axis
f(ir this line is significantly different from the 1.80° I|nB<(O.(2001, angle of 120° (Fig. 4). The linear regression of ring axis on
;e_gr.nlk?c; d'\;/'ianngﬁe a\tgﬁgg'?oﬂﬁ %sezv:\;iraspproxumately 4-67less thaBody angle is significantly different from the expected 90°
' relationship P<0.01), suggesting that the tail is not well
modeled as a flat plate. Lauder (2000) has contrasted the
complex kinematics of the heterocercal sturgeon tail with the
would expect had its value changed at the same rate as the rkigematics of the homocercal tail in bluegill sunfish. During
axis angle over the three swimming behaviors. the tail-beat cycle, the extreme flexibility of the posterior end
Vortex jet angle decreases (Fig. 6A) but at a significantlyf the dorsal lobe (resulting from the lack of structural integrity
slower rate (slope of regressiof0.28, P<0.0001) than and intrinsic musculature) causes it to lag behind both the
expected if a parallel (180 °) relationship was observed relativanterior part of the dorsal lobe and the ventral lobe (Lauder,
to body angle. Jet angles are closer to horizontal than or2900). This results in the posterior end of the dorsal lobe
would expect if the value for jet angles and body anglesraveling in the opposite direction to the ventral lobe during
(Fig. 6A) changed at the same rate. The result is that the rangeich of the tail-beat cycle.
of jet angle values is much smaller than the associated rangeThis kinematic pattern may be responsible for generating the
of body angles. When the mean jet ang)eig plotted against inclined vortex rings produced in the wake of a swimming
the mean path anglg3)( as in Fig. 6B, the slope of the sturgeon, where the two centers of vorticity do not lie in a
regression is—0.14, not significantly different from zero direct vertical line with each other such that one center of
(P=0.09) and significantly different from the 180° expectedvorticity is located anterior or posterior to the other (Fig. 3).
relationship P<0.0001). The values for path angle areTilted vortex rings may be created experimentally by using a
approximately 4—6 ° more negative than the body angle valugsston to pulse a slug of fluid through a cylinder and out of the

Jet angle, & (degrees)
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orifice of an inclined nozzle (Webster and Longmire, 1996flow produced by their tail during maneuvering (Fig. 6). For
Lim, 1998). The axes of these vortex rings tend to be slightlgxample, if the relationship between the vortex jet angle and
less inclined than the nozzle angle. By changing the amplitud®dy angle in swimming sturgeon was invariant, then the
and frequency of force-pulsing and altering nozzle geometreffectively equal and opposite magnitudes observed for these
asymmetries in the orientation and the shape of the vortex ringwo variables during holding behavior (Table 1) would be
can be achieved. For instance, the diameter of vortex rings camaintained during rising and sinking behavior. In fact, during
be altered by changing the amount of fluid pulsed through thgsing behavior, the vortex jet angle is the same as during holding
nozzle (Maxworthy, 1977; Webster and Longmire, 1996). Irbehavior, despite the doubling of body angle. Similarly, during
addition, the morphological and behavioral characteristics ddinking, the jet angle is effectively zero while the body angle is
vortex rings change as they progress downstream from thearly 6° below horizontal (Table 1). Sturgeon are capable of
point of shedding. The magnitude of the vortex ring axisaltering tail vortex jet angles by up to 10° and may be actively
inclination increases with downstream distance (Webster arable to control the direction of force produced by their tail.
Longmire, 1996), and the two counter-rotating centers of Dissected and cleared-and-stained specimens show very
vorticity spread apart from each other because of vortelittle musculature associated with the fin rays of the tail
stretching (Lim, 1998). (Lauder, 1989), suggesting that sturgeon may control their tail
In the tilted vortex rings produced by inclined nozzles, theactively by differential contraction of the epaxial and hypaxial
direction of the jet is nearly perpendicular to the ring axisnusculature in the caudal region. Contraction of such body
(Webster and Longmire, 1996), which is inconsistent withmusculature may stiffen regions of the tail or tilt the tail up or
what we have found for biologically tilted vortex rings down, thus altering the angle of the tail surface and hence the
produced by the sturgeon tail. Although the exactangle of the vortex jet.
hydrodynamic mechanism by which sturgeon generate tilted
rings has yet to be investigated, the longer dorsal lobe of the Vertical force balance
heterocercal tail may retain the bound vorticity of the We propose a new vertical force diagram that uses the same
developing vortex ring longer than the shorter ventral lobe andjeneral conventions as those of Wilga and Lauder (1999) but
thus, cause the tilted orientation of the shed vortex ring, mugbrovides more detail now that we have measured the body
like the differential anterior—posterior surface lengths of aangle, path of motion and direction of the reaction force
nozzle cut at an inclined angle. When sturgeon rise in the watproduced by the tail during holding and vertical maneuvering.
column, the dorsal lobe of the tail is oriented more horizontalliVe separated the vertical forces generated by swimming
relative to the oncoming water flow than when they are holdingturgeon into four regions (Fig. 7A); the head and pectoral fins
vertical position. Webster and Longmire (1996) found that th¢Fn+p), which is anterior to the center of mass, the weight of
relative increase in the inclination of the ring axis decreasasbe fish at the center of madsn), the body posterior to the
with nozzle inclination. This may explain why sturgeoncenter of massg) and the tailkr). The red arrows in Fig. 7A
adopting higher body angles (and thus larger tail inclinationsghow the orientations of these vertical forces. The presence of
produce ring axis angles that are relatively smaller than the rireg red circle indicates that a region exhibits no vertical force
axis angles observed for lower body angles. contribution. The reaction forc&g) experienced by the tail is
The phenomenon of biologically tilted rings associated witrequal but opposite in magnitude to the jet angle. The presence
heterocercal tail morphology remains to be documented in other absence of a vertical component of the reaction force at the
basal actinopterygians and sharks. An analysis of a timéail (Ft) in the fish frame of reference is determined by
dependent developmental sequence of a vortex ring as it ég@mparing the direction of the reaction force (Fig. F&)
created and shed by the tail, such as that accomplished th the path of motion of the center of mass (dashed line) and
Drucker and Lauder (1999) for pectoral fins in bluegill sunfishpot with the body angle (solid line).
is needed before we are able to understand the mechanisnThe inclined body angle of a rising sturgeon (+14° above
responsible for establishing vortex ring axis orientation and thieorizontal on average) causes oncoming water to generate an
non-perpendicular relationship between ring axis angle and jefoward force acting on the ventral surface of the body both
angle. Such an analysis will require a three-dimensionanterior and posterior to the center of mass (Fig. 7, rising).
characterization of fluid velocity around the tail. Our data showVilga and Lauder (1999) have shown that the pectoral fins flip
that, instead of the jet flowing perpendicularly through the centarpwards to initiate a lift force at the beginning of a rise by
of the vortex ring, the heterocercal tail of the sturgeon causes thiering the orientation of the head and the anterior region of
jet to be angled more horizontally than expected over a range tife body. During a rise, lift forces are probably generated by
ring axis angles. Work by Lauder (2000) shows that the vortethe pectoral fins, the ventral surface of the head and the ventral
jetin rings shed by the homocercal tail of bluegill sunfish is alssurface of the body posterior to the center of mass (Fig. 7A,
ventrally inclined, suggesting that even in homocercal tails thasing, FH+p). During rising behavior, the tail generates a mean
vortex jet need not be perpendicular to the ring axis. jet of =7 ° below horizontal (Fig. 7A), indicating that there is
Deviation from a consistent relationship between mean jetery little vertical force component (lift) produced by the tail
angle and mean body angle over the three swimming behavigist) because the reaction forder] is effectively in line with
illustrates that sturgeon can actively alter the angle of mean jgte path of motion of the center of mass (8°). Lift forces
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A Vertical force balance B Rotational balance

Rising

Holding Ty

Th+p

Fig. 7. Vertical force balance diagrams (A) and rotational balance diagrams (B) for sturgeon exhibiting three differens:bakiagpr
holding and sinking. Blue arrows represent mean jet flow through the vortex rings shed by the tail, black-and-white chreldseregresent

the center of mass, green lines representXtfeend Y axes for reference, red arrows indicate the presence of vertical forces, purple lines
represent the moment arm, red circles indicate no vertical force contribution, solid black lines represent the body efigle daghed black
lines represent the path of motion of the center of mass and curved black arrows represent the direction of torque baetyaaugipss and
path angles are based on experimental data obtained from thisFiueljs the positive vertical component of the reaction force experienced
by the head and pectoral fins when water impacts the ventral suffade,the downward vertical force due to the weight of the negatively
buoyant sturgeorkg is the upward vertical force component created by water impacting the ventral surface of thexhedpe reaction
force produced by the tail arfér (when present) is the vertical componentFaf During rising behavior, there is rfer becauserr is
effectively in line with the path of motion of the fish. For both holding and sinking behaviamssults fromFgr not being in line with the path

of motion. Torque is given by force (red arrow) multiplied by moment arm (purple line). The tail experiences no torqueottirigg h
behavior because there is no perpendicular force (represented by a red circle) acting on the moment arm since the egaassesfnough
the center of mas3H+p, torque on the head and pectoral fifis; torque on the bodylT, torque on the tailyiln, moment arm on the headg,
moment arm on the bodiyjt, moment arm on the tail.

generated by the positive angle of attack of the ventral body The body of a sturgeon holding vertical position is inclined at
surface anterior and posterior to the center of mass are greader average angle of +7 ° above horizontal, generating lift forces
than the force generated by the weight of the fish)(This  along the body similar to those of a rising sturgeon, but
inequality of vertical forces causes the sturgeon to rise upresumably with less magnitude because of the smaller body
through the water column (Fig. 7A, rising; Table 1). angle (Fig. 7A, holding). However, the mean jet angle produced
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by the tail is—6° on average, producing a reaction force (+6 °)of the center of mass, which lies along the body angle. A
that is not parallel to the path of motion (+1° on average angositive vertical component of the reaction force relative to the
not significantly different from 0°). This results in the path of motion can actually make a negligible contribution to
production of a positive vertical force by the t&t) relative to  the rotational moment of the fish if this force is being directed
the path of motion of the center of mass. Positive lift forceshrough the center of mass. This is seen when a holding
generated by the inclined ventral body surface and tail argturgeon in the vertical force balance column is compared with
balanced by the force due to the weight of the fish, causing tleeholding sturgeon in the rotational balance column: the tail
sturgeon to maintain its vertical position in the water columngenerates a positive vertical force because the angle of the
Electromyography combined with DPIV analysis has shown thakaction force is 5° greater than the path of motion (Fig. 7A,
sturgeon pectoral fins provide negligible lift while holding holding), but this reaction force is in line with the center of
vertical position (Wilga and Lauder, 1999). mass (no rotational moment; Fig. 7B, holding).

During sinking behavior, the dorsal surface of the body is During rising behavior (Fig. 7B, rising), a clockwise torque
negatively inclined €6 ° on average), causing reaction forces(curved black arrow) is generated at the tail of the sturgeon
along the body of the sturgeon to be directed downward@T). The tail experiences a negative vertical force because the
(Fig. 7A, sinking). Body surface forces act in the sameeaction force (+7 °) passes ventral to the center of mass (body
direction as the weight of the fish, causing a high downwardngle +14°). The tail experiences a clockwise tord® (
velocity. This high downward velocity is caused both by theesulting from the vertical force componentFd multiplied
relatively larger lift force produced by the tait) and by the by the moment arniiT, shown as a purple line. Flow coming
larger downward force documented by Wilga and Laudemto contact with the upwardly inclined body generates a
(1999) for the pectoral fins. The tail produces a jet that islockwise torque at the head and pectoral finsf) and a
effectively horizontal in direction (+1° on average). When thecounterclockwise torque at the region of the body posterior to
Fr associated with the mean jet angle is compared with thie center of mas3§). The overall rotation of the body is zero
path of motion of the sinking sturgeor9(° on average), the since sturgeon are observed rising at a constant body angle.
tail experiences a forcé={) directed upwards relative to the Thus, the clockwise rotation produced in the region of the head
path of motion of the center of mass. and pectoral fins and the clockwise rotation produced at the tail

Because vertical forces are either in balance (steadgre balanced by the counterclockwise torque produced by the
horizontal locomotion) or not in balance (rising or sinking), thebody (TH+p+TT=TB).
relationship among the forces along the body changes with During holding behavior (Fig. 7B, holding), there is no torque
behavior. The current vertical force balance diagram foresulting from the tail Tr=0) because the direction of the
holding, rising and sinking sturgeon set forth by Wilga andeaction force (+6 °) is effectively in line with the center of mass
Lauder (1999) assumes that the reaction force experienced py7 °). A clockwise torque is produced by the hebg) put not
the tail passes near the center of mass. This generalizationbig the pectoral fins because the pectoral fins do not produce lift
supported by the data in the present study for sturgeon holdinlyring holding behavior. This clockwise torque must be
vertical position, but not for sturgeon that are rising or sinkingcanceled out by the counterclockwise rotation of the region of

the body posterior to the center of mags),(since sturgeon are
Rotational balance observed to swim at a constant body an@ie=Ts).

Previous research has shown that the pectoral fins of During sinking behavior (Fig. 7B, sinking), there is a
swimming sturgeon produce a vertical force contributioncounterclockwise torque originating at the head and pectoral
during rising or sinking, but not while holding vertical position fins (TH+p), @& clockwise rotation about the posterior end of the
(Wilga and Lauder, 1999). In addition, it is the movement obody (Tg) originating from flow coming into contact with
the pectoral fins that is responsible for initiating rising orthe downwardly inclined dorsal body surface and a
sinking behavior (Wilga and Lauder, 1999) by rotating thecounterclockwise rotation about the tair) resulting from the
body around the center of mass. Therefore, at the beginning wfean tail reaction force (1 °) passing dorsal to the center of mass.
rising or sinking behavior, the body of the sturgeon is not imhe overall rotation of the body is zero since sturgeon were
rotational equilibrium. A lateral view of the left side of the observed sinking at a constant body angle. The counterclockwise
sturgeon (Fig. 7, holding) illustrates that the body must rotateorque produced by the head and pectoral fins and the
clockwise to rise and counterclockwise to sink. Our data ooounterclockwise torque generated by the tail are balanced by
rising or sinking behavior were obtained after the initiation othe clockwise torque produced by the botiy+e+TT=Tg).
rising or sinking so that rotational equilibrium had been
reached and the sturgeon was moving with a constant body Concluding remarks and future directions
angle up or down through the water column. For the rotational Our overall aim in this study was to quantify the direction
balance diagram illustrated in Fig. 7B, the presence (red arrowyf force production by the heterocercal tail of sturgeon in the
or absence (red circle) of a vertical force componentertical plane during both steady horizontal locomotion and
contributing to the moment about the tail is obtained byertical maneuvering. Heterocercal tail function proves to be
comparing the direction of the reaction forcEgr;)( not  more complex than previously thought when examined over a
illustrated in Fig. 7B but shown in Fig. 7A) with the position range of vertical maneuvering behaviors using quantitative
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flow visualization. While both kinematic analysis of the tail of Interrelationships of Fishegd. M. Stiassny, L. Parenti and G. D.
sturgeon swimming horizontally (Lauder, 2000) and force Johnson), pp. 85-115. San Diego: Academic Press.

balance diagrams based on data from sturgeon pectoral fifzgove, A. J. and Newell, G. E(1936). A mechanical investigation
(Wilga and Lauder, 1999) suggest that the tail produces a into the effectual action of the caudal fin of some aquatic chordates.

reaction force that is in line with the center of mass, DPIV AT}”' Mag. Nat'dHiStﬁZ 280-290. hvdrod e model f
analysis of the tail for sturgeon swimming horizontallyHug es, N. F. and Kelly, L. H.(1996). A hydrodynamic model for

indicates that, even though the reaction force passes throu h'aStimating the energetic cost of swimming maneuvers from a
' . 9 . . P . .g description of their geometry and dynami€an. J. Fish. Aquat.
the center of mass during horizontal locomotion, a lift force is Sci.53 2484-2493.

produced, as predicted from data on heterocercal tail functiqyuger, G. v. (1989). Caudal fin locomotion in ray-finned fishes:
in sharks (Ferry and Lauder, 1996). historical and functional analysesm. Zool.29, 85-102.

Although we have proposed a hypothesis for force andauder, G. V. (2000). Function of the caudal fin during locomotion
rotational balance and contributed quantitative information on in fishes: kinematics, flow visualization and evolutionary patterns.
the direction of the tail reaction forces relative to the center of Am. Zool.40, 101-122.
mass and its path of motion, the magnitudes of the forcdsuder, G. V. and Liem, K. F. (1983). The evolution and
generated at various points along the body remain to pe interrelationships of the actinopterygian fishBall. Mus. Comp.
measured. Quantifying the magnitude of fluid forces on the,zoo"15q 95-197. , .
body surface would allow comparison between the force™ T'lT' éﬁgggklogsige fgggkig‘?’ln of vortex rings from inclined
balance diagram of a basal ray-finned fish and a teleost fi%:ZZZJeSH (ylsé%;] ' Mor,pholog—y me.chanics and locomotion: the
(e.g. Drucker and Lauder, 1999) and provide the ifirstivo P ' ' '

e ! X . ) _ relation between the notochord and swimming motions in sturgeon.
quantitative force balance on a fish swimming with caudal fin gy Biol. Fish44, 199-211.

propulsion. In addition, tracking the change in these forcegaxworthy, T. (1977). Some experimental studies of vortex rings.

during the transition between holding, rising and sinking would J. Fluid Mech.81, 465—495.

offer further insight into the mechanisms by which verticalMuller, U. K., Stamhuis, E. J. and Videler, J. J. (2000).

maneuvering is achieved. Hydrodynamics of unsteady fish swimming and the effects of body
size: comparing the flow fields of fish larvae and adult€Exp.
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