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Summary

Propulsive morphology and swimming performance were coefficients and propulsive efficiency. Compared with other
compared for the odontocete cetacean®elphinapterus speciesQ. orcagenerated the largest thrust power (36.3 kW)
leucas Orcinus orcg Pseudorca crassidensnd Tursiops and had the lowest drag coefficient (0.0026), whereak
truncatus Morphological differences were apparent among truncatus displayed the largest mass-specific thrust power
the whales. The general body contour and low-aspect-ratio (23.7Wkg™) and P. crassidenshad the highest efficiency
caudal flukes ofD. leucasindicated that this species was a (0.9).D. leucasdid not swim as rapidly as the other species
low-performance swimmer compared with the other species. and had a comparatively higher minimum drag coefficient
Propulsive motions were video-taped as animals swam (0.01), lower mass-specific thrust power (5.2WKk§) and
steadily in large pools. Video tapes were analyzed digitally lower maximum efficiency (0.84). Minimum drag
using a computerized motion-analysis system. Animals coefficients were associated with high swimming speeds, and
swam at relative velocities ranging from 0.4 to maximum efficiencies corresponded with velocities in the
2.4bodylengthssl. The stroke amplitude of the flukes range of typical cruising speeds. The results indicate that the
decreased linearly with velocity forD. leucas but amplitude  kinematics of the propulsive flukes and hydrodynamics are
remained constant for the other species. Tail-beat associated with the swimming behaviors and morphological
frequencies were directly related to relative swimming designs exhibited by the whales in this study, although
velocity, whereas the pitch angle of the flukes was inversely additional factors will influence morphology.
related to relative swimming velocity. Unsteady lifting-wing
theory was used with regression equations based on Key words: cetacean, whale, dolphin, swimming, hydrodynamics,
kinematics to calculate thrust power output, drag power output, efficiency.

Introduction

Swimming by cetaceans is described as a highly derivetview, see Fish and Hui, 1991). Most studies of cetacean
locomotor behavior in which the caudal flukes act as awimming were confined to measurements of maximal
hydrofoil to generate thrust (Fish and Hui, 1991). Theswimming speeds (Lang and Daybell, 1963; Lang and Norris,
swimming motions incorporate dorsoventral bending of thed966; Lang and Pryor, 1966; Lang, 1975; Lockyer and Morris,
posterior third of the body in conjunction with pitching of the 1987). Recent studies of swimming kinematics have been
flukes, which follow a sinusoidal pathway (Fish, 1893 Ilimited to examination of a single species or low speeds
Currenet al. 1994). This locomotor pattern was categorized(Kayan and Pyatetsky, 1977; Videler and Kamermans, 1985;
as carangiform with lunate-tail (thunniform) swimming Fish, 1998; Currenet al. 1994). Thus, studies of dolphin
(Lighthill, 1969, 1970; Fishet al. 1988) and is typical of swimming have not considered the full range of speeds or
some of the fastest marine vertebrates, including scombricbmpared the swimming kinematics of different
fishes, laminid sharks, pinnipeds and cetaceans (Lighthilmorphologically distinct species. As a result, an incomplete
1969). picture of dolphin swimming kinematics, energetics and

Large morphological differences exist within the Cetacedydrodynamics has emerged.
that could affect swimming kinematics and dynamics and thus The purpose of the proposed study was to compare the
influence their behavioral ecology (Fish, 1898urrenet al.  swimming kinematics of various cetacean species displaying
1994). However, there is a paucity of reliable data ordiverse morphologies. Swimming motions of beluga whale
comparative swimming performance in cetaceans (for @elphinapterus leucaskiller whale Qrcinus orcg and false
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killer whale Pseudorca crassidepsvere compared with data Ciné films were taken at 64 frame$ ssing a Bolex H-16 ciné
from bottlenose dolphinT@rsiops truncatus(Fish, 1998). It  camera equipped with a Kern Vario-Switar 100 POE zoom
was expected that cetaceans possessing morphologidahs (1:1.9, focal length 16-100mm) using 16 mm film
characters that reduce drag and enhance thrust productifiodak 4-X Reversal film 7277, ASA 400). Film records were
would demonstrate increased swimming performance (i.e. higlnalyzed by sequentially projecting individual frames of film
speed, high efficiency) (Fish, 1993 To test predictions of the with a stop-action projector (Lafayette Instrument Co., model
association between morphological design and swimming0100) onto a digitizer tablet (GTCO, Digi-Pad 21A71D4)
performance, the kinematic data were wused with d@nterfaced to anIBM PC microcomputer. Video recordings of
hydrodynamic model (Chopra and Kambe, 1977) to computewimming whales were made using a Panasonic camcorder
the thrust power, propulsive efficiency and drag over a widéDV-510) at 60 fields¥. Sequential body and fluke positions
range of swimming speeds. were digitized from individual frames of video tape with an
AT-compatible computer, Panasonic AG-7300 video
) recorder, Sony PVM 1341 monitor and a video analysis
Materials and methods system (Peak 2D, Version 4.2.4, Peak Performance
Experimental animals Technologies, Inc.).

The swimming motions of three species of trained Kinematic data from film or video-tape records included
odontocete whales were recorded at Sea World in Orlando, Fimean swimming velocityl, ms1), stroke cycle frequency, (
USA, and San Antonio, TX, USA. The species included thédz) and amplitude of heavé,(m). Amplitude of heave is the
false killer whale Pseudorca crassider@®wen), beluga whale maximum amplitude of the trailing edge of the flukes in the
(Delphinapterus leucaRallus) and killer whaleQrcinus orca  vertical plane (Yates, 1983). Pitch angie (ad) was measured
Linnaeus). Experiments were performed in large ellipticahs the angle between the tangent of the chordwise plane of the
pools with maximum lengths of 27.4-48.8m. The curvedlukes (i.e. leading to trailing edge) and the axis of forward
portions of each pool were constructed of glass panels. A watprogression (Yates, 1983; Romanenko, 1995) and was
depth of 1.4-2.1m was visible through the panels. The dep#stimated at midstroke (Currenal. 1994).
of the pools was 7.3-11.0m, and water temperatures wereTo adjust for size differences between the whales, data were
maintained at 20-22 °C fd@. leucasandP. crassidensand at analyzed with respect to specific velocity/l() and Reynolds
14°C forO. orca number Re. Reynolds numbers are based on the whale’'s

Prior to each swimming bout, the animals were marked witfength {, m) and swimming velocityl{) and the kinematic
zinc oxide reference points on the lateral aspects of the caudascosity @) of sea water (1.0440°m2s?1) using the
peduncle. Marks were separated by a measured distance egfuation:
0.1-0.39m and served as the scale for video analysis. Whales
swam along the curved wall of the pool routinely or under the
direction of human trainers. All whales were trained to swimSubmersion depthH) was measured from the surface to the
near the water surface. The speed of the animals varied @enterline of the body.
response to cues from trainers.

Morphological measurements were obtained for eachCalculation of power output, efficiency and drag coefficient
species (Table 1). Body length,(m) is the linear distance A hydromechanical model of lunate-tail propulsion based on
from rostral tip to fluke notch, and fluke sp&nr) is the linear three-dimensional unsteady wing theory with continuous
distance between fluke tips. Body madsl, (kg) was loading (planform B2: Chopra and Kambe, 1977; Yates, 1983)
determined routinely by training the animals to lie on a forcevas used to calculate thrust power outfif) ( coefficient of
platform; these data were made available by Sea World. Thlgkag Cp) and Froude efficiencynj). Froude efficiency is
surface area of the bod$( m?) was estimated from scaled defined as the mean rate of mechanical work derived from
photographs of the appendages and the lateral body profilmean thrust divided by the mean rate of all work that the
assuming an axisymmetrical body and flat peduncle. Thanimal is performing while swimming (Chopra and Kambe,
planar surface area of the flukés,(m?) and maximum body 1977). This model, which uses lifting surface theory, gives
diameter D, m) were measured from scaled photographsgood accuracy for low-aspect-ratidR) (<6) conditions (Liu
Fineness ratioRR) was calculated d<s/D. The aspect ratio of and Bose, 1993).
the flukes AR) was calculated &#/F5, and the root fluke chord In the model, the relationship between reduced frequency
(C, m) was measured as the centerline distance from the) and proportional feathering paramet8) ¢etermines the
leading to the trailing edge of the flukes. The sweepback wamefficient of thrust Cr) andn. The reduced frequency is a
measured according to Magnuson (1970) as the angle betwemeasure of the unsteady effects of flow about the flukes, and
the perpendicular t€ and a line extending from 25C4o the is:
fluke tip.

Re=LUM. 1)

0=wC/U, (2

Film analysis wherew is the radian frequency, equal tafZYates, 1983).
Animals were filmed with either ciné or video cameras.The feathering parametd, is the ratio of the maximum to
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the maximum angleuh/U) achieved by the trajectory of the and a skin with numerous fold®. orcahad a compact body
pitching axis of the flukes (Yates, 1983) and is: with large rounded flippers and a moderately sweptback dorsal
8 =aU/wh. 3) fin. P. crassidensvas elongate with highly sweptback dorsal
fin and flippers which tapered to a point at the tip. All three
species had short rostra, whereas the rostrum tiuncatus
was long.T. truncatushad the general body form typical of the

Delphinidae, which is long and stocky with a sweptback dorsal

wherep is the density of sea water. For a body moving afin and medium-sized flippers that are rounded at the tips
constantU, Pt is equal to the power output expended iN(Minasianet al. 1984).

overcoming drag, and the dimensionless drag coefficasit (
is calculated as:

The mean thrust power outpiRt] is given by:
Pr = 0.50CTUSFA(h/C)?, 4)

Means and ranges of morphometric data are presented in
Table 1. Means were computed either from values based on
Cp = P1/0.50SU3. (6) the number of individuals within a species or from values

based on the total number of observations for all individuals

Because whales swimming near the water surface would have : . :
. . . within a species. The latter method calculated a weighted mean
experienced increased drag due to wave formation, a dr

coefficient corrected for submergence deptBod] was E(gokal and Rohlf, 1981) and was used to reflect the bias

calculated (Hertel, 1966; Au and Weihs, 1980) as: presenteq fo_r. the ungqgal numb(_er of sequences analyzed
between individuals within a species. The weighted means
Cod = Coly. (7)

were used in the calculation of least-squared regression
equations for use in the model.

Body length among species varied 2.2-fold from 2.5 to
5.6m, and body mass varied 12-fold from 192.8 to 2331.5kg
(Table 1).0. orcahad the lowest meaRR of 4.81, followed
in ascending order by. truncatusD. leucasandP. crassidens
The relatively long body and small maximum diameteP of

Body and fluke design crassidenscombined to produce a medfR of 6.5. The

Species varied in general appearanfe. leucas was estimated mean surface areas Borleucas O. orcaandP.

elongate with relatively small paddle-like flippers, no dorsal fircrassidensvere 2.9, 15.7 and 13.5 % greater, respectively, than

The drag augmentation factor, varies with relative
submergence deptH/D, ranging from 1 to 5. A maximum
value fory occurs atH/D=0.5; minima occur at0.5>5H>3.

Results

Table 1.Morphometrics of odontocetes tested

Delphinapterus Orcinus Pseudorca Tursiops
Dimension leucas orca crassidens truncatus
Number of individuals 3 6 5 5
Body mass (kg) 671.3 (664.2) 1601.7 (1645.4) 486.9 (535.8) 225.0 (214.9)
589.7-725.7 841.9-2331.5 349.3-792.9 192.8-263.1
Body length (m) 3.64 (3.55) 4.74 (4.76) 3.75 (3.75) 2.61 (2.58)
3.25-4.12 3.81-5.57 3.55-3.99 2.51-2.70
Maximum body diameter (m) 0.66 (0.66) 0.98 (0.99) 0.58 (0.60) 0.51 (0.51)
0.62-0.70 0.80-1.15 0.53-0.69 0.48-0.58
Fineness ratio 5.53 (5.37) 4.81 (4.82) 6.50 (6.36) 5.15 (5.09)
4.66-6.22 4.57-4.91 5.76-6.80 4.69-5.63
Surface area (@ 5.85 (5.53) 11.98 (11.26) 5.12 (5.47) 2.70 (2.80)
4.80-7.51 7.10-16.99 4.14-7.25 2.45-2.99
Fluke span (m) 0.85 (0.83) 1.19 (1.19) 0.82 (0.86) 0.66 (0.64)
0.77-0.91 1.12-1.33 0.74-1.04 0.58-0.73
Planar fluke surface 0.21 (0.20) 0.34 (0.32) 0.14 (0.15) 0.11 (0.10)
area (M) 0.17-0.24 0.28-0.53 0.11-0.20 0.09-0.12
Fluke chord (m) 0.32 (0.31) 0.40 (0.39) 0.26 (0.26) 0.22 (0.22)
0.28-0.35 0.34-0.53 0.22-0.28 0.20-0.28
Fluke aspect ratio 3.43 (3.44) 4.38 (4.61) 4.83 (5.13) 4.06 (4.00)
3.31-3.56 3.26-4.97 4.13-5.40 3.61-4.69
Sweepback (degrees) 28.91 (29.11) 20.74 (20.55) 29.81 (28.88) 30.95 (32.59)
27.68-29.91 13.40-27.69 26.00-33.08 25.37-38.78

T. truncatugdata are from Fish (1988
Values are means based on individuals, with the range given below. Values in parentheses are the weighted mean baakedwnkibe tot
of observations for all individuals within a species.
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estimates of surface area based on the prediction equationRf crassideng2.10Ls™) and T. truncatus(2.39Ls™; Fish,

Fish (199B). 1993d) exhibited faster speeds compared v@thorcaandD.
P. crassidendad narrow flukes with a relatively long span, leucasat 1.53 and 1.08s™%, respectively.
resulting in a high meaAR of 4.83. The one malé. The frequency of the propulsive cyck ihcreased linearly

crassidensxamined had aAR of 5.40. The lowest meahR  with increasingJ/L for all species (Fig. 1; Table 2). Analysis
(3.43) was found foD. leucas which had relatively broad of covariance (Zar, 1984) showed that the slopes were not
flukes with a relatively small span. Although of similar bodyequal P<0.001). Frequency increased withL fastest forD.
length, the chords measured for all individualsDofleucas leucasfollowed by P. crassidensT. truncatusand O. orca
were greater than those fBr crassidengTable 1). respectively.

Sweepback of the flukes far. leucasP. crassidenandT. Amplitude, h, was not significantly correlated with/L for
truncatusvaried from 25.37 to 38.78° (Table 1), and meanO. orca P. crassidenandT. truncatugFig. 2; Table 2). Mean
values were not significantly differenttést) between the three values ofh were 0.49+0.06 m, 0.34+0.05m and 0.26+0.05m
speciesO. orcahad significantly less sweepback than each ofmeans #s.p.) for O. orca P. crassidensand T. truncatus

the other specie$?€0.05;t-test). respectively. D. leucas showed a significant negative
o _ _ relationship betweeh and U/L (Fig. 2; Table 2). The mean
Swimming speeds and kinematics peak-to-peak amplitudé\€2h) as a percentage of body length

Ninety-six swimming sequences fDr leucas O. orcaand  was 20-21 % fobD. leucasO. orcaandT. truncatusbut 18 %
P. crassidensin which animals maintained continuous for P. crassidens
propulsive motions of the flukes were used for kinematic The pitch angle d) showed a significant linear decrease
analysis. (P<0.01) with increasing)/L for all species examined (Fig. 3;
The whales swam steadily parallel to and 2-3m from th&able 2).D. leucasshowed the largest decreaseiwith U/L,
glass walls of the pools at depths of 0.3ER.9he time to  whereasT. truncatushad the shallowest slope.
swim a complete circuit of the pool was greater than 10s. Regression equations of the kinematic variables (Table 2)
Velocities ranged from 1.54 to 7.91mgRe=6.08x10° to  were used to compute reduced frequena®sand feathering
3.91x10). D. leucas was the slowest swimmer parameters ). Reduced frequency decreased curvilinearly
(U=1.54-3.83md). O. orca had the highest swimming with increasing swimming speed (Fig. 4A). Over the range of
velocity (7.91mst), followed by P. crassideng7.46 msl)  length-specific velocities teste®, crassidensexhibited the
andT. truncatug6.01 m s1). However, relative to body length, lowest values of, whereas the largest decrease was computed

4
Delphinapterus Orcinus

31 i

2-

14 o

Pseudorca Tursiops

Frequency, f (Hz2)
o

Fig. 1. Tail-beat frequencyf (Hz), as a
function of length-specific  swimming
velocity, U/L (Ls™1), whereL is body length
anduU is swimming velocity. Regression lines
are plotted for all data sets in which the
regression was statistically significant. 0 + + + +
Regression equations are provided in O 1 2 30 1 2
Table 2. Velocity (L s
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swimming velocity,U/L (Ls™1), whereL is 021 LIn Bl "
body length andJ is swimming velocity.
The regression line is plotted for the data set 0.1 -
in which the regression was statistically
significant. Regression equations are O * ' o y 1 T 5 y 3

Table 2.
provided in Table Velocity (L s

for O. orca Values ofo for all species indicated that unsteady by the latter two species as they swam at higher speeds.

effects dominate the fluid forces associated with the oscillatinlaximum Pt for D. leucaswas 3.4 kW, with a mass-specific

propulsors (Yates, 1983; Daniel and Webb, 1987; Danial.  power output of 5.2 W kdg.

1992). High values af were limited to low swimming speeds,  Depth-corrected drag coefficienGpq, plotted againdReare

which were rarely observed. displayed in Fig. 6Cpd decreased with increasirige for all
Values of O increased with increasing swimming speed,species. The lowest minimu@pg of 0.0026 was found fdD.

reaching maxima between 0.7 and l1s#! before decreasing orca at aReof 3.65¢<107. The minimum values oEpq for D.

(Fig. 4B). P. crassidenshad the highest maximur® of  leucasP. crassidenandT. truncatusvere 4.7, 1.6 and 2.9 times

approximately 0.67, and. truncatushad the lowest value higher, respectively, tha@pd for O. orca Over a given range

measured of 0.37. A#=0, the motion of the flukes is pure

heaving in which the angle of attack is zero=at, the fluke

is perfectly feathered and the fluke chord is tangential to th Table 2 Regression equations for kinematics

trajectory of the pitching axis (Lighthill, 1969; Yates, 1983).

Species Regression equation r2
Thrust power, drag coefficient and efficiency Delphinapterus leucas =0.143+1.45W/L 0.857***

The hydrodynamic model using unsteady lifting wing theory N=19 h=0.448-0.134J/L 0.238*
(Chopra and Kambe, 1977; Yates, 1983) related B9thnd 0=42.113-16.450/L 0.405*
N to o for isopleths of. The calculatedPr from equation 4 ©Orcinus orca £0.892+0.618/L 0.527**
showed a curvilinear increase with increasidd. for all N=30 h=0.564-0.058)/L 0.047
species (Fig. 5Pt was found to be mass-dependéht.orca . 0=43.37311.448J/L 0.332™*
had the highed®r of 36.3kW atU=8 ms. This represented Pseudorca crassidens =0.344+1.080/L 0.6247

o - N=46 h=0.342+0.00R)/L 0

a mass-specific power output of 22.0 Wkd. crassidenand 0=38.6546.917U/L 0.430%*
T. truncatushad maximum mass-specific power outputs ofyysiops truncatus =0.463+0.948)/L 0.738%+*
22.5 and 23.7 Wkd, respectively. The computed value Tor N=56 h=0.254+0.00W/L 0.006
truncatus was 22% lower than the maximum value 0=31.0006-4.864U/L 0.510%**
(30.5Wkg?) at the same swimming speed previously reporte:
by Fish (1998). AlthoughD. leucashad higher values d?r f, frequency of the propulsive cycle; amplitude of heaveq,

compared withP. crassidensindT. truncatusover equivalent Pitch angleU, swimming speed;, body length.
. . . . *kk = %k .
swimming speeds, higher maximups values were reached P<0.001; **P<0.01; <0.05.
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Delphinapterus Orcinus

Pitch angle, a (degrees)

Fig. 3. Relationship between the maximum
angle of pitch,a (degrees), and length-
specific swimming velocityU/L (Ls),
wherelL is body length andll is swimming
velocity. Regression lines are plotted for all
data sets in which the regression was

Pseudorca Tursiops

statistically significant. Regression 0
equations are provided in Table 2.

30 1 2 3
Velocity (L s1)

Table 3.Expected and experimentally determined performance rankings of cetaceans based on morphology and kinematics

Actual
ranking
Expected Expected based
Factors affecting drag Factors affecting thrust on maximum
Species resistance ranking thrust production ranking efficiency
Delphinapterus FR5.5, bulbous head 4 FlukeR=3.4, giving lower 4 4
leucas and loose skin increase lift production; moderate
parasite drag; paddle-like fluke sweep reduces lift
flippers increase induced
drag
Orcinus FR=4.8, lenticular head and 2 Fluké&=4.4, giving 2 2
orca tight skin reduce parasite intermediate lift production;

drag; large paddle-like flippers
increase induced drag

Pseudorca FR6.5 increases parasite drag; 3
crassidens lenticular head and tight skin
reduce parasite drag; highly
tapered flippers reduce induced

drag
Tursiops FR5.2, lenticular head and 1
truncatus tight skin reduce parasite drag;

highly tapered flippers reduce
induced drag

FR, fineness raticAR aspect ratioCpqd, depth-corrected drag coefficient.

low fluke sweep increasing
lift production

Flie=4.8 increases 1 1
lift production; moderate
fluke sweep reduces lift

Fluk&=4.1, giving 3 3
intermediate lift production;
moderate fluke sweep reduces
lift

Expected and actual drag rankings are the comparative rankings, where 1 represents the lowest values of drag and hedpgbssnts t

values of drag.

Expected and actual thrust and efficiency rankings are the comparative rankings, where 1 represents the highest valoeefiictancy

and 4 represents the lowest values.
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Fig. 5. Thrust power,Pr (W), as a function of length-specific
07 swimming velocity,U/L (Ls™), whereL is body length andJ is
"B e swimming velocity.
I' ] ..~.‘~
. e
-
(;- 0.6+ / U * over the range of velocities obtained, such that the minimum
*g o n was within 1.5% of the maximum.
g 0.51
2 Discussion
2 _ Morphology and swimming speed
8., f§ 0 e Delphinaterus . L
£ 041  f s orcinus Morphology varied among the four odontocete species in
==== Pseudorca relation to their kinematics and swimming performance
— Tursiops (Table 3). However, expected rankings based on factors
0.3 ' ' affecting resistance and thrust production only moderately
0 1 2 reflected actual rankings based on minim@ag and

Velocity (L s1

maximum efficiency. Whereas these factors accurately

predicted thaD. leucaswould show the poorest performance,
plotted as a function of length-specific swimming velocityL the low actual ranking of minimui@pqg for T. truncatuswas
(Ls™), whereL is body length andl is swimming velocity. Data for ot predicted from the morphological characteristics affecting
cglculgtion ofc and® were obtained from the regression equationsresijstance. The differences between actual and predicted
given in Table 2. rankings indicate that additional factors may influence
morphology. These factors would include differences due to

Fig. 4. Reduced frequency, (A), and feathering parameted,(B),

phylogenetics, foraging behaviors (i.e. solitary hunensus

of Re D. leucashad the highe<Epg. In the mid-range dRe O.
orca had a higheCpg thanP. crassidensindT. truncatus

Values ofCpq for the cetaceans were 1.2—8.0 times highe
than theoretical values for a flat plate of equivalrdandRe
with turbulent boundary layer flow because of body shap
(parasite drag), interference and induced drag fron
appendages, and oscillations of the flukes and body whil
swimming (Lighthill, 1971; Webb, 1975; Fish, 1993
Romanenko, 1995). These results are in agreement with dr
coefficients measured or calculated previously for dolphin:
(Webb, 1975; Fish and Hui, 1991).

Whales showed minimum values of propulsive efficiency,
n, at swimming speeds less than 105! (Fig. 7). With
increasing velocityn increased rapidly to a maximum, at
which it remained or eventually decreasé&l. crassidens
exhibited the highegf at 0.90, whereas maximum values of

Drag coefficient, Cpg

0.1

0.01F

----- Delphinapterus
—--—--Orcinus

=== Pseudorca
——Tursiops

0.001
10°

107
Reynolds number, Re

108

n for O. orca T. truncatusandD. leucaswere 0.88, 0.86 and Fig. 6. Submergence-depth-corrected drag coeffici@y, as a
0.84, respectively. FdD. leucas n was relatively consistent function of Reynolds numbeRe
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5 > —— Tursiops |
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0.75 T s 0.75} 1
0.7 ' ' ' '
o 05 1 15 2 2.5 0.7
Velocity (L s%) 15 20 25 30 35 40

Pitch angle, a (degrees)

Fig. 7. Propulsive efficiencyn, as a function of length-specific rig g Relationship between propulsive efficiengyand pitch angle,
swimming veloc_lty,U/L (Ls™), whereL is body length andJ is (degrees). Vertical lines indicate the region from 20 to 30° in which
swimming velocity. efficiency is expected to be maximal according to Liu and Bose (1993).

use of coordinated hunts), prey size and abundance, soc&@limming velocities.D. leucasis not considered a fast
behavior, sexual dimorphism, habitat (i.e. pack ice, opeswimmer (Brodie, 1989). Migratin®. leucastracked using
ocean), maneuverability (Fish, 1996) and swimming speed. satellite-monitored radio transmitters swam at 0.6-1.Ems
The highest measured swimming speed with respect to boabith a fastest sustained swimming speed of 1.6nidartin
length decreased with increasing size. Despite the abil®; of et al. 1993). During dives to depths as great as 300m,
orcaandP. crassidenso swim 1 msl faster tharl. truncatus ~ swimming speed increases for deeper dives with mean descent
the smaller dolphin was able to swim at higher length-specifiand ascent rates of less than Zhsand 2.2-3mtd,
speeds. In summarizing data from a variety of sources, Welybspectively (Shaffest al. 1997). Maximum burst speeds were
(1975) showed that there is a marked dependence of lengtisstimated at 5.6—-6.1m!s(Table 4). Indeed the low aspect
specific swimming speed on size for cetaceans. However, Bosatio of the flukes, mobile neck, prominent creases and folds
et al.(1990) questioned the relationship between size and burst fat and paddle-shaped flippers indicate a low-performance
speed in cetaceans and asserted that the design of the flukesxistence (Table 3; Brodie, 1989; Carwardine, 1995).
conjunction with the morphology of the body were the major Its comparatively poor swimming performance may reflect
determinants of swimming performance. phylogenetic differences, becaudeleucads a member of the
Swimming speeds @. orca P. crassidenandT. truncatus  family Monodontidae, whereas the other odontocetes studied
in this study were within the range of speeds reportedre in the family DelphinidaeD. leucasis a shallow-water,
previously (Table 4) and generally lower than previouslycoastal species which is associated with slow swimming. The
reported maxima. Shipboard observation®obrcaestimated other member of the Monodontidae is the narwiahodon
that a single animal swam at 12.5-15.4ffor 20min  monoceroswhich is regarded as a very slow swimmer that
(Johannessen and Harder, 1960), but this may include boweldom exceeds speeds of 1.7tn@linasianet al. 1984).
riding. Bow-riding allows dolphins to swim at higher speedsMembers of the Delphinidae are generally pelagic, offshore
with less effort than when swimming in undisturbed waterspecies which are regarded as fast swimmers (Leatherwood
(Fish and Hui, 1991; Williamet al. 1992).0. orca however, and Reeves, 1983; Currehal. 1994).
does appear to swim rapidly when hunting slower-swimming

D. leucas and large whales (Brodie, 1989; George and Kinematics
Suydam, 1998) as well as faster-swimmlragenorhynchus Swimming speed in cetaceans is controlled by modulation
obscurug(Constantineet al. 1998). of a combination of anda. The only exception wds. leucas

Swimming speed is related to duration (Lang and Norriswhich adjustsh in addition to the other two kinematic
1966). T. truncatuscan swim at 3.08nt% indefinitely, at parameters.
6.09ms? for 50s, at 7.01nT$ for 10s and at 8.3 n1% for The positive linear relationship betweénand U/L for
7.5s (Lang, 1975). The maximum speed of 6.0%fer a  cetaceans is similar to results found for fish and other marine
swimming bout longer than 10s By truncatusin this study mammals (Bainbridge, 1958; Hunter and Zweifel, 1971; Webb
matches the speed measured by Lang and Norris (196@t al. 1984; Feldkamp, 1987; Fis#t al. 1988; Scharolcdt al.
However, speeds as high as 15®wsere reported for burst 1989). Data forT. truncatuscorresponded with frequency
swims by T. truncatus made from cliff-top observations values reported by Videler and Kamermans (1985).
(Lockyer and Morris, 1987). The thunniform mode of swimming or carangiform with
Although smaller tha®. orcabut larger tharl. truncatus  lunate tail uses propulsion derived from heaving and pitching
D. leucasdisplayed comparatively lower absolute and relativemotions of an oscillating hydrofoil with varying throughout
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the propulsive cycle (Lang and Daybell, 1963; Lighthill, 1969; Drag coefficient and efficiency
Videler and Kamermans, 1985). Valuesuodf approximately The differences inCpd are consistent with variations in
20-30° maximize efficiency (Liu and Bose, 1993) and werenorphology and kinematics affecting swimming performance
typical of the four cetaceans studied at swimming speed§able 3).D. leucas with its high Cpg, possesses a bulbous
between routine and maximum velocities (Fig. 8). Videler andhead which would increase the area of high pressure and
Kamermans (1985) found a similar range of pitch angles fatherefore increase drag. In addition, the folds of fat along the
T. truncatusHigher pitch angles fd?hocoena phocoer(@4°)  lateral and ventral aspects of the body would act to increase
andLagenorhynchus acuty83°) were reported by Currest  drag (Aleyev, 1977). For the other species that possess a tighter
al. (1994), although these animals were swimming at relativelgkin and smoother body conto@gq was lower at any specified
low speeds (<1.6s™1), where efficiency is low. Re(Fig. 6). At highRe O. orcadisplayed the lowesEpgd. This
Peak-to-peak amplitudé\ remained a constant proportion species has afR closest to the optimum of 4.5 for minimum
of L (A/L=0.18-0.21) for three of the species examined. Thislrag with maximum body volume (Webb, 1975). Despite the
was similar to previous results fof. truncatus with  higherFR for P. crassidensCpq was lower than for the other
A/L=0.16-0.21 (Kayan and Pyatetsky, 1977; Fish, bRd3. species at low and intermedid®e FR for P. crassidengalls
leucasexhibited a decrease /L from 0.27 to 0.13 with within the range ofR (3-7) in which drag increases by only
increasingJ/L. Despite the change WL for D. leucasthese approximately 10% from the minimum value (Webb, 1975).

values are typical for thunniform swimmers in whih_ is Minimum Cpq for all species occurred at or close to the
0.16-0.34 (Fierstine and Walters, 1968; Fethal. 1988; maximum speeds measured in the present study and above the
Dewar and Graham, 1994). normal cruising speeds (Table 4). Reduced drag athigbuld
facilitate burst swimming, particularly during foraging. The
Thrust power lower values ofcpq for O. orcg P. crassidenandT. truncatus

As expectedPr of the four whales was mass-dependentwould aid these animals, which feed on large and rapidly
with the largest animal). orcg generating the greateBf. swimming prey (Evans, 1987). A high€d can be tolerated by
However, with the exception d. leucas the mass-specific D. leucas because this cetacean feeds on slower-moving prey,
power outputs for the whales were nearly equivalent atcluding crustaceans and annelids (Brodie, 1989).
22.0-23.7Wkg!. These values are lower than the maximum Whereas the minimum drag characteristics of the body are
total power output of 85. 6 W k§reported for an accelerating associated with operation at high speeds, maximum efficiency
Stenella attenuatby Lang and Pryor (1966). This high power of the propulsor occurs at lower speeds (Table 4). At the lowest
output by a 52.7kd@. attenuatavas attained at a maximum speedsn was reduced for all animals except leucas D.
speed of 11.05nt8during a 1.5s acceleration. The data fromleucashad a relatively stable efficiency over a more restricted
S attenuataimply that the species examined in the presentange of low swimming speeds, which is in accordance with
study may not have reached their maximum power outpuits limited swimming capabilities. At low speeds, orcg P.
Power outputs lower than the maximum capability may explaigrassidensandT. truncatushad a reduced but, after rapidly
the discrepancy between the maximum swimming speedgaching a maximunm) remained relatively high and stable
reported in the literature (Table 4) and the maximum speedsver a wide speed range. The speeds associated with maximum
attained by the whales in this study. n for D. leucas P. crassiden&ndT. truncatusapproximated

their cruising speeds. Although maximum for O. orca
occurred at 6.5nT3, which was above the normal range of
Table 4.Comparative swimming speeds, the speeds at whickyryising speeds (Table 4), there was a reduction of less than
minimum drag and maximum efficiency occur 5% inn from the maximum at a cruising speed of 3.5fn's
Swimming speed (M%) Maximum n at cruising speeds would be beneficial in
reducing energy costs during transit between widely dispersed
feeding sites or during migration. Cetaceans should swim at

Minimum Maximum

Species Cruising Maximum Cpd efficiency e . : .
- - - speeds that maintain the greatest efficiencies (Fish and Hui,
Delphinapterus 0.6-2.39" 5.6-6.29M 4.0 3.0 1991). The cost of transport is inversely related to efficiency
Orlfilrf;sorca 06 65BN 1961680 78 65 and represents the energetic cost to move a unit mass a unit
o e ' ' distance (Fish, 1992). The minimum cost of transport thereby
Pseudorca 3.1c 7.9 6.0 3.8 . : . -
crassidens defines the theoretical speed that provides the maximum
Tursiops 1.1-5.8ef  g_15ef 5.8 38 distance traveled per unit power input (Williagtsal. 1993).
truncatus Williams et al.(1993) found that the minimum cost of transport
of captive T. truncatuscorresponded to swimming speeds
Cpd, depth-corrected drag coefficient. measured from wild populations. Similarly, gray whales

aTomilin (1957); PJohannessen and Harder (196®prris and  Eschrichtius robustusand minke whalesBalaenoptera
Prescott, (1961)JLang and Norris (1966)®Wursig and Wursig  acutorostratacruise at the speed of the lowest cost of transport
(1979); fLockyer and Morris (1987)9Brodie (1989); "Nowak  (Sumich, 1983; Blix and Folkow, 1995).

(1991);'Martin et al (1993)]this study. Overall, the flukes of cetaceans provide a mjgth 75-90 %,
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which surpasses most manufactured propellers which fjave Romanenko, A. J. Cooper and two anonymous reviewers were

as high as 70% (Liu and Bose, 1993). Such valugsofthe  very helpful for the calculations and for revision of the text.

four cetaceans studied here are similar or slightly lower thamhis research was supported by grants from the Office of Naval

values reported previously for cetaceans (Wu, 1971; WeblResearch (N00014-95-1-1045) and a College of Arts and

1975; Chopra and Kambe, 1977; Yates, 1983; Bose and LieSciences Support and Development Award, West Chester

1989; Liu and Bose, 1993). Differences in efficiencies araJniversity, and equipment from NSF grant DCB-9117274.
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