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Summary

Drag forces acting on Steller sea lionsEumetopias
jubatus) were investigated from ‘deceleration during glide’
measurements. A total of 66 glides from six juvenile sea
lions yielded a mean drag coefficient (referenced to total
wetted surface area) of 0.0056 at a mean Reynolds number
of 5.5x10°. The drag values indicate that the boundary
layer is largely turbulent for Steller sea lions swimming
at these Reynolds numbers, which are past the point of
expected transition from laminar to turbulent flow. The
position of maximum thickness (at 34 % of the body length
measured from the tip of the nose) was more anterior than
for a ‘laminar’ profile, supporting the idea that there is
little laminar flow. The Steller sea lions in our study were
characterized by a mean fineness ratio of 5.55. Their

streamlined shape helps to delay flow separation, reducing
total drag. In addition, turbulent boundary layers are more
stable than laminar ones. Thus, separation should occur
further back on the animal. Steller sea lions are the largest
of the otariids and swam faster than the smaller California
sea lions Zalophus californianug. The mean glide velocity
of the individual Steller sea lions ranged from 2.9 to
3.4ms? or 1.2-1.5bodylengths¥. These length-specific
speeds are close to the optimum swim velocity of
1.4 body lengths 51 based on the minimum cost of transport
for California sea lions.

Key words: hydrodynamic drag, swimming, Steller sea lion,
Eumetopias jubatyskeynolds number, flow separation.

Introduction

The hydrodynamic forces encountered by aquatic animakevenfold compared with rigid bodies (Fish et al., 1988; Fish,
affect their energetic requirements and therefore their bod}993b). However, it has been suggested that drag is reduced in
morphology and swimming patterns. Steller sea lions rely oactively swimming dolphins by the formation of a negative
swimming to travel and forage. To move through the dense amtessure gradient along the body that stabilizes the laminar
viscous water, they must overcome a backward-acting drdtpw and damps out turbulence (Romanenko, 1995). Unlike
force that resists forward motion. Knowledge of the magnitudéhese undulatory swimmers, sea lions swim with an essentially
of drag provides information on the flow patterns in therigid body and move only their foreflippers to generate lift and
boundary layer adjacent to the body surface; the characteristitgust. Passive drag estimates should provide a reasonable
of this flow will influence the total cost of swimming. estimate of the drag for rigid-body swimmers (Webb, 1975;
Pinnipeds live in both aquatic and terrestrial environmentBlake, 1983), such as actively swimming sea lions.
and their body design is affected by these dual requirements.A variety of methods have been used to determine the
The degree of drag reduction attributable to morphologicgbassive drag for animals ranging from fish to large whales. All
adaptations may therefore be constrained by terrestrithese methods require determination of the coefficient of drag
demands. Drag determinations allow an animal’'s swimmingCq) to calculate drag. It is often assumed that a coefficient of
performance, energetic requirements and body design to bkeag can be based on a flat plate or a body of revolution with
assessed, thus providing insight into their ecology and shape similar to the study animal (Blake, 1983), but this tends
behaviour. to underestimate the drag and also requires assumptions about

Passive drag is the minimum drag encountered by an animtile characteristics of the boundary layer flow. Some studies
in the gliding position; drag is expected to increase duringpave used dead animals or models to measure drag (Mordinov,
active swimming as a result of the undulatory bodyl1972; Williams, 1983), but these methods have their own
movements. Hydromechanic models (Lighthill, 1971; Choprdimitations. The body of a live animal undergoes natural
and Kambe, 1977; Yates, 1983) applied to seals and dolphidgeformations that may affect the drag and cannot be accounted
predict that power requirements should increase by two- tftor using this method (Williams, 1987); in addition, dead
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animals often ‘flutter’, increasing the measured drag (Blakeswimming performance of the Steller sea lions and relate it to
1983). Another approach, towing live animals, has the benefitody morphology. Their swimming performance is compared
of generating drag data for a large range of swimming speedsith that of other marine vertebrates, especially the closely
but passive drag tends to be overestimated because animakated California sea lions. We also compare the
attempt to stabilize their position with flipper movementshydrodynamic parameters from our study with predictions
(Feldkamp, 1987; Williams and Kooyman, 1985). from the allometric relationships of Videler and Nolet (1990).
To determine accurately the minimum drag encountered by
a gliding animal, video or film recordings of the ‘deceleration
during glide’ provide the best method. This approach is based
on the fact that passive glides are resisted only by the drag Study animals
force of the water. The rate of deceleration can then be usedSix juvenile Steller sea lion&€@metopias jubatuSchreber,
to calculate the drag, employing the principle that force equalk776) were studied at the Vancouver Aquarium Marine
mass times acceleration. Theoretically, deceleration shoulscience Center in British Columbia, Canada: three females
occur at a constant rate, but in practice there may bgL2, SL3 and SL4) and three males (SL1, SL5 and SL6). The
small variances. Slight movements of the animal's bodywnimals were held outdoors with access to both ambient sea
configuration and changes in the water current can temporarilyater and haul-out areas. Their normal diet consisted of
affect the deceleration. The rate of deceleration can bihawed herring@lupea harengyssupplemented with vitamin
determined from velocity measurements made twice, or morégblets (5M26 Vitazu tablets, Purina Test Diets, Richmond, IN,
over the course of the glide. USA). Glide data were collected between May 1996 and April
Traditionally, deceleration studies have used the ‘two-point1997.
method: velocity is measured as the animal passes two markers
separated by a small distance. Bilo and Nachtigall (1980) Morphometrics
proposed an alternative method (referred to here as theMorphometric measurements were collected weekly by
‘instantaneous rates’ method); velocity is measured frequentlyainers at the aquarium. Animals were weighed on a UMC 600
over the course of the glide and essentially determines thligital platform scale, accurate to £0.05kg. Lengths and girths
instantaneous velocity. Regression of the inverse velocitwere measured with a tape measure while the animal was lying
against time provides a mean rate of deceleration over th@ cement. Maximum length. was measured from nose to
entire glide, allowing the coefficient of drag to be calculatedthe end of the hindflippers, and standard length from nose to
We used this method in our study of Steller sea lions becausip of tail. The fineness ratio was calculated as the maximum
it includes all changes in velocity, smoothes small fluctuationkength divided by the diameter of the maximum girth. The
in the rate of deceleration, provides an assessment of whethgsition of maximum thicknessC)Y was calculated as the
the glide is undisturbed, and compensates for errors idistance from the nose to the location of maximum girth
measuring and plotting during the digitizing process (Bilo andlivided by maximum body length. All measurements were
Nachtigall, 1980). made for each individual at two separate times (August 1996
The hydrodynamics of swimming for otariids has previouslyand March 1997) because the juvenile animals were still
been investigated in only one species, the California sea liggrowing over the course of the study.
Zalophus californianusFeldkamp (1987) concluded that these Coefficients of drag were referenced to (i.e. divided by)
sea lions have a very low drag coefficient, indicating that thethree different body areas: (i) total wetted surface area, (ii)
maintain a partially laminar boundary layer. This is attributedrontal surface area and (jii) volugte The sea lion body was
in part to an optimally streamlined body form. In addition, theirtreated as a series of truncated cones for calculating the
propulsive and aerobic efficiencies of swimming are similar toeference areas. Trainers measured girths at seven places along
those of phocids (Williams and Kooyman, 1985; Fish et al.the body: (i) the neck, (ii) directly in front of the foreflippers,
1988; Williams et al., 1991) and are among the highed(ii) directly behind the foreflippers, (iv, v) two places along
reported for marine mammals (Fish, 1992). Studies othe trunk region, (vi) the hips, and (vii) the position where the
California sea lions have generated valuable information, butody and hindflippers meet. Perpendicular distances between
to gain a greater understanding of otariid swimming it issuccessive girths were also measured and then adjusted to a
necessary to study other species. Steller sea lEamadtopias hypotenuse length by considering the shape to be a trapezoid.
jubatug are an ideal subject. They are the largest otariid andlhe formula for the surface area of a truncated cone was
are therefore expected to swim faster than their smallapplied to each of the seven increments to determine the total
relatives. They are also an endangered species, and informatiwatted surface area of the body core. Frontal surface area was
on the drag encountered during swimming can be used tmlculated as the cross-sectional area of the body at its point of
model the energetic costs of swimming, an essentighaximum width on the basis of the girth measurement made
component of recovery plans (National Marine Fisherieglirectly anterior to the foreflippers and assuming a circular
Service, 1992). shape. The surface areas of the flippers (the left foreflipper and
Here, we investigate the passive drag of Steller sea liofsndflipper of each animal) were determined from images
over a range of natural swimming velocities. We discuss theideotaped while the animal was lying face down with its

Materials and methods
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flippers extended away from the body. A measuremeritons started the movement with a flipper stroke (outside the
software program (SigmaScan/Image, version 2.01, Jandgéld of view), they glided the rest of the distance to their target.
Scientific) was used to calculate the surface area of eaghmetre stick, with visible marks delineating every 10cm, was
flipper. A reference grid in the image view was used fotaped in the vertical position on the far right window divider
calibration. The surface area obtained from one side of a flipp&v provide stationary reference points.
was multiplied by two to obtain the entire flipper surface area
(top and bottom), and both the left and right flippers were Video analysis
assumed to have the same surface area. Foreflipper spamhe Hi-8 video data were transferred to Super VHS tape
(maximum length) and maximum chord (width) were alsowith an S VHS VCR (Panasonic AG-1960); a digital counter
measured from the video images. Mean chord was calculatéBanasonic) that showed elapsed time to 0.01s was
as the surface area divided by the span. The aspect ratio wasultaneously recorded onto the tape. Individual glides were
calculated as the square of the flipper's span divided by thgigitized on a PC with a Matrox PIP frame grabber (V software
surface area of one side. Total wetted surface area wéw DOS, version 1.0, Digital Optics Ltd). To evaluate the
calculated by summing the surface areas of the seven bodytent of parallax, a 3m stick was placed horizontally in the
cones and the four flippers. water at approximately the same position as the mean glides,
Body volume was determined by calculating the volumes oénd a test shot was filmed. Measurements of the 10 cm intervals
the same series of cones from the girth and distanaen the video image using the V program revealed no distortion
measurements. The equation for calculating the volume of thie the field of view except at the extreme ends, which were
flippers (volume=sparmean chordmean thickness) required therefore not included in the analysis of glides. The criteria
the mean thickness of the flipper to be determined. To obtaimsed to select glides for analysis included (i) no movement of
a reasonable estimate of this varying thickness, the volume 8ippers and their placement near the animal’s sides, (ii) no
a model made from the foreflipper of one subject was measuretbvious horizontal movement, (iii) only gradual changes in
by water displacement. The mean thickness of this flipper wadepth (if any), and (iv) a minimum glide duration of 1s. The
then calculated on the basis of its measured span and choséa lion’s apparent maximum length was measured at the
With the assumption that thickness varied consistently wittbeginning, middle and end of each glide recording. These
span, the relationship found for this foreflipper was then useléngths (in pixels) were averaged and divided by the animal’s
to calculate the mean thickness of the foreflippers of the othéme length (in cm) to calibrate the measurements. This method
sea lions on the basis of their own spans. The hindflippers abrrected for the air/water distortion and the distance of each
each individual were then assumed to have the same meglide from the window. Video recordings were made at
thickness as their foreflippers, and their volume was calculategD framess!, and every third frame (0.05s apart) of the video
using the same equation. The volume of both sets of flipperscording of the glide was used for analysis, so that there was
was included in the total body volume. The density of eachiscernible movement. Two reference points were marked on
animal was also calculated to assess the accuracy of the volueech frame to determine the distance travelled; an interval
estimates. Since sea lions are thought to be neutrally buoyantirk on the metre stick was the constant point (approximately
(Feldkamp, 1987), their density should be close to that of thieorizontal to the glide), and the sea lion’s nose acted as the
surrounding medium. The mean density &) of the six sea  moving point. When frames were skipped because the window
lions was 0.968+0.084 kg, which is similar to the density of divider blocked the reference point, missing values were filled
sea water, 1.03kgl at 10°C (Lide and Frederikse, 1996). in by linear interpolation. The measurements for each glide
were then analyzed using a spreadsheet (Microsoft Excel 5.0).
Filming gliding The method of Bilo and Nachtigall (1980) was used to
Glides were recorded when the sea lions were swimming icalculate the coefficient of dra@d). The equation:
a seawater tank measuring approximately 20m long by 8r
wide and 3.5m deep. Individual sea lions were filmed wher _ 2¢(Mb+My)
they were swimming alone for positive identification of the ~ Axp
animal. Filming was performed through a viewing window
from outside the tank; the window was divided into five panelsequires the value of the slope of the deceleration equa)ion (
(each 110cm wide) separated by metal columns (each 10dime sea lion’s body masMg) and the additional mass due to
wide). The window extended higher than the water surface; thbe entrained wateMpy), the reference areA)and the density
water depth viewed through the window was approximatelpf sea waterd). The most recently measured mass value for
105cm. A Canon ES2000 Hi-8 camcorder was set on a tripatie animal and the added mass coefficient appropriate for its
4.3m from the window. The field of view included fineness ratio, based on an equivalent three-dimensional body
approximately half of the first window panel and all of the nexbf revolution (Landweber, 1961), were used in the calculations
three panels. Animals were filmed gliding past the windowfor each glide. The appropriate density and kinematic viscosity
under the direction of trainers. They were directed to swinfv) of sea water for the temperature on the day of the glide
along a straight path from a rock outside the viewing area t@Lide and Frederikse, 1996) were used in each calculation. We
rocks past the far right of the field of view. Although the seanodified the method of Bilo and Nachtigall (1980) to reduce
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scatter by applying a running average of every three analyzém 102 to 1801. The fineness ratio was relatively consistent
frames to the measurement values. Smoothed positidor all individuals over time, with a mean value of 5.55 (range
measurements were then subtracted to determine the distadc@7—6.04). The position of maximum thickne§€3 éhowed
moved between frames. These distances were divided by th@nor variability, ranging from 0.307 to 0.382 with a mean of
time between each frame (0.05 s) to give instantaneous velocity344 (i.e. at 34.4 % of the body length measured from the tip
(ms™). A linear regression was fitted using the least-squaresf the nose).
method to the plot of inverse velocitgrsugime. Glides were
only included in the data set if the slope of the linewas Drag
significantly different from zero. Instantaneous velocities were Sixty-six glides from six individuals were analyzed to
averaged to describe the mean glide velocity &nd for determine the drag forces. The coefficient of drag was
calculation of Reynolds numbemRd=LU/V). calculated for each glide and referenced to the animal’s total
All statistical analyses in our study were performed usingvetted surface areaC{a), frontal area CqF) and volumé3
SigmasStat (for Windows, version 1.0, Jandel Scientific), an@Cq,v). The mean values of the coefficient of drag for each
the significance level was seta0.05. animal are shown in Table 2, which also includes the mean
Reynolds number, mean velocity (M)sand mean specific
speeds (velocity converted k™1, whereL is maximum body
length).
Morphometrics There were no significant differences between the Bean
Morphometric data for each of the six sea lions (Table 1yalues for individual sea lions (Kruskal-Wallis one-way
show that all animals grew over the course of the study, withnalysis of variance, ANOVA, on rank$}=6.86, d.f.=5,
a mean weight gain of 19.2% (range 12.8-27.1%) and a me&x0.231), so the data sets were pooled @ewvalues for all
increase in maximum length of 4.8% (range 2.2-6.7 %)glides, see Stelle, 1997). There were significant differences
Morphological variables measured in the time period closedtetween individuals in their meady,F (one-way ANOVA,
to when the glide was recorded were always used to calculafe3.19, d.f.=5, P=0.0128) but not in their mearCq,v
drag. (Kruskal-Wallis one-way ANOVA on rank$]=6.92, d.f.=5,
The six sea lions varied in size throughout the course of the=0.227). The coefficients of drag reveal a large amount of
study. The mass of the individuals ranged from 104 to 185 kgjariability. The overall range @4, was 0.0025-0.0098 with
with a maximum length of between 2.15 and 2.55m. Totah mean of 0.0056+0.0016 (mean =.b.). Cq,v ranged from
wetted surface area ranged from 2.08 to 3.83frontal  0.029 to 0.094 with a mean of 0.053+0.016, &ag¢t ranged
surface area ranged from 0.105 to 0.194md volume ranged from 0.049 to 0.19. Th€y A values appear to decrease slightly

Results

Table 1.Morphometric data for each of the six Steller sea lions SL1-SL6

SL1 SL2 SL3 SL4 SL5 SL6
Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter

Age (years) 3 % 3 3 2 2V 3 3 3 3 3 3
Birth year 1993 1993 1994 1993 1993 1993
Mass (kg) 158 185 112 128 107 136 104 132 140 158 154 180
Maximum length (m) 2.23 2.37 2.28 2.33 2.27 2.33 2.15 2.27 2.25 2.40 2.42 2.55
Standard length (m) 2.01 2.06 1.88 1.95 1.90 1.97 1.81 1.92 1.99 2.03 2.05 2.08
Total wetted 2.91 3.01 2.29 2.35 2.49 2.48 2.08 2.42 2.64 2.66 2.94 3.03

surface area (&)
Frontal 0.164 0.194 0.120 0.136 0.111 0.139 0.105 0.136 0.128 0.136 0.143  0.179

surface area (&
Volume (1) 173 180 119 125 136 133 102 130 151 146 178 180
Fineness ratio 4.88 4.77 5.82 5.59 6.04 5.54 5.87 5.44 5.94 5.76 5.67 5.34

Position of maximum 0.359 0.350 0.382 0.343 0.379 0.313 0.307 0.343 0351 0.329 0.347 0.325
thickness

SA of foreflippers (d) 0.447 0.481 0.377 0.374 0.426 0.400 0.372 0406 0.406 0435 0.472 0.582

Foreflipper span (m) 0.586 0.614 0.556 0.594 0.596 0.571 0.537 0.590 0.568 0.636 0.668 0.696

Mean foreflipper 0.191 0.196 0.170 0.157 0.178 0.175 0.173 0.172 0.179 0.171 0.177 0.209
chord (m)
Maximum foreflipper 0.266 0.279 0.220 0.233 0.239 0.220 0.220 0.215 0.232 0.240 0.240 0.269
chord (m)

Foreflipper aspect ratio  3.07 3.14 3.27 3.78 3.34 3.26 3.10 3.43 3.18 3.72 3.78 3.33

Summer measurements were taken in August 1996 and winter measurements in March 1997.
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Table 2.Mean drag coefficients and associated velocities and Reynolds numbers for the six sea lions SL1-SL6

SL1 SL2 SL3 SL4 SL5 SL6

(N=11) (N=10) N=17) N=5) (N=10) (N=13)
MeanCy,a 0.0058+0.0017 0.0046+0.00086 0.0055+0.0014 0.0074+0.0015 0.0055+0.0024 0.0055+0.0014
MeanCq,r 0.10+0.030 0.080+0.015 0.12+0.031 0.13+0.022 0.11+0.047 0.10£0.028
Mean Giv 0.054+0.016 0.044+0.0080 0.052+0.013 0.070+0.014 0.053+0.023 0.052+0.013
Mean Reynolds number10°) 5.2+0.33 5.5+0.080 5.6+0.43 5.0+0.53 5.06+0.12 6.1+0.31
Mean velocity (m s%) 2.9+0.19 3.4+0.049 3.2+0.17 2.9+0.33 2.9+0.071 3.2+0.26
Mean specific velocityl(s™) 1.3+0.084 1.5+0.021 1.5+0.081 1.3+0.13 1.2+0.030 1.3+0.070
Mean glide depthH/D) 2.12+0.20 2.65+£0.16 2.36+0.46 3.061£0.28 2.36%£0.33 1.84+0.24

Values are means 1sb.

L, maximum body length, body diameterD, depth.

The number of glidesN) is indicated for each sea lion.

The coefficients of drag are referenced to all three areas as follawstotal wetted surface are@g r, frontal surface are&q,v, volume/3,

with increasing Reynolds numbers (Fig. 1), but the slope wascatter around the best-fitting linear regression, with a
not significantly different from zero. Theoretical drag valuesminimum drag of 27N and a maximum drag of 130N. Most
based on a similarly shaped spindle with a completelpf the drag values for the sea lions were also greater than the
turbulent boundary layer are also plotted on the graph faheoretical values expected with a completely turbulent
comparison. The majority of our values lie above this predictedoundary layer by a mean of 50 % (Fig. 2).
line and are greater by an average of 49%. Drag forces Reynolds numbers characterizing the glides ranged from
calculated from th&q a values increased with glide velocity 4.6x10° to 6.6x10°. The mean Reynolds numbers
(Fig. 2), but the relationship was not well described by theharacterizing each individual's glides were significantly
expected power regression relationship. There was a lot different between sea lions (one-way ANOMA;14.2, d.f.=5,
P<0.0001), but the range of the individual’s meansX5®to
6.1x10°) was similar to the overall range. The mean velocities
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Fig. 1. Results from the glide drag experiments. The coefficients c 20 25 30 35 4.0
drag referenced to the wetted surface a@a(filled circles) for all Velocity (m s2)

six Steller sea lions do not vary with the Reynolds numBer ¢f

the glide. The theoretical drag for a spindle with the same fineneig. 2. Drag forces (filled circles) calculated from @iga values (the
ratios and a completely turbulent boundary layer is indicated bcoefficients of drag referenced to the wetted surface area) plotted
the open circles. It was calculated from the equation:against the mean velocity of the glide. The relationship for the Steller
Ca=C[1+1.5@/)1-5+7(d/)3], with C;=0.07Rel/5 whereCq is the  sea lions was best described by a linear regresgid§.72+18.%
profile drag coefficient (sum of skin friction and pressure drag(r?=0.044,P=0.09). The lower line represents the drag for a spindle
coefficients),Cs is frictional drag coefficientd is diameter andlis ~ with a turbulent boundary layer (open circles) calculated from the
length (Hoerner, 1958). theoreticalCq values in Fig. 1y=—29.19+25.32 (r2=0.60,P<0.0001).
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of the glides were significantly different between individualsmarine vertebrate literature of 0.0021 for emperor penguins
both when measured in absolute terms ®n®ne-way (Clark and Bemis, 1979), it is much lower than the value of
ANOVA, F=7.16, d.f.=5P<0.0001) and also when referenced0.012 for bottle-nosed dolphins (Videler and Kamermans,
to body length I(s™1) (Kruskal-Wallis one-way ANOVA on 1985) at Reynolds numbers of approximatel§. Ilthe mean
ranks, H=32.9, d.f.=5, P<0.0001). Mean velocities for Cga for the Steller sea lions of 0.0056 atReof 5.5<1(F is
individual sea lions ranged from 2.9 to 3.4th§Table 2), only slightly higher than the mea@y a of 0.0042 at arRe of
with an overall range of 2.6-3.6ms When referenced to 2.0x10° reported by Feldkamp (1987) for California sea lions.
body length, the mean specific speed for individuals wa¥he drag coefficients of Steller sea lions, and for most other
limited to 1.2-1.%2s1 (Table 2), with an overall slightly marine mammals, are not substantially higher than the
greater range of 1.1-1L.&™. theoretical values for a streamlined body (Fish, 1993a). Ideal
The depth of the filmed glides was limited because thetreamlined shapes, upon which the theoretical values are
viewing window did not extend to the bottom of the pool. Thebased, are not hindered by natural protuberances or body
depth of the glide was reported as the number of bodsnovements, suggesting that the animals actually have quite
diameters submergedHfD) by measuring the distance from low drag coefficients. The measured drag coefficients show
the water surface to the mid-point on the animal’s badly ( considerable variability (Fig. 1). This natural variability may
and dividing by the maximum body diametdd)( The reflect slight differences in body configuration during glides or
analyzed glides had depths ranging from 1.3 t6l®3 with  changing water currents generated in the tank by their
a mean depth of 28D. The coefficient of drag values swimming. Since similar factors can affect the movements of
appeared to be unaffected by the glide depth. The Bgan free-ranging animals, it is important to acknowledge that the
of glides 2.H/D and deeper was not significantly differefit ( energetic costs of overcoming drag will also vary with
test, t=0.357, d.f.=64,P=0.722) from the mealq4a of the  changing conditions for animals swimming in the wild.
shallower glides.
Turbulent boundary layers
) , The majority of the drag coefficients measured in our study
Discussion were greater than the theoretical values expected for a
Comparative drag values completely turbulent boundary layer, indicating that the flow
Drag coefficients determined for the Steller sea lions aren the Steller sea lions is largely turbulent. California sea lions
comparable with values obtained for other marine speciegre the only other otariid for which drag has been investigated,
(Table 3). Although the mea@q a of the Steller sea lions of and Feldkamp (1987) concluded that they are able to maintain
0.0056 is higher than the minimum value reported in the partially laminar boundary layer. Boundary layer flow is

Table 3.Drag coefficients determined from glides for a variety of marine animals

Velocity
Mass ———— Method
Species (kg) (MP) (LsDH Re Ga  CaF Cd,v (glide drag) Source
Steller sea lion 128 341 1.46 54825 0.0046 0.080 0.044 Deceleration: This study
(Eumetopias jubatys instantaneous
rates
California sea lion 375 236 1.62 2:80° 0.0039 0.046 0.032* Deceleration: Feldkamp (1987)
(Zalophus californianus two points
Harbor seal 33 1.8 1.4~ 140° 0.004 0.038 NR Deceleration: Williams and
(Phoca vituling two points Kooyman (1985)
Bottle-nosed dolphin 232 1.89 0.76* =108 0.012 NR NR Deceleration: Videler and
(Tursiops truncatus average rate Kamermans (1985)
Estuary dolphin 85 2.45 0.98* =106 0.004 NR NR Deceleration: Videler and
(Sotalia guianens)s average rate Kamermans (1985)
Gentoo penguin 5 NR NR =108 0.0044 0.07 0.031 Deceleration:
(Pygoscelis papya instantaneous  Bilo and Nachtigall (1980)
rates
Emperor penguins 30 1.63 1.72* 12%F 0.0021 NR NR Deceleration: Clark and
(Aptenodytes forsteri average rate Bemis (1979)

L, maximum body length.

If more than one value was provided for a species, the mini@y(of the individuals’ averages) is listed, along with the associated velocity
and Reynolds numbeR@.

Cu.a, coefficient of drag referenced to total wetted surface &g@;to frontal surface are€g.v, to volumé’3,

Asterisks indicate values calculated from information provided; NR, not provided.
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expected to be laminar for a streamlined body a@Reunp to Drag is proportional to the square of velocity and should
5x10P, turbulent abovéReof 5x10°, and transitional between therefore increase curvilinearly with swimming velocity. In our
these values (Blake, 1983). In our study, the Steller sea liorstudy, drag actually had more of a linear response (Fig. 2). The
were swimming at Reynolds numbeRe¢4x1(f) at which  drag values were greater than the minimum theoretical values
turbulence would be expected, while in the study of Feldkamfor a completely turbulent boundary layer but showed the same
(1987) the California sea lions were swimmingRat5x10f, linear trend. This can be attributed to the limited range of
which is in the transition region. Therefore, the dragswimming velocities over which drag was measured. If a
coefficients for both studies are within the predicted range ohroader range of velocities had been investigated, the drag
the basis of expected flow conditions in the boundary layerswould be expected to show a curvilinear response similar to

Drag coefficients vary with Reynolds number, graduallythat found for California sea lions (Feldkamp, 1987) and
decreasing with increasing Reynolds number, droppingparbor seals (Williams and Kooyman, 1985).
dramatically in the transition region, and then stabilizing in the Swim studies in enclosed tanks are not exact simulations of
region of turbulent flow (Blake, 1983). Tk a values of the free swimming in the wild because of wave interference with
Steller sea lions were relatively constant over the Reynoldbe walls, shallow depths and restricted distances. It is
number range of our study (Fig. 1), providing further evidenceredicted that an animal swimming near the surface of the
that the animals were swimming with turbulent boundarywater will encounter additional drag forces from the formation
layers. Theoretically, the drag values should show a slighdf wave drag (Hertel, 1966). In theory, this drag augmentation
decrease with Reynolds number in this range. The expectés greatest at a depth of 0.5bodydiameters, and the effect
slope is very small, however, which would make it difficult todecreases until it is negligible at 3body diameters below the
demonstrate this relationship statistically using measuresurface. An experimental study on harbor seals and humans
values. If the Steller sea lions had been swimming with ahowed the expected increase in drag when the subjects were
transitional boundary layer, the drastic decrease in drag shoulolwed at the surface compared with submerged tows (Williams
have been obvious even with the amount of variance in thesemd Kooyman, 1985). Yet, in our study on Steller sea lions,
measured values. Many marine mammals do swim at Reynoltlsere was no apparent effect of depth on the drag coefficients.
numbers in the transition region, but other studies on pinnipedshis is probably because our animals were entirely submerged,
and cetaceans (e.g. Innes, 1984; Videler and Kamermangith a mean glide depth of H3D. The expected augmentation
1985; Williams and Kooyman, 1985) have also indicated thah this region is small (Hertel, 1966). Although the glides
they swim with a largely turbulent boundary layer at similarappear to have been sufficiently deep to reduce surface drag,
Reynolds numbers (>80 there could still be other influences on the drag, such as

Turbulent boundary layers are associated with higheinterference with the surrounding tank walls. This effect cannot
frictional drag forces than laminar ones, but have the advantagpe quantified, but most glides appeared to be greater than
of delaying the point of separation (Vogel, 1981; Blake, 1983)1 body diameter from the wall. Any increase in drag would
Separation of flow results in a dramatic increase in pressutberefore be minimal. Errors in the digitizing process and
drag and unsteadiness in the flow that can cause buffetting cdlculation of reference area are the main contributors to the
the body (Blake, 1983). Therefore, the total drag for aotal experimental error in the drag coefficients, which was
separated boundary layer is lower with turbulent flow than witkestimated to be approximately 18 % (Stelle, 1997). Although
laminar flow (Webb, 1975). Flow visualization studies on sealthis may seem high, it is less than the natural variability
and dolphins have shown that the flow can remain attachetisplayed by the animals in our study.
along almost the entire body length (Williams and Kooyman,

1985; Rohr et al., 1998). Much less energy is then lost to wake Morphological adaptations

formation, greatly reducing total drag. Yet, partially laminar The streamlined body forms of most marine animals
flow is associated with the lowest drag forces for separate@present a prime example of convergent evolution in their
boundary layers. design to minimize drag for locomotion in the water (Howell,

It is possible that, if the Steller sea lions were to swim al930). At high Reynolds numbers, streamlining provides an
slower speeds (e.g. velocitymsl, Re<4x10f), the lower effective means of reducing drag by delaying the point of
Reynolds numbers might allow laminar flow along the anterioboundary layer separation (Vogel, 1981; Blake, 1983).
portion of the animal’'s body to be maintained. At the highelFineness ratios are a measure of streamlining, and values from
Reynolds numbers, however, laminar flow would be difficult2 to 6 result in reduced drag, with an optimum at 4.5 (Blake,
to maintain without separation. Therefore, it is likely that, atL983). The Steller sea lions have a streamlined body with a
the mean swimming speeds of Steller sea lions, the boundamean fineness ratio of 5.55, a value similar to that of other
layer is turbulent, separation of the flow is delayed and the totatarine mammals including seals, dolphins and whales (Fish,
drag is reduced compared with a separated laminar boundat993a).
layer. The results from our study agree with other research on The position of maximum thickness is another indicator of
marine mammal swimming (Lang and Pryor, 1966; Fish et althe magnitude of drag; larger values indicate that separation of
1988; Fish, 1993b) that show no unusual ability to maintaithe boundary layer occurs further back on the body surface,
laminar flow as was once proposed by Gray (1936). thus decreasing overall drag (Mordinov, 1972). Boundary layer
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separation is expected to occur at this position and has be€he preferred swimming speed should therefore match the
observed on a model dolphin (Purves et al., 1975). Yet, studispeed of minimum COT. This has been demonstrated in
on freely swimming seals and dolphins show no separation @himals ranging from ducks (Prange and Schmidt-Nielsen,
the flow until near the end of the body (Williams and1970) to sea lions (Feldkamp, 1985). Feldkamp (1987)
Kooyman, 1985; Rohr et al., 1998). The position of maximundetermined that the minimum COT occurred at 1.8'os
thickness C) is also important because it is often the pointl.4L s for California sea lions, a specific speed identical to
where boundary layer flow switches from laminar to turbulenthe overall mean for the Steller sea lions in our study. Ponganis
(Vogel, 1981; Blake, 1983). Placement of this position furtheet al. (1990) recorded the velocities of otariids in the wild and
posterior allows a greater region of laminar flow and thereforshowed that the mean speeds of the smaller species were
lower overall drag. The Steller sea lions in our study had eonsistent with predictions based on the minimum COT
meanC of 0.34 (range 0.31-0.38). This is slightly lower than(Feldkamp, 1987), while the larger animals tended to swim
the reported values of 0.40 for California sea lions (Feldkampmore slowly than expected.

1987) and 0.34-0.45 for dolphins (Fish and Hui, 1991) and Videler and Nolet (1990) compared the costs of swimming
much lower than the range of 0.5-0.6 for phocid seals (Aleyein 39 species (nine surface swimmers and 30 submerged
1977; Innes, 1984). The position of maximum thickness oswimmers) and developed predictive relationships based on the
otariids coincides with the location of their shoulders andcompiled data. The mean optimum swimming speggl, €.9.
foreflippers. This location may be constrained by theiminimum COT) for all 39 species was 115¢1, a value
evolutionary history (Lauder, 1982) and may also be associateimilar to the overall mean specific swimming speed displayed
with the demands of terrestrial locomotion, which relies on théy the Steller sea lions of 1.471. The regression of Videler
foreflippers for quadrupedal movement. and Nolet (1990)Uop=0.00R&-48 (where Uopt is in ms;

The large surface area of the foreflippers of the Steller s@8=0.95, N=30), predicted an optimum swimming speed of
lion constitute approximately 16.5% of their total wetted body3.4 ms? on the basis of the mean Reynolds numbers from our
surface area, a proportion almost identical to the mean valwtudy. This is similar to our observed mean swimming speed
of 16.2 % for California sea lion foreflippers (Feldkamp, 1987)of 3.1 ms™. The relationships based on méuop=0.5M0-27
The mean aspect ratio of the flippers of the Steller sea liorend Re=2.0E9M?-6) were much less successful in predicting
was 3.37, which is substantially lower than the mean value af,pt and Re The regressions predicted a value of 1.9ms
7.85 measured for California sea lions (Feldkamp, 1987). Th@2=0.85,N=30), compared with the mean swimming speed of
aspect ratio of the foreflipper of the Steller sea lion is also lowhe Steller sea lions of 3.1m's and a Reynolds number of
in comparison with that of bird and insect wings (Vogel, 1981)3.9x1(f (r2=0.95,N=39) compared with our observed mean of
The foreflippers of Steller sea lions are large and long, like af.5x10%. This discrepancy may be because Reynolds number
ideal hydrofoil, but they are also rather wide, which reduceprovides a better indication of flow conditions than does body
the aspect ratio. mass.

Swimming velocities Concluding remarks

Our experimental design allowed the animals to swim at the Steller sea lions utilize the same propulsion mode as other
speed of their choice. This limited the range of drag data, buatariids, but their performance differs somewhat from
provided an opportunity to evaluate their preferred swimmingalifornia sea lions because of their larger size. As predicted,
speeds. These speeds are likely to vary in the wild, but resulgeller sea lions reached higher swimming velocities which,
from our study give an indication of the velocities at whichtogether with their greater body length, resulted in higher
Steller sea lions swim. The mean glide velocities of individualfkeynolds numbers. Gliding occurred at Reynolds numbers
ranged from 2.9 to 3.4m% these values are higher than thebeyond the transition zone. It is therefore not surprising that
mean value of 2.0-2.4mls for California sea lions the drag data indicated that Steller sea lions swim with a
(Feldkamp, 1987). It is expected that Steller sea lions shouldrgely turbulent boundary layer. This is not necessarily a
swim faster than their smaller relatives because, although dragsadvantage, however, because the turbulence in the flow
increases with the square of velocity, the available poweshould delay separation of the boundary layer, resulting in a
increases with the cube of the body length (Aleyev, 1977)ower overall drag. Their well-streamlined bodies also help to
However, when glide velocity is referenced to body lengthdelay separation with a near optimum fineness ratio. Steller sea
(specific speed; s™1), the mean specific speeds for the Stelledions, like other marine mammals, exhibit no unusual ability to
sea lions of 1.2-115s71 are lower than those measured for themaintain laminar flow, but still encounter relatively low drag.
California sea lions of 1.6-1l8&™1 (Feldkamp, 1987). This This information can be used to model the energetic costs of
reduction in specific speed for larger animals has also beewimming and to determine the contribution of swimming
observed in cetaceans (Webb, 1975; Fish, 1998). costs to their overall energetic expenditures.

The minimum cost of transport (COT) is the amount of
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