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Summary

For birds diving to depths where pressure has mostly birds, with the pattern of difference varying with body
reduced the buoyancy of air spaces, hydrodynamic drag is shape. Thus, the drag of cast models or similar featherless
the main mechanical cost of steady swimming. Drag is shapes can differ both quantitatively and qualitatively
strongly affected by body size and shape, so such from that of real birds. On the basis of a new towing
differences among species should affect energy costs. method with no posts or stings that alter flow or angles of
Because flow around the body is complicated by the attack, the dimensionlesCp/Re curves differed among a
roughness and vibration of feathers, feathers must be size gradient of five auklet species (75-100g) with similar
considered in evaluating the effects of size and shape on shapes. Thus, extrapolation o€p/Re curves among related
drag. We investigated the effects of size, shape and feathers species must be performed with caution. At lower speeds,
on the drag of avian divers ranging from wing-propelled the Cp at a givenRewas generally higher for long-necked
auklets weighing 75 g to foot-propelled eiders weighing up birds that swim with their neck extended (cormorants,
to 2060 g. Laser scanning of body surfaces yielded digitized grebes, some ducks) than for birds that swim with their
shapes that were averaged over several specimens perhead retracted (penguins, alcids), but this trend was
species and then used by a milling machine to cut foam reversed at high speeds. Because swimming birds actually
models. These models were fitted with casts of the bill area, travel at a range of instantaneous speeds during oscillatory
and their drag was compared with that of frozen strokes, species variations in drag at different speeds must
specimens. Because of the roughness and vibration of the be considered in the context of accelerational stroking.
feathers, the drag of the frozen birds was 2—6 times that of
the models. Plots of drag coefficientGp) versusReynolds  Key words: cost of diving, diving, bird, drag, swimming, feather,
number (Re) differed between the model and the frozen laser scanning, model fabrication, shape effects.

Introduction

Fluid mechanical drag is critical to the energy costs oeEnhance separation by surface flutter (Tucker, 1990;
flight and diving in birds and mammals (Kooyman, 1989;Pennycuick et al., 1996). We investigated the effects on drag
Pennycuick, 1989; Lovvorn et al., 1991; Lovvorn et al., 1999)of the size, shape and speed of diving birds and how these
At depths where pressure has substantially reduced the volumedationships are modified by the surface effects of the
and buoyancy of air in the respiratory system and plumag@lumage.
drag becomes the main mechanical cost of steady swimmingDrag has been calculated from films of deceleration during
(Lovvorn, 2001). Body size has strong effects on drag becausgiding by live animals (Clark and Bemis, 1979; Bilo and
it determines the ratio of mass to surface area and, thus, tNachtigall, 1980; Feldkamp, 1987; Skrovan et al., 1999; Stelle
ratio of inertial to viscous (friction) forces. Body shape alscet al., 2000). Deceleration measurements avoid problems with
has an important influence on drag by altering the point alongnnatural flutter of fur or feathers on dead specimens and
the body where boundary-layer flow shifts from laminar toare best for estimates of drag during gliding. However,
turbulent and the point where the boundary layer separategceleration values include the drag of propulsive limbs and
from the body (Hoerner, 1965; Webb, 1975; Aleyev, 1977)are at much lower speeds than those achieved instantaneously
These points are further affected by the roughness ariiring accelerational stroking. Thus, they are less satisfactory
flexibility of the body surface, which can delay separation byfor modeling the drag of the body fuselage (head and trunk
inducing fully turbulent but attached flow (Aleyev, 1977) oronly) throughout strokes when the efficiency (including drag)
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of propulsors is considered separately (Hui, 1988; Lovvorn ednd compare the drag afg/Re patterns for a wide range of
al., 1991; Lovvorn et al., 1999). species of different sizes, shapes and swimming modes.
Drag has also been measured directly as the force neededtecause the shapes and flow regimes of birds can change
pull animals through a fluid. Live seals have been trained tduring complex maneuvers to pursue prey (see Spring, 1971),
cooperate in being towed behind moving carriages (Williamgur measurements are relevant mainly to sustained, steady
and Kooyman, 1985), but this approach has not been possild@imming such as when birds are traveling directly to and
with less trainable birds. In most cases, drag measuremeritem the depth of foraging (Lovvorn et al., 1999; J. R.
in flumes or behind carriages have been made on frozdrovvorn, A. Kato, Y. Watanuki and Y. Naito, unpublished
specimens (Williams, 1983; Williams, 1989; Fish, 1984;results).
Pennycuick et al., 1988; Tucker, 1990; Lovvorn et al., 1991;
Lovvorn et al., 1999) or cast models (Purves et al., 1975; ,
Aleyev, 1977; Hui, 1988; Oehme and Bannasch, 1989; Materials and methods
Bannasch, 1993; Bannasch, 1995). With frozen specimens, Creation and preparation of bird models
obtaining sometimes rare species from distant or poorly Four to six individuals of each bird species were frozen in
accessible sites can be difficult, and the animals often beconaadiving posture. To measure the drag of the body fuselage (the
damaged or misshapen while dying or in storage. Also, frozeimead and body trunk without the propulsive limbs), the feet of
specimens thaw during repeated drag measurements in wateot-propelled divers and the wings of wing-propelled divers
and must be refrozen intermittently during trials. Cast modelaere removed. Thus, the measurements reported here do not
avoid the latter problem, but their rigid surfaces do notccount for the drag of propulsive limbs. In the modeling
duplicate the effects of a flexible, vibrating pelage (Tuckerapproach for which these measurements were made (see
1990; Pennycuick et al., 1996). Lovvorn et al., 1991; Lovvorn et al., 1999; Lovvorn, 2001), the
A method known as laser striping (Faugeras, 1996), in whictlrag of oscillating propulsors is subsumed by the aerobic
three-dimensional surfaces are digitized as input for computeefficiency (mechanical power output/aerobic power input).
driven carving machines, yields the advantages of cast modelfis coefficient is used to calculate aerobic energy
as well as allowing sampling among specimens. Digitizedequirements from estimates of the mechanical power needed
surfaces of various individuals can be scaled to the same metan propel the body fuselage at quasi-steady speeds. This
length and averaged at all points on a standardized surface gagdproach is analogous to that often used in naval engineering,
to yield an average shape. This digitization method can aldo which the drag of a hull is matched with a propulsive system
generate scale models of very different sizes for the san@ given net efficiency. In our case, this method obviates the
species. The latter option is quite useful if the size or maximumeed to measure the instantaneous drag of oscillating, rotating
speed of the flume or carriage, or the sensitivity of théimbs throughout a quasi-steady stroke cycle, which no one has
measurement system, requires the use of different sizes yet accomplished.
speeds of objects at the same Reynolds numbers. NeverthelessSurface areas were measured by taping polyethylene film
as with cast models, this method does not consider the surfaseugly around the body without compressing the plumage,
effects of flexible fur or feathers. tracing the removed film on paper, and then weighing the
Because of the difficulty of obtaining frozen specimens andraced sections of paper (Lovvorn et al., 1991). Partially
measuring the drag of all species of interest, it is often helpfuhawed specimens were then mounted on sharpened steel rods
to express the drag of particular shapes at different speeds(Bi4 mm in diameter) inserted from the posterior end of the bird
terms of non-dimensional variables: the drag coeffici€s) ( through the neck and into the head. After mounting, each
for drag scaled to surface area, and the Reynolds nuiRBer ( specimen was refrozen in the posture for straight underwater
for speed scaled to body length. A given shape will fall on thewimming, as indicated by observations and photographs of
same curve o€p versus Reegardless of its size or speed. If birds in tanks.
the shapes of two species are similar enough, thenGhéRe The rod extending rearward from the mounted bird was
curves should be the same irrespective of differences in sizeserted vertically into a chuck in a rotary indexing table,
implying that measurements are needed for only one of thehich allowed angular rotation of the bird by known
species (e.g. Bannasch, 1995). However, the effects of sligimcrements around the rod axis. A laser instrument (35 mW,
variations in shape have seldom been evaluated as a sourcéefium—neon red laser; Spectra-Physics Stabilite model 124B)
potential error in extrapolating among species. was mounted along with the indexing table on an aluminum
In this paper, we describe a method for fabricating modelsame (Fig. 1). A cylindrical mirror 2cm in diameter was
of animal shapes by laser striping, averaging of digitizednounted near the laser aperture in the path of the beam and
surfaces and computer-driven machine carving. We compareflected a vertical plane of light onto the axis of rotation of
the hydrodynamic drag of the resulting models with the drathe mounted bird. The vertical plane of light was further
of frozen birds used to develop the models, allowing us téocused by passing it through a long, vertical slot in a strip of
examine interactions between body shape and feather effeg@per hung in front of the bird. The result was an intense band
For frozen specimens, we also evaluate the similarity betweef light a few millimeters wide that illuminated the profile of
Cp/Recurves for a size gradient of similar species (auklets)the bird in the plane of its angle of rotation (Fig. 1).
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Fig. 1. Apparatus for illuminating the profile of a frozen bird using a
thin laser sheet. The intensely illuminated profile was filmed with &
video camera, recorded with a frame-grabber and then digitized. T
bird was rotated through angular intervals for successive videl
images of the entire shape.

Fig. 2. Stages in the construction of the model for common
guillemots, including (left to right) a frozen bird, the digitized shape
Approximately 3.5m away from the frozen bird, at an angkaveraggd for _five individuals, _the foam carving and the finished
to the plane of the laser beam, we mounted a Pulnix TM-2model fitted with a cast of the bill area.
video camera with an 8.5mm charge coupled device (CCL
head and a 12mm, 1:1.2 lens. Video images were recorded forosthetic limbs. The models were made of high-density
10s at each 10° angular rotation of the indexing table. Onerethane foam, with a hole 2.5 cm in diameter through the axis
image frame from each 10s period was chosen for analysisf the block. The neck of some species was less than 2.5cm
The profile of the bird from each angular perspective, definedide and could not be machined; these were later carved by
by the intensely illuminated laser stripe in the video imagénand. To reproduce the bill area for each model bird, molds
frame, was digitized with a frame-grabber. The camerand plaster casts were prepared from a selected individual of
distance and its angle relative to the plane of the laser beagach species. The cast bill and face were cut and sanded to
were used to transform the obtuse image to planar coordinatelend smoothly into the head of the foam model and
(Fu et al., 1987). The conical geometry of the camera’s visiowaterproofed with epoxy resin. To fill cavities and create a
was then converted to flat geometry in the plane of the lasemooth waterproof surface on the open-cell foam, a coat of
sheet to define the data in scaled polar coordinates. An ASCIR h epoxy resin mixed with lightweight filler (to improve
file was created that contained both Cartesian and cylindricaknding properties) was applied to each model (400 Microlight
(radius, height, radial angle) data. These data could be read Bgiring Filler, Gougeon Brothers, Inc., Bay City, Michigan,
a variety of software packages, including software that w&SA). After the epoxy resin had cured, the models were
developed for averaging the digitized bird surfaces. thoroughly sanded, and the process was repeated before
The digitized shape consisted of 200 transverse (crospainting. Stages in the construction of a bird model are shown
sectional) planes from the anterior to the posterior end of eadéh Fig. 2 and profiles of all models in Fig. 3.
bird, with the bird’s surface on each plane defined by 72 radii The bird models were balanced and ballasted to neutral
projecting from the long axis of the animal. Correspondingouoyancy at the depth of the experiments by inserting lead shot
radial lines from each side of the bird were averaged, resultingto the cylindrical cavity (2.5cm wide) that passed through
in 14400 points defining the surface of the symmetricalthe axis of each model. The rear of the cavity was then plugged
smoothed animal. The bird geometries were standardized layyd smoothed with Plasticene. The surface areas of these
the lengths of respective individuals and then averaged amongodels were measured by the same method used for frozen
4-6 individuals. Asymmetries resulting from damaged omirds (see above). The dimensions of the models (Table 1) all
otherwise misshapen parts of different specimens were deletéll within the ranges for the frozen birds used to develop the
or subsumed by the average. The final output included models.
computer numerical control (CNC) toolpath file in the format
specified by the milling machine. Preparation of frozen birds
Bird models were carved by the Vorum Research Single frozen specimens of each species, including
Corporation (Vancouver, British Columbia, Canada) with aspecimens used to develop the models, were used for drag
CANFIT-PLUS milling machine designed for manufacturing measurements (Table 2). To determine the drag of the body



1550 J. R. LovvORN AND OTHERS

COGU Table 1.Body length including the bill and tail§), body
LIPE RHAU CAAU wetted surface areadgw) and maximum frontal area of bird
models
‘ . Surface  Frontal
Species  Length area area
® Species code (m) G (m?)
' i Little penguin LIPE 0.379 0.0686 0.0055
. (Eudyptula minoy

BRCO Common guillemot COGU 0.478 0.0951 0.0076
(Uria aalge)

RTLO
EAGR Rhinoceros auklet RHAU 0.332 0.0474 0.0042
(Cerorhinca
monocerat
Cassin’s auklet CAAU 0.220 0.0318 0.0029
) (Ptychoramphus
aleuticug

. . Brandt’s cormorant BRCO 0.632 0.1139 0.0096
(Phalacrocorax
COE| penicillatug

CANV REDH
Red-throated loon RTLO 0.508 0.0882 0.0083

(Gavia stellata
Western grebe WEGR 0.558 0.0838 0.0066
(Aechmophorus
[ . .
20 cm occidentalig
Eared grebe EAGR 0.284 0.0398 0.0041

(Podiceps auritus

Common eider COElI 0.572 0.1373 0.0118
Fig. 3. Top (left), side (right) and frontal (bottom) profiles of bird (Somateria mollissima
models. Species codes are given in Table 1. SWimming'foraginCanvasback CANV 0501 0.0953 0.0090

types include wing-propelled penguins that do not fly in air (LIPE),
wing-propelled alcids that also fly in air (COGU, RHAU, CAAU),
foot-propelled pursuers (BRCO, WEGR, RTLO, EAGR) and foot-Redhead REDH 0496 0.1010 0.0095
propelled benthivores (COEI, CANV, REDH). (Aythya americara

(Aythya valisinerig

. . . Models were for wing-propelled divers (penguin, alcids) with the
fuselage (head and body trunk without prop_ulswe limbs), W‘Wings removed and ;Q(l)rp fopot-propelled ((fi)ive?s (cormor;nt, loon,
removed the legs and feet of foot-propelled divers (cormorantgrebes, ducks) with the legs and feet removed.
loons, grebes, ducks) and the wings of wing-propelled diver
(penguins, alcids). Lead plugs were inserted into holes drille
into the breast and leg muscles until each bird was neutralgpecified speeds along a tank 3.7 m wide, 2.4m deep and 61 m
buoyant and balanced (no pitching or rolling). In diving birdsong.
greater pressure with increasing water depth will reduce air In general, one of two methods has been used to suspend
volumes in the respiratory system and plumage. The body wilead animals in a flow field for measuring drag: posts or struts
become thinner, decreasing drag to some extent as depttat extend to the body from above or below (Pennycuick et
increases to the point where maximum compression of aal., 1988; Lovvorn et al., 1991) or stings that extend from the
spaces occurs (see Lovvorn and Jones, 1991; Lovvorn et akar of the body (Hui, 1988; Bannasch, 1993; Bannasch et al.,
1999). However, such changes should have minimal effect994; Lovvorn et al., 1999). Posts disrupt flow over the object,
when comparing frozen birds with models prepared from therand the resulting ‘interference drag’ enhances measurements
at shallow depths in the tow tank or when comparing differenty an amount that is usually unknown (Tucker, 1990). Stings

species at the same depth. do not alter flow over the object. However, if force in only the
backward direction is measured, both stings and posts require
Drag measurements trial-and-error adjustment of the object’s fixed angle during

Drag was measured at the BC Research Ocean Engineerirgpeated runs to determine the angle of minimum drag.
Center at the University of British Columbia, Vancouver,Otherwise, slight (and visually imperceptible) variations in the
Canada. A carriage towed the models and frozen birds angle of attack can result in pitch or yaw (vertical or sideways



Table 2.Body length including the bill and tail§), body
wetted surface areadi\gw) and maximum frontal area of
individual frozen birds used for drag measurements

Surface  Frontal
Species Length area area
Species code (m) (n (m?)
Little penguin LIPE 0.404 0.0758 0.0052
(Eudyptula minoy
Common guillemot COGU 0.482 0.0948 0.0084
(Uria aalge
Briinnich’s guillemot BRGU 0.444 0.0969 0.0109
(Uria lomvia)
Tufted puffin TUPU 0.395 0.0760 0.0077
(Fratercula cirrhatg
Parakeet auklet PAAU 0.270 0.0392 0.0038
(Aethia psittacula
Crested auklet CRAU 0.241 0.0313 0.0035
(Aethia cristatelld
Cassin’s auklet CAAU 0.210 0.0274 0.0035
(Ptychoramphus
aleuticug
Whiskered auklet WHAU 0.198 0.0219 0.0025
(Aethia pymaen
Least auklet LEAU 0.173 0.0188 0.0021
(Aethia pusillg
Brandt's cormorant BRCO 0.760 0.1287 0.0162
(Phalacrocorax
penicillatug
King eider male KIEImale 0565 0.1460 0.0162
(Somateria
spectabili$
King eider female KIEl female 0.495 0.1306 0.0154
(Somateria
spectabili$
Canvasback CANV 0.531 0.0998 0.0100

(Aythya valisineriq
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lift) that can enhance and even exceed the drag parallel to the
flow field. Thus, without simultaneous measurements of forces
in the backward, vertical and sideways directions, or trial-and-
error adjustment of the sting’s angle between runs on a
progressively thawing animal, it is difficult to standardize
measurements of minimum drag using posts or stings. Ideally,
the suspension system should minimize disruption of flow over
the body, while allowing the body to adjust automatically to
its angle of minimum drag at different speeds.

To this end, we devised a harness using a drogue attached
to and pulled behind the animal (Fig. 4). A vertical strut made
of aluminum airfoil extrusion (5cm deep by 2.5cm wide) was
bolted to the carriage superstructure midway across the tank
and extended to 65cm below the water surface. Nylon fishing
line was attached to a force block mounted on the carriage
above the strut, threaded around a pulley attached to the
downward end of the strut, and extended horizontally
backwards from the strut to the bird: thus, horizontal drag on
the towed bird was measured as downward force on the block.
The force block (model ST; Precision Transducers, Aukland,
New Zealand) had a capacity of 50 kg force (490 N). The signal
from the block was sampled at 50Hz, processed by a signal
conditioner (model DBK 16; IOtech, Cleveland, Ohio, USA)
and archived on a personal computer.

After passing around the pulley at the bottom of the strut, the
fishing line (20kg test, 0.66 mm thick) extended horizontally
backwards for 3.5m, where it clipped to four 40 cm pieces of
line that, in turn, were tied at four equidistant points around a
polyvinylchloride (PVC) ring (6cm outside diameter, 4 mm
thick) (Fig. 4). Another four 40cm pieces of line attached at
these same points on the PVC ring ran backwards to clip onto
small rings (4-5mm in diameter) mounted at the top, bottom
and either side of the bird’s head. This four-point harness with
the PVC ring was quite effective at preventing the bird from
veering off course at all but the highest speeds. Another four
lines attached at the top, bottom and either side of the rear of
the trunk of the bird extended approximately 30cm back to
another clip at the end of a single line 2.6 m long that, in turn,
clipped to an array of six 70cm lines that attached at equal
intervals around the circular forward opening of the drogue

Measurements are for wing-propelled divers (penguin, alcidk) wit(Fig. 4).

the wings removed and for foot-propelled divers (cormorant, loon, Two drogues were used. Both were made of 3mil Mylar
grebes, ducks) with the legs and feet removed.

Fig. 4. The harness and drogue system used

(76um thick) folded into a tube and taped at the seam (3M
brand 9576 double-sided tape with acrylic adhesive lasted
under these conditions, while other tapes we tried did not).

Watersurface

in drag measurements to avoid altering the
flow over the body or the angle of attack by

struts or stings.
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Both drogues were 60cm long and circular in cross sectiomowever, individual species often show meaningful deviations
with the area of the rear opening approximately 40 % smalldrom this curve, which was developed over a very wide range
than that of the front opening. The front and rear openings werd body mass. Moreover, we have found that small errors in
made rigid by taping a circle of aluminum welding rod (4 mmregression curves fitted to drag data can cause significant
thick) inside the openings (3M 838 Tedlar weather-resistarthanges inCp/Re values calculated from those curves. In
tape). For most models and frozen birds, we used a drogue wiplarticular, a second-order drag/speed curve (as called for by
front and rear diameters of 12 and 9cm, respectively. Faheory) will curve up slightly at low speeds. However, this
the eider model and the frozen eiders, guillemots, puffinsmall deviation can cause substantial overestimat& Git
cormorant, penguin and canvasback (see Table 2), we usedoa Re making theCp/Recurve resemble that for a cylinder
drogue with front and rear diameters of 15 and 11.5cm. Theather than a streamlined body (Vogel, 1994). Patter@pof
drag of the drogues was great enough to keep the birdersus Recan also vary appreciably depending on the
horizontal during runs without a post or sting. The absence gfarameters used to calculate them, including the temperature
a rigid attachment avoided interference with flow around thand the salinity of the water (which affeptand v), and
birds and allowed the birds to adjust automatically to theiespecially body length (including or not including tails) and
attack attitude of minimum drag. body area (wetted surfaceersusfrontal). For example, the

At the start of a run, the bird and droque were held out bZp/Re curve for cormorants is somewhat different (curves
hand horizontally behind the strut at the depth of the pulleypwards) at higiReif their long tail is not included in the body
and were released when the carriage accelerated from length used to calculate If another worker used a different
stationary position. Starting at 0.4msruns were made at method from ours to measure wetted surface are&Gitee
successive speed increments of 0.3hup to a maximum of curves might also differ. We provide the parameters needed to
4.3ms? or until the bird became unstable. If a frozen birdcalculateCp andRefrom our data in Tables 1, 2. However, by
started to thaw, it was placed in a cooler over dry ice untilising the fitted drag/speed equations (Table 3), other authors
refrozen. The drag of the towing assembly and drogue withoutan vary the parameters for calculatitg or Reaccording to
a bird attached was subtracted from the drag with the birgarticular conditions and analyses.
included to yield the drag of the bird alone. To fit polynomial equations to the data for each specimen

We calculated Reynolds numbeRR€( for the models and (model or frozen bird), we used a combination of multiple
frozen birds with body lengthy (m) (including bill and tail) regression and inspection of the resulting plots. We first
at each speed (ms™?) asRe=ULp/v, wherev is the kinematic  calculated coefficients of multiple determinatid®?)( for all
viscosity of fresh water at 20°C (1.0080%m?s™1). Drag  possible subsets of the independent variable (speed) raised to
coefficients Cp) were calculated a8p=2D/pAswU?2, whereD powers up to 5¢ for entry into the model was 0.15; SAS
is drag (in N),p is the density of fresh water at 20°C Institute, 1987). Plots of observedrsuspredicted values for
(998.1 kgm3) andAsw is the wetted surface areaZnof the  equations with the highed®2 values were then visually
bird or model. inspected to select the equation showing the fewest deviations.

Theoretically, drag is related only to the square of speed, biitote that the regression routine was used only as a curve-fitting
we included higher-order terms to fit the empirical curvesnethod to fit a polynomial equation to data for a single
exactly and thereby capture subtle effects of body shapspecimen (model or frozen bird); the resulting equations did
By analogy, according to the ‘mouse-to-elephant curve’not represent a population of different specimens for each
metabolic rate is related to body mass to the power 0.75pecies. Thus, there was no population variance for each curve,

Table 3.Equations for drad> (in N) versus speed (ms?) of individual frozen specimens of each species

Species Species code Equation

Little penguin LIPE D=-0.255+1.61U-0.38U2+0.228J3

Common guillemot COGU D=2.25-3.78J+5.02J2-1.40U3+0.0494J°
Briinnich’s guillemot BRGU D=1.08+2.58J2-1.38J3+0.27aJ4

Tufted puffin TUPU D=0.230+3.56)2-2.08J3+0.394J4

Parakeet auklet PAAU D=-1.13+6.1&)-8.12J2+5.23J3-1.51U4+0.163J>
Crested auklet CRAU D=-0.271+2.34-3.16J2+2.36J3-0.764J4+0.093 U5
Cassin’s auklet CAAU D=-0.206+1.28/-0.26U%+0.0914J3

Whiskered auklet WHAU D=-1.40+4.71)-5.0002+3.03J3-0.809J4+0.0798J°
Least auklet LEAU D=0.174+0.380-0.0126J2+0.0154J4

Brandt’s cormorant BRCO D=1.21-1.74U0+3.76J2-1.38J3+0.213J4

King eider male KIEI male D=0.457+1.38)+0.944J)2

King eider female KIEI female D=-0.530+3.08)-3.10U%+3.73U3-1.54U4+0.228J°
Canvasback CANV D=0.703-0.854J+2.659J2-0.801U3+0.0899J4

Higher-order terms represent details of shape effects on drag at different speeds (see text).
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so that statistical comparisons among curves for differenting-propelled divers that swim with their neck retracted
species were inappropriate. (LIPE, COGU, CAAU). The model for the Cassin's auklet
(CAAU) apparently became unstable at speeds greater than
3ms1 resulting in a rapid increase in drag (Fig. 5). For long-
necked species, thép/Re plots for both model and frozen

Effects of feathers birds resembled those for smooth streamlined shapes (Vogel,

Curves of dragversus speed andCp versus Rewere  1994). For birds that swim with a retracted neck, GaéRe

compared between the models and individual frozen specimeptts for the models also resembled those for smooth
selected from those used to develop the models (Fig. 5). Tistreamlined shapes, whereas those for the frozen birds
drag of frozen birds was 2-6 times higher than that of theesembled those for rough streamlined shapes. Feathers had
models. Differences tended to be greater for long-necked birdgeater effects on the magnitude of drag curves than on their
that swim with their neck extended (CANV, BRCO) than forgeneral shape.

Results
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Effects of shape independently of feathers penguin feathers (Stahel et al., 1987), which are less likely to
Birds with different propulsive and foraging modes flutter. Also, although the model common eider had a much
generally have different shapes, and we evaluated thdgher drag andCp than models of other foot-propelled
effects of these differences on drag at steady speeds. Widenthivores (Fig. 6C), among frozen birds @ of the male
divided the birds into four categories: wing-propelledking eider was quite similar to that of the Brandt's cormorant,
penguins that do not fly in air, wing-propelled alcids (murresand that of the female king eider was even lower at all but the
puffins, auklets) that do fly in air, foot-propelled pursuershighestRevalues.
(cormorants, loons, grebes) and foot-propelled benthivores Wing-propelled small auklets of apparently similar body
(ducks) (Fig. 3). shape but differing size (Table 2) h@d/Recurves of similar
Although penguins are often considered to have the leashape but different magnitude, and these patterns did not
drag of possible bird shapes (see Nachtigall and Bilo, 198@porrespond consistently with body size (Fig. 7B). For example,
Bannasch, 1993), the body fuselage of the model commahe Cp/Re curves for the parakeet and crested auklets were
guillemot (common murre) had a low€p at all Revalues almost the same, the curves for Cassin’s and whiskered auklets
than did the little penguin model (i.e. lower drag corrected foseemed to correspond with body size, and the curve for least
body surface area and length) (Fig. 6A). The drag of modeluklets seemed to be unrelated to body size.
rhinoceros and Cassin’s auklets incre:
abruptly and dramatically at intermedi Modd birds
Revalues corresponding to mean spe

much hlgher than those at Whlch tl 12;“;‘ I|_I|P|E| LA L |_:| 008 :_IA'I LI L L L L L L B A | 1_:062
normally swim (probably 1-1.5m% J. 10F & cocu 3 F A 1
R. Lovvorn, unpublished observatior gE s RHAU E 004f © J0.50
this difference from the penguin &¢ Z F a cAAU ¢ 3 oosk & E Py
guillemot occurred without the effec o 6r D°6 385 UF ’..A . 1
of feathers. Models of foot-propell 5 4F e° LI 0.02F——o"%, et 10.25
pursuers (Fig. 6B), which all swim wi ok ..3,@ 3 C o%%‘,ﬁ‘.‘..--. R ]
their neck extended, generally had lo STILLS ] 0oL o8 o° 1012
Cp values than the wing-propelled bir T T o] I I I T I e 1
especially at higliRe (except for the rec o 1 2 3 4 0O 05 10 15 20 25
throated loon). The eared grebe mc oo
had the lowest drag of all.spemes stuc 10;_ e BRCO _ 0.05[ B Joso
Although the common eider model t E o WEGR ] C ]
a Cp value similar to those of win gk & RTLO a 0.04|- 2047
: - Z [ a EAGR 3 C ]
propelled' divers at ]0\Re it had alowe Z oF A‘ 3 ook ° 036
Cp at high Re (Fig. 6C). Models ¢ 3 s 0710 F . ]
the other foot-propelled benthivor & 4fF RPN 0.02— 10.24
(canvasback and redhead ducks) Rax 2k Ao’ a3 E A, Odad . ]

o e NS A ] 0.01 n ABAan 80 A A A& 5 0.12
values even lower than those of fc oF “ggﬁmu E - 280 8 9 %% 0 ]
propelled pursuers. These data indi T N I B B (O} I P T I BT W KO
important and consistent differences o 1 2 3 4 0 05 10 15 20 25
drag patterns among species that r¢ DY e o R B B
mainly from differences in shape. - e COEI o ] 0.05F C Jos3

10F o caNv o F ]
Effects of size and shape for feather gp 4 REDH e 4 004p 4042
birds == O d ooo3F Jo.32
General differences among propuls g F ° s 10 s .
modes and body shapes (Fig.3) v O 4 E o® * Rl 0'02: oa ¥, : 0.21
. . . o A [o] - L 4
evident for a wider range qffrozen bir 2F ..:“3300 : 0.01f 0365...”°°A°°° 1011
The Cp/Re curves were similar amol oF «88850° 3 F b84aa44b ]
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being higher than those for foot-propel L
divers at highRe(Fig. 7C). Although th Speedm ™) Rex106

Cp of the model pen.gum Was'hlgher tt Fig. 6. Dragversusspeed, and drag coefficie@Gb versusReynolds numbeRe for models

that of the model guillemot (Fig. 6A), t ot (A) wing-propelled divers, (B) foot-propelled pursuers and (C) foot-propelled
pattern was reversed for the frozen b penthivoresCp on the left ordinate is based on wetted surface AsgaandCp on the right

(Fig. 7A); this difference might ha  ordinate is based on frontal area. Body shapes are given in Fig. 3, and species codes and
resulted from the unique structure other parameters are given in Table 1.
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For large wing-propellegersusfoot-propelled divers, the Discussion
Cp of the little penguin (and of Brinnich’s guillemot at low  Our data indicate that the roughness and vibration of feathers
speeds) was lower than that of long-necked birds at IRger can increase the drag of frozen birds by two- to sixfold over
whereas this pattern was reversed at higRer(Fig. 8).  that of cast models or other featherless bird shapes. Thus, the
Corresponding speeds at which this transition occurredffects of feathers must be considered in drag measurements
(Re=1.3x1075) were approximately 3.1 m5for the penguin and in the resulting estimates of locomotor cost. The
and guillemot, but only 1.6n1%k for the cormorant and magnitude of the ‘feather factor’ varied with both speed and
2.2ms? for the male king eider, whose curve was veryspecies, with apparently greater effects in foot-propelled divers
similar to that of the cormorant (cf. Fig. 7C). Note that, inthat swim with their neck extended (cf. Figs 3 and 5). In our
our frozen Brinnich’s guillemot (thick-billed murre), the study, this difference probably resulted from the fact that the
head was more retracted than in the frozen common guillemuatings of foot-propelled divers, which are held against the body
and others scanned to create the common guillemot modelring swimming, were not removed and remained part of the
(Figs 2, 3). body fuselage. The longer wing feathers (including flight
feathers, scapulars and tertials)
probably vibrated more than the
shorter contour feathers alone in wing-

Frozenbirds . .
propelled divers whose wings were

Soi_”lll_lllpllzllllllllcil_; oa2f o 1T g 25 removed. Also, the unique structure of
s E : COGU NE 2 A penguin fgathgrs, which probgbly
= . BROU E 0-105‘ ‘51-46 reduces vibration and fluttering,
= 28 . TuPU T 3 oo08fk . 3117 apparently decreased the drag of the
< 15F Q 165 E % 3 penguin below that expected on the
g F o 006F o 4087  pasis of shape alone (compare the
e 105_ 3§° E 0oaf—*2 1058 Co/Recurves of LIPE and COGU in
5 _!38 = IN: ':ﬁﬂp “,00 Figs 6A and 7A). The anomalous,
of #88 §e° 3 o002 o 1029 rapid increase in drag at high speeds
8'1'2:'3"1 ('30'510152'02'53'0 of the model Cassin’s auklet (Fig. 5)
' ' : : : : is probably irrelevant because the
ETT T T Qo Ela T TTITITITITITITITITTTITTS ) oy increase occurred at speeds far greater
F o PAAU 3 3 B 1 than the mean speed that this
St o CRAU 7 010F o 41.03  species normally achieves (probably
_ 20 % \?un 1 ook * Jogs @pproximately 12md  J. R
€ 5 o LEAU 1 a F a Ehe Lovvorn, unpublished observations)
g f 1 © oo6fF J0.62 Pennycuick et al. (Pennycuick et al.,
o 10F . E 0.04 F :;AAM R 3 041 1996) suggested that the drag of frozen
5E 2 « 7 E “%f‘; R Ehe birds in air is greater than for live birds
OF eseantt (L 3 0.02F osie 1021  because  their  feathers  flutter
RN N EFRATIRI MEF A bl b o lo b Lo 1 unrealistically, amplify turbulence and
o 1 2 3 4 0 05 10 15 20 25 30 enhance flow separation. Hui (Hui,
e R B I B I P SRR AL A AL ERRRL EAARLRL: PP 1983) gxpressed similar concerns in
r e BRCO ] o c i comparing the underwater drag of a
25E o KIEImale 3 010F Jo79  penguin preserved in formalin with that
of 4 KIEIfemde ¢ 3 E 2 3 of a cast model of the same individual.
z f° CANV a8 1 5 008 © 3064 Muscles at the bases of the feather
2 5 3 .2 7 © o06F Jo0.4s shafts probably affect the flexibility of
o 10F 508 : a® . 3 0.3 individual feathers and of the plumage
5E oggﬁ’* 3 0'045 1 surface as a whole; the loss of this
E .Qg‘ 3 0.02E 10.16 control might enhance the drag of
OT....|...|...|...|.? ST TR P P T T frozen birds, especially at higher
0 1 2 3 4 0 05 10 15 20 25 30 speeds. However, the feathers of free-
Speed(ms™) Rex10°6 living birds often flutter noticeably in

Fig. 7. Dragversusspeed, and drag coefficie@b versusReynolds numbeRe for single frozen & and it is likely that appr'ema.ble
specimens of (A) wing-propelled divers, (B) wing-propelled auklets and (C) foot-propelif§itter effects occur during swimming
divers.Cp on the left ordinate is based on wetted surface AsgaandCp on the right ordinate by living birds. Except for the
is based on frontal area. Species codes and other parameters are given in Table 2, and equihif@eeros and Cassin’s auklet models
for drag curves are given in Table 3. (Figs 5, 6), the shapes of the curves
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Lo To N L A A IR LN IR R TS Differences in body shape among bird species had strong
Lo . effects on patterns of change in drag with speed. In the case of
r e LIPE auklets, seemingly minor variations in shape caused fairly
0.08 L A BRGU ] 117 dramatic changes i@p (Fig. 7B), and these shape differences
. 4 o BRCO - were not consistently related to size (e.g. in the least auklet;

- 7 Table 2). Because such differences were not apparent without
drag measurements, extrapolation of dimensioniéséke

S 006 | o a i 087 curves among ‘similar’ species must be performed with
- . caution.
0.04 i ® 9 ] 0.58 For larger birds,Cp/Re curves varied rather consistently
- 16 31 17 between wing-propelled divers with short or retracted necks
L o WA - versus foot-propelled divers that swim with their neck
0.02 i 0.‘.2. /.oo ] 0.29 extended. This pattern held generally for model birds (Fig. 6)
L ol ©o0o0 00" but was more striking in frozen birds (Figs 7, 8). For example,
IS W NS EEE P althoughCp of the cormorant was much higher than that of the
0 05 10 15 20 25 penguin and sometimes that of the guillemoRet1.3x1076,
Rex106 above that poinCp of the cormorant (and of the male king

. - . eider with a very similar curve) was substantially lower. On
Fig. 8. Drag coefficienCp versusReynolds numbeRe for single . .
frozen specimens of two wing-propelled divers that swim with theillht,e basis of the speeds corresponding to tl%se/'alues'
neck retracted (LIPE and BRGU) and a foot-propelled diver thatFi9- 8), the long extended neck of cormorants (Fig. 3) is a
swims with its long neck extended (BRCO). Species codes are fisadvantage at speeds below 1.6but an advantage at
given Table 2Cp on the left ordinate is based on wetted surface areRigher speeds. For male king eiders, this transition occurs at
Asw, andCp on the right ordinate is based on frontal area. Speeds (iapproximately 2.2 m3. Cormorants should benefit from their
ms) corresponding tRewhere the BRCO curve crosses the curvesshape both at higher mean speeds and at most instantaneous
for the wing-propelled species are annotated. ThiRe curve for  speeds during strokes (J. R. Lovvorn, A. Kato, Y. Watanuki
the foot-propelled male KIEI is very similar to that for the BRCO gnd Y. Naito, unpublished results), whereas king eiders should
(cf. Fig. 7C) and crosses ti@/Recurves for these wing-propelled panefit only at the higher instantaneous speeds. Because both
species at a corresponding speed of approximately 22ms the mean and instantaneous speeds of little penguins and

guillemots seldom exceed 3.1mgClark and Bemis, 1979;

indicate that the boundary layer did not separate for any speciesvvorn, 2001; Lovvorn et al., 1999), they should always
except at the highest speeds tested. In fact, the roughness &edefit from having short or retracted necks (Fig. 3).
perhaps flutter of the feathers might have delayed separation inin considering differences among species in drag at steady
frozen birds as opposed to these smooth models by ensuring@eeds, it must be remembered that birds do not actually swim
more stable, fully turbulent boundary layer. at constant mean speeds, but rather at a wide range of

Differences betweelp/Re plots for frozenversusmodel instantaneous speeds throughout oscillatory strokes (Lovvorn
birds of the same species (Fig. 5) suggest that feathers aeal., 1991; Lovvorn et al., 1999). For example, because little
important in creating fully turbulent flow at all speeds.or no thrustis generated during the upstroke in foot propulsion,
Bannasch (Bannasch, 1993) found that @#Re plot for a  whereas wing propulsion allows thrust to be produced during
smooth body of revolution was the same as plots for ca$toth the upstroke and downstroke, foot-propelled birds must
penguin models if turbulence in the boundary layer waéave higher speeds during a smaller fraction of the stroke to
induced by a wire around the front of the axisymmetric bodymaintain the same mean speed. Drag increases rapidly with
He concluded that either the shape or the surface roughnessidreasing speed, so the costs of swimming are strongly
penguin heads caused the transition to a turbulent boundanfluenced by drag on the body fuselage at high instantaneous
layer and that flow did not separate along the entire bodgpeeds (Lovvorn, 2001). Thus, the lower fuselage drag of foot-
Similar arguments have been made for a variety of faspropelled divers at high steady speeds might mitigate the
swimming fish with a long rostrum, in particular because ohigher drag of foot propulsion, but such effects must be placed
the alternating concave and convex profiles at the base of tirethe context of drag at a range of instantaneous speeds during
rostrum and the crest of the head that promote turbulenaescillatory strokes. We are exploring these effects in modeling
(Aleyev, 1977; Bandyopadhyay, 1989). In our study, the facstudies of accelerational stroking (J. R. Lovvorn and G. A.
that theCp/Re plots differed somewhat between smooth andLiggins, unpublished results).
feathered versions of the same shapes (Fig. 5) suggests that
feathers play a role in addition to head shape in causing theWe thank G. V. Byrd, P. Dann, M. B. Decker, D. A.
transition to a turbulent boundary layer near the front of th®orado, G. L. Hunt, F. P. Kehoe, A. L. Sowls, R. Stephenson
body. Feathers appeared to have greater effects on thad J. Williams for obtaining bird specimens and D. R. Jones
magnitude of drag than on the relative shapes of the drag afat initial financial support. G. N. Stensgaard of the BC
Cp/Replots among species. Research Ocean Engineering Center allowed use of the drag
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tank, and A. Akinturk, A. I. Field and M. MacKinnon helped acceleration in a size gradient of specigs.Exp. Biol. 159,
with drag measurements. This research was supported by US39-108.
National Science Foundation grant OPP-9813979 to J.R.L. Nachtigall, W. and Bilo, D. (1980). Stromungsanpassung des
Pinguins beim schwimmen unter WassgeitComp. Physio/A 137,
17-26.
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