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Summary

1. The effects of accelerational swimming and body size on mechanical energy
costs of diving were examined by comparing canvasback (Aythya valisineria
Wilson), redhead (A. americana Eyton) and lesser scaup (A. affinis Eyton) ducks
(mean body mass 1.275, 1.013 and 0.817kg, respectively) in steady versus
unsteady models of locomotion. Steady models assume constant speed, whereas
unsteady models incorporate acceleration and deceleration with each propulsive
stroke.

2. The surface areas of the ducks increased linearly with body mass (r2=0.96),
with all species falling on the same curve.

3. Body drag D of frozen ducks towed under water increased with body mass M
and speed U according to the relationship:

D = - 0.946+ 0.826M + 0.614C/+0.825t/2, ^=0 .95 .

4. In kinematic analyses, regression curves of percentage of total stroke
distance versus percentage of stroke duration did not vary within individuals,
sometimes varied between individuals and always varied between species. In
diving ducks, analyses of a single sequence per individual and several individuals
per species will usually provide an accurate kinematic description for the species.

5. The degree of acceleration and deceleration during a stroke increased with
decreasing body size among species.

6. The power phase lasted for 66-70% of stroke duration, and the ducks
accelerated for the first 84 % of this phase. During the power phase, work against
drag was 10-12%, work against buoyancy was 36-38%, and inertial work in
acceleration was 49-54% of the total mechanical work done.

7. Mechanical energy costs of descent, as estimated by the unsteady model,
were 47-75% higher than estimates from the steady model. Accelerational
stroking had greater effects on descent costs as body size decreased.
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8. According to the unsteady model, the mechanical energy costs of descent
were 2.9-3.2 times the costs of staying at the bottom. The relative difference
between costs of descent and bottom phases increased with decreasing body size.

9. Comparison of steady versus unsteady models of propulsion revealed that, in
terms of mechanical energy, the expected trend of decreased cost of transport
(Jkg~J m"1) with increasing body size occurs only if unsteady (inertial) effects are
considered.

10. Because of large differences between mechanical costs of descent and
bottom phases, 'costs of diving' measured as oxygen consumption between dives
are strongly affected by relative times spent descending and at the bottom. Such
effects increase as body size decreases. Estimates of the efficiency of locomotion
during dives must consider differences in dive phase.

Introduction

Most aquatic locomotion is unsteady (Daniel, 1984; Daniel and Webb, 1987).
Unsteady locomotion involves acceleration and deceleration with each propulsive
stroke, as opposed to movement at constant (steady) speed. Factors affecting
resistance to change in inertia during unsteady swimming include body mass, body
volume and surface area. Body volume determines the added mass of entrained
water, and surface area affects body drag which increases as the animal
accelerates. Thus, one might expect that body size would strongly affect transport
costs through its implications for unsteady motion.

Investigation of unsteady motion requires kinematic analysis. Film analyses are
expensive and time-consuming, so often only a single sequence of a single
individual is digitized (e.g. Gal and Blake, 1988). Partly because of variation in
individual behaviour, quantitative kinematic descriptions are often viewed as
suitable only for qualitative comparison across wide ranges of body size or
locomotor mode (Webb, 1988). Classically, this issue has not been a problem; the
study of animal locomotion has focused on just such broad-scale comparisons of
diverse locomotor modes or body sizes (e.g. Emerson, 1978; Clark and Bemis,
1979; Vleck etal. 1981; Taylor ef ai 1982; Schmidt-Nielsen, 1984; Webb and Blake,
1985) or of similarly sized animals with divergent locomotor strategies (e.g.
Baudinette and Gill, 1985; Gal and Blake, 1987). A key generalization from these
studies is that cost of transport (Jkg"1 m"1) decreases with increasing body size,
although mechanisms for this trend are not well understood for all forms of
locomotion (Daniel and Webb, 1987).

In contrast, we were interested in the implications of unsteadiness for actual
energy-cost measurements, and in the generality of an unsteady kinematic model
for diving ducks of rather similar size and locomotor pattern. Differences were not
expected to be great, so individual variation became important in adequate
sampling to detect subtle patterns. We therefore used a replicated experimental
design that allowed us to quantify variation within and between individuals and
species, and to test statistically for differences in kinematic parameters.

The principal method for measuring energy costs of short-term activities jj
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respirometry (Bennett, 1985). Oxygen consumption of freely diving birds can be
measured only between dives, so that values for the power requirement of diving
in ducks combine the costs of descent, staying at the bottom and ascent (Woakes
and Butler, 1983; Takekawa, 1987). However, energy costs of these three dive
phases are expected to differ (Stephenson et al. 1989), so that dives of varying
duration or depth (and thus relative times spent at the bottom) should have
different power averages.

The purposes of this study were (1) to compare costs of descent and staying at
the bottom based on a steady model of locomotion versus an unsteady model that
considered acceleration during periodic stroking; (2) to investigate effects of body
size on estimates from these models; and (3) to evaluate effects of individual,
intraspecific and interspecific variation on kinematic analyses of diving in ducks.

Materials and methods

Study animals

Eggs of wild canvasbacks {Ay thy a valisineria), redheads (A. americana) and
lesser scaup (A. affinis) were collected from nests near Minnedosa, Manitoba,
hatched in an incubator, and shipped to holding facilities at the University of
British Columbia. Ducks were kept outdoors in concrete ponds 0.5-1 m deep,
where they were fed mixed grain and poultry ration ad libitum on platforms. We
regularly encouraged ducks to dive by throwing grain into the water. Water
temperature in the ponds ranged from 2 to 16°C over the course of the study.

Body mass, length, volume, buoyancy and added mass

After capture from holding ponds, ducks were allowed to dry and preen for 2h
before processing. Body mass was measured to the nearest gram with an Ohaus
triple beam balance. Body length (to the nearest millimetre) was measured as total
length of a bird laid flat on its back minus the length of tail feathers. Body diameter
was calculated from circumference measured with a cord.

Body volume was determined by water displacement (see also Stephenson et al.
1989). The legs were taped together and, with the bird in an extended prostrate
position, the bill and feet were attached with filament tape to a flat steel bar (93 cm
long, 3cm wide, 3mm thick). The bird was then allowed to breathe freely for at
least 15 s, expanding the air sacs, before two strips of masking tape were placed
lightly around the body (not constricting the plumage) to prevent the bird from
flapping its wings. The bird was then immersed head-down in a polyvinylchloride
pipe (15 cm i.d., 70 cm height) partly filled with water. Change in water height was
read within 5 s of immersion by means of a 10 ml pipette connected in parallel to
the water column. Pipette readings were calibrated with known quantities of water
to yield water displacement by the duck, corrected for the volume of the bar. Body
volume measurements repeated after 2.5 h varied by 2.1±1.1 % (mean±s.D.) for
14 lesser scaup and 1.3±0.8% for 10 canvasbacks. Buoyancy (in newtons) was
lalculated as [mass of displaced water minus body mass (in kg)] x [gravitational
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acceleration (9.81 ms~2)]. The buoyancies of 34 lesser scaup, 17 redheads and 14
canvasbacks were measured between 26 January and 11 February, and of four
redheads on 15 June. Bonferroni multiple comparisons (Neter and Wasserman,
1974) were used to test for differences among species. Our buoyancy values do not
account for predive exhalation or suppression of the plumage air layer by freely
diving birds; no methods for measuring these effects currently exist (Loworn,
1991). Effects on buoyancy of pressure with depth are analyzed in detail elsewhere
(Loworn and Jones, 1991a).

Added mass Ma, the mass of entrained water accelerated along with the body,
was calculated as ocpV, where or is the added mass coefficient, p is the density of
water and Vis body volume. The added mass coefficient was taken to be 0.2, based
on a plot of added mass coefficient versus fineness ratio (length/diameter) of
spheroids (Daniel, 1984) (fineness ratios of ducks are given in Table 1). The force
G required to accelerate the body was calculated as:

G= -(Ma+M)(dU/dt), (1)

where M is body mass, U is speed and t is time (Daniel, 1984).

Surface areas

Three individuals each of canvasbacks, redheads and lesser scaup were killed
painlessly by injection of sodium pentabarbitol in the tibiotarsal vein, and their
surface areas measured before freezing. Three other redheads were measured
after they had been frozen for 1-2 months.

Surface areas were measured by taping polyethylene film snugly around the
ducks' bodies without compressing the plumage, tracing the removed film on
paper, and then weighing the traced sections of paper (Walsberg and King, 1978).
Surface areas of the bill and the feathered body excluding legs and feet were
measured separately. Five measurements of a single redhead yielded coefficients
of variation of 2.8 % for the feathered body (mean±s.D. = 793±22cm2) and 2.1 %
for the bill (30± lcm2).

Drag

The three individuals of each species used in surface area measurements (see
above) were also used to determine the body drag of submerged ducks.
Aluminium bars 25 mm wide and 6 mm thick were bevelled sharply along trailing
and leading edges, and aluminium cuboid templates (25mmxl8rnmx32mm)
were welded onto one end of each bar. Templates were embedded into the dorsum
of each duck by removing a small length of spine, wedging the template into the
dorsal tissue, and sewing the skin tightly around the emerging bar. Stability of the
mount was enhanced by passing two sharpened aluminium dowels 6 mm in
diameter diagonally and longitudinally through the duck's body and through
tunnels in the template. These birds were then frozen overnight at — 18°C in a
neck-extended, descent posture, with the bar extending vertically from the
dorsum. Legs were cut off at the lower tibiotarsus for drag measurements.
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Drag was measured in a tow tank at the BC Research Ocean Engineering
Center. A carriage towed the birds at constant speed in a tank 3.7 m wide, 2.4 m
deep and 61 m long. The vertical bar on which ducks were mounted was attached
to a load cell wired to a computer for data collection and processing (for details see
Stephenson et al. 1989). The ducks were positioned over three body diameters
below the water surface to avoid drag augmentation from surface effects (Hertel,
1966). Water temperature was 15 °C. The ducks were packed in dry ice except
during drag measurements, when their plumage remained smooth and appressed
to the body, as in live birds.

Drag was measured for three individuals of each species at intervals of 0.2 ms" 1

over a range of 0.2-1.8 ms" 1 . Drag of the bar was measured separately, and a
regression based on these data was used to estimate bar drag at given speeds
(A3AR = -0.0748+0.206£/+0.140[/2,r2=0.99, P<0.001). Estimated bar drag was
subtracted from total drag to yield drag of the duck.

We calculated Reynolds numbers (Re) for each individual of body length L at
each speed U as Re=UL/v, where v is the kinematic viscosity of water.
Corresponding drag coefficients CD were calculated as CD=2D/pSBFU2, where
SBF is the surface area of bill and feathered body.

Speeds and stroke rates

Vertical speeds and stroke rates were determined from video recordings. Ducks
were filmed diving in a tank 2.5m high, 0.8m from front to back and 1.2m wide.
The back and sides of the tank were made of plywood painted white, and the front
was of clear Plexiglas. Water depth was kept at either 1.2 or 2 m by standpipes that
drained continuously flowing water. A platform (21 cm X 61 cm) hanging from the
side of the tank allowed ducks to leave the water to rest and preen.

Ducks were trained to feed on mixed grain placed in an iron pan lowered to the
bottom of the tank. The birds began feeding regularly from the pan in 1-6 days;
some individuals would not dive and were replaced. For all filming, two ducks of
the same species were put in the tank together, and were distinguished in films
either by sex or by white plastic leg bands. Ducks were removed from the tank
immediately after the last films had been made, and no longer than 4 days after
filming began. Body mass, volume and buoyancy were measured when the birds
were removed from the tank. Change in body mass while birds were in the tank (in
grams per 24 h) ranged from —13.0 to —36.7 for eight canvasbacks, +8.2 to —37.2
for nine redheads, and —5.5 to —19.9 for nine scaup, depending on time in the
tank and patterns of feeding behaviour. Thus, there was an unknown and variable
difference between body mass when birds were removed from the tank and body
mass when filming was done. Water temperature in the tank varied from 3.0 to
10.5°C during video filming.

Video recordings were made with a JVC GX-N4 colour video camera with a
1:1.2, 8.5-51 mm zoom lens. With the video cassette recorder in extended play
mode, films lasted 8h. Most filming was done at night between 18:00 and 06:00 h,
put a few recordings were made during the day. Recordings were later reviewed on
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a video monitor, when vertical speeds were timed with a stopwatch, stroke rates
counted with the film in slow motion and dive trajectories to the bottom sketched.
Some individuals, especially redheads, consistently took very linear, vertical paths
to the bottom, whereas others, particularly scaup, tended to dive in an arc or at an
angle across the tank. Dives in which ducks took unusually nonlinear paths or
hesitated on the way to the bottom were excluded from analyses. Thirty to 40 dives
per individual were described. At a water depth of 1.2 m, we analyzed 305 dives
from eight canvasbacks, 360 dives from nine redheads, and 320 dives from eight
lesser scaup. These data were not normally distributed, so medians and 15-85 %
quantiles are reported.

Kinematics

Dive sequences were filmed at high speed with a Locam model 51 cine" camera,
with a 1:1.8, 16 mm, 15-60m zoom lens. Eastman 1211A-X reversal film, ASA
320, was shot at lOOframess"1 at f/1.8. Filming was done during the day when
light from a window above the tank obviated the use of floodlamps. Water depth
was 2 m. A rectangular viewing area 53 cm high and 65 cm wide was delineated on
the Plexiglas front of the tank with black tape. The top of this viewing area was
23 cm below the water surface. The camera was placed 2 m away from the Plexiglas
front, with the lens at the same height as the centre of the viewing area, and the
camera's field of view focused to fit the edges of this space. The camera was
manually turned on when a duck began a dive, and turned off when the duck had
descended past the viewing area. Filming was done from 19 July to 16 October,
when water temperatures in the tank varied from 11.5 to 14.5°C.

Films were later inspected for sequences in which birds completed an entire
stroke without turning to either side. We selected four sequences each for four
canvasbacks, three sequences each for three redheads, four sequences for a fourth
redhead, three each for two scaup and four for a third scaup. These sequences
were then projected frame-by-frame on the screen of a P.A.L. photographic
analyser (model 2AE-76), and the outline of the duck and its legs and feet was
traced onto thin paper taped to the screen. The black tape marking the viewing
area on the image served as a reference for measuring distance moved between
frames. The position of the tip of the bill in successive frames was then plotted
from individual tracings, and outlines of the feet were used to determine the
beginnings of power and recovery strokes.

The distance of ducks from the Plexiglas front varied in different dives, so the
exact distance moved between frames in different film sequences could not be
compared absolutely. We also wished to compare different species which moved
different average distances per stroke and at different speeds. Consequently,
displacement of the bill in successive frames was expressed as a percentage of total
stroke distance as measured on the tracings, and plotted against percentage of
total duration of the stroke.

The bill displacement data were not smoothed (e.g. Gal and Blake, 1988), but
rather fitted by stepwise multiple regression. In almost all cases, the best fit waj
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obtained by the model y=a+bx+cx4+dxs. This model was subsequently used to
fit all curves of percentage of total stroke distance versus percentage of stroke
duration, which allowed general linear tests (Neter and Wasserman, 1974, pp.
160-165) for differences between curves within and among individuals and
species.

Work against drag, buoyancy and acceleration

Displacements at 0.01-s intervals were calculated by applying the curves for
percentage of stroke distance versus percentage of stroke duration for each species
(see above) to average distance per stroke for that species (from video record-
ings). Based on these displacements, work against drag, buoyancy and acceler-
ation were calculated at 0.01-s intervals and integrated to yield work against these
respective forces throughout a stroke.

Drag work was computed by multiplying instantaneous displacement by the
drag at that velocity given by equation 3 in the Results. The value for body mass
used in that equation was the average mass for the species (Table 1). Work against
buoyancy was calculated as the average buoyancy for the species (Table 1) times
the instantaneous displacement. Work done in acceleration was calculated by
multiplying the sum of body mass and added mass (='virtual mass') by instan-
taneous acceleration and by instantaneous displacement.

To compare work against different forces, work against drag, buoyancy and
acceleration was computed for the power phase of the stroke only. Mechanical
work against drag and buoyancy continues throughout the recovery phase of the
stroke, but that work is done passively by means of momentum accumulated
through acceleration during the power phase. During recovery, negative work
from deceleration matches the positive, passive work against drag and buoyancy,
so all three sum to zero. The value for total work during the power phase of a
stroke was multiplied by average strokes per metre (from video recordings) to
yield work per metre during descent.

To calculate work done at the bottom, it was reasoned that a bird had to
progress downwards with each stroke the distance it would otherwise float
upwards during the time required for a stroke. The distance S the duck would float
upwards during a stroke duration t is given by:

/ t \ (2)

where Uo is initial velocity (equal to zero), Mv is virtual mass (body mass plus
added mass) and B/Mv is the acceleration imparted by the buoyant force. This
distance was then multiplied by buoyancy to yield work per stroke at the bottom.

Results
Body size and shape

Sex significantly affected almost all body size variables (P<0.05), so only males
(with larger samples) were used in species comparisons (Table 1). Redheads were
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Table 1. Body size and shape parameters (mean±s.D.) of male diving ducks

Variable

N
Body mass (g)
Body volume (ml)
Buoyancy (N)
Body length (mm)
Body diameter (mm)
Fineness ratio
Frontal area (cm2)
Web area (both) (cm2)

Canvasback

10
1275 ±73
1828±74
5.4210.25
471 ±5
125±4

3.77±0.13
122.8±8.3
91.713.8

Redhead

14
10131120
14961138
4.7210.44
43719
11714

3.7510.12
107.117.2
77.014.2

Lesser scaup

18
817191

1146+89
3.2210.43
35918
10814

3.3310.16
91.616.6
58.713.5

Maximum diameter and frontal area include folded wings.
All values differ between species (P<0.05) except fineness ratios (length/width) of redheads

and canvasbacks.

intermediate between scaup and canvasbacks in all measurements, except that
redheads were closer to canvasbacks in buoyancy and web area. Fineness ratios
(length/diameter) of redheads and canvasbacks (Table 1) were not significantly
different, indicating close geometric similarity (Schmidt-Nielsen, 1984). The
fineness ratio of lesser scaup was 13 % less than that of the other species, probably
because of the longer necks of redheads and canvasbacks.

Surface area

For canvasbacks, redheads and scaup combined, body mass M explained 96%
of the variation in surface area SBF, which included bill and feathered body but not
legs and feet (Fig. 1). Measurements for three previously frozen redheads, whose
plumage might have been depressed while packed in the freezer, were not
different from those of freshly killed ducks. Bill surface area averaged 3.2%
( S . D . = 0 . 2 % , /V=12) of SBF. The allometric equation for estimating feathered
body surface area (without bill) from body mass (range 547-1324 g) was
5F = 15.2M0595 (r2=0.92, P<0.001, N=12). The linear regression (Fig. 1) was
more accurate than the allometric relationship, and was used in subsequent
calculations.

Drag

Stepwise regressions indicated that equations of the form D=a+bU2 (where D
is drag and U is speed) best fitted the body drag versus speed relationship for each
species (N=3 individuals per species) (Fig. 2A). At all speeds tested
(0.2-1.8ms"1), the curve for scaup was significantly lower than that for redheads
(P<0.05), whereas the curve for redheads was barely lower than that for
canvasbacks (P=0.051, general linear tests; Neter and Wasserman, 1974).
Respective curves were: for canvasbacks D=0.209+1.299U2, r2=0.94; for red-
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Fig. 1. Regression of the surface area of bill and feathered body excluding legs and
feet (SBF) versus body mass (M) for canvasbacks (O), redheads (•) and lesser scaup
(A). Circled points are for redheads frozen 1-2 months before measurement.

heads Z)=0.0989+1.206£/2, r2=0.93; and for scaup D=0.0956+0.928£/2, r2=0.93
(P<0.001 for all curves).

For all species combined, regression of drag D (in N) on body mass M (in kg)
and speed U (in ms"1) yielded the equation:

D = - 0.946 + 0.826M +0.614*7 +0.825C/2
(3)

r2=0.95, P<0.001, syx=0.294. Inclusion of body length did not improve this
regression. The relationship between drag D and Reynolds number Re was best
fitted by an allometric equation for Re values less than 105 (CD=0.201JRe~0156)
and a linear regression for Re values of 105 or greater (CD=0.033—1.27xlO~8i?e,
r2=0.25, P<0.001) (Fig. 2B). The relative imprecision of the allometric relation-
ship led us to use the multiple regression (equation 3) in subsequent modelling.

Descent speeds and stroke rates

In general, as body size decreased, stroke rate increased and distance moved per
stroke decreased (Table 2). For stroke rates, this trend held on a mass-specific
basis. However, the vertical speed of canvasbacks was 37% greater than that of
lesser scaup, but only 2% greater than that of redheads, indicating that redheads
descended much faster relative to body size than the other species. Mass-specific
stroke rate increased by 50% from canvasbacks to redheads, and by 31 % from
redheads to scaup, whereas mass-specific stroke length in redheads was 5.2 % and
6.9% higher than in canvasbacks and scaup, respectively. According to calcu-
lations based on vertical speed, redheads descended at unusually high speeds
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relative to body size, primarily by increasing the distance moved per stroke. This
difference might have been an artefact of their more linear trajectories, as
discussed below.
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Fig. 2. Regression curves relating (A) body drag to speed (see text for equations and
statistics); and (B) drag coefficient CD to Reynolds number (Re) for frozen canvas-
backs (O), redheads (•) and lesser scaup (A) towed underwater. In A, the uppermost
curve is for canvasbacks, the middle curve for redheads and the lowest curve for scaup.
In B, there is a composite curve for all three species (see text).

Table 2. Median vertical speeds, distances per stroke and stroke rates of ducks
descending to a depth of 1.2 m

Species

Canvasback

Redhead

Lesser
scaup

(0

(0

(0

Speed
(rns"1)

0.93
.81-1.11)

0.91
.81-1.04)

0.68
.58-0.80)

Stroke
length

(mstroke"1)

(0

(0

(0

0.24
.20-0.30)

0.20
.20-0.24)

0.15
.14-0.18)

Stroke length
per body length

(m stroke"1 m"1)

0.52

0.47

0.43

Stroke length
per mass

(m stroke"1 kg"1)

0.191

0.201

0.188

See Materials and methods for sample sizes.
Quantiles (15-85 %) for measured variables are in parentheses.

Stroke
rate
(Hz)

(3

(3

(4

3.6
.4-3.

4.2
.9-4.

4.5
.3-4.

8)

4)

8)

Stroke rate
per mass
(Hz kg"1)

2.8

4.2

5.5
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Fig. 3. Regression curves of percentage of stroke distance versus percentage of stroke
duration for descending canvasbacks (bold dashed line), redheads (solid line), lesser
scaup (light dashed line) and all species combined (circles). See text for sample sizes,
equations and statistics.

Patterns of acceleration

Regression curves of percentage of total stroke distance versus percentage of
stroke duration (Fig. 3) did not vary within individuals of any species (general
linear tests comparing 3-4 curves per individual, P>0.05).

Among canvasbacks, curves for two males (mass=1.027 and 1.074kg,
buoyancy=5.92 and 6.05 N, respectively) did not differ, but curves for two females
(0.777 and 0.930 kg, 4.71 and 5.45 N) differed from curves for the males and from
each other. The regression for all canvasbacks combined explained 69 % of the
variation, whereas the curve for males alone explained 74% and for the two
females 81 and 66% of the variation.

In redheads, curves for two males (mass=0.895 and 0.926kg, buoyancy=5.17
and 5.34N) and one female (0.862 kg, 4.67 N) were the same, but differed from the
curve of another male (0.770 kg, 4.82 N). The regression for all redheads
combined explained 81 % of the variation, whereas the curve for the three similar
individuals explained 79 % and that for the differing individual 91 % of the
variation.

For scaup, curves for two males (0.503 and 0.570 kg, 3.75 and 3.37 N) and one
female (0.623 kg, 2.82N) all differed from one another. The regression for all
scaup explained 75 % of the variation, versus 80, 77 and 82 % for individual curves.
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Displacement-time curves for each species (Fig. 3) all differed significantly.
The degree of acceleration and deceleration during a stroke increased with
decreasing body size. Equations relating percentage of stroke distance y to
percentage of stroke duration * (P<0.0001) were:

for canvasbacks,

y = 1.40 + 0.108* - 3.90 x l ( T V + 2.89 x 1CTV , r2=0.69, syx=Q.15;

for redheads,

y = 1.27 + 0.133* - 4.29 x l ( r V + 3.09 x 1 0 " V , r2=0.81, 5^=0.66;

for lesser scaup,

y = 1.2,1 + 0.143* - 4.38 x 1(T7*4 + 3.11 X 10"9*5 , r2=0J5, ^.,=0.86;

and for all species combined,

y = 1.35 + 0.124* - 4.14 x 10"7*4 + 3.02 x 10~V , r2=0.67, syx=0.89.

Work due to drag, buoyancy and acceleration

Time curves for calculated work due to drag, buoyancy, acceleration and to all
three combined (Fig. 4) show the importance of acceleration in patterns of total
work throughout the stroke. Tracings of foot position for all 39 dives analyzed

0.20 -i A -i C

0.1 0.1 0.2

Fig. 4. Calculated work against drag (light dashed line), buoyancy (bold dashed line),
acceleration (solid line) and all three combined (circles) throughout a stroke for
descending canvasbacks (A), redheads (B) and lesser scaup (C). The power phase of
the stroke ended and the recovery phase began where the curve for total work became
negative.



Underwater locomotion in diving ducks 101

frame-by-frame indicated that the curve for total work becomes negative (Fig. 4)
when the recovery stroke begins. This point occurred at 66, 68 and 70 % of stroke
duration for canvasbacks, redheads and scaup, respectively. Acceleration oc-
curred during the first 84% of the power phase.

We calculated mechanical work during the power phase of the stroke for the 10
canvasbacks, 14 redheads and 18 lesser scaup in Table 1, which differ in body
mass, volume (thus added mass), buoyancy and mass-specific drag (from equation
3). Averages ( ± 1 S . D . ) of total work in the power phase were 2.44±0.08 J stroke"1

for canvasbacks, 1.91±0.16Jstroke~1 for redheads and 1.01±0.07 Jstroke"1 for
scaup.

Despite interspecific differences in distance-time curves (Fig. 3), the pro-
portion of mechanical work done against different forces in the power phase
varied little among species. Percentage work against drag varied significantly
among species (general linear test, P<0.05), but only decreased from 12.5% in
canvasbacks to 10.4 % in scaup. Work against buoyancy did not vary significantly,
decreasing from 38.0% of total work in canvasbacks to 35.8% in scaup.
Proportion of total work done in acceleration differed between canvasbacks
(49.5 %) and scaup (53.8 %) , but neither differed from redheads (52.2 %) . In the
power phase, work done to accelerate the body was about equal to that done
against drag and buoyancy combined.

Steady versus unsteady models

We calculated mechanical power and mechanical cost of transport during
descent with both steady and unsteady models. The steady model considered only
the resistance of drag and buoyancy to a body moving at constant speed
(Stephenson et al. 1989). Average vertical speeds and stroke lengths were taken
from Table 2, body mass and buoyancy from Table 1, and drag was calculated
from equation 3.

Mechanical cost estimates for descent were 47-75 % higher when effects of
unsteady swimming were considered (Table 3). Mass-specific power estimates
from both models decreased with decreasing body size. By the unsteady model,
mechanical cost of transport for canvasbacks was, as expected, less than that for

Table 3. Mechanical energy costs of descent by male diving ducks (Table 1) as
estimated by steady and unsteady models of locomotion

Power requirement Cost of transport
(Wkg-1) (Jkg-1™-1)

Percentage
Species Steady Unsteady Steady Unsteady difference

Canvasback 4.97 7.30 5.34 7.85 47
Redhead 5.25 8.40 5.78 9.24 60
Lesser scaup 3.12 5.46 4.59 8.04 75

Aerobic costs can be calculated by applying an aerobic efficiency factor.
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Table 4. Median stroke rates (with 15-85 % quantiles) and mechanical power
requirements of staying at the bottom, and the ratio of power requirements of

descent PD (unsteady model, Table 2) and staying at the bottom PB

Power
Stroke rate requirement

Species (Hz) (Wkg"1) PD:PB

Canvasback 2.8(2.6-3.0) 2.51 2.91
Redhead 3.3(3.1-3.4) 2.54 3.31
Lesser scaup 3.6(3.4-3.7) 1.69 3.23

scaup. However, because of the very rapid descent of redheads relative to body
mass, their cost of transport was higher than that of canvasbacks. The steady
model actually predicted an increase in cost of transport from scaup to canvas-
backs, despite a 56 % increase in body mass. For all species, effects of acceleration
increased with decreasing body size.

Based on equation 2, the effective distance moved per stroke at the bottom
(1.2 m depth) was 0.211m for canvasbacks, 0.165 m for redheads and 0.119 m for
scaup. The power requirement at the bottom (Table 4) was much less than during
descent (Table 3). Based on the unsteady model, mass-specific energy costs at the
bottom decrease with increasing body size. Thus, overall 'costs of diving' will vary
between dives of different duration and depth, with different proportions of time
spent at the bottom. The importance of this effect generally increases as body size
decreases.

To assess the accuracy of steady and unsteady models, calculations were
compared with oxygen consumption (VO2) data for tufted ducks (Aythya fuligula)
(Woakes and Butler, 1983). This species is very similar to lesser scaup in body size,
shape and behaviour. Body volume V (in litres) of tufted ducks used by Woakes
and Butler (1983) was calculated from average mass M (in kg) as
V=0.339+0.971M (r2=0.82, sy.x=A1.2, P<0.001), based on measurements of 34
lesser scaup. Average mass of the tufted ducks (N=6) was 0.597 kg, yielding a
body volume of 0.9191 and a buoyancy of 3.15 N.

Stroke rates and speeds of descent and ascent were assumed to be the same as
for lesser scaup diving to a depth of 1.2 m (Tables 2 and 4; 0.78 ms" 1 during
ascent). For an average dive duration of 14.4s in water 1.7m deep (Woakes and
Butler, 1983), time spent descending would be 2.5s, time spent ascending 2.2s
and, by subtraction, the time spent at the bottom would be 9.7s.

The metabolic power requirement during ascent, which is passive, was assumed
to be equal to the resting metabolic rate in the same experimental tank (3.28 W;
Woakes and Butler, 1983). For an ascent time of 2.2 s, the metabolic requirement
during ascent would be 7.2 J. This value was subtracted from the measured (Vo2)
overall cost of the dive of 164.2 J (Woakes and Butler, 1983) to yield a cost for
descent and bottom phases combined of 157 J.

For the steady model, mechanical work of descent equals water depth times the.
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Table 5. Mechanical work (in joules) by tufted ducks in a dive of 14.4s to a depth of
1.7 m, as estimated from steady (Stephenson et al. 1989) and unsteady models of

locomotion

Model Descent At bottom Total

Steady 5.94 20.78 26.7
Unsteady 9.27 17.15 26.4

sum of buoyancy and drag calculated from equation 3. Work at the bottom was
estimated by multiplying the calculated work against buoyancy during descent by
the ratio of the durations of the bottom and descent phases (Stephenson et al.
1989).

For the unsteady model, mechanical work against drag, buoyancy and acceler-
ation was integrated over the power phase of the stroke to yield work per stroke,
and this value was multiplied by the 11 strokes required to reach the bottom
(Table 2). Work done at the bottom was calculated on a per stroke basis as
described earlier, and multiplied by the 35 strokes completed in 9.7 s (Table 4).

Estimates of total mechanical work done by tufted ducks during descent and
bottom phases did not differ between steady and unsteady models (Table 5).
Based on a power input of 157 J (see above), aerobic efficiency (mechanical power
output/aerobic power input) calculated from both models is high at around 17 %.
However, similarity of estimates from the two models is largely coincidental.
Model estimates would diverge rapidly with changes in water depth or dive
duration, which would alter the relative time spent descending and at the bottom.

Discussion

Surface areas

The strong relationship between surface area of the bill and feathered body
(S B F) versus body mass for the three species (Fig. 1) justifies using this equation
for other Aythya spp. A similarly tight relationship exists between buoyancy and
body mass for all subfamilies of North American ducks weighing less than about
1200 g (Loworn and Jones, 19916), a relationship that is not improved by
considering body length or a composite, principle-component measure of struc-
tural size (Loworn and Jones, 1991a). Above 1200 g, data for eiders (Somateria
mollissima) and white-winged scoters (Melanitta fused) indicate that the relation-
ship of buoyancy to body mass curves strongly upwards. This suggests that
plumage thickness and surface area relative to body mass are similar among ducks
of small to medium size (including all Aythya spp.), but that the surface area curve
in Fig. 1 may not apply to large sea ducks (Mergini) because of different scaling of
air volumes in the plumage or respiratory system.

Walsberg and King's (1978) equation for estimating feathered body surface area
(without bill) from body mass (5F=8.11M0-667) underestimated SF for Aythya spp.
in this study by 12.9±1.6% (mean±s.D.). Their sample included a greater range
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of body mass (27-23 510 g) than did ours (547-1324 g). Walsberg and King also
measured birds frozen in a perching position with neck retracted, whereas we
measured ducks in a descent posture with head and neck extended. Higher surface
areas of ducks might also result from greater plumage thickness than in terrestrial
perching birds, which made up 11 of 12 species in Walsberg and King's sample.

Drag

Dead-drag measurements often underestimate effective body drag of animals
that undulate while swimming, but such measurements are more realistic for
diving ducks that hold their bodies rigid while the feet oscillate (Blake, 1983). We
calculated body drag as the difference between the drag of the bird plus supporting
bar, minus the drag of the bar measured separately. Drag of the bird plus bar is
probably enhanced by interference drag, so our estimates of body drag are
probably inflated by this amount (Pennycuick et al. 1988). For all species, drag of
the isolated bar (see Materials and methods), as a percentage of total drag of the
bird plus bar, increased from zero at 0.2 ms" 1 to apeak at 1.0 ms" 1 , and declined
at higher speeds. The maximum percentage ranged from 15.2 % in canvasbacks to
20.9% in scaup.

The relationship between drag coefficient Co and Reynolds number Re
(Fig. 2B) incorporates effects of speed, body length and surface area, but
explained only 25% of the variation in CD. The scatter is as large within as
between species, so the poor fit does not result from lack of geometric similarity
among species (see Pennycuick etal. 1988). For diving ducks weighing 0.5-1.3 kg,
the multiple regression including body mass and speed (Fig. 2A) yields far better
estimates of body drag (r2=0.95 versus 0.25) and does not require determination
of surface area.

Individual variation and kinematic analyses

Statistical comparison of normalized distance-time curves (see Fig. 3) revealed
no significant differences among 3-4 sequences per individual. Different indi-
viduals within a species were more variable, and inspection of these curves
suggested that variation resulted more from behavioural than from body size
differences. In some cases, the variance explained by regressions for all individuals
combined was greater than that explained by a regression for a single individual
that differed from the others. Our data for ducks suggest that analysis of a single
sequence per individual, and several individuals per species, will provide an
accurate kinematic description for that species. Different species varying in size
will probably differ in acceleration curves even when normalized, because of
strong effects of body mass.

Cost of transport, body size and acceleration

Redhead ducks descended at unusually high vertical speeds relative to body
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size, primarily by increasing the calculated distance moved per stroke (Table 2).
Consequently, their mechanical cost of transport does not scale with body size as
expected (Table 3). This pattern apparently resulted from individual behaviour of
the redheads in this study (7V=9), which consistently followed more linear, vertical
trajectories than did the other species. Such trajectories might lead to greater
calculated stroke length and vertical speed, without real differences in stroke
length or speed relative to the water. In support of this interpretation, the
normalized distance-time curves (Fig. 3) indicate that patterns of acceleration
corresponded closely to body mass differences between species (Table 1).

In our tank, a bird could be anywhere from 1 to 65 cm away from the gridded
backdrop, preventing consistent measurements of displacement relative to the
grid as viewed from the camera. We attempted to restrict the birds' diving to a
space near the front of the tank to reduce variation in their distance from the grid.
This restriction simply prevented diving, and in any case might have altered
normal locomotor patterns. In addition, there was variation in distance per stroke
among dives within individuals, and probably between strokes within dives. This
variation made averages desirable for quantifying consistent differences in
kinematics between individuals and species. Our solution was to obtain large
samples of descent speeds from video recordings, with the assumption that
behavioural anomalies would become inconspicuous in large samples. However,
the trajectories of redheads were consistently more linear than those of the other
species.

Although the data for redheads confuse the pattern of mechanical cost of
transport with body size (Table 3), comparison of values for canvasbacks and
scaup, which differ in body mass by 56% (Table 1), indicates that the expected
trend of decreasing cost of transport with increasing body size is obtained only
from the unsteady model. Why is this so?

In the steady model, total work is calculated by multiplying the sum of buoyancy
and drag by water depth. Because of the higher mass-specific buoyancy of
canvasbacks (4.25 versus 3.94Nkg"1 for scaup), mass-specific work against
buoyancy is 8% higher in canvasbacks (S.lOJkg"1) than in scaup (4.73.1kg"1).
Drag increases with body mass and rises curvilinearly with speed (Fig. 2A). Drag
work in canvasbacks (1.31 J kg"1) is 68% higher than in scaup (0.781kg"1), which
accounts for 59 % of the difference in cost of transport between the species.

According to the unsteady model for a comparable dive to 1.2 m, mass-specific
work against drag was 1.201kg"1 in canvasbacks versus 1.031kg"1 in scaup. For
buoyancy work, the values were 3.64J kg"1 in canvasbacks and 3.541kg"1 in
scaup. Values for work against drag and buoyancy cannot be compared directly
between models, because in the unsteady model the work against drag and
buoyancy during the recovery phase is done passively by means of momentum and
is experienced by the duck's muscles as work to accelerate the body during the
power phase. Nevertheless, mass-specific work against both drag and buoyancy in
both steady and unsteady models is higher in canvasbacks than in scaup.

Therefore, the expected decrease in cost of transport with increasing body size
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would not occur in either model because of drag or buoyancy. The expected trend
occurs only if unsteady effects are considered.

Unsteadiness, differences in dive phases, and efficiency

Daniel and Webb (1987) identified two types of unsteady locomotion: periodic
versus accelerational. In the former, periods of acceleration alternate with an
unpowered glide phase, during which drag caused by body undulations is
suspended. In accelerational locomotion (as in ducks), pulses of acceleration and
deceleration occur in close succession without a glide phase, often with negative
thrust developing during recovery. Daniel and Webb (1987) suggested that, in
either aquatic or terrestrial environments, unsteady locomotion will have higher
energy costs than the steady equivalent if energy is expended in both accelerating
and decelerating the body. The relative cost of steady versus unsteady locomotion
is less predictable if deceleration is entirely passive and if the net resistance to
forward motion is unchanged (e.g. if drag is not reduced by gliding between
strokes). In diving ducks, deceleration occurs passively towards the end of the
power phase, and drag probably increases during the recovery phase when the legs
and feet are brought forward. Accelerational stroking in ducks clearly increases
locomotor costs above those predicted from a steady model.

When the obvious unsteadiness of underwater locomotion in ducks is explicitly
modelled, important insights are gained into the meaning of oxygen consumption
measurements. For benthic-feeding species, 'costs of diving' measured as VOl

between dives will be strongly affected by factors altering the relative time spent
descending versus time at the bottom. Water depth and dive duration are principal
among these factors. Furthermore, the importance of the relative duration of
descent and bottom phases to average power requirements will increase as body
size decreases. It appears that a major mechanism for the difference in energy cost
between dive phases, as well as the change in that difference with body size, is
acceleration during periodic stroking.

Measuring and explaining the efficiency of locomotion relative to body size and
locomotor mode is a major theme in biomechanics and animal physiology
(Stephenson et al. 1989; Blake, 1991). Given that muscle efficiency can change
substantially with changes in power output (Hill, 1950), our model and measure-
ments suggest that efficiency may differ between descent and bottom phases. For
example, at the bottom, stroke rate decreased by 25-29%, while power output
decreased by 291-323 % (Tables 2-4). Attempts to quantify locomotor efficiency
based on interdive oxygen consumption should consider these dive-phase differ-
ences, as well as their change in importance with body size. Such estimates of
efficiency are required before the energy costs of diving can be estimated solely
from body mass (from which volume and buoyancy can be estimated), water depth
and dive duration.
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