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asstRACT: The theoretical aerobic diving limit (tADL) specifies the
duration of a dive after which oxygen reserves available for diving
are depleted. The tADL has been calculated by dividing the available
oxygen stores by the diving metabolic rate (DMR). Contrary to diving
mammals, most diving birds examined to date exceed the tADL by
a large margin. This discrepancy between observation and theory has
engendered two alternative explanations suggesting that dive dura-
tion is extended cither anaerobically or by depressing acrobic me-
tabolism. Current formulations of tADL uncritically assume that
DMR is independent of depth. However, diving birds ditfer from
other vertebrate divers by having a larger respiratory system volume
and by retaining air in their plumage while diving, thereby elevating
buoyancy. Because air compresses with depth, diving power require-
ment decreases with depth. Following this principle, we modeled
DMR to depth for Adelie and little penguins and reformulated the
tADL accordingly. The model’s results suggest that <~5% of natural
dives by Adelic penguins exceed the reformulated tADL(d), or max-
imal aerobic depth, and none in the more buoyant little penguin.
These data suggest that, for both small and large species, deep diving
birds rarely if ever exceed tADL(d).

Keywords: diving metabolic rate, aerobic diving limit, oxygen reserves,
buoyancy, foraging constraints, penguins.

The most important aspects of the physiological and met-
abolic processes dictating diving in air-breathing ho-
meothermic endotherms are the oxygen storage capacity
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and the rate of oxygen consumption. The combination of
these two factors is summarized descriptively by the aer-
obic diving limit (ADL). The ADL is defined as the max-
imum period of breath holding that does not result in an
increase in blood lactic acid concentration during or after
a dive (Kooyman et al. 1983). If dives consistently exceeded
ADL, the accumulation of lactic acid would result in pro-
gressive, exponential lengthening of the postdive pauses
or, depending on the extent, a suspension of diving until
normal lactate levels were reestablished (Kooyman 1989).

Postdiving plasma lactate levels of birds have been mea-
sured only twice, in both instances in the laboratory (Ste-
phenson et al. 1992; Ponganis et al. 1997), and because of
the practical difficulty of measurement, especially in rel-
atively small-bodied animals such as birds, the situation
is not likely to improve much. This has led to the sub-
stitution in diving studies of a calculated ADL (cADL),
also termed “theoretical” (tADL) in the literature (Kooy-
man and Kooyman 1995), the latter notation being fol-
lowed here. The tADL is the time available until oxygen
reserves are depleted, and it is calculated by dividing the
available oxygen stores (mL O,) by the diving metabolic
rate (DMR; mL O, s '). In many studies, observed dive
times exceed the tADL, sometimes by a considerable
amount. Most notable is the ability of Weddell seals to
dive three times longer than their measured ADL deter-
mined by postdive lactate levels. The heart and central
nervous system, which are sensitive to low oxygen levels,
must therefore be supplied for longer than other tissues,
implying that ADL is not really an abrupt phenomenon
(as simplistically implied in the tADL definition) but a
transitional process. A critical assumption in the calcu-
lation of tADL is that DMR is constant and independent
of depth. This article demonstrates for positively buoyant
birds that DMR decreases with depth because of reduced
buoyancy resulting from compression of air in the res-
piratory system and feathers and that depth-dependent
DMR largely explains the discrepancy between observed
(bADL) and expected tADL.
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Most species of avian divers that have been examined,
penguins in particular, consistently surpass the tADL,
commonly by a wide margin (Kooyman 1975, 1989; Croll
1990; Croll et al. 1992; Kooyman et al. 1992; Chappell et
al. 19934, 1993b; Croll and McLaren 1993; Kooyman and
Kooyman 1995; Wilson 1995; Boyd and Croxall 1996).
However, in most of these studies, the postdive pauses that
follow dives surpassing the tADL in duration do not exceed
those following “aerobic” dives (<tADL) and do not
lengthen over a series of dives, as expected for dives sur-
passing the ADL. Exceptions occur only after rare dives
exceeding the tADL by a large margin (e.g., Ydenberg and
Guillemette 1991; Croll and McLaren 1993). This dis-
crepancy between observation and tADL has generated a
behavioral definition of the ADL (bADL), which assumes
that only those dives followed by extended postdive pauses
exceed the ADL (Kooyman and Kooyman 1995).

The common absence of extended pauses after dives
that greatly exceed tADL and the large discrepancy between
the tADL and bADL when postdive pauses do lengthen
(e.g., Culik et al. 1998; Luna-Jorquera and Culik 2000)
has engendered two currently competing explanations
(Boyd 1997). The first explanation states that dive duration
is anaerobically extended. The second states that dive du-
ration is extended by depressing aerobic metabolism
(Kooyman 1989; Boyd 1997) by reducing blood flow to
peripheral tissues (Stephenson and Jones 1992), possibly
supplemented by localized hypothermia (Wilson and
Grémillet 1996; Bevan et al. 1997; Handrich et al. 1997).
This hypometabolism hypothesis is generally considered
better supported by a diverse body of evidence (Mill and
Baldwin 1983; Davis and Guderley 1987; 1990; Boyd 1997;
Butler and Jones 1997; Kovacs and Meyers 2000).

A neglected third possibility is that the tADL assumptions
are incorrect (Boyd and Croxall 1996) because oxygen re-
serves are underestimated, diving metabolic rate is over-
estimated, or both. Although all components of oxygen stor-
age capacity have been evaluated for only a few avian species,
the measurements and assumptions involved are neverthe-
less considered fairly robust (Kooyman 1989; but see Pon-
ganis et al. 1993). In contrast, DMR has never been mea-
sured directly in free-ranging birds. The DMR values used
in tADL calculations come from laboratory measurements
(Butler and Woakes 1984; Baudinette and Gill 1985; Hui
1988; Croll and McLaren 1993; Culik ct al. 19940, 1996;
Luna-Jorquera and Culik 2000) and from time-partitioned
field metabolic rates (FMR; Nagy et al. 1984; Kooyman et
al. 1992; Chappell et al. 19934). Excluding an outlier from
Nagy et al. (1984), these DMR values lie within the range
of two to four times the standard metabolic rate (Kooyman
1989). No laboratory study to date has measured the oxygen
consumption of a diving bird at a depth greater than a few
meters, Furthermore, the time-partitioned FMR studies
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cited above equate “FMR at sea” with DMR. The “IMR at
sea” results from time allocations to various activities (div-
ing, swimming, resting, and flying) that differ in their av-
erage metabolic costs and therefore by definition cannot
represent DMR, a point also made by Bevan et al. (1995).

The assumption that DMR is constant and independent
of depth has received relatively little discussion in the lit-
erature (but see Wilson et al. 1992; Clowater and Burger
1994). It is well known, however, that birds differ from
mammals in having an approximately three times larger
respiratory system air volume (at 1 kg; Calder 1984) in
addition to the plumage air and that buoyancy is far more
important than drag in determining the energy cost of
diving in shallow divers (Stephenson et al. 19894; Lovvorn
1991). The theoretical consequences of this “air cargo” on
diving metabolic rate at depth are examined in this article
to determine whether they explain why birds systematical-
ly exceed conventionally calculated tADL. This approach
is based on evaluating the reduction in air volume
with depth, which follows Boyle’s Law (Wilson et al. 1992;
Webb et al. 1998; Skrovan et al. 1999; Williams et al. 2000;
Davis et al. 2001; Nowacek et al. 2001). Reduced air
volume decreases both buoyancy and body surface area at
depth, the latter determining parasite body drag. Depth-
dependent body volume (and surface) are used here to
calculate depth-dependent DMR, DMR(d ), which in turn
is used to calculate a depth-dependent ADL, tADL(d).
Variables and parameters are compiled from the literature
for the best-known avian diver in this context, the Adelie
penguin (Pygoscelis adeliae). The model’s results show that
the magnitude of DMR(d) reduction is sufficient alone,
that is, without taking hypometabolism into account, to
reconcile observed dive times with the tADL. Accordingly,
fewer than ~4% of dives by Adelie penguins (field data
from Chappell et al. 19934) are likely to be anaerobic. To
expand the scope of the model with respect to body size,
an identical model of the more buoyant little penguin
(Eudyptula minor) was constructed and compared to field
data (Gales et al. 1990; Bethge et al. 1997). No dives by
little penguins are likely to be anaerobic.

Basic Assumptions and Parameters
Body Volume

The air volume of diving birds is composed of plumage
air (V,,) and respiratory system volume (V,; Calder 1984).
It is assumed that V, is augmented from the anecdotally
observed habit of deep-diving birds to dive after inspi-
ration (Kooyman et al. 1971; Stephenson et al. 19895; Croll
et al. 1992), but see “Discussion” for the case of shallow
divers/diving.

The total volume of an Adelie penguin at the surface
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is V, =V, + V+V, (see eq. [6]), where V, is solid
body volume. The V, = M,/7, where 7 is solid body
density, 1,065 kg m’ (Stephenson 1993). Thus, V, =
3.756 x 10" * m". The V, is calculated by equation (1)
(Calder 1984), where M, is body mass:

Ve = 1.55 x 107" M =555 x 10 * m’. (1)

The V, at the surface was calculated by an ellipsoid
volume subtraction. The method assumes that the bird’s
“inner core” volume (V}) is roughly ellipsoid shaped, the
volume of which is

V=

4 )
3 wab’, (2)

where a is the semimajor axis (m), and b is the semiminor
axis (m). The inner core constitutes the solid body volume
and the total respiratory volume (m’):

Vi=V,+ Vy=4324 x 10 " m’. (3)

The outer core’s semiminor axis (b,,) at the sea surface
is the radius of the bird’s thickest cross-scctional area,
called “frontal body area,” A, (0.02083 m?* Bannasch

1995):
A
b, = \V— = 0.0814 m. @)

T

Ptilosuppression and water pressure were taken into ac-
count by assuming that the plumage layer thickness (f)
s 5 x 10 * m when just submerged as found by Kooyman
et al. (1973). The outer core’s semiminor axis minus the
plumage layer thickness gives the inner core semiminor
axis (b)), b, = b, — f, or 0.0765 m. The inner core’s semi-
major axis at the surface, a,, is

3V,
a, = —(—') = 0.1765 m. ©)
b,

The outer core’s semimajor axis (a,,) is a, = a, + f, or
0.1812 m. The outer core, or total volume (V,,), which
incorporates both the inner core and the plumage volume,
is

Vo = Vit V. ©)

The V,, was calculated using the outer core semiaxes in
equation (2): V,, = 5.034 x 107 m’. The V, was found
by subtraction of the inner ellipsoid from the outer ellip-
soid:

Vi =V,—V, =723 x 10 * m". (7)

Because V|, has proven difficult to measure accurately
(Stephenson 1993), the calculated V, was compared to an
empirical regression equation (Lovvorn and Jones 1991)
derived from duck (Anatidae) V, measurements (Dehner
1946; Lovvorn and Jones 1991). The equation V, =
0.2478 + 0.123 M,, for ducks gives 740 x 10 * m’ for the
Adelic penguin, which is only 2.3% higher than the value
of V, estimated above. It should be noted that largest body
mass used to produce the equation for ducks was 1.2 kg,
and so the Adelie penguin data point represents roughly
a threefold extrapolation.

The only measurement to date of the loss of air trapped
in plumage was in an ingenious experiment by Stephenson
(1995), in which approximately half the air escaped the
plumage of lesser scaup (Aythya affinis) during diving.
Assuming no loss of air is therefore conservative because
any reduction in air volume (including underwater ex-
halation) will lower buoyancy, parasite drag, and corre-
spondingly the DMR(d).

Body Volume at Depth

The change in V, resulting from hydrostatic compression
with depth follows the Archimedes Principle and Boyle’s
Law (the product of gas volume and pressure is a con-
stant). Assuming that no gas is lost during a dive, the gas
volume decrcases as an inverse hyperbolic function of

depth, affecting the total body volume:

RV, + V)
V(d) = + Vi (8)

10329.561
P+ Pyd
0

where P is atmospheric pressure at the surface (101.3 kPa),
o s scawater density (kg m’), the constant is one standard
atmosphere (ATM, in kg m?), and d is depth (m).

Net Buoyancy at Depth
Net buoyant force at depth is the difference between the

buoyant force (first term in eq. [9]) and the gravitational
force (the second term):

B,.(d) = pgV(d) — gM,. 9)
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Table 1: Oxygen reserves for diving in Adelie penguin
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Oxygen reserves

Value Study

Grand total oxygen reserve (Vo,,)
‘Total blood oxygen

217 mL (100%)
85 mL (39%)

Arterial blood volume 124 mL Chappell et al. 1993a

Venous blood volume 322 mL Chappell et al. 19934

Mean hemoglobin concentration 187 g mL ! Lenfant et al. 1969; Chappell et al. 19934
0, binding capacity of hemoglobin’ 1.356 mL O, g ' Hb Lenfant et al. 1969

0, saturation of arterial blood 100% Rothe 1983; Stephenson et al. 19890

O, saturation of venous blood 70% Rothe 1983; Stephenson et al. 19894
Usable proportion of blood O, 96% Hudson and Jones 1986

Total muscle oxygen

Body mass 4 kg
Muscle fraction of body mass” 35%
Myoglobin fraction of wet muscle mass 3.6% g

O, binding capacity of myoglobin

Myoglobin saturation 95%
Usable proportion of muscle O, 99%

Total respiratory oxygen volume (Vo,,)

1.24 mL O, g' Mb

59 ml (27%)

Bannasch 1995
Chappell et al. 19934
Mill and Baldwin 1983
Stephenson ct al. 19890
Stephenson et al. 19890
Stephenson et al. 19890

73 mL (34%)

Total respiratory volume (V) 555 ml Calder 1984
Mean fractional O, concentration 17.6% Scheid et al. 1974; Torre-Bueno 1978
Proportion of usable respiratory O, 75% Hudson and Jones 1986

Note: The calculation follows Stephenson et al. (19896) and references therein, except where noted.

* Oxygen binding capacity 1.2 mL O, g ' in Viscor et al. (1984).

" 0.25 in Stephenson et al. (19890).
Frontal Body Area at Depth

The A, is the area of reference to which parasite drag was
compared by Bannasch (1995). Parasite drag will be scaled
later with respect to change in A, with depth, but the
change in the reference area with depth is dealt with here
first.

Total body volume at depth V(d) can be written as the
outer core ellipsoid volume at depth, 4/3 7a,(d)b,(d)’,
where a,, (d) is the outer core’s ellipsoid semimajor axis
length at depth and b,(d) is the corresponding semiminor
axis length at depth. The change in V(d) with pressure is
assumed to be uniform in all three dimensions. Thus, the
ratio between by, (d) and a,, (d) is constant at all depths
and equal to the ratio in a just-submerged bird, a, =
2.226b, (0.1812/0.0814). Body length is likely to change
less than diameter with compression. Again, equal com-
pression is a conservative assumption because if most of
the change were in the minor axis, then the cross-sectional
area would decrease even faster with depth and reduce the
buoyancy even more rapidly. The change in A, as a func-
tion of depth is

v
Add) == 4/3(12.226

)

(10)

Basal Metabolic Rate

“On land” was chosen to represent bascline metabolism
during diving: 3.6 W kg ' (Culik and Wilson 1991), or
144 W for a 4-kg Adelie penguin. Metabolism in the
peripheral tissues decreases during the dive due to vaso-
constriction and possibly cooling (Stephenson and Jones
1992; Bevan et al. 1997; Boyd 1997; Handrich et al. 1997).
Thermal insulation is bound to decrease with depth as the
body’s insulative airspaces are compressed and heat loss
by forced convection increases with swimming speed
(Hind and Gurney 1997; Luna-Jorquera ct al. 1997; Gré-
millet et al. 1998). Choosing basal metabolic rate (BMR)
“on land” over the higher resting mectabolic rate “on water”
(Culik and Wilson 1991; Bethge et al. 1997) is closer to
the expected baseline metabolic rate while diving, We con-
servatively assumed no decrease in BMR with depth or
dive duration.

Oxygen Reserves

Adelie penguin’s total O, reserves available for diving are
217 mL (table 1), and for the little penguin they are 56.7
mL (table 2). The calculation of the O, reserves follows
Stephenson et al. (19895), except when otherwise noted,
and is given in detail for Adelie penguin in table 1. Dif-
ferences in calculations for little penguin are itemized in
“Little Penguin Model.”
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Table 2: Variables and parameters specific to Adelie penguin and little penguin

Symbol Explanation Little penguin  Adelie penguin
A Equivalent flat plate area (m?); eq. (19); Pennycuick 1975 3.2185 x 1077 .00718
A; Frontal body reference area (m”) on the sea surface; see text 1.0124 x 107°  .02083
a Acceleration (m s™%); eq. (28) 648 45
q, “Inner core” ellipsoid semimajor axis length on the sea surface (m); eq. (5) 1765
a, “Outer core” ellipsoid semimajor axis length on the sea surface (m); see text 1812
b, Length of inner core ellipsoid body semiminor axis (m); see text .052 .0765
b, Length of outer core ellipsoid body semiminor axis (m); eq. (4) 057 .0814
s, U Maximum aerobic depth in a U-shaped dive profile (m) 51 72
A rmas, v Maximum aerobic depth in a V-shaped dive profile (m) 54
s Depth at neutral buoyancy (m); online app. A, eq. (Al) 126 82
kv Kinematic viscosity conversion factor from 17.6°C fresh water to 10°C seawater  1.246
(dimensionless)
kv Kinematic viscosity conversion factor from 17.6°C fresh water to 4°C seawater 1.559
(dimensionless)
M, Body mass (kg); see text 1.2 4
Sy Disk area (m’); eq. (20); Pennycuick 1989 0726 1886
T, Time until constant v, acceleration phase duration (s); eq. (29) 2.8 33
Vv, Ellipsoid inner body core volume (m*); eq. (3) 1.31 x 10 ° 4324 x 10
Vo Total body volume (m’); eq. (6) 1.705 x 107 5.034 x 10
v, Plumage volume on the sea surface (m*); see text 3954 x 10" 7.23 x 107"
Vi Respiratory system volume on sea surface (m'); eq. (1); Calder 1984 1.83 x 10 * 5.55 x 10"
Vo, Pigment-bound oxygen volume (mL); see text and table 1 32.5 144
Vo, Respiratory oxygen volume (mL); see text and table 1 24.2 73
Vo, Total oxygen volume available for diving (mL); eq. (40) 56.7 217
Vi Solid body volume (m?"); see text 1.127 x 107 3.756 x 10 °
w Wingspan (m); see text 304 49

Types of Diving Profiles

Diving birds exhibit a range of diving profiles, from
square-shaped U (U) dives to V-shaped dives (V; for diving
profile definitions, see Schreer et al. 2001). Four param-
eters describe all simple dive profiles: maximum depth
(d,..), angle of descent, angle of ascent, and distance cov-
ered in the bottom phase.

The DMR(d) values of both V and U dive profiles are
modeled here for Adelie penguin (but only the U profile
for little penguin due to lack of information) because they
represent the extremes in the diving profile spectrum. The
U profile, characterized by vertical ascent and descent, is
the shortest distance to depth and the least costly diving
profile to a given depth. The V profile is the opposite in
terms of distance and cost to depth, the extent depending
on the actual angles of descent and ascent. The angles of
descent and ascent in V profiles are assumed identical here
(Wilson 1995) and are referred to as the diving angle («,
in degrees). The o exhibited by instrumented free-diving
Adelie penguins is a linear positive function of the max-
imum depth attained in a dive (d,, in eq. [11]) and is

derived from figure 6.8 in Wilson 1995:

ald,.) = 6.667 + 0.782d

nmx) max?

d.. <106 m, o> 0°,

max

(1n
d. .. >106 m, o = 90°

When « is less than vertical, the bird travels a longer
distance than the change in depth (Ad). The actual diving
distance is the product of the depth change and the ratio
of the diving speed (v) to the vertical speed Ad v/v,
(ald, ], »). Vertical velocity is a function of «(d,,,,, »)

max

and »:

dnmx . (1 2)

d”m/[ sin [add,,,, )] }

14

vlald,), v) =

Because our goal is to model the ADL(d), the duration
of the bottom phase is maximized for both diving profiles,
the maximum duration limit being set by the available
oxygen reserves. Except when diving to the maximum aer-
obic depth d,,,, in which case the bottom time is zero,
both profile types are configured to have a bottom phase.

The observed average diving speed (i.e., not horizontal
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traveling speed) by Adelie penguins is 1.5 m s ' (Wilson
1995; Wilson et al. 2002). After this speed is reached at
the end of the acceleration phase, we assume for the sake
of computational simplicity that it remains constant with
depth. This is true for nonfeeding dives of Adelie penguins,
but feeding dives are characterized by bursts of faster
speeds (Wilson et al. 2002).

Little Penguin Model

In order to examine the applicability of the ADL to a
broader range of body size, we evaluated a model for the
1.2-kg little penguin. The little penguin is an ideal can-
didate because it is the smallest penguin species but es-
pecially because it has been characterized to have the low-
est biochemical and histochemical anaerobic capacity of
penguins (Mill and Baldwin 1983; Baldwin et al. 1984;
Baldwin 1988).

The little penguin’s metabolic input and all metabolic
output parameters are compiled as in the Adelie penguin
model and multiplied by the net power efficiency (E,,)
estimated from identical canal-respirometry data for the
little penguin by Bethge et al. (1997) and provided in table
3. The general methodological outline for derived param-
eters follows “Basic Assumptions and Parameters” and ref-
erences therein. Any differences in calculation procedures
for basic parameters in the little penguin model are ex-
plained below and are itemized in table 2.

We extrapolated the relationship between frontal area
and parasite drag in Adelie and Gentoo (Pygoscelis papua)
penguins to that of the little penguin. For example, at 2.3
m s ', this extrapolation gives 0.53 N drag for the little
penguin.

Table 3: Calculation of net power efficiency (£,.,)
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Because the thickness (f) of little penguin plumage is
unknown, the plumage volume was estimated with Lov-
vorn and Jones’s (1991) regression ecquation: V, =
2478 x 107"+ 1.232 x 10~ kg body mass, giving V, =
3.956 x 107* m® for a body mass of 1.2 kg.

Coincidentally, the estimated f(0.005 m) was the same
as that found for the Adelie penguin by Kooyman ct al.
(1973). The [ was estimated by subtracting the lengths of
inner core and outer core semiminor axes (eq. [4]), each
calculated from the frontal area and volume relationship
(eq. [10}). One was based on the inner body core volume
(Afine = 8492 x 1072 m’ b, = 0.052 m), and the other
was based on the outer body core volume (b, = 0.057
m).

The A, at the surface was estimated with equation (10)
using the total volume and assuming that the little penguin
has the same shape, that is, the ratio between the known
b, and estimated a, axes, as in the Adelie penguin model
(a,/b, = 2.226), A, = 1.0124 x 10 > m’.

Quantitative data on little penguin diving profiles are
unavailable; thus the modeled dives were assumed to be
U-shaped (d, = S,, and », = »). The acceleration distance
(S,) was assumed to be 2.5 m (Wilson and Wilson 1995).

Average little penguin flipper length is 0.118 m (Wil-
liams 1995). Back width was estimated to be 0.068 m by
assuming that the middle back section has the same pro-
portion of the wingspan (w) as in the Adelie penguin
(28.9%); w=~ 0.304 m.

The results of five BMR studies on little penguins vary
considerably, between 3.12 and 4.93 W kg ' (Nicol et al.
1989). Four of these studies were done by C. D. Stahel,
S. C. Nicol, and coworkers, who suggested that scasonal
variation might contribute to this variability. Their lowest

net
Variable

Adelie penguin Little penguin

Net metabolic power input (W; P, — BMR)
P, W at speed (ms ')
BMR (W)

40.35
54,75 (1.5); Culik et al. 19940
14.4; Culik and Wilson 1991

18.04
21.34 (1.8); Bethge et al. 1997
3.3; Nicol et al. 1989

Mechanical power output P, (W) 5.06 2.37
P (5, v) kv (W, eq. [25a]) 2.52 99
P (.5, V) (W, eq. [21a]) 25 A2
P (.5) (W, eq. [18a]) 2.30 1.25
Average mechanical power costs of speed change

(P, + 2P, + PYIT, 47 29
P, (W, eq. [32]) 4.50 1.94
2P, (W, eq. [31]) 94 45
P, (W, eq. [16]) 112 49
T, (s) 14 10
Net power efficiency (E,.; eqq. [151, [17]) 137 147
Mechanical efficiency® .68 74

Note: Net power efficiency is the ratio of average metabolic input (P) to average net power output (£,).

* Assuming muscle (acrobic) efficiency of 0.2 (Hill 1950; Blake 1991).
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BMR measurement (3.3 = 0.70 W kg™') is indistinguish-
able from 3.12 = 0.1 W kg ' obtained by Baudinette et
al. (1986). This BMR measurement was chosen to rep-
resent the little penguin baseline metabolism during
diving.

The blood oxygen reserve calculation followed the out-
line in table 1. Blood volume was assumed to be the same
fraction of body mass as in the Adelie penguin (10.15%;
table 1). Little penguin mean hemoglobin blood concen-
tration 1s 0.138 g Hb mL ' (Nicol et al. 1988), which is
73.8% of that of the Adelie penguin (table 1), and myo-
globin percentage of wet muscle mass is 2.8% (Baldwin
ctal. 1984), which is 77.8% of the value obtained for Adelie
penguins (table 1). Total blood oxygen is 18.8 mL, total
muscle oxygen is 13.7 mL, and total pigment-bound ox-
ygen is 32.5 mL. Respiratory oxygen volume was estimated
to be 24.2 mL, and the total oxygen volume available for
diving was Vo, = 56.7 mL, or 87.1% of the Adelic pen-
guin’s mass-specific total oxygen reserve.

Components of the Depth-Dependent Diving
Metabolic Rate Model

The approach taken here combines classical aeronautical
theory (Pennycuick 1975, 1989) and direct laboratory
measurements of parasite drag (Bannasch 1995) or ex-
trapolations of the drag measurements to evaluate the
components of mechanical power output. Metabolic
power input from both species was obtained by using div-
ing respirometry data and estimated net aerobic power
efficiencies (E,.) obtained in artificial canals (Culik et al.
19940; Bethge et al. 1997). The E,, is commonly calculated
as the product of muscular (or aerobic; n,) and mechanical
(or propulsion; 7,,) efficiencies (Oehme and Bannasch
1989; Stephenson et al. 19894; Blake 1991). Muscular ef-
ficiency is the conversion rate of chemical energy to kinetic
energy, and mechanic efficiency is the translation of muscle
work to propulsive work. The product of the total me-
chanical power output and the inverse of E,, gives the
metabolic power input needed to meet the required me-
chanical power output to depth, or DMR(d).

When diving horizontally at constant speed, thrust
equals drag, and “negative lift” equals positive buoyancy.
Drag is composed of five components. First, profile drag
(D,,,) is the backward drag of the wings and is described
here using the theory of Pennycuick (1975). Second, in-
duced drag (D,,) is a negative lift force in both Adelie
and little penguins’ cases because they are both positively
buoyant at depths less than the maximum aerobic depth
attainable (d,, . see app. B in the online edition of the
American Naturalist). Hence, during descent they have to
produce negative lift equal to the positive buoyancy. This
is achieved by movement of water upward, the reverse of

an airborne bird in flight forcing air downward, imple-
menting Lanchester’s jet momentum theory of lift gen-
eration (Pennycuick 1989). Simply put, one can think of
induced power as the power needed to sufficiently move
water upward to equal the buoyancy in order to remain
at depth. Third, parasite drag (D,,,) is the frictional drag
of the fuselage body. Direct measurements of parasite drag
of wingless Adelie penguin (and other species) models
from Bannasch (1995) are used here after extrapolating
them with regard to species-specific and depth-specific dif-
ferences in frontal area and correcting them for the dif-
ference in kinematic viscosity of fresh and salt water.
Fourth, inertial drag is the vertical resistance to flapping
the wings; however, in practice this drag cancels out and
is not dealt with further (Pennycuick 1975; 1989). Fifth,
the penguin has to produce metabolic power against buoy-
ancy when descending, but when ascending, this (then
negative) power aids the ascent by reducing the metabolic
power input required.

Mechanical power output to depth is the sum of the
power components; for example, while descending,

Pyld,v) =P, (d) + P,,{d, v)+ kvP,

pro par

(d, v+ R(d). (13)

The specifics of mechanical power output calculation
depend on the phase of the dive, and these are portrayed
in “DMR(d) Model Calculation Procedures.”

Metabolic power input to depth at speed P(d, v) equals
the sum of BMR and the product of inverse net power
efficiency (E,.) and mechanical power output to depth at
speed P,(d, »):

Ad

vla(d

. (14
\ wax)> V] (9

1 1
Bld,v) = 7<HE— Py (d, V)} + BMR

net
where the metabolic power input to depth (W) is con-
verted into oxygen consumption (mL O,) by multiplica-
tion with the inverse of K, the energy equivalent of 1 mL
of oxygen (K = 20.0832 ] mL O,”'; Schmidt-Nielsen
1997).

Net Aerobic Power Efficiency

The E,, is calculated as the ratio of total mechanical power
output (P,) to metabolic power input (P,) less BMR (Blake

1991):

K

E!\(‘l Bl ——
(R — BMR|

(15)

The E,. was evaluated from average power input in a

net
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still-water canal (at assumed depth of 0.5 m), as measured
by Culik ct al. (1994b) for Adelie penguin (see also Culik
and Wilson 1991; Culik et al. 1991, 19944) and by Bethge
et al. (1997) for little penguin (see also Nicol et al. 1989).
The calculations are summarized in table 3.

The bird both accelerates and decelerates during the
measurement trial in the canal, and the average power
requirements for the speed changes (including accelera-
tional reaction) need to be subtracted from P, to obtain
the net average power consumption of steady locomotion.
We assume here that the E, . during speed change is the
same as at a constant speed.

The cost of acceleration consists of two components: P,
(eq. [32]), the power neceded to accelerate the body for-
ward, and P,(d,) (eq. [31]), which is the cost of accelerating
entrained water (Daniel 1984; Vogel 1994). The cost of
deceleration likewise is composed of two components: the
accelerational reaction of entrained water and the body
deceleration, which is assumed to be predominantly met-
abolically passive by “braking,” guessed to be one-fourth
of the acceleration power:

P = 0.25P, (16)
The E, ., Is relatively insensitive to this factor; it was reduced
by 4.18% and 5.2% for Adelie and little penguins, re-
spectively, when P, was reduced by 75% (the value used
here). The other components, parasite power P, (0.5, »),
induced power P,,,(0.5), and profile power P, (0.5, »), are
calculated with equations (25), (21), and (18), respectively.

The E,, was calculated by iteration because it occurs

net

on both sides of the equal sign:

B (0.5, v+ B

( i P+2P+P

1)_ —— e l
! I T

“net v

(0.5)+ P

S pro

0.5, »)
E

o (17)

net T

)—BMR

where T, is the time a penguin takes to swim the canal
length. For Adclie penguins, the canal length was 21 m
and speed was 1.5 m s ', and for little penguins, the canal
length was 18 m and assumed speed was 1.8 m's ' (ex-
trapolated). The E, values for Adelic and little penguins
were 0.137 and 0.147, respectively (table 3).

The L,
components of mechanical power output. For example,
when plumage volume is reduced by one-half of the con-
servative maximum assumed here (Stephenson 1995), E,
becomes 0.108 for both species (implying 0.54 in me-
chanical efficiency, given 0.2 muscle efficiency; see table
3). Thus the apparent lowered costs of diving, by reduction
in the mechanical power output, are more than counter-

balanced by the resulting lesser E

is, by dcfinition, scnsitive o changes in the

net”
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Profile Power

The P,
decreases with depth as net buoyancy decreascs (the effect
of the depth-dependent decrease in A, the equivalent flat
plate area of the body [eq. (19)], is conservatively ignored
here). This basically reflects the reduction in wing-flapping
frequency and or stroke amplitude as B, (d) decreases
with hydrostatic compression, but diving speed is kept
constant. Profile power was estimated using equation (11)
from Pennycuick (1975), by replacing body mass with nct
buoyancy at depth. Hence during acceleration, ascent, and
descent,

is the rate of work against wing drag, and it

d;

14
vlald, ), v)

d;

(X)().877](”‘75[3“&.‘ (d )I.S/\li.?,i
p(l._’is((llj’w

b)) = dd,

(18a)

where X is the profile power ratio (2, dimensionless), & is
the induced drag factor (1.2, dimensionless), and S, is the
disk area (eq. [20]). The d; and d, values define the depth
range (Ad) of the integral corresponding to d, and d,
during acceleration, to d, and d,,,
d

s and d, during ascent. The P, rate in the bottom
phase of the dive is

during descent, and to

()()0.8'7'7I<<),7:’>BHCl (dm“)l,fv All.lﬁ
Bold,.) = g ,  (18b)
A =285 x 10 *M>*7, (19)
2
W
Si=" (20)

where w is the wingspan (m). The wingspan of the Adelie
penguin was calculated by adding the length of cach flipper
(Williams 1995) to the distance between them (0.112 m),
measured from figure 1b in Bannasch (1986); w ~ 0.49 m.

Induced Power

When descending and swimming at the bottom at positive
buoyancy, the bird has to produce a balancing negative
lift. This is induced power (P,,) and is assumed here to
be independent of diving orientation, although when the
angle of descent surpasses some stalling angle, the negative
lift generation as formulated in equations (21a) and (21b)
is lost. However, one can consider that P, is the cost of
necessary tension maintenance against the positive buoy-
ancy, which is independent of orientation, and that equa-
tions (21a), (21b), and (22) estimate this cost for any
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descent angle. A simple explanation of P, ; while diving is
that when the bird maintains a vertical position in the
water column, it is the power needed to produce the up-
ward movement of water in order to remain stationary
(at positive buoyancy). After the lift is lost, a bird is as-
sumed to increase its wing-flapping frequency and/or
stroke amplitude to balance the induced drag and thereby
to increase the speed of trailing water behind the bird by
v{d) (eq. [22]) while maintaining the same diving speed.
Positive buoyancy aids the ascent, analogous to an air-
borne bird descending to earth under gravitational pull.
The P, in this case is opposite to the upward movement
of the bird, and it is the cost of displacing water to the
rear of the bird. Because the calculation of P, at low
speeds is unreliable (Pennycuick 1989), particularly during
acceleration, it is simplistically assumed here that P, , dur-
ing acceleration is the same as at constant diving speed.
The P, in acceleration, descent, and ascent is

d;

P ldv) =

14
— | vid, WkB_(d)dd, (21s
v (celd, s v) J vitd, vikB,.(d)dd,  (21a)

;

where v (d, v) is the upward velocity of the water at depth
(eq. [22]). The P, in the bottom phase of the dive is

Pld,..v=vld,., vkB,(d,.), (21b)
B..(d)

Ad, y) = ——, 22

vid, v) 25,00 (22)

where d becomes d,,. in the bottom phase calculation.

max

Parasite Power

The power exponents in Bannasch’s (1995) regression
equations for parasite drag for Adelie penguin,
D,,(r) = 0.5844»'*"*, and Gentoo penguin, D,,() =
0.8171p">"*" (R* = 99.9%, P < .001 for both species), are
virtually identical, reflecting near identical geometric shape
of the two species. The difference in the intercepts, x,
therefore reflects the size difference in the reference area
between the species.

By assuming a linear relationship between the intercepts
of the D, (v) equations above (x, 0.5844, and 0.8171) and
the corresponding frontal body reference areas (A, =
0.02083 and 0.02706 m?) for Adelie and Gentoo penguins,
respectively, and by using the average power exponent of
the speed (1.53), one can extrapolate x with respect to the
hydrostatically reduced reference area at depth A(d). Ac-
cordingly, one may use the changes in body volume of
Adelie penguins and the corresponding surface area with

depth, derived from Boyle’s Law and elementary geometry,
to extrapolate drag at any depth and speed, D, (d, »). Tt
is assumed that the drag of little penguins behaves in the
same fashion (i.e., solving x using A; = 0.010124 m® at
the surface as a starting point). For either species, x is
scaled as a function of frontal body area (m?®) at depth:

x(A(d)) = —0.1936 + 37.3515A,(d). (23)

Parasite drag at any given speed and depth is found by
substituting equation (10) for A (d) in equation (23) and
inserting the resulting x(A (d)) into equation (24):

D, (d, v) = x(A{d))y"". (24)

Bannasch’s (1995) parasite drag measurements were
performed in a freshwater flume at 17.6°C. To use these
measurements to calculate the parasite drag in the respi-
ratory canals and in sea conditions, one must account for
the increase in kinematic viscosity (m”s ') for the more
viscous saltwater conditions. This is done by multiply-
ing the measured parasite drag by the appropriate kine-
matic viscosity conversion factor (kv, dimensionless). The
kv is the ratio of the two relevant kinematic viscosities.
The kinematic viscosity for each situation was linearly
interpolated (table 2.1 in Vogel 1994): 17.6°C fresh-
water, 1.0772 x 100° m* s ' (flume); 4°C seawater,
1.6798 x 107° m® s7' (Adelie penguin’s respiratory ca-
nal and sea conditions); 10°C freshwater, 1.2843 x 10°°
(little penguin respiratory canal); and 14°C seawater,
1.2843 x 10°° m® s7' (little penguin at sea). For Adelie
penguins, kv = 1.559. For little penguins, kv = 1.192 at
sea and 1.216 in the respiratory canal (for the E,,
calculation).

Parasite power to depth P, (d, ») in ascent and descent
phases is

d;

fD,m(d, vjdd. (25a)
ION

i

B \d,v)= kv 4

Vv(a (dmz\x

Parasite power rate in bottom phase P, (d,,, ) is

P

P.(d, . vi=vD,(d,.. kv (25b)

par par

Parasite power in acceleration phase P, (d,, ») is
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v(ald,, ), v) J AL

dy

P.(d,v)=kv

par

1.53

X (a \/i) dd,
0.5a

(25¢)

where the first term in the integral is the parasite drag and
the second term gives speed at depth. During constant
acceleration (as assumed), instantaneous speed is equal to
the product of acceleration (eq. [28]) and the time elapsed.

Buoyant Power

Boyle’s Law dictates an inverse hyperbolic decrease of air
volume with hydrostatic pressure, and the net buoyant
force concurrently changes as an inverse hyperbolic func-
tion of depth according to equation (9). Power exerted is
obtained by integrating net buoyancy: when moving
against buoyancy, as in descent, d, = d,, and d, = d, .
when supplemented by (negative) buoyancy, as in ascent,
d =d,.and d, = d;

d,

pd) = f B,.(d)dd.

o,

(26)

DMR(d) Model Calculation Procedures

It is computationally convenient to split the calculation of
total oxygen consumption into four phases: acceleration
(denoted by the subscript I), descent (subscript D), bottom
(subscript B), and ascent (subscript A). In the following,
the calculation procedures are formulated for each phase.

Acceleration Phase

The total oxygen consumption (mL) during the acceler-
ation phase, from the surface (d,) to the depth when con-
stant speed is attained (d,; see eq. [30]), is

1|1
A {1)1 + R(dv) + Ri(d\) + ])ind(dv) 1")

Vo, =
" KI\E

et

+ P,,(d,) + P,.(d, v + T.BMR;. (27)

It is assumed that acceleration is constant from zero to
the target speed, » = 1.5 m's ' in the Adelie penguin and
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1.8 m s ' in the little penguin over the distance S, =
2.5 m, as measured in African penguins (Spheniscus de-
mersus; Wilson and Wilson 1995). Acceleration (m s ) is

a = (28)

V?
28,

The time (T,, s) it takes to attain the target speed is the
duration of the acceleration phase:

T, == (29)
a

The depth when constant target speed is attained (d,,
m) is

d, = sin|ald,, ]S,

v

(30)

Acceleration reaction power was calculated using the
total body volume at depth halfway down to d,:

d
Pld)= ps;.v(g")c;.a, (31

where C, is the added mass coefhicient (Daniel 1984; Vogel
1994); C, = 0.082 when entrained water is moving par-
allel to the body axis (Lamb 1932). In determining C,, we
assumed that the penguin’s body shape resembles an el-
lipsoid where length is four times the maximal diameter
(fineness ratio). Indeed, Adelie and Gentoo Penguins have
fineness ratios of 4.00 and 4.35, respectively (Bannasch
1995). The actual fineness ratio of a normal little penguin
is unknown, but based on body length of 0.404 m (Lov-
vorn et al. 2001) and the body diameter estimate (0.108
m), it is 3.74. Acceleration power is

P = aM,$.. (32)

Descent Phase

The total oxygen consumption during the descent phase,
from the depth when constant speed is attained (d, =
d,) to maximum depth (d; = d,,,), is

L{] 1
Vo, = §([T—I1).;(d) + B ldv+PL(d)
+ P (d )+ MR — 2 (33)
P i Vv(a (dmz\xji‘ V) . )

Descent time (seconds) is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




368 The American Naturalist

Ao — d
T) — max : v . 34
l Vv(a (dm;\_\)) V) ( )

Bottom Phase

Rate of oxygen consumption (mL O, s™') at maximum
depth is

. 1)1
VOJ_B (dmux) = %{—F— [l)pur(dm;\x) V) + I)iml(dlnnx)

“nel

+ P

pro

(d o V)] + BMR]. (35)

Total oxygen consumption during the bottom phase is

Vo,, = ’I;E\.]O?.]%(dnmx)? (36)
where T, is the maximum aerobic bottom time:
Vo, — (VOZI + Vo, Vo, )
T, = (37)

VOZ B <dm‘|x)

Ascent Phase

The total oxygen consumption during the ascent phase,
from maximum depth (d,,,,) to the surface (d,), is

max

Vo,, = ]—K(P“(d) + i{P]w(d, v) + Pu(d)
+ P,.(d, »)]| + BMR ﬁ) (38)
Ascent phase duration is
T, = —ms (59)

v(ald,y, ), v)

All the calculations above assume positively buoyant diving
because the maximal aerobic depth attainable, d,, ., is less
than depth at neutral buoyancy, dy, (see eq. [Al] in online
app. A). For Adelie penguin, d,,, = 82 m; little penguin
is 126 m. If the plumage volume (V,) is reduced by one-
half, dy, becomes 56 and 80 m, respectively. When
d s > dyy the changes in equations (33) and (38) are

given in online appendix B.

Model of Depth-Dependent Aerobic Diving Limit

The aerobic diving limit ADL(d) is defined here as the
maximum diving time (s) to any given depth (d) at which
the residual oxygen reserves (if any) will be used in the
bottom phase while still allowing an aerobic return to the
surface. That is, the ADL(d) estimates how long a bird
can dive to any particular depth as the sum of oxygen
consumption in all four phases of the dive:

VOZ'I' - {VOZI + Vozn

+ [’Tl)\'lozli(dmax)] + VOZA} = O) (40)
where the sum of the oxygen consumption in each phase
of the dive equals the total oxygen reserves (Vo,,). The
maximum aerobic depth (d

amax

) that is reachable occurs
when there is no oxygen left for a bottom phase (i.e., when
T, = 0). The ADL as a function of depth, tADL(d), is

tADL{d) = T, + T, + T, + T, (41)

Results

The components of mechanical power output (and the
BMR) as functions of depth in an exemplary U-shaped
diving profile of Adelie penguin to an arbitrarily chosen
60-m depth are shown in figure 1. The largest component
is buoyant power, which affects the depth-specific power
output the most. Parasite power increases rapidly during
acceleration but remains relatively constant with depth
after that. Induced power increases slightly at high buoy-
ancy but is a small component overall. As formulated,
profile power is strongly dependent on buoyancy but
reaches relatively low values at depths greater than 20 m.
The instantaneous oxygen consumption at depth by an
Adelie penguin, or depth-specific diving metabolic rate for
the same exemplary dive as in figure 1, is given in figure
2. Including the cost of acceleration and accelerational
reaction, positive buoyancy is the predominant factor of
the “costly” descent. Negative buoyancy aids the ascent,
as illustrated by the “down-step” at the end of bottom
phase in figure 2 and, more importantly, by the overall
suppression of power output during ascent. It costs ~6.8
(or 1/E,,) times as much energy to offset one unit of
buoyant power during descent as the buoyancy supple-
ments during ascent (at the same respective depth).

Adelie Penguin Model

The tADL(d) for both V and U diving profiles are given
in figure 3, together with the corresponding bottom times.
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Figure 1: Instantancous power (W) components of an exemplary U-

shaped dive by the Adelie penguin, as functions of depth, to maximum

depth of 60 m at diving speed of 1.5 m s\

A, Power exerted against
buoyancy (positive values), power supplemented by buoyancy (negative
values), and basal metabolic rate. B, Profile, parasite, and induced powers.
The Adelie penguin ascends and descends vertically and swims horizon-
tally in the bottom phase of the dive. Note that the X-axis gives the total
distance traveled, and the vertical broken lines denote the beginning and
end of the bottom phase (17.1 s). A color version of this figure is available

in the online edition of the American Naturalist.

For the U-shaped profile, the maximum tADL.(d ), is 104.7
s (at 18-m depth), where the tADL(d ), curve peaks. After
their peaks, both the tADL(d); and the bottom time curves
decline linearly. The maximum aerobic depth (d, ... o) is
72 m (for a total of 98.1 s).

For the V-shaped profile, the maximum tADL(d), was
101.1 s (at 14.5-m depth), and d,,,,. , was at 54 m. Bottom
time decreases exponentially with depth, reflecting the in-
crease in proportional time at depth, largely masking the
opposite effect of the increase in the diving angle with
depth.

The model results were compared to the most extensive
data sct (n = 14,048 dives) available on free-diving Adelie
penguins (Chappell et al. 1993a): the average dive time
was 73.2 = 18.6 s (£SD), and the average dive depth was
26 £ 13 m. Using the area of the normal curve, fewer
than 6.68% of all dives exceeded the model’s maximum
tADL(d),. It is unknown which diving profile—deep or
long dives—pertains in nature. However, if we assume that
Adelic penguins avoid surpassing ADL(d ), less than 4.25%

Avian Depth-Dependent Diving Metabolic Rate Model 369

of all dives exceed the model’s maximum tADL(d) in
duration, and those that do exceed the limit only slightly
(see fig. 5 in Chappell et al. 1993a). Less than 1.58% of
all dives exceed the model’s d,,,. v, and less than 0.02%
exceed the model’s d,,.. , (Chappell et al. 19934). The
Aoy = 72.3 mis0.61 SD less the mean maximum depth

of 84 + 19 m (n = 20; Whitehead 1989).

Little Penguin Model

The tADL(d),, is provided in figure 4 together with the
corresponding bottom time, the maximum tADL(d),; is
74.9 s at 15-m depth, and the maximum acrobic depth
attainable (d,,... ) is 51 m (for a total of 57.9 ).

The model’s results were compared to the most exten-
sive data set available (n = 6,025) of instrumented little
penguins in Marion Bay, Tasmania (Bethge et al. 1997):
average diving duration was 21 + 84 s (£8D), and av-
crage diving depth was 3.4 x 3.94 m. Based on the arca
of the normal curve, no little penguin’s dives exceeded
either the maximum duration or the maximum depth pre-
dicted by the model. Average maximum depth of little
penguins near Phillip Island, Australia was 30 m (Mon-
tague 1984).

Discussion

The results of this exercise strongly suggest that Adclic
penguins perform little anaerobic diving and that little
penguins perform none whatsocver. This result is likely to

r DESCENT ASCENT

DMR(d), (mL 0, ™)

0 20 40 60 80 100 120 140

Distance Traveled (m)

Figure 2: Adelic penguin’s instantancous diving metabolic rate (ml. O,
s ') at depth DMR(d),. in an exemplary U-shaped dive to 60 m (as in
fig. 1). Note that the X-axis gives the total distance traveled, and the
vertical broken lines denote the beginning and end of the bottom phase
(17.1 8). A color version of this figure is available in the online edition
of the Anierican Naturalist.
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Figure 3: Depth-dependent aerobic diving limit ADL(d) of Adelic pen-
guin diving at a relative speed of 1.5 m 57", The results of two types of
diving profiles are shown (denoted by the U and V subscripts). The U-
shape dives are characterized by vertical descent and ascent and a hor-
izontal “bottom phase,” and the maximum tADL(d),. is 104.7 s {at 18-
m depth). The V-shape dives are characterized by an increasing angle
(from the horizontal) of descent and ascent, as a function of the maximal
depth attained, and the maximum tADL(d), is 101.1 s (at 14.5-m depth).
Also shown is the maximal aerobic time available for the bottom phase
(Ty) of a dive to a given maximum depth d,,, allowing for an ascent

without oxygen debt. The d, = 72.3 m (which takes 98.1 s to reach)

amax, U

and d,,.» = 54 m are the maximum acrobic depths attainable of the
respective dive profiles. In comparison, the average dive time of instru-
mented Adelie penguins was 73.2 + 18.6 s (mean £ SD), and the average
dive depth was 26 = 13 m (Chappell et al. 1993a) of 14,048 dives. A
color version of this figure is available in the online edition of the Amer-
ican Naturalist.

apply generally to highly positive buoyant avian deep di-
vers and certainly not only penguins. The assumption of
depth-independent (linear) DMR is not tenable for pos-
itively buoyant birds, in which case DMR is a nonlinear
function of depth. It is therefore fundamentally inappro-
priate to calculate their ADL by linearly extrapolating mea-
sured average DMR to greater depths, which can easily
produce a bias of similar magnitude as the observation
(bADL) and prediction (cADL) gap. This also applies to
ADL calculated by using the swimming speed at which
cost of transport (J m™') is minimal (e.g., Culik et al.
1994b; Bethge et al. 1997; Luna-Jorquera and Culik 1999)
because cost of transport is also depth-dependent.

The model’s realism depends largely on how precisely
and accurately the changes with depth can be described
for the depth-dependent variables and, of course, the es-
timates of initial values. Although this will probably never
be achieved to everybody’s satisfaction (including ours),
the conservative choice of the model’s parameters
strengthens the interpretation of the model’s results. On
that basis, we are confident in the main conclusion that

diving is predominantly aerobic and primarily attributable
to reduction in high buoyancy while diving to depths shal-
lower than the point of neutral buoyancy. Hypometabo-
lism offers too small a scope of metabolism reduction to
explain the large gap between observation (bADL) and
prediction tADL (cf. BMR to DMR in fig. 2).

Given the observed range in the values here, reducing
respiratory air volume always decreases maximum dive
duration in our model because the metabolic fuel (O,)
content of a volume of air is greater than its highest buoy-
ant carrying cost. This explains anecdotal observations that
deep-diving (an arbitrary criterion of, say, >20 m) birds
submerge after inspiration (Kooyman et al. 1971; Ste-
phenson et al. 1989b; Croll et al. 1992). It is a well-known
fact, however, that many shallow divers submerge after
expiration (Ross 1976; Livesey and Humphrey 1984; Tome
and Wrubleski 1988; Lovvorn 1991). Although aerobic
dives following expiration must be of shorter overall du-
ration, they are energetically cheaper due to the reduced
buoyancy; thus one would expect that highly buoyant shal-
low divers, that is, those experiencing proportionally the
greatest costs of buoyancy, would benefit the most by div-
ing after expiration. However, for this strategy to remain
advantageous, any increase in diving frequency accom-
panied with the shorter dives cannot override the energetic
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Figure 4: Depth-dependent acrobic diving limit ADL(d),, of little pen-
guin diving at a relative speed of 1.8 m s™" in a U-shaped diving profile
characterized by vertical descent and ascent and a horizontal bottom
phase. Also shown is the maximal acrobic time available for the bottom
phase (7)) of a dive to a given maximum depth d,,, but allowing an
ascent without inducing an oxygen debt. The maximum tADL(d),, is
74.9 s (at 15-m depth), and d,,,,, = 51 m is the maximum aerobic depth
attainable (for a total of 57.9 s). In comparison, the average dive time
of instrumented little penguins was 21 + 8.4 s (mean + SD, n =
6,025), and average diving depth was 3.4 &£ 3.94 m (# = 6,025; Bethge
etal. 1997). A color version of this figure is available in the online edition
of the American Naturalist.
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savings of shorter dives. As diving depth increases, so do
the benefits of lowering the transport (buoyancy) costs of
the air cargo. Indeed, birds that are not maximizing dive
duration but rather minimizing the DMR by anticipating
depth and dive duration should calibrate the respiratory
air cargo accordingly (Keijer and Butler 1982). The aspect
of optimal diving air supply is beyond the scope of this
article, but for the interested, see an excellent study by
Sato et al. (2002) that combines both biomechanical and
experimental approaches to this problem.

There are reports where the length of diving pause on
the surface between dives does increase at an accelerating
rate with the length of the preceding dive (e.g., Ydenberg
and Guillemette 1991; Croll et al. 1992; Kooyman and
Kooyman 1995; Culik et al. 1996; Benvenuti et al. 2001;
Schreer et al. 2001). But instead of invoking surpassed
ADL as an explanation, one possible alternative is that
digesta accumulation (Guillemette 1994, 1998) compresses
the air sacs, reducing the air volume available for diving.
This idea is amenable to experimentation by measuring
changes in respiratory volume after incremental feedings.
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