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Intermittent Swimming by Mammals: A Strategy for Increasing Energetic

Efficiency During Diving*

TERRIE M. WILLIAMS?

Department of Biology, EMS A316, University of California at Santa Cruz, Santa Cruz, CA 95064

SyNnopsis.  The evolutionary history of marine mammals involved marked phys-
iological and morphological modifications to change from terrestrial to aquatic
locomotion. A consequence of this ancestry is that swvimming is energetically ex-
pensive for mammals in comparison to fish. This study examined the use of be-
havioral strategies by marine mammals to circumvent these elevated locomotor
costs during horizontal swimming and vertical diving. Intermittent forms of loco-
motion, including wave-riding and porpoising when near the water surface, and
prolonged gliding and a stroke and glide mode of propulsion when diving, enabled
marine mammals to increase the efficiency of aquatic locomotion. Video instru-
mentation packs (8-mm camera, video recorder and time-depth microprocessor)
deployed on deep diving bottlenose dolphins (Tursiops truncatus), northern ele-
phant seals (Mirounga angustirostris), and Weddell seals (Leptonychotes weddellii)
revealed exceptionally long periods of gliding during descent to depth. Glide du-
ration depended on depth and represented nearly 80% of the descent for dives
exceeding 200 m. Transitions in locomotor mode during diving were attributed to
buoyancy changes with compression of the lungs at depth, and were associated
with a 9-60% reduction in the energetic cost of dives for the species examined. By
changing to inter mittent locomotor patterns, marine mammals are able to increase
travelling speed for little additional energetic cost when surface swimming, and to
extend the duration of submergence despite limitations in oxygen stores when div-

ing.

INTRODUCTION

The morphological, physiological and
behavioral traits required for efficient
aquatic locomotion by mammals evolved
from terrestrial building blocks as ancestral
mammals made the transition from land to
sea. Fossil evidence indicates that the evo-
lutionary pathway of marine mammals in-
cluded transitions from terrestrial specialists
adapted for running, to intermediate forms
that moved on land and water, and finally
to aquatic specialists adapted for activity at
sea (Repenning, 1976; Berta et al., 1989;
Thewissen et al., 1994). As a result of this
evolutionary history, marine mammals have
had to meet the challenge of aquatic loco-
motion by modifying structures originally
designed for movement on land.

1 From the Symposium Intermittent Locomotion: In-
tegrating the Physiology, Biomechanics and Behavior
of Repeated Activity presented at the Annual Meeting
of the Society for Integrative and Comparative Biolo-
gy, 4-8 January 2000, at Atlanta, Georgia.

2 E-mail: williams@biology.ucsc.edu

Physical forces encountered by swim-
ming mammals differ markedly from those
of running mammals (Dejours, 1987).
These undoubtedly influenced many of the
morphological modifications that occurred
during the transition from terrestrial to
aquatic locomotion. On land, gravitational
forces dictate the energetic cost of moving
the center of mass and limbs during loco-
motion in terrestrial specialists (Cavagna et
al., 1977; Taylor et al., 1980). Except under
extreme environmental conditions, body
drag and atmospheric pressure have little
effect on energetic costs during terrestrial
locomotion (Pugh, 1971; Brooks et al.,
1996). Conversely, the primary forcesinflu-
encing locomotor movements and energetic
costs in swimming mammals are body drag,
buoyancy and hydrostatic pressure. Drag
forces resist both forward progression and
limb movements of the swimmer. Buoyant
forces act in avertical direction in the water
column and result from the weight, volume
and compressibility of the tissues and air
spaces of the animal’s body. Hydrostatic
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pressure results from the weight of the wa-
ter column above the swimmer (Heine,
1995).

The magnitude of body drag, buoyant
forces and hydrostatic pressure on a swim-
ming mammal will depend on where in the
water column activity takes place. For ex-
ample, drag forces may be 4-5 times higher
if the animal remains at or near the water
surface than if the animal submerges during
swimming. When the animal descends to
depths in excess of three body diameters
(approximately 3 m for a bottlenose dolphin
or Weddell seal) surface wave drag and
consequently total body drag is significantly
reduced (Hertel, 1966). However, as the an-
imal descends further in the water column
hydrostatic pressure progressively increas-
es. For each 10.1 m increase in depth hy-
drostatic pressure in seawater increases by
1 ATM (Heine, 1995) which will have a
profound effect on compressible spaces or
tissues, and hence buoyancy of the animal.
A consequence of the interrelationships be-
tween depth, body drag, hydrostatic pres-
sure and buoyancy is that the physical forc-
es influencing the anima swimming near
the water surface are very different from
those encountered by the diving animal.

An additional factor affecting aquatic
performance in marine mammals that re-
sults from its terrestrial ancestry is the ne-
cessity to surface periodically to breathe.
These surface intervals are usually short in
comparison to the duration of submergence
during both swimming and diving. To ex-
tend the period of submergence, diving
mammals balance the metabolic cost of lo-
comotion against oxygen reserves in the
lungs, blood and muscle (Kooyman, 1989).
Increased locomotor efficiency provides an
important advantage for conserving these
limited reserves when the mammal is mov-
ing underwater.

In this paper, we examine how mamma-
lian physiology and the physical character-
istics of the aguatic environment dictate lo-
comotor patterns and behavior in marine
mammals. Locomotor mechanics and en-
ergetics for a variety of species swimming
in arelatively horizontal path are compared
to those of submerged mammals moving in
a vertical path through water (termed div-

167

ing). Two cases of horizontal swimming are
examined, mammals moving horizontally
on the water surface (surface swimming) or
moving horizontally below the water sur-
face (submerged swimming). For each type
of aguatic activity we examine unique be-
haviors or styles of locomotion that may
contribute to a decrease in energetic costs.
Particular attention is paid to physiological
requirements that may constrain locomotor
activity. In general, we find that marine
mammals employ different styles of loco-
motion, including intermittent propulsion,
to reduce the energetic cost of swimming
and diving. The energetic benefit afforded
by these different locomotor styles depends
on the ability of the animal to take advan-
tage of the distinct physical forces encoun-
tered near the water surface or in the water
column.

DiscussioN
Horizontal swimming

During the past 20 years a large number
of studies have examined the biomechanics
and energetics of swimming in mammals.
Often the animals were placed in water
flumes and required to swim continuously
against a current generated by a pump (see
Williams, 1999 for a review). The addition
of a metabolic chamber on the water sur-
face provided the test animals with a place
to breathe and permitted the collection of
expired gases for respirometry. Alternative
methods have examined small mammals
such as beavers swimming submerged be-
tween metabolic test chambers (Allers and
Culik, 1997). Assessing the swimming en-
ergetics of large, fast marine mammals such
as dolphins or whales presents a unique
challenge and has required novel experi-
mental approaches. These have included
training dolphins to match their speed with
that of a moving boat in open water (Wil-
liams et al., 1993a) or to swim to metabolic
stations (Ridgway et al., 1969; Yazdi et al.,
1999). Swimming costs have also been es-
timated from field respiratory rates of killer
whales (Kriete, 1995) and gray whales
(Sumich, 1983).

By combining the results for a wide va-
riety of swimming mammals we find that
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Fic. 1. Tota cost of transport (COT) in relation to
body mass for surface and submerged swimming
mammals moving in a horizontal path. Solid lines rep-
resent the least squares regressions through the data
points and are presented in the text. Data points rep-
resent individual studies and species: surface swim-
mers include muskrat (closed sguare; Fish, 1982),
mink (closed diamond; Williams, 1983), sea otter
(open diamond; Williams, 1989) and humans (open
squares, Homer, 1972); submerged swimmers include
phocid seals (closed circles; Fedak, 1986; Davis et al.,
1985; Williams et al., 1991), sea lions (open circles;
Feldkamp, 1987; Williams et al., 1991), bottlenose
dolphins (open triangle; Williams et al., 1993a), killer
whales (closed triangles; Kriete, 1995) and gray
whales (inverted closed triangle; Sumich, 1983).

the energetic cost of swimming may be de-
scribed by two separate allometric regres-
sions (Fig. 1). The total cost of transport
(CQOT) for semi-aquatic species that swim
horizontally on the water surface such as
muskrats, mink and humans is described by

COT = 26.81mass %18

where COT isin Jkg-1m~! and body mass
is in kg (Williams, 1989). Marine adapted
species that swim in a horizontal path while
submerged may be described by the rela-
tionship

COT = 7.79mass °02°
where COT isin Jkg-t-m~! and body mass
isin kg (Williams, 1999). This relationship

includes values for phocid seals, otariids,
and odontocete and mysticete whales.

(n = 4 species)

(n = 6 species)
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Based on these allometric regressions, it
appears that the total cost of transport for
many swimming mammals is significantly
higher than predicted for fish of comparable
body mass (Brett, 1964). For example, the
cost of transport for swimming in the North
American mink is 19 times that of salmonid
fish (Williams, 1983); human swimmers
have transport costs that are 15 to 23 times
the predictions (Holmer, 1972). Despite
specialization for aquatic locomotion, ma-
rine mammals aso demonstrate elevated
transport costs in comparison to fish. The
energetic costs for swimming in marine
mammals range from 2 to 4 times the pre-
dicted values for comparably sized fish
(Williams, 1999).

Several factors appear to contribute to
the comparatively high energetic cost of
horizontal swimming in mammals. First,
under the conditions of these tests, stroking
is more or less continuous, where stroking
is defined as the movement of a propulsive
surface to produce thrust that results in for-
ward motion of the swimmer. Whether in a
flume or chasing a boat, continuous strok-
ing was often necessary for the animal to
maintain prolonged periods of constant
speed in ahorizontal plane regardless of po-
sition on the water surface or submerged.
Second, as mentioned above, drag forces
are considerably higher if the swimmer re-
mains at or near the water surface than if it
submerges during swimming. The addition
of wave drag during surface swimming has
been shown to increase the energetic cost
of swimming in some mammals by two-
fold (Williams, 1989). A third factor con-
tributing to elevated swimming energetic
costs, particularly in semi-aquatic mam-
mals, is the efficiency of the propulsor
(Fish, 1993). Drag-based propulsion char-
acteristic of many semi-aguatic mammalsis
less efficient in terms of thrust generation
and energetic cost than lift-based propul-
sion typical of marine mammals and fish.
Lastly, the ability to retain endogenous
heat, that is the cost of endothermy, ex-
plains in part the difference in total ener-
getic cost of swimming between marine
mammals and fish (Williams, 1999).

In view of the high energetic cost of swim-
ming in mammals, it is not surprising that
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Fic. 2. Representative dive profiles and locomotor modes for an adult bottlenose dolphin performing a 100 m
dive (A) and a juvenile northern elephant seal during a 340 m dive. Dark curves denote the change in depth
with time during the dive. Horizontal boxes along each dive indicate the preferred locomotor mode during
descent and ascent. Black boxes indicate periods of continuous stroking, open boxes denote gliding, and gray
boxes show stroke and glide propulsion. Vertical lines denote the change from descent to ascent segments of

the dives. The time scale for the dives has been normalized for comparative purposes.

marine adapted species have developed a
number of behaviora strategies that enable
them to avoid the work of continuous strok-
ing. Porpoising is a behavioral strategy used
by small cetaceans and pinnipeds moving at
high speed near the water surface. Theoreti-
caly, this behavior allows the svimmer to
avoid the high costs associated with swim-
ming continuously near the water surface by
interrupting locomotion and leaping into the
air (Au and Weihs, 1980; Blake, 1983). Wave
riding is another strategy that enables the
swimmer to avoid continuous stroking. In a
study involving bottlenose dolphins trained to
swim freely or wave-ride next to a moving
boat, we demonstrated a reduction in heart
rate, respiration rate and calculated energetic
costs for animals riding the bow wave of a
boat at 3.8 m-sec™t. This behavior enabled

bottlenose dolphins to nearly double their for-
ward travelling speed with only a 13% in-
crease in energetic cost (Williams et al.,
1992).

Although energetically advantageous
when swimming near the water surface,
both wave-riding and porpoising have been
described for only a limited number of ma-
rine mammal species moving at high
speeds. These locomotor strategies are not
possible during slow transit, in large marine
mammals such as elephant seals and
whales, or in polar regions where ice covers
the water surface. Instead, transit swimming
is often accomplished by a sawtooth series
of sequential dives that allows the animals
to remaining submerged except for brief
surface intervals to breathe (Crocker et al.,
1994; Slip et al., 1994; Davis et al., 2001).
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Vertical diving

With data readily available for the cost
of swimming in mammals, it seems reason-
able to presume that the cost of diving can
be calculated. Data from time depth record-
ers and velocity meters deployed on free
ranging marine mammals provide informa-
tion about the duration, distance and speed
of the diver. When combined with the re-
lationships for oxygen consumption and
speed from swimming experiments, a the-
oretical diving cost can be determined. Be-
cause marine mammals rely on stored ox-
ygen to maintain aerobic processes during
a dive, maximum dive durations supported
by these reserves (termed the aerobic dive
limit, ADL; Kooyman, 1989) can be cal-
culated by dividing the oxygen store by
swimming metabolic rates. This calculation
provides an upper limit for the energetic
cost of an aerobic dive. Dives exceeding the
ADL require a switch to anaerobic metab-
olism with the consequent detrimental ef-
fects associated with increased plasma lac-
tate (see Butler and Jones, 1997 for a re-
view).

Such calculations for diving bottlenose
dolphins resulted in a paradox. Descent and
ascent durations, and swimming speed were
measured with time-depth/velocity record-
ers carried by dolphins trained to dive in a
straight line path to submerged targets (Wil-
liams et al., 1999). On a relatively short
dive to 57 m we calculated that dolphins
used 34% (11.1 mlO,-kg?) of the total ox-
ygen store in the blood, muscles and lungs.
On deep dives to 206 m metabolic calcu-
lations indicated that the oxygen reserves
were exhausted after only three quarters of
the dive had been completed. Yet, there was
little increase in post-dive plasma lactate to
indicate a change to anaerobic metabolism
(Williams et al., 1993b, 1999).

The discrepancy was resolved by record-
ing the locomotor behavior of the dolphins
during the complete dive. Video cameras
placed on the diving dolphins revealed the
use of severa different swimming gaits
rather than continuous stroking (Fig. 2).
During descent the dolphins switched from
active stroking to prolonged gliding. As-
cents began with active stroking followed
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Fic. 3. Depth at the start of the gliding during de-
scent in relation to maximum depth of the dive. Each
point represents a single dive for northern elephant
sedls (closed circle), bottlenose dolphins (open circle)
and Weddell seals (closed triangle).

by stroke and glide swimming, and ended
with a short glide to the surface (Skrovan
et al., 1999). Similar experiments with el-
ephant seals (Davis et al., 2001; Fig. 2),
Weddell seals and even blue whales (Wil-
liams et al., 2000) reveal identical changes
in locomotor patterns during diving. Dive
descents for these marine mammals typi-
cally begin with a period of active stroking
followed by gliding to depth. Ascent is
characterized by large amplitude, continu-
ous strokes followed by stroke and glide
swimming. Depending on the species, the
animal may change to a short final glide to
the surface.

The absolute duration of gliding during
the descent depends on the maximum depth
of the dive. For dolphins, phocid seals and
the blue whale, the percentage of time glid-
ing increased significantly with depth of the
dive. Nearly 80% of the descent was spent
gliding for dives exceeding 200 m (Wil-
liams et al., 2000). Interestingly, the depth
at which gliding began was similar for the
marine mammals examined (Fig. 3). Glide
initiation depth increased from 20 m to 70
m as maximum depth of the dive increased
to 200 m. A plateau in the glide initiation
depth was reached at approximately 80 m
for dives exceeding 200 m. The similarity
in pattern for these glide depths suggests
the influence of physical factors on the div-
er.
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Fic. 4. Changes in the mammalian lung with increases in hydrostatic pressure with depth. The alveoli (gray
circle) of terrestrial mammals trap air due to the collapse of connecting airways. Trapped gases remain in the
alveolar respiratory zone and may be absorbed into the circulatory system resulting in nitrogen narcosis or
decompression illness (the ‘““bends’”) on ascent. In marine adapted species, the alveoli collapse in response to
pressure which moves gases into cartilaginous, reinforced conducting areas.

The mammalian lung at depth

To understand how marine mammals ac-
complish these prolonged gliding periods
we need to examine the structural and func-
tional characteristics of the mammalian
lung at depth. Because the lung capacities
of many marine mammals are large in com-
parison to those of terrestrial mammals on
a lean weight basis, Kooyman (1973) pro-
posed that the lungs play arole in buoyancy
control at sea. Relatively small changes in
lung volume depending on whether the an-
imal inhales or exhales could tip the bal-
ance between positive or negative buoyan-
cy, and whether an animal floats or sinks
when resting on the water surface.

When diving, rapid changes in hydro-
static pressure will also alter lung volume
with consequent changes in buoyancy. The
magnitude of these changes appears to be
associated with morphological modifica
tions coincident with adaptations for a ma-
rine lifestyle (Fig. 4). A unique feature of
the lungs of marine adapted mammals is
cartilaginous reinforcement of the small air-

ways (Scholander, 1940; Denison and
Kooyman, 1973). Such reinforcement pro-
vides a rigid system to the level of the al-
veoli that permits the progressive collapse
of the airways in response to increases in
pressure. As aresult, compliant alveoli will
compress rapidly at depth emptying gas
into the reinforced airways. The structural
and functional effects of airway reinforce-
ment have been tested both in the labora-
tory and at sea. While the aveoli of terres-
trial mammals such as dogs trap air during
simulated dives, those of sea lions show a
progressive collapse from the alveoli to the
reinforced airways with increases in pres-
sure (Denison et al., 1971). Pressure cham-
ber tests on Weddell seals and northern el-
ephant seals (Kooyman et al., 1970), and
on the excised lungs of bottlenose dolphins
(Ridgway et al., 1969) show similar pat-
terns of progressive collapse of the airways
with exposure to increased pressure. Dif-
ferences in the oxygen and carbon dioxide
content of expired air of dolphins trained to
dive or station at depth (Ridgway et al.,
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1969) have demonstrated that alveolar col-
lapse is complete once the animals reach 70
m in depth (Ridgway and Howard, 1979).
Alveolar volume is considerably reduced at
depths of less than 30 m in Weddell seals
and elephant seals (Kooyman et al., 1970).
Likewise, the lungs of large whales includ-
ing fin whales and sei whales (Scholander,
1940) and pilot whales (Olsen et al., 1969)
show evidence of progressive alveolar col-
lapse in response to increased hydrostatic
pressure.

The structural and functional changes
that occur at depth in the marine mammal
lung appear to serve many roles. First, the
movement of alveolar contents away from
gas exchange surfaces and into the con-
ducting airways of the lungs enables marine
mammals to avoid the del eterious effects of
nitrogen narcosis and decompression sick-
ness (Scholander, 1940). Second, strength-
ening of the peripheral airways permits ex-
ceptionally rapid tidal ventilation and re-
spiratory gas exchange when marine mam-
mals surface to breathe (Kooyman and
Sinnett, 1979). Furthermore, these same
changes in lung volume enable marine
mammals to take advantage of the increase
in hydrostatic pressure to facilitate pro-
longed periods of passive gliding during de-
scent (Fig. 5). Skrovan et al., (1999) de-
scribed the interrelationships between lung
volume, dive depth and buoyancy for the
bottlenose dolphin. As air spaces compress
with depth the volume of the dolphin de-
creases without an accompanying reduction
in mass, and the animal becomes less buoy-
ant. The theoretical buoyant forces associ-
ated with this collapse range from 24.3 N
when the dolphin is near the water surface
and the lungs are fully inflated, to a nega-
tive buoyancy of —25.7 N when the lungs
are deflated at 67.5 m in depth. Measured
deceleration rates of gliding dolphins cor-
related directly with the calculated changes
in buoyant forces coincident with lung
compression (Skrovan et al., 1999). Thus,
the progressive increase in hydrostatic pres-
sure and subsequent lung collapse with
depth led to a progressive increase in the
ability of dolphins to glide during descent
until maximum lung compression occurred
at approximately 70 m. A similar interre-
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A. Swimming

B. Diving

PRESSURE BUOYANCY

Fic. 5. Relative differencesin lung volume of a \Wed-
dell seal during horizontal swimming near the water
surface (A) and vertical diving (B). Increases in hy-
drostatic pressure during descent result in compression
and a decrease in volume of the lungs. Buoyancy de-
creases concomitantly. Circle = respiratory zone and
rectangle = conducting zone as described in Figure 4.
Note the change in location of respiratory gases with
changes in hydrostatic pressure. The relative size of
the gas volume in the lungs is based on measurements
of Weddell seals resting at sea level and during a sim-
ulated dive to 306 m in depth from Kooyman et al.
(1970).

lationship between hydrostatic pressure,
lung volume and buoyancy likely occursin
seals. Although phocid seals exhale prior to
submergence, even the small changes in
volume that occur as the alveoli compress
will alter buoyancy during the course of a
dive (Webb et al., 1998).

These physical and anatomical changes
with depth influence the locomotor behav-
ior of diving marine mammals (Fig. 3).
During shallow (<100 m) dives, seals and
dolphins initiate short glides early during
descent. Deep divers such as the elephant
seal (Davis et al., 2001) and Weddell seal
begin prolonged gliding at 60-86 m for
dives exceeding 200 m in depth. Even the
largest diver in the ocean, the blue whale,
appears to follow this pattern and begins
gliding at approximately 18 m when per-
forming dives to 36-88 m in depth (Wil-
liams et al., 2000). The depth at which glid-
ing begins undoubtedly depends on many
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TaBLE 1. Energetic costs for theoretical 200 m dives
by a phocid seal and dolphin.*

Energetic Cost (ml O,-kg1)

Descent Ascent

Stroke Glide Stroke Glide Total
Period Period Period Period Cost

% Total
O, Store

Dolphin
Intermittent 8.9 5.1
L ocomo-
tion
Continuous
L ocomo-
tion
Phocid Seal
Intermittent 2.8 6.7
L ocomo-
tion
Continuous
L ocomo-
tion

194 04 338 102%

172 — 206 — 378 114

192 0.8 295 49

215 — 215 — 430 72

* Dives completed by intermittent locomotion ac-
cording to the gait patterns in Fig. 2 or by continuous
stroking are compared. For these calculations we as-
sume that the metabolic cost of gliding is equivalent
to resting rates as described in the text. Swimming
costs were based on Davis et al. (1985) for harbor seals
swimming at 2.0 m.s™* and Williams et al. (1992) for
dolphins swimming at 2.1 m.s™*. These represent the
optimal range speeds for low cost swimming for these
species (Yadzi et al., 1999; Davis et al., 1985).

factors including body composition and
buoyancy characteristics of the species, ini-
tial lung volume, and the type of dive (i.e,,
transit, exploratory, foraging). Short, shal-
low dives in which oxygen reserves are not
limiting permit greater flexibility in loco-
motor behavior compared to dives ap-
proaching physiological limits (Williams et
al., 1993b). On prolonged dives when the
balance between speed and energetic effi-
ciency is critica marine mammals incor-
porate extended glide periods that often be-
gin when lung compression is near com-
plete (Fig. 3).

Energetic benefits of intermittent
locomotion at depth

Because the contraction of skeletal mus-
cle expends energy, behaviors such as glid-
ing that reduce overall locomotor effort
should be manifest as a decrease in ener-
getic cost. This view is supported in simple
calculations for the cost of diving by phocid
seals and dolphins (Table 1). In this exam-
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ple the rate of oxygen consumption for har-
bor sealsis 4.6 mlO,-kg=t-min-* during rest
and 12.9 mlO,-kg=*-min-* during swimming
at approximately 2.0 m.sec™* (Davis et al.,
1985). Rates of oxygen consumption deter-
mined for bottlenose dolphins are 4.6
mlO,-kg=t-min-! during rest and 8.1
mlO,-kg=tmin-! during swimming at 2.1
m-sec~* (Williams et al., 1992). Assuming
that oxygen consumption during passive
gliding approximates resting levels, then a
theoretical dive to 200 m by an adult harbor
seal will require 43 mlO,-kg-? if the animal
continuously strokes during descent and as-
cent. A dive incorporating prolonged peri-
ods of gliding as in Figure 2 will need only
29.5 mlO,-kgt. For dolphins, a stroking
dive to 200 m in depth will use 37.8
mlO,-kg~* compared to 33.8 mlO,-kg-* for
a gliding dive of similar depth.

The benefit of these energetic savings be-
comes apparent when the size of the oxygen
reserve available during submergence is
considered. The total oxygen store for an
adult, 145 kg bottlenose dolphin is 33.0
mlO,-kg=t (Williams et al., 1993b), and
65.0 mlO,-kg for a 24 kg harbor sed
(Kooyman, 1989). In terms of the total ox-
ygen reserve available, the gliding seal per-
forming a 200 m dive realizes a 23% sav-
ings and the dolphin a 12% savings. Ini-
tially, these savings may appear trivial.
However, a 12% savings in the oxygen
store for the diving dolphin trandsates into
an additional 1.0 min of gliding or 0.5 min
of swimming at 2.0 m-sec ! assuming the
metabolic rates described above. For the
phocid seal, a 23% saving in the oxygen
store represents 3.0 additional minutes of
gliding or 1.1 min of swimming at 2.0
m-sec™ 1.

Many additional factors not accounted
for in these simple calculations will also af-
fect the actual cost of diving in marine
mammals. Metabolic depression during
submergence, dive depth, gliding duration,
angles of descent and ascent, velocity, the
use of stroke and glide locomotion, and the
interactive effects of drag and buoyant forc-
es during a dive will influence total ener-
getic requirements. For example, metabolic
depression during diving (Hochachka,
1992) would have an additional conserving
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effect on oxygen reserves. Several studies
have also demonstrated that stroke and
glide locomoation can reduce the energetic
cost of swimming by 15-50% in fish
(Weihs, 1974, Fish et al., 1991). Stroke and
glide propulsion is the preferred mode of
locomotion for many species of marine
mammal during the ascent portion of adive
(Williams et al., 2000). Consequently, the
energetic savings described in these calcu-
lations probably represent a conservative
estimate depending on the type of dive and
gaits selected by the animal. Certainly, the
use of interrupted forms of swimming to
complete a dive appears to provide an en-
ergetic advantage when compared to con-
tinuous swimming for the same dive (Table
1).

Recent measurements of the post-dive
oxygen consumption of Weddell seals pro-
vide direct evidence of the energetic bene-
fits of gliding (Williams et al., 2000). In
these studies instrumented adult seals were
placed in an isolated ice hole located on the
Antarctic sea ice. The hole was covered
with a metabolic hood for the collection of
respiratory gases and subsequent determi-
nation of post-dive oxygen consumption.
The seals were free to dive in surrounding
waters that exceeded 500 m in depth. Stra-
tegic placement of the hole required that the
animals return to the metabolic hood to
breathe following each dive (Kooyman et
al., 1980). By combining measurements of
the underwater locomotor behavior of the
seals (Davis et al., 1999) with post-dive
metabolic rate we found that interrupted
swimming during a dive resulted in a 9.2—
59.6% energetic savings for the Weddell
seals (Williams et al., 2000). Figure 6 dem-
onstrates the difference in energetic costs
for dives with and without interrupted
swimming periods. Two groups of dives by
Weddell seals covering equal distances
(1,750-1,850 m) but varying in swimming
pattern and depth were compared. Deep
dives (231 = 27 SEM m, n = 12) that fa-
cilitated gliding due to changes in pressure
with depth resulted in a significant (at P =
0.043) 35% reduction in recovery oxygen
consumption compared to shallow dives
(55 = 7 SEM m, n = 4) covering the same
distance with nearly continuous stroking.
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Fic. 6. Post-dive oxygen consumption of Weddell
sedls travelling 1,750-1,850 m beneath the Antarctic
seaice. Dives incorporating prolonged glide sequences
(Glide) are compared to dives completed by continu-
ous or stroke and glide swimming (Swim). Height of
the bars and vertical lines denote mean values + 1
SEM. Numbers in parentheses show the number of
dives in each category. Differences between the means
of the dive categories were significant (t = 2.227, P
= 0.043).

From these results, the incorporation of in-
terrupted forms of locomotion during div-
ing appears to provide an energetic advan-
tage for the diving Weddell seal. Further
studies will be needed to determine if this
is a general phenomenon for other marine
mammal species.

In summary, the evolutionary history of
marine mammals has resulted in physiolog-
ical and morphological characteristics that
contribute to elevated costs during swim-
ming. Interrupted forms of locomotion, in-
cluding wave-riding and porpoising when
near the water surface or gliding when de-
scending on a dive, enables marine mam-
mals to mitigate some of these costs. By
increasing overall energetic efficiency,
these locomotor behaviors allow marine
mammals to increase travelling speed for
little additional energetic input when swim-
ming, and to prolong the duration of a dive
by conserving limited oxygen stores when
submerged.
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