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Summary

Despite specul ation about the swimming efficiency of cetaceans, few studies have
investigated the exercise physiology of these mammals. In view of this, we examined the
physiological responses and locomotor energetics of two exercising adult Tursiops
truncatus. Oxygen consumption, heart rate, respiratory rate and post-exercise blood lactate
concentration were determined for animals either pushing against aload cell or swimming
next to aboat. Many of the energetic and cardiorespiratory responses of exercising
dolphins were similar to those of terrestrial mammals. Average heart rate, respiratory rate
and oxygen consumption for dolphins pushing against aload cell increased linearly with
exercise levels up to 58kg for afemale dolphin and 85kg for amale. Oxygen consumption
did not increase with higher loads. Maximum rate of oxygen consumption (Vo,max) ranged
from 19.8 to 29.4ml O2kg=Imin~1, which was 7-11 times the calculated standard
metabolic rate (Vo,sud) of the dolphins. Blood lactate concentration increased with exercise
loads that exceeded Vio,max. The maximum lactate concentration was 101.4mgdl 1
(11.3mmol I71) for the male, and 120.6mgd| 1 (13.6mmol I~1) for the female. When
swimming at 2.1ms~1, heart rate, respiratory rate and post-exercise blood lactate
concentration of the dolphins were not significantly different from values at rest. The cost
of transport at this speed was 1.29+0.05Jkg=1min—1. The energetic profile of the
exercising bottlenose dolphin resembles that of arelatively sedentary mammal if the
exercise variables defined for terrestrial mammals are used. However, the energetic cost of
swimming for this cetacean islow in comparison to that of other aquatic and semi-aguatic
mammals.

I ntroduction

A hydrodynamic body shape and high-speed locomotion have led to the perception that
dolphins are unusualy efficient and powerful swimmers (Fish and Hui, 1991). The
streamlined characteristics of the dolphin’s body have been studied experimentally
(Lang, 1974; Purves et al. 1975) and described theoretically (Lighthill, 1969; Nachtigall,
1981). The fusiform body shape of these marine mammals is considered to be ‘ideal’ for
drag reduction during high-speed swimming (Hertel, 1966). Several morphological
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features for reducing drag have been proposed for cetaceans. These include cutaneous
ridges (Shoemaker and Ridgway, 1991), speed-induced skin folds (Essapian, 1955) and
subdermal mechanical properties of the skin (Kramer, 1960; Haun et al. 1984). Each of
these features may influence the transition between laminar and turbulent flow across the
boundary layer surrounding the dolphin’sbody. This, in turn, will influence the energetic
cost of swimming.

Low body drag enables swimmers to achieve and maintain high swimming speeds.
Anecdotal accounts have reported remarkably high swimming speeds for dolphinsin the
wild, but provide littleinformation about the duration of effort. Furthermore, it isdifficult
to assign average or preferred swimming speeds to wild dolphins, because of
(1) differences in the performance levels of individual species, (2) the inability of
observersto discriminate between burst and sustained swimming effort, (3) difficultiesin
monitoring swimming speed from a moving boat, and (4) assisted propulsion during
wave-riding. Many factors appear to influence the routine swimming speeds of bottlenose
dolphins (Tursiops truncatus). Lang (1974) and Lockyer and Morris (1987) found that
speed depended on the duration of effort. Sustained (lasting more than 5min) swimming
speed ranged from 2.8 to 5.6 ms~1 for an immature mal e bottlenose dol phin in the coastal
waters of Wales (Lockyer and Morris, 1987). A lower range of speeds (1.4-4.8ms™1)
was reported for the same species off the coast of Argentina and was correlated with
water depth (Wirsig and Wiirsig, 1979). The mean sustained speed of this group,
1.7ms~1, was similar to the relatively slow speeds (<1.5 ms~1) measured for dolphinsin
Florida (Shane, 1990). In comparison, a similarly sized bottlenose dolphin trained to
follow a boat was able to maintain a speed of 3.1 ms~1 for extended periods (Lang and
Norris, 1966).

To evaluate the energetics of swimming in dolphins and the ability of these animalsto
attain high swimming speeds, we need to understand the exercise physiology of
cetaceans. Unfortunately, little is known about the physiological responses of active
cetaceans. Neither the physiological limits of dolphins exercising under controlled
conditions nor the energetic demands of swimming have been defined. Only metabolic
(Worthy et al. 1987) and cardiovascular (Elsner et al. 1966) responses of cetaceans
swimming in small pens or pools have been measured. Although physiological changes
associated with diving (Ridgway et al. 1969; Ridgway and Howard, 1979) and
the skeleta muscle characteristics of the dolphin (Goforth, 1986) have been
investigated, these studies provide little information about the metabolism of swimming
in dolphins.

We determined the physiological limits of swimming in bottlenose dolphins by
measuring aerobic costs and the onset of |actate accumulation during exercise. Heart rate,
respiratory rate, metabolic rate and blood lactate concentration were assessed for animals
pushing against aload cell and swimming next to a boat. The results of this study show
that the energetic profile of the bottlenose dolphin resemblesthat of arelatively sedentary
terrestriadl mammal. Swimming at routine speeds is energeticaly economical for
bottlenose dolphins. Minimum transport costs for the dolphin are lower than values for
other aguatic and semi-aquatic mammals.
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Materials and methods
Animals

Two adult Atlantic bottlenose dolphins (Tursiops truncatus Montagu) were used in
both static exercise and open-water swimming tests. The animals (one male, one female
each weighing 145kg) were housed in open-water floating pens (7 mXxX7mxX3m deep) in
a sat-water bay, and were fed 2-3 times daily on mackerel, herring and smelt,
supplemented with vitamins. Average water temperature in the pens during the
experimental period was 24.6+1.20°C (s.D.).

Experimental design

The dol phins were studied under three experimental conditions: (1) resting in water, (2)
static exercise against aload cell and (3) swimming in open water. Resting measurements
were made as the animals floated quietly under a metabolic hood while stationed in front
of theload cell. The animals were trained for the exercise tests over a2 year period using
standard operant conditioning techniques. Physical condition of the animas was
maintained by exercise on the load cell or in open water at least 4 days per week.

Each session on the load cell consisted of a 2min rest period, followed by 5-7min of
steady-state exercise at a constant load and a 3min recovery period. The recovery period
was omitted if blood sampleswere collected for post-exercise lactate analyses. Heart rate,
respiratory rate and metabolic rate were measured simultaneously throughout the session.
The dolphins performed three to four exercise sessions per day with a 30-40min rest
period between each session. Target levels on the load cell ranged from 22 to 182kg and
were randomly varied.

Open-water swimming sessions began with a 5min pre-exercise rest period and a
5-6min warm-up swim (approx. 0.5km at 2.1 ms~1) to the experimental site. This was
followed by 10-25min of swimming at a constant speed. Swimming speeds during the
experimental sessionsranged from 2.1to 3.8ms~1. Most sessions covered approximately
1-2 nautical miles (1.8-3.7km) in a straight line. Heart rate and respiratory rate of the
dolphin were monitored continuously during the sessions. Blood samples were taken
immediately after each experimental swimming period. The dolphins were used in two
swimming sessions per day with a 20-40min rest period between each session.

Static exercise

Training techniques and equipment for static exercise by bottlenose dolphins have been
described in detail by Goforth (1990). Each dolphin was trained to push its rostrum
against a padded load cell (Lebow, model 3169-110, force transducer) mounted at water
level in a floating net pen. Threshold force levels and tail-beat frequency were
predetermined by the investigator for each experimental session. The dolphins were
required to maintain the predetermined level of effort for a minimum of 5min. Tail-beat
frequency and the force produced with each tail beat were measured by transmitting
signals from the force transducer to a differential amplifier (Princeton Applied Research)
and a persona computer (Compag). The computer compared these signals with the
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predetermined criteria for performance. Feedback on performance was provided to the
trainer and the exercising dolphin through acoustic cues using a computer-controlled
hydrophone. Thus, the system simultaneously analysed and stored datafrom the load cell
while providing behavioura feedback on the animal’ s performance.

To ensure that the total force produced by each tail beat was measured, the trainer
aligned the long axis of the dolphin’s body with the maximum force vector of the load
cell. While pushing on the load cell, the body and tail of the dolphin remained submerged;
the top of the head and blowhole remained above the surface, permitting unrestricted
breathing. Mean maximum force of all tail beats was calculated from the data following
each exercise session. Theload cell was calibrated daily using lead weights.

Although the dorsal-to-ventral flexion of the dolphin’stail simulated the movements of
swimming, we do not consider this representative of free swimming behaviour (Goforth,
1990). Instead, the load cell was used to assess the physiological limits of the exercising
dolphin during controlled, graded work.

Open-water swimming

The dolphins were trained to match their swimming speed with that of a motorboat
(Boston Whaler, model 21 foot). Position of the animals relative to the boat was
determined by atrainer and maintained by a series of acoustic signals presented through a
submerged hydrophone. Individua dolphins were positioned 3-10m abeam of the boat
outsde of the wake zone. When submerged, the swimming dolphin remained
approximately 1m (>2.5 body diameters) below the surface of the water. At this depth,
the augmentation in drag from surface wave interference is considered to be negligible
(Hertel, 1966).

KaneoheBay %

1.0 nautical mile

Fig. 1. Test course for open-water swimming experiments with bottlenose dolphins. The path
of the test boat is shown between the dashed lines. A warm-up swim was conducted between
NOSC fecilities and the ship channel (dotted and dashed ling). This was followed by an
experimental swimming session along the ship channel.
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The open-water experiments were conducted in a 14m deep ship channel in Kaneohe
Bay, Oahu, Hawaii (Fig. 1). Water currents in this area are generally lessthan 0.3ms—1
and were insignificant during the tests. In a previous study, Lang and Norris (1966)
reported that water currents in Kaneohe Bay had little effect on the swimming speed of
dolphins during their tests of cetacean performance. The speed of the boat was monitored
with a speed log recorder that was calibrated before and after the experiments by timed
trials over ameasured course in Kaneohe Bay.

Heart rate

Electrocardiograph (ECG) signals were recorded continuously during rest, static
exercise and swimming. We used two cross-thorax surface electrodes placed on the
sternum between the pectora fins and on the mid-lateral axillary area. Each electrode
consisted of a 3.0cm diameter copper plate mounted in an 8.5cm suction cup. Insulated
wires from the el ectrodes were braided and trailed to the side of the resting or exercising
animal. Signals from the electrodes were amplified and recorded at 2.5cms=1 with a
Birtcher heart rate monitor (model 365).

During swimming, a nylon harness was used to keep the suction cup electrodes in
position. Care was taken to design a streamlined, low-profile (<5% of the frontal area of
the dolphin) harness for minimum drag augmentation (Culik and Wilson, 1991).
Respiratory rates and blood lactate concentrations for dolphins swimming with and
without the harness at speeds lower than 2.9ms~1 were not significantly different (at
P<0.05). Asaresult, we assumed that there was little additional energetic cost associated
with the harness at these relatively low speeds. The effect of the harness undoubtedly
increases with speed, but was not assessed in this study.

Respiratory rate

The duration of breath-holds and the respiratory rate of the dolphins were recorded by
observers with stopwatches and with an event marker on the electrocardiograph (ECG)
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Fig. 2. Representative electrocardiographic traces for an adult bottlenose dolphin during
swimming at two different speeds. B denotes the point at which the animals surfaced to
breathe, and corresponds to a shift in the ECG baseline. The dol phins remained submerged for
the remainder of the period. Note the increase in the r-to-r interval as bradycardia developed
during prolonged submergence at 2.0ms~1. This was not observed at the higher swimming
speed.
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trace. Mean respiratory rate was determined for 1min periods at 5min intervals during
the tests. In addition, respiratory movements were superimposed on the ECG trace
(Fig. 2). Respiratory rate was determined from these traces by counting the number of
respiratory deflections over 5min intervals.

Blood lactate

Samples for lactate analyses were taken from blood vessels located on the ventra
surface of the dolphin’ sfluke. Collection wasfacilitated by training the animalsto present
their flukes voluntarily for sampling. After exercise or swimming, the animals
immediately swam to the side of the pen or boat for fluke presentation to the trainer.
Using this technique, we obtained the samples within 2—4min after completion of
exercise. Serial blood samples taken on four occasions showed that peak lactate
concentrations were obtained during this period. Chilled samples (10-12ml in SST
vacutainers;, Becton Dickinson) were centrifuged (approx. 1000g for 10min) and the
plasmawas analysed for total lactate concentration (Y Sl Industrial Analyzer, model 27).
The analyzer was calibrated daily with lactate standards ranging from 0 to 133.6mgdl —1
(0-15.0mmol I71).

Metabolic rate

Each dolphin was fasted overnight before experimental sessions. During the sessions
the animals were rewarded with small pieces of fish. Preliminary results show that the
peak in the heat increment of feeding for dolphinsislonger than 3h and is less than 30%
of resting metabolic rate (D. P. Costa, personal communication). In view of this, the short
duration of the experimental period and the small size of the fish rewards, the effects of
digestion on exercise metabolism are considered insignificant in this study.

The rate of oxygen consumption (Vo,) was determined for quiescent dol phins stationed
on the water surface in front of the load cell and for active animals pushing against the
load cell. We used an open-flow respirometry system in which breathing was restricted to
an acrylic metabolic hood (57cm X 57cm base X 57cm slant height) placed on the water
(Fedak et al. 1981). Air was drawn into the hood by a vacuum pump. Flow rate was
monitored with a pitot tube (Dwyer flow sensor, DS-100) attached to a needle gauge and
was maintained at approximately 100 I min—1. At thisflow rate, the content of oxygen in
the dome remained above 20%. Samples of the exhaust air from the hood were dried
(Drierite) and scrubbed of carbon dioxide (Sodasorb) before entering an oxygen analyzer
(Ametek S3-A). The percentage of oxygen in the sampleline was monitored continuously
during the experiments and recorded with a computer (Franklin Ace, 1200). The output
from the oxygen analyzer was monitored every 2s and averaged each minute. These
values were converted to Vo, using the equations from Fedak et al. (1981). All values are
corrected to sTrD.

The entire system was calibrated daily with dry, ambient air (20.94% O2) and nitrogen
gas (100% N2). The theoretical fraction of O leaving the dome was calculated (Davis
et al. 1985; Fedak et al. 1981) and compared with measured values from the oxygen
analyzer. The flow of calibration gases into the dome was controlled by an electronic
flowmeter (Omega, model FMA-772v) that was accurate to within 1% of flow. The
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flowmeter was calibrated before and after the experiments using nitrogen gas and a
calibrated rotameter (Cole-Palmer Instruments).

Data analyses

Datafor heart rate, blood lactate concentration and oxygen consumption are presented
asmean + 1s.D. Differences between means were tested by paired t-tests according to Zar
(1974). Linear and non-linear relationships were calculated by |east-squares procedures,
with plateau regions defined by the intersection of the regressions.

Heart rate was calculated by dividing the total number of ECG waveforms or fractions
thereof by the test interval according to Chabot et al. (1989). To distinguish between
periods of respiratory tachycardia at the surface and bradycardia while submerged, heart
rates were calculated for two discrete intervals, (1) 5-7s immediately following
inspiration, and (2) the remainder of the period between breaths (Fig. 2). Average heart
rate was also determined for 1min periods. Calculations were made at 2min intervals for
static exercise tests and at 5min intervals for open-water tests.

Results
Satic exercise

The changes in metabolic rate of dolphins pushing against aload cell were similar in
pattern to those of other exercising mammals. Oxygen consumption increased linearly
with exercise loads up to 58kg for the female dolphin and 85kg for the male (Fig. 3).
L east-squares regressions for these relationships are: Vo,=6.99+0.19load (N=20, r=0.99)
for the female and Vo,=7.37+0.26load (N=16, r=0.99) for the male, where Vo, is in
ml O2kg=1min~1andloadisinkg.

Further increases in load did not result in a concomitant rise in oxygen consumption.
The plateau region, representing the maximum oxygen consumption (Vo,max), Was
different for the two dolphins. Mean Vo,max Was 19.79+1.35ml Ookg~min—1 (N=11)
for the female and 29.41+2.09ml O2kg—1min—1 (N=14) for the male. The highest work
loads achieved were 105kg and 192kg for the female and male dol phin, respectively.

Plasma lactate levels for the mae dolphin averaged 25.8+0.9mgdl—1
(2.9£0.1mmol I=1; N=4) at rest and with loads up to 82kg (Fig. 3). The mean blood
lactate concentration for the female dolphin was 19.0+3.1mgdl~1 (2.1+0.3mmol |-
N=3) for loads less than 44kg. Above these loads, post-exercise blood lactate
concentration showed a positive relationship with load. The relationships were described
by the equations: lactate concentration=0.91load—22.6 (N=6; r=0.99) for the female
dolphin and lactate concentration=0.63load—18.3 (N=8; r=0.96) for the male dolphin,
where lactate concentration isin mgdl —1 and load isin kg.

Lactate level appeared to be an important factor in determining maximum exercise
performance by the dolphins. When plasma lactate concentrations exceeded 100mgdl —1
(112.2mmol | 1), the duration of effort declined. At the highest work load, 202kg, the
male dolphin maintained exercise for only 4min and had a post-exercise blood lactate
concentration of 101.4mgdl—1 (11.3mmol I~1). The highest load for the female was
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Fig. 3. Post-exercise blood lactate concentration (A) and rate of oxygen consumption (B) in
relation to load for dolphins pushing against aload cell. Valuesfor amale (@) and female (O)
dolphin are shown. Solid lines are the | east-sgquares linear regressions through the data points.
In B, points and vertical lines represent the mean £ 1s.0. Numbers denote the number of
experimental sessions. In A, each point represents a single experimental session on the load
cell. Vertical bars show the point of intersection for linear and plateau regions for each
dolphin.

157kg, which resulted in a post-exercise lactate concentration of 120.6mgdl—1
(1.3mmol I-1).

Asfound for blood lactate concentration, changesin respiratory rate correlated with the
linear and plateau regions of Vo, (Fig. 4). These changes were more apparent for the
female dolphin. The respiratory rate of this animal increased from 5.9breathsmin—1 at
rest to 12.5breathsmin—1 during exercise at a 47kg load. Respiratory rate did not change
with further increasesin load and averaged 12.1+2.0breathsmin—1 (N=24) over the range
of 47-162kg on the load cell. The male dolphin showed only a 60% increase in
respiratory rate between rest and exercise at 190kg. Mean respiratory rate over the
plateau region was 5.9+0.7breathsmin—1 (N=17) for this animal.

Heart rate was indistinguishable for the two dolphins so the data were combined. The
average heart rate of dolphins pushing against theload cell increased linearly with load up
to 129kg (Fig. 4). The relationship for both animals was. heart rate=78.1+0.44load
(N=94; r=0.98), where heart rate is in beatsmin—1 and load is in kg. Heart rate was
139.4+4.1beatsmin—1 (N=12) for loads over 129kg. Post-inspiratory tachycardia and
breath-hold bradycardia were evident at low work loads (0-58kg). At these loads, heart
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Fig. 4. Respiration rate (A) and heart rate (B) in relation to exercise load for dolphins pushing
against aload cell. B shows mean + 1s.0. for average heart rate for both dolphins. Numbers
represent the number of experimental sessions. Dashed lines are the corresponding levels of
bradycardiaand tachycardiaat the lower work |oads. Points representing mean respiration rate
areshownin A. N for each of the points corresponds to the numbersin B. Solid lines are the
least-squares linear relationships.

rates during the 5-7s following inspiration were 16% greater than average; heart rates
during periods of bradycardia were 18% lower than the average rates. Neither
tachycardia nor bradycardiawas apparent at higher work loads.

Open-water swimming

Heart rate, respiration rate and post-exercise blood lactate concentration of swimming
dolphins showed similar patterns as swimming speed changed (Fig. 5). We found no
significant change (P<0.05) in these three variables between rest and swimming at
2.1ms~ 1. All three variablesincreased as swimming speed approached 2.9 ms—1. At this
speed, respiration rate was 66% faster, blood lactate concentration was 27% higher and
average heart rate was 61% faster than the values at rest. The increases were statistically
significant (P<0.05) for lactate concentration and heart rate.

The heart rate of swimming dolphins was biphasic and oscillated between periods of
tachycardia and bradycardia (Figs2, 5). At rest and at slow swimming speeds
(<2.5ms~1) tachycardia occurred for 5-7s after inspiration. Bradycardia persisted
during the remainder of the submerged period. Unlike seals (Hill et al. 1987; Williams
et al. 1991), the dolphins did not show a pre-inspiratory increase in heart rate. The
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Fig. 5. Respiration rate (A), blood lactate concentration (B) and heart rate (C) in relation to
swimming speed for bottlenose dolphins trained to follow a moving boat. Data for the male
and female dolphin are combined. Values are presented for animals resting in water and
swimming freely. Points and vertical lines are the mean + 1s.0. Numbers represent the
number of experimental sessions. Thetwo solid linesfor heart rate represent valuesfor surface
tachycardia (top line) and submerged bradycardia (bottom line) at each speed. The dashed line
denotesthe average heart rate. Note that the period of bradycardiawas reduced or absent at the
highest swimming speed. Therefore, the average heart rate approximated the value for surface
tachycardia.

biphasic heart rate pattern was most pronounced at rest and at low swimming speeds. As
swimming speed approached 3.0ms~1, the period of bradycardia was shortened or
eliminated and heart rate remained elevated. Consequently, the average heart rate of
dolphins swimming at 2.9ms~1 approximated the post-inspiratory tachycardia.

Discussion
Physiological limits of exercise performancein dolphins

The limit of oxygen consumption (Vo,max) Of exercising terrestrial mammals is
indicated by a plateau in Vo, that does not change with increased exercise intensity.
Under these conditions, the energetic demands of exercise are supplemented by anaerobic
glycolysis, which is often manifested as an increase in blood lactate level (Margaria,
1976; Seeherman et al. 1981). Based on this definition, the dolphinsin this study reached
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Vo,max While pushing against the load cell (Fig. 3). Maximum values for oxygen
consumption were 19.79+1.35ml O2kg=tmin—1 for the female dolphin and
29.41+2.09ml O2kg=Imin—1 for the male. These levels were 30-40% lower than

40~
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Fig. 6. Oxygen consumption in relation to average heart rate for an adult male (@) and female
(O) dolphin pushing against a load cell. Each point represents the mean value from data in
Figs 3 and 4. Valuesfrom 106 experimental sessions are represented in these means. The solid
lineistheleast-squares linear regression through the data points.
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Fig. 7. Cost of transport (A) and oxygen consumption (B) in relation to speed for the
swimming bottlenose dolphin. Values were calculated from the relationship presented in
Fig. 6 and average heart rates measured during swimming (see text). The shaded area denotes
the routine cruising speeds of coastal dolphins (Wirsig and Wirsig, 1979). Numbers in B
represent the number of experimental sessions and values are mean + s.p.
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predicted values for the maximum oxygen consumption of running mammals (Taylor et
al. 1980; Lindstedt et al. 1991).

A comparatively low Vo,max for swimmersis not unusual. Depending on the type and
degree of athletic training, the Vo,max of swimming humansis 11% (McArdle et al. 1971)
to 19% (Astrand and Saltin, 1961) lower than that measured during running. Likewise,
the Vo,max Of swimming mink is 3-14% lower than for the same animals running on a
treadmill (Williams, 1983). Respiratory constraints and utilization of a smaller skeletal
muscle mass during swimming are possible causes for the low Vo,max of terrestrial and
semi-aquatic mammals. It is unlikely that these are the only factors contributing to the
low Vo,max Of dolphins, mammals that are adapted primarily for aquatic activity.

Terrestrial mammals also show considerably higher dynamic metabolic scopes
(Vo,max/Vo,sd, Where Vo,sd is the standard rate of oxygen consumption from Kleiber,
1975) than observed for the dolphins. Athletic species such as dogs and ponies have
dynamic scopes approaching 30, but the value is approximately 12 for sedentary species
(goats, calves) (Taylor et al. 1987). In comparison, the maximum oxygen consumption of
dolphinswas only 3—4 times greater than the values for the animalsresting in water.

The difference in dynamic metabolic scope between dolphins and terrestrial mammals
may be due to the relatively low Vo,max Of swimmers or an elevated resting metabolic
rate. Vo, measured for quiescent dolphins stationed on the water surface in front of the
load cell at awater temperature of 24.6°C was 7.39+0.91ml O2kg~1min—1, avalue that
is 2.5 times the standard rate of oxygen consumption predicted from body mass (Kleiber,
1975). Such high ‘resting’ rates may be attributed in part to a pre-exercise anticipatory
risein Vo, (Taylor et al. 1987).

Metabolic adaptations for the aquatic environment may also contribute to the high
resting metabolic rate and, hence, low dynamic scope of marine mammals (Scholander,
1940; Kanwisher and Ridgway, 1983), although this has recently been questioned
(Lavigne et al. 1986; Innes and Lavigne, 1991; Kasting, 1991). Irving (1969) speculated
that the high resting metabolic rate of whales could only provide a three- to fourfold
increase in metabolic rate during exercise. We have found that the minimum metabolic
rate for post-absorptive dolphins resting in ametabolic chamber at awater temperature of
26.0°C is 4.63+0.21mlkg=1min—1 (N=6) (T. M. Williams, W. A. Friedl, J. E. Haun and
S. Shippee, in preparation). This rate is 37% lower than that measured under the pre-
exercise condition, but is 1.6 times the predicted standard metabolic rate.

If we use the predicted standard metabolic rate for mammals in our calculations, the
resulting dynamic metabolic scope for dol phins pushing against the load cell ranges from
7to 11. These levels are typical of relatively sedentary terrestrial species as described by
Taylor et al. (1987).

To cope with alimited dynamic metabolic scope, marine mammals may preferentially
rely on anaerobic metabolism during high work loads (Fig. 3; Elsner, 1986). In this
respect, exercising dolphins and seals are similar to running lions (Chassin et al. 1976).
These three species are capable of doubling exercise intensity while at Vo,max
(Seeherman et al. 1981; Elsner, 1986; present study). In contrast, human athletes
(Astrand and Rodahl, 1977) and smaller terrestrial mammals (Seeherman et al. 1981)
fatigue quickly once Vio,mex has been reached.
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Despite areliance on anaerobic processes, post-exercise lactate concentrations are not
exceptionally high for exercising dolphins. Maximum lactate levels were
100-120mgdl —1 (11.2-13.5mmol I -1) for dolphins pushing against a load cell (Fig. 3;
Goforth, 1986). These levels are similar to those of human swimmers (Goodman et al.
1985) and cyclers (Knuttgen and Saltin, 1972), but are only 32-56% of values reported
for a variety of terrestrial species run to exhaustion on a treadmill (Seeherman et al.
1981). The difference in peak lactate concentration between marine and terrestria
mammals may be related to (1) the relative muscle mass involved in the exercise, (2)
enhanced buffering capacity and possibly lactate turnover in marine mammals (Castellini
and Somero, 1981), or (3) the presence of large oxygen reserves in the lungs, blood or
muscle. Oxygen reserves reportedly provide a short-term solution to inadequate oxygen
delivery in diving marine mammals. Because such reserves are repaid during recovery,
their contribution would have been overlooked in our study. The role of these reserves
during steady-state swimming by dolphins awaits further investigation.

The energetics of swimming in cetaceans

Logistics prevented us from directly measuring the oxygen consumption of swimming
dolphinsat sea. Anindirect measure is provided by using average heart rate to predict the
metabolic rate of the animals. As observed for swimming seals and sealions (Fedak et al.
1988; Williams et al. 1991), metabolic rate correlates with heart rate during static
exercise by dolphins (Fig. 6). We can use this relationship to calculate metabolic rate
from heart rates measured during free swimming. The results of these calculations are
presented in Fig. 7. Like other swimmers (Williams, 1983; Davis et al. 1985; Williams
et al. 1991), dolphins show a non-linear increase in oxygen consumption with swimming
speed. Thetrend parallelsthe curvilinear increasein respiration rate, heart rate and lactate
concentration with swimming speed (Fig. 5).

Transport costs for swimming dolphins, determined from metabolic rate divided by
speed, showed a U-shaped curve with speed (Fig. 7A). The trough of this curve,
representing the minimum cost of transport, was 1.29+0.05Jkg~1min—1, which is lower
than values reported for a variety of aguatic and semi-aquatic mammals (Fish, 1982;
Williams, 1989; Williams et al. 1992). The minimum cost of transport occurred at
2.1ms~1, approximating the mean cruising speed of coastal dolphins (Wirsig and
Warsig, 1979; Shane, 1990). At this speed, oxygen consumption, respiration rate and
post-exercise lactate concentration of the dolphin vary little from resting levels.

Results from static exercisetrials (Goforth, 1986; present study) and speed trials (Lang
and Norris, 1966) indicate that bottlenose dolphins are capable of sustaining much higher
work loads and energetic costs than those incurred during routine swimming. Wild
bottlenose dolphinswill maintain speedsthat are 1.5-2.0 times cruising levels, but appear
to limit this effort to short bouts (Wirsig and Wrsig, 1979; Lockyer and Morris, 1987).
Often these animals use behavioural strategies, including positioning in currents (Shane
et al. 1986) and wave-riding (Williams et al. 1992), to reduce the energetic cost of free
swimming, especially at high speeds.

In summary, the energetic profile for the bottlenose dolphin is one of a comparatively
sedentary mammal if exercise variables defined for terrestrial mammals are used. The
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dolphins' behaviour, dynamic metabolic scope and level of maximal oxygen
consumption fall short of those reported for elite terrestria athletes such as horses and
dogs (Taylor et al. 1987). It is possible that these definitions are not appropriate for the
exercising marine mammal. The swimming dolphin may rely on metabolic pathways or
oxygen reserves that were not identified by conventional methods of evaluation.
Alternatively, physiological speciadization may not be necessary in the bottlenose
dolphin, whose body streamlining and behavioural strategies effectively reduce the cost
of movement through water.
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various drafts of the manuscript. The authors also thank the many people who assisted on
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P. Sedivy, K. Keller, E. Huber and E. Rawitz. R. Yamada, K. Grey, M. Fong and
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