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Abstract Odontocetes have an exceptional range in body
mass spanning 10° kg across species. Because, size influ-
ences oxygen utilization and carbon dioxide production
rates in mammals, this lineage likely displays an extraor-
dinary variation in oxygen store management compared to
other marine mammal groups. To examine this, we mea-
sured changes in the partial pressures of respiratory gases
(Po,, Pco,), pH, and lactate in the blood during voluntary,
quiescent, submerged breath holds in Pacific white-sided
dolphins (Lagenorhynchus obliquidens), bottlenose dol-
phins (Tursiops truncatus), and a killer whale (Orcinus
orca) representing a mass range of 96-3,850 kg. These
measurements provided an empirical determination of
the effect of body size on the variability in blood bio-
chemistry during breath hold and experimentally deter-
mined aerobic dive limits (ADL) within one taxonomic
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group (odontocetes). For the species in this study, maxi-
mum voluntary breath-hold duration was positively corre-
lated with body mass, ranging from 3.5 min in white-sided
dolphins to 13.3 min for the killer whale. Variation in
breath-hold duration was associated with differences in
the rate of change for Po, throughout breath hold; Po,
decreased twice as fast for the two smaller species
(—0.6 mmHg O, min~") compared to the largest species
(—0.3 mmHg O, min_l). In contrast, the rate of increase in
Pco, during breath hold was similar across species. These
results demonstrate that large body size in odontocetes
facilitates increased aerobic breath-hold capacity as medi-
ated by decreased mass-specific metabolic rates (rates of
change in Po, served as a proxy for oxygen utilization).
Indeed the experimentally determined 5 min ADL for
bottlenose dolphins was surpassed by the 13.3 min maxi-
mum breath hold of the killer whale, which did not end in a
rise in lactate. Rather, breath hold ended voluntarily as
respiratory gases and pH fell within a narrow range for
both large and small species, likely providing cues for
ventilation.

Keywords Aerobic dive limit - Blood gas - Blood pH -
Plasma lactate - Odontocete - Cetacean

Introduction

Across mammalian groups, odontocetes (toothed whales)
demonstrate one of the broadest ranges in body mass from
the 30 kg vaquita (Phocoena sinus) to the 70,000 kg sperm
whale (Physeter macrocephalus; Evans 1987). As a result,
the total metabolic rate theoretically increases by over 100-
fold across this vertebrate group (calculated from Williams
et al. 1993b, 2001) as metabolic rate scales positively and
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predictably with mammalian body mass during rest (Kleiber
1975; Williams et al. 1999, 2001) and free-ranging activity
(Nagy 1994). Mass-specific metabolic rates and hence the
relative rates of oxygen utilization in tissues are the highest in
the smallest marine mammal species (Williams et al. 2001).
Because metabolic rate is a major determinant of aerobic dive
duration, this scaling of metabolism has important implica-
tions for dive capacities (Kooyman 1989; Ponganis et al.
1993). Indeed it has been suggested that large body size pro-
vides an advantage for diving for aquatic animals in terms of
both the absolute size of oxygen stores as well as the relative
decrease in mass-specific metabolic rate (Kooyman et al.
1983; Hudson and Jones 1986; Costa 1991; Schreer and
Kovacs, 1997; Noren and Williams 2000). Although this
provides a theoretical framework to predict the diving
capacity of marine mammals, little is known about the rates
for oxygen depletion or carbon dioxide production during
breath hold within one taxonomic group, especially for one as
diverse in size as the odontocetes.

The rates of oxygen depletion and carbon dioxide pro-
duction are central to understand the underlying mecha-
nisms that dictate breath-hold capacities of marine
mammals as well as their ability to endure prolonged apnea
during the periods of foraging and locomotion. Yet the
difficult logistics of studying free-diving odontocetes pre-
cludes these types of measurements in free-diving dolphins
and whales. Although aerobic dive limits have been esti-
mated for many diving vertebrates using the calculated
aerobic dive limit (cADL; ratio of total body oxygen stores
and the rate at which these stores are utilized; Kooyman
1989; Castellini et al. 1992; Boyd and Croxall 1996; Costa
et al. 1998, 2004; Noren et al. 2002, 2004, 2005; Williams
et al. 2011), experimentally derived aerobic dive limits
have only been determined in five marine mammal species.
These include three pinnipeds, the Weddell seal (Lep-
tonychotes weddellii; Kooyman et al. 1980, 1983; Ponganis
et al. 1993), the Baikal seal (Phoca sibirica; Ponganis et al.
1997a), and the California sea lion (Zalophus californi-
anus; Ponganis et al. 1997b), and two moderately sized
cetaceans, the beluga whale (Delphinapterus leucas;
Shaffer et al. 1997) and the bottlenose dolphin (Tursiops
truncatus; Williams et al. 1999). This limited data set has
precluded the examination of the effect of body size on
ADL within a single marine mammal group. In addition,
with the knowledge of the changes in the blood for respi-
ratory gases and pH levels, we might better understand the
utilization of oxygen stores and the cues for ventilation.

In this study, we examined changes in blood biochem-
istry during voluntary breath hold in three odontocete spe-
cies (Pacific white-sided dolphin, bottlenose dolphin, and
killer whale). These species represented a 40-fold range of
body mass, which enabled us to investigate the effect of
body mass on the rate of change in the partial pressure of
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oxygen in the blood (our proxy for oxygen depletion rates)
and the resulting experimentally derived aerobic breath-
hold capacity within one marine mammal group, odont-
ocetes. Sequential blood samples were taken throughout
voluntary breath hold as the animal rested ventral side up on
the water surface so that their blowhole was submerged.
The samples were evaluated for blood gases (Po,, Pco,),
pH, and lactate levels following the methods of Shaffer
et al. (1997), Williams et al. (1999) so that direct compar-
isons could be made to these prior studies on odontocetes.
Using this technique, we were able to quantify the physio-
logical effect of body size on breath-hold capabilities
without the confounding influence of exercise, because as
exercise intensity increases both oxygen consumption and
lactate production increase in dolphins (Williams et al.
1992, 1993a). Both of these factors would influence breath-
hold duration and the experimentally determined ADL. By
analyzing sedentary animals, we were able to standardize
the level of activity across animals and provide an analysis
of blood gas, pH, and lactate changes during the periods of
minimum locomotory muscle metabolism. This should
maximize the potential duration of aerobic metabolism in
muscle, and contribute to maximum ADL durations.

Materials and methods
Animals

The study included two adult female Pacific white-sided
dolphins (Lagenorhynchus obliquidens, mass: 96.0 + 4.2
kg), three adult female bottlenose dolphins (Tursiops
truncatus, mass: 189 £ 14.1 kg), and one adult male killer
whale (Orcinus orca, mass 3,850 kg, estimated from girth
and length measurements). The white-sided dolphins were
housed in an indoor pool (56 x 26 x 9 m deep; John G.
Shedd Aquarium, Chicago, IL, USA) with an average
Twaer = 13.0°C. Bottlenose dolphins were maintained in
outdoor floating pens (7 x 7 x 3 m deep; Naval Ocean
Systems Center, Oahu, HI, USA) at Ty aer = 24.0°C. The
killer whale was housed in a large, outdoor pool
(46 x 23 x 8 m deep; Oregon Coast Aquarium, Newport,
OR, USA) at Ty = 10.0°C. All animals that had been
held at their respective facility for several years were
acclimated to local environmental temperatures, and were
fed a mixed fish diet (capelin, herring, squid, mackerel, and
smelt) supplemented with vitamins.

Breath-hold capacity and blood sampling
Several months prior to the experimental period, the ani-

mals were trained using standard operant conditioning to
hold their breath while sedentarily floating ventral side up
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on the water surface. This voluntary breath-hold technique
was used so that the results could be compared to the
previous studies that have used the same methodologies on
other species of odontocete (Shaffer et al. 1997; Williams
et al. 1999). Once in this position a 19-gauge needle con-
nected to a butterfly catheter was inserted into the arterial
plexus on the ventral aspect of the fluke. We cannot vali-
date whether the needle was inserted into a vein or artery,
thus we must assume that our blood sampling represents a
mixture of venous and arterial blood as in Shaffer et al.
(1997), Williams et al. (1999). Nonetheless, a study of
blood biochemistry in sedentary, breath-holding Northern
elephant seals (Mirounga angustirostris) demonstrated that
venous Pp, values were indistinguishable from arterial
values after the first minute of apnea (Stockard et al. 2007).

Sequential anaerobic blood samples (3-5 ml) were
drawn while the animals remained in breath hold. The
sample was drawn through a stopcock system so that any
air in the system was flushed out before switching the open
port on the stopcock to the gas proof plastic syringe for the
sample collection. This ensured that the blood samples
were drawn anaerobically. Sampling intervals were <30 s
for the white-sided dolphins, alternating between anaerobic
draws for the blood gas determination and plasma lactate
analysis. The sampling intervals were increased to 60 s for
the bottlenose dolphins and killer whale. Each animal
voluntarily ended the breath-hold session by righting itself
and taking a breath, and the entire breath-hold duration
(inspiration to inspiration) was timed with a stopwatch.
One breath-hold session was conducted every other day
over a 2-week period for the white-sided dolphins, once per
week over a 6-week period for the bottlenose dolphins, and
once a day over 4 days for the killer whale.

Whole blood samples from the white-sided dolphins and
killer whale were analyzed immediately for the partial
pressure of oxygen (Po,), partial pressure of carbon dioxide
(Pco,), and pH with a hand-held gas analyzer at 37°C
(i-STAT thermal control model, Signal Devices, Inc.,
Waukesha, WI, USA). Blood samples from the bottlenose
dolphins were placed on ice and analyzed within several
minutes of collection with a desktop gas analyzer at 37°C
(158 pH/blood gas analyzer, Ciba-Corning, Medfield, MA,
USA) according to Williams et al. (1999). The temperature
of the blood gas analyzers (37°C) mimics the body tem-
perature of dolphins (Noren unpubl. data). Both instru-
ments were calibrated against the standards that spanned
expected ranges for Po, and Pco,. In addition, an aliquot of
blood from a sample that was taken from a bottlenose
dolphin was analyzed in both the desktop and hand-held
analyzers; the values provided by each machine were
identical.

For all trials, blood samples for lactate analyses were
placed on ice until centrifuged (10 min at 1,000g, 22°C).

Plasma was collected, placed in pre-frozen tubes, and
maintained at —80°C until the concentration of lactate was
measured with a desktop analyzer. An Analox GM7 Lac-
tate Analyzer with GMRD-090 kit (Analox Instruments,
Inc., Lunenburg, MA, USA) was used to analyze plasma
samples from the white-sided dolphins and killer whale. A
YSI Industrial Lactate Analyzer model 27 (Yellow Springs
Instrument Co., Yellow Springs, OH, USA) was used for
the bottlenose dolphin samples. Both lactate analyzers were
calibrated daily with the standards ranging from zero
through the span of expected lactate concentrations.

Data analyses

Although data were collected from several animals within a
species (with the exception of the killer whale), the purpose
of this study was not to examine individual variation within
a species, but rather to profile changes in blood chemistry
during breath hold within a species and to compare these
relationships across species. Since the inclusion of indi-
vidual variation can only serve to weaken any resulting
relationships, this analytical approach reinforces the
robustness of the conclusions from the pooled data. This
approach is similar to other studies examining blood bio-
chemistry changes during breath hold (i.e. Kooyman et al.
1980; Shaffer et al. 1997; Stockard et al. 2007), where data
for multiple breath holds and several individuals within a
species were pooled to provide sufficient power to profile a
given parameter over the entire breath-hold duration. Once
data were pooled, species-specific relationships for time
into breath hold versus Po,, Pco,, and pH were determined.
Changes in blood gases were best described by non-linear
regressions, while changes in pH were described by linear
regressions as determined by least squares methods. The
least squares method was also used to determine if lactate
levels increased during breath hold. Significance of the
regressions was determined by F tests. Differences in the
slopes of the regressions across species were determined by
one way analysis of variance in combination with Tukey all
pairwise comparisons procedure or student’s ¢ tests. All
statistics were according to Sigma Stat (Systat Software,
Richmond, CA, USA). All mean values are reported as +1
SD.

Results

Breath-hold duration

Voluntary breath-hold duration for 96.0 &+ 4.2 kg white-
sided dolphins ranged from 2.4 to 3.5 min. In comparison,

maximum breath-hold durations were nearly 2—4 times
longer for the two other odontocete species examined.
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Table 1 Ranges for respiratory blood gases (Po, and Pco,), pH, and lactate concentrations in the blood of submerged breath-holding bottlenose

dolphins, Pacific white-sided dolphins, and a killer whale

Species Po, (mmHg) Pco, (mmHg) pH (units) Lactate (mmol™")
Pacific white-sided dolphin (Lagenorhynchus obliquidens) 30.0-59.0 61.0-70.3 7.31-7.37 0.80-3.60 (2.77 £ 0.70)
Bottlenose dolphin (Tursiops truncatus) 17.0-53.3 47.0-63.3 7.29-7.44 1.00-3.10

Killer whale (Orcinus orca) 31.0-85.0 46.4-75.2 7.21-7.37 1.00-2.35 (1.81 £ 0.33)

Means + SD are reported in parenthesis only for the parameters that did not change throughout the breath hold

Durations ranged from 3.3 to 6.8 min for 189 & 14.1 kg
bottlenose dolphins and from 9.6 to 13.3 min for a
3,850 kg killer whale.

Blood gases and pH during breath hold

Po,, Pco,, and pH levels were quite variable throughout
the duration of the breath hold for all three species
(Table 1). As expected, Po, was the highest at the onset
of breath hold (Fig. 1a) and corresponded to the lowest
levels for Pco, (Fig. 1b). Meanwhile, pH levels in the
blood were the highest at the onset of breath hold
(Fig. 1c).

The greatest rate of change in blood gas occurred during
the first 3 min of breath hold for all animals. Over the
entire breath hold, Po, in the blood decreased non-linearly
with time as described by:

Po, = 58.1 breath-hold duration™
(r* = 0.77, F1 13 = 43.38, P < 0.0001) (1)

for Pacific white-sided dolphins,

Po, = 58.8 breath-hold duration ¢
(r2 = 0.65, Fy 19 = 35.56, P <0.0001) (2)

for bottlenose dolphins, and

Po, = 83.0 breath-hold duration
(r* = 0.39, F) 54 = 15.59, P = 0.0006) (3)

for the killer whale, where Pp, is in mmHg
(1 mmHg = 0.1333 kPa) and breath-hold duration is in
min (Fig. 1a). The rate of change in Po, in the blood during
breath hold was significantly different between species
(Fr50 = 4.48, P = 0.02). The largest animal had a sig-
nificantly slower rate of change in P, than the smaller
animals (Pacific white-sided dolphin vs. killer whale:
P =0.03 and bottlenose vs. killer whale: P = 0.02).
Meanwhile, the smallest animals had similar rates of
change for Po, (Pacific white-sided dolphin vs. bottlenose:
P = 0.85). The rate of change in Pp, was nearly two times
faster in white-sided and bottlenose dolphins compared to
that of the larger killer whale (Fig. 1a).
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While the partial pressure of oxygen declined, the partial
pressure of carbon dioxide in the blood increased non-
linearly during breath hold according to the relationships:

Pco, = 64.6 breath-hold duration®!
(r* = 0.40, Fy 14 = 9.46, P = 0.0082) (4)

for white-sided dolphins,

Pco, = 51.1 breath-hold duration®!
(r* = 0.49, Fy 1o = 18.07, P = 0.0004) (5)

for bottlenose dolphins, and

Pco, = 50.1 breath-hold duration®!
(r* = 0.38, Fi55 = 15.29, P = 0.0006) (6)

for the killer whale where Pco, is in mmHg (1 mmHg =
0.1333 kPa) and breath-hold duration is in min (Fig. 1b).
In contrast to Po,, the rate of change in Pco, in the blood
during breath hold was equivalent for the three species
regardless of body size (F, 6, = 0.45, P = 0.64, Fig. 1b).
Blood pH decreased linearly during the course of the
breath hold in all three species (Fig. 1c) according to:

pH = 7.347 — 0.008 breath-hold duration
(= 0.12, F1 ;3= 1.72, P = 0.21) (7)

for white-sided dolphins,

pH = 7.364 — 0.008 breath-hold duration
(1 = 0.11, Fy 19 = 229, P = 0.15) (8)

for bottlenose dolphins, and

pH = 7.316 — 0.007 breath-hold duration
(r* = 0.34, F125 = 12.63, P = 0.002) 9)

for the killer whale where pH is in standard pH units and
breath-hold duration is in min. There were no differences
across species in the change of pH over the breath hold
(Fa60 = 0.02, P = 0.98, Fig. lc).

Blood pH was also negatively correlated with Pco, for
the three species of odontocete in this study (Fig. 2), with
the range of the relationship dependent on the duration of
voluntary breath hold. Least squares linear regressions are:
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Fig. 1 Partial pressures of blood oxygen (a), carbon dioxide (b), and
pH (c) in relation to time into breath hold for three species of
odontocete. Each data point represents a single blood sample for
Pacific white-sided dolphin (closed squares), bottlenose dolphin
(open triangles), and killer whale (closed circles). The lines represent
the non-linear regressions of the relationships for each species as
described in the text. 1 mmHg = 0.1333 kPa

pH =17.549 — 0.003PC()2
(r* = 0.33, F1 12 = 5.93, P = 0.03) (10)

for white-sided dolphins,

pH = 7.556 — 0.004]‘)002
(r* = 0.15, Fi20 = 3.39, P = 0.08) (11)

for bottlenose dolphins, and

pH =17.603 — 0.00SPC02
(r* = 0.89, Fia5 = 193.45, P < 0.001) (12)

for the killer whale where pH is in the standard units and Pco,
isinmmHg (1 mmHg = 0.1333 kPa). The rate of change for
pHinresponse to Pco, in the blood was significantly different
across species (Fpe0 = 13.70, P < 0.001, Fig.2) and
appeared to scale with body size; the smallest species had the
lowest rate while the largest species had the fastest rate. Indeed
the slope of this relationship for white-sided dolphin was
significantly lower than that of the bottlenose dolphin
(df = 34,t = —2.520, P = 0.017) and killer whale (df = 39,
t =2.047, P = 0.047), and the bottlenose dolphin had a
significantly lower rate of change than that of the killer whale
(df =47,t = 4.894, P < 0.001). Ultimately blood gases and
pH for all three species fell within a narrow range at the vol-
untary termination of breath hold, regardless of body mass or
duration of the breath hold, and are in agreement with levels
measured at the termination of breath hold in other marine
mammals (Table 2).

Plasma lactate during breath hold

For the three species examined, only the bottlenose dol-
phins showed marked changes in plasma lactate concen-
tration during voluntary breath hold (Fig. 3). Plasma lactate

7.50
7.45 - N

7.40 - A a2 4
7.35

7.30 4

Blood pH

7.25 4

7.20

7.15 4

0.00 4/
0

45 50 55 60 65 70 75 80
Partial pressure of carbon dioxide (mmHg)

Fig. 2 Blood pH in relation to the partial pressure of carbon dioxide
in the blood in three species of odontocete. Each data point represents
a single blood sample for Pacific white-sided dolphin (closed
squares), bottlenose dolphin (open triangles), and killer whale
(closed circles). The lines represent the least squares linear regres-
sions of the relationships for each species as described in the text.
1 mmHg = 0.1333 kPa
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Table 2 Apnea duration and end of apnea blood biochemistry, including partial pressures of oxygen (Po,) and carbon dioxide (Pco,) and pH for

voluntarily breath-holding marine mammals

Species Apnea (min) Po, (mmHg) Pco, (mmHg) pH (units)
Submerged sedentary breath hold
Pacific white-sided dolphin® (Lagenorhynchus obliquidens) 2.4-3.5 (<ADL)  30-37 69.70-70.3 7.31-7.33
Bottlenose dolphin® 3.3-4.5 (<ADL) 17-21.7 57.3-63.1 7.31-7.40
(Tursiops truncatus) 6-6.8 (>ADL) 21.4-22.7 57.4-63.3 7.29-7.32
Killer whale® (Orcinus orca) 9.6-13.3 (<ADL) 3140 63-75.2 7.21-7.27
Beluga whale® (Delphinapterus leucas) 17 20-23 83 7.17
Sedentary breath-hold
Weddell seal® (Leptonychotes weddellii) Max 4.5 and 8 25 55 7.32
Northern elephant seal® (Mirounga angustirostris) 3.1-10.9 15-31 55-72 7.26-7.31
Actively diving
Weddell seal® <17 24.5 £ 2.86 48.0 £4.22  7.37 £ 0.027
(Leptonychotes weddellii) >17 19.9 + 2.05 50.5 £ 1.17 7.34 £ 0.025
Northern elephant seal’ (Mirounga angustirostris) >10 Venous 2-10 arterial 12-23

a

b

represented

c

represented

This study where we report the levels at the end of each breath hold

Shaffer et al. 1997 where only the extreme values across the two belugas were reported so levels for short apneustic periods are not

Kooyman et al. 1980 where only the extreme values from each of the two seals were reported so levels for short apneustic periods are not

4" Stockard et al. 2007 where only the extreme values from each of the 13 seals were reported so levels for short apneustic periods are not
represented (we combined venous and arterial data because they were not different after 1 min of apnea)

e

Quist et al. 1986 where levels were reported within 2 min of surfacing for dives <17 min and within 9 min of surfacing for dives >17 min

£ Meir et al. 2009 provides a range of minimum values over a range of dive durations but emphasizes the minimum values obtained for dives

>10 min, which are routine for this species

concentration increased significantly (df = 1.6, * = 0.53,
F = 6.81, P = 0.04), particularly over the breath-hold period
of 5-6 min for this odontocete. Final plasma lactate levels
were 2-3 times higher than initial levels (1.10 mmol 171),
suggesting that the aerobic breath-hold limit (ADL) of bot-
tlenose dolphins is approximately 5 min according to the
definition by Kooyman (1989). Although the killer whale
demonstrated the longest breath hold, plasma lactate con-
centration did not increase (df = 1.12, — 0.12, F = 1.65,
P =0.22) and averaged 1.81 & 0.33 mmoll (n = 14;
Fig. 3). In view of this, it appears that the killer whale did not
surpass its aerobic breath-hold limit during these tests. Like-
wise, plasma lactate concentration showed no relationship
with breath-hold duration (df = 1.13, =001, F=0.18,
P =0.68) in the white-sided dolphins and averaged
2.77 £ 0.70 mmol 1 (n = 15; Fig. 3).

Discussion

Interrelationships between body mass, metabolic rate
and aerobic dive limit

Theoretically, large body size facilitates prolonged dive
durations in big odontocetes due to the disproportionate
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scaling of oxygen stores and metabolic rate with body mass
(Noren and Williams 2000). Assuming that the rate of
decrease in blood oxygen content can be considered a
reliable indication of the depletion of the oxygen resources
during suspended breathing (Johansen et al. 1966), then it
appears that metabolic demand is a critical factor defining
breath-hold duration across odontocetes of varying body
size. The three odontocete species examined in this study
represented a 40-fold difference in body size and showed
variable rates of change for P, and accumulation of Pco,
in the blood with the result that there was a fourfold dif-
ference in voluntary breath-hold capacity. For example, the
small white-sided dolphins had a relatively fast rate of
change for P, (Fig. 1a) compared to the killer whale.
Although the rates of change for Pco, were indistinguish-
able between the odontocetes, qualitatively carbon dioxide
accumulated earlier into breath hold for the white-sided
dolphins compared to the two larger species (Fig. 1b). The
inability to detect an effect of body size on carbon dioxide
production may be due in part to precision error. For a
given change in the partial pressure of oxygen, the corre-
sponding change in the partial pressure of carbon dioxide is
much smaller (Boutilier et al. 2001) due to the relatively
higher physical solubility of carbon dioxide (25 times
higher compared to oxygen) and the chemical binding of
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Fig. 3 Plasma lactate in relation to time into breath-hold in three
species of odontocete. Each data point represents a single blood
sample for Pacific white-sided dolphin (closed squares), bottlenose
dolphin (open triangles), and killer whale (closed circles). The dashed
line indicates the resting-surface cADL

carbon dioxide as bicarbonate (Piiper 1990). Admittedly
these sedentary breath-hold durations represent a proxy for
diving capacity in the wild, but similar trends for body size
and dive duration are observed in free-ranging odontocetes.
For example, the maximum dive duration for one of the
smallest odontocetes, the harbor porpoise (Phocoena pho-
coena), is approximately 6 min (Westgate et al. 1995),
while the largest odontocete, the sperm whale, can dive for
over 73 min (Watkins et al. 1993). It is not surprising that
body mass influences dive performance of odontocetes, as

this had been hypothesized for odontocetes in a prior study
(Noren and Williams 2000). Here we provide the first
empirical data to support this theoretical framework.

Similar to Noren and Williams (2000), we demonstrate
that body mass has a profound influence on the diving
capacity in odontocetes, but environmental factors may
have influenced how oxygen is stored in these animals
which can also impact breath-holding capabilities. For
example, the previous research on beluga whales by
Shaffer et al. (1997) demonstrate a dive duration greater
than that of the killer whale, even though the killer whale
was nearly five times larger than the belugas. This result
may be due to the differences in species-specific oxygen
stores because unlike killer whales, belugas must sustain
breath hold to forage under ice-cover. Indeed, Noren and
Williams (2000) were able to explain 83% of the variation
in dive performance across odontocetes species when they
included the variation in body size along with the variation
in the muscle oxygen store. Thus it is the oxygen store as
well as the rate at which it is used that define the limits to
breath-hold performance in odontocetes.

To ascertain why the larger killer whale demonstrated a
lower breath-holding capability than the belugas, we cal-
culated the total body oxygen stores and the calculated
aerobic dive limit (cADL) for the species in this study as
well as for belugas. Total body oxygen stores were calcu-
lated according to Kooyman (1989), as modified for
odontocetes by Shaffer et al. (1997), Noren et al. (2002,
2004), and provided an indication of potential differences
in the physiological evolution of body oxygen stores across
these species (Table 3). We used the calculation of aerobic
dive limit (cADL) to ascertain why lactate accumulation
was not found for some of the animals in this study. The
cADL is the ratio of total body oxygen stores and the rate
at which these stores are utilized (Kooyman 1989) and can
provide an estimate for the experimentally determined
aerobic dive limit (ADL; Kooyman 1989; Kooyman and
Ponganis 1998). The ADL can be accurately predicted by
the cADL when estimates of body oxygen stores and
metabolic rate are reliable (Ponganis et al. 1997a). We
maximized the reliability of our calculations by utilizing
species-specific oxygen store data (Table 3) and consider-
ing a range of realistic metabolic rates, which represented
three activity levels (resting-submerged, resting-surface,
and exercising). Details regarding the assumptions that
were made for these calculations are provided in the
appendix found in the electronic supplementary material.

For the four odontocete species analyzed, there is a
40-fold increase in body size, yet only a twofold increase
in dive performance across species (Table 4). Although
smaller species have higher mass-specific metabolic
demands, enhanced oxygen stores may offset them,
allowing for longer dive durations than expected. For
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Table 3 Estimated oxygen

. Pacific white-sided  Bottlenose =~ Beluga  Killer
stores in the lung, skeletal dolphin dolphin whale  whale
muscle, and blood of four P P
species of odontocete Mass (kg) 9 189 776 3.850

Total lung O, (L) 0.9 1.7 6.7 31.1
Mass-specific lung O, (ml O, kg_l) 9.4 9.1 8.6 8.1
Muscle myoglobin [g Mb (100 g muscle)™ '] 3.45% 2.76* 3.44% 3.07*
Muscle mass (%) 248 36° 36° 36°
. ) ) Total muscle O, (L) 1.1 2.5 12.9 57.0
Calculations described in the . -1
appendix found in the electronic Mass-specific muscle O, (ml O, kg™ ") 11.1 13.3 16.6 14.8
supplementary material. Blood hemoglobin [g Hb (100 ml blood)™'] 18.85" 16.10° 2157 14.63°
References: * N%ren and Blood volume (ml kg™") 108¢ 714 98.9f 90°
Williams 2000; ° Hedrick and
Duffield 1991: © Goforth 1986: Total blood O, (L) 1 1.9 2.1 20.7 49.2
d Ridgway and Johnston 1966; Mass-specific blood O, (ml O, kg™ ") 19.8 11.1 26.7 12.8
¢ Ridgway 1972; f Ridgway Combined total body O, (L) 3.9 6.3 40.3 137.4
et al. 1984; # S. R. Noren, Combined total mass-specific O, (ml O, kg™')  40.2 33.5 51.9 35.7

unpublished

Table 4 The mean mass, maximum voluntary breath-hold duration,
calculated aerobic dive limits [CADLs assumed a resting-submerged
(RSb), resting-surface (RSf), and exercising (E) metabolism as

described in the text], experimentally determined aerobic dive limit
(ADL), and maximum observed dive duration for free-ranging
animals for four species of odontocete

Species Mass (kg) Max breath cADL cADL cADL ADL Max dive
hold (min) RSb (min) RSf (min) E (min) (min) (min)
Pacific white-sided dolphin 96.0 £+ 4.2° 3.5% 10.2* 6.2" 2.1* - 6.2°
Bottlenose dolphin 189 + 14.1* 6.8" 10.1* 6.2" 2.1* 5° 8.0"
Beluga whale 776 + 185.3° 17° 22.2% 13.6° 4.5 11° 18.3¢
Killer whale 3,850* 13.3% 22.8% 13.9% 4.6* - 10.0¢

References: ® present study; ® Shaffer et al. 1997; € Black 1994; * Martin et al. 1993, © Heyning and Dahlheim 1988; fRidgway and Harrison 1986

example, the calculated mass-specific oxygen stores of
Pacific white-sided dolphins (40.2 ml kg~ ') were elevated
compared to those of bottlenose dolphins (33.5 ml kg™ ")
and killer whale (35.7 ml kg™'; Table 3). This relatively
large oxygen store for the smaller Pacific white-sided
dolphins provided for a cADL identical to the two times
larger bottlenose dolphin (Table 4). Furthermore, the
beluga whale, a species with exceptionally large mass-
specific oxygen stores (51.9 ml O, kg™ '; Table 3), had a
cADL similar to that of the five times larger killer whale
(Table 4). The primary enhancement in oxygen storage
capacity for Pacific white-sided dolphins and beluga
whales was in the blood. For these species, approximately
50% of their total body oxygen reserves were represented
in the blood (Table 3). In contrast, for bottlenose dolphins
and killer whales, approximately 41% of their total body
oxygen reserves were found in the skeletal muscle
(Table 3). Maintaining relatively high blood oxygen
reserves by Pacific white-sided dolphins and beluga whales
is similar to New Zealand sea lions (Phocarctos hookert;
Costa et al. 1998) and phocid seals (Kooyman 1989).
Across these groups, high blood oxygen storage capacity is
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primarily accomplished by enhancing blood volume
(Ridgway and Johnston 1966; Kooyman 1989; Hedrick and
Duffield 1991; Costa et al. 1998; Table 3). The relatively
large blood oxygen reserves in these animals, in turn,
facilitate exceptional dive durations (Kooyman 1989;
Costa et al. 1998; current study).

The cADLs were compared to the maximum breath-hold
durations and ADLs of the experimental animals as well as
the dive performance of wild animals (Table 4) to (1)
ascertain which metabolic assumption provided the best
prediction of breath-holding capabilities and (2) determine
how the performance of the experimental animals com-
pared to their physiological capacities. The resting-sub-
merged cADL of dolphins (10.1 min), which assumed a
39% reduction in metabolic rate to account for metabolic
suppression of a dive response (Table 4), overestimated the
measured ADL for bottlenose dolphins (Fig. 3). This result
suggests that breath-holding dolphins do not rely on whole
body metabolic suppression, despite the observation that
the dolphins elicited a dive response during experimental
breath holds as evident by significant reductions in heart
rate (Williams et al. 1999). A similar result was
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demonstrated for free-ranging diving Northern elephant
seals (Meir et al. 2009). Meanwhile, when the metabolic
demand of exercise was added, the resulting exercising
cADLs underestimated the ADLs measured for odontoce-
tes, as well as the actual dive performance of free-ranging
odontocetes (Table 4). The depletion of muscle oxygen
stores, as indicated by an increase in lactate concentration,
occurred at 5 min for bottlenose dolphins (Fig. 3), and this
was the best approximated by a cADL that assumed a
resting-surface metabolic rate equivalent to two times of
the Kleiber (1975)-predicted basal metabolic rate for ter-
restrial mammals of similar body size (Williams et al.
1993b, 2001). This cADL also provided the best approxi-
mation of the dive performance of free-ranging odontoce-
tes (Table 4; Williams et al. 1999). Interestingly, there is
agreement across taxonomic groups, as the ADL for shal-
low diving emperor penguins (Aptenodytes forsteri; Pon-
ganis et al. 2010) and free-diving Weddell seals (Castellini
et al. 1992, Ponganis et al. 1993) was also best approxi-
mated by a cADL assuming an oxygen consumption rate
twice of Kleiber’s. Thus, if we assume that a cADL based
on a metabolic rate twice of Kleiber’s most closely predicts
the ADL of the relatively short duration divers in this
study, we find that the maximum breath-hold duration of
the killer whale and especially the Pacific white-sided
dolphins fell short of these limits (Table 4). This suggests
that these animals did not perform to their fullest physio-
logical potential and may explain the inability to detect a
rise in blood lactate levels as breath hold progressed in
these species.

Cues for initiating ventilation

Values for blood gases and pH at the onset of breath hold in
Pacific white-sided dolphins, bottlenose dolphins, and the
killer whale (Fig. la, b, ¢) were consistent with the levels
measured at the onset of breath hold in beluga whales (Po,
average = 63.5 (max 79) mmHg, Pco, = 61 mmHg and
pH = 7.26; Shaffer et al. 1997) and pre-dive levels in
Weddell seals (Po, = 78.1 £ 12.9 mmHg, Pco, = 42.5 £
1.63 mmHg and pH = 7.37 £ 0.010; Qvist et al. 1986). In
addition, all aquatic animals examined to date demonstrate
a non-linear decline in blood P, during sedentary breath
hold (Fig. 1a; Kooyman et al. 1980; Shaffer et al. 1997;
Stockard et al. 2007) or diving (Qvist et al. 1986; Meir
et al. 2009; Ponganis et al. 2010) with the most marked
decline in the partial pressure of oxygen in the blood
occurring during the first half of the breath hold (Fig. 1a).
For belugas, Po, decreased by 65% during the first 8 min
of breath hold and only declined further by 8% as breath
hold proceeded past 10 min (calculated from Shaffer et al.
1997). Likewise, after comparatively short duration dives,

Po, in seal blood declined by 69% and only declined fur-
ther by 6% with dive durations that exceeded 17 min
(calculated from Qvist et al. 1986). This dramatic decrease
in blood oxygen at the onset of the dive is likely due to the
combined influences of cells utilizing these oxygen
reserves directly as well as oxygen being shuttled from the
blood oxygen carrier (hemoglobin) to the higher affinity
muscle oxygen carrier (myoglobin) as the muscle oxygen
stores become depleted.

In these breath-holding odontocetes, Northern elephant
seals (Mirounga angustirostris; Stockard et al. 2007), and
Weddell seals (Kooyman et al. 1980) as well as free-diving
(Qvist et al. 1986) Weddell seals, reductions in blood Po,
were accompanied by a concomitant increase in blood Pco,
and decrease in blood pH (Table 2). These final oxygen
tensions in marine mammals indicate hypoxemic tolerance,
as these same values correspond to the threshold at which
humans lose consciousness (25-30 mmHg; Ferretti et al.
1991; Ferrigno and Lundgren 2003). This tolerance may be
necessary to allow for more effective utilization of the
blood oxygen store (Stockard et al. 2007). Indeed, blood
gases at the termination of dives for freshwater turtles
(Rheodytes leukops) also fell within this range (Gordos
et al. 2004), while emperor penguins (Aptenodyte forsteri)
show greater reductions, where final venous Pg, values for
these consummate divers were less than 20 mmHg in 29%
of dives (Ponganis et al. 2007). In general, the minimum
levels of O, or the maximum levels of CO, may be cueing
ventilation across these broad taxonomic groups, as has
been previously suggested (Kooyman et al. 1971; Pasche
19764, b; Craig and Pasche 1980).

The partial pressure of carbon dioxide in the arterial
blood and brain tissue play a dominant role in the regula-
tion of breathing in mammals (Phillipson et al. 1981).
Previous studies of diving animals have suggested that
elevated carbon dioxide levels in the blood (Butler 1982)
serve as a physiological stimulus to initiate ventilation after
periods of apnea. Carbon dioxide may act directly via
chemoreceptors in blood vessels and indirectly via recep-
tors in the respiratory muscles to stimulate breathing in
diving birds and mammals (Butler 1982). As a result,
changes in this blood gas have been associated with the
termination of diving in mammals. For example, increased
levels of carbon dioxide in the blood have limited the dive
durations of manatees (Gallivan 1980). Similarly, elevated
blood Pco, prevented trained dolphins from completing
repetitive dives (Ridgway et al. 1969).

Alternatively, rising lactate levels during breath hold
may contribute to a decrease in plasma pH levels, and these
changes in pH could subsequently stimulate ventilation
(Kooyman et al. 1971). Although blood lactate increased
during breath hold in bottlenose dolphins (Fig. 3), it is
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difficult to separate the effect of lactate from the effect of
Pco, since the accumulation of either contributes to a
decrease in blood pH. Interestingly, despite differences in
plasma lactate concentration, final pH levels fell within a
narrow range after breath holding or diving across a range
of marine mammals (Table 2). Thus, there may be another
factor influencing blood pH, such as Pco,.

We found that Pco, and pH levels in the blood were
significantly correlated for bottlenose dolphins, as well as
for Pacific white-sided dolphins and the killer whale
(Fig. 2). Changes in blood pH have also been attributed to
changes in Pco, in sedentary apneustically breathing
Northern elephant seals (Stockard et al. 2007). In view of
this, carbon dioxide accumulation and the accompanying
decrease in pH may act synergistically with any lactate-
induced pH changes to promote ventilation after an
apneustic period in cetaceans.

Interestingly, for all values of Pco,, the smallest odon-
tocete (white-sided dolphin) showed the highest corre-
sponding pH, while the largest species (killer whale)
showed the lowest corresponding pH. Indeed there were
variable rates of change in pH in relation to Pco, across the
species, with the small Pacific white-sided dolphin having
the slowest rate of change and the large killer whale having
the greatest rate of change. Meanwhile, the blood lactate
levels were the highest in the Pacific white-sided dolphin
which should act to further lower blood pH levels.
Although Pacific white-sided and bottlenose dolphins have
similar buffering capacities in the muscle that counteract
changes in pH associated with the accumulation of lactic
acid (Noren 2004), there may be differences in the buf-
fering capacity of the blood across these odontocete species
and this warrants further investigation.

In summary, the effect of body size on aerobic breath-hold
capacity (and by inference dive performance) in odontocetes
appeared to be mediated primarily through differences in
metabolic demands. Difference in apneustic duration across a
large-scale body size range were associated with variable
rates of change in blood chemistry, such that faster rates of
change for Po, in the bottlenose and white-sided dolphins
reduced breath-hold capacities compared to that of the 20—40
times larger killer whale. Nonetheless, changes in the partial
pressure of carbon dioxide in the blood and in the pH of the
blood may have also played a role in cueing the ventilation of
these small and large odontocetes. This research adds to the
limited data on the biochemical changes in the blood during
the prolonged breath holds of aquatic animals, particularly
odontocetes.
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