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Cetacean temperature regulation depends in part on adjustments of peripheral
circulation, notably in the tail flukes, to the needs for heat conservation or dis-
sipation. The structural basis for such regulation is associated with two circulatory
pathways: countercurrent heat conservation by thermal transfer from blood flowing
in arteries to surrounding venous networks, and-an alternate heat loss route viz
more superficial arteriovenous anastomoses (AVAs) (Scholander and Schevill 1955,
Elsner et 2. 1974).

The habitat of the bowhead whale, Balaena mysticetus, includes the Chukchi-
Beaufort Seas north of Alaska during the ice-covered season (Burns ez z/. 1993) and
results in several months exposure to freezing sea water, temperature —1.8°C. The
bowhead’s defenses against this cold exposure include a massive subcutaneous
blubber layer, up to 50 cm over the midbody. Additionally, the bowhead whale’s
surface to volume ratio, predictably the smallest of any cetacean due to its more
globular shape, endows this species with superior heat retention geometry. Indeed,
analysis by Hokkanen (1990) suggests that, because of these conditions, large
whales may be threatened by overheating rather than cooling, even while immersed
in ice water.

Somewhat at odds with the Hokkanen conclusion regarding the whale’s thermal
state in cold water are recent observations suggesting that the bowhead’s thermal
balance may be influenced by other features. Its deep body temperatures,
determined by multiple deep thermocouple probes, remain constant for several
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hours after death at 33°-34°C (J. C. George, D. Goering, M. Sturm, R. Elsner and
E. Follman, unpublished data). These direct observations contrast with the
Hokkanen (1990) assumption of a 37°C core, indicating a reduced likelihood of
overheating and a greater dependence upon mechanisms for heat conservation.
Temperatures within its tail in the regions where circulatory thermal exchange
occurs ate about 5°-10°C. Further, AVAs isolated from the tail flukes respond
more vigorously to sympathetic vasoconstrictor activation than do arteries of the
countercurrent complex (R. Elsner, J. C. George and T. O’Hara, unpublished data),
demonstrating the existence of effective mechanisms in support of heat conservation
when required.

Blood flow in a given vascular bed is determined in part by the network
geometry and the fluidity of blood (Schmid-Schonbein 1988). In turn, blood
fluidity is determined by properties of blood cells and plasma, and by shear rate,
which is roughly comparable to flow rate (Chien 1975). Blood viscosity increases as
temperature is lowered, as demonstrated in samples of human (Rand ez 2/. 1964)
and bird (Clarke and Nicol 1993) blood. Such temperature dependent decreases of
blood fluidity significantly increase flow resistance, thereby limiting the function of
thermoregulatory mechanisms.

The question that we wished to explore was whether the temperature dependence
of whale blood flow behavior might show adaptation for maintaining peripheral
blood flow in these animals, such an adaptation being beneficial for the animal’s
temperature regulation. Accordingly, we investigated the apparent viscosity versus
shear rate properties of bowhead whale blood over a range of temperatures known to
be present in their tail thermal exchange circulation. The study was conducted at
the Barrow Arctic Science Consortium facility, Bartow, Alaska, during the spring
subsistence whaling season. Bowhead whales were harvested in sea ice leads by
Inupiat Eskimo hunters and towed to the ice edge where they were hauled out for
processing. The whale hunt is carried out in accordance with agreements established
between the Native community and the International Whaling Commission.

Blood samples wete obtained from two adult female whales, 11.7 m and 15.4 m
long and of normal appearance, shortly after beaching on the ice and approximately
four and seven hours, respectively, after death. Heparinized (15 IU/ml) blood
samples were drawn from superficial veins in the roof of the mouth of the whales,
a region exposed to cold sea water from death until blood drawing. The samples
were placed in insulated containers to prevent freezing and were transported within
one hour to the laboratory. Whole blood and red blood cell (RBC) suspension
hematocrits were determined by the microhematocrit method, centrifuged at
12,000 X g for 4 min. Whale RBC, mean corpuscular volume (MCV), and mean
corpuscular hemoglobin concentration (MCHC) were determined by an electronic
hematology analyzer (Beckman Coulter Co., Hialeah, FL), and RBC shape by light
microscopy of dilute wet mounts. Human blood samples were collected, follow-
ing informed verbal consent, from the antecubital vein of six healthy, adult indi-
viduals (five male, one female) and were anticoagulated with 15 IU/ml of heparin.
Hematological and hemorheological measurements of both whale and reference
human bloods were completed within four hours after sample collection.
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Figure 1. Effect of temperature on mean whale (» = 2) and human (» = 6) plasma
viscosity. Error bars correspond to one standard deviation. Difference between human and
whale values by two-way ANOVA: * P < 0.05, ** P < 0.01.

Blood viscosities were determined with a Wells-Brookfield cone-plate rotational
viscometer (model RVTDV-200, Brookfield Engineering Labs, Middleboro, MA)
at shear rates between 75 and 750 sec ' and at 5°, 10°, 20° and 35°C. Plasma
viscosities were determined with this viscometer at the same temperatures at 1,500
sec '. For comparing whale and human bloods, the hematocrit of all blood samples
was adjusted to 0.5 L/L by adding or removing a calculated amount of autologous
plasma obtained by centrifugation at 4,000 X g for 10 min.

Hematocrit values of the blood samples collected from the two whales were 0.58
and 0.64 L/L, MCV values were 176 and 177 fL, and MCHC values were 344 and
339 g/L. The mean hematocrit value for the six human samples was 0.44 L/L (range
0.38-0.48). Nominal human ranges are 85-95 fL for MCV and 320-340 g/L
for MCHC (Rapaport 1987). Microscopic examination of whale red blood cells
indicated that the cells were smooth biconcave disks, similar in appearance to
human RBC, with diameters slightly greater than human RBC.

Plasma viscosity values were essentially identical for whale and human samples at
35°C, whereas whale plasma viscosity was significantly lower than human at 10°
and 5°C as tested by two-way ANOVA (Fig. 1). Both whale and human plasma
viscosity increased over the range from 5° to 35°C, consistent with values for water
over the same temperatures.

Both whale and human blood behaved as non-Newtonian suspensions, with viscos-
ity decreasing as the shear rate is increased (Fig 2). However, at lower temperatures,
the degree of non-Newtonian behavior was less for whale blood. At 5° and 10°C,
a decrease of shear rate from 750 to 75 sec” " resulted in a 74% increase for human
blood but only a 29% increase in viscosity of whale blood, whereas at 20° and 35°C
the increase in viscosity was similar for both species.

Direct comparisons between whale and human blood viscosities indicate differ-
ences that are shear rate and temperature dependent. Scatistical analysis by two-way
ANOVA indicated that when measured at 5° or 10°C and at lower shear rates,
whale blood has a significantly lower viscosity: at 5°C, whale blood is about 30%
less viscous than human blood at a shear rate of 75 sec”", yet differs by less than 4%
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Figure 2. Mean * 1 SD whole blood viscosity determined at 5°, 10°, 20°, and 35°C in
(a) whale blood and (b) human blood. Samples adjusted to hematocrits of 0.5 L/L, whale
blood (» = 2), human blood, (» = 6). Difference from whale values by two-way ANOVA:
*% P < 0.01; ***% P < 0.001.

at 750 sec” ' (Fig. 3). Conversely, at 35°C, the ratio is independent of shear rate over
the entire range (mean = 0.98 * 0.02 SD).

Our preliminary study suggests that at 35°C, approximating the core tempera-
tures of bowheads and humans, both the absolute values of viscosity and the shear
rate dependence of viscosity for blood at a 0.5 L/L hematocrit are essentially
identical for these two species. (Fig. 2, 3). By contrast, at 5°C, a temperature
approximating that of peripheral circulation within the whale’s flukes, the effect
of this reduced temperature is shear rate dependent (Fig. 3). At a high shear rate,
750 sec”', the viscosities do not differ, whereas at the lowest employed in the
present study, 75 sec *, whale blood had a 30% lower viscosity. Further, based upon
the trend indicated in Figure 3, it is possible that even greater differences in
temperature sensitivity might be observed at shear rates less than 75 sec ', Lower
shear rates may exist in the low-flow regions of the whale’s circulation, since for
a wall shear of 75 sec”" in a 1-mm diameter vessel, the average blood flow velocity
is still relatively brisk at 1 cm/sec (Chien 1975). Reductions of flow would yield
even lower shear rates.

Both bowhead whale and human blood behave as non-Newtonian fluids (Fig. 2),
viscosity decreasing with increasing shear rate. At higher rates of shear, important
determinants of viscosity are hematocrit, plasma viscosity, and RBC deformability
(Chien 1975). Given that all RBC suspensions were adjusted to a hematocrit of
0.5 L/L, that plasma viscosities were similar (Fig. 1), and that high shear viscosities
were essentially identical (Fig. 3), it can be inferred that the deformability of whale
and human RBC do not differ significantly and that this similarity exists over
5°-35°C. However, some caution is required with respect to this conclusion. RBC
deformation depends upon the magnitude of the applied deforming force, and
blood viscosity data obtained at high levels of applied fluid shear forces, 750 sec” ",
tend to reflect the limiting ability of the RBC to deform (Baskurt and Meiselman
1997). Therefore, high shear viscometric data may be insensitive to subtle changes
of deformability, whereas at more moderate levels of shear, differences of RBC
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Figure 3. Effect of shear rate on the mean ratio of whale (W) to human (H) blood
viscosity at 5° and 35°C. Data from Figure 2. Horizontal dashed line represents a ratio
of one.

deformability may become more evident (Baskurt and Meiselman 1997). Thus, the
lower viscosity for whale blood at 5°C and at moderate shear rates (Fig. 3) suggests
the possibility of greater deformability for whale RBC under these conditions.

In summary, our results indicate that while the flow behavior of bowhead whale
blood is similar to human blood at or near deep body temperature, it is markedly
less viscous and less sensitive to shear rate at lower temperatures of 5°~10°C. These
lower temperatures are consistent with regions within the bowhead tail where
circulatory thermal exchange occurs. It thus appears likely that this reduced temper-
ature dependence of blood viscosity contributes to the maintenance of blood flow
serving temperature regulation.
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