
(signal present) and at sea (signal absent). The data collected
are under analysis and will be compared with previous years'
foraging trip durations. The amounts of food brought back to
feed the chicks averaged over 600 grams per trip by adults,
which is comparable to food load sizes delivered to chicks in
previous seasons.

A study on band loss was begun with Adélies and gen-
toos. Transponder implants were injected under the skin of
the penguins, enabling us, with the aid of a hand-held scan-
ner, to identify individual birds without bands. Three differ-
ent groups of Adélie males were set up: banded only, implant-
ed only, and banded and implanted. Since Adélie males are 99
percent nest-site faithful if they survive the winter (Trivel-
piece and Trivelpiece 1990), we will be able to determine next
season if band loss is significant and if bands contribute to
mortality. A small sample of gentoos was also implanted, in
hopes that we would get some idea on band loss and band-
induced mortality in the largest of the three species.

Reproductive success was below average for both the
brown and south polar skuas. There were many non-weather-
related losses of both eggs and chicks. This was probably due

to poor food availability in the study area, particularly a lack
of the antarctic silverfish in diet samples. This leads to
marauding by failed breeders and nonbreeders, resulting in
increased chick mortality among pairs that were successful.
The other flying birds breeding in the area seemed to have an
average summer.

As in past seasons, we were visited by a few nonresident
incidentals. Several macaroni penguins and arctic terns were
seen, and a black-necked swan was sighted in the bay in
December.

We thank the crew of the RIV Polar Duke and the U.S.
Antarctic Program for logistical support, and the members of
the XVI and X\TII Polish Antarctic Expeditions for their hospi-
tality and assistance. This research was supported by National
Science Foundation grant OPP 91-21952.
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Splenic contraction, blood volume, and muscle
saturation of free-diving Weddell seals
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T
he Weddell seal (Leptonychotes weddellii) is capable of
dives of over 1 hour (h) to depths greater than 500 meters

(m). Common dives of up to 20 minutes (mm) duration usual-
ly take place under aerobic conditions, suggesting that highly
refined strategies control the usual storage and utilization of
oxygen (Kooyman 1981). Because the seal's lungs collapse
during diving, oxygen storage during diving is limited to that
stored in the blood and myoglobin (Falke et al. 1985). We
sought to explore the behavior of these oxygen stores during
diving. Weddell seals increase their circulating hemoglobin
concentration by 60 percent during the first 10-12 min of a
dive (Qvist et al. 1986). We hypothesized that the spleen of the
Weddell seal would contract, similar to the contraction
observed in exercising thoroughbreds (Persson et al. 1973),
and inject erythrocytes into the peripheral circulation during
diving. Because Weddell seals have a very large spleen,
approximately two-thirds of the seal's erythrocytes might be
sequestered in the spleen at rest (Qvist et al. 1986). To test this
hypothesis, splenic dimensions were measured by ultrasound
during recovery from diving and correlated with changes of
venous hemoglobin concentration and hematocrit.

Oxygen may also be stored as oxymyoglobin (Mb0 2) in
muscle and utilized during exercise. The evidence for this is
largely indirect. Arterial lactate concentrations remain low
during dives of less than 20 min duration in the Weddell seal
(Kooyman et al. 1980). It is possible that swimming muscles
remain sufficiently perfused to permit aerobic metabolism
during diving. It is also possible that the circulation to exercis-
ing muscle dilates periodically to allow resaturation of
oxymyoglobin stores (Eisner et al. 1985; Kooyman 1989). We
employed laser spectrophotometry in this study to measure
changes of Mb02 stored in the swimming muscle of unre-
strained diving seals. Rates of Mb02 utilization could then be
correlated with dive duration and swimming velocity. In addi-
tion, the pattern of perfusion (pulsatile vs. continuous) could
be ascertained.

During November and December 1992, five subadult
male Weddell seals [estimated body weight 365±50 kilograms
(kg), mean ± standard deviation (SD)] were captured near
Ross Island, Antarctica (77.8 0S 168°E), and sledged to a field
camp constructed for isolated hole diving (Kooyman et al.
1980; Qvist et al. 1986). Epidural venous sinus catheters were
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placed under general anesthesia. A near-infrared (NIR) spec-
trophotometer probe was applied to the surface of the latis-
simus dorsi muscle and connected to a custom microproces-
sor that logged time, depth, swimming velocity, and NIR mus-
cle absorbance at 750 nanometers (nm) and 810 nm. Initial
measurements of NIR muscle absorbance, hemoglobin con-
centration, hematocrit, and splenic dimensions were per-
formed while the seal was anesthetized. Plasma volume was
measured by the dilution of indocyanine green. Red cell mass
was estimated by the dilution of autologous erythrocytes
labeled with chromium-51.

After full recovery from anesthesia, the seal was allowed
to dive freely from the hole within the fish hut. Blood samples
were withdrawn during recovery from the dives and during
rest periods. Data from the microprocessor were stored con-
tinually. Splenic size was measured at the surface with a real-
time 2.5- or 3.5-megahertz (MHz) mechanical-sector trans-
ducer and a portable ultrasound scanner (Ausonics, Ml 1000,
Universal Medical Systems, Inc., Bedford Hills, NY). Stan-
dardized views were obtained along the left posterolateral
cephalo-caudal axis of each seal. Although these views did not
yield the maximum dimensions of the spleen, they permitted
rapid and reproducible imaging in the awake animal in the ice
hole. At the conclusion of each study, the seal was reanes-
thetized and the catheters and monitors removed. After
recovery, the seal was returned to its capture site and
released.

The size of the spleen was decreased to 65 percent of
resting values immediately after diving. During the first 2 mm
of recovery, cephalo-caudal length was 23±2 centimeters (cm)
(71±2 percent of maximum resting values, P<0.05) and splenic
thickness was 8.1±0.5 cm (71±4 percent of maximum resting
values, P<0.05). Splenic size increased rapidly and exponen-
tially (t 112=6-9 mm) during recovery (figure 1).

Hemoglobin concentration and hematocrit were
increased 67 percent above baseline immediately upon sur-

facing. Hemoglobin concentration was increased from
17.5±5.3 grams per deciliter (gdL-') (measured under anes-
thesia) to 21.9±3.7 gdL-' (measured in the first 2 min of
recovery). Measured at the same times, the hematocrit was
increased from 44±12 percent to 55±8 percent. These values
decreased monoexponentially (t 112= 12-16 mm) during recov-
ery (figure 2).

Compared to dives of less than 17 mm, longer dives
demonstrated a greater degree of splenic contraction and a
larger increase of hemoglobin concentration and hematocrit
during the first 2 min of recovery (P<0.05 for all comparisons).

The seal's total body blood volume was 67.0±3.1 liters (L);
total body red cell volume was 37.3±3.1 L with plasma volume
29.6±0.6 L. These values are equivalent to a calculated total
body hematocrit (assuming no splenic sequestration) of 56±2
percent. This value is identical to the maximum hematocrit
measured immediately after surfacing. At rest, 23.2 L of ery-
throcytes were sequestered, the majority presumably in the
spleen.

Muscle oxygen saturation was successfully measured in
all five seals. (See figure 3.) Four of the five seals had a monot-
onic decline in muscle saturation beginning immediately
upon descent. For dives of less than 17 min and more than 17
mm, the decrease of saturation was -7.33±4.37 percent per
minute and -2.93±1.95 percent per minute, respectively
(P=0.0001). The lowest Mb0 2 saturation measured during div-
ing was 8 percent. The fifth seal had a variable slope of desat-
uration during diving that correlated with relative muscle
blood volume. There was no correlation between the power
consumed by swimming and the desaturation rate. Two seals
(numbers 3 and 5) demonstrated occasional single partial
muscle Mb0 2 resaturations late in long dives, suggesting
transfer of oxygen from hemoglobin to myoglobin during div-
ing.

Splenic contraction appears to be an integral part of the
diving reflex in free-diving Weddell seals. As in other exercis-

Minutes

Figure 1. Splenic thickness (expressed as a percentage of maximum
value for each seal) during recovery from diving. The line indicates
the regression for the pooled data:

[94.3_36.0e(-tlme/9.5);r=0.83,t 112=7 mm].

Minutes

Figure 2. Venous hematocrit changes (expressed as percentage of
maximum value for each seal) during recovery from diving. The line
indicates the regression for the pooled data:

[61 .6+34.3e(-timetl7.l );r=0.78,t 112=12 mm].
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Figure 3. Depth, muscle saturation, 810-nm swimming, and trans-
mission velocity (top to bottom of figure) for a 27-min dive by seal
number 2. Muscle oxygen saturation decreased monotonically dur-
ing the dive. The 810-nm transmission signal suggests early vaso-
constriction. This returned to baseline late in the dive and is fol-
lowed by hyperemia during recovery. Swimming velocity remained
relatively constant.

ing mammals, splenic contraction was associated with an
increased peripheral hemoglobin concentration and hemat-
ocrit. During recovery from free diving, splenic relaxation and
decreases of hemoglobin concentration and hematocrit pro-
ceeded monoexponentially.

In animals such as dogs, sheep, and thoroughbred race
horses, splenic contraction occurs during exercise and is
associated with a large increase of hematocrit (Barcroft and
Stevens 1927; Turner and Hodgetts 1959; Persson et al. 1973).
In these animals, the exercise-induced polycythemia is great-
ly reduced by splenectomy. The role of splenic contraction
during diving is less clear. At the surface, acute polycythemia
may aid in the uptake of oxygen and unloading of carbon
dioxide when surface time is short. Splenic contraction at
depth would inject erythrocytes, possibly well oxygenated
and previously sequestered at ambient pressure, into the cen-
tral circulation. This would increase peripheral oxygen deliv-
ery and dilute nitrogen compressed into arterial blood during
diving descent. Upon surfacing, the increased hemoglobin
concentration could increase the ability to take up oxygen at
the surface during dives. The reduction of hematocrit occur-
ring when surface time is prolonged, such as during sleep,

would reduce blood viscosity and ameliorate problems asso-
ciated with sustained polycythemia.

Oxymyoglobin stores were progressively decreased dur-
ing long dives. The low desaturation rates of long dives sug-
gest that anaerobic metabolism probably begins in portions
of swimming muscle early in the dive. The variable rate of
desaturation and the unusual changes of muscle blood vol-
ume in the fifth seal suggest heterogeneous diving strategies
may exist in free-diving seals.

The NIR spectrophotometer receives signal contributions
from both myoglobin and blood. The contribution of each of
these undoubtedly changes during diving and recovery. For
most of the dives we monitored, the muscle saturation curves
were qualitatively similar to those reported for arterial blood
desaturation during free diving (Qvist et al. 1986). Several
important differences between the muscle and arterial satura-
tion curves, however, are apparent. First, two seals (numbers
3 and 5) demonstrated small, but unmistakable, resaturations
at depth. These resaturations would be apparent only if the
NIR probe was measuring myoglobin that, because of its
increased oxygen affinity as compared to hemoglobin, may
resaturate at depth if muscle perfusion is increased. In addi-
tion, the initial slope of muscle resaturation was increased in
long dives, compared with shorter dives. If the probe was
measuring only arterial saturation, then resaturation would
be limited only by oxygen uptake in the lungs. The rate of
arterial resaturation, however, is identical for long and short
dives, as was demonstrated for the partial pressure of oxygen
(P02) in arterial blood by Qvist et al. (1986).

Interestingly, any role of myoglobin as an oxygen store
during diving appears to be very limited. During short dives,
the muscle typically desaturated by only 50-70 percent.
Under these conditions, myoglobin stores could account for
only 1 to 2 min of aerobic metabolism in active swimming
muscle. The seal's large myoglobin stores might also act as a
buffer for intracellular acid (Castellini and Somero 1981)
and/or facilitate diffusion of oxygen into swimming muscle
under steady-state conditions of low arterial P02 (Wittenberg,
Wittenberg, and Caldwell 1975).

These studies were funded by National Science Founda-
tion grant OPP 91-18192. They were performed under U.S.
National Marine Fisheries Service Marine Mammal permit
number 600 and approved by the Massachusetts General
Hospital Subcommittee on Animal Studies.
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Physiological and behavioral ecology of juvenile Weddell seals
J. WARD TESTA, MICHAEL A. CASTELLINI, and LORRIE D. REA, Institute of Marine Science,

University ofAlaska, Fairbanks, Alaska 99775-1080

T
he long-term emphasis of this project has been the under-
standing of mechanisms and causes of population change

in seals and other large mammals. In recent years, the fate of
juvenile animals has surfaced as a key factor to be understood
in relation to declining pinniped populations in the Northern
Hemisphere. This project attempts to integrate information
on the physiological and behavioral development of juvenile
Weddell seals in relation to their ecology and survival. It was
motivated, in part, by the need for comparative studies to
similar work being conducted by our laboratories on North -
ern Hemisphere pinnipeds that are showing significant popu-
lation declines.

In 1992, we continued population studies of Weddell
seals in Erebus Bay and McMurdo Sound (77 045'S 166030'E).
The adult population was estimated at 258 [standard error
(SE)=171 males and 595 (SE=8) females, a population that was
somewhat smaller than in the previous two seasons (Matsuki
and Testa 1991; Schreer and Testa 1992). Such changes can
result from interannual variation in population size or sighta-
bility in a given year (Testa and Siniff 1987). Pup production,
however, was only 349 pups, compared to the range of
390-440 over the last 10 years. Pup mortality was also higher
(9 percent) than normal (5 percent; Thomas and DeMaster
1983). This decline in reproduction continues to follow a pat-
tern of lower reproduction during El Niño—Southern Oscilla-
tion (ENSO) events reported by Testa et al. (1991). Necropsies
were performed and assessment of the causes of pup mortali-
ty will be reported elsewhere.

Our work on Weddell seal physiology was divided into
two major sections: development of diving physiology and
nutritional physiology. In both cases, we took measurements
from over 20 pups from soon after birth in October until the
pups dispersed in February. We investigated several compo-
nents of the development of diving physiology, including
changes in oxygen-carrying capacity in the blood as moni-
tored by the relative number of red blood cells [hematocrit

(Hct)] and the concentration of hemoglobin (Hb) in whole
blood. We found that Weddell pups followed normal patterns
of mammalian development: they had high Hct immediately
after birth, a period of decline for several weeks, and then a
slow increase up to juvenile levels. This pattern is unlike that
seen in another excellent pinniped diver, the elephant seal
(Mirounga angustirostris), whose Hct levels are high immedi-
ately after birth and then continue to increase without a peri-
od of postnatal decline (Castellini, Castellini, and Kretzmann
1990). We are testing whether the pattern of Hct and Hb
changes correlates with changes in diving and breath-hold
activity. We also began work on development of apnea pat-
terns and heart-rate changes that occur during development,
but most of that work will be conducted during the
1993-1994 season. Finally, we conducted a series of experi -
ments looking at development of pressure tolerance in blood
cells. These tests examined the metabolic rate of red blood
cells under pressures simulating deep dives. Weddell seal
cells showed small changes with pressure, and these tests are
now being conducted on terrestrial mammals for compar-
isons.

Nutritional studies were conducted on many of the same
pups to determine when Weddell seal pups become nutri-
tionally independent from their mothers. There were four
major objectives. First, we monitored the growth of pups
(length, girth, weight) to follow changes in body condition
during the nursing period and afterward. We are conducting
identical work on other pinniped species to look at compara-
tive patterns. Second, we followed the hydration state of the
animals to check for alterations in body water that may occur
at the point of weaning. Third, we used a series of blood
chemistries that react to feeding and fasting states to test for
nutritional status. All of these tests have been utilized by our
laboratory on other pinnipeds and usually indicate whether
animals are fed, fasting, or starving (Castellini and Rea 1992).
Preliminary results suggest that Weddell seal pups undergo
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