um, as the rate of addition of metabolic
acids to the fluids was higher than the
rate of neutralization by dissolved shell.
Crenshaw and Neff (9) calculated that at
the measured rates of calcium dis-
solution a 100-g animal (shell weight)
would lose about 2 mg of shell per hour.
We used animals with shell weights of 40
to 80 g and internal shell surface areas of
44 to 64 cm?. Assuming the dissolution
rate to be uniform over the entire inter-
nal surface, one can calculate the thick-

ness of shell that would be removed forv

every hour the shell is closed

shell loss per hour
unit weight
1
density

total weight «
surface area

= thickness lost per hour

For example, one of our specimens with
valves weighing 64 g and an internal sur-
face area of 56 cm? would lose 7.8 x 1072
pm/hour (using a density of 2.93 g/cm?
for aragonite). Our experimental M. mer-
cenaria Kept their valves closed for 2.5
to 12 hours (Fig. 3), and at the calculated
rate of shell dissolution the thickness re-
moved would be 0.2 to 0.94 um. These
values are sufficiently close to the mea-
sured widths (0.45 to 0.9 wm) of subdaily
lines to suggest a causative relationship
between the two.

To account for subdaily striations,
then, it is necessary only to envision
continuous and simultaneous secretion
of organic matrix and calcium carbonate
during the aerobic shell-building part of
the animal’s growth cycle. In the anero-
bic period, increasing acid in the extra-
pallial fluid dissolves a portion of newly
deposited shell. Some of the associated
matrix may also dissolve, but at least
part of it is sufficiently insoluble to resist
attack by metabolic acids and remains
behind as a residue, to be covered by a
new layer of calcified material during the
next cycle of aerobic deposition. Be-
cause the matrix at this point is hardened
by polymerization of the protein, it main-
tains its structural integrity during and
after decalcification. As a result, the
width of residual matrix provides a rec-
ord of the length of time that the shell
was exposed to metabolic acids. This hy-
pothesis, supporting that of Lutz and
Rhoads (7), does not require alternate se-
cretion of crystals and proteins, calcifi-
cation inhibitors (6), or the existence of
preformed matrix layers or compart-
ments (/4). :

We recognize that this model of
growth-line formation is at variance with
current theory in the following respects.
First, arrays of subdaily as well as tidal
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or diurnal markings are also found in the
shell ultrastructure of intertidal mol-
lusks. If, as is commonly accepted, these
animals actively pump and deposit shell
continuously during periods of in-
undation, then dissolution would not oc-
cur. Although we cannot safely assume
that behavior in the laboratory is the
same as that in the field, subdaily fre-
quencies of shell opening have been re-
ported elsewhere for experimental *‘non-
tidal”’ clams ). Second, our hypothesis
does not account for the thickness of
presumed diurnal or tidal markings (5),
which is as much as 3 um in our experi-
ence and corresponds to 35 to 40 hours
of shell dissolution according to our cal-
culations (Figs. 3 and 4). Third, in cer-
tain areas of our sections, the accumu-
lated thickness of subdaily markings
found between two daily or tidal-diurnal
lines is equivalent to more dissoluton
than we would calculate for 24 hours of
valve closure. This implies that one or
more daily lines are missing from the
depositional cycle. Evidence for missing
growth lines in mollusks has been report-
ed by others (2, 15); however, Pannella
(), while admitting the possibility of
gaps in the growth record, considers this
exceptional.

Despite these questions, the corre-
spondence between our calculated and
observed subdaily line widths strongly
suggests a connection between the ap-
pearance of these striations and rhythms
of valve movement in M. mercenaria.

The model of growth-line formation and
shell dissolution (7) is thus quantitatively
supported, at least for subdaily lines.
J. GOrRDON
M. R. CARRIKER
College of Marine Studies, University
of Delaware, Newark 19711
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Radio Tracking of a Fin Whale (Balaenoptera physalus)

Abstract. A tagged whale of the genus Balaenoptera was intermittently tracked by
radio for 27.8 hours over a distance of about 145 kilometers. Data on breathing and
movement show that during that time the whale took 58 breaths in 130 minutes and
traveled 20 kilometers at more than 9 kilometers per hour. Precise measurements of
such parameters and of other features of the life history of great whales, which travel
long distances over the high seas, often in groups, are now possible through radio

tagging.

For many years scientists have recog-
nized the need to mark whales in order to
acquire basic biological data on such
subjects as population identity, home
range, migration, and behavior. The Dis-
covery mark has been used for more than
four decades, but its usefulness for these
purposes is limited (/). An alternative is
a visually detectable ‘‘streamer mark,”’
which has the advantage that living
whales may be followed, but this tech-
nique can be used only in the daytime in
fair weather and requires the observer to
be near the whale (2). Radio tags do not
have these limitations.

We report here the remote implanta-
tion of a radio tag in a fin whale and sub-
sequent tracking of the whale for 27
hours and 45 minutes. Our approach
evolved from two earlier efforts. Schevill
and Watkins (3) developed an implan-
table tag for right whales, Eubalaena

" glacialis, and Martin et al. ¢) improved

the response time of an automatic direc-
tion finder (ADF) for use in tracking por-
poises. Subsequently, others have
tracked whales by first capturing them
and then attaching transmitters (5).
Whales on the high seas are among the
most difficult animals to study. We chose
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the fin whale because it has been one of
the most important targets of com-
mercial whaling (6). We chose the Gulf
of Saint Lawrence because it is a small
area of sea, where the chance of losing a
tagged animal is reduced and local lo-
gistics are good. Blue, fin, and Minke
whales patrol and feed close to shore
there throughout the midsummer to
autumn months (7). Currently, these
whales are not hunted, and the identity

of this fin whale population is in question
®).

Our implantable beacon transmitter
(IBT) was fired from a modified 12-gauge
shotgun (9). The IBT weighed 517 g and
was 70 cm long, including a 46-cm an-
tenna. Each IBT had a characteristic fre-
quency and a characteristic pulse repeti-
tion rate, so that if more than one whale
were tagged, the whales could be sepa-
rately identified. The implanted trans-

Fig. 1. Successful tagging of a fin whale. The breath of the whale partially obscures the tagger
standing in the boat’s bow pulpit. The pair of Adcock antennas are amidships.

Launch

3 km away
(10) (10) (10) 10 12 7 Y 6
r=-1 r==-1 r-=-
| | | ] '
| 1 ! L —J
1 2 3 5 6 7
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Time Begin chase Ricochet
(chase interrupted)
6 5 (5) 4 2 3.4 4 4 2 |5~5 5 31‘1 8
[ [ [V
8 9 10 11 12 13 1415 1617 18 1920 21 |
1700 5 10 15 20 25 30 35 40 45 50 55 60
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\ (split off)
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Fig. 2. Breathing record based on visual observations of a pod of three fin whales before and
during pursuit (see text for explanation). After tagging, the record is of whale 003 and is based
on signals received on the ADF. The number of breaths is given above the breathing curve;
numbers in parentheses are estimated. Sequence numbers are given below the breathing curve.

The bottom rows of numbers show the time.
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mitter generated two 100-msec pulses
per second at 30.130 MHz (/0). Ballistics
tests indicated a muzzle velocity for the
IBT of about 70 m/sec and a trajectory
drop of about 1.5 m at a distance of 40 m
(I1). A light nylon line, attached to the
pushrod of the IBT and to the firing plat-
form, provided stability in flight, and
could be used to retrieve the IBT in case
of a miss or to remove the pushrod to ex-
pose the antenna after an implantation.
The tag was also provided with a stop to
prevent penetration deeper than 22 cm
into the whale. As the IBT’s angle of in-
cidence to the whale is rarely per-
pendicular, the tag will usually not pene-
trate the total blubber thickness; for a fin
whale the maximum blubber thickness is
about 15 cm, near the dorsal fin.

We used a 7-m boat for tagging and
tracking and a Cessna 170 aircraft for
spotting and tracking. The boat carried
two pairs of Adcock antennas at right an-
gles to each other, and the aircraft car-
ried a crossed ferrite core antenna in a 31
by 47 cm housing strapped to the belly
aft of the wheels. Tagging was a coopera-
tive effort involving boat and aircraft.
Observers in the aircraft spotted the
whales and directed the boat by radio to-
ward the animals. The aircraft usually re-
mained higher than 300 m to avoid dis-
turbing the whales. We attempted to ma-
neuver the boat to be able to place the
tag near the midline in front of the dorsal
fin, where the blubber is thickest. This is
the part of the whale that rises farthest
out of the water (/2). All IBT’s were
coated with Furoxone antibiotic to re-
duce the possibility of infection (/3).

On 17 August 1976 we pursued a pod
of three whales, one of which we tagged
after 55 minutes of pursuit (Fig. 1). Fin
whales take evasive tactics when closely
pursued, altering direction underwater,
occasionally parting company, and
breathing at irregular intervals. We re-
corded breathing patterns from the air-
craft before, during, and after close pur-
suit of the pod. The data obtained before
tagging are subject to error because of
the difficulty of identifying individual
whales surfacing and blowing in a pod.
This difficulty leads to overestimation of
the number of breaths per surface se-
quence and the duration of the surface
sequence, and underestimation of the
duration of ‘‘down time’’ —the time
spent below the surface between surface
sequences. The error in this case was
small, however, since the whales tended
to surface, breathe, and dive in synchro-
ny. This error can be eliminated if the
data are obtained from a tagged whale.
The whales significantly altered all three
measured parameters of their breathing
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behavior during the chase (Table 1). Fig-
ure 2 shows that before pursuit, from
1602 to 1657:30 hours (surface sequences
1 to 7), the whales breathed in unison
about 65 times, averaging one breath
every 51 seconds. From 1705 to 1756
hours (sequences 8 to 19) each whale
breathed about 48 times, or once every
64 seconds. We tried to tag one whale at
1756 hours but the tag ricocheted (I4).
The whales were pursued again from
1812:30 to 1848 hours (sequences 23 to
34), during which time each breathed
about 28 times, or once every 76 sec-
onds.

At 1848 hours we tagged a whale,
about 18 m long, which we called 003
from the identification number of the tag.
The shot was from a distance of 20 to 25
m, broadside to the whale’s left. The tag
hit somewhat posterior to the shoulder,
well below the highest point on the back.
After 003 was tagged it did not rejoin its
companions. It swam downriver, surfac-
ing to take two to three breaths in 0.6
minute on the average. Darkness and the
need to refuel caused us to cease opera-
tions at 1919 hours. We attempted to
relocate the whale during the night from
the boat, without success.

The next morning, searching by air-
craft, we succeeded in finding 003 125
km downriver (Fig. 3). It had averaged
6.7 km/hour since the last contact, which
is a minimum speed since the calculation
was for travel in a straight line. We first
detected 003 by means of the ADF from
a distance of about 26 km, which we
judged to be the maximum range of the
ADF because the signals were weak and
the directionality was barely detectable.
Low placement of the IBT on the whale,
the almost horizontal position of the an-
tenna, and possible battery leakage may
have contributed to this low range.

We followed 003 for 2 hours and 10
minutes, during which it traveled about
20 km. In spite of its speed of more than
9 km/hour, we were able to locate it by
the ADF almost immediately after each
surfacing. Hence, we have a complete
record of surfacings (Fig. 4). The behav-
ior of 003 indicates that it had returned to
a breathing pattern similar to"that ob-
served before pursuit (Table 1). The
whale’s movements appeared leisurely.
Although it took only two to four breaths
during each surface sequence, the inter-
vals between sequences averaged 6.5
minutes through the first nine sequences.
During the remaining time, the intervals
averaged 8.3 minutes.

During each surfacing of the whale to
take a single breath, both on the day of
tagging and the next morning, we re-
ceived one to four radio pulses on the
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Table 1. Breathing records of fin whales. Some of the data in row 1 are estimates (see Fig. 2); the
data in rows 1 and 2 are biased, as discussed in the text. Values were statistically compared by
use of the t-test. Differences between values with a common superscript are not significant. All
other differences are significant at P < .01. The number of observations is given in parentheses.

) Breaths Surface Down
Period per surface sequence . .
H . time (min)
sequence duration (min)
Before chase, 17 August, 9.00 + 2.08 (7) 2.43 £ 0.73(7) 6.33 = 1.63¢(6)
sequences 1 to 7 : :
During chase, 17 August, 3.10 = 1.482(21) 0.87 = 0.48° (23) 3.46 = 2.45(23)

sequences 8 to 19, and
23 to 34

Tagged 003, 18 August,
sequences 3 to 18

3.44 = 1.032(16) 0.81 + 0.34°(10) 7.06 = 1.66°(13)

Track of a fin whale
Quebec, Canada 17-18 August 1976
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Fig. 3. Track of the tagged fin whale 003.
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Fig. 4. Breathing record of the tagged fin whale 003. The complete record is derived from
signals received on the ADF. See Fig. 2 legend for explanation.
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ADF. As the tag pulse rate was two per
second, 003 exposed the tagged part of
its body for about 1 to 2 seconds. A tag
placed on the dorsal surface might have
been exposed for up to perhaps 3 sec-
onds, or for a total of six pulses at the
pulse rate we used (/5). On the basis of
58 breaths in 130 minutes (Fig. 4) and a
tag exposure time of 2 seconds per
breath, our tag was exposed only about
1.5 percent of the time. Placement very
high on the body could result in exposure
for slightly more than 2 percent of the
time. This suggests that the transmitter,
which can operate for 200 hours con-
tinuously, might function for about 14
months on a fin whale.

On the evening of 18 August, we again
received radio signals from 003 (Fig. 4).
No tracking was possible as we soon lost
the signal. On subsequent days, we un-
successfully searched the Gulf of Saint
Lawrence from the Saguenay River to
Anticosti Island. Our failure to reestab-
lish contact could be attributed to one of
four causes: (i) the whale left the
searched area, (ii) the transmitter was
shed (/6), (iii) the transmitter failed be-
cause of battery leakage or other mal-
function, or (iv) the antenna did not
emerge because of the low implant posi-
tion and choppy seas. We do not know
whether any of the last three occurred.
However, we calculated that the proba-
bility of missing the whale within the
searched area, if the transmitter was still
functioning, was only .09 (/7). There-
fore, we believe that the transmitter
failed about 1!/2 days after implantation,
probably because of battery leakage
since this was subsequently found to be a
problem with the IBT version we used
©). '

Concurrently with our tagging of a fin
whale, personnel of the National Marine
Fisheries Service, Seattle, tagged hump-
back whales, Megaptera novaeangliae,
in southeast Alaska (/8), using the same
equipment and experiencing some of the
same problems. That we have followed
living great whales at sea speaks of the
potential of this radio tracking system,
but we emphasize that the system has
yet to be proved fully operational. Both
technological and biological problems re-
main. The potential transmission range
of about 60 km, even if it is realized in
practice, is short for tracking on the open
reaches of the high seas without a heavy
logistics commitment. Also, we do not
know how long the blubber will tolerate
the tag (19). Discovery tags are retained
in whales for up to 30 years (/), but the
available data shed little light on the re-
tention of a tag by blubber. Further, the
radio tag is not completely implanted;
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the antenna remains exposed, and there
is a hydrodynamic drag on it when it is
submerged. Finally, it is difficult to esti-
mate the distance and angle of incidence
when shooting the tag into a whale at
sea. Nevertheless, the results obtained
to date indicate the potential of this tech-
nology for gathering life history data,
hitherto practically unattainable, on the
great whales at sea.
G. C. Ray
Department of Pathobiology,
Johns Hopkins University,
Baltimore, Maryland 21205
E. D. MITCHELL
Fisheries and Marine Science,
Environment Canada, Sainte Anne de
Bellevue, Quebec H9X 316
D. WaRTZOK
Department of Pathobiology,
Johns Hopkins University
V. M. Kozicki
Fisheries and Marine Science,
Environment Canada
R. MAIEFSKI
Encinitas, California 92024
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