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The shells of numerous mollusks con- 
tain repeating microscopic structures 
that have been interpreted as records of 
periodic growth (1). In radial sections of 
bivalve shells these features appear as 
lines or striations parallel with growth 
surfaces (2, 3). The temporal frequency 
of striations has been analyzed in various 
species and correlated with seasonal 
growth rates, geochronometry, and be- 
havior and, by inference, with physiolog- 
ical changes in the animals studied (1-4). 
Growth lines are visible in polished and 
etched shell sections as narrow bands in 
which calcium carbonate is absent or 
much lower in concentration than in ad- 
jacent areas (5). 

Until quite recently, hypotheses con- 
cerning the origin of these lines were 
based on an assumption of periodic epi- 
sodes of calcium carbonate deposition 
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(6), although a few references were made 
to the possibility that dissolution of re- 
cently formed shell might play a part (3, 
6). Last year, Lutz and Rhoads (7) pub- 
lished a theory of growth-line formation 
which held that organic striations are 
simply residues left behind as a result of 
dissolution of shell material during peri- 
ods of anaerobiosis. To date, quan- 
titative evidence confirming this mecha- 
nism has not appeared. In this report we 
present independent data in partial sup- 
port of the hypothesis of Lutz and 
Rhoads, based on measurements of ex- 
trapallial fluid pH (8), published rates of 
shell dissolution during valve closure (9), 
thickness of subdaily growth lines, and 
duration of closure. 

We installed glass microelectrodes, 
sealed by 0 rings from the surrounding 
seawater, through a drilled hole in the 
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Growth Lines in a Bivalve Mollusk: Subdaily Patterns 

and Dissolution of the Shell 

Abstract. Scanning electron micrographs of sections of the prismatic shell of the 
bivalve Mercenaria mercenaria reveal narrow subdaily growth striations. The width 
of these narrow lines, formed by concentrations of organic material, corresponds to 
the quantity of shell material that would be expected to dissolve during periods of 
anaerobic metabolism. The pH in the extrapallial fiuid of the bivalve decreases when 
the valves are closed, and the amount of dissolution of shell is related to the duration 
of valve closure. 
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shell and into the extrapallial fluid of 

specimens of the hard clam Mercenaria 
mercenaria Linne. By cementing each 
bivalve to a glass plate we were able to 
monitor movement of the upper valve 
with a photovoltaic device, and simulta- 
neously record the output of the photo- 
cell and the electrode on a strip-chart re- 
corder. A sample of such data, obtained 
with animals in a 14:10 light-dark cycle 
and continuously submerged, appears in 
Fig. 1. Analysis by fast Fourier trans- 
form (10) of the simultaneous curves 
substantiated the conclusions of earlier 
investigators (9): we found a close corre- 
lation between valve position and acidity 
of the extrapallial fluid (Fig. 2). Results 
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Fig. 1 (top left). Valve movement records 
for five specimens of Mercenaria merce- 
naria. Fig. 2 (top right). Simultaneous 
record of valve movement (SM) and electrode 
potential in the extrapallial fluid (EP) of a 
specimen of M. mercenaria. Electrode poten- 
tial increases slowly while the valves are open 
and decreases when they are closed. Fig. 
3 (bottom right). Power spectrum, calculated 
by fast Fourier transform, of rhythms of shell 
movement (SM) and pH of the extrapallial 
fluid (EP) in a specimen of M. mercenaria. 
Major periods, in hours, are marked at peaks 
of spectral density. 
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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 cm2. 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 for 
every hour the shell is closed 

shell loss per hour total weight 
x x 

unit weight surface area 

- = thickness lost per hour 
density 

For example, one of our specimens with 
valves weighing 64 g and an internal sur- 
face area of 56 cm2 would lose 7.8 x 10-2 
,tm/hour (using a density of 2.93 g/cm3 
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 ,im. These 
values are sufficiently close to the mea- 
sured widths (0.45 to 0.9 ,am) 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 (14). 
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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 (4). Second, our hypothesis 
does not account for the thickness of 
presumed diurnal or tidal markings (5), 
which is as much as 3 ,/m 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 
(5), 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. 
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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 (1). 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. 
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The model of growth-line formation and 
shell dissolution (7) is thus quantitatively 
supported, at least for subdaily lines. 

J. GORDON 
M. R. CARRIKER 

College of Marine Studies, University 
of Delaware, Newark 19711 
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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. (4) 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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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 
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