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Introduction
The source of calcium for shell deposition in marine lamellibranchs has 

been shown to be the sea water. Fox and C oe (1943) showed that the calcium 
available for this purpose from ingested food was not sufficient to account 
for shell growth, while O r t o n  (1925) showed that shell growth could occur 
in the almost complete absence of food. R o b e r ts o n  (1941) stated that 
absorption of calcium ions from sea water was probable; R a o  and G o ld ­
b e r g  (1954) showed that such an intake to the tissues occurs. The utilization 
of calcium from this source in shell deposition has been shown by W ilb u r  
and J o d r e y  (1952).

R ao  (1953) suggests that the intake and deposition of calcium by molluscs 
is an automatic function, directly dependent on the exposure of the animal 
to  the source of calcium, the sea water. There is support for this in the work 
o f W i l b u r  and J o d r e y  (1952), who found that the amount of shell deposited 
by Crassostrea virginica was directly proportional to the period of exposure 
to  sea water. R a o  went on to show that in a sublittoral population of Mytilus 
the ratio of shell to meat was higher than in a littoral population. He 
suggested that the sublittoral population was exposed to the source of 
calcium (the sea water) for a longer period and thus greater accretions of 
calcium resulted. I t has been our experience that, contrary to R a o ’s findings, 
bank mussels periodically exposed to air have, in general, thicker shells and 
less meat than mussels that are never so exposed, which would result in an 
increased ratio of shell to meat for these littoral mussels.
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Figure 1. Show ing the m ean shell weight in re la tion  to the m ean m eat weight, 
o =  ratio o f shell to m eat in litto ra l mussels.
X =  ratio  o f shell to m eat in sub litto ral mussels.

Observations
To test these general observations a  series o f  m easurem ents was m ade on 

two groups o f  mussels of varying sizes from  tw o tidal levels in  the same area. 
T idal recordings, which h ad  been related to  a  perm anent tide pole w ith an 
arb itrary  zero (F igure 2), had  been m ade in  th e  estuary  o f  th e  Conw ay River 
below th e  m ussel purification tanks. This is a  very sheltered position  where 
wave action  is a t a  m inim um . T he salinity drops to  a  low  level a t low  w ater 
during and  after periods of prolonged rainfall. M ussels a re  found  in  the 
area from  a  depth  o f  abou t 20 ft. below  low  w ater extrem e spring tides 
to  a  po in t above m ean tide level. One group o f  mussels was dredged from  
a  po in t 15 ft. below  low w ater extrem e spring tides and  the o ther group was 
collected from  th e  highest po in t a t which m ussels were found  on  the  beach. 
F rom  an  analysis o f  tidal records over 14 days these la tte r mussels were 
found to  have been uncovered for 53 % o f the  tim e during  th a t period.

T he sublittoral dredged sample, which consisted o f 73 m ussels, ranging
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Figure 2. Variation of meat and shell weights in Mytilus edulis with variation of tidal 
level, with related percentage of time exposed to air. The levels are related to readings 

on a tide pole which had an arbitrary zero.

from  35 mm. to 89 mm. in length, was divided into nine length-groups, 
each containing between five and eleven mussels. The littoral sample, which 
consisted of 59 mussels ranging in length from 31 nini. to 69 mm., was 
similarly treated, being divided into 5 groups each containing between seven 
and twenty-one mussels. The shells and meat were both weighed wet 
immediately after opening. The mean shell weights are shown plotted against 
the mean meat weights in Figure 1. It can be seen that the mussels that had 
been exposed to air had the higher ratio of shell to meat.

To determine whether the decrease in ratio of shell to meat with decreased 
time of exposure to air was occasioned by an increase in meat weight or a 
decrease in shell weight, a series of samples was taken of mussels of approxi­
mately the same length at different levels on the beach and from the bed of 
the river. Four littoral and two sublittoral samples were taken. The shells 
and meats were allowed to dry on filter paper for two hours at room 
temperature before being weighed. The results, together with a curve showing 
time of exposure to air, are plotted in Figure 2. For a given length, meat 
weight increased with decreasing time of exposure, while shell weight decrea­
sed. The sublittoral samples from different depths showed little alteration in 
ratio of shell to meat with depth, but the sample from the greater depth 
showed a decrease in both shell and meat weight.

I t  has been shown ( D u g a l  and F o r t i e r ,  1941) that an increase m the 
calcium content of the shell liquor occurs in oysters kept out of water tor 
some days. To determine whether this effect was due to erosion of thej shell 
or to a release of calcium from the tissues, as suggested by J o d re y  (1952), 
and whether it occurred over a short period, samples of 50 mussels were 
taken from the highest level at which mussels were found on the beach, at
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Figure 3, Calcium  content o f shell liquor and m eat o f  M . edulis in  relation  to hours of 
exposure to a ir during a tidal period. Each p o in t is based on a sam ple o f  50 mussels 

and is the m ean o f duplicate analyses.

hourly intervals during th a t p a rt o f a tidal period  in  w hich they were o u t of 
the  w ater. T he pooled m eats and  shell liquor fro m  each sam ple w ere analysed 
for calcium. I t  can  be seen (Figure 3) th a t th e  percentage o f  calcium  in  the 
shell liquor and  tissue is greater after the mussels have been ou t o f  w ater for 
some tim e th an  im m ediately after they are uncovered (0 hours exposure in  
F igure 3). O n the  following day a  duplicate o f  the first sam ple was taken  
im m ediately after th e  mussels were uncovered, and  this show ed a  re tu rn  to  a 
calcium  level of the  sam e order as th a t recorded  im m ediately after they were 
uncovered on  the  preceding day. W e believe i t  is probable  th a t the  resu lt o f 
the analysis for one h o u r’s exposure is anom alously  h igh ; the duplicate 
analysis gave a  m uch greater divergence in  th is sam ple th an  in  any o f  the 
others. I f  the  result for one h o u r’s exposure is disregarded, th e  calcium  
percentage after a  period  o f  exposure to  air shows a significant increase, a t a 
probability  level o f  0*01.
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Discussion
The ratio of shell to meat can only be changed by a factor which influences 

shell growth differently from that of meat. The factors that have been 
suggested as affecting shell thickness in a natural population of mussels are 
light, wave action, and tidal exposure to air.

C o u l t h a r d  (1929) and H u n ts m a n  (1921) have shown that light affects 
the growth-rate, bright light reducing linear growth. This reduction appears 
to be a  result of change of shape. That this could affect the ratio of length 
to  weight of the shell is apparent, but it is unlikely that it would have an 
effect on the ratio of shell weight to meat weight because in each case the 
mussels have equal access to sources of food and calcium.

Fox and Coe (1943) suggest, and it is now generally known, that exposure 
to wave action results in slow growth and thicker shells. They also state that 
mussels living near or below low water have thinner and narrower shells 
than mussels from a higher level. In the area in which our observations 
were made there is not much wave action,

A  reduction of salinity at low water would tend to have the same effect on 
the sublittoral mussels as exposure to air would have on the littoral mussels, 
tending to keep the mussels closed when salinity dropped below the tolerable 
level, thus lessening the differences between the samples. It is therefore 
reasonable to assume that the differences that exist between the samples are 
primarily due to differences in length of time of exposure to air.

In  a population of mussels where length of time of exposure is the only 
variable, it would be expected that mussels exposed to air for half their life 
would be only half the size of mussels of the same age that were never exposed, 
because as the source of calcium was cut off, so would be the source of food; 
the net result would be that all the mussels had the same proportions with 
similar ratios of shell to meat. There is, however, another factor operating in 
the case of the mussels periodically exposed to air in that they are obliged to 
expend energy to maintain their basal metabolism while they are not feeding. 
This could result in  a reduced proportion of meat in the mussels from the 
littoral part of the population, which would give higher ratios of shell to 
meat.

I t  can be seen from Figure 1 that the littoral mussels (53 % exposure) had 
much higher ratios of shell to meat than the continually submerged mussels. 
F rom  Figure 2 it can be seen that this higher shell/meat ratio for the littoral 
mussels is the result both of a reduction in the meat weight and of an 
increase in the shell weight for mussels of a given length. The use of reserves 
to maintain basal metabolism could explain the reduction in meat weight. 
The erosion of the shell (Figure 3) should result in a lighter shell for the 
littoral mussels, if no other factors were involved. Erosion of the shell is a 
function of the basal metabolism, and if the energy consumption during 
basal metabolism has a greater proportionate effect on the meat than erosion 
has on the shell, the net result can be expressed, in terms of energy, as a loss 
in the quantity of meat.

The schematic representation of shell and meat growth in Figure 4 
demonstrates the way in which basal metabolism could result in the littoral
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Figure 4. Schem atic representation o f the growths o f shell and  m eat in (Ä) litto ra l and 
(J5) sublittoral mussels, bo th  having a tta ined  length M . The effect o f basal m etabolism  
on m eat grow th during  exposure to air is represented  by a:. Shell grow th (length and 
thickness) during  one growth period is represented by cib, and  m eat grow th by y z \  in 
addition to  the  energy loss #  in mussel A  there will be a  tim e interval betw een grow th 
periods. On the  assum ption o f 50%  exposure to  air and  energy loss x  fo r mussel A, 
the ratio  o f the  age o f  mussel A  to  th a t o f mussel B  will be 8:3, and  the ratio  o f their

shell weights 4 :3 .

mussels having heavier shells th an  the  sub litto ral mussels. A  represents a 
litto ral mussel, B  a  sublittoral mussel, b o th  having attained length M . 
There is evidence to  suggest th a t shell deposition  is continuous while the 
source o f  calcium  is accessible to  the  m ussel—-that is, all the  tim e it is covered 
w ith water. I t  is know n th a t shell secretion occurs over th e  w hole o f  the  m antle. 
I f  we consider grow th in  periods of time, in  th e  case o f  mussel A , shell grow th 
ab, representing length and  thickness, progresses sim ultaneously w ith the 
m eat grow th y z , while the mussel is covered. W hen  the  mussel is exposed by 
the  fall o f  th e  tide, basal m etabolism  results in  th e  consum ption o f  reserves 
o f energy, the  loss o f m eat in term s o f energy, in  excess o f the  loss o f shell by 
erosion, being represented by the  resu ltan t x. D uring  the  next period  of 
im m ersion shell is laid  dow n {ccl), b u t since th e  energy lost th rough  basal 
m etabolism  m ust be  replaced to  m ain tain  the sam e m ean condition, during 
the second grow th period the  quantity  o f  m eat grow s to  z 9 and  four such 
grow th periods are required to  reach size M , and  four units o f  shell thickness
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are produced. In  the case of the sublittoral mussel, where there are no losses 
due to basal metabolism while the animal is not feeding, size M  is reached in 
three growth periods, with a consequent reduction in thickness and weight of 
shells. Thus, if  we assume a 50% exposure for mussel A, it will take more 
than  twice as long to reach the same size as a mussel that is always submerged. 
In  addition to  the loss x, there will be a time interval between growth periods 
equivalent to the growth periods. The ratio of the age of mussel A  to that of 
mussel B  will be 8:3, and the ratio of their shell weights 4:3.

The energy loss due to basal metabolism can be the limiting factor in the 
height above low water at which a suspension-feeding shore animal can 
grow. I t can be seen that a point will be reached when the whole of the 
energy taken in whilst the animal is immersed will be needed to maintain the 
basal metabolism during exposure to air.

C o u l t h a r d  (1929) showed that 50% exposure to air reduced growth 
in  mussels (M. edulis) to a very low level and that mussels at that level had a 
mean growth during the period June-September of only one-sixteenth of 
tha t of mussels which were always submerged.

Summary
Mussels periodically exposed to air have been shown to have a higher 

ratio of shell to meat than mussels that were not exposed. Shell weight was 
found to increase, and meat weight to decrease, with increased time of 
exposure. A hypothesis to account for these differences is outlined. It is 
suggested that during the time that the mussels are closed through being 
out of water, the energy demands of basal metabolism reduces the meat 
more than internal chemical erosion reduces the shell.

A  schematic representation is used to show how this could result in 
thicker shells in littoral than in sublittoral mussels.

I t is suggested that the energy requirement of basal metabolism while the 
mussel is exposed to air could be the factor limiting the height above low 
water at which mussels are found on the shore.
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