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ABSTRACT. Previous studies on bivalve molluscs have not provided a consensus on whether shell and 
soft hssue growth occur simultaneously. This study provides separate estimates of shell and soft tissue 
growth of a mid-intertidal population of the ribbed mussel Geukensia demissa from South Carolina, 
USA. Growth of these 2 parameters did not occur coincidentally at  all times. The rate of growth in soft 
tissue was variable between January and May, but consistently high between May and October Shell 
growth increased steadily through the year to a maximum between June and July. The rate of growth in 
shell length decreased after spawning in August, but tissue growth continued at a high rate. Declines in 
tissue weight were observed at 3 separate times, one of which occurred during the period of fastest 
increase in shell length. Age-length curves and recorded growth in shell length suggest that annual 
growth rates of C. deniissa in South Carolina are h g h  compared to other locations in the eastern U.S. 
Growth rates during the summer were similar to northern locations, but milder environmental condi- 
tions at  this South Carolina site permit an  extended growing season that results in higher overall growth 
rate in shell length. 

INTRODUCTION 

Most studies of growth in bivalve molluscs use 
increases of shell length or weight over a given period 
of time as estimates of growth. Typically, growth in one 
parameter is assumed to be parallelled by an equiva- 
lent amount of growth in the remainder of the animal. 
Less frequently, growth in shell and soft tissue are 
independently determined. Hilbish (1986) illustrated 
that growth in shell length and soft tissue of bivalves 
need not be coincident in time, and demonstrated that 
in a population of Myl lus  edulis, growth in shell pre- 
ceded growth in soft tissue. Uncoupled rates of growth 
of shell and tissue may severely affect analyses of 
bivalve population dynamics, as well as estimates of 
population and community production. Several indices 
of condition used frequently for bivalves estimate con- 
dition as the proportion of a body component with 
respect to the total weight or volume of the animal 
(Walne & Mann 1975, Lucas & Beninger 1985). There- 
fore, these indices may be drastically affected by 
uncoupled rates of growth in shell and soft tissues, 
resulting in apparent changes of condition that do not 
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necessarily correspond to real loses or gains of weight 
by the animals (Shafee 1980, Iiiibish 1986, Bricelj et  
al. 1987). 

Variation in a number of environmental parameters 
and endogenous cycles of the animals may result in 
non-coincident rates of shell and soft tissue growth. 
Conditions favorable to shell growth may occur at times 
other than those leading to increases of soft tissue. 
Materials from different sources are used for produc- 
tion of shell and soft tissue of bivalves. Changes in soft 
tissue weight are typically associated with seasonal 
variation in food availability (Bayne & Newel1 1983), 
the reproductive cycle (Bayne & Worrall 1980), and 
patterns of energy storage and utilization (Gabbott 
1976, Barber & Blake 1981). On the other hand, shells 
have lower organic content than soft tissues (Jsrgen- 
sen 1976, Price et al. 1976), and shell growth may have 
only partial dependence on metabolic carbon (Tanaka 
et al. 1986), since shell growth occurs largely through 
deposition of materials from the water (Wilbur & 
Saleuddin 1983). Therefore, seasonal variation in food 
availability and levels of inorganic elements in the 
water may have different effects upon the rates of 
growth in shell and soft tissue. 

In this study, separate determinations of shell and 
tissue growth of the ribbed mussel Geukensia 
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demissa were obtained monthly from a mid-intertidal 
population in the North Inlet Estuary, South Carolina, 
USA. While previous studies have demonstrated that 
uncoupled growth of shell and soft tissue occur in 
bivalve populations, it is important to extend this 
studies to other species and latitudes. This would 
permlt ascertaining the generality of this pattern of 
growth, and the potential for artifacts in studies of 
growth of bivalve molluscs. In addition, Hilbish (1986) 
used a limited size-range of animals, and the timing 
of shell and tissue growth may vary substantially 
among size classes (Peterson & Fegley 1986). There- 
fore, the present study uses a wide range of size/age 
classes to examine patterns of growth in shell and soft 
tissue. We determine whether growth of these 2 para- 
meters is coincident in time, and whether patterns of 
growth depend upon size or age class. Furthermore, 
this study provides age-specific growth trajectories 
for C. demissa, a dominant secondary producer on the 
eastern U.S. coast, and compares them with previous 
reports of shell growth at other locations. 

METHODS 

About 90 mussels ranging from 12 to 62 mm shell 
length were collected in January 1984 from a popula- 
tion that occurs on an  intertidal oyster bed (Crassostrea 
virginica) in the North Inlet Estuary, South Carolina. 
This site is covered by water for an average of 8 h d-l. 

All specimens were scrubbed clean of epibionts, their 
shell length measured to the nearest 0.1 mm with Ver- 
nier calipers, and a number painted on the exterior of 
the shell. They were then placed in plastic flower pots 
(about 15 cm in diameter) which had been filled with 
empty oyster shells and sediment from the site, to 
resemble the natural substrate. About 5 mussels of 
various sizes were placed in each flower pot, a lower 
density than that of the natural population (Borrero 
1985). The flower pots were covered with 1 cm mesh- 
size plastic screen, to avoid predation by racoons, 
which occurred in preliminary experiments. The 
mussels were then returned to the slte from were they 
had been collected, by burying the flower pots in the 
substrate up to their upper edges. Mussel growth was 
monitored about monthly between January and 
October 1984. On each date, the mussels were 
recovered, washed in running seawater, measured, 
and the numbers repainted if necessary. Mussels found 
dead were removed but not replaced. Daily growth for 
each individual was calculated by dividing the increase 
in shell length during each growth interval by the 
number of days elapsed. Mean daily growth was calcu- 
lated both as an  average for all mussels, and for each of 
3 initial shell length classes to which mussels were 

assigned. ANOVA (Sokal & Rohlf 1981) was used to 
test the effects of shell length (inihal length) on mussel 
growth during the whole period, and during the sum- 
mer and fall seasons, separately. Information on tem- 
poral variation in surface water temperature at the 
same general area was obtained from the Long Term 
Ecological Research Program of the University of South 
Carolina. 

At each sampling date, approximately 25 individuals 
were collected from the natural mid-intertidal popula- 
tion. These were dissected, the soft tissues dried to a 
constant weight at 80°C and then weighed to the 
nearest 0.1 mg. Shell length of each indvidual was 
measured to the nearest 0.1 mm using Vernier calipers. 
A regression of dry soft tissue weight on shell length 
was generated for each monthly sample from the 
natural population. These regressions were used to 
calculate an estimate of the dry tissue weight for each 
individual of known length maintained in the flower 
pots. In this manner, growth in terms of tissue weight 
and shell length were monitored for each individual 
maintained in the flower pots. 

This procedure assumes that shell growth in the 
flower pots is identical to shell growth in the natural 
population. Otherwise, measured shell growth would 
not be reflective of growth in the natural population. 
This assumption was tested by comparing shell 
growth curves based on age estimations of mussels 
maintained in the flower pots, with those from the 
natural population. Experimental mussels were placed 
in the flower pots in January 1984, and recovered in 
January 1986. A total of 29 individuals were 
recovered. An additional sample of 62 mussels was 
collected from the natural population at this time. The 
shell length of individuals from both samples was 
measured to the nearest 0.1 mm. Age was determined 
for each individual by 2 separate methods. First, exter- 
nal growth checks on the shell of each mussel were 
counted and the relationship between shell length and 
number of growth checks was established. Annual 
growth checks could be recognized from other marks 
on the shells, following the suggestions given in Bert- 
ness (1980) and Brousseau (1984). Secondly, age esti- 
mations were obtained by sectioning the shells lon- 
gitudinally through the umbo using a low speed saw, 
and counting the number of internal growth bands on 
the polished cut edge of the shells. A relationship 
between shell length and number of internal growth 
bands was obtained, and the growth trajectories 
obtained on the basis of external and internal growth 
bands were compared. In order to ascertain the accu- 
racy of these age estimations, both techniques were 
calibrated against the measured length increments 
during the 2 yr penod of growth in the flower pots 
(January 1984 to January 1986). 



Borrero & Hilbish: Shell and soft tissue growth of Geukensia demissa 11 

RESULTS 

Daily specific growth rates (mm d-l) of mussels in the 
flower pots exhibited a seasonal pattern of variation, 
which resembled the temporal pattern of changes in 
surface water temperature (Fig. 1). The correlation 
coefficient between the 2 variables, however, was not 
significant (r = 0.643, p - 0.086). Little growth in shell 
length occurred between January and March, when 
lowest temperatures were recorded. Higher growth 
rates were observed between May and October, with 
the highest daily growth occurring in July (up to 
0.143 mm d-l), when temperature was at its maximum. 
A significant effect of initial shell length on daily 
growth rate was observed (ANOVA, p < 0.005), with 
small (10 to 25 mm) and medium (26 to 40 mm) mussels 
increasing in size at higher rates than large mussels (41 
to 55 mm) (Table 1). Small mussels increased in size 
more than 2-fold during the 10 mo period, whereas 
large mussels increased by about a third of their initial 
size. Summer growth was about twice the growth in the 
fall for mussels of all sizes and there was a decline of 
the increase in shell length with increasing mussel size 
during all the time periods examined. 

Analysis of covariance was used to determine the 
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Fig. 1. Geukensia demissa. ( W )  Mean growth rate (mm d-') of 
n~ussels in flower pots at  a mid-intertidal site, between 11 Jan 
and 31 Oct 1984. Sample slze at  each period is indicated next 
to each plotted symbol. Vertical bars represent one standard 
error of the mean. Also given (m) is temporal variation in 
surface water temperature ("C). Each symbol represents a 

single temperature measurement 

Table 1. Geukensia demissa. Growth of mussels in flower pots 
at a mid-intertidal site, during summer (14 May to 9 Aug 1984) 
and fall (9  Aug to 31 Oct 1984),  and during the total period of 

study (11 Jan  to 31 Oct 1984) 

Initial 
length 
(mm) 

Range of Mean length n Mean percent 
length in- increase length in- 

crease (mm) (mm) + SD crease 

Summer 
10-25 7.7-18.2 
2 6 4 0  5.0-14.8 
4 1-55 4.0-10.7 

Fall 
10-25 3.8-7.5 
2 6 4 0  1.2-1 1.0 
41-55 1.0-6.5 

Total period of study 
10-25 15.0-25.0 
2 & 4 0  10.5-25.7 
4 1-55 7 -5-19.2 

mean tissue weight of a standard mussel of 58.1 mm in 
shell length, which is the grand mean in length of all 
mussels collected from the natural population. Signifi- 
cant temporal variation in adjusted dry soft tissue 
weight was observed in the monthly samples collected 
from the natural population during 1984 (Fig. 2). There 
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Fig. 2 .  Geukensia demissa. ( W )  Seasonal variation in co- 
vanance-adjusted total soft tissue dry weight of mussels from 
a mid-intertidal natural population in 1984. Plotted symbols 
represent the mean of about 25 individuals, adjusted to a 
standard individual of 58.1 mm length. Vertical bars are 1 
standard error of the mean. Also given (m) is temporal variation 
in surface water temperature. Each symbol represents a single 

temperature measurement 
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was no significant variation in the slopes of the regres- 
sions of tissue weight on shell length (p  > 0.05). 
Adjusted soft tissue weight exhibited a general 
increase between January and April, and then a steep 
decline from May to July, with the mussels losing about 
35 ?h of their adjusted weight during this period. 
Between July and August a slight increase in adjusted 
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NUMBER OF ANNUAL MARKS 

Fig. 3. Geukensia demissa. Age-length growth trajectories of 
mussels from the natural population (0) and flower pots (m), at 
a mid-intertidal site in January 1986, based on (a) external 
shell marks, and (b) internal shell marks. Each symbol repre- 
sents the mean of the number of mussels indicated next to it. 

Vertical bars are 95 '10 confidence limits about the mean 
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Fig. 4. Geukensia demissa. Reconstructed growth trajectories 
of shell (0) and soft tissue (m) of standard mussels of 20,  40, and 
60 mm in initial shell length. See text for details on methods 

used 

soft weight was observed, after which another decline 
took place between August and September. Adjusted 
tissue weight increased between September and 
October. The increase in weight between January and 
April was coincident with increasing water tempera- 
ture, but maxima of tissue weight, and subsequent 
decline, occurred much before the maxima of water 
temperature in the area (Fig. 2). 

There was good agreement between the shell growth 
histories constructed on the basis of external and inter- 
nal growth marks (Fig. 3). The variance about the mean 
shell length for each age increment was slightly smaller 
with the estimations based on external marks, suggest- 
ing higher accuracy of this method. After 2 yr of 
growth, 15 mussels were recovered from the flower 
pots with their original painted numbers in January 
1986; 2 external shell marks were observed in some 
individuals, whereas 1 mark plus some additional 
growth was observed in others. This suggests that the 
deposition of external growth marks is about annual, 
their appearance occurring during the winter in this 
population. In South Carolina, this probably occurs 
between December and February. Mussels from the 
flower pots exhibited the same shell length per unit age 
as mussels from the natural population, irrespective of 
whether internal or external shell marks were used to 
estimate age (Fig. 3). These results indicate that resi- 
dence for 2 yr in the flower pots had no significant 
effect on rates of shell growth. This validates our 
assumption that the pattern of shell growth in the flower 
pots reflects shell growth in the natural population. 

Shell and soft tissue growth were estimated at each 
monthly sample interval for a total of 41 mussels from 
the flower pots. Individuals that did not s u ~ v e  the 
entire monitoring period were not used. For each indi- 
vidual, size at each time interval was regressed against 
its size in January 1984. Using this regression, the 
estimated growth history for individuals that were ini- 
tially 20, 30, and 40 mm in shell length were con- 
structed (Fig. 4). The average initial size was 31.8 mm, 
so these size classes take in the majority of individuals 
that were included in the study. Shell and soft tissue 
growth were not coincident in time. Percentage change 
in weight and shell length were calculated for the 
30 mm size class. The correlation between relative 
rates of growth in shell and soft tissue was not signifi- 
cant (r = 0.481, df = 6). Between August and Sep- 
tember mussels lost weight due to spawning (Borrero 
1987), and therefore the loss of body mass during this 
period is not reflective of growth. If this interval is 
excluded from the analysis, the correlation between 
percent change in shell length and soft tissue remains 
non-significant (r = 0.451, df = 5). 

The patterns of growth in shell and soft tissue were 
very similar among size classes (Fig. 4). Rates of growth 
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of both shell and soft tissue are greater for the initially 
smaller size class, which is to be expected from stan- 
dard allometric relations of invertebrate growth. How- 
ever, there appear to be no significant differences 
among size classes in the timing of either shell or of soft 
tissue growth. 

DISCUSSION 

Growth in shell and soft tissue were not coincident in 
this population of Geukensia dernissa. Relative rates of 
soft tissue growth were highly variable between Janu- 
ary and May. After May, rates of soft tissue growth 
were consistently high until the end of the study in 
October. Spawning occurred between August and Sep- 
tember, which obscured accurate estimates of soft 
tissue growth during this interval. By contrast, relative 
shell growth increased steadily through the year to a 
maximum between June and July. After this period, 
relative rates of shell growth declined to lower levels. 
There was no significant correlation between relative 
rates of shell and soft tissue growth. Between May and 
June,  mussels lost weight while shell growth continued 
at a high rate. In the fall, tissue growth rates were at 
their maximum, while the rate of shell growth had 
declined. Therefore, growth in shell and soft tissue 
were not temporally coincident in this population. 
Because of the erratic changes in relative soft tissue 
growth before May, it is difficult to determine much 
seasonality in tissue growth rates. It appears that a 
large increase in both shell and tissue growth was 
initiated in June, but that shell growth rates declined 
while tissue growth remained high. These results are 
similar to those of Hilbish (1986) in that a major period 
of tissue growth occurs after the period of high rates of 
shell growth. Data from Jordan & Valiela (1982) also 
indicate that shell growth declined in the fall while soft 
tissue continued to increase at a high rate in a popula- 
tion of G. demissa from Massachusetts, USA. 

No significant differences were detected among size 
classes in the timing of growth in shell or soft tissue. In 
contrast, temporal displacement among size classes in 
the rates of growth in shell and/or soft tissue have been 
reported for other populations of bivalves. In New 
Hampshire, USA, the maximum mean growth rates in 
shell length of small Geukensia demissa occurred 1 mo 
earlier than the mean maximum for large mussels 
(Hardwick-Witman 1985). Similarly, Peterson & Fegley 
(1986) found significant difference in the temporal van- 
atlon of growth in shell between juvenile and adult 
Mercenaria mercenaria from North Carolina. In this 
case, shell growth of juvenile clams was disproportion- 
ally high compared to adult clams during part of the 
study. In the present study from South Carolina, we did 

not observe this type of size/age related variation in 
growth rates. The patterns of growth in shell and soft 
tissue were very similar among size classes. 

Other studies have demonstrated that shell and soft 
tissue growth may be  temporally uncoupled. Hilbish 
(1986) found no significant correlation between relative 
rates of shell and soft tissue of Mytilus edulis from Long 
Island Sound, New York, USA. Ceccherelli & Barboni 
(1983) studied the growth of populations of Mytilus 
galloprovincialis of known age and similar age/size 
distribution, cultured a t  2 sites. Growth in shell length 
was not significantly different among the sites, whereas 
soft tissue growth exhibited major differences, both in 
timing and in magnitude. Similarly, Frechette & 
Bourget (1985) observed that shore level and height 
above the bottom were correlated with large differ- 
ences in increases of soft tissue weight of experimental 
groups of M. edulis, whereas neither factor had a sig- 
nificant effect on changes in shell length. Kautsky 
(1982) likewise observed uncoupled growth between 
shell and soft tissue in M. edulis. Therefore, it is clear 
that a lack of coincidence in growth of shell and soft 
tissue is a frequent condition in bivalve populations. 
The factors that control growth of these parameters, 
particularly shell growth, are poorly known. 

Hilbish (1986) demonstrated that uncoupled rates of 
shell and tissue growth seriously affect 'adjusted- 
weight cycles', where soft tissue weights are statisti- 
cally adjusted to a standard shell length using analysis 
of covariance. This potential for artifact is evident in the 
present study. In this case, there is d large deciine in 
adjusted weight between May and June,  which con- 
tinues through July. The reconstructed growth curve 
demonstrates that there was only a minor change in 
weight between May and June,  while during June and 
July there was a high rate of tissue growth. This discre- 
pancy is generated by the relatively high rate of shell 
growth during a period of low growth in tissue, and is 
virtually identical to the observation of Hilbish (1986) 
for Mytilus edulis. Bricelj et al. (1987) pointed out a 
similar situation for the scallop Argopecten irradians, 
for which apparent declines of soft tissue weight 
(adjusted to shell height by covariance) may not have 
occurred, or may have been much less pronounced. 
Shafee (1980) indicated also that the increase in size of 
the shell in a given time may not actually represent the 
growth of the body tissue in bivalves. 

Non-coincident rates of soft tissue and shell growth 
have major practical implications in studies of bivalve 
populations. Precise knowledge of the temporal rela- 
tionship of shell and tissue production is of great 
importance to identify optimal harvesting times of 
cultured bivalves (Loo & Rosenberg 1983, Lucas & 
Beninger 1985), and culture conditions may result in 
major temporal and quantitative differences in the 
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patterns of productivity (MacDonald 1986). The phys- 
iological costs associated with growth in shell and 
tissue, and the proportion of energy allocated to these 
and other body components, can exhibit a large degree 
of variation within and among bivalve populations 
(Thompson 1979, MacDonald & Thompson 1986, Peter- 
son & Fegley 1986). Nielsen (1985) observed a signdi- 
cant linear correlation between increase in ash-free dry 
weight and increase in shell length of Mytilus edulis 
within short time periods, and concluded that the 2 
variables are closely coupled and thus increase in ash- 
free dry weight can be calculated from increase in shell 
length. However, the results presented by Frechette & 

Bourget (1985) using the same species and similar time 
periods indicate that growth in shell and soft tissue did 
not parallel each other. Therefore, the technique of 
Nielsen (1985) cannot be  applied in all cases, previous 
to evaluating it in local environmental circumstances 
and physiological condition of the animals. Unlike 
small bivalves, old bivalves grow little in shell length, 
but undergo tremendous annual changes in soft tissue 
that are partially related to their reproductive cycle. 
Therefore, size and age structure, and the relationship 
between shell and tissue growth for animals of different 
ages, must be considered in studies of population and 
community production (Kautsky 1981, Navarro & 
Winter 1982, Peterson & Fegley 1986). Using weight- 
length relations determined at one time of the year or 
for a limited size range may result in inaccurate estima- 
tions of production. 

Results from this study indicate that external growth 
bands in the shells of mussels from this population are 
formed annually, during the winter. Since spawning of 
populations of Geukensia demissa in the North Inlet 
Estuary occurs yearly between August and September 
(Borrero 1987), and spat settlement occurs between 
September and October (Borrero 1985), some growth in 
shell would occur previous to the first winter of life of 
the juvenile mussels. We do not have data on whether 
an external shell mark is formed during the first wnte r  
of Life. Therefore, it is possible that we  are under- 
estimating the age of mussels by about 1 yr, which 
is a Limitation of the aging techniques used (Lutz & 
Castagna 1980, Brousseau 1984). This may partially ex- 
plain why the rates of growth in shell length obtained 
from the age-length curves appear slightly slower than 
those obtained from the reconstructed shell growth 
trajectories of mussels from the flower pots. These 
rates, however, are generally within close proximity of 
each other. 

Brousseau (1984) reviewed data on growth of 
Geukensia demissa throughout the East Coast of the 
United States and concluded that there is no clearcut 
relation between latitude and growth rate in shell 
length of thjs species. Our data support this conclusion; 

annual growth rates observed in this study were grea- 
ter than those reported for more northern sites (Bert- 
ness 1980, Brousseau 1984, Bertness & Grosholz 1985), 
while the lowest rates yet reported occurred at a nearby 
location in Georgia (Kuenzler 1961). Size-specific 
growth rates are similar among localities in the sum- 
mer, but the growing season is longer in South 
Carolina, which results in enhanced annual growth. It 
is probable that locality-specific circumstances influ- 
ence the growth rate of G. demissa (Stiven & Kuenzler 
1979) more than do more general environmental 
changes associated with latitude. However, the shape 
of the age-length curves suggest that mussels may 
considerably reduce the rate of shell growth at an 
earlier age in populations studied from South Carolina 
and Georgia, than at other locations for which data are 
available. The inflection of the age-length curve occurs 
between 5 and 7 yr of age in South Carolina and 
Georgia, while in Connecticut and Virginia this inflec- 
tion occurs at 9 to 12 yr of age (Lutz & Castagna 1980, 
Brousseau 1984). Therefore, there may be a latitudinal 
trend in the relationship between shell growth and age 
among populations of G. demissa. 
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