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ABSTRACT- The goal of this study was to investigate whether shell growth reflects metabolic rate 
rather than overall or somatic tissue production in the soft shell clam Mya arenarja. This was accom- 
plished by conducting laboratory experiments exposing clams to different levels of food, immersion 
period and temperature in order to uncouple shell and soft tissue growth, and then determining if shell 
growth and oxygen consumption remained positively correlated. Soft shell clams were raised in a sim- 
ulated intertidal system for 2 to 3 wk to acclimate them to experimental conditions. After acclimation. 
oxygen consumption, a measure of metabolic activity, ingestion rate, a measure of energy intake, shell 
growth and soft tissue growth were estimated for all individuals. Tissue and shell growth were suc- 
cessfully uncoupled in all experiments In the 2 expenments where significant changes in shell growth, 
soft tissue growth and oxygen consumption occurred, shell growth was posit~vely correlated to oxygen 
consumption. Soft tissue growth was either uncorrelated or negatively correlated to oxygen consump- 
tion and shell growth. Shell transparency In thin sections increased with metabolic rate, while shell 
growth line clarity decreased in those treatments most stressful to the clams (i.e. low food level and  
high temperature). Our results are  cons~stent with the hypothesis that shell growth is coupled to meta- 
bolic activ~ty and IS not a measure of somatic tissue production We suggest that information on physi- 
ological rate processes is recorded in the shell of b~valves,  and that growth line patterns may be used 
to reconstruct metabolic rates from field collected individuals 
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INTRODUCTION 

For bivalve mollusks, change in body weight and 
shell dimension have both been used to measure 
growth (e.g. Borrero & Hilbish 1988). Change in soft 
tissue weight is generally considered the best index of 
growth (Hilbish 1986, Griffiths & Griffiths 1987), since 
it is frequently interpreted as reflecting overall produc- 
tion. Tissue weight can only be accurately measured as 
dry weight in sacrificed animals. Initial weight must, 
therefore, be estimated in some way in order to calcu- 
late production. This is usually done by measuring 
shell length and using a weight-length regression 
derived from an independent sample. 

Change in shell length (or some other shell dimen- 
sion) has an  obvious advantage over weight as an in- 
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dex of growth since multiple length measurements can 
be made on an  individual by marking the edge of the 
shell and periodically remeasuring its size. Growth can 
also be reconstructed from microgrowth patterns pre- 
served in the shell. Unlike weight-derived estimates, 
shell growth measurements do not depend on a n  allo- 
metric relationship obtained from other individuals to 
provide an estimate of initial size, and because it is 
more direct, shell length is the most commonly used 
indicator of growth (e.g.  Griffiths & Griffiths 1987). 
However, the linkage between shell growth and other 
physiological rate functions (especially production) is 
not readily established. Shell is, after all, a n  extracellu- 
lar structure, and it is predominantly composed of inor- 
ganic material. 

Soft tissue weight changes and shell changes are 
often assumed to be equivalent measures of growth 
(Borrero & Hilbish 1988, Grizzle & Morin 1989, Naka- 
oka & Matsui 1994), at  least in a time averaged sense. 
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Justification for this assumption is the common obser- 
vation that samples show a direct relationship between 
tissue weight and shell size. However, in studies where 
both tissue weight and shell size changes have been 
measured simultaneously, a number of investigators 
have convincingly demonstrated that these measures 
vary independently and often become uncoupled in 
time even in non-reproductive individuals (Ceccherelli 
& Barboni 1983, Frechette & Bourget 1985, Hilbish 
1986, Peterson & Fegley 1986, Borrero & Hilbish 1988, 
Hawkins et al. 1989, Harvey & V~ncent 1990). For 
example, Borrero & Hilbish (1988) measured tissue 
and shell growth over a complete growing season in a 
South Carolina (USA) population of the ribbed mussel 
Geukensia demissa. They found that rates of tissue and 
shell growth varied independently and shell growth 
remained positive, even in periods when tissue growth 
was negative. In view of the uncoupling between 
tissue growth and shell growth, and accepting the 
reasonable assumption that tissue weight change is 
the best index of production, what physiological pro- 
cess does change in shell size reflect? 

Uncoupling between the growth of somatic tissue 
and otoliths, another calcified, extracellular structure, 
has been observed frequently in fish (e.g. Mosegaard 
et  al. 1988, Reznick et  al. 1989, Secor & Dean 1989, 
Hovenkamp 1990, Umezawa & Tsukamoto 1991, 
Wnght et al. 1991. Francis et al. 1993, Hoff & Fuiman 
1993). Mosegaard et al. (1988) found considerable evi- 
dence for growth uncoupling in Arctic char raised at 
different temperatures. In their laboratory experiment, 
somatic growth rate reached an optimum at an inter- 
mediate temperature and declined at the highest tem- 
peratures. In contrast, otolith growth rate continued to 
increase with increased temperature. Mosegaard et al. 
(1988) explained the decline in somatic growth rate in 
energetic terms, with respiration progressively utiliz- 
ing a larger fraction of assimilated energy at higher 
temperatures. These authors then proposed that otolith 
growth is related to some 'metabolic expression of the 
fish' that continued to increase with temperature. 
Unfortunately, no metabolic measurements were avail- 
able to test this hypothesis. 

In light of these observations, the goal of this study 
was to test whether variations in bivalve shell growth, 
and more specifically the size and structure of 
microgrowth patterns, reflect changes in metabolic 
rate rather than overall or somatic tissue production 
(i.e. non-reproductive and non-shell related produc- 
tion). Our approach was to conduct laboratory experi- 
ments that produced uncoupled tissue and shell 
growth conditions in the soft shell clam Mya arenana, 
and then determine if shell growth and oxygen con- 
sumption (as a measure of metabolism) remained posi- 
tively correlated. 

MATERIALS AND METHODS 

General design. Soft shell clams Mya arenaria were 
collected as needed between September 1993 and 
December 1994 from an intertidal location in Mt. Sinai 
Harbor, an embayment of Long Island Sound, NY, 
USA. For all experiments, clams measuring between 
60 and 70 mm in length, and carefully matched to be of 
similar size and total body weight, were brought to the 
Flax Pond Marine Laboratory in Old Field, NY. Indi- 
vidual clams were placed in butyrate tubes (10.2 cm in 
diameter and 23 cm in length) containing clean, azoic 
sand (Fig. 1). A 1 mm mesh screen was epoxied 2.5 cm 
from the bottom of the tube to hold the sand in place 

I m w 1  / 
Sampling Port 

Inflow 

- Screen 

Fig. 1. Diagram of the measurement apparatus in exploded 
view.  measurement apparatus consisted of measurement 
chamber top, connecting ring, tube containing experimental 

clam in sand, and bottom 
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and to allow seawater to freely drain or percolate up 
through the sand depending on the water level outside 
the tube. Clams could easily move both laterally and 
vertically in the tube and adjusted to their preferred 
burial depth in less than 1 d.  Tubes with clams and 
control tubes containing only sand were held under 
immersed conditions for 24 h and then transferred to 
the experimental system. 

Experiments were conducted in a mock tidal system 
to simulate natural intertidal conditions. The system 
produced periods of low and high tide by using sub- 
mersible pumps and electric timers and consisted of 4 
buckets and reservoir tanks, 1 for each treatment. 
Treatment buckets were covered, 19 1, high density 
polyethylene pails. They contained 3 tubes, 2 tubes 
with a single clam in each and a control tube, that were 
supported 2 cm off the bottom of the bucket to permit 
free water exchange through their screened bottoms. 
An inflow port from the reservoir was located at the 
bottom of the treatment bucket. Water upwelled in the 
treatment bucket and overflowed through a standpipe 
back to the reservoir tank. The reservoir tanks were 
64 1, high density polyethylene tanks with covers to 
prevent evaporation. Water was pumped at about 1 1 
min-' from the reservoir tanks to treatment buckets. 
During immersion or high tide periods, seawater con- 
tinuously recirculated between treatment buckets and 
reservoirs. Emersion or low tide periods were created 
when the timers shut the pumps off and water drained 
from the buckets by flowlng back through the pumps 
to the reservoir tanks located below the buckets. Tidal 
cycles were exactly 12 h long to facilitate a regular 
maintenance schedule. 

Water in the reservoir tanks was changed daily dur- 
ing a low tide period to keep food levels as constant as 
possible and to remove metabolic products. Replace- 
ment water was filtered through a series of 30 pm, 
1 pm and 0.5 pm cartridge filters. Particles less than 
1 pm are below the lower limit of Mya arenaria's filter- 
ing ability (Wnght et al. 1982). The centric diatom Tha- 
lassjosira weissflog~~ was then added as food. Each 
reservoir tank was aerated to keep algae in suspen- 
sion. Algae at 20 times the concentration in the reser- 
voir tanks were continuously delivered to the reservoir 
tanks by peristaltic pump to replace food filtered by 
the clams. Using preliminary experiments and testing 
several options with a simple food delivery/feeding 
model, the experimental system was capable of main- 
taining food concentrations within +40% of the nomi- 
nal value after 2 tidal cycles, as long as the clam's 
filtration rates ranged between 50 and 200% of their 
estimated levels (Lewis 1996). 

All experiments were run in a completely random- 
ized block design consisting of 4 treatment levels per 
replicate. Each replicate ran for approximately 2 to 

3 wk to allow the clams to acclimate to experimental 
conditions. After the acclimation period, chamber tops 
and bottoms were attached to the animal and control 
tubes, and ingestion rate and oxygen consumption 
were measured. All experiments consisted of 5 1-epli- 
cates. 

Experimental treatments. (1) Food experiment: 
Treatment levels for this experiment were set at 12.5, 
25, 50, and 100 % of a n  algal concentration expected to 
be optimal for growth. The full food level was taken to 
be 2400 Thalassiosira rveissflogii cells ml-' We ex- 
pected that the full food level would support growth 
since it is equivalent to 400 1-19 organic carbon 1-' and 
falls within the range (300 to 700 1-19 organic carbon I-') 
considered to be best for clam culture (Malouf & Bricelj 
1989). Temperature was held at  15 * IoC,  and the im- 
mersion period was 8 h per tidal cycle. 

Increased feeding and associated absorption and 
digestion costs have been shown to cause an  increase 
in oxygen consun~ption of bivalves (Bayne & Newel1 
1983). Therefore, shell growth was predicted to 
increase with food level in this experiment as clams 
become more active at higher food levels. Shell growth 
was also expected to continue at the lowest algal con- 
centrations, but tissue weight would decline because 
clams would not receive a sufficient food ration. 

(2) Immersion experiment: Treatment levels were 6, 
8, 10, and 11.25 h of immersion pel- tidal cycle. Tem- 
perature was held at  15 * 1°C. Food concentration was 
adjusted to 4800 cells rnl-' to insure that food was not 
limiting. 

Increased immersion time was expected to result in 
increased shell growth as the total period available for 
aerobic metabolism increased. Shell growth would 
increase linearly with irnmerslon time if Mya arenaria 
showed no adjustment in respiration rate to compen- 
sate for differences in immersion period. We also 
expected that the line separating mlcrogrowth in- 
crements would be most sharply defined during the 
longest emersion times, since low tide corresponds to 
the period when the line separating growth increments 
forms (Richardson et al. 1981). 
(3) Temperature experiment: Treatment levels for 

the temperature experiment were 5 ,  12, 20, and 27°C. 
To maintain constant temperatures, reservoir tanks 
were placed in 4 separate temperature control baths. 
At the beginning of each experimental run, tempera- 
tures were gradually changed from ambient over a 2 d 
period to allow the clams a chance to adjust to the 
treatment conditions. Immersion period was 8 h per 
tidal cycle. Food concentration in the reservoir tanks 
was adjusted to 4800 cells ml-' to insure that food was 
not limiting. 

Kennedy & Mihursky (1972) have shown that the 
acclimated oxygen consumption rate of Mya arenaria 
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increased monotoilically over the temperature treat- 
ment range of this experiment. Furthermore, the Qln 

for clearance rate was found to be -1 in M, arenaria for 
temperatures between 5 and 20°C (Lowe & Trueman 
1972). Assuming no difference in energy intake with 
treatment, tissue weight change would vary inversely 
with temperature and could be positive at the lowest 
and negative at the highest treatment temperature(s). 
We expected that shell growth would, like oxygen con- 
sumpt~on but unlike tissue weight change, increase 
with temperature. 

Design of the measurement chamber. To minimize 
disturbance, the measurement chamber apparatus 
used to estimate ingestion rate and oxygen consump- 
tion was designed to connect directly to the tubes that 
housed the clams (Fig. 1).  The measurement chamber 
top was made from Lexan tubing and had 2 ports for 
flow, a sampling port, and an attached magnetic stir- 
rer. Water was mixed by a magnet suspended in the 
chamber. A motor with a second magnet on its shaft 
was connected to a post on the outside of the chamber. 
A speed controller attached to the motor was set to pro- 
duce a stirring rate of about 60 rpm. The rate was 
adjusted to thoroughly mix the water in the chamber 
without resuspending sand. The overall volume of the 
measurement chamber top was about 660 ml. 

The chamber top was attached to the tube by con- 
structing a large, Lexan ring that fits around the bot- 
tom of the chamber and the top of the tube containing 
the clam. An 0-ring on the inner surface of this ring 
created the seal between the ring and the tube. The 
measurement chamber then slid into the upper half of 
the ring and a second 0 - n n g  was used to create a seal. 

The bottom of the measurement chamber apparatus 
was a Lexan disk that attached to the bottom of the 
tube. This bottom disk was plug shaped and an 0-ring 
prevented water from draining out of the bottom and 
made the entire chamber top-tube assembly water and 
airtight. This system allowed the clam to be virtually 
undisturbed and remain in sediments in a natural 
upright position during oxygen consumption and 
ingestion rate measurements. 

Ingestion rate and oxygen consumption. To mea- 
sure ingestion rate and oxygen consumption, tubes 
containing clams and control tubes were gently 
removed from the treatment buckets near the end of 
an emersion period. They were transferred to the 
reservoir tanks and slowly submerged. Measurement 
chamber tops and bottoms were attached under water 
to exclude air bubbles. Inflow and outflow lines were 
connected to ports on the chamber tops, and flow rates 
were adjusted and calibrated for each individual 
chamber to about 40 m1 min-l, a rate that allowed 
steady state chlorophyll a (chl a) concentrations to 
remain above 75% of inflow conditions. Flow to all 

chambers was maintained for at  least 1 h beyond the 
time the siphon of the last clam in any run surfaced and 
the clam was observed to be pumping. 

At the end of the waiting period, water samples for 
the ingestion rate measurement and initial oxygen 
concentration measurement were collected. Samples 
for ingestion rate were taken by collecting outflow 
water for 5 min. Samples for oxygen concentration 
were extracted through the sampling ports using a 
10 m1 syringe. With the outflow ports closed and inflow 
continuing, these samples were taken without allow- 
ing air bubbles to form in the chamber. The inflow and 
sampling ports were then closed to initiate an incuba- 
tlon period. Oxygen uptake incubations lasted from 15 
to 90 min depending on water temperature. Incubation 
time was adjusted to obtain an easily measurable con- 
centration difference while keeping the final oxygen 
concentration above 75 % of the initial level. Pedersen 
(1992) showed that Mya arenana altered its oxygen 
uptake behavior only when oxygen levels fell below 
25% saturation, a level never reached in the present 
study. At the end of the incubation time, the final 10 m1 
water sample for the oxygen consumption measure- 
ment was taken. 

Water samples collected for ingestion rate measure- 
ment were filtered through 47 mm Whatman GF/C 
glass fiber filters and then stored at -20°C. Chl a was 
determined by in vitro fluorometry (Parsons et al. 1984) 
using a Turner Designs Model 10 Fluorometer. Feeding 
rate (FR) was estimated from the removal of chl a in 
the flow-through measurement chamber as FR = F(C, - 
C,) where Fis the flow rate, and C, and C, are the out- 
flow chl a concentrations in the water of the control and 
clam chambers, respectively. Ingestion rate was then 
estimated from the product of feeding rate and immer- 
sion period. Concentrations of algae were below the 
threshold of pseudofeces production in all experiments. 

Oxygen concentrations were measured by a micro- 
winkler technique modified from the method in 
Carpenter (1965) and developed by R .  A. Aller (pers. 
comm.). Respiration rate was determined from the rou- 
tine rate of oxygen consumption (Bayne & Newel1 
1983) and was calculdted ds the ddference between 
initial and final oxygen concentrations, corrected for 
any consumption in the control chamber, divided by 
the incubation time. Oxygen consumption over the 
tldal cycle was then calculated from the product of res- 
piration rate and immersion period. 

Respiration is a reasonable measure of metabolism in 
Mya arenaria. Like most bivalves (de Zwann & Wijs- 
man 1976), M. arenaria utilizes both aerobic and anaer- 
obic metabolic pathways, but the aerobic pathway is 
dominant when respiration is time averaged over the 
tidal cycle. Pedersen (1992) measured a 12-fold differ- 
ence in heat production between periods of activity and 
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inactivity in soft shell clams. This is probably an  under- 
estimate of the typical difference between aerobic and 
anaerobic metabolism, since Pedersen kept the clams 
unfed for 5 d prior to measurement, and bivalves re- 
spond to starvation by reducing respiration to conserve 
energy (Bayne & Newel1 1983). Energv consumed by 
the anaerobic pathway in bivalves has been estimated 
to be only 5'.5L1 of the total heat loss during an entire tidal 
cycle (Famme et  al. 1981, Shick et al. 1983). 

Tissue growth. Tissue growth rate was measured by 
estimating the average tidal cycle change in ash-free dry 
weight (AFDW). Initial weights were estimated from 
AFDW versus shell length regressions calculated from 
independent samples of clams collected at the same time 
as the experimental run. AFDW and shell length data in 
these samples were fit by nonlinear least squares to the 
allometric equation W = aL< where W is AFDW, L is 
shell length, and a and b a r e  fitted parameters. 

Shell growth. Thin sections of the chondrophore of 
all experimental clams were prepared for microgrowth 
increment analysis using methods outlined in Cerrato 
et al. (1991). Shell growth in the chondrophore was 
measured with an optical micrometer under 400x mag- 
nification. Shell produced during an  experimental run 
was visible as a band of increments at the edge of the 
chondrophore. This new shell was generally clearly 
marked by a change in shell opacity, an especially 
distinct growth increment, and/or a change in semi- 
diurnal increment thickness. 

In addition to microgrowth increment measure- 
ments, qualitative changes in shell transparency and 
increment clarity were made to determine if these fea- 
tures varied with metabolic rate. Shell growth during 
the experimental period was classified as translucent 
or opaque by comparing it to seasonal patterns in the 
rest of the shell. Translucent shell typically forms in 
summer and opaque shell is produced in fall through 
winter (Cerrato et al. 1991). Growth increments during 
the experimental period were classified as distinct if 
more than half of the expected number of semidiurnal 
~ncrements were easily identified. Whether increments 
are distinct or not depends in part on the clarity of the 
lines between increments. These lines are  formed dur- 
ing emersion periods (Richardson et al. 1981). 

Data analysis. The principal method of analysis in 
this study was to perform a simple linear correlation 
between dependent variables. Oxygen consumption, 
ingestion rate, tissue growth and shell growth rates for 
the 2 clams in each treatment bucket were averaged 
prior to any statistical analysis. A significant outcome 
in a randomized block analysis of variance or a signifi- 
cant linear regression trend were used as criteria to 
identify those variables that actually responded to the 
experimental treatments. Correlations were attempted 
only for those variables that met the criteria. 

RESULTS 

Food experiment 

Ingestion rate was the only variable that exhibited a 
significant treatment effect in the food experiment. 
Ingestion rate was 9 times greater at  the 2 highest food 
levels when compared to the 2 lowest food levels (F = 

3.67, df = 3,12,  p < 0.05; Fig. 2 ) .  Oxygen consumption, 
shell growth, and soft tissue growth varied consider- 

Food Level 

Fig. 2.  Mya arenaria. Food experiment results for ( a )  oxygen 
consumption rate (mg O2 per tidal cycle), (b)  shell growth (pm 
per tidal cycle), (c) soft tissue growth (mg per tidal cycle), and 
(d.) ingeshon rate (mg organic carbon per tidal cycle). Food level 
is expressed as pg organic carbon. I-'. Error bars represent 1 SE 
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ably with food level, ranging in some cases by over 
100 %, but none of these variables showed a significant 
treatment effect (all F <  1.30, df = 3,12, p > 0.05; Fig. 2). 
Shell growth did, however, exhibit a significant block 
effect (F = 5.39, df = 4,12, p i 0.05). 

Shell growth occurred in all treatments, even though 
food levels were not sufficient to support tissue 
growth. Mean shell growth rates were significantly 
greater than zero for all treatments (all t > 4.29, df = 12, 
experimentwise p < 0.01). In contrast, mean tissue 
weights declined in 3 of the 4 treatments; however, 
none of the tissue changes were significantly different 
than zero (all t < 0.52, df = 12, experimentwise p > 
0.05). Soft tissue losses in this experiment indicated 
that food levels were perhaps too low to support 
growth, and food concentrations were increased from 
2400 to 4800 cells ml-' in subsequent experiments. 

There was no trend in shell transparency with treat- 
ment, but substantially more individuals had distinct 
growth increments in the 2 highest food level treat- 
ments compared to individuals held at lower food levels 
(Table 1). About 74 % of the individuals examined pro- 
duced translucent shell materlal during the experimen- 
tal period. Almost all of the individuals (90%) in the 2 
high food level treatments produced distinct growth in- 
crements. In contrast, less than half of the individuals in 
the low food treatments had distinct increments. 

Immersion experiment 

Oxygen consumption, shell growth, and tissue 
growth all exhibited treatment effects, with oxygen 
consumption and shell growth increasing monotoni- 

cally with immersion period (Fig. 3) .  A positive regres- 
sion trend existed between oxygen consumption and 
immersion time (F = 55.14, df = 1,2, p 0.05) and 
between shell growth and immersion time (F = 39.83. 
df = 1 ,2 ,  p 0.05). Shell growth occurred in all treat- 
ments (all t > 7.51, df = 12, experimentwise p < 0.01). 
Tissue growth was affected by treatment (F= 3.95, df = 

3,12, p < 0.05) but no trend with immersion time was 
observed (F = 0.11, df = 1,2,  p > 0.05). Individuals 
immersed for 8 h of the tidal cycle lost weight, but in 
other treatments, no significant weight changes were 
measured (t = 3.17 for 8 h treatment, other t < 0.90, df = 

12, experimentwise p < 0.05). Ingestion rate did not 
vary with treatment ( F =  1.06, df = 3,12, p > 0.05), and 
differences in shell and tissue growth were, therefore, 
not attributable to differences in energy intake. 

Shell growth and oxygen consumption were the only 
2 dependent variables to remain coupled during the 
immersion experiment. A significant positive correla- 
tion was found between shell growth and oxygen con- 
sumption (r = 0.998. p < 0.05). Correlations between 
shell growth and soft tissue growth (r = 0.42) and be- 
tween soft tissue growth and oxygen consumption (r = 

0.37) were not significant. 
A slight decrease in the number of individuals pro- 

ducing translucent shell material was observed in the 
high immersion treatments, but there was no trend 
in the clarity of growth increments with treatment 
(Table 1). About two-thirds of the individuals in the ex- 
periment produced translucent shell material. In the 6 
and 8 h immersion treatments, 83 % of the individuals 
produced translucent shell. In contrast, 53% of the 
clams had translucent shell in the 10 and 11.25 h 
immersion period treatments. Over 75 % of the individ- 

Table 1. Mya arenaria. Number of shells in each experiment classified by shell transparency and increment clanty. Sample slze 
for each treatment is 9 or 10 shells 

Expt Treatment Shell transparency Increment clarity 
Number opaque Number translucent Number indistinct Number distinct 

Food Food level (pg C I-') 
expenment 50 3 

100 2 
200 3 
400 2 

Immersion Immersion period (h)  
experiment 6 2 

a 1 
10 4 
11.25 5 

Temperature Temperature ("C) 
experiment 5 8 

12 0 
20 0 
27 0 

"11 shells formed irregular microgrowth increments (Cerrato et a1 1991) during laboratory penod 
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Immersion Period Temperature ' C  

Fig. 3. Mya arenaria. Immersion experiment results for (a) oxy- Fig. 4 .  Mya arenarid. Temperature experiment results for (a) OXY- 

gen consumption rate (mg O2 per tidal cycle), (b) shell growth gen consumption rate (mg 0, Per tidal cycle). (b) shell growth 
(pm per tidal cycle), (c) soft tissue growth (mg per tidal cycle). per tidal cycle), (c) soft tissue growth (m9 Per tidal cycle), 
and (d) ingestion rate (mg organic carbon per tidal cycle). Im- and (d) ingestion rate (mg organic carbon Per tidal cycle). Error 
rnersion period is given in hours. Error bars represent 1 SE bars represent 1 SE 

uals produced distinct growth increments during the df = 3,12, p < 0.01) and reached an apparent saturation 
experiment, and there was no consistent trend with level at 27OC. Shell growth increased by 114 % from 5 
immersion period. to 20°C, then declined slightly at the highest expen- 

mental temperature (27°C). Both treatment (F=  7.52, df 
= 3,12, p < 0.01) and block (F= 5.23, df = 4,12, p < 0.05) 

Temperature experiment effects were significant for shell growth. In addition, 
positive shell growth occurred in all treatments (all t 

Oxygen consumption, shell growth, and tissue 5.69, df = 12, experimentwise p < 0.05). In contrast to 
growth all varied with treatment (Fig. 4). Oxygen con- oxygen consumption and shell growth, tissue growth 
sumption increased 2-fold with temperature (F = 14.22, declined with temperature. Significant treatment (F  = 
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3.71, df = 3,12, p < 0.05) and block (F= 24.23, df = 4,12, 
p < 0.01) effects were observed for tissue weight 
changes. Individuals at 5OC gained weight, but no tis- 
sue growth was seen at higher temperatures ( t  = 3.16 
for the 5°C treatment. other t < 0.74, df = 12, experi- 
mentwise p < 0.05). Ingestion rate did not vary with 
temperature (F = 1.14, df = 3,12, p > 0.05), so differ- 
ences in shell and soft tissue growth were not due to 
changes in energy intake. 

Shell growth was positively correlated with oxygen 
consumption (r = 0.975, p < 0.05), while tissue growth 
varied inversely from both shell growth (r = -0.975, p < 
0.05) and oxygen consumption (r = -0.988, p < 0.05). 
Correlations between ingestion rate and the other vari- 
ables were not evaluated since ingestion rate did not 
significantly vary with temperature. 

With increased treatment temperature, shell trans- 
parency changed from opaque to translucent, and the 
frequency of individuals with clearly defined micro- 
growth increments declined (Table 1). The change 
from production of opaque to translucent shell material 
was abrupt between the 5 and 12°C. Most individuals 
(80%) in the 5OC treatment produced opaque shell 
material during the experimental period. In contrast, 
all individuals in the 3 higher temperature treatments 
produced translucent shell. The number of individuals 
producing distinct growth increments declined gradu- 
ally from a high of 70% in the 5 and 12°C treatments to 
a low of 20% in the 27°C treatment. In all 5°C individ- 
uals with distinct increments, the microgrowth pattern 
also had the irregular morphology described by Cer- 
rat0 et al. (1991) as being characteristic of winter 
growth patterns. 

DISCUSSION 

The current research is the first to demonstrate that 
shell growth remained correlated to a measure of 
metabolic rate under conditions where shell and tissue 
growth were uncoupled. Shell and tissue growth were 
successfully uncoupled in each experiment since posi- 
tlve shell growth was obse~ved in all treatments, even 
in those cases where tissue growth was absent or neg- 
ative. Significant changes in oxygen consumption, 
shell growth, and tissue growth were observed, how- 
ever, only in the immersion and temperature experi- 
ments. In both these experiments, oxygen consump- 
tion, a measure of metabolism, and shell growth were 
significantly correlated. At the same time, tissue 
growth was either uncorrelated with oxygen consump- 
tion and shell growth, as in the immersion experiment, 
or negatively correlated with these variables, as in 
the temperature experiment. These results are consis- 
tent, therefore, with the proposal that shell growth is 

coupled to metabolic rate and is not a direct expression 
of production. 

While many prior studies have observed uncoupling 
between shell and tissue growth (e.g. Ceccherelli & 

Barboni 1983, Bncelj et al. 1984, Frechette & Bourget 
1985, Hilbish 1986, Peterson & Fegley 1986, Borrero & 
Hilbish 1988, Grizzle & M o ~ i n  1989, Hawkins et al. 
1989, Harvey & Vincent 1990), no metabolic measure- 
ments were reported; however, a number of other 
common observations are consistent with a linkage 
between shell growth and metabolic rate but are 
inconsistent with or opposite in trend to a relationship 
between shell growth and production. Unlike tissue 
growth (i.e. somatic, non-shell production), shell 
growth during tidal cycle or longer time periods is 
never negative in bivalves. For example, shell growth 
is commonly observed in undernourished or starved 
animals (e.g. Pannella & MacClintock 1968, Thompson 
1975, present study). Pannella & MacClintock (1968) 
kept individuals of Mercenaria mercenaria without 
food for several months. At the end of this time, shells 
of these animals were sectioned and sets of thin but 
visible daily microgrowth increments were present. In 
the present study, shell growth continued in all treat- 
ments, even when tissue growth was negative. 

Shell growth can also increase dramatically with in- 
creased exposure temperature, a phenomenon known 
as shell shoot that closely resembles the acute effect of 
temperature change on oxygen consumption. Arnold & 
Holland (1976), for example, found that oysters Ostrea 
edulis L. transferred from a 16°C tank to a 24OC tank 
had a greater initial shell growth than oysters remain- 
ing in the 16°C tank. The elevated temperature would 
have increased metabolic rate and presumably de- 
creased tissue production in the individuals trans- 
ferred. 

Work elucidating the mechanisms of growth incre- 
ment formation also clearly supports a critical role for 
metabolism in shell growth (Lutz & Rhoads 1977, 1980, 
Gordon & Carriker 1978, Rosenberg & Hughes 1991). 
Lutz & Rhoads (1977) proposed that alternating periods 
of aerobic and anaerobic metabolism were responsible 
for the formation of microgrowth increments in bi- 
valves. Under immersed conditions, animals metabo- 
lize aerobically, and inorganic calcium carbonate is 
deposited with a protein-rich organic matrix. During 
periods of exposure, bivalves utilize anaerobic path- 
ways. End products of anaerobic metabolism are 
organic acids, especially succinic acid, which lower the 
pH of the extrapallial fluid. The low pH dissolves some 
of the inorganic calcium carbonate, but leaves most of 
the organic matrix intact. When conditions become 
oxic again, normal shell deposition resumes. This pat- 
tern leaves an increment that is calcium carbonate 
rich, and a line which is relatively calcium carbonate 
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poor and organic rich. Normal semidiurnal tidal cycles 
would then leave 2 growth increments per day, a 
pattern seen in many species. Rosenberg & Hughes 
(1991) suggested that differences in respiration of the 
separate mantle tissue sections were responsible for 
differences in shell form and chemistry. In an analo- 
gous theory, a gradient in tissue metabolic activity was 
proposed by Gauldie & Nelson (1990) to explain varia- 
tions in crystalline deposition in otoliths. 

In other work, the metabolic enzyme carbonic an- 
hydrase has been intimately linked to shell synthesis 
(Freeman & Wilbur 1948, Wheeler 1975, Arnold & Hol- 
land 1976, Kunigelis & Saleuddin 1983). Carbonic an- 
hydrase catalyzes the conversion of metabolic carbon 
dioxide to bicarbonate, which then combines with the 
calcium ion to form calcium carbonate (Wilbur 1964). 
Inhibition of carbonic anhydrase partially inhibits shell 
mineralization (Wilbur & Saleuddin 1983). Wilbur & 
Jodrey (1955) measured radiolabeled calcium incorpo- 
ration into the shell of the oyster Crassostrea virginica 
in the presence of carbonic anhydrase inhibitors. They 
found that 2-benzothiazolesulfonamide in concentra- 
tions as little as 1:80000 (w/w) reduced shell formation 
by more than 90%, and concentrations of 1:20000 
(w/w) inhibited 98% of shell formation. The specific 
activity of carbonic anhydrase has also been shown to 
increase during shell formation (Arnold & Holland 
1976, Kunigelis & Saleuddin 1983). In addition, car- 
bonic anhydrase is known to play a role in maintaining 
the extrapallial fluid pH (Wheeler 1975), and may also 
act to buffer organic acids under anaerobic conditions 
(Wilbur & Saleuddin 1983). 

A distinct change in growth pattern was observed 
in most shells corresponding to the time the individual 
was transplanted from the field to the laboratory 
(Fig. 5). In those individuals collected between fall 
and spring and producing opaque shell in the field, 
the transition was especially evident and marked by a 
change in shell transparency (Fig. 5a). The clarity of 
growth increments after transplantation ranged from 
clear to indistinct, and in individuals that began pro- 
ducing indistinct increments in the lab, the transition 
occurred within a few days of collection. Growth 
increments during the experiments were generally 
regularly spaced throughout the 2 to 3 wk period, 
with the exception of the first 3 to 4 d.  This suggests 
that animals acclimated fairly quickly to experimental 
conditions. With the exception of individuals with 
indistinct increments and individuals from the 5°C 
treatment, the number of microgrowth increments 
produced during the experimental period corre- 
sponded closely with the number of tidal cycles and 
supported the conclusion of Cerrato et al. (1991) 
regarding the tidal frequency of microgrowth incre- 
ment formation in Mya arenaria. 

Laboratory 
growth I 

I mark I 

Laboratory 
I growth l 

ture spike 

Transplant 1 
mark I 

Fig. 5. Mya arenaria. Microgrowth patterns in the chon- 
drophore. Optical micrographs of thin sections illustrating (a) 
contrast between field and laboratory growth and (b) 24 h 

temperature spike 

Based on our qualitative assessment, shell trans- 
parency appeared to increase with metabolic activity. 
The number of individuals producing translucent shell 
material increased between 5"C, the treatment with 
the lowest metabolic activity in the temperature exper- 
iment, and the 12 to 27°C treatments (Table 1). The 
number of shells classified as translucent tended to 
decrease with increasing immersion time. This reduc- 
tion corresponded to a gradual decline in respiration 
rate (i.e. oxygen consumption/immersion time de- 
clined from 3.1 mg. O2 h-' in the 6 h treatment to 2.5 mg 
0, h-' in the 11.25 h treatment). 

Shell transparency changed very quickly in response 
to an abrupt change in temperature, and this sensitivity 
was very similar to the acute adjustment in respiration 
that occurs with short-term temperature changes (e.g. 
see Griffiths & Griffiths 1987). An example illustrating 
the effect of a 1 d elevation in temperature from 15 to 
20°C is shown in Fig. 5b. This short-term temperature 
spike produced a well-defined band of translucent shell. 
Soft shell clams in the field often form bands of contrast- 
ing shell transparency (i.e. a translucent band in the 



186 Mar Ecol Prog Ser 158: 177-189, 1997 

middle of an opaque region or an opaque band in a 
translucent region) that correspond to periods of about 3 
to 7 d.  Cerrato et al. (1991) termed one such prominent 
translucent band a 'spawning band', because it was 
formed in the spring by most individuals in the popu- 
lation at about the same time spawning occurred. As an 
alternate explanation, we suggest that t h s  band was due 
to an abrupt increase in water temperature, although this 
abrupt change could have also induced the animals to 
spawn. Short-term temperature shock generally leaves 
a distinct pattern and is a reliable means of marking 
shells for growth studies (Richardson et al. 1979, Fritz & 
Haven 1983, Richardson 1988b, 1989). 

Seasonal trends observed in several studies support 
a relationship between shell transparency and meta- 
bolic rate rather than one with production. If shell 
transparency reflects production, then winter and 
summer deposition should have similar patterns since 
production is usually low or negative during both sea- 
sons. Cold winter temperatures limit production for 
many bivalve species in temperate coastal environ- 
ments, while low food concentrations and high temper- 
ature limit production during the summer (Griffiths & 
Griffiths 1987). If shell transparency reflects metabo- 
lism, shell patterns in these seasons should show the 
greatest contrast. Cerrato et al. (1991) showed that 
winter and summer growth patterns were considerably 
different in Mya arenaria. Winter growth bands were 
generally opaque, thin and irregular in morphology, 
while summer bands were translucent, broader and 
more regular in morphology. Mytilus edulis (Richard- 
son 1989) and Spisula subtruncata (Richardson 1988b) 
show similar seasonal patterns. In fish, Mosegaard et 
al. (1988) found that otoliths became more transparent 
at high temperature. 

We suggest that the transparency of the shell and the 
width of a growth increment are providing somewhat 
different information about metabolic activity. Trans- 
parency of the shell most likely reflects the metabolic 
rate, while the width of the increment is an integrated 
measure of metabolic activity over the whole immer- 
sion period. Under this proposal, an  animal could pro- 
duce opaque, wid.e increments if it were metabolizing 
at  a moderate rate over the whole immersion period. 
Deposition of translucent, thin increments would also 
be possible if the animal were metabolizing at a high 
rate but was active during only a small portion of an 
immersion period. During the rest of the immersion 
period, activity levels might be reduced and depen- 
dent on anaerobic pathways. These 2 types of rnicro- 
growth patterns were observed in spring and summer, 
respectively, by Cerrato et al. (1991). 

Increment clarity varied with food concentration and 
temperature but not with immersion time. The clarity 
or distinctness of growth increments was generally 

reduced In the laboratory relative to the period just 
prior to collection. This is a common occurrence both in 
the shells of bivalves (Richardson et al. 1979) and in the 
otoliths of fish (Hovenkamp 1990). The number of indi- 
viduals producing distinct increments declined at low 
food levels and at high temperature, suggesting some 
relationship between increment clarity and stress 
levels. Individuals in the lowest food level treatments 
were clearly undernourished, and the 27°C treatment 
was carried out at close to the upper temperature toler- 
ance of Mya arenaria (Malouf & Bricelj 1989). The 
irregularly shaped microgrowth increments, observed 
by Cerrato et al. (1991) to form during the winter in M. 
arenaria, were present in most individuals in the 5°C 
treatment. A similar irregular wrinkled structure was 
described in otoliths of the Japanese eel held at low 
temperature (Umezawa & Tsukamoto 1991). 

The failure to observe a trend in increment clarity 
with immersion time was unexpected. The Lutz- 
Rhoads hypothesis (Lutz & Rhoads 1977, 1980) pre- 
dicts, and research by Richardson (1988a, b, 1989) on 
a variety of species suggests, that lines separating 
growth increments should become more distinct as ex- 
posure time increases. Richardson (1988a), for exam- 
ple, found that an increased period of exposure from 2 
to 4 h per tidal cycle increased the frequency of 'strong 
bands' produced in the clam Tapes philippinarum. 
Two factors may have influenced the results in the 
present study. First, the frequency of individuals with 
distinct increments was high in all treatments, so a 
trend would be difficult to identify (Table 1). Secondly, 
Richardson et al. (1981) observed in Cerastoderma 
edule that the strongest lines were produced when a 
long exposure time was combined with high tempera- 
ture conditions, such as one would expect to occur dur- 
ing an afternoon low tide. In the present study, air and 
water temperatures were held at constant levels and 
animals were maintained in sediments, which further 
buffered them from temperature fluctuations. 

The most serious problem with the experiments in 
this study was that the dependent variables were mea- 
sured over widely different time scales, i.e. generally 
less than 1 h for feeding and respiration rates, a 12 h 
tidal cycle for shell growth, and 2 to 3 wk for tissue 
growth. We do not feel this problem biased the current 
results, but our justification for this conclusion and 
future resolution of the problem merit discussion. For 
feeding and respiration rates, it was assumed that the 
measured level of activity was maintained throughout 
the period of immersion. This assumption is supported 
by several factors. Most clams began filtering within 
the first 30 rnin of immersion and appeared to remain 
active for most of the tidal cycle. In preliminary exper- 
iments, Mya arenana showed increased oxygen con- 
sumption only during the first 15 min after extending 
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its siphon; consumption rates then declined to more 
moderate, steady levels. Ear11 (1975a, b) found that the 
pumping activlty cycle of M. arenaria is about 5 mill 
long, i.e. considerably shorter than the measurement 
period in the present study. However, continuous 
records of oxygen uptake by Pedersen (1992) indicated 
variability in both the level and duration of activity in 
M. arenaria. It is important, therefore, that future 
studies relating shell growth to physiological rates 
attempt to monitor feeding and oxygen uptake more 
continuously over the tidal cycle. 

A much more difficult problem to resolve is that no 
short-term (i.e. tidal cycle) tissue growth measure was 
available. An allometric relationship was used to indi- 
rectly estimate the initial tissue weight of individuals. 
The final weight at  the end of a 2 to 3 wk run was mea- 
sured directly on each individual, but only a n  average 
weight change per tidal cycle could be determined with 
this method. This is a reasonable estimate of tissue 
growth if, as we believe, acclimation occurred within 
the first few days of the experiment. Researchers work- 
ing with fish have been successful at estimating short- 
term energy balance by analyzing RNA/DNA ratios 
(e.g. Buckley 1984, Clemmesen 1988, Hovenkamp 
1990). A similar adaptation of this technique may be 
useful in bivalve studies. Some initial applications of 
RNA/DNA ratios in bivalves have been carried out by 
Kenchington (1994) and Paon & Kenchington (1995). 

The results of the present study suggest a number of 
future research directions to further test the relation- 
ship between shell growth and metabolic processes. 
One promising series of experiments should center 
around comparing acute to acclimated responses. Some 
bivalves maintain feeding and metabolic rates a t  fairly 
constant levels over a wide environmental range (e.g. 
acclimatization to seasonal temperature change) but 
show a distinct acute response to a rapid change in an  
environmental factor (Bayne & Newel1 1983). Does shell 
growth acclimate, and does it show an acute response 
similar to that of metabolic rate? Environmental condi- 
tions to be examined should include those within and 
outside the range of acclimation. Use of carbonlc anhy- 
drase inhibitors also has potential for examining the re- 
lationship between shell growth and metabolism. While 
it is known that blocking carbonic anhydrase partially 
inhibits shell growth (Wilbur & Saleuddin 1983), it is not 
known whether this blocking has a similar effect on 
metabolic rate. In these experiments, it would be very 
interesting to examine shell transparency changes in 
addition to the shell growth increment. 

Similarities between shell and otolith growth patterns 
are numerous and some of the common features have 
been indicated in this manuscript. They include un- 
coupling between somatic growth and growth of the 
calcified structure, production of irregular microgrowth 

patterns at  low temperature, increased transparency a t  
high temperature, and  reduced increment clarity in 
field to laboratory transferred individuals. Pannella was 
the last individual to examine microgrowth patterns in 
both bivalves and fish (Pannella & MacClintock 1968, 
Pannella 1974). We suggest that a comparative study 
may be rewarding and is long overdue. 

Rhoads & Lutz (1980) have stated that microgrowth 
patterns are  used for 2 distinct purposes: (1) recon- 
structing the effect of environmental events after they 
have taken place and (2) obtaining age  data critical for 
estimating growth rate, recruitment, and survivorshlp. 
We suggest that microgrowth patterns have the poten- 
tial to be used in a third way, i.e. to provide information 
on physiological processes. Our results indicate the 
potential to estimate respiration rate from field col- 
lected individuals by interpreting microgrowth in- 
crement patterns in the shell. Current methods (Bayne 
& Newel1 1983, Griffiths & Gnffiths 1987) involve mul- 
tiplying laboratory measured values by an  arbitrary 
factor of 2 (Trevallion 1971) to account for higher levels 
of activity in the field. Use of microgrowth increment 
patterns would require the oxygen consumption-shell 
growth relationship to hold over a wide range of envi- 
ronmental conditions. No one laboratory experiment in 
the present study encompassed the full range field 
conditions, but the range of conditions experienced by 
the clams during all the experiments is still substantial. 
When results from all experiments are combined 
(Fig. 6) ,  the coefficient of determination between oxy- 
gen consun~ption and shell growth is r2 = 0.74, if an  
obvious outlier from the food experiment is removed 
[regression outlier test (Madansky 1988), t = 3.46, df = 
9, p < 0.011. Thus, use of microgrowth increment 
patterns could potentially improve the accuracy of 
metabolic rate estimates in field populations. 

Shell Growth Rate 

Fig. 6. Mya arenaria. Relationship between oxygen consump- 
tion (mg 0, per tidal cycle) and shell growth (pm per tidal 
cycle) for the food (01, immersion (U), and temperature (0) 
experiments combined. Coefficient of determination for this 

relationship is r2 = 0.74 with outlier (8) removed 
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