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ABSTRACT: This study compared suspension f eedng ,  assimdation efficiency, respiration and excre- 
tion, and energy budgets (= scope for growth, SFG) in relation to body size in 2 pearl oysters, Pinctada 
maryaritifera and P. maxima, at  a low food concentration (ca 5000 cells ml-l Tahitian Isochrysis gal-  
bana).  Clearance rate (CR), respiration rate ( K )  and ammonia excretion rate (E) were strongly corre- 
lated with body size (p  < 0 001) in both species, wlth exponents of 0.60 and 0.61 (CR), 0.44 and 0.56 (R), 
and 0.64 and 0.78 (E) ,  respectively, for P margaritdera and P maxima. CR did not differ significantly 
between the species, but absorption efficiency, which was unrelated to size, was significantly greater 
in P maxima (57 5 vs 51 %, p < 0.05). There was, however, no significant difference in absorbed energy 
(AE) between the species. Respired energy (RE) and excreted energy (EE) as proportions of AE were 
slgniflcantly lower (p  < 0.01) in P. maxima of 0.1 g dry soft tissue wt (ca 36 mm shell height, SH). The 
former was 0.36 compared to 0.58 in P. margaritifera of the same size. Thus, P. m a x m a  of 0.1 g dry soft 
tissue wt exceeded P. margaritlfera of the same size in SFG, which accords with the former species' 
more rapid early growth. Both species of pearl oysters have a high abihty to acquire energy under low 
phytoplankton conditions. Both species are exceptional bivalves in terms of energy fluxes, with clear- 
ance rates of 50 to 100 1 h-' in large oysters of 150+ mm SH. They show among the highest CR, R, E and 
SFG values recorded for blvalves (using 1 g dry soft tissue wt as a standard size). The largest g a n t  
clam, Tridacna gigas, is one tropical bivalve with comparable SFG. It, however, 1s dependent on energy 
from autotrophy as well as heterotrophy to achieve its high SFG. 
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INTRODUCTION 

The black-lip pearl oyster Pinctada margariti fera 
Linnaeus and silver-lip pearl oyster P. m a x i m a  Jame- 
son are among the largest Pinctada species (family 
Pteriidae). P. margariti fera grows to 100-120 mm in 
shell height at 2 yr of age  (Coeroli et al. 1984, Sims 
1993), while P. m a x i m a  grows to 100-160 mm (Sagara 
& Takemura 1960). The maximum shell height of P. 
margai j t i fera is 140 to 170 mm (Coeroli 1983), while 
that of P. m a x i m a  is 200 to 250 mm (Sagara & Take- 
mura 1960, Gervis & Sims 1992). Both species are com- 
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mercially important as the basis of cultured pearl 
industries. 

The natural habitats of Pinctada maryari t i fera and P. 
m a x i m a  are different. P. margariti fera typically inhab- 
its the oligotrophic waters of atoll lagoons and coral 
reefs. P. m a x i m a  typically inhabits regions of soft sub- 
strate adjacent to mainland islands and continents, and 
its habitats are  characterised by higher amounts of ter- 
rigenous sediments, nutrient inputs and productivity 
levels than those of P. maryari t i fera (Gervis & Sims 
1992). It nlay be hypothesised from these differences in 
habitats that there are major differences between the 
suspension feeding processes of the 2 species. P. m a r -  
garitifera should have higher clearance rates and feed 
more effectively at  low phytoplankton levels than P. 
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m a x i m a ,  but the latter species should be able to deal 
more effectively with suspended inorganic particles. 
The differences between these species in early growth 
rate and maximum size also suggest differences in 
other physiological processes and in their energy 
budgets. 

In making comparisons of physiological processes 
and energy budgets between species and within spe- 
cies, it is essential that these are related to body size. 
Rates of physiological processes increase as power 
relationships with increasing body size, but rates per 
unit body mass tend to decrease with increasing size. 
These effects of body size on physiological rates and 
energy budgets have been well documented for tem- 
perate marine bivalves, especially mussels (Family 
Mytilidae) (e.g. Widdows 1978a, b, Griffiths & King 
1979a, b,  Navarro & Winter 1982). There have, how- 
ever, been fewer studies on body size effects on physi- 
ological processes and energy budgets in tropical 
marine bivalves; that is, with the exception of giant 
clams (Family Tridacnidae) (Klumpp et al. 1992, 
Klumpp & Griffiths 1994, Klumpp & Lucas 1994, 
Hawkins & Klumpp 1995). There have been 4 studies 
of the effects of body size on various physiological pro- 
cesses in Pinctada species (Itoh 1976, Sugiyama & 
Tomori 1988, Stiger 1993, Ward & MacDonald 1996), 
but none has considered complete energy budgets. 

The aims of this study were therefore: (1) to quantify 
the physiological processes of suspension feeding, res- 
piration, assimilation and excretion in relation to body 
size of Pinctada margaritifera and P. m a x i m a ;  (2) from 
these parameters, to calculate energy budgets over a 
range of body sizes for P. margaritifera and P. m a x i m a ;  
and then (3) to relate these energy budgets to the 
observed differences in their growth rates, maximum 
sizes and habitat differences. 

The energy budgets of the 2 species were sum- 
marised as scope for growth (SFG), which is the energy 
available to an animal for growth (plus reproduction in 
sexuaIly mature animals). SFG has been used exten- 
sively for intraspeclfic and interspecific comparisons in 
marine bivalves, especially as a stress and pollution 
indicator (e.g. Bayne & Newel1 1983, Bayne et al. 1985, 
Griffiths & Griffiths 1987, Widdows et al. 1990, 1995, 
1997). 

MATERIAL AND METHODS 

Pearl oysters. The Pinctada margaritifera used in 
this study were hatchery-reared and field specimens 
from a long-line culture system at Orpheus Island 
Research Station, North Queensland, Australia (18" 37' 
S,  146"301 E) .  The P. max lma were hatchery-reared 
specimens from long-line farms located at Hinchin- 

brook Channel (18" 18' S, 146" 06' E) and Fitzroy Island 
(16'57' S, 146"001 E), North Queensland. All oysters 
were kept in frames with net pockets suspended at 
about 1.5 m depth beneath a pontoon in a sheltered 
bay at the Australian Institute of Marine Science, 
North Queensland (19" 15' S, 147"05' E). They were 
acclimated there for at least 1 mo before use in experi- 
ments. The shells of all oysters were thoroughly 
cleaned of epibiota during the acclimation penod. 
They were cleaned agaln the day before use in exper- 
iments. Seawater temperatures in the field where the 
oysters were held varied from 25 to 28°C over the study 
period. All experiments were conducted at 28 * 1°C. 

Morphometrics. Shell height (SH, mm), the greatest 
distance from the umbo to the base of a finger or 
growth process (Sims 1993), was recorded as the rou- 
tine non-destructive measure of size for the experi- 
ments. Physiological rates and energy budgets were 
calculated for 3 classes of oysters, corresponding to 
0.1 g (small), 1 g (medium) and 10 g (large) dry soft tis- 
sue weight (wt). Dry soft tissue wt of each experimen- 
tal specimen was calculated from SH using SH-dry soft 
tissue wt relationships. These relationships were 
determined by sacrificing selected oysters from across 
a wide size range covering 0.1 to 10 g dry soft tissue wt. 
Extruding byssal threads were carefully cut off before 
sacrifice. The soft tj.ssue was removed, cut into pieces 
and dried at 60°C to obtain dry soft tissue mass. 

The calorific values of soft tissue and shell were 
determined using a Parr 1421 semi-micro bomb 
calorimeter. Four individuals of each species were sac- 
rificed. All soft tissues including internal byssal 
threads were removed, chopped into small pieces and 
dried. Samples (20 to 40 mg) from each homogenised 
tissue sample were analysed. Calcium carbonate from 
the shell was dissolved in 13 N HC1, and the remaining 
matrix was rinsed with distilled water, dried, homo- 
genised, and then analysed for calorific values follow- 
ing Griffiths & King (1979b). 

Algal suspensions. During experiments the oysters 
were fed with 5000 cells ml-' (= 0.5 mg dry weight 1-l) 

suspensions of the phytoflagellate Isochrysis aff. gal- 
bana Tahitian (T-Iso), which was harvested during its 
logarithmic phase of growth. This concentration level 
represents oligotrophic coral reef waters. The calorific 
value of T-Iso was determined using a Parr 1421 semi- 
micro bomb calorimeter (following Whyte 1987) as 
20.27 J mg-' dry soft tissue wt. 

Clearance rates. The volume of water each oyster 
cleared of particulate material (CR, 1 oyster-' h-') was 
determined using a flow-through system, in which 
0.45 pm filtered seawater containing the food suspen- 
sion flowed through 4 chambers (accordmg to Wid- 
dows 1985). Three of the chambers contained an oys- 
ter, while the fourth acted as a control. From the flow 
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rate (F, 1 h-'), and the concentrations of food particles 
immediately surrounding each oyster (Co), in the out- 
flow of control chamber (C,)  and in the outflow of each 
experimental chamber (C2), clearance rates were cal- 
culated using the following expression, after Hildreth 
& Crisp (1976): 

CR (1 oyster-' h-') = F(C!  - C2)/C,, 

Four sets of chambers with volumes of 2 , 4 ,  6 and 18 1 
were used for oysters of different sizes. A constant flow 
rate between 12 and 35 1 h-', depending on size of the 
oysters, was maintained during the experiment. Oys- 
ters were placed in the flow-through chambers and 
kept undisturbed. Measurements were commenced at 
least 1 h after the oysters showed sufficient gape to be 
feeding. Concentrations of T-Iso were then measured 
at 1 h intervals (means of 5 counts) using a Coulter 
counter (Multisizer) with a 140 pm orifice tube. The 
main principles and advantages of the flow-through 
system for CR determination were described by Wid- 
dows (1985). 

Ration level of each oyster was determined by calcu- 
lating a mean value of 5 counts of Co. Since the ration 
level in this study was set at  5000 cells ml-', only clear- 
ance rates obtained from oysters fed with ration levels 
of 5000 + 1000 cells ml-' were used for energy calcula- 
tions. Both species did not produce pseudofaeces at 
this ration level. CRs for oysters of each size class (0.1, 
1 and 10 g dry soft tissue wt) were calculated from CR- 
size regression equations. Ingested energy (IE, J oys- 
ter-' h-') was then calculated as the product of CR and 
the energy content of T-Iso. 

Absorption efficiency and absorbed energy. The 
percentage of consumed food that was absorbed by 
each oyster's digestive system was determined by 
comparing the fraction of faeces lost on ashing with the 
fraction of samples of food suspension lost on ashing. 
Absorption efficiency (abs.eff., %) was then calculated 
according to the equation of Conover (1966): 

where f and e are the fractions of food and faeces lost 
on ashing, respectively. Faeces were collected from the 
chambers on completion of the measurements of CR 
and excretion rate (see below). Faeces were filtered 
onto pre-rinsed and ashed GFC filter papers, rinsed 
with distilled water, dried, and ashed at 450°C for 5 h.  
Food samples (T-Iso), consisting of 2 1 samples of water 
from the control chamber, were treated in the same 
way. 

Absorbed energy (AE) of individual oysters was cal- 
culated as a product of energy of food, CR and abs.eff. 

Respiration rates. Before respiration experiments, 
oysters were fed with T-Iso at a concentration of 5000 +- 

1000 cells ml-' for at least 2 h in a l00  l tank with aera- 

tion. They were then placed individually into 3 sealed 
measurement chambers (2 or 13 1, according to oyster 
size) with 0.45 pm filtered seawater and T-Iso (5000 to 
6000 cells ml-'). At the same time a sealed chamber of 
the same size as the measurement chamber with food 
and no oyster was set up as a control. Water in each 
chamber was mixed by a magnetic stirrer. Oxygen 
concentration in each chamber was measured at 5 min 
intervals using a YSI dissolved oxygen meter (model 
55). Preliminary research revealed that both species 
took at most 15 min to stabilise in the conditions. The 
food suspension in the chambers was expected to be 
quickly depleted due to feeding. Recordings were 
restricted to the first 10 to 30 min after the initial equi- 
libratlon period, depending on the body size. Respira- 
tion rate (R, m1 O2 oyster-' h- ')  was determined accord- 
ing to Widdows (1985). Respired energy (RE, J oyster-' 
h-') of each size class was then calculated from the RE- 
size regression equations and 1 m1 0, = 20.33 J (Crisp 
1971). 

Excretion rate. The rate of ammonia excretion (E, pg  
NH,-N oyster-' h-') was determined after completion 
of clearance rate measurements. Oysters were care- 
fully transferred to another set of 4 chambers contain- 
ing 0.45 pm filtered seawater. Three of these contained 
an  oyster, while the fourth acted as a control. Oysters 
were kept undisturbed for up to 60 min according to 
the volumes of water and the oyster's body size. Dupli- 
cate samples (10 ml) were collected from each cham- 
ber, passed through a 0.45 pm filter and frozen until 
assaying. Analyses for ammonia content were conduc- 
ted using the phenol-hypochlorite method of Solorzano 
(1969). E was determined following Widdows (1985). 
Excreted energy (EE, J oyster-' h-') of each size class 
was then calculated from the E-size regression equa- 
tions and assuming l mg NH,-N = 24.87 J (Widdows & 
Johnson 1988). 

Scope for growth. The energy that oysters have avail- 
able for growth and reproduction, scope for growth 
(SFG, J h-'), was detel-mined using the equation: 

SFG (J h-') = AE - (RE + EE) 
(Warren & Davis 1967, Widdows 1985) 

SFCs for each species and slze class were deter- 
mined from calculated AE, RE and EE values. The SFG 
values relate to the experimental temperature 28 + 1°C 
which is an  approximate mean temperature for the 
field. 

Data analysis. As expected, CR, AE, R and E vaned 
markedly with oyster size. Variations in these parame- 
ters for species were examined using ANCOVA with 
body size as the covanate. Absorption efficiency 
(abs.eff.) was independent of oyster size (from regres- 
sion analysis), thus the effect of species on abs.eff. was 
tested using l-way ANOVA. 
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Table 1. Morphornetric relationships (y = axe) for Pinctada 
margaritifera and maxima, where X is shell height (mm) 

and y is mass of shell or tissue (g dry weight) 

Species Y a b r2 n 

P margaritifera Tissue 9.93 X 10'7 3.21 0.98 19 
Shell 8.92 X 10m6 3.45 0.99 25 

P. maxima Tissue 3.13 X 10'6 2.87 0.99 14 
Shell 1.44 X 10-' 3.31 0.99 17 

RESULTS 

Morphometrics 

The relationships between dry soft tissue weight (W), 
shell weight and shell height (SH) for the 2 species are 
shown in Table 1. As expected, on the basis that weight 
is approximately proportional to (lengthj3, the exponent 
b values are close to 3. There were very close fits (r2 = 
0.98 and 0.99) for the regressions between W and SH. 

The 3 dry soft tissue weights used as standards in 
this study, small (0.1 g), medium (1 g) and large (10 g), 
corresponded to approximately 36, 74 and 152 mm SH 
in Pinctada margaritifera, and 37, 83 and 185 mm SH in 
P. maxima,  respectively. 

The mean energy values (n = 4) of soft tissue for 
Pinctada margaritifera and P. maxima were 16.22 & 

0.21 and 15.41 * 0.24 J mg-' dry wt, respectively. The 
energy values of shell (n = 4) for P. margaritifera and P. 
maxima were 0.32 r 0.002 and 0.30 r 0.059 J mg-' 
dry wt, respectively. 

I . .  ......, S . . . . . . - . . .  ......+ . P  

0.01 0.1 1 10 100 

I s s u e  dry weight (g) 

Fig. 1. Relat~onships between clearance rates and dry soft tis- 
sue weight for Pinctada margazitiferd and P. maxima feeding 
on Isochrysis aff. galbana Tahitian (ca 5000 cells ml-'1. Each 
data point is the rate for a single oyster. Regression equations 

are in the text 

Table 2. Summary of ANCOVA testing for slrmlarity in slopes 
and intercepts of regression lines of clearance rate (CR), ab- 
sorbed energy (AE), respiration rate (R) and excreb.on rate (E) 
between species of pearl oysters (Pinctada margaritifcra and 
P. maxima) with dry tissue weight as the covariate. NS: not 

significant at p < 0.05; ' p  < 0.05; " ' p i  0.001 

Source of variation Variance 
CR AE R E 

Slopes 
..m S.. . m .  ... Weight 

Species NS NS NS NS 
Weight X Species NS NS 

Intercepts 
Weight . . m  . . m  

Species NS NS 

Clearance rate (CR), absorption efficiency (abs.eff.) 
and absorbed energy (AE) 

CRs of Pinctada rnargaritifera and P. maxima were 
closely correlated with body size (Fig. 1). Relationships 
between CR (1 h-') and body size (W, g) are described 
by the functions: 

P. margaritifera 
CR = 12.34 X 0.604 W 

P maxima 
CR = 10.73 X 0.617W (r2 = 0.71, n = 54, p < 0.001) 

Neither slopes nor intercepts of the regressions of CR 
on body size differed significantly between species 

Fig. 2 .  Absorption efficiency (abs.e€f.) In Pinctada rnargan- 
tifera and P. maxima feeding on lsochrysis aff. galbana Tahi- 
tian (ca 5000 ceUs ml-') as a function of body size. Each data 

po~nt  is abs.eff for a single oyster 

0 

0 P. margaritifera 

P. maxima 

0.01 0.1 1 10 100 

Tissue dry weight (g) 
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Table 3. Summary of clearance rate (CR), absorption efficiency (abs.eff.), absorbed energy (AE), respired energy (RE) and 
excreted energy (EE) for Pznctada margaritifera and P. maxima feeding on lsochrysis aff. galbana Tahitian at a density of 
5000 cells ml-I Figures in brackets represent % of total absorbed energy. Significant differences in RE and EE of each body size 
between species are shown individually; NS: not significant at p < 0.05; ' p  c 0.05, "p < 0.01. Scope for growth (SFG), which is 

calculated as AE - (RE + EE), and percentage change in whole body energy per day (as relative SFG) are also shown 

Parameter Species Body size (g tissue dry wt) 
0.1 (small) l (medium) 10 (large) 

CR (l h-') Both species 2.8 11.5 47.1 

abs.eff. (%) P. margaritifera 51.0 51.0 51.0 
P. maxima 57.5 57.5 57.5 

AE (J h-') Both species 13.2 (100) 58.9 (100) 263.1 (100) 

RE (J h-') P. margaritifera 7.7 (58.3) 21.1N5 (35.5) 58.0"" (21.9) 
P maxima 4.8 (36.3) 17.4 (29.3) 63.4 (23.0) 

EE (J h-') P. margaritifera 0.46' (3.5) 2 . 0 " ~  (3 4) 8 g""3.4) 
P. nlaxilna 0.27 (2.1) 1 8 (3.1) 12.2 (4.6) 

SFG = AE - (RE + EE) P. margaritifera 5.0 35.8 196 2 
(J h-l) P. masima 8.1 39.7 187.5 

Relative SFG = P. margantifera 5.3 3 5 1.8 
percentage change P maxima 8.8 3 8 1 5  
in body energy 1% d.') 

(Table 2) .  Therefore, the common slope and intercept 
values were recalculated using all data (n = 106) and 
expressed as follows: 

CR = 11.47 X 0.613W (r2 = 0.78, n = 106, p < 0.001) 

Using this regression line, CR of each size class was 

Tissue dry weight (g) 

Fig. 3 Relationships between absorbed energy (AE) and body 
size for Pinctada margaritifera and P, maxima feeding on 
Isochrysjs aff galbana Tahitian (ca 5000 cells ml-l). Each data 
polnt is AE for a single oyster. Regression equations are in the 

text 

determined (Table 3). The CRs of the pearl oysters of 
10 g dry soft tissue wt are substantial in larger pearl 
oysters, being 47 1 h-'. 

Absorption efficiency (abs.eff., %) of each species 
was independent of body size (Fig. 2). Comparison of 
mean abs.eff. values for both species revealed that 
Pinctada maxima absorbed T-Iso food particles with a 
significantly greater efficiency than P. margaritifera 

(Table 4, ANOVA, p < 0.05). 
Absorbed energy (AE) of Pinctada margaritifera 

and P. maxima was closely correlated with body size 
(Fig. 3): 

P. margaritifera 
AE = 59.50 X 0.641 W (r2 = 0.80, n = 50, p < 0.001) 

P. maxima 

AE = 57.30 X 0.656 W (r2 = 0.73, n = 49, p < 0.001) 

Slopes and intercepts of the regressions did not dif- 

Table 4. Mean (*SE) absorption efficiencies (abs eff.) for Pinc- 
tada margaritifera and P. maxlma feeding on Isochrysjs aff. 
galbana Tahitian at a density of 5000 cells 1n1-l. The 2 species 
have significantly different abs.eff. values (ANOVA, p < 0.05) 

I Species Size range (mm) n abs.eff. ('X) I 
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fer significantly between the 2 species (Table 2), hence 
the common regression line was determined: 

AE = 58.9 X 0.650W (r2 = 0.77, n = 99, p < 0.001) 

AE for each size class is shown in Table 3. 

Respiration 

Respiration rates (R) of both Pinctada margan t i f e ra  
and P. m a x i m a  depended strongly on body size (Fig. 4), 
as quantified by the equations: 

- m-- P. maxima 

Tissue dry weight (g) 

Fig. 4. Relationships between respiration rates and body size 
for Pinctada margaritlfera and P. maxima feed~ng on Isochry- 
sisaff. galbana (ca 5000 cells ml-l). Each data point is the rate 

for a single oyster. Regression equations are in the text 

Tissue dry weight (g) 

Fig. 5. Relationsh~ps between ammon.ia excretion rates and 
body size for Pinctada margaritifera and P. maxima feeding 
on Isochrysis aff. galbana Tahitian (ca 5000 cells ml-l). Each 
data point is the rate for a single c..:ster. Regression equations 

are in the tcxt 

P. margariti fera 
R = 1.039 X 0.439W 

P. m a x i m  a 
R = 0.857 X 0.561 W 

Slopes of these equations differed significantly be- 
tween species (Table 2, ANCOVA p < 0.05). Since the 
regression lines intersected, points on the 2 regression 
lines equivalent to 0.1, 1, 10 g dry soft tissue wt were 
compared between the species using a 2-tailed test 
(Zar 1996), and only small oysters (0.1 g dry soft tissue 
wt) had significantly different Rs (p < 0.01). The 
resp~red energy (RE) of each size class is shown in 
Table 3. Metabolic cost is 1.6 times higher in small 
Pinctada margariti fera than in P. m a x i m a  (= 7.7 vs 4.8 J 
h-'). RE as a percentage of AE was 22 to 58 and 23 to 
36% for P. margariti fera and P. m a x i m a ,  respectively. 

Ammonia excretion 

The excretion rate (E) in relation to body size is 
shown in Fig. 5 and described by the equations: 

P. margariti fera 
E = 81.37 X 0.642W 

P. m a x i m a  
E = 72.83 X 0.789W (r' = 0.96, n = 30, p < 0.001) 

Slopes of E against body size differed significantly 
between species (Table 2, ANCOVA, p < 0.05). The 
excreted energy (EE) of each size class is expressed in 
Table 3. Small (0.1 g)  Pinctada margariti fera excreted 
more energy than P. m a x i m a  (p < 0.05), but differences 
in EE were not significant at larger body sizes. Propor- 
tions of EE to AE for P. margariti fera and P m a x i m a  
were very small, being 3.4 to 3.5 and 2.1 to 4.6%, 
respectively. 

DISCUSSION 

Scope for growth (SFG) is calculated for both species 
of pearl oysters in Table 3. Given that the 2 species 
absorbed the same amount of energy from food (AE) 
and that Pinctada margant i fera of 0.1 g dry soft tissue 
wt had comparatively higher respiration and excretion 
energy expenditure, P m a x i m a  of this size had signifi- 
cantly higher SFG than P. margariti fera. However, 
larger individuals of these species (1 to 10 g dry soft tis- 
sue wt) show similar SFG. Change in body energy per 
day (SFG) as a percentage of whole body energy (rela- 
tive SFG) was calculated to compare growth potential- 
ity (Table 3). Small oysters showed the highest relative 
SFG and this percentage change decreased markedly 
with increasing body size. Relative SFG data indicate 
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that small P. m a x i m a  grow faster than P. margan t i f e ra ,  
but in the former species the growth rate decreases 
with size more rapidly than in the latter. P. m a x i m a  of 
0.1 to 1 g dry soft tissue wt (ca 36 to 80 mm SH) max- 
imises SFG compared with P. margariti fera of the same 
size because it uses less energy for respiration and 
excretion (Table 3).  Given that both species are sexu- 
ally immature over this size range, differences In 
excess energy will be available for somatic growth 
This explains the greater growth rate observed until 
2 yr of age for P. m a x i m a  (Sagara & Takemura 1960, 
Coeroli et al. 1984, Sims 1993). In contrast, there are no 
differences between species in the SFG data for 10 g 
oysters (Table 3 ) .  This is in apparent conflict with the 
observed larger maximum size reached by P. m a x i m a .  
However, both species become sexually mature at a 
dry tissue wt of about 2 g ,  and at that stage the SFG 
energy is required for both somatic growth and gamete 
production. We suggest that P. margant i fera does not 
reach the size of P. m a x i m a  because it commits rela- 
tively more energy to gamete production. (There are 
no data on gamete production in these species.) These 
observations are,  however, based on the estimation of 
SFG using a food source of a single microalga at a rel- 
atively low cell concentration, and thus some caution is 
needed at this stage in extrapolating to field condi- 
tions. 

J ~ r g e n s e n  (1990, 1996) concluded that the capacity 
for water processing in bivalves is evolutionarily 
adapted to the concentrations of suspended food, pri- 
marily phytoplankton, that prevail in their biotope dur- 
ing the productive seasons of the year. We hypothe- 
sised from differences in habitats of the 2 species that 
Pinctada mar-garitifera would have a higher clearance 
rate (CR) under oligotrophic conditions; however, 
there was no difference in CR between the 2 species in 
the simulated oligotrophic conditions of this study 
(Fig. 1) .  This, together with the high SFG for P r n a x ~ m a  
of all sizes and substantially higher SFG for P. m a x i m a  
than P. margariti fera at small size (Table 3),  suggests 
that P. m a x i m a  can grow and reproduce under condi- 
tions of low food suspensions. 

Kailola et al. (1993) described how Pinctada m a x i m a  
inhabits a variety of substrates, from mud, sand, 
gravel, seagrass beds to deepwater reefs, living beside 
sponges, soft corals and whip corals. The effects of 
food concentration, both natural and cultured, on sus- 
pension feeding and energy budgets in the 2 pearl oys- 
ter species will be examined in further studies. 

Respired energy (RE) is an  important component of 
the energy budget of pearl oysters, especially in small 
oysters. In comparison, excreted energy losses (EE) 
represent a small proportion of the energy budget of 
both species, being only 2 to 5 % of absorbed energy 
(AE) at all sizes (Table 3). An indicator of nutritional 

advantage to Plnctada m a x i m a  was RE as a percentage 
of AE, this being significantly lower in P. m a x i n ~ a  of 
0.1 g dry soft tissue wt compared to P margarjti fera 
(Table 3 ) .  I n  both species there was a lack of relation- 
ship between absorption efficiency (abs.eff.) and body 
size that is in line with results for other bivalves 
(Thompson & Bayne 1974, Griffiths & King 1979a, 
Navarro & Winter 1982, Stuart 1982), including tropi- 
cal species (Klumpp & Griffiths 1994). 

In both Pinc.tada species the physiological processes 
of CR, respiration (R) and excretion (E) increased 
exponentially with body size (Figs. 1 to 3).  Values of 
the allometric exponents ranged from 0.44 and 0.56 foi- 
R, 0.60 to 0.61 for CR, and 0.64 and 0.79 for E.  P. mar-  
garitifera had the lower exponent value in R and E, 
indicating that rates of the 2 physiological processes 
declined more rapidly with increasing body size in this 
species compared with P m a x i m a .  The only allometric 
exponent value for the respirati0n:body weight (R:MI) 
relationship published for Pinctada species is 0.94 for 
P. martensi i  (Itoh 1976). Bayne & Newel1 (1983) gave 
about 0.7 (range 0.4 to 1.0) as the mean value of allo- 
metric exponents for the R:W relationship for a variety 
of marine molluscs. Thus the R:W exponent values for 
P margant i f e ra  and P. m a x i m a  from this study fall in 
the lower part of the recorded range, which means that 
size-specific metabolic rate of these species declines 
more rapidly with increasing body size than for the 
majority of bivalves. The CR:W exponent values for 
pearl oysters in the present study coincided with a 
mean value calculated for several filter feeding 
bivalves (i.e. mean = 0.62, range 0.3 to 0.8; Bayne & 
Newel1 1983). The E:W relationship of filter feeding 
species is very variable (Bayne & Newel1 1983). In 
Myti lus  edul is  E:W was 0.48 to 1.48 (Bayne & Scullard 
1977) and the pearl oyster was within this range (P. 
martensi i  0.91, Itoh 1976; 0.64 and 0.79, t h ~ s  study). 

To put the energy budgets for Pinctada margariti fera 
and P. m a x i m a  into perspective, con~parable data for 
other Pinclada species, tropical/subtropical bivalves 
and temperate bivalves are presented in Table 5. Con- 
ditions such as food quantity and quallty, and temper- 
ature vary across these different studies, so it is not 
possible to make precise comparisons. However, it is 
notable in Table 5 that P. margan t i f e ra  and P. m a x i m a  
have high CR, R, E and SFG rates compared to most 
other bivalves for which data are available. Their CRs 
of > l 0  1 h- '  are not matched by any other bivalves, 
except for the temperate pearl oyster P. fucata rnarten- 
sii and the temperate bay scallop Argopec ten  irradians 
irradians. These high CR values may be related to pro- 
portionally large gill areas in these species, however 
there are no available data to support this. Their R val- 
ues (i.e. aerobic metabolic rates) of > 0.85 m1 0, h-' are 
only matched by the largest giant clam species, Tri- 
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dacna gigas, and again the bay scallop. SFG values 
vary enormously depending on the quantity and qual- 
ity of food available to the bivalve, e g .  the 5 values for 
Mytilus edulis in Table 5 range from 7.3 to 72.6 J h-', a 
10-fold variation. However, the SFG values, 36 to 40 J 
h-', for P. margaritifera and P. maxima on a relatively 
low cell concentration diet are only exceeded by the 
giant clam T. gigas and by M. edulis feeding at much 
higher cell concentrations and on highly nutritious par- 
ticles. 

Part of the difference between the rates of physio- 
logical processes and energy budgets of Pinctada mar- 
garitifera and P. maxima and those of the temperate 
bivalves may be due to the 1.0 to 15°C temperature dif- 
ference of measurements. However, most of these dif- 
ferences would still seem to be significant even allow- 
ing for a Qlo correction. The differences among 
tropical bivalves are  not explained by temperature. 

Only Tridacna gigas has a respiration rate and SFG 
that are comparable to Pinctada margaritifera and P. 
maxima. This giant clam species has a lower CR than 
the pearl oysters, but the clam supplements its suspen- 
sion feeding by translocation of photosynthates from its 
symbiotic zooxanthellae (e.g. Klumpp & Griffiths 1994, 
Lucas 1994). The clam achieves a comparably high 
SFG by a combination of heterotrophic and auto- 
trophic nutrition. Moreover this supplementation of 
heterotrophy by autotrophy permits a number of giant 
clam species to attain maximum sizes that are much 
larger than those of pearl oysters and all other bivalves 
(Klumpp et al. 1992, Klumpp & Gnffiths 1994, Klumpp 
& Lucas 1994). 

Pinctada mar-gar1tife.i-a and P. maxima are very ener- 
getic bivalves, in the sense of SFG and energy fluxes. 
Their suspension feeding rate is impressive, i.e. CR 
values of 50 to l00 1 h-', or 1000 to 2000 l d-', in the 
largest individuals (Fig. 1). Large adult populations of 
these Pinctada species will process large volumes of 
surrounding seawater while suspension feeding, and 
thus potentially exha.ust food supply. Hence, in their 
natural habitats, fast water current ensuring enough 
water exchange should be a requisite to maximise 
their energy gain and a factor determining their carry- 
ing capacities. In support of this, Saville-Kent (1890, 
cited by Gervis & Sims 1992), Savllle-Kent (1893) and 
Galtsoff (1933) reported that strong currents promoted 
growth in P. maxlma and P margaiitjfera galtsoffi. 
Currents promote growth in other bivalves by enhanc- 
ing the flow of food and by downward mixing of parti- 
cles into depleted boundary layers (Frechette et al. 
1989). Their high SFG va1.u.e~ over a broad size range 
mean that pearl oysters should be comparatively fast 
growing among the m.arine bivalves employed In 
aquaculture. However the volume of water processed 
during suspension feeding could become an important 

and limiting factor in farming these oysters, although 
this does not appear to have been fully appreciated. In 
this situation, thousands of oysters kept in proximity 
may deplete phytoplankton levels for oysters down- 
current and furthermore produce large amounts of fae- 
ces and pseudofaeces. This may be particularly rele- 
vant to farming P. margaritifera in atoll lagoons where 
water currents and water exchange are often limited. 
Vacelet et al. (1996) descr~bed intensively cultured P. 
margaritifera in the Takapoto lagoon, French Polyne- 
sia, where high mortality of cultured and natural 
stocks of pearl oysters occurred during 1985 to 1986. 
These pearl oysters fed on a IOW stock of micro-organ- 
isms because of water replacement rate in the lagoon 
and high grazing pressure from the den.se population 
of oysters. 

Pinctada margaritifera and P. maxima have high sus- 
pension feeding rates, and intensive pearl culture 
clearly has the potential to exceed the available energy 
in ecosystems where there are low water replacement 
rates. The densities of cultured pearl oysters should be 
managed, taking account of water replacement condi- 
tions. Further studies are needed to model the carrying 
capacities of pearl farming sites, as  has been under- 
taken for mussel farming (e.g. Rodhouse & Roden 
1987, Grant 1996). 
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