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ABSTRACT: Acclimation at  5 CO intervals betwec,n 5" and 20 "C was used to determine the acute effects 
of temperature on energy balance In the oyster Ostrea edulis (L.). Rate-temperature curves for filtration 
showed evidence of laterdl translation, maintaining a thermal optimum above the temperat~lre of 
accllmation. No significant difference was found in food assimilation efficiency over the acclimation 
regime, the mean value belng 76.43 + 9.71 % S. D. A low metabol~c rate is maintained up to an  
acclimation temperature of 20'C; beyond 20 "C however, metabolic costs rise sharply. As a result, 
filtration efficiency and cost of filtration both achic>\e a thermal o p t ~ m u n ~  between 15"and 20 "C. Scope 
for growth, a s  defined by the difference between ass~n~i la te t l  ration and energy cost of metabohsm, 
remained positive over the rntlre ~~cc l ima ted  range at  the experimental ration level. Stepwise linear 
regression analysis of the data produced a model relating assim~latetl  ration, oxygen consumption and 
scope for growth to interactions between acclimation and exposure temperatures. Maxin~um growth 
rate is predicted at an  accllmation temperature (T',) of approximately 17 "C and following exposure to 
short-term increases of temperature (T,.) to approximately 25 "C, much as  might be dntlcipated during 
summer in very shallow water 

INTRODUCTION 

Considerable attention has been paid to the signifi- 
cance of energy gain and expenditure in bivalve biol- 
ogy (for reviews see Bayne, 1976; Winter, 1977; 
Newell, 1979, 1980). Physiological studies included in 
these reviews generally have adopted a univariable 
approach where ecological factors have been investi- 
gated separately as independent variables; the rela- 
tionship between them and a particular physiological 
response then is represented in two-dimensional 
terms. More recent studies have attempted to combine 
the effects of complex environmental variables on the 
integrated physiological response of the organism as a 
whole. This multidimensional approach was reviewed 
in 'Marine Ecology' by Alderdice (1972), and has been 
adopted by Widdows (1978 a,b) and Bayne and Scul- 
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lard (1978) in studies on the mussel Mytilus edulis and 
the gastropod Thais lapillus. 

The phenomenon of thermal acclimation has been 
defined by Crisp and Ritz (1967) as any non-genetic 
adjustment by an  organism In direct response to a 
change in a single factor in the environment. Regula- 
tion of many biological rate functions in response to a 
change in temperature have been widely described in 
the literature (for reviews see Fry, 1947, 1971; Kinne, 
1963a,b 1970; Precht et  al.,  1973; Newell, 1979), but it 
is only comparatively recently that the independent 
adjustment of the components of metabolic energy 
balance in relation to thermal acclimation have been 
investigated. Following the establishment of the well- 
known balanced energy equatlon of Winberg (1956; 
see  also Ricker, 1968; Odum and Smalley, 1959; Pet- 
rusewicz and MacFadyen, 1970), Warren and Davis 
(1967) developed the concept of a 'scope for growth' 
which they regarded as  'the difference between the 
energy of the food a n  animal consumes and all the 
other utilisations and losses'. This term has since been 
widely used in the literature on factors controlling the 
growth of bivalve molluscs (Widdows and Bayne, 1971; 
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Dame 1972; Bayne, 1976; Newell and Branch, 1980; 
see  also p. 78). Such studies suggest that the ability of 
bivalves to adjust components of energy balance by 
acclimation may enhance their ability to maintain a 
positive scope for growth, but that outside the limits of 
acclimatory adjustment energy balance considerations 
limit their existence to a particular ecological niche. 

The work reported here summarises the acute 
response of filtration and  oxygen consumption to temp- 
erature change in small specimens of Ostrea edulis 
acclimated for 30 d at  a series of temperatures between 
5" and  25 "C. The influence of temperature on assimi- 
lated ration and 'scope for growth' has been calculated 
and incorporated into a model describing the influence 
of temperature on energy balance in the oyster. 

MATERIALS AND METHODS 

Juvenile Ostrea edulis (L.) of between 8 and 12 mm 
in shell length were obtained from the  Fisheries 
Development Corporation hatchery at  Knysna, South 
Africa. Five groups of oysters were acclimated for 30 d 
to temperatures (Ta) of 5", loo, 15", 20°, and  25 "C 
respectively in 37.5-1 aquaria containing circulating 
sea water. The sea water was replaced weekly, and a 
surplus ration of 150 m1 of a culture containing 2.5 X 

10" cells I-' of Tetraselmis suecica (Kylin) was fed to 
the  oysters daily. The concept of 'scope for growth' a s  
defined by Warren and Davis (1967; see  also p. 78) 
quantitatively equivalent in a filter-feeding bivalve to 
the product of filtration rate (FR) and assimilation effi- 
ciency (AE) at any one ration. Subtraction of the energy 
equivalent of all other utilisations and losses yields the 
net energetic gain or 'scope for growth' under particu- 
lar ration conditions (for reviews see Bayne, 1976; 
Newell, 1979). Aerobic energy losses are generally 
measured as oxygen consumption by bivalves Ln aer- 
ated water, although it is recognized that other losses 
such as the energetic equivalent of dissolved organic 
matter, not accounted for by the oxygen consumption, 
also contribute to the balanced energy equation. In this 
series of experiments on oysters we have measured 
filtration rate (volume of water cleared; V,., 1 h - ' )  
assimilation efficiency and oxygen comsumption (vol- 
ume of oxygen cbnsumed at STP; V,,,, m1 h - ' )  and have 
assessed these independently as a function of short- 
term exposure temperature (T,.) and long-term accli- 
mation (T,). 

Our use of 'scope for growth' as defined by Warren 
and Davis (1967) should be distinguished from use of 
the same term which appears to have been adopted 
subsequently by Brett (1976, 1979) to describe the 
difference between the maximum assimilated ratlon 

and the maintenance ration in salmonids. This yields 
an  estimate of the maximum potential 'scope for 
growth' in these organisms at optimal ration levels. 
Clearly, the 2 terms are numerically equivalent only at 
ration levels where the available ration is at a max- 
imum and the maintenance metabolism is equivalent 
to the maintenance ration. In our view, 'scope for 
growth' as defined by Warren and Davis (1967) and as 
extensively used in studies on bivalves (Widdows and 
Bayne, 1971; Dame, 1972; Bayne et al . ,  1973; Griffiths 
and King, 1979; for reviews see Bayne, 1976; Newell, 
1979, 1980) is to be regarded as an  index of energy 
balance under specific ration conditions which are 
often less than optimal. The index can thus be  used to 
express the energetic gain of such organisms in rela- 
tion to food availability as well as to physico-chemical 
environmental variables. It therefore has a descriptive 
validity for a wide range of suboptimal environmental 
conditions, including those con~binations of ration and 
environmental variables which commonly occur under 
natural conditions, where scope for growth is negative 
and where utilisation of metabolic reserves is required 
to sustain short-term survival (Gabbott and Bayne, 
1973; Thompson et al., 1974; Gabbott, 1975). 

Oxygen consumption and filtration rates were deter- 
mined over an exposure temperature range (referred to 
as T, in the text) between 5" and 30 "C, following the 
sequence 5", 20°, 1.5". 30". loo, and 25 "C. This mini- 
mised the possibility of short-term acclimation effects 
occurring during the course of the experiments. At 
each exposure temperature 4 oysters were placed in 
each of 4 experimental chambers. Each chamber con- 
tamed fresh, aerated sea water filtered through 0.34- 
pm Millipore filters. The control was set up as an  
experimental chamber without oysters. Five hundred 
m1 open and 200 m1 closed experimental chambers 
were used to measure filtration and oxygen consump- 
tion respectively. After a n  initial equilibration period 
of 1 h,  a sufficiently concentrated suspension of Tet- 
raselmis suecica was injected to bring the particle 
concentration in the experimental vessels to approxi- 
mately 20 X 10fi cells I - ' ,  a concentration which was 
high enough to allow several estimations of particle 
concentrat~on during the course of the experiment, but 
which was below the threshold of pseudofaeces pro- 
duction. Only 1 experiment was carried out on oysters 
from a particular acclimation temperature per day, 
after which the oysters were returned to their acclima- 
tion regimes. 

Filtration 

Filtration was measured as a decrease in particle 
concentration using a Model TA I1 Coulter counter. 
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Particle retention was assumed to be 100 %, and filtra- 
tion rate was calculated from the standard formula 
(Coughlan, 1969): 

where V,, = filtration rate; N, and N2 = cell concen- 
trations at Time 1 and Time 2 respectively; T = 

elapsed time in hours; V = volume of vessel in litres. A 
number of such calculations (3-5) were made to deter- 
mine a mean rate for each oyster which was then 
corrected for standard oyster mass using the equation 

where V,, = corrected rate for a standard oyster of 
5.0883 mg; V,, = experimentally obtained rate for an  
oyster of mass W,; 0.9144 mg = mass exponent of 
filtration (Buxton, 1980). Standard oyster mass was 
calculated as the geometric mean of all the oysters 
used in the study. 

Oxygen Consumption 

In oysters used to determine filtration rates oxygen 
consumption was measured over the same range of 
exposure temperatures. It seems likely that the rates 
recorded approximate to a 'routine rate' of oxygen 
consumption (Fry, 1947) since the minimal or 'standard 
rate' in other bivalves occurs during quiescence or 
following a period of starvation whilst the maximal or 
'active rate' occurs during periods of enhanced activity 
such as occurs when mussels are fed following a period 
of starvation (Widdows, 1973b; Bayne, 1976). We have 
referred to the oxygen consumption during feeding as 
the routine oxygen consumption (Vo1 m1 h- ' )  for the 
oyster and other bivalves (for review see  Newel1 and 
Branch, 1980). The decrease in oxygen concentration 
was monitored continuously, using YSI electrodes 
(Model 54, Yellow Springs Instrument Co. Ltd) con- 
nected to a Beckman multichannel recorder Con- 
sumption rates were corrected to a standard oyster 
mass (Vo:S) of 5.0883 mg using the equation: 

where Vo,,e = experimentally determined rate for a n  
oyster mass W,; 1.09 = mass exponent of respiration 
(Buxton, 1980). 

Assimilation 

Because collection of faeces from small oysters on a 
quantitative basis was impractical, assimilation was 
estimated by the following method based on Conover 
(1966). Faeces were siphoned out of the aquaria over a 

12-h period at  intervals of less than 60 min which 
reduced leaching of organic material to the surround- 
ing sea water. Collection was made on GFC filters 
which had been pre-ashed at  450 'C for 3 h and 
washed twice with distilled water. They were then 
dried for 14 h at 60 'C before being ashed at 450 "C for 
12 h.  The dry mass of the ashed filters was then mea- 
sured using a Mettler ME 30 microbalance. The same 
procedure was repeated using 5-m1 samples of Tet- 
raselrnis suecica suspension to measure the organic 
content of the food used. At the end of these experi- 
ments the oysters were sacrificed to determine ash-free 
dry mass of tissues. 

Modelling Methods 

The experiments carried out on Ostrea edulis 
yielded data on the effects of short-term exposure 
temperature (T,) and long-term acclimation tempera- 
ture (T,) on filtration rate (FR) and oxygen consump- 
tion (OC). Because the assimilation efficiency was  
known, the assimilated ration (Ra) and hence 'scope for 
growth' (Ra-OC) could be  calculated a s  a function of T, 
and T,. 

Stepwise multiple linear regression analysis (Allen, 
1973) was used to obtain polynomial expression for 
both the assimilated ration (Y , ;  Ra) and the oxygen 
consumption (Y2; OC) in a curvilinear model of the 
form:- 

where Y = dependent variable (assimilated ration, Y, 
or oxygen consumption, Y,); X, = T, and X, is T,. 
Independent variables (X,, X, ..) included linear (first 
degree) and curvilinear (second-fourth degree) terms 
for T, and T, and also interaction terms of the form 
X, .X2" and X2.XIn,  where n = 1-4.  

Four replicate data points for Y were entered for 
each exposure temperature (X,;  5" to 30 "C) and for 
each acclimated temperature (X2; 5' to 25 "C) so that 
the overall number of data points for each equation 
was 120. The stepwise procedure involved the progres- 
sive introduction of u p  to 16 of the terms, each at the 
95 % confidence level, to give an  equation combining 
the fewest terms with the best overall coefficient of 
determination (P). The regression equations obtained 
were then entered into a Graphics Display Package 
(G. D. P.) (Woodhouse Enterprises, Computer Center, 
University of Cape Town). From the G. D. P. the graphs 
were previewed via a G. D. P. Calcomp Interface and 
plotted as a response (Y-axis) to two independent vari- 
ables T, (X, axis) and T, (X, axis). The difference 
between the values for assimilated ration (Y,) and  
metabolic losses expressed a s  oxygen consumption 
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(Y,) represents the energy equivalent of the 'scope for is therefore a mean of 16 determinations corrected to 
growth' as defined by Warren and Davis (1967; see also an oyster of standard mass. 
p. 74) a n d  was also plotted as a multidimensional The cold-acclimated oysters (Td5 and. T,10) show 
response surface as described above. slow rates of filtration. In both cases peak filtration is 

reached at  exposure temperatures higher than the' 
acclimated temperature. The oysters acclimated to 

RESULTS 15"C, however, showed maximum filtration at the 

acclimation temperature, w h ~ l e  those acclimated to 
Effect of Temperature on  Filtration Rate 20 "C show maximum filtrat~on rates at 25 "C (i.e. 5 C" 

above T,). These results thus show evidence of a lateral 
The acute rate-temperature Curves for filtration are translation of the R T  curve for filtration (Type 11 of 

shown in Fig. 1.4. Four readings were taken from each Precht, 1958). The acclimated rate-temperature curve 
chamber at 10-30 min intervals. Each point on Fig 1A for filtration is shown in Fig, 1B. 

Table 1. Ostrea edulis. Percent ass~milation efficiency among 
groups of juveniles acclirnated to temperatures of 5", 10". 
15"C, 20" and 25" respectively, and measured in the presence Assimilation Efficiencies 

of approximately 20 X 10%ells I ' of Telraselrnis suecica. 
Each group of oysters was sampled 4-6 times Assimilation efficiencies calculated for the range of 

acclimation temperatures are summarised in Table 1. 
Analysis of variance showed no significant differences 
between the means at the 5 % level (F = 1.22, p > 0.05 
for 4,20 d.f) (Zar, 1974). Therefore a mean value (+ 
S.D.) for assimilation efficiency over the entire range 
of acclimated temperatures was calculated as 76.43 + 
9.71 %. 

Acclirnation temperature (T,) 

5 "C 10°C 15°C 20°C 25°C 

66.33 88.66 90.82 89.66 61.56 
65.44 84 55 84.37 54 31 76.27 
70.32 81.93 72.22 67 32 76.22 
83.21 67.45 83.49 87.00 81.23 

86.57 64.45 79.08 67.32 
86.46 86.32 

n 4 6 6 5 5 - 
X 71.32 82 A0 80.32 75 47 72.62 
S 8.21 7.76 9.91 14.68 7.98 

Analys~s  of variance 

SS d.f MS F 
Treatment 491.2 4 122.8 1..22 
Error 2110.0 21 100.5 
Total 2602.1 25 

P = 0.05: F(4.20 d.f.) = 3.07 
Overall mean (%)  = 76.43 f 9.71 

EXPOSURE TEMAR4TURE eo 

Effect of Temperature on Oxygen Consumption 

As with filtration rate, oxygen consumption was cal- 
culated as the mean of 16 determinations corrected for 
standard oyster mass. The acute rate-temperature 
curves for routine oxygen consumption are shown in 
Fig. 2A. Rates for oysters acclimated to 5 "C show an 
increase to a maximum at 15 "C with a Q,, of 4.19. 
Oysters acc11,mated to loo, 15" and 20 "C, however, 
show a lower increase in rate with a Q,, of approxi- 
mately 2.0 over the exposure temperature range of 5" to 
20 "C. At an acclimation temperature of 25 "C, how- 
ever, oxygen consumption appears to be  relatively 

Fig. 1 Ostrea edulis. ( A )  Acute 
rate-temperature curves for 
clearance rates of Tetraselmis 
suecica, following acclimation 
to temperatures from 5" to 
25 "C. (B) Accl~mated rate- 
temperature curve for clear- 
ance rates of Tetraselmis 
suecica (mean + l standard 
deviation) (see also Table 2) 
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independent of temperature; moreover the level of the 
curve has shifted resulting in an  increased metabolic 
cost over the entire temperature range. 

The acclimated rate-temperature curve for routine 
oxygen consumption is shown in Fig. 2B. In effect 
modification of the RT curves maintains a relatively 
uniform rate of oxygen consumpt~on at the temperature 
to which the oysters have been acclimated between 5" 
and 20 "C, but metabolic costs increase dramatically 
between 20" and 25 "C. 

Effect of Temperature on  Filtration Efficiency and 
Cost of Filtration 

The ratio of the volume of water cleared per volume 
of oxygen consumed (V,/V,,>) is termed the 'convection 
requirement' (Bayne, 1976) and may be used as an 
index of irrigation or filtration efficiency (Newel1 et al., 
1977; Newel1 and Branch, 1980). Values of the ratio 
obtained in this study are shown in Fig. 3. The results 
show that, following acclimation to 5" and 25 "C, the 
volume of water filtered per unit oxygen consumed is 
relatively low over the entire range of exposure tem- 

peratures. Following acclimation to 10°, 15", and 20 "C, 
however, the ratio of V,/V,, increases rapidly in rela- 
tion to increasing exposure temperature, reaching a 
maximum at or near the temperature to which the 
oysters had been acclimated (i.e. where T,. = T(,) 

The acclimated RT curve for filtration efficiency is 
shown in Fig. 3B. I t  is clear from the figure that filtra- 
tion efficiency increases from a low level at T,5 to a 
maxlmum at  or near Td15 and then decreases to a low 
level at Td25. This may be explained by the fact that 
through T,5 to T,20 oxygen consumption is reasonably 
constant while the filtration rate increases with warm 
acclimation up to 15 "C (Fig. 1B). The low value of V,/ 
VG> following acclimation at 25 "C may be  explained 
by the high rate of oxygen consumption at 25 "C, which 
is associated with a reduced rate of filtration. 

These adjustments in the filtration rate (V,,) and 
oxygen consumption (V,) in relation to thermal accli- 
mation result in the energetic cost of filtration (Vol/Vw) 
being minimal at  approximately 15 "C, much as  has 
been described in large specimens of Ostrea edulis 
(Newel1 et  al., 1977). It is thus likely that maximum 
energetic gain, and consequent growth, can be  
achieved in oysters held at or near 15 "C. 

Fig. 2. Ostrea edulis. (A) Acute 
rate-temperature curves for 
oxygen consumption of indi- 
viduals fed Tetraselrnis sueci- 
ca at  acclimation temperatures 
between 5' and 25 "C. (B) Ac- 
climated rate-temperature 
curve (means -+ 1 standard dc-  
viation) for oxygen consurnp- 

tion (see also Table 2)  

Fig. 3. Ostrea edulis. (A) Fil- 
tration efficiency (VJVO1) a t  
different exposure tempera- 
tures following acclirnation 
over the range 5" to 25°C. 
(B) Acclimated rate-tempera- 

ture curve of VJVa 

I I 
l b  15 io 25 

ACCLIMATION TEMPEPATURE C%) 

KUJMATlON TEMPERATURE (.C > 
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Table 2. Ostrea edulis. Data used for calculat~on of scope for growth of standard mass oysters (5.0883 mg). Average cell 
concentration = 15 X 106 cell 1 - l .  Energy equivalents based on the following conversion factors: (1) Tetraselrnis suecica: 106 
cells = 1.54 J (based on Widdows and Bayne, 1971) = 2.7 mg 1 -' (Griffiths and King, 1979); (b) Oxycalorific equivalent = 19.85 
J. m1 10, h- '  (Griffiths and King, 1979). Energy losses through excretion were assumed to be negligible and were not included in  

calculat~on of scope for growth (p. 74) 

Accl~mation Resp~ratory rate Filtration rate Ingested ration Assimilated ration Scope for 
temperature growth 

("c) ( ~ l  0, h-') (J h- ' )  (m1 h- ')  ( X  106 (J h - ' )  (J h-') (J h- ' )  
cells h") 

- 
X ( 2  s d.) (+  s.d.) 

5 7.95 (5.6) 0.16 32.37 (12.67) 0.49 0.76 0 53 0.37 
10 4.65 (2.5) 0.09 66.11 (14.18) 0.99 1.53 1.25 1.16 
15 6.21 (2.5) 0.12 162.25 (74 30) 2.43 3.74 3.00 2.88 
20 7.26 (2.4) 0 14 144.57 (45 90) 2.17 3.33 2 52 2.38 
25 22.30 (1 1 7) 0 44 135.00 (60.62) 2.03 3.12 2.26 1.82 

Scope for Growth 

The 'scope for growth' has been widely used as an  
index of energy balance in bivalves and other organ- 
isms (see Warren and Davis, 1967; Dame, 1972; Bayne 
et al., 1973; Bayne, 1976); it may be  calculated by 
subtraction of the energy equivalent of oxygen con- 
sumption from the assimilated ration. Ingested ration 
may be  calculated from the product of filtration rate 

Fig. 4.  Ostrea edulis. Effect of thermal acclimation on the 
ingested ration (e), assimilated ration ( A ) ,  oxygen consump- 
tion (M) and resultant scope for growth in juveniles (see also 

Table 2) 

and food concentration (15 X 10"ells I - ' )  whilst 
assimilated ration is obtained from the product of 
assimilation efficiency and ingested ration. 

The values for these are summarised in Table 2. In 
larger oysters the net energetic gain represents that 
available to support production as growth (Pg) and 
reproduction (B). However, as pointed out also by 
Dame (1972), in small oysters the situation is simplified 
since all production is channelled into growth. Pg thus 
becomes numerically equivalent to P in juvenile oys- 
ters. It is noticeable that scope for growth has a positive 
index throughout, indicating a surplus of energy avail- 
able for growth (P) at  this ration level. A graphical 
summary of the influence of acclimation temperature 
on scope for growth in juvenile Ostrea edulis is shown 
in Fig. 4 and is very similar to the seasonal cycle in 
scope for growth in the oyster Crassostrea virginica 
(Dame, 1972) in which the difference between assimi- 
lated ration and  respiratory costs reached a maximum 
during September. The ingested ration increases to a 
maximum at 15 "C after which it declines, reflecting 
the decrease in filtration rate (Fig. 1). Because assimi- 
lation efficiency (Table 1) remains relatively 
unchanged over the range of acclimation tempera- 
tures, the assimilated ration follows the same pattern. 
Scope for growth is indicated by the hatched area 
which represents the energy gain of assimilation 
minus the energy expenditure of metabolism. 

DISCUSSION 

The results obtained on the influence of short-term 
exposure temperature and long-term thermal acclima- 
tion on filtration rates, assimilation efficiency and oxy- 
gen consumption in juvenile Ostrea edulis generally 
support those obtained for other molluscs, including 
oysters. Lateral translation of the rate-temperature 
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Table 3 Ostrea edulls Regression equations generated from calculated asslmtlated ratlon and oxygen consumptlon of juveniles 
following acclimat~on between 5" and 25" C and short-term exposule to temperatures between 5" and 30" C Terms In edch 

equatlon are ranked according to thelr s t epw~se  sequence of entry and are expressed as Joules per standard oyster h - '  

Equation 1 :  ( rZ  = 0.50) 
Assimilated ratlon = 0.29 + 0.34 X 104 T,T: - 0.91 X IO-~T,T; - 0 19 X 10-6 Tare  + 0 21 X I O - ~  T: 

Equation 2:  (r2 = 0.54) 
Oxygen consumptlon = 0 49 + 0.57 X 10-' T,T, + 0 18 X < - 0.035 7, - 0.5 X 10-' T', 

Equation 3 .  (3 = 0.64) 
Assimilated ration = - 8.07 - 0.63 X I O - ~  T,T', + 0.38 X I O - ~  T,T: - 0.0076 T,T: + 0.0024 e T E  - 0.047 T: + 
0.406 T,  + 1.132 T, 

Equation 4: (3 = 0.77) 
Oxygen consumption = 0.043 - 0.38 X 1 0 - ~  T,C + 0.23 X 10'' T , T ~  - 0.45 X 10-3 T,Tz + 0.12 X 10-3 E T ,  + 
0.024 T, - 0.0055 T: 

curves for filtration have been reported by Newel1 and 
Kofoed (1977 a,b) for the slipper limpet Crepidula for- 
nicata, and by Newell et al. (1977) for large individuals 
of 0. edulis, although the extent of translation was 
more pronounced than in the small oysters used in this 
study. Lateral translation of curves for routine oxygen 
consumption (V,:) following thermal acclimation have 
been reported for Mytilus edulis (Bayne et al.,  1973; 
Widdows, 1973a,b; Bayne, 1976). In agreement with 
the results obtained here, Newell et al. (1977) found 
little evidence of lateral translation of the curves relat- 

ing V,) to exposure temperature in large 0. edulis, 
although there was some evidence of rotation follow- 
ing thermal acclimation. In all these exanlples, how- 
ever, the result of compensatory adjustment of VO2 is 
that oxygen consumption is maintained at a relatively 
uniform rate over the range of environmental tempera- 
tures likely to be experienced by the bivalve. 

Compensatory adjustments of the filtration rate and 
corresponding oxygen consumption lead to an 
improvement in the ratio of V,/VO2 in Ostrea edulis 
with warm acclimation, a maximum value of 24.7 
being obtained at 15 "C (Fig. 3B). This value is consid- 
erably higher than that obtained by Newel1 et al. 
(1977) for large oysters but agrees with values cited for 
other bivalves ( J ~ r g e n s e n  1966; Vahl, 1973a,b). The 
'scope for growth', representing the net energetic gain 
after respiratory losses have been taken into account, 
thus approaches a maximum following acclimation to 
15 "C, and may be greater in small oysters than large 
ones, much as reported for mussels by Thompson and 
Bayne (1974). 

Apart from an analysis of the effects of body size, 
ration and acclimation temperature on 'scope for 
growth' in Mytilus edulis by Widdows (1978a,b), few 
studies have attempted to combine the simultaneous 
effects of a variety of independent variables on the 
scope for growth in bivalves. Stepwise linear regres- 
sion analyses of the factors affecting the assimilated 
ration and oxygen consumption in juvenile Ostrea 
edulis yielded the multiple regression equations sum- 

marised in Table 3. Equations (1) and (2) show the 
regressions obtained for the whole range of experi- 
mental data from low exposure temperatures of 5 "C up 
to 30 "C. However, the standardised residuals between 
observed and calculated values of the dependent vari- 
ables showed that most of the variation between the 
experimental data and the model occurred at acclima- 
tion temperatures of 5" and 25 "C. This variation is 
probably associated with thermal stress effects at the 
extremes of the range of thermal tolerance. Re-enter- 
ing the data but omitting T,5" and Td25 "C produced 
Equations (3) and (4) (Table 3),  and improved both the 
coefficients of determination (?) and the predictive 
accuracy of the model. Nevertheless it will be noted 
that the values for 3 are still only 0.64 for the multiple 
regression equation describing factors affecting 
assimilated ration and 0.77 for that descr~bing oxygen 
consumption. We attribute this to the well-known var- 
iability in filtration rate and dependent routine oxygen 
consumption between individuals and with time rather 
than to an  omission in independent variables incorpo- 
rated into the multiple regression equation. In spite of 
the relatively low values for 2, we have confidence in 
the predictive value of the equations since it will be 
noted that the graphs generated from them accord well 
with the experimental observations summarised in 
Figs. 1 4 .  

It is clear from Equation (3) that variation in the 
assimilated ration in Ostrea edulis may be described 
by the effects of exposure temperature (TJ, acclima- 
tion temperature (TJ and by up  to fourth order cur- 
vilinearity interactions between T, and T,. Variations 
in oxygen consumption (Equation 4, Table 3), on the 
other hand, are described by first degree terms for T,, 
second degree curvilinearity terms for T,, and by u p  to 
fifth degree terms for interactions between T, and T,. 
The main feature of importance, however, is that the 
component terms of the equations are ranked in order 
of their individual importance in the multiple regres- 
sion equation (p. 75). These show that in all equations 
both assimilated ration and oxygen consumption are 
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primarily controlled by complex interactions between 
exposure and acclimation temperature rather than by a 
simple dependence on either vanable. 

For the purpose of analysis of the actual data 
obtained in our experiments we regard as preferable 
use of Equations (1) and (2) covering the complete 
range of experimental temperatures from 5" to 30 "C 
and to retain Equations (3) and (4) if necessary for 
predictive purposes within the acclimation tempera- 
ture range of 10" to 20 "C. The response surface derived 
from Equation (1) is shown in Fig. 5, which summarises 
the combined effects of short-term exposure tempera- 
ture (T,) and acclimatlon temperature (T,) on the 
assimilated ration by Ostrea edulis. It is evident that 
the maximal assimilated ration is at an acclimation 
temperature of approximately 22 "C and an exposure 
temperature of approximately 25 "C. The correspond- 
ing response surface for respiratory losses generated 
from Equation (2) is shown in Fig. 6. This shows a 
trough of minimal oxygen consumption over the accli- 
mation range 15" to 20 "C and at  exposure tempera- 
tures u p  to 30 "C. It is also apparent that metabolic 
costs increase sharply in  oysters acclimated to temper- 
atures above 20 "C and exposed to short-term thermal 
stress above 25 "C. 

The response surface relating the scope for growth in 
Ostrea edulis (assimilated ration - energy equivalent 
of respiratory losses) as a function of acclimation (T,) 
and exposure temperature (T,) is shown in Fig. 7. The 
model shows that maximum scope for growth occurs at 
a n  acclimation temperature (T,) of approximately 
17 'C and a n  exposure temperature (T,) of approxi- 

Fig. 5. Ostrea eduljs. Response surface relating Td,  T,, and 
assimilated ratlon (derived from Equation [ l ] ,  Table 3) 

mately 25  "C and thus predicts an increased growth 
rate during the summer months as a result of the 
combined effects of temperature on the balance be- 
tween assimilated ration and metabolic energy expen- 
diture. Clearly, these results closely resemble the 
increase in growth rate recorded by Dame (1972) for 

Fig 6. Ostrea edulis. Response surface relatlng T,, Te and 
oxygen consumption (derived from Equation [2j, Table 3 ) .  A 
trough extends from 10" to 30 "C T,  but the data also show a 
small maximum at T,,15', T,5 'C not accounted for by the 

model. This contributes to the error term 

Fig. 7 Ostrea edulis. Response surface summarising the com- 
b ~ n e d  effects of acclirnation temperature (T,) and short-term 
exposure temperature (T,.) on scope for growth in juveniles 

(derived from Equations [ l ]  and [2], Table 3) 
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Fig. 8. Ostrea edulls. Scope for growth ( J  h ' ]  in j u v e n ~ l e s  
(generated from Equations [ l ]  a n d  121, Tdble 3)  

juvenile Crassostrea v ~ r g i n ~ c a  during the late summer 
months. 

The fact that the maximum scope for growth in 
Ostrea edulis is attained following warm acclimation 
to 17 "C but can be enhanced by short-term exposure to 
temperatures of approximately 25 "C is of considerable 
interest in view of the fact that the oyster commonly 
thrives in shallow water and mud flat situations. A 
contour diagram showing the scope for growth gener- 
ated from Equations ( l )  and (2) (Table 3) is shown in 
Fig. 8. This suggests that gradual warm-acclimation 
during the summer months, coupled with pulses of 
relatively high exposure temperature of 25 "C, may 
represent optimal conditions for production by this 
oyster. 

In conclusion, it appears that assimilation efficiency 
is unaffected by thermal acclimation although both 
filtration and oxygen consumption are modifiable, the 
ratio of volume of water filtered per unit oxygen con- 
sumed reaching its maximal value between 15" and 
20 "C. As a result of these adjustments in filtration and 
oxygen consumption following thermal acclimation, 
filtration efficiency, cost of filtration, assimilated ration 
and hence scope for growth achieved optimal values 
following warm acclimation between 15" and 20 "C. 
Thus, there are obvious advantages in the mainte- 
nance of Ostrea edulis at  temperatures between 15" 
and 20 "C for optimal growth in artificial mariculture 
regimes, whilst short-term increases in temperature up 
to 25 "C such as commonly occur in very shallow 
waters during the summer months, may additionally 
enhance growth. 
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