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ABSTRACT 

The energy balance components of a laboratory population 

of juvenile Q,j:tJr.e.a e.duU.1.>, fed on Te.:tJr.Me.-fm.-W 1.>e.uc..lc.a at 15°C 

(v) 

and 35~~o , we~e investigated. The results show that fil-

tration rate is a power function of body size and is depen-

dent on food concentration. The relationship between 

food concentration and filtration rate closely approxima­

ted a theoretical model proposed for copepods, which was 

therefore adapted to suit bivalves. Filtration rate 

showed no selection of particles on the basis of size. 

However, oysters are probably able to recognise algae on 

a chemosensory basis and reject undesirable particles. 

Routine metabolism was found to be proportional to the 1,09 

power of body mass. This agrees with expected values of 

the mass exponent predicted in the literature for animals 

of this size. No evidence of energy loss as dissolved 

organic carbon was recorded. A value of 80,32 ! 9,91% SD 

for assimilation efficiency was determined using the Cano-

ver ratio. A construction of the energy budget using the 

Winberg equation of change of mass per unit time (~w/~t) 

showed that 1,94 Jh-l was available for somatic growth under 

optimal conditions. 

The acute effect of temperature on the filtration ard meta­

bolic rates of oysters acclimated over the range 5 - 25°C 
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(vi) 

was determined. Results show that both rates were adjus-

ted by lateral translation. The resultant cost of fil-

tration (0 2 consumed/ml cleared) and filtration efficiency 

(ml cleared/0 2 consumed) showed optimal values at 15°C. 

Warm acclimated animals therefore showed a maximum scope 

for growth and percentage daily mass change between 15 

and 20°C. These temperatures correspond to the summer 

temperatures experienced in the environment. 
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INTRODU£TION 

Marine bivalves have been cultured for many years. The 

voluminous literature that was built up on every aspect 

of bivalve biology reflects the importance of bivalves, 

not only as commercial food source, but also because they 

are an important component of many intertidal marine eco­

systems. 

As filter feeders considerable attention has been paid to 

the particle retention ability of these animals. (J~r-

gensen, 1966; Owen 1966a, 1974b; Purchon, 1968 and Bayne, 

1976). The effects of various ecological and physiolo-

gical parameters on the filtration rate have also been 

studied (for reviews see Bayne, 1976; Winter, 1977a, b and 

Newell, 1979). These studies show that filtration rate 

is a function of body size, particle concentration, physio-

logical state, tidal rhythmicity and temperature. Res-

piration rates have received as much attention, with studies 

on the effects of aforementioned factors, as well as p0 2 

on the rate of 02. uptake (Bayne and Livingston, 1977). 

More recent studies have attemrted to integrate the effect 

of a particular factor on the physiological reaction as a 

whole. This type of analysis enables one to look at the 
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reaction of the whole animal to a change in environmental 

condition, as opposed to the effect on a single function. 

Ratios between the volume of water cleared and the amount 

of oxygen consumed vary considerably with body size (Vahl, 

197 2 , 197 3 a , b ) , p 0 2 (Bayne e.t. a.1.. 197 6 b ) and ' temper at u re 

(Newell and Kofoed, 1977a, band Newell e.t. a.1.. 1977). This 

work has shown that the rate of filtration and respiration 

are modifiable in response to a change in environmental 

conditions. With a change in temperature Newell. e.t.a.1.. 

(19 77) showed that 0-6:tlc.e.a. e.dui,W regu ia ted its me tabo 1 ic e f­

f ic iency over a wide range of acclimated temperatures, 

thereby increasing its competitive ability in a variety 

of ecological conditions. 

The first part of ·the present work summarises aspects of 

energy b a 1 an c e in ju v en i 1 e 0-6:tlc.e.a. e.du£L6 with spec i a 1 ref e -

rence to the effect of concentration, particle size and 

mixed algal diets on the filtration rate of 0-6:tJc.e.a. e.du.i,W. 

The second part determined the response of filtration rate 

and respiratory rate to thermal acclimation in terms of 

filtration efficiency, scope for growth and predicted daily 

mass changes. Theoretical models of assimilated ration, 

respiratory rate and scope for growth were constructed from 

experimental data. 
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CHAPTER 1 

THE EFFECTS OF BODY SIZE AND FOOD 

ON THE 

ENERGY BALANCE 

OF A 

LABORATORY POPULATION OF OSTREA EVLJLIS 

3 
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1.1 DESCRIPTION OF ANIMALS AND HOLDING FACILITIES 

1.1. l 

1.1. 2 

INTRODUCTION 

Work on the rearing and maintenance of laboratory popu-

1 at ions o ( oysters ·has been in progress since 1919 , but 

it was only in 1938 that Cole (1938) was able to claim 

that the rearing and maintenance of oysters on a commer-

cial scale could be predicted. Since these pioneering 

studies much work has been done on keeping oysters in 

the laboratory, (Walne, 1956, 1958a, b, 1963, l970a, b; 

Calabrese and Davis, 1970; Helm e.t. a...f..1973; Langton and 

McKay 1974; Loosanoff and Murray 1974; Epifania e.t.a...t 

1975 and Pruder e.t. a...f_, 1977). 

What follows is a brief description of the procedures 

adopt~d in keeping oysters alive during this program. 

\ 

METHODS 

The main holding facility was a 50 litre tank kept in 

the Oceanography aquarium at the University of Cape Town. 

The tank was independent of the water supply in the aqua­

rium, the ambient temperature of which was maintained at 

15°C ! 1°C. Water in the aquarium was obtained from the 

Sea Point aquarium of the Sea Fisheries Branch on the 

West Coast of the Cape Peninsula. The sea water was 
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filtered through Whatmans No 1 filter paper to remove 

large suspended particles and changed at. least once a 

week to prevent a buildup of excretory products •. Water 

in the tank was circulated using air lifts. These were 

constructed from 16mm diameter Polyvinylchloride (PVC) 

piping. The water was allowed to drop into the tank, 

after lifting, by directing it into a perforated furrow 

suspended above the oysters. 

The animals were obtained from the Fisheries Development 

Corporation hatchery at Knysna. Batches were flown to 

Cape Town in moist tissue paper with no apparent ill ef-

fects. The oysters were suspended in the tank in PVC 

dishes made from a section of piping with a diameter of 

124mm. The dishes had O,Smm mesh bottoms. This method 

is similar to that used by the hatchery in Knysna where 

it was found that regular shaking prevented the animals 

from attaching themselves to the mesh. Once a week the 

oysters were washed in a jet of fresh water to pr~vent as 

accumulation of. epiphytes. 

5 

The animals were maintained on a diet of Te.br.Me.lm-W ..6e.uc.-i.c.a, 

added to the tank twice daily. This ration was calcula-

ted to supply ~he oysters with a minimum maintenance ration 

I -1 of 17µg C animal.day (Newell e.t. al., 1~77). 
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1.1. 3 RESULTS 

The oysters were maintained in an apparently healthy con-

dition for a period of 14 months. During this period 

substantial growth was only observed in small oysters 

below 4mm in length. The larger specimens up to 15mm 

in length showed no significant increase in size. 
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1.2 DESCRIPTION OF ALGAE AND CULTURE METHODS 

1. 2 .1 

1. 2. 2 

INTRODUCTION 

The use of artificially grown phytoplankton as a means 

of supplying or supplementinq the diet of laboratory popu-

lations of bivalves is well documented. (Cole, 1939; 

\fa 1 ne , 195 6 , 19 6 3 , 19 6 5 , 197 0 a ; ·He 1 m e.t. a..f.. , 19 7 3 ; Loos a -

naff and Murray, 1974; Gabbott e.t. a£., 1975; Winter, 1975; 

Winter and Langton, 1976 and Helm, i977). 

13 Species of algae were grown as food for the oysters in 

this study. One of them, Te.t!r.Me..iml-6 .6e.u.c..i.c.a., provided the 

main diet of the oysters while others were used in study­

ing the effect of particle size on filtration rate. 

METHODS 

All of the species listed in Table 1 were obtained from 

the Plymouth Laboratory collection in the U K with the 

exception of Hyn.e.nomona...6 c.aJt:tvr.a.e. and Py}[a.m.i.mona...6 .6p, both of 

which were obtained from the Botany Department of the 

University of Natal, Pietermaritzburg. Two types of 

culture, stock and feeding, were maintained under slightly 

different conditions. 
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TABLE 1 The taxonomic position and size of the algae 
(authority is given behind the species in parenthesis) 

8 

TAXONOMY APPROX IMA TE 5,1zE (µm) -----------------------------------------------------------------------------
Phylum Chlorophyceae 

Order Volvocales 

Family Prasinophyceae · 

Pykamimon.a..1.> amyfi6e.Jr.a 

Vuna.Li.e.-Ua. pkhnofe.c.:ta. 

Phylum Chrysophyta 

Sub~Phylum Chrysophyceae 

Class Haptophyceae 

Hyme.nomon.a..1.> c.a.Jtte.Jr.ae. 

C~l.c.o-0phae.~a c.alr.te.Jr.ae. 

1-0oc.hJr.y-0~ gafbarta. 

Monoc.hJr.y-0~ futhe.Jr.i · 

Sub-Phylum Bacillariophyceae · 

Class Centrales 

C ha.e.toc.e.Jr. 0-0 c.a.1.c.l.tlia.M 

Phae.oda.c.tyfum bil.c.aknutum 

Ske.fe.tonema c.o-O:ta.twn 

Thaf.f.a.-6-0io-0~a p-Oe.udona.:ta. 

Phylum Cryptophyta 

Class Cryptophyceae 

Phylum Pyrophyta 

Class Desmophyceae 

(Conr.) 

(Butch) 

(Kylin) 

(Butch) 

(Butch) 

(Braarud) 

(Braarud) 

(Parke) 

(Droop) 

(Paulsen) 

(Bohlin) 

(Cleve) 

(Halse) 

(Droop) 

(Ehrenb) 

15 - 25 

5 - 12 

6 - 10 

3 - 11 

6 - 8 

10 - 15 

10 - 15 

4 - 8 

4 - 6 

8 - 10 

8 - 35 

3 - 5 

10 20 

5 - 8 

30 - 40 
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1.2.3 

1.2.4 

9 

STOCK CULTURES 

Stocks were maintained in autoclaved 250ml pyrex conical 

flasks sealed by a double layer of commercial aluminium 

cooking foil. The cultures were grown in sea water en-

riched with a mixture of Erd Schreiber and 'Walnes' cul-

ture medium. In addition algae of the order ·sacillario­

phyceae were supplied with sodium metasilicate (40mg.l-l) 

to enhance test growth. A list of components of these 

ingredients is given in Appendices 1 and 2. Cultures 

were maintained in the aquarium at 15°C and subjected to 

a 16 hour light - 8 hour darkness cycle. The light 

source consisted of 3 Crompton 'cool white' flourescent 

tubes of 20W and 2800 lux each. 

Since it was not necessary to maintain logarithmic qrowth 

in the stock cultures they were subcultured once a month. 

FEEDING CULTURES 

Feeding cultures were maintained in 2,5 litre pyrex flasks 

or 5 litre pyrex cylindrical flasks (Figure 1). Condi-

tions were essentially similar to those described for stock 

cultures except for the following differences. Erd Schrei-

ber was omitted from the culture medium and the light source 

was continious. The most significant difference was that 
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FIGURE l 

10 

View of the algal culture stand. The 5 litre culture 

flasks are on the right hand side. Note the cotton 

wool filters fitted to the air supply. 
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1. 2. 5 

11 

the feeding cultures were vigorously aerated, a process 

that enhances growth by mixing nutrients and allowing the 

entire volume to be exposed to light instead of just the 

outer layer. Before entering the culture the air was 

filtered through 2 cotton wool filters to remove airborne 

particles and so prevent contamination of the culture. 

Feeding cultures were maintained in a logarithmic growth 

condition by subculturing at least once every 10 days. 

Te.tll.Me.imL6 -6e.u.c..<.c.a. has been shown to remain in a logarithmic 

growth phase until day 15 (Henni;(g, pers. comm). 

MASS-DENSITY RELATIONSHIP 

A sample of the cultures was taken between day 8 and 12, 

ensuring that they were in a logarithmic growth phase. 

The algal density and particle sizes were determined using 

a Coulter counter Model TA II which was fitted with a 

70µm aperture tube. Algal densities were expressed as 

number of cells per litre. 

5ml of each species were filtered onto preweighed, 0,45µm 

Millipore filters. These were then dried to constant 

mass at 60° for 48 hours and re-weighed on a Mettler (ME 

30) microbalance. 
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1.2.6. RESULTS AND DISCUSSION 

l. 2. 7 

In _describing the effects of algal densities on various 

biological functions, a number of different measures have 

been used. These measures include chlorophyll 'a' values 

(Kirby-Smith and Barber, 1974) mass (Gabbott and Bayne 

l 9 z 3 ) , p a c k e d c e 11 v o l um e (VI a l n e , 1 9 7 0 a ) , a n d numb e r s , 

using either a haemocytometer (Parsons, e.:t. al.., 1961), or 

a Coulter counter (Vahl, 1973). Since morphological chan-

ges in algae can occur with age (Stacey, 1976), it is impor­

tant to specify the age of culture being used for study pur-

poses. Unfortunately chlorophyll and packed cell volumes 

were not measured for the algae used in this study, but, 

a basis for comparison, the mass of 1 x 10 6 cells in a loga­

rithmic growth phase, is given in Table 2. 

The taxonomic position, authority and size of the algae 

used are given in Table 1. 

algae is given below. 

PRASINOPHYCEAE 

A brief description of the 

Belonging to the phylum Chlorophyta (green plants), these 

algae are distinguished by their green pigments, the chlo-

rophylls. The cell wall may consist of up to 3 layers, 

the outer one being mucilaginous or pectose. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

13 

TABLE 2 6 Mass as determined in the logarithmic growth phase of 1 x 10 cells 

of the algal species used in this study 

ALGAE MASS (mg) 

Cha:etoc.Vr.o-6 c.alc.i.tJr.a:nJ.i 0,0830 

Pha:eodaety iwn tJr.i.c.o!(n.u.:twn 0,0572 

Monoc.h!(q-6~ iu.thVr.i. 0,0476 

Tha.i.1M-6i.o-6Vr.a: p-6eu.dona:ta: 0,0562 

Hem~efur~ v Vr. e-6 c.e nJ.i 0,0629 

I-0oc.h!(y-0~ ga:iba:na: 0,0517 

Sketetonema: c.o-0ta:twn 0,0547 

Vu.na:ii.eR.ea pJti.moiec.ta: 0,3919 

TetJr.Mehn~ -6br.i.a:ta: 0,3340 

Tebc.Mefur~ ~eu.c.i.c.a: 0,4964 

Cit i.c.M pha:Vr.a: c.M tVr.a:e 1,1875 

Hymen.omonM c.aJl. tVr.a:e 1,0372 
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PyJr.a.m..imo na-0 · ho we v e r , i s u nu s u a l in h a v i n g no c e 11 w a 11 , th e 

outer layer of the cytoplasm forming the cell boundry (Pres-

cott, 1969). All representatives of this family have fla-

gella and the reserve product, when present, is starch (Mor­

ris, 1973). 

With the exception of PyJr.a.m..imona-0, no difficulty was expe-

rienced in culturing these algae. Although I was able to 

keep PyJr.a.m..imona-0 alive, none of the subcultures reached suf­

ficient density to be used as food and it was therefore dis­

carded. This was unfortunate because Walne (1970a), has 

shown that algal species that do not have a cell wall are 

usually good food for bivalve culture. This characteris-

tic may attributed to the relative ease with which they may 

be assimilated when compared with algae possessing a rigid 

cell wall. 

1.2.8 HYPLOPHYCEAE 

Members of the sub-phylum Chrysophyteae are characterised 

by their gold~n brown colour. Pigments include chloro-

phyll 'a' as well as carotenoids such as fucoxanthin (Mor-

ris, 1973). A second common feature is the cell wall. 

Cellulose is absent and the wall is made up of scales which 

may or may not be calcified (Stacey, 1976). All Haplophy-

ceae are flagellates. The main reserve products are fats 

and oils (Prescott, 1969), and starch is never present (Mor­

ris, 1973). 
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/ 

The chrysophytes are at PFesent the subject of extensive 

reclassificatio.n as can be seen with the genus Hyme.nomonaJ.i. 

The. P 1 ymou th Laboratories st il 1 refers to the genus as CJr..<.-

eo~phie.Jr.a as classified by Braarud (1960). However, Man-

ton and Peterfi (1969), have placed them into the genus Hy-

me.nomonaJ.i. 

CJr..<.c.o-6phae.Jr.a and Hyme.nomonaJ.i are therfore regarded as strains 

of the same species for the purpose of this study. The 
,. 

si~ilar results presented in Section 1.4.4 support this as-

sumption. 

l.2.9 CENTRALES 

Probably the most ubiquitous of all algae are the Bacilla-

riophyceae (Diatoms) of which the Centrales form a part. 

These algae possesses the same general characteristics of 

the Phylum Chrysophyta as listed above. In addition they 

have an isodiametric valve view with radially symmetrical 

wall ornamentation. The cell wall is silicified, for which 

reason sodium metasilicate was added to the growth medium. 

Although the diatoms may tend to form long chains they are 

almost all unicellular with a motile state possessing a 

single flagellum (Morris, 1973). The main reserve products 

are fats and oils. 
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1.2.10 CRYPTOPHYCEAE 

This is a small group sometimes regarded as being related 

to the Pyrrophyta (see below). They are mostly naked 

forms with no rigid cell wall and occur as flagellated, 

pallenoid or coco id forms. He.ml6e.£ml6 v.iJr.e.-0c.e.M has a dis-

tinctive blueish green colour. 

stored as starch. 

1.2.11 PYRROPHYTA 

Reserve products are 

As with the Cryptophyceae this is a little known group. 

However, PJr.oc.e.n.tJc.um m.<.c.a.c.a.M was not cultured successfully 

and was discarded. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

1.3 MORPHOMETRICS 

1.3.l INTRODUCTION 

Linear and mass determination between an intact organism 

and one of its parts or between two of its parts may be 

expressed either as a power fu8ction of the form, 

y = axb 

or as a linear regression of the form, 

y = ax + b 

( l ) 

( 2 ) 

17 

Equation (1) may be expressed in linear form by a logarith-

mic transformation, 

log Y = log a + b log X (3) 

Y and X are measures of the animal and a and b are constants 

determined using least squares regression analysis on equa-

tions (2) and (3). 

1.3.2 METHODS 

; 

Oysters were obtained from the Knysn~ Oster Co. in October 

1978 and placed in a sea water aquarium described in Sec-. 

tion 1.1. After l week the animals were removed and placed 

individually into water at ~ 80°C until the valves gaped, a 

process that tqok up to 30 seconds. Body tissues were 

carefully separated from their shells under a dissecting 

microscope and placed into preweig~ed aluminium dishes. 
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The latter had been punched out of commercial cooking foil 

and found to be unaffected by temperatures of up to 500°C. 

Each was dried to constant mass in an oven at 60°C for 48 

hours to determine dry mass of tissue, dry mass of shell 

and total dry mass, the sum of the two. 

Length and width of the shell were determined as the maxi­

mum distance from the hinge to the outer edqe of the shell 

and the widest perpendicular to this, respectively. These 

parameters were measured microscopically using a graduated 

eyepiece, or in the case of larger specimens, using a pair 

of Mitutoyo vernier calipers. 

Finally the shells and body tissue were ashed in a muffle 

furnace at 450°C for 12 hours. This temperature was low 

enough to ensure that carbonates were not burnt off. Ash-

fr e e d r'y mas s e s we r e c a 1 c u 1 a t e d b y s u b t r a c t i n g . a sh ma s s es 

from dry masses. All masses were determined using a Mett-

· ler Model ME 30 microbalance. 

1.3.3 RESULTS AND DISCUSSION 

Table 3 gives the co-efficients a and b which best fitted 

the data on mo~phological measurements, using either equa-

tion (2) or (3). The number of measurements (n) and the co-

efficient of determination (r 2
) are given. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

19 

TABLE 3 Regression analysis for various morphological relationships of 

0 -6tlr. en.. e.du..tl6 • 

RELATIONSHIP 
y 

EQUATION r2 x n 

-----------------------------------------------------------------------------

1. Length 
L = 2 , 5 4 TDMO ' 3 7 0,70 59 Total Dry Mass 

2. Dry Mass Tissue DMT 0,014TDM 0,0732 0,91 59 Total Dry Mass = + 

3. Dry Mass Tissue DMT 0,0028L2' 406 0,91 59 Length = 

4. AFDM Tissue AFDM 0,0025L2' 388 0,90 59 Length = 

5. AFDM Tissue AFDM O,Ol3TDM 0,0618 0,91 59 Total Dry Mass = + 

6. AFDM Tissue AFDM 0,895DMT 0,0008 0,99 59 Dry Mass Tissue = -
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The use of morphological measurements as a means of com­

paring animals on a spatial basis has been recognised by 

20 

Wilbur and Jodrey (1952) and Dame (1972). These authors 

used shell massl dry body mass ratios as basis of compari-

son. Moreover Galtsoff (1964) has shown that shells of 

intertidal oysters are thinner than those of subtidal oys­

ters. 

Whereas the data in this study have been primarily used 

to determine ash-free dry mass from other more easily ob­

tained measurements such as whole mass or length, the en­

tire spectrum has been documented, since their use as a 

predictive tool in ecological studies is well documented. 
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1.4 FILTRATION RATE 

1.4.1 INTRODUCTION 

Filtration rate or clearance rate may be defined as the 

volume of water filtered free of particles per unit time 

(Winter, 1969). This is distinguished from the pumping 

or ventilation rate which represents the volume of water 

flowing through the gills per unit time. Filtration rate 

and pumping rate are equal if particle retention efficien­

cy is 100%. 

Thus,calculation of filtration rate combined with a know­

ledge of particle con~entration of the water represents 

the energy intake of the bivalve. Winter (1978), however, 

points out that this only holds true if no pseudofaeces 

are produced. To determine filtration rate one in prac-

tice measures the pumping rate making the assumption that 

there is 100% particle retention. 

Pumping rates are determined using either 'direct' or 'in­

direct' methods. The direct method employs some physical 

attempt to separa~e the exhalent current and to measure 

either the velocity or the total water discharged by the 

animal. The major drawback in~olves stress caused by mani-

pulating the animal. This probably affects the filtration 

rate (Winter, 1969). 
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Using the indirect method the animal is placed in a suspen­

sion of known concentration and the decline in particle 

concentration is monitored. Filtration rate is determined 

using one of the formulae summarised by Coughlan (1969). 

D a v id s (1 9 6 4 ) , W i n t e r (1 9 6 9 ) , 0 we n (1 9 7 4 ) a n d B a y n e et. aL 

(1976c) have discussed the disadvantages of the indirect 

method. The major problem lies in the assumption that 

particle retention is 100% and that pumping rate is con-

stant. These assumptions may not be true. 

Indirect techniques to determine filtration rate can be 

used with closed or flow~through experimental chambers. 

The disadvantage in using closed systems lies in the fact 

that the continuously decreasing particle concentration af-

fects filtration rat~. These problems may, however, be 

overcome by using small animals in large chambers where a 

decrea~e in particle concentration does not become limiting 

(Foster-Smith, 1975a, b). Flow-through determinations 

allow a more continuous record of filtratio~ rate to be ob-

tained. Under constant concentrations, however, flow rate 

affects filtration rate (Winter 1975). 

It is not within the scope of this study to document the 

.mechanisms inv?lved in particle retention. This subject 

has been extensively covered by Galtsoff (1964), Oral (1967), 

Bernard (1974), Owen (1974a), Foster-Smith (1975b), Bayne 

(1976) and Newell (1979). 
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1. 4. 2 THE EFFECT OF BODY SIZE ON THE FILTRATION RATE 

1.4.2.1 INTRODUCTION 

The effect of body size on biological functions has been the 

subject of intensive investigation and numerous studies on 

filtration rates of filter feeding bivalves have been recorded 

(Winter, 1969; Walne, 1972; Melusky, 1973; Vahl, 1973; Thomp-

son e.:t. a...f.., 1974; Bayne e.:t. a.R .. ,J976; Winter, e.:t. a.l., 1976; 

Widdows, 1978; Griffiths and King, 1979 and reviews by Bayne, 

1976; Winter, 1977a, 1977b and Newell, 1979). 

These studies all recognise that filtration rate (Vw) increases 

with body size and may be described by the power curve 

Vw = aMb 

where M = ash free dry mass in grams and a and b are con-

stants. A review of the values for a and b obtained by a 

number of workers is given by Winter (1978). The wide 

range of b, from 0,29 to 0,82 is p~obably a result of mea­

suring the filtration rate with different methods, under a 

variety conditions. 

1.4.2.2 METHODS 

The oysters used in these experiments were all juveniles 

and for reasons described above indirect, closed system methods 
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were used to determine filtration rates. Animals were 

placed in experimental chambers containing 500ml of fresh 

sea water filtered through 0,45µm millipore filters. 

Exposure temperature (TE) was 15°C and salinity was 35%0. 

Water inside the chambers was stirred vigorously. The ani-

mals were allowed to acclimatize under these conditions for 

60 minutes. Experiments were initiated by adding predeter-

mined concentrations of Te.:tJr.Me.fu.U., .6~c..lc.a. resulting in densi-

. 6 
ties of between 15 and and 25 x 10 cells per litre. The 

depletion of algae was monitored usinq a Coulter Counter 

Model Ta II. Concentration was not allowed-to drop to less 

than 50% of the initial value. If filtration rate had not 

been measured by this stage more algae was added or the re-

sults were discarded. Sample time varied from 5 to 15 

minutes, depending on the size of the animals. 

Filtration rates were calculated using the standard formula 

described by Coughlan (1969) 

Vw(l.hr-
1

) = (logeNl - logeN 2 )x V 

T 

Where, Vw is filtration rate, N1 and N2 are cell concentra­

tion at time 1 and time 2 respectively, T is time elapsed in 

hours and V is volume of vessel in litres. 3 - 5 such cal-

culations were ·made to determine a mean rate for each animal. 

After each experiment dry mass of body tissue was calculated 
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by drying at 60°C for 48 hours and ash-free dry mass was 

determined using equation 6. (Section 1.3). 

1.4.2.3 RESULTS AND DISCUSSION 

The relationship between body size and filtration rate is 

shown in Figure 2 and may be described by the power curve : 

(r 2 = 0,83) 

A value of 0,9144 for b as described above is higher than 

the average value summarised from Winter's (1978) review, 

but. is close to the value of 0,94 obtained by Newell (1977) 

for 0.otJr.e.a. e.duw. Most of the values for b obtained by 

other workers fall between 0,63 and 0,82 (Winter 1978). 

This implies that the proportionality is situated somewhere 

between surface area (0,67) and body mass (l,O). Winter 

(1978) suggests that values below 0,63 probably represent 

an under-estimation of the filtration rate. 

The high value of b presented here shows that over the 

range of sizes worked with, filtration rate is more propor­

tional to body mass than to surface area. A similar rala-

tionship was found between oxygen consumption and body size 

(Section 1.5.2.l) which supports findings of other workers 

that 'metabolism increases in direct proportion to body mass 

in small metazoans (Newell, 1979). Because of the relative-

ly hlgh metabolic cost increase over the size range one 

would expect filtration to increase at a correspondinq rate. 
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The relatively high mass exponent of filtration (0,91) in 

small oysters may be explained by the high metabolic cost 

in these animals. 

1.4.3 THE EFFECT OF PARTICLE CONCENTRATION ON FILTRATION RATE 

1.4.3.1 INTRODUCTION 

. 
There is a considerable variation of opinion in the litera-

ture regarding the effect of phytoplankton concentration on 

the filtration rate of bivalves (Davids, 1964; Winter, 1969, 

1970, 1973, 1977, 1978, 1979; Ali, 1970 and Foster-Smith, 

1975a and b). In general terms, however, it .is agreed that, 

at very' low concentrations, filtration rate is almost zero 

and that it increases with increasing concentration until a 

peak is reached. T~ereafter the rate decreases with fur-

ther increases in particle concentration. 

The levels at which these changes in rate take place vary 

greatly, not only from species to species but also between 

reports on the same species. The latter probably arises 

out of differences in experimental technique and animal 

condition. 
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1.4.3.2 METHODS 

Specimens used in these experiments were obtained fr.om the 

holding aquarium (see section 1.1). These animals had, by 

this stage, been maintained for approximately 5 months with 

no apparent ill effects. This was evident by the fact that 

mortality was low during this period and that the condition 

index, relating meat mass to shell mass, remained unchanged 

over the period in the aquarium. 

The experiments were conducted in open 500ml perspex cham-

bers. Fresh sea water was collected from Sea Point or Dale-

brook on the West and East Coasts of the Peninsula respec-

tively. The water was filtered through 0,45µm Millipore 

filters to remove natural particles. 

The chamber design was similar to that used in section 1.4.2. 

Animals were placed on a false bottom and the water was mixed 

by a magnetic stirrer. Acclimatization co~tinued at 15°C 

and 35%0 for l hour. Experiments were started by adding a 

predetermined amount of concentrated Tebla.-6e£m.W ~eue~ea to the 

water to bring it to the desired suspension density. Decrea-

sing particle concentration was monitored using a Coulter Coun-

ter Model ,TA I~ and filtration rate was determined using the 

equation described in section 1.4.2. A mean of 4 determina-

tions was obtained at each of the densities, 5, 10, 20, 25, 30 

6 and 50 x 10 cells per litre. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

/ 29 

The same animals were used throughout the series of experi-

men ts. Only one experim~nt was performed per day and the 

animals were returned overnight to the holding aquaria. 

Finally the dry masses of the animals were obtained by dry-

ing at 60°C for 48 hours. Ash-free dry masses were ob-

tained by extrapolation from equation 6 (Section 1.3). Fil-

tration rates were corrected using the equation 

v 
WS l5' 0883Jb. v = W we 

e 
(Newell, 1977) 

where V is the corrected rate for a standard animal of ws 

5,0883mg, V is the experimentally obtained rate for an ani­we 

mal of mass W and b is the mass exponent of filtration ob­
e 

tained in section 1.4.2. The standard animal mass was cal-

culated by taking the geometric mean of all the animals used 

throughout the study. 

1.4.3.3 RESULTS AND DISCUSSION 

Theoretical models.describing the feeding rates of filter 

feeding zooplankton have been described by Lehman (1976) and 

Lam ~nd Frost (1976). The basic assumptions described in 

the development of these models, however, hold true for fil-
' 

ter feeders in general and the model may therefore be applied 

to bivalves as well. The model pretlicts that, as optimal 

foragers,filter feeders will maximise the nett energy in-

take, i.e. assimilated energy minus energy expenditure in 

terms of the cost of filtration. 
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A schematic representation of the model is given in Figure 

3. Lam and Frost (1976) described 4 critical regions on 

the figure. At concentrations below 1 the animal will 

suffer a nett energy loss. Under these conditions the 

animal may filter at a minimal rate to maintain its meta-

bolic processes or shut until conditions become more favour-

able. Beyond 1 filtration rate increases to a maximum 

between 1 and 3, in this example at 2. Maximal filtration 

rate is maintained up to 4, beyond which it declines. In 

accordance with the theory the ingestion rate increases to 

2 after which it remains constant. Hence the cost of fil-

tration is reduced, but the nett intake of food remains con-

stant. (Winter, 1969 and Kirby-Smith e.:t. <Lt., 1974). 

The results of this study are summarised in Table 4 and 

depicted graphically in Figure 4. Although the rates show 

considerable variability it is clear that the model fits 

the results. An interesking feature of the curve is the 

fact that maximal filtration rates are reached over a wide 

range of particle concentrations. This is in contrast to 

findings of other war kers who, have reported at ta inmen t of 

maximal rates at low concentrations (Winter, 1970, 1977, 

1978; Wayne, 1972; Thompson and Bayne, 1972, 1974 and Wid­

d o w s e.:t. <Lt • , 1 9 7 9 ) , b u t a g r e e s w i t h w o r k b y F o s t e r - S m i t h 

(1975) and Griffiths and King (1979), who reported maximal 

filtration rates approximately 15 x 10 6 cells/I. 
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Summary of the filtration rates obtained at different 

food concentrations. Each value represents the mean 

of 4 determinations using different animals. 

are corrected for a standard of 5,0883mg. 

The data 

CONCENTRATION FILTRATION RATE 

( 6 -1) cells x 10 cell.I ( -1 -1) ml. 5, 0883mg . h 

-x s 

5 10,48 5,40 

10 21,24 7,69 

15 38,81 15,29 

20 27,03 7,54 

25 14~21 0,92 

30 16, 10 9,18 

50 20,78 7,12 
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Within the framework of the energy optimisation model one 

would expect filtration rate to increase with increasing 

ration until it reached an ingestion rate that maintains 

a packed gut. In this situation there are two possibili-

ties, 

i) The filtration rate may decTease maintaining 

a constant ingestion rate. 

ii) The animal may continue filtering at a constant 

rate and exclude any excess particles as pseudo-

faeces. 

In the present study pseudofaecal production occurred at 

lower cell concentrations than reported for mussels 

( Davids , 196 4; Winter , l 9 6 9 and Sch u 1 t e , 1975 ) , a 1th o ugh 

Widdows (1978) and Haven and Morales-Amlo (1966) recorded 

pseudofaeces at low concentrations for ~ussels and oysters 

respectively. 

For small oysters pseudofaeces-free filtration rates occurr-, 

ed at particle concentrations below approximately 15 x 10 6 

cells/l. When determining pseudofaeces-free cell densi-

ties one must take cognisance of the fact that animal size, 

cell size and observation time may effect the value obtained 

( w id d 0 w s e.t. a.f.. ' 19 7 9 ) • In small animals the time taken 

to reach a fullness equilibrium is probably shorter than fa~ 

larger animals. This enables observation of pseudofaecal 

production at relatively low cell densities and high filtra-

tion rates 
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This contrasts Winter (1978), who found that My.tLf.tv.> e.du..f..U 

only produced pseudofaeces at high cell densities. At 

the same time filtration rate was low (see his Figure 9, 

concentration c). Ventil~tion at such low rates however, 

could become insufficient to meet the oxygen demand. Un­

der these conditions the animal could increase the ostial 

size. This would allow more wat~r to pass through the gill 

without affecting the relative ingestion rate because more, 

smaller particles would pass through t~e gill. However, 

Lehman (1976) predicts that an increase in ostial size de­

creases the nett assimilated ration making this alternative 

energetically expensive. 

The possibility exists that fullness equilibrium will only 

be reached at higher concentrations in larger animals. 

This is compounded by the time taken for particles to pass 

through the gut and the size of the particles (Walne, 1972). 

These observations would explain high reported values for 

pseudofaeces-free filtration rates when large animals are 

used. 

A schematic representation of the interaction between fil­

tration, ingestion, pseudofaecal production and increasing 

cell concentration is proposed in Figure 5. This model is 

modified from those of Lehman (1976) and Lam and Frost (1976). 

At concentrations lower than encountered at A the animal 

will experience a n~tt loss of energy because metabolic 
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processes will exceed the intake of energy from filtration 

(Lam and Frost, 1976). Filtration rate increases almost 

linearly with increasing cell concentration until a maxi-

mum is reached at C. Ingestion rate keeps pace with fil-

tration until a maximum is reached at B. There is a lag 

between maximum ingestion rate and pseudofaecal production 

represented by the area between B and D. Over this range 

ingestion rate is thought to equal the gut passage rate. 

Beyond C filtration rate declines while ingestion rate stays 

approximately constant. Excess particulate matter will be 

disposed of by the production of pseudofaeces (represented 

by the hatched area). In practice there will be a time lag 

between the onset of filtration and the production of pseudo­

faeces, representing the time taken for the gut to reach a 

fullness equilibrium. In small animals this was short and 

the production of pseudofaeces was observed at lower densi-

ties than previously reported. At some higher concentra-

tion E, the mechanics of the gills fail, perhaps due to the 

production of excess mucus and filtration ceases. 
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THE 

1.4.4.1 INTRODUCTION 

The effects of different algal species on the growth of 

bivalves have been well documented (Cole, 1936; Davis and 

Guillard, 1958; Walne, 1963, 1970~ and Helm 1977). This 

work has, however, concentrated on larval bivalves and 

little has been done on juveniles and adults. The work 

performed in ~he present study was designed to supplement 

the above knowledge working specifically on juvenile O~:tJr.ea 

ed~ of a maximum length of 12mm. 

Growth studies a~e usually used as a measure of success in 

this type of experiment. On larvae, this method is parti-

cularly successful because of rapid growth rates, signifi-

cant differences being observed over a matter of days (Walne, 

1970a). Available time and size of animals mitigated 

against recording growth rates in this study. 

The present work therefore concentrates .on the effect of par-

ticle size on the filtration rate. Combined with known data 

on the success of various algae as food for larval oysters 
~ 

(Walne, 1970c and Helm, 1977), food value for juveniles could 

be predicted. In addition a number of different algae, were 
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basis other than morphological means. 

1.4.4.2 METHOD 

The algal species used in the experiments are showri in 
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Table 5' together with the actual size. It will be noted 

that the size specified by the suppliers often did not corre-

spond to 

Four size 

the size 

classes 

CLASS 

1 

2 

3 

4 

found in 

for the 

the 

algae 

present study (cf. 

were constructed 

DIAMETER (µm) 

LJ.,OO - 6,35 

6,35 - 10,08 

10,08 - 16,00 

16,00 - 20,20 

Table l) . 

The oysters were seperated into two size classes, 0 - 6mm 

and 6 - 12mm. They were obtained from the main holding 

aquarium described in Section 1.1. Only one algal type was 

tested on consecutive days, between which the animals wer~ 

returned to the main aquarium. 

Experiments were conducted in 500ml perspex containers and 

animals were allowed to acclimatize in filtered sea water, 

at 15°C, for 1 hour (Section 1.4.3). A known amount of 

concentrated algae was injected into the chamber to bring 
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TABLE 5 Algal species and size (diam in µm) used to determine the effect 

of particle size on filtration rate. 

ALGAE MEAN DIAMETER (µm) CLASS 

t 

Chaetocvr.0-0 calc~tlr.an..6 4,0 5,04 2 

Phaeodactylum t!r.~co~nuttim 4,0 5,04 2 

MonocMy-0~ luthvr.~ 4,0 - 5,04 2 

Thal~~o-O~a p-Oeudonata. 4,0 5,04 2 

Hem~elm~ v~e-0cen..6 5,04 - 6,35 2 

I-0ocMy-0~ galbana 5,04 - 6,35 2 

S~e£etonema. co-Ota.tum 6,35 - 8,00 3 

Vunal~e££a p11.-i.mo£ecta. 6,35 8,00 3 

Tet!r.aM.lm~ -Ot!r.~ata. 6,35 8,00 3 

Tet!r.Melm~ -0euc~ca 6,35 - 8,00 3 

~~co-0phavr.a c~tvr.ae 10,08 - 12,70 4 

Hymenomona-0 c~tvr.ae 10,08 - 12,70 4 
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6 the particle concentration to approximately 20 x 10 cells/l. 

Filtration rate was determined using a Coult~r counter as 

described in Section 1.4.3. 

Finally dry mass of tissue and ash-free dry mass of tissue 

were determined as described in Section 1.4.2. 

1~4.4.3 RESULTS AND DISCUSSION 

Measurement of a decrease in particle concentration conti-

nued until a satisfactory rate could be determined. How-

ever, particle concentration was not al)owed to decrease 

below 50% of the initial value. Five independant experi-

ments were run for each algal species using oysters in the 

6 - 12mm size class. The filtration rates obtained were 

corrected for a standard animal of 5,0883mg using the equa-

tions described in Section 1.4.3. Data were then pooled to 

give a mean and standard deviation, and summarised in Tables 

6a and b. 

The same procedure could not be adopted using small animals. 

Due to culture difficulties experienced at Knysna the numbers 

of oysters available for these experiments in the 0 - 6mm 

range, were very limited. This problem was aggravated by 

the large numbers needed to measure a significant decrease 

in algal particles during the experiment. The data obtained 
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from two independent experiments for animals of 0,217mg 

(mean ash free dry mass) are summari~ed in Ta~le 7. The 

corrected mass-specific filtration rates for both size clas-

ses are plotted in Figure 6. 
I 

From Tables 6 and 7 it is clear that the mass specific fil-

tration rates of small animals were higher than those of 

large animals, following the general principle that body 

functions are proportional to the 0,75 power of body mass 

(Hemmingsen, 1960). 

Although, in the 6 - 12mm size class of oyster for example, 

the r a t es us in g Pha.e.oda.c.:t.y R.wn tJr..{_c.OJtnutwn and Mo n.oc.lvttj-6.W f.u.thvr.,t 

are not significantly different (t = :i·~~-'-·:_,p__:(_o,o_S.j/df = 6), 

there is considerable variation in the filtering rate within 

each algal size class. If the gill was acting purely as a 

mecha~ical sieve one would not expect variation in filtration 

rate of particles of the same size. Because the experiments 

were repeated five times, the difference is unlikely to be 

a reflection of differ.enLactivity levels. Two other alter-

natives are possible. Firstly, that different shapes of the 

algae lead to a differ~nce in retention efficjenty~ S.ize 

of algae was determined using a Coulter counter, which mea-

sures irregular particles as spheric~l particles of equiva-

lent volume. Phae.oda.c.:t.yf.wn tJr..{_c.oJr.nutu.m for ex amp le, is long and 

slender, whereas Mon.oc.hJr.y-t>.W fu.thvd is round. It is quite 

conceivable that the former presents a larger effective 
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particle to the gill and is therefore trapped more effi-

ciently. This may account for the high filtration rates 

of all of the irregular algae, Tha.li.M..6.lo..6.UC.a p..6e.udon.a:ta., Phae.o­

dac.ty.ium tJc..lc.oJr.nu:twn, Ske..ie.tone.ma c.o..6:ta.tum and He.m.l..6e..im.l..6 vhr.uc.e.Yl...6. 

The second possibility is that the animals were distinguishing 

algae using some chemosensory means. Winter (1969) has noted 

this effect in mussels. A possible reason for thi~ selecti-

vity may be the production of toxic metabolities by the algae. 

The very low filtration rates obtained when using Hqme.nomonct-6 

c.a.tte.Jr.ae. and CJr...i.c.01.:iphae.Jr.a c.cvc.te. ':.a.e. were in it i a 11 y a t tr i bu t e d to 

these effects. In an attempt to remove the metabolities the 

algae were centrifuged at 3000q for 5 minutes and suspended 

in fresh sea water. This did not improve the filtration 

rate suggesting that the toxicity remained even after centri­

fuging. 

Bernard (1974). has shown that the ostial size of C'1.a..6..6oJ.itJc.e.a 

g..i.gctJ.:i is 2900µm. This would theoretically allow a particle 

of 55µm in diameter through the gill. It is therefore impro-

b ab 1 e that Hyme..nomonct-6 c.cvc.te.Jr.ae.. and CJr...i.c.oJ.iphae.Jr.a c.aJite.Jr.ae. ( ~ 11 µ m) 

were presenting the upper limit in particle size for success­

ful filtration, unless they were forming aggregates, for which 

there is no evidence. Unfortunately no other large algae 

were available for comparison. 

The filtration rates presented here are largely of the same 

order. Slight differences may be explained by either algal 

---·111 I'll 
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THE EFFECT OF A COMBINATION OF ALGAE ON FILTRATION 
RATE 

1.4.5.1 INTRODUCTION 

To supplement the work done in the previous section oysters 

were offered a diet containing three algal species. The 

spectrum of particles in the diet covered a range from 

2,lOµm - 20,2µm. The purpose of the work was to find the 

lower limit particle retention and secondly to determine 

whether small oysters selected smaller particles than large 

animals. 

The second consideration is of particular interest in terms 

of intraspecific co-operation (if different size oysters 

selected different fractions of the food) or conversely, in-

traspecific competition for the same food source. 

.4.5.2 METHOD 

As before the oysters were obtained from the main aquarium 

(see section 1.1). Experimental procedure and determina-

tion of filtering rates are described in section 1.4.3. 
\ 

A mix tu re of Cha.e.toc.vr.ol.l c.a.lc..<.bl.a.M, Te.bl.a.l.le.hn.<.J.l l.le.uc..<.c.a. and Ske.te.-

ton.e.ma. c.ol.ltct:twn provided the necessary range of particle size. 

With the aid of the Coulter Counter a mixture was made up 

to ~onsist of equal numbers of particles in each size class. 
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Size classes of the particles were 

CLASS PARTICLE SIZE IN µm 
--------------------------------

1 2,10 4,00 ) 
) Cha.etocvr.o~ ca.i.c~bta.n-6 

2 4,00 6,35 ) 

3 6,35 10,08 · TebtMefut~ ~euc~ca. 

4 10,08 16,00 ) Ske£etone.ma. co~:tatum ) 
5 16,00 20' 20 ) 

On the basis of work done in section 1.4.4 these algae were 

all considered to be well retained by O~btea. edu.f~. Enough 

of the mixture w~s added to each chamber to bring the con-

6 -1 centration to 20 x 10 cells.! . 

1.4.5.3 RESULTS AN~ DISCUSSION 

The filtration rate and corrected filtration rate for stan-

dard animal of 5,0883gm, are summarised in Table 8. Graphi-

cal plots of the filtration rates of the different size ani-

mals are shown in Figure 7. 

In all 4 size classes of oysters there was a sharp drop in 

retention efficiency below 6,35µm. This agrees 0ith work 

on Mytif.M edu.f_~ by Davids (19 6 4 ) and Dr a 1 (196 7 ) but di ff er s 

from Vahl (1972) who found good retention of particles in ' 

the 2 - 5µm range. 

_/ 
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TABLE 8 Filtration rates of 0-0.tJiea edu~i.J., using mixed algal diets. 

AFDM ALGAL SIZE FILTRATION RATE FILTRATION RATE 

(mg) (Class) (ml.h-l) ( -1 -1) ml.5,0883mg .h 

-------------------------------------------------------------------------------
0,1853 

I 
1 0,3 6, 20 

2 11,0 227,48 

3 9,1 188,19 

4 5,4 111,67 

5 3,1 64,11 

0,2561 1 5,8 89,22 

2 6,7 103 '07 

3 14~1 216,90 

4 17 '7 272, 28 

5 10,0 153,83 

2,8935 1 0,0 o,o 
2 14,0 23,46 

3 28,0 46,92 

4 29,0 48,59 

5 7,0 11, 73 

5,9355 l 7,0 6,08 

2 71,0 61,67 

3 97,0 84,25 

4 126,0 109,44 

5 103,9 90, 25 
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Filtration rates increased to a maximum over the 6,35- 16,00µm 

range. Notably there was an element of skewness; to the 

right in small animals and to the left in large animals. 

This suggestsa possible difference in either the retention 

efficiency or particle selection ability of small and large 

oysters. It is well known that the ostial size in oysters 

remains unchanged with size of animal (Galtsoff, 1964). A 

selection of particle sizes purely on the basis of gill mor­

phology therefore, is unlikely. Recent investigation into 

the ciliary mechanisms of oysters show that the palli~l or-

gans do not have a sorting function (Bernard, 1974). He 

suggests that different types of mucus may be instrumental 

in sortiQg particles. 

is far from resolved. 

Whatever the .mechanism, the subject 

Assuming a range of pqrticle sizes was available to the oys­

ters, these'results suggest that small and large animals 

would select different fractions of the particle spectrum. 

This would alleviate intraspecific competition resulting in 

an optimisation of food resources. 
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1.5 ASSIMILATION EFFICIENCY 

1.5.1 

l. 5. 2 

INTRODUCTION 

Assimilation efficiency may be defined as the amount of 

food assimilated expressed as a percentage of the amount 

of food ingested (Winter, 1978). It is primarily depen­

dent on the quality and quantity of the ingested material, 

although a decrease in efficiency with increasing particle 

concentration has been noted (Winter, 1969; Widdows and 

Bayne, 1971; Foster-Smith, 1975; Widdows, 1978 and Griffiths 

and King, 1979). This conflicts with the view of Thompson 

a n d Ba y n e ( l 9 7 2 , l 9 7 4 ) a n d Va h 1 ( l 9 7 3 ) , v.J ho f o u n d no e v i -

dence of the influence of particle concentration on assimi­

lation efficiency. 

Experim~nts were designed to measure the assimilation effi­

ciency of OJ.:i:tJr.e.a e.dui.b., at 15 ° C and 3 5 ~~a under a disco n ti -

nuous feeding regime using Te.:tJr.aJ.:ie.hni.6 J.:ie.uc.,lc.a as food. 

METHOD 

Assimilation efficiency was measured using the method des­

cribed by Conover (1966). This method was first used to. 

determine the assimilation efficiency of zooplankton, but 

has been applied to a number of other organisms especially 

where quantitive collection of faeces is impractical. 
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. 
Faeces were collected regularly over a period of 12 hours. 

The frequency of collection ensured that negligable amounts 

of organic material leached out of the faeces into surroun-

ding sea water. Collection was made on pre-ashed (450°C 

for 3 hours) GFC filters and washed twice with distilled 

water to remove salts. · Washin9 with distilled water was 

found to produce the same results as washing with ammonium 

formate as described by Conover (1966). Faeces were dried 

to constant mass at 60°C for 24 hours before being ashed at 

450°C for 12 hours. Masses were measured with a Mettler 

ME 30 microbalance. 

The same procedure was followed using 5ml of algal concen-

trate (Te...tJr.Me...fuii-6 -6e..u.c.ic.a.) instead of faeces. 

Assimilation efficiency was then calculated using the 

equation 
' 

u = 
(F E ) 

1 I x 100 
(1 -E )(F ) 

Where F is the ash-free dry mass: dry mass ratio (fraction 

of organic matter) in the ingested food, and E is the same 

ratio in a representative sample faeces. U is the percen-

tage utilization or assimilation efficiency. 

This mBthod requires the basic assumption that th~ inorganic 

fraction of the ingested material is unaffected by digestive 

processes. 
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RESULTS AND DISCUSSION 

It has been shown that the sea urchin Pcvr.e..c..h..i.nu..6 angufo..6Uh 

uses a portion of the ingested inorganic material for· shell-

building (Buxton, 1977). This makes the Conover ratio 

unsuitable for determining the assimilation efficiency as 

it does not fulfil the requirements of the abovementioned 

assumption. 0..6tJr.e..a e..du.f...i.-6 may a 1 so use in g es t e d inorganic 

material for shell building though no mention of this is 

made in the literature. 

A mean assimilation efficiency of 80,28% ! 9,03 SD was ob-

tained from six determinations (Table 9). Values of 30,0 

- 94,2% for assimilation efficiency in a number of bivalves 

have been summarised by Winter (1977b). Some of this varia-

tion may be due to experimental technique although an in­

verse relationship exists between assimilation efficiency 

and concentration above 10 x l0 6cells/l (Widdows and Bayne, 

1971; Foster-Smith, 1975b; Winter, 1977b; Widdows, 1978 and 

Griffiths and King, 1979). Furthermore assimilation may be 

inversely related to body size, for example, large indivi­

duals of AJc.c..:tJ..c..a ..i.-6.f.and..i.c..a show a reduced e ff ic ienc y (Winter, 

1969). Th i s r e la ti o n sh i p is , ho we v e r , no t e v i d en t i n My :tJ..-

~ e..du.i..i.-6 (Vahl, 1973c) or Mod..i.o~ mod..i.o~ (Winter, 1969). 

Welch (1968) has shown that the lower the assimilation effi-

ciency, in aquatic consumers, the higher the nett growth 
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TABLE 9 Assimilation efficiencies for acclimated temperatures 

of ~' 10, 15, 20 and 25°C 

66,33 88,66 90,82 89,66 

65,44 84,55 84,37 5,4,31 

70,32 81,93 72, 22 67,32 

83,21 67,45 83,49 87,00 

86,57 64-, 45 79,08 

86,46 86,32 

n 4 6 6 5 

-x 71,32 82,60 80,32 75,47 

s 8,21 7,76 9,91 14,68 

Analysis of variance 

SS d.f Ms 

Treatment 491, 2 4 122,8 

Error 2110,0 21 100,5 

Total 2602,1 25 

F ~·->(,_..i -O 0-~ • ,~·..; _o ___ i r·):.... 3 o, .-
~-=- -· i. ~- ) -•• ,.,... - O\,j, -·-- 1 ... - -

:.._ 

Overall mean = 76,43 + 4,88 

57 

61,56 

76,27 

76,22 

81,23 

67,32 

5 

72,62 

7,98 

F 

1,22 
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e f fic.iency. Conversely if nett growth efficiency is low, 

then assimilation efficiency is high. As will be shown 

in a later section, the experimental animals were fed a mini­

mum maintenance ration and therefore growth in the holding 

period was virtually nil. The high assimilation efficien-

cy obtained in this work was therefore to be expected. 

\ 
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METHOD 

Oxygen consumption can be measured using open or closed 

respirometer techniques, the former reguiring a flow-through 

system. · lngoing and outgoing oxygen are monitored and 

any difference is attributed to oxygen consumption. This 

method has the advantage that experiments can be run indefi-

nitely. Closed systems on the other hand, suffer from the 

dr~wback that oxygen tension steadily declines within the 

experimental chamber, the effects of which are well documen-

t e d ( Ba y n e , l 9 7 l a , b ; Ba y n e e.-t. al. , l 9 7 6 , l 9 7 7 ) . Com b i n e d 

with the above there is a steady decline in the particle 

concentration which affects filtration rate and therefore 

oxygen consumption. 

By using large experimental vessels it is possible to reduce 

the above effects to a minimum. 

were used in this study. 

Closed vessel techniques 

1.6.2.l RESPIRATION RATES OF SMALL ANIMALS 

Initial attemps to measure consumption of oysters below 

4mm. in diameter (O,Olmg AFDM), using YSI macroelectrodes, 

were unsuccessful. Large numbers of animals had to be 

used to detect a change in oxygen concentration because of 

the relative insensitivity of these electrodes. This high 

density resulted in the food becoming a limiting factor (i.e. 
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it decreased below 50% of the initial value before the ter-

mination of the experiment). Walne (1966) experienced 

similar difficulties using stoppered bottle techniques with 

oyster larvae. Successive decreases in chamber volume 

failed to solve this problem because of the relative in-

crease in oxygen probe consumption and differential respiro-

metry failed for similar reasons. 

A reasonable measure of success was attained using a PHM 72 

MK 2 digital acid base analyser (Radiometer~ CopenhRgen). 

This technique was first described by Davenport (1976). 

The principle is essentially similar to that of YSI elec-

trodes, but the tolerance limits are very much lower. The 

Radiometer system is able to detect oxygen changes of the 

-1 order of 10 µl 0 2 per individual per hour. 

Figure g shows the experimental equipment. It consists of 

a lml chamber surrounded by a water jacket. Water of the 

required experimental temperature is pumped through the jac-

ket to maintain the temperature of the experimental chamber 

(TE). The electrode was attached to a continuous chart re-

corder. Preliminary experiments using a small magnetic stir-

rer did not improve the circulation produced by the irriga-

·tory current of the oyster. 

Animals were acclimatized for l hour at 15°C and 35% 0 sali-

nity before being transferred to the experimental chamber. 
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Acid~Base Analyser Chart Recorder 

FIGURE 8 

Radiometer electrode 

Cooling jacket 

0 ring 

Water inflow 
Experimental animal 
Experimental chamber 
(volume = lml) 

Diagram of equipment used to determine 02 

consumption with the radiometer electrode. 

62 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

A 

r 
~ 
L 
L 

11 51 -
~ 

n11 < ~ 

' - i,, 

..... 

B 
b-

E--
t: 

c 
11 

~ II' 
~ 

64 

Compensation syringe 

Syringe to inject algae 
or take samples of water. 

0 rings 

YSI 0 2 electrode 

Experimental chamber 

~ 7 
o= c:J C::J 

-
c:J C::J C) 

~ 

Experimental animals 
False bottom 

FIGURE 9 

( ~ -

I 
Stirrer bar 

Diagram of the apparatus used to determine 0 2 consumption 

using the YSI electrode. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

65 

After completion of the experiments using either electrode, 

dry mass of tissue was ~etermined by drying at 60°C for 24 

hours. AFDM was determined from the following equation :' 

AFDM = D,9DDMT - 0,0008 (Table 3). 

1. 6. 3 RESULTS AND DISCUSSION 

The effect of the body mass on oxygen co~sumption is usually 

described by the general allometric equation 

= 

where'V
02 

= respiratory rate, M =mass and a and bare 

constants. The value of the mass exponent b has been well 

studied for a broad spectrum of animals (Hemmingsen, 1960 

a n d Z e u t h e n , 1 9 5 3 ) , i n c 1 u d i n g b i v a 1 v e s ( B a y n e e.t. a...f.. , 1 9 7 6 ) • 

Corrected for temperature and activity rate, the value of 

bis usually 0,75 ! 0.015 (Newell, 1979). This fundamental 

relationship ·is. attributed to the fact that metabolism 

is related to suface area and not volume (Newell, 1979). 

The results obtained in this study are summarised in Figures 

10 and 11. For small oysters the relationship between size 

and respiration was best described by a linear relationship : 

(r = 0,98) 

while for large animals the relationship was described by the 

power function 

0,301 AFDM 1 ' 69 (r = 0,71) 
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These values are both significantly different from those 

summarised by Hemmingsen (1960) (Table 10). Combining 

the two sets of data, .however, produced a power curve 

= 1,13 AFDMl,0 9 
(r = 0,94) 

The data are summarised in Figure 12. 

Hemmingsen (1960) recognised 3 phases of respiration over 

the range of animals examined. Phase l described unicel-
-

lular forms with ab-value of 0,75. Phase 3 describes a 

similar value for large metazoans. Phase 2, however, which 

connected l and 3 showed a much steeper slope of the order 

of 1,0 i.e. v
02 

was directly proportional to body mass. 

It is felt that the anomalous values for b, obtained for 

small and large animals individually, are a result of the 

relatively narrow size range examined in each case. Com-

bining the two sets of data produced a better result with 

a b-value of 1,09. This value is close to the expected 

result of 1,0 predict~d by Hemmingsen (1960) for animals 

-6 5 -2 5 ( ) between 10 ' and 10 ' g i.e. phase 2 . 

To explain the mass exponent b, Zeuthen (1953) suggested 

that respiration was related to surface area at the cellu-

lar level. This would result in a 2
/ 3 proportionality to 

mass. Hemmingsen (1960) modified this by adding that due 

to vascularisation and complex respiratory surfaces the 
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value would be higher, i.e. D,75 proportionality to mass. 

The relative high value of b obtained in this study can be 

attributed to the small body mass of the experimental ani­

mals and the complexity of the lamellibranch gill with its 

high degree of vascularisation. 
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" 1.7 RELEASE OF DISSOLVED ORGANIC CARBON 

1. 7 .1 INTRODUCTION 

In the balanced energy equation of Ricker (1968), 

p = c R + F + U 

where P = production, C = consumption, R = respiration, 
/ 

F = faecal production and U = excretion. In marine orga-

nisms excretion is difficult to qualify because waste pro-

ducts dissolve in the surrnunding sea water. Although it is 

often discarded as being insignificant (Kofoed, 1975 and 

Newell and Kofoed, 1977), Field, (1972) shows that dissolved 

organic carbon from excretion and faecal production form a 

major component of the energy balance of S:tJr.on.gyioc.e.n.:tJr.otu.J.> dJc.oe.""' 

A Beckman Total Organic Carbon Analyser (Model 

915A) was used to measure dissolved organic carbon (DOC) in 

the sea water surrounding feeding oysters. 

l. 7. 2 METHOD 

Oysters were obtained from the main holding aquarium. Three 

to five animals were placed in 500ml of sea water filtered 

through 0,45µm Millipore filters. The experimental cham-

bers are shown in Figure 9. Water was circulated by a mag-

netic stirrer .and animals were acclimatized at 15°C and .35%o 

for l hour. To star t an exp er i men t Te.:tlr.a..J.Je..f.m,V., -6e.uc.i.c.a. was 
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added to the chamber to bring the particle concentration to 

6 
15 x 10 cells/I. 5ml samples were taken every 30 minutes 

for a period of 8 hours. These were drawn through 0,45µm 

Sartorius filters to remove suspended matter and frozen to 

Samples were injected into the Carbon Analyser within 5 

minutes of thawing, using an automatic syringe. Levels 

of total and inorganic carbon were recorded automatically 

and concentrations were determined from a standard curve. 

RESULTS AND DISCUSSION 

Four experiments, using different sample times and experi-

mental animals, were conducted. The results of one of 

these are summarised in Table 11. Results in all four ex-

periments were similar in that no change in carbon levels 

was detected. 

On the basis of these results the following conclusions 

were drawn 

a) Amounts of dissolved organic carbon, from either 

excretory or faecal production, were negligable 

in small oysters. 

b) Carbpn production by the above processes could 

be obscured by carbon assimilation. Hammen, 

(1969), found that oysters used dissolved carbon 

for shell growth. 
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TABLE 11 Analysis of Dissolved Organic Carbon production in 0-!:i:t.Jie.a. e.duw. 

STANDARDS 

v 

TOTAL C 

x 

50 92,8 

30 45,3 

10 18 '3 

V int = 2,15 

Slope = 0 ,·53 

r 2 = 0,98 

!NORG. C 

v 

50 

30 

10 

5,61 

0,50 

0,93 

x 

92,0 

39,4 

19,3 

V = standard solutions (ppm) 

TIME 

(min) 

0 

30 

60 

120 

240 

480 

X = peak height on chart recorder 

V = extrapolated concentration in ppm 

SAMPLES 

TOTAL C !NORG. C 

v x v x 

26,1 45,1 29,1 47,2 

27,1 47,1 29,3 47,6 

28,7 50,0 27,4 43,9 

24,7 42,6 29,7 48,5 

25,0 43,2 29,6 48,3 

25,0 43,2 29,0 47,2 
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The res~lts presented above indicate therefore, that dis~ 

solved organic carbon does not form a significant loss in 

terms o f the energy budget o f j u v en i 1 e OJ.>:tll.e.a. e.du.1...i.J.:,. 
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1.8 CONCLUSIONS 

The results presented above, detail the components of energy 

balance for juvenile specimens of 0-6:tlr..e.a e.du.li.-6 maintained 

at 15 ° C and fed Te.:tlr..Me.1.m.U -6e.uc.-i.c.a. Routine metabolism was 

established under these conditions and the data presented 

are pfesumed to be a function of this metabolic state. 

There is considerable evidence in the literature that filtra-

tion rate is a function of body size an.d this is confirmed 

far 0-6:tJr..e.a e.du.f..U. A mass exponent for filtration rate of 

0,91 was derived. Filtration rate was also found to be de-

pendent on the concentration of food presented tb the ani-

mal. Results show that the optimal filtration rates occur 

6 -1 at concentrations of approximately 15 x 10 cells l . The 

relationship between filtration rate and food concentration 

was found to closely approximate the theoretical model pro-
, 

posed by Lehman and Frost (1976). This model was modified 

and applied to this species. No conclusive evidence was 

found to suggest that 0-6:tlr..e.a e.du.f..U s e 1 e ct s par tic le s on the 

basis of size, but the possibility that they may di'stinguish 

algae using chemosensory mechanisms cannot be discounted. 

The mass exponent of routine oxygen consumption was deter-

mined at 1,09. This value, although considerably higher 

than the standard value of 0,75 obtained for Metazoa, fitted 
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the phase 2 respiratory level proposed by Hemmingsen (1960), 

Therefore, over the range of sizes worked with, metabolism 

was directly proportional to body size. If the mass expo-

nent of filtration in small oysters approximated the gene­

ral value of 0,75 energy gain by juvenile oysters would be 

insufficient to meet metabolic demands with an increase in 

mass. This situation has been compensated for by the rela-

lively high value of 0,91 for the mass exponent of filtra-

ti on. Within the range of sizes worked with the smallest 

animals would have a slight advantage over the larger ani-

mals in terms of energy gain of filtration relative to ener-

gy loss of metabolism. This allows a maximum competitive 

ability during the early stages of growth. 

Measurable amounts of dissolved organic carbon were not de-

tected in this study. Widdows and Bayne (1971) report 

that during protein catabolism there is no calorific loss 

because nitrogen is given off as ammonia to the surrounding 

sea water. Physiologically useful energy is therefore 

equal to assimilated energy. Hammen (1968) has measured 

leakage of amino acids into the mantle.cavity, but notes 

that it is only significant when the animal is stressed. 

Under aquaculture conditions where the animal is not exposed 

to intertidal stress, this factor becomes minimal and for 

the purposes of this study excretory losses were ignored. 

Using the data described above it is possible to construct 

an overall energy budget for juvenile O~tJr.ea edut..l6 of standard 
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mass, 5,0883 mg. The rates used were obtai~ed under opti-

mal conditions. The energy equation of Winberg (1956) 

provides a method for determining the expected change in 

mass (6w) with time (6t) 

6w/6t = Ab - R 

Ab is the energy eq~ivalent of the proportion of food con-

sumed, C, that is not rejected as faeces. The possible 

energy loss of excretion is disregarded. R is the energy 

loss of metabolism represented by respiration.6w/6t is de-

termined by subtracting the metabolic energy 2xpenditure 

from Lhe anergy of assimilated ration. The derivation of 

6vd6t is shown, in Table 12. 

The calculated value of l,94J.h-l for 6W/6t gives the ener-
\ 

gy available to the oyster for growth. No differentiation 

between somatic growth (P ) and reproductive effort (P ) is 
g r 

made in·the equation. Oysters of this size, however, are 

immature, hence the entire amount is available for somatic 

growth. 

The energy budget calculated above was determined under op-

timal conditions, although a number of f~ctors mitigate 

agains~ the achievement of optimal levels of filtration and 

respiration. These include concentration of food and food 

type as well as oxygen tension and temperature. The e f-

fects of temperature on biological rate functions are dealt 

with in Chapter 2. 
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CHAPTER 2 

THE INFLUENCE OF TEMPERATURE 

ON THE 

ENERGY BALANCE 

OF A 

LABORATORY POPULATION OF OSTREA EVULIS 

80 
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2.1 INTRODUCTION 

Growth may be defined as the change of body mass (6w) with 

time (6t), represented by the energy gain (assimilated ra-

tion, Ab) minus energy loss (metabolism, R). Th\s rela-

tionship is summarised by the general energy equation of 

Winberg (1956) 

= Ab R 

6w/6t has been called 'scope for growth' (Warren and Davis, 

1967) and may be positive when a surplus of energy is avai-

lable for growth (Pg) and reproduction (Pr), or negative if 

the metabolic costs exceed the assimilated ration. The 

relationship, however, does not distinguish between Pr and 

Pg and may therefore be regarded as an overall index of 

energy balance (Bayne, 1976). 

Recent work on the relationship between scope for growth 

and temperature (Widdows and Bayne, 1971; Newell and Kofoed, 

1977a, b; Newell et. al'.. 1977) suggests that the ability of 

an animal to adjust components of their energy balance by 

acclimation may enhance their ability to survive or converse-

ly, limit its existence in a particular ecological niche. 

Regulation of biological rate f~nctions in response to a 

change in temperature, by a process of acclimation, is wide-

ly recognised (for reviews see Kinne, 1963a, b, 1970 and 

Newell, 1979). Crisp and Ritz (1967) ~efine acclimation 
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as 'any non-genetic adjustment by an organism as a direct 

response to a change in a single factor in its environment'. 

The term acclimitization is used to describe acute adjust­

ment to a change in the environment. 

In the time course of non-genetic adjustment, Kinne (1964) 

has distinguished 3 phases 

i) An immediate or acute response in which a change in 

rate is observed within minutes of exposure to tern-

perature change. This response is a shock response 

characterised by over- and undershoots. 

ii) Stabilization This begins within hours of the 

change in tempetature and leads to a progressive 

constancy of performance, gradually approaching a 

new steady level. 

iii) New steady state This results hours or days 

after the change depending on the time course taken 

for the rate to stabilize. 

The attainment of a new steady state, however, may or may 

not occur, and may adopt various incomplete stages. These 

stages or patterns of acclimation are summarised by Precht 

et. a.l.. ( l 9 7 5 ) and Prosser (19 7 3 ) . 

This work summarises the acute response to temperature change 

of filtration and respiratory rates for 0.6brea. edul..U.:. acclimated 

for 30 days over a temperature range of 5 - 25°C. Scope for 
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/ 

growth, assimilated ration and the predicted change in mass 

with food concentration are also discussed. 

2.2 MATERIALS AND METHODS 

Oysters used in these experiments were obtained from Knysna 

(see section 1.1) and were all between 8 - 12mm in length. 

They separated into 5 groups, one of which was placed in 

the main holding facility at 15°C, while the others were 

Rlaced in 4 separate 37,51 aquaria. These aquaria were 

maintained at 5, 10, 20 and 25°C respectively. 

Fresh water in a cooling tank was ~aintained at 3°C using a 

Haake (Model EK 51) dip cooler. This water was circulated 

through 2 simple coiled-tube heat exchangers in the 5 and 10°C 

sea water tanks. Heating aqainst the coiling coils with 

Lopis. aquarium heaters maintained the desired temperatures. 

The 20°C and 25°C tanks were heated against the ambient tem­

perature which was below 20°C for the duration of the experi-

ment. Circulation in the tanks was maintained using a simi-

lar air-lift system to that described in Section 1.1 . 

Fresh sea water was obtained every week and filtered through 

Watmans No. 1 filters before being placed in the aquaria. 

The animals were kept "free of epiphytes by spraying them with 

fresh water once a week. During the acclimation period they 

were fed' a surplus of Te.br.Me..im.<A -6e.uc..ic.a. This ration was 
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sufficient for the animals to achieve a routine state of 

metabolism. The acclimation period of 30 days was consi-

dered long enough for achievement of a new steady state (c.f. 

Winter, 1971, who noted complete ace 1 ima ti on of Myti..f.tv.i e.du£.-<A 

a ft er 1 4 _d a y s ) • 

2. 2. l FILTRATION RATE 

Sixteen animals were removed from each acclimation regime, 

four animals in each of four experimental 'Cahmbers were run 

together with 1 control over an exposure temperature range 

of 5 to 30°C in the sequence 5, 20, 15, 30, 10, 25. Shuf-

fling the exposure temperatures in this way precluded any 

possible secondary acclimation effects. The same groups 

were used throughout the range of exposure temperatures 

while only one experiment was performed each day with any 

l group. After each experiment the animals were returned 

to their respective acclimation regimes. 

The procedure followed in determining the filtration rate 

is outlined in section 1.4 . 

2.2.2_ RESPIRATORY RATES 

The same animals used to measure filtration rates were used 
. 

to determine oxygen consumption over the range of tempera-

tures described above. YSI oxygen electrodes were used 
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throughout as described in section 1.5.2.1. 

Consumption rates were corrected for a standard animal of 

5,0883mg using the following equation 

= 

where V are the oxygen consumption rates for 
0 2 e 

the ~tandard and experimental animals respectively, W is 
e 

the mass of the experimental •animal and 1,09 is the mass 

exponent of respiration listed in section 1.6.2.l. 

Finally dry mass was calculated by drying the tissues at 

60°C for 48 hours. 

ASSIMILATION EFFICIENCY 

The animals remaining in each acclimation regime were used 

to measure tha assimilation efficiency at each acclimation 

temperature. The oysters were fed continuously using a 

drip method which maintained the concentration in each tank 

6 -1 at approximately 15 x 10 cells.I . Efficiencies were cal-

culated using Conover ratios described in section 1.5. 
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2.3 RESULTS 

2.3.1 THE EFFECT OF TEMPERATURE ON THE FILTRATION RATE 

Filtration rate at each exposure temperature was a mean of 

.four determinations. Sample intervals varied between 10 

and 30 minutes depending on the clearance rate and at no 

stage was the concentration of cells allowed to drop below 

50% of the initial value. Corrected rates from four cham-

bers were pooled to determine a mean and standard deviation 

at each exposure temperature. Each rate was therefore a 

mean of 16 determinations. The results are summarised in 

Tables 13 to 17. 

The acute rate:temperature curves for filtration are shown 

in Figure 13a. The cold acclimated animals (TA 5 and TA 

10) show slow rates of filtration. In both cases peak 

filtration is reached at temperatures higher than the accli-

mated temperature. TA 15 on the other hand shows a peak 

filtration at acclimated temperature, while TA 20 and YA 25 

shows a maximum filtration rates 5° above TA. These results 

show evidence of a lateral translation of the rate:tempera-

ture curve (Type II-Precht 1958). The very high rate of 

filtration at 25°C for TA 20 may reflect an active rate as 

opposed to routine rates at the other temperatures. The 

acclimated rat~:temperature curve for filtration is shown in 

Figure 13b. 
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THE EFFECT OF TEMPERATURE ON THE RESPIRATORY RATE 

As with the filtration rate, respiratory rate was calcula­

ted as the mean of 16 determinations, converted to standard 

mass. The results are summarised in Tables 13 and 17. 

The acute rate:temperature curves for routine oxygen consump-

tion are shown in Figure 14a. Rates for TA 5°C show an 

increase to a maximum at 15°C with a a10 of 4,19. TA 10, 

15 and 20, however, show a lower increase in rate with a 

a10 of approximately 2,00 over the TE 5 - TE 20 range. 

TA 25 appears to be relatively independent of temperature, 

moreover the location of the curve has shifted dramatically 

resulting in an increased metabolic cost over the entire 

temperature range. The curves show evidence of lateral 

translation in TA 5' 10, 15 and 20' but this e f feet is small 

from TA 10 to TA 20. TA 25 may be a combination of trans-

lation and rotation (Type IV - Precht, 1958). 

The acclimated rate:temperature curve for routine oxygen 

consumption is shown in Figure 14b. In effect translation 

of the rate:temperature curves maintains a low metabolism 

at TA throughout the range, but metabolic costs increase 

dramatically between 20°C and 25°C. 
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THE EFFECT OF TEMPERATURE ON FILTRATION EFFICIENCY 
AND THE COST OF FILTRATION 

The ratio of the volume of water cleared per volume of oxy-

gen consumed is termed the irrigation or filtration effi-

ciency (V /V0 ) 
w 2 

( Bayne , 197 6 ; New e 11 e.t.. al. , 19 7 7 ) . Values 

of this ratio obtained ih this study are shown in Tables 13 

to 17, and plotted graphically in Figure 15a. The results 

show that at TA 5 and TA 25 the Vw/V02 is relatively low over 

the entire range of exposure temperatures. For TA 10, 15 

and 20, however, V /V0 increases rapidly, peaking at the ex-
w 2 

posure temperature corresponding to the temperature of accli-

mation. 

The acclimation rate:temperature curve for filtration effi-

ciency is shown in Figure 15b. It is clear from the figure 

that th~ filtration efficiency increases from a low level at 

TA 5 to a maximum at TA 15, and then decreases to a low level 
,; 

at TA 25. This may be explained by the fact that through 

TA 10 to TA 20 oxygen consumption is constant. Filtration 

efficiency therefore is dependent on filtration rate, which 

increases to a maximum at TA 15 before dec~easing again. 

The low value of Vw/V 02 for TA 25 may be explained by the 

high of oxygen consumption at 25°C. 

The ratio of volume of oxygen consumed per volume of water 

cleared is shown in Figure 16a. This ratio represents the 
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cost of filtration values for which are summarised in Tables 

13 to 17. Figure 16a shows that the relative cost of fil-

tration is highest at the two extremes of acclimated tempe-

rature, TA 5 and TA 25. This effect is particularly noti-

cable for TA 25°C because of the relatively higher oxygen 

consumption over the entire range of exposure temperatures. 

For warm acclimated animals v0 /V increased dramatically 
2 w 

beyond 25°C, this reflects the sharp decline in filtration 

rate shown in Figure 13. 

The acclimated rate:temperature curve for cost of filtration 

is shown in Figure 16b. A minimum value 0,03 was recorded 

for TA 15°C. This reflects the maximum V (Figure 13) and 
w 

(Figure 14) for TA 15°C. 

ASSIMILATION EFFICIENCY 

Assimilation efficiencies calculated for the range of accli-

mation temperatures are summarised in Table 9 . Analysis of 

. vari.nce showed no significant differences between the means 

at the 5~~ level (Fg = '-.!_._2_~ .-1 p )tp,Q_~_)J ~~---~--- ~--~-- _!._ ____ _ 

A mean value for assimilation over the entire range of accli­

mation temperatures was therefore calculated as 76,43 ! 4,88%50. 
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SCOPE FOR GROWTH 

; 

The index of energy balance was calculated by subtracting 

energy of respiration from the assimilated ration. These 

date were calculated in energy equivalents using the follo-

wing conversion factors 

a) Energy content of 10 6 cells of Te..tJr.Me.lm,U, .tie.uc.,lc.a. 

b) 

= l,54J (converte~ from Widdows and Bayne, 1971). 

-1 An oxycalorific equivalent of 19,85J.ml 0 2 

(Griffiths and King, 1979). 

Ingested ration is calculated as the product of filtration 

( 6 -1 rate and food concentration 15 x 10 cells.I throughout). 

Assimilated ration is calculated as the product of assimi-

lation efficiency and ingested ration. 

The data are summarised in Table 18. It is noticable that 

scope for growth has a positive index throughout, indicating 

a surplus amount of energy available for growth (P). A 

graphical summary of the data on scope for growth is shown 

in Figure 17. The ingestion rate increases to a maximum 

at 15°C after which it declines, reflecting the decrease in 

the filtration rate shown in Figure 13. Because assimila-

tion efficiency remains unchanged over the range of accli-

mation temperatures, the assimilated ration follows the same 

pattern. ScoP.e for growth is indicated by the hatched area 

which represents the energy gain of assimilation minus the 

energy expenditure of metabolism. 
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DAILY PERCENTAGE MASS CHANGE 

Using the values of clearance and r~spiratory rates docu-

mented above it is possible to calculate the predicted 

daily percentage mass change for different concentrations 

of food, over the range of acclimation temperatures. 

These were calculated i~ carbon equivalents (as opposed to 

Joules) to facilitate comparison with other work (e.g. Ne-

well, 1977). 

The following assumptions were made 

a) that the carbon content of an oyster consisted 

of 50% of the dry mass. The standard animal of 

5,0833mg therefore consisted of 2,450mg C. (Ne1-Jell 

e.:t. a.£ • ' 19 77 ) • 

b) that the RQ was 1,0 and the catbon e~uivalent of 

1u1 0 2 / µ g C (New e 11 e.:t. a.£. , 19 7 7 ) . 

Values of the mean v0 and 
2 

V over the range of acclimation 
w 

temperatures were obtained from Tables 13 to 17. The mean 

assimilation efficiency of 76,43% was obtained from Table 

10. Daily percentage mass loss of respiration~ at zero 

ration, and the carbon ·required to maintatn btidy rnass l:lte 

shown in Table 19. The calculations are shown in Appen-

dix 3. Th e c a r b o n co n t e n t o f T e.:tJr.Me.&,V., -Oe.uc.,[c.a. w a s 
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determined using the Beckman Carbon Analyser. A mean of 

5 determinations gave the carbon content of l,x l0 6cells.' 

The predicted daily percentage mass change with food con-

centration for different acclimation temperatures is shown 

in Table 20. Calculations are shown in Appendix 4. The 

daily mass changes for each TA against food concentrations 

are plotted in Figure 18. 

.REGRESSION ANALYSIS OF ASSIMILATED RATION AND RESP I-
RATORY RATE TO DETERMINE SCOPE FOR GROWTH 

Stepwise multiple linear regression analysis (Allen, 1973) 

was used to obtain polynomial expressions for assimilated 

ration and respiratory rate. The programme involved the 

progressive introduction or subtraction of independent 

variables and transformations, 

near model of the form : 

(Appendix 5) in a curvili-

+ b x i 
n n 

where Y is the dependent variable and X the independe8t 
n 

variables. The resultant equation combined the least num-

ber of independent variables with the best coefficient of 

determination. 

Four data points were plotted for each acclimated tempera-

ture (TA 5 - TA 25) at each exposure temperature (TE 5 - TE 30) • 

Regression equations are summarised in Table 21. 
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TABLE 20 

RATION LEVEL 
. ~ l 
(µg C.1- ) 

13,50 

27,00 

40,50 

54,00 

81,00 

100 

Predicted mass change per day at different food concentrations, 

for TA 5 to 25°C. 

ACCLIMATION TEMPERATURE 

5 10 15 20 25 

-3 ,68 -1,69 -1,56 -2,24 -9,27 

-3,37 -1,05 +0,01 -0,84 -7,97 

-3,05 -0,14 +l,58 +0,56 -6,66 

-2,74 +0,23 +3,16 +l,97 .:5,35 

-2,11 +l,51 +6,30 +4,78 -2,73 

( 
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These regressions were entered into a Graphics Display 
I 

Package (GDP)(Woodhouse Enterprises, Computer, Centre, Uni-· 

versity of Cape Town). This programme subtracted respira-

tory rate from assimilated ration to produce scope for 

growth. From the GDP the data was previewed via a GDP Cal-

comp Interface to produce two dimensional and three dimen-

sional plots of the dependent variables (Figures 19 to 25). 

DISCUSSION 

Filtration rates shows a thermal optimum between 15°C and 

25°C (Figure 13). Within each acclimated regime maximal 

rates of filtration occurred at or above the temperature 

of acclimation, an effect recorded for large OJ.:it!r.e.a e.dufu 

( New e 11 e..t.. al. , 19 7 7 ) . 
I 

Lateral translations of the acute 

rate:temperature curves recorded her~, were not as pronoun-

ced as those recorded for OJ.:i:tJc.e.a e.dufu (Newell e.t. al., 1977) 

or CJie.p.<.du.f.a.. 6oJinic.a.:t.a. (Newell and Kofoed, 1977). Warm accli-

mated animals showed higher filtration rates than cold accli-

mated ones, with a maximum at TA 15°C (Figure 138). This 

ensures a large intake .of food during the warm summer months, 

for somatic and reproductive growth. Similar results were 

observed in the winkle Uzt:.01i.<.na. .e.<.tt.01ie.a (Ne we 11 and Pye, 19 71 a), 

the slipper limpet CJie.p.<.du.f.a.. 6oJinic.a.:t.a. (Newell and Kofoed, 1977) 

and large OJ.:i:tJc.e.a. e.du.i.i.J.:i (Ne we 11 e..t.. al., 1977). 

The acute rati:temperature curves for oxygen consumption in 

juvenile OJ.:it!r.e.a e.dufu showed evidence of lateral translation, 
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maintaining a low V
02 

over most of the acclimated regime· 

(Figure 14). This result differed from Newell e.t. al.., 

(1977), who found no evidence of lateral translation of the 

a c u t e R T c u r v e s f o r r e s p i r a t i o n i n a d u l t 0-6:tJr.e.a. e.du_,lU, • 

a10 values for TA 10 to TA 20, between TE 10 and TE 20, are 

2,30; 2,08 and 2,18 respectiNely. These values agree with 

those for routine v
02 

in other bivalves (Widdows, 1972, 

1973b; Bayne e.t. al.. , 19 7 3 and Bayne , 19 7 6 ) . The relative 

independence of TA 15°C to increasing exposur~ temperatures 

agrees with Read (1962a), who showed that a10 values in Mod-lo­

.iU-6 de.m-l-6.6U-6 de c 1 in e d as the upper 1 i mi :t o f therm a 1 to 1 er a rice 

was reached. Read explains this as a means of conserving 

energy. The high levels of respiration of juvenile oysters 

at TA 25 are difficult to explain in these terms as the ani-

mals are definitely not conserving energy. These rates 

probably represent respiration under thermal stress. 

Compensatory responses of both filtration and respiration 

enable 0.6:tJr.e.a. e.du.w to optimise filtration efficiency follow-

ing warm ac~limation (Figure 15). However, above TA 20°C 

increasing metabolic costs and decreasing filtration rates 

result in a poor filtration efficeincy. The,hiqh value of 

24, 7 for V /V0 in juvenile 0-6:tJr.e.a. e.du.w is considerably w 2 

higher than the value obtained for adult 0-6:bte.a. e.du_,lU, (Newell 

e.t. al.. 1977), but agrees with values obtained for other bi-

valves (Jorgensen, 1966 and .Vahl 1973a, b). 
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The cost of filtration (V 0 /V) for juvenile 0!.l:tlte.a. e.dul.Lli 
2 w 

is shown in Figure 16. Following warm acclimation v
0 

/V 
, 2 w 

is suppressed. This is due to increased filtration and 

a decline in the metabolic rate at these temperatures. 

A s i mi la r pat tern was found in ad u l t 0-6:tlte.a. e.duf..U., ( New e 11 

e.:t. a.L , l 9 7 7 ) • In adults, however, suppression of v0 /V 
2 w 

is achieved by an increase in V without a corresponding w 

decrease in v
02

• In juveniles 

due to higher v
02 

and a decline 

v0. /V increases above 20°C 
2 w 

in V . 
w 

These results indicate that the competitive ability of 

j u v en i le 0-6:tlte.a. e.dul.U., is bes t f o 11 owing warm a cc 1 i mat ion to 

temperatures between 15 and 20°C. At these temperatures 

maximum filtration efficiency and minimum cost of filtration 

are achieved. 

Scope fur qrowth, as the assimilated energy remaining after 

metabolic costs have been taken into account, is positive 

over the entire range of the acclimated temperatures (Figure 

17). Warm acclimated animals show a relatively large scope 

for growth with a maximum at 15°C. These results agree 

with Widdows (1971), who found that scope for growth of 

Myt,llU-6 e.du.e..u.i was relatively insensitive to temperature be-

tween 10 and 20°C. At either extreme metabolic compensa-

tion breaks down and scope for growth decreases. Bayne e.t. 

a.L, (1973), show that for any given temperature scope for 

growth increases with ration. Small animals may further 
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show a greater potential for growth than large ones (Thomp­

son and Bayne, 1974). 

The~~ results show that variation in scope for growth with 

temperature only becomes critical when ration levels are 

6 outside optimum values of approximately 15 x 10 cells/I. 

At low ration levels negative scope for growth results be-

cause of a low filtraion efficiency brought about by high 

metabolic costs. Conversely at high rations, low filtra-

tion and assimilation rates combined with high metabolic 

costs, contribute to a negative scope for growth. 

An apparent contradiction exists between the positive scope 

for growth (Figure 17) and the negative daily percentage 

mass change (Figure 18) at TA 5 and TA 2~°C. This situa-

tioh could possibly arise from the many assumptions made to 

predict. the daily percentage mass change. The graph never-

theless, does serve as an indication of the relative mass 

changes that may be expected at different food concentra-

tions. Growth potential decreases at acclimated tempera-

tures above and below 15°C 8nd at ration levels above 27µg C 

(10 x 10 6 cells Te.:Uz.a,.,~e..im.Ll .6e.u.c...tc.a/l), j Liven i 1 e U.6bte.a. e.dul.Ll 

maintain positive growth between TA 10 and TA 20°C. 

Theoretical modelling of assimilated ration, respiratory 

rates and scope for growth (Figures 19 to 25) showed that 

optimal assimilated ration occurred at TA 21,84 and 
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Predicted daily % mass change for 0-0:tJc.e.a. edu~ 

in different concentrations of food (µgC.1- 1 ). 

Cells x 106/litre are given in parentheses. 
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TE 24, 73°C'' (Figure 19). Minimal rates of respiration 

exist between TA 10 and TA 20°C (Figure 22) a~d scop~ for 

growth achieved a maximum at TA 19,74 and TE 23,42°C 

(Figure 24). 

112 

The model predicts that assimilated ration will be relative­

ly independent of temperature at TA 5°C but becomes increa­

singly dependent on exposure temperature as the acclimated 

temperature increases above 10°C (Figure 19). The response 

to exposure temperature is similar for each TA (Figure 21). 

Rate increases from a low level at TE 5 °C to a maximum 

between TE 15 and 25°C and decreases beyond TE 25°C. The 

rapid decrease in rate after TE 25°C reflects a breakdown 

in biological function as lethal temperatures are approached. 

A trough of optimal respiration occur~ between TA 10 and 

TA 20°C'at exposure temperatures from TE 5 to TE 22°C (Fi­

gure 22). Above TA 20°C respiration increases with expo-

sure temperature to a maximum at TE 30°C. In warm accli-

mated animals a dramatic rise in respiration occurs above 

This probably reflects the respiratory rate under 

temperature stress, following which metabolic processes 

would breakdown. 

Scope for growth was obtained by subtracting metabolic costs 

of respiration from the energy gain of assimilated ration 

(Figure 24). Maximum growth would be obtained between 
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FIGURE 19 

EXPOSURE TEMPERATURE 

Contour plot of Assimilated ration (J~h-1 ) for juvenile 

0-0bc.ea edu.e.v.i acclimated between 5 and 25°C and exposed 

to temperatures ranging from 5 to 30°C. 
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FIGURE 20 Response surface diagram relating TA' TE and Assimilated­

r.:ition. 
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EXPOSURE TEMPERATURE (°C) 

Assimilated ration at TA21,84 over exposure temperatures 

from 5 to 30°C. 
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EXPOSURE TEMPERATURE 

Contour plot of Respiratory Rate (J.h-1) in juvenile O~t!te~ 
edu.ll.6 acclimated from 5 to 25°C and exposed to temperatures 

from 5 to 30°C. 
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FIGURE 23 
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Response surface diagram relating TA, TE and Respiratory 

rate. 
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FIGURE 24 

EXPOSURE TEMPERATURE 

Contour diagram of Scope for Growth (J.h-l) in juvenile 

0,t,:tJc.e.a. e.du.fu. The plot was obtained by subtracting 

Respiratory rate (Figure 22) from Assimilated ration 

(Figure 19). 
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FIGURE 25 
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Response Surface diagram relating TA' TE and Scope for growth 
in juvenile 0~:.tJr.ea edull6. 
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TA 15 and 22°C at exposure temperatures from 20 to 27°C. 

'optimal scope for growth was reached at expos~re tempera-

tures ab~ve the acclimation temperature, providing 

the most growth during the summer breeding season. 
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Although respiratory rates are lowest at cold temperatures, 

assimilated ration at these temperatures is not sufficient 

to support good growth. This reflects the dormant state of 

oy~:d:ers during winter months when growth is minimal. 

It follows that growth could be enhanced if the water tern-

perature was artifici~lly increased in winter, for example, 

by utilising power station effluent. 

The standardised residuals between observed and calculated 

values of the dependant variables showed that most of the 

variation, between data and the model, occurred at TA 5 and 

TA 25°C. The variation was probably due to thermal stress 

at extreme temperatures. Re-entering the data, omitting 

TA 5 and TA 25°C, produced figures 26 to 31. This improved 

the coefficient of determination and predictive accuracy of 

each model. Fdr practical purposes therefore, predictions 

of scope for growth, assimilated ration and respiratory rate 

at temperatures normally encountered in the environment, 

should be .made -with figures 26 to 31. 
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FIGURE 26 

EXPOSURE TEMPERATURE 

1 
Contour plot of Assimilated ration (J.h-l) 

for juvenile O~:tJc.ea edu-ll6 acclimated between 

10 and 20°C and exposed to temperatures ranginq 

from 5 to 30°C. 
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FIGURE 27 
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Response surface diagram relating TA' TE and Assimilated. 

ration ! 
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EXPOSURE TEMPERATURE 

Contour plot of Respiratory Rate (J.h-l) in juvenile OJ.i:tlc.e.a 

e.dul-i..6 acclimated from 10 to 20°C and exposed to tempera­

tures from 5 to 30°C. 
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FIGURE 29 
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Responses surface diagram relating TA' TE and Respi­

ratory rate. 
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EXPOSURE TEMPERATURE 

Contour diagram of Scope for Growth (J.h-1 ) in juvenile 

0.6Vr.ea. edu.tW. The plot was obtained by subtracting 

Respiratory rate (Figure 28) from Assimilated ration 
(Figure 26). 
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FIGURE 31 
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Response Surface diagram relatinq TA' TE and Scope.for 

qrowth in juvenile 0.o:tJr.e.a e.du.l.l6. , 
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CHAPTER 3 

GENERAL CONCLUSIONS 
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This study presents an investigation into the energy balance 

of ju v en i 1 e O.otJr..e.a.. e.du.R.A.h, made up as energy gain of ingested 

ration and energy .loss of metab~lism, release of dissolved 

organic carbon and faecal production. A study of the ef-

fects of body size, food concentration, food type, and tern-

perature on biological rate functions provided information 

on the optimal conditions of growth. These studies could 

possibly be extended to adults, to describe reproductive 

growth, although it must be stressed that rate functions of 

adults may differ considerably from those of juvenile oys-

ters. 

Results presented in Chapter 1 showed that routine metabo-

lism in juvenile oysters ,was directly dependent on body size 

with a mass exponent of 1,09. \'lith growth, the cost of fil-

tration (V0 /V ) would become proportionately greater were 
2 w . 

it not 'for the high mass exponent of filtration (0.91) des-

cribed for juvenile -0ysters. The competitive ability of 

post-larval oysters is therefore comparable to that of juve-

niles of 5,0Bmg. 

Filtration rate also showed a marked dependence on particle 

concentration. With increasing concentration, filtration 

.increased to a.maximum at 15 x 10 6 cells/l followed by a gradu-

al .decline to a basal rate above 25 x 10 6 cells/I. Pseudo-

faecal production was observed at values as low as 15 x 10 6 

cells/I. These results show that maximal ingestion can be 
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obtained at relatively low levels of food concentration 

6 and that increasing the available food above 15 x 10 cells/! 

will not improve growth. 

Filtration rate was not significantly affected by a particle 

range of 4,00 - 20.00µm, although evidence exists to sug-

gest th~t juvenile oysters are able to select particles on a 

basis other than size. This finding is important to further 

work on micro-encapsulated diets for oysters. Efforts will 

have to be concentrated on the palatibility of the microcap-

sules to oysters rather than the retention efficiency of va-

rious sized particles. 

The effects of temperature on biological functions are well 

known and these were confirmed for juvenile oysters. Al-

though assimilation efficiency was not effected by acclima-

tion the filtration. rate, oxygen consumption, filtration 

efficiency, cost of filtration, assimilated ration and hence 

growth, achieved optimal values following warm acclimation. 

Temperatures between 15 and 20°C provide the best conditions 

for growth. In addition it was found that growth would im-

prove if the exposure temperatures increased within 5°C of 

the acclimation temperature. This would ensure optimum 

growth in warm summer conditions. 

From the firidihgs we ca~ conclude that if the mariculture 
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programme pioneered at Knysna is to be continued, the pos­

sibility of maintaining the temperature of th~ culture tanks 

should be investigated. The use of power· station coolant 

could provide a means of achieving this situation. 
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APPENDIX l Preparation of Erd Scheiber culture medium 

(as prepared at the Plymouth Laboratory) 

* l litre filtered sea water 50ml soil extract 

O,Zg NaN0 3 

1. Filter sea water through No l Whatman paper. 

z~ Reduce sea water to 95% with glass distilled water and 

then autoclave it at 15 lb pressure to sterilize (about 

30 minutes fa 2 litre volume). 

* 3. Autoclave soil extract at 15 lb pressure for 35 minutes 

using a separate small flask for soil extract for each 

large flask to medium to be made up. 

4. Autoclave the solution of salts (made up together in glass 

distilled water so that lml of solution gives the required 

amount of salts for l litre of culture solution). 

5. Add required amount of solution of salts to cold soil ex-

tract and then add the soil extract + salts to the cold 

sea water. Allow this culture solution to reach the 

temperature of the cultures to be subcultured before using. 

* Soil Extract 

lKg finely sieved garden soil to l l tap water; autoclave 

for l hour at 15 lb pressure. If there is time, allow 

soil to settle and use clear liquid, but if needed quickly 

centrifuge to clear. 
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APPENDIX 2 Preparation of Walne's culture medium 

(Walne, 1970a). 

1. FeC1 36H 20 

MCnl24H20 

H
3

8o
3 

E D T A (Na salt) 

NaH 2Po 4H2o 

NaN0
3 

Trace metal solution 

Distilled water 

2,60g 

0,72g 

67,20q 

90,00g 

40,0fJg 

200,00g 

2,00ml 

to 2 litres 

lml is added to each litre of sea water 

2. The trace ~etal solution has the following composition 

3. 

ZnC1 2 2' 1 g 

CoC1 26H 2o 2,0 g 

(NH 2 ) 6Mo.o 24 4H 20 0,9 g 

cuso 4 sH 2o 2,0 g 

Distilled water to 100 ml 

It is necessary to acidify this solution with HCl to 

obtain a clear liquid. 

Vitamin stock solution 

8 12 

81 (Thiamine) 

Distilled water 

lOmg 

·2oomq 

to 200ml 

lOml are added to each 100 litres of sea water • 
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APPENDIX 3 Calculations used to determine the percen­

tage daily mass loss at zero ration and the 

daily maintainance, in carbon equivalents 

for TA 5 °C. 

NOTES : 

1. 

2. 

3 • 

4. 

Mean v
02 

Mean V 
w 

( -1 -1) µl.5,0883mg .h 

( -1 -1) ml.5,0883mg .h 

Assimilation efficiency = 76,43~~ 

1µ1
-1 

oxygen = 0 '53 6µg c 

5. Carbon equivalent of a standard animal of 5,0883 mg = 2,54mg 

Carbon equivalent of V
02 

(µgC.h-l) 

Carbon equivalent of VD2 

(p g c . 2 4 h - l ) 

QI Daily mass loss 10 

Carbon rewuired to maintain 
body mass 

(µgC. 24h -l) 

,. 

= 7,90 x D,536 ~g 

= 4,23 

= 4,23 x 24 

= 101,.52 

= (-101,52. 
1 ODO x 2,54) 

x 100 

= - 3,99% 

= 101,52 x 100/76,43 

= 132,82 
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APPENDIX 4 Calculations used to determine the predic­

ted percentage daily mass loss for juvenile 

0-0tJr.ea edul~-0, in carbon equivalents, e.g. 

TA 5°C. 

NOTES : 

1. Carbon equivalent of a standard animal of 5,0883mg = 2,54mg. 

2. Assimilation efficiency = 76,43%. 

3 '.~ Clearance is assumed to be 100~.J 

4. Mean V 
w 

( -1 -1) ml.5,0883mg .h 

5 Carbon equivalent of V
02 

( -1, ]JgC.24h ) 

V per day w 
( -1 -1) ml.5,0883mg .h 

At each particle concentration 

-1 e.g. 13,5DµgC.l 

ugC cleared per day 

(at 13,5DµgC.l-l) 

= 32,40 

= 101,52 

(APP. 3) 

(APP. 3) 

= 32,40 x 24 

= 777,6 

- 777,6 x 13,50 
1 ODO 

= 10,49 

% Daily mass change = 
(10,49 x D,7643)-101,52 x 100 

2540 -1-

= -3,68 

,. 
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IND. VARIABLE 

TRANSFORMED 

VARIABLES 

,_ 

153 

Independant variables and their transforma­

tions used in the stepwise regression ana­

lysis described in section 2.3.7. 

ACCLIMATION TEMP. EXPOSURE TEMP. 

TA2 = (T )2 
A T E2 = ( T ) 2 

E 

TA3 = (T )3 
A TE3 = ( T ) 3 

E 

TA 4 = (T )4 
A T E4 = (T )4 

E 

TA TE 

TA 2T E 

TA3TE 

TA4TE 

TA TE4 

TA TE3 \ 

TA T 2· 
E 
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