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Centre de InvestigacionesMarinas, Universidad Austral de Chile, Casilla 567, Valdivia, Chile

ABSTRACT: Rates of filtration, ingestion, assimilation, biodeposition, excretion and respiration of the
Chilean flat oyster Ostrea chilensis Philippi were determined in laboratory experiments in order to
establish energy budgets in relation to body size and 2 different food concentrations of the unicellular
green alga Dunaliella marina. Ingestion and assimilation rates are kept constant within the range of
food concentrations tested due to corresponding reductions in filtration activity with increasing food
densities. The most favourable energy budget (P = aWb)was obtained at the lowest food concentration
tested (0.54 mg algal dry wt 1-l; 12OC, 20 S) with an a-value of 25.48, when relating the energy
disposable for growth and reproduction (Pi cal d l ) to body size (W; dry-tissue wt, g). At the highest
food concentration tested (1.07mg 1 1 ) ,the corresponding a-value of 17.38 was significantly lower. The
relatively low scope for growth in 0. chilensis is explained by a low species-specific filter-feeding
activity and by the high energetic costs of routine metabolism which in a 1 g oyster (dry-tissuewt) vary
between 58 and 62 % of the energy ingested. The net growth efficiencies (K,) decreased with
increasing body size (from 50 mg to 3000 mg dry-tissue wt) from 53.7 to 22.6 % at the lowest food level
and from 51.1 to 13.9 % at the highest food level tested. Comparison of estimated growth (calculatedon
the basis of the most favourable energy budget),with growth actually measured in oysters from natural
banks and tray cultures, shows that the energy budgets established in the present study indeed reflect
the conditions experienced by the oysters in their natural environment.
%O

INTRODUCTION
Better understanding of the complex interactions of
biotic and abiotic environmental variables regarding
growth of oysters and a more detailed interpretation of
growth data obtained in the field (Winter et al., 1983),
can be achieved by laboratory experiments where
experimental conditions are precisely defined and
kept constant as much as possible.
For aquaculture it is of fundamental importance to
know the optimal conditions for growth and reproduction, such as nutritive value and optimal densities of
different unicellular algal food suspensions (Loosanoff
and Engle, 1947; Davis and Guillard, 1958; Winter,
1969, 1973, 1976; Walne, 1970; Winter and Langton,
1976; Epifanio and Ewart, 1977; Helm, 1977; Langdon
This research was supported by Grants RS-81-09 and C-80-1
of the D.1.D.-UACH,by CONICYT, Foundation Volkswagenwerk, Foundation Fritz-Thyssen, by the GTZ, and the
Deutsche Forschungsgemeinschaft (DFG)
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and Waldock, 1981; Navarro and Winter, 1982; Gerdes,
1983a;ToroandWinter, l983a, b; Sprung, 1984a,b, c, d).
Aquaculture in estuarine systems, such as the estuary of the River Quempill6n in the south of Chile
(Chiloe Island), is highly influenced by great fluctuations in salinity and temperature (Widdows and Bayne,
1971; Dame, 1972; de Wilde, 1975; Widdows, 1978;
Mann, 1979; Toro and Winter, 1983a; Sprung, 1984a, b,
c, 4.
As pointed out by Mann (1978) and confirmed by
observations made by the present authors, the natural
occurrence of a species in a particular salinity-temperature regime does not necessarily indicate absence of
environmental stress. The Chilean flat oyster Ostrea
chilensis Philippi (1845) is in the estuarine waters of
the River Quempillen under considerable stress, and
part of a n extensive aquaculture programme on
bioenergetic estimations seeks to quantify that stress.
The laboratory experiments described in the present
paper were designed to determine the different components of the energy budget of Ostrea chilensis in
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between shell length and dry meat weight (24 h at
100Â°C)shell weight and displacement volume were
determined (Fig. 2) in order to correlate these variables
with the different physiological rates investigated
(Fig. 1). Furthermore, the calorific content of the soft
parts of the oysters was determined in relation to body
size and season (Table 1). The average calorific content was 5361.34 cal g 1 dry-tissue weight.
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Fig. 1. Diagram of energy flow

relation to various algal food concentrations. They
include studies on filtration, ingestion, assimilation,
biodeposition, respiration and excretion rate and apply
the same methods as used by Navarro and Winter
(1982) for Mytilus chilensis in order to facilitate comparison between these 2 native bivalves from Chile
(Fig. 1).
MATERIAL AND METHODS

Experimental oysters. Ostrea chilensis Philippi
(1845) were collected from the natural bank in the
estuary of the Quempill6n River, southern Chile
(Chi106 Island; Lat. 41Â°52'SLong. 73'46'W). In this
estuary, mean annual values for water temperature
and salinity are 13.5OC and 23.6 %O S , respectively,
with monthly averages ranging from 8.8 to 18.9 OC and
from 13.0 to 29.9 %O S.
For laboratory experiments, 5 size classes of oysters
were selected ranging in shell length from 22.4 to
74.7 mm. The oysters were maintained under laboratory conditions (12OC, 20 %o S) for 15 d before being
used in the experiments. During this acclimatization
period, seawater was changed every 3 d, and the oysters
were fed 5 times a day with Dunaliella marina
Teodoresco. At the end of the experiments, relations

Fig. 2. Ostrea chilensis. Relations between shell length, dry
meat weight, shell weight, and displacement volume of oysters collected during August (estuary of the Quempillkn River
in the north of Chilok Island, southern Chile). Correlation
coefficient (r) for each relation is the same: 0.98
Table 1. Ostrea chilensis. Seasonal variations in calorific
content of dry-tissues in relation to body size. The 2 values for
each size class and season correspond directly to the range of
dry-tissue weight indicated for each size class
Season

Calorific content of dry-tissues
Size class 1
Size class 3
Size class 5
(dry-tissue wt: (dry-tissue wt: (dry-tissue wt:
23-303 mg)
955-1930 mg) 2550-2923 mg)
(cal g-l)
(cal g-l)
(cal g-')

Winter

4901.0
4931.0

5483.6
5528.8

5518.1
5506.1

Spring

5039.7
5067.0

5465.5
5437.6

5370.5
5374.7

Summer

5211.1
5267.5

5380.5
5402.2

5440.5
5467.5

Autumn

5435.4
5405.0

5586.0
5536.7

5450.9
5465.3

1 Annual mean of all size classes: 5361.34 cal g 1

I
I
II
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Fig 3 Apparatus for measuring filtration rates (after Winter,
19731

Algal suspension. Oysters were fed pure cultures of
Dunaliella marina (5 0 X 7 5 p)
cultured as described
by Winter (1969)and used only as food during logarithmic growth Average calorific content of D marina was
4618 cal g-' dry weight and 4975 cal g-' ash-free dry
weight
Filtration rate. Filtration rate was determined by an
indirect method quantifying the decrease in algal cell
density of the experimental medium in relation to time,
using the automatic recording apparatus described by
Winter (1973, 1978a) A homogeneous mixture of the
experimental medium was ensured by a circulation
pump (Fig 3) with a capacity of 3 1 m i n 1 . The oysters
were arranged in the photo-aquaria of the apparatus in
such a way as to avoid disturbance due to currents
produced by their inhalant and exhalant apertures
Such special care and the relatively high capacity of
the circulation pump are necessary in order to avoid
refiltering of the exhalant water before being readjusted to the cell concentration of the experimental
medium
Experiments were carried out over 24 b in 16 I of
seawater (20 9& S, 1 2 T ) Filtration rate was determined at algal concentrations of 10 X 10" and 20 X lo6
Dunaliella manna cells 1 1 , corresponding to 0 54 and
1 07 mg dry weight 1 ' - respectively
Assimilation efficiency was determined according to
Conover (1966) Faeces were collected, washed and
dried immediately at the end of each filtration-rate
experiment in order to avoid decomposition.

1

Amplifier and oxygen meter

2

Recorder

3 Circulation pump

Saturation chamber
5 Respiration chamber

it

Aeration system
7 Cooling system
6 Electrode chambet
9 Oxygen electrode
6

Fig 4 Apparatus used for measuring oxygen consumption
For further explanation see text
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Excretion rate To determine excretion rate in relation
to body size, well-fed oysters were incubated in 1 to 4 1
of seawater for 5 h Controls of filtered seawater from
the same batch, but without oysters, were incubated at
the same time. Samples and controls were analysed
according to Solorzano (1969) and expressed as pg
ammonia-nitrogen oyster' h 1 The results obtained
were transformed to calories (1 mg Nl%-N = 5.94 cal)
using the coefficient given by Elliot and Davison
(1975).
Respiration rate was measured in the apparatus
(Fig. 4) previously described by Rtos (1979). The
apparatus consists, in addition to the oxygen meter
unit with the electrode, of a saturation and a respiration chamber connected with each other during saturation before each experiment and disconnected during
the subsequent oxygen consumption determination
(closed system).
Respiration rate was determined in relation to body
size under 3 different physiological conditions: (a) in
starved oysters (3d without food; filtered seawater); (b)
in well-fed oysters (subsequent to each filtration rate
experiment); (c) in feeding oysters In the last case,
experimental food concentrations were kept constant
by injections of concentrated algal culture into the
water of the respiration chamber. All these measurements were carried out at 12'C and 20 %O S Values for
oxygen consumption were expressed in ml O2 h-l and
transformed to calories using the coefficient given by
Thompson and Bayne (1974) (1m l 0 , = 4.75 call

equations (Fr = a W')relating filtration rate (FR,1 h*')
to body size (drey-tissue weight, W; g) at the 2 different
food concentrations tested
10 x 106cells I"': FR = 1 3 2 W063,
20 x lo6 cells I-'- FR = 0 62 W O m
From these equations and from Fig. 5 it is clear that
the filtration rate increases with increasing body size.
Furthermore, it is obvious that an increase in food
concentration results in a pronounced reduction in
filtration rate, at 20 X loficells I"', the filtrationrate of
a 1-g oyster (dry-tissue weight) is reduced by 53 %
when compared with the filtration rate at the low food
concentration of 10 X lo6 cells I"'.

001

0 01

RESULTS
The results are presented in a chronological sequence according to the energy flow diagram given in
Fig 1
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Fig. 5 Ostrea chilensis Filtration rate at 12'C and 20 % S
in relation to body size at 2 different concentrations of
Dunaliella manna

Filtration rate

Ingestion rate

The filtration rate of suspension-feeding organisms
is of great ecological importance. It is defined as the
volume of water filtered completely free of particles
per unit of time, whereas the pumping or ventilation
rate refers to the water volume flowing through the
gills per unit time. Filtration rate and pumping rate
have the same numerical value only if all particles
entering the mantle cavity are completely (100 %)
retained by the gills (Winter, l978a)
Relations between filtration rate and body size were
determined in 5 different size classes of Ostrea chilensis at 2 different algal densities (10 X lo6 and 20 x lofi
Dunaliella manna cells 1 1 ) corresponding to a total
algal dry weight of 0.54 mg and 1.07 mg I-', respectively.
Results are expressed by the following regression

Knowing filtration rate and concentration of suspended particles in the water (food concentration), it is
possible to calculate the amount of food retained by the
gills and ingested by the oyster, as long as no
pseudofaeces are produced. In our experiments the
amount of algae ingested is identical with the amount
of algae filtered-out, since production of pseudofaeces
could not be detected at the algal densities tested.
Ingestion rate (IR; mg algal dry weight d l ) is
directly influenced by the regulation of filtration rate
in relation to food concentration; this is reflected by the
equations'
10
20

X
X

lo6 cells I-'. IR = 17 11 Wn63,
loficells I-': IR = 15 92 Wo6'

These equations reveal that the ingestion rate of a
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1-g oyster (dry-tissue weight) is nearly independent of
the range of food concentrations tested; this is
explained as being the result of a high reduction in
filtration rate at the higher cell density. The slightly
lower a-value at 20 X lo6 cells 1 ' suggests that a
further increase in food concentration will have a
negative effect on food intake. From the very similar
b-values it is deduced that the relative increase in
filtration rate and/or ingestion rate in relation to body
size is independent of food concentration, i.e. large as
well as small oysters react in the same manner towards
different algal concentrations.
The daily amount of food ingested (total algal dry
weight), expressed as percentage of body weight (drytissue weight; Table 2), may be used as an ecologically
relevant index of feeding activity. In Fig. 6, this index
is plotted against body size (dry-tissue weight); the
graph shows that the index decreases rapidly with
increasing body size. This means that the relative
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amount of food ingested is much higher in smaller than
in larger oysters. Thus, the daily ration of food ingested
by small oysters (40 mg dry-tissue weight; Table 2)
amounts to about 5.5 % of their dry-tissue weight,
while large oysters (3,097 mg) only ingest about 1 % of
their dry-tissue weight per day. The small differences
of this relation at the 2 different food concentrations
tested can be deduced from the following equations;
10 x
20 X

lo6 cells I-':
lo6 cells I-I:

IRol,, = 1.71 W"03',
IRo, = 1.60 W-040.

As assimilation efficiency determined according to
Conover (1966) refers only to the degree of utilization
of the organic material ingested, it is necessary to
calculate the following equations for the organic material ingested (IRor;mg organic algal dry weight d-') in
relation to body size:
10
20

X

X

lo6 cells 1-':
lo6 cells I-l:

IRor = 16.13 W063,
IRor = 15.01 W6O.

Table 2. Ostrea chilensis. Filtration and ingestion rate in relation to body size at 2 different algal concentrations (Dunaliella
marina; 12'C; 20 9~ S)

Shell
length

Body size
Dry-tissue
weight

(mm)

(mg)

Food concentration: 10 X lo6 cells I-'
22.4
40
22.7
42
23.6
49
24.4
55
24.8
58
37.6
262
52.1
852
52.1
852
53.2
918
53.3
925
62.7
1662
63.2
1710
73.9
3008
74.0
3022
74.5
3097
74.7
3127
Food concentration: 20 X
22.5
24.4
24.4
24.6
37.9
37.8
52.8
51.9
54.3
71.7
73.5
73.7

lo6 cells 1-I
41
55
55
57
270
267
894
840
989
2697
2949
2978

Filtration rate
Per
Per mg
oyster
dry-tissue
weight
(ml h-l)

(ml h-l)

Ingestion rate c f l
(algal dry wt)
Per
relative to
oyster
dry-tissue
weight
(mg d-l)
(%)
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Fig. 6. Ostrea chilensis. Relations between ingested ration d-' (expressed
as percentage of dry-tissue weight)
and body size (dry-tissueweight) at 2
differentconcentrations of Dunaliella
marina

Assimilation efficiency

Assimilation rate

The amount of organic material assimilated, expressed as percentage of the amount of organic material
ingested, is defined as assimilation efficiency. Assimilation efficiency depends, above all, on the quality and
quantity of the food ingested. Assimilation efficiency
(AE) was determined in relation to body size (drytissue weight; g) at the 2 different food concentrations
investigated (Fig. 7). The results obtained are summarized in the following equations:

Assimilation rate (AR; mg organic algal dry
weight d-I) in relation to body size and food concentration was calculated on the basis of data obtained for
ingestion rate (organic material) and assimilation efficiency. The relations are described by the following
equations:

10 X 10' cells I-': AE = 92.88 W-0019,
20 X 106 cells I"': AE = 88.98 W^oo8.

These equations indicate that assimilation efficiency
is, to a high degree, independent of body size (b-values
very close to zero) at the 2 food concentrations tested.
Furthermore, assimilation efficiency (a-values) in oysters fed Dunaliella marina is very high, about 90 %,
and within the range of food concentrations tested
practically independent of cell density.

10 X 10' cells I-': AR = 14.98
20 X 106 cells I-': AR = 13.36

w6',
w5'.

Analysis of the a-values of these equations reveals
that assimilation rate is nearly independent of the food
concentrations employed. This independence is due to
effective regulation of the filtration and/or ingestion
rate.
When comparing the b-values of these equations
with those found for the filtration and ingestion rate, it
becomes clear that all these physiological rates follow
the same pattern of body-size dependence.

Biodeposition rate
Biodeposition of organic material in relation to body
size was calculated as the difference between organic
material ingested (IRJ and organic material assimilated (AR). Biodeposition rate (BRnr;mg organic faecal
dry weight d l ) is expressed by:

'

10 X 106 cells I-': BR,, = 1.15 W103,
20 X lo6 cells I-': BRo, = 1.65

w6'.

m

60\

0.01 0.'02 0.05
0'.2 O'.5
Dry-tissue weiaht
- la- I

2,0 i0

~ i7 . ~
osfrea
. chilensis.
efficiency in relation to
body size (dry-tissue weight) at 2 differentconcentrations of
Dunaliella marina

The a- and &values of these equations are clearly
dependent on the food concentrations tested. This is in
contrast to the inaestion
and assimilation rates which
are practically independent of food concentration.
These findings are interpreted later; it should be
pointed out here that the assimilation efficiency is very
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high in oysters fed Dunaliella marina (about 90 %) and
that the biodeposition rate is based on the remaining
10 % of the organic material ingested but not assimilated.

Excretion rate
Further metabolic loss occurs due to excretion. Data
for excretion rates in well-fed oysters (ER; pg NH4N h l ) are summarized in Table 3 and plotted against
body size (dry-tissue weight) in Fig. 8. The relation
obtained is expressed by:

Table 3. Ostrea chilensis. Excretion rate of ammonia-nitroaen
(pg NH4-N/h) in relation to body size (12'C; 20 %O S)
d

Expertment
no.

Number
of
oysters
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Respiration rate
Respiration rates (RR;m l 0 , h i ) , obtained under the
3 different experimental conditions, are shown in
Fig. 9 and summarized by:
RR = 0.266 WO75,
RR = 0.377 WO73,
RR = 0.410 W7*.

starved oysters:
well-fed oysters:
feeding oysters:

Oxygen consumption determined in starved oysters
corresponds to the energetic costs of standard metabolism. The significant increase in oxygen consumption
(compare a-values) of well-fed oysters expresses the
physiological costs due to digestion; the further small
increase in oxygen consumption in feeding oysters
(routine metabolism) is principally due to filter-feeding (mechanical costs).

Body size (means)
Excretion
Shell
Dry-tissue
rate
length
weight
(NH4-N)
(mm)
(mg)
(ug h-l)

RR:

0 4 1 0 wo"lr=099,n=U1

I

IF--0

R R s 0 377~'"lrs099, n = S

0--0

R R : 0 . 2 6 6 ~ ' ' ~ 1 r =098, n s 9 I

/
/

0.01

!

0.01

1

I

I

0.02

0.05

0.1

,

0.2

0.5

1.0

2.0

,

5.0

Dry-tissue weight ( g )
Fig. 9. Ostrea chilensis. Oxygen consumption in relation to
body size (dry-tissue weight) under 3 different experimental
conditions: starved oysters (brokeddotted line; circles), wellfed oysters (broken line; squares), feeding oysters (solid line;
triangles)

Energetic costs are listed in Table 4; they are expressed as percentages of the costs of routine metabolism
(= 100 %), Table 4 shows that the costs for standard
metabolism increase from 62.9 to 65.6 %, those for
mechanical efforts (filter-feeding) from 5.3 to 9.0 %
with increasing body size; the physiological costs for
digestion decrease from 31.8 % in small oysters (50 mg
dry-tissue weight) to 25.4 % in large ones (3,000 mg).

E R : 16 25 w o 5 '
lf:097;n:18 I

Energy balance
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Fig. 8. Ostrea chilensis. Relation between excretion rate and
body size (dry-tissue weight) in well-fed oysters (12'C,
20 %o S )

In order to calculate the energy balance in Ostrea
chilensis it is necessary to transform the different physiological rates, quantified and summarized in Table 5,
to units of energy (calories).These transformations are
shown in Table 6 for the different physiological rates
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Table 4. Ostrea chilensis. Oxygen consumption (12O C ; 20 %O S) in relation to body size and different metabolic conditions (Values
calculated from regression equations)
Body size
Dry
Shell
tissue length
weight

(mg)

(mm)

Oxygen consumption
Stand.
Stand.
Stand.
metabol. metabol. metabol.
digesdigestion
tion
feeding
(routine
metabol.)
(ml h-l)
(ml h-I) (ml h-l)

+
+

+

Energy consumption (routine metabolism = 100 %)
Stand, metabol.
Feeding
Digestion
Routine
metabol.

(cal hU1)

(%)

(cal h-l)

(%)

(cal hbl)

(%)

(cal hbl)

Table 5. Ostrea chilensis. Rates of filtration, ingestion, assimilation, biodeposition, respiration and excretion in relation to body
size and 2 different algal concentrations (12OC; 20%oS)
Body size
Dry
Shell
tissue
length
weight
(mg)
(mm)

Algal
density

Filtration
rate

lo6)

(I d-*)

(X

Ingestion rate
Total
Organic
algal
algal
dry wt
dry wt
(mg d-l)
(mg d-l)

(cal d l ) in relation to body size (dry-tissue weight), at
the 2 different food concentrations investigated.
Regression equations for the physiological rates
(cal d l ) in relation to body size (dry-tissue weight)
have been calculated on the basis of the values presented in Table 4; they are summarized in Table 7.
Of special interest are the equations obtained for the
energy disposable for growth and reproduction ( = production, Pi cal d l ) in relation to body size (dry-tissue

Assimilation
effirate
ciency
(mg d-l)

(%)

Biodeposition
rate

Respiration
rate

Excrecretion
rate

(mg d-I)

(mi d-I)

(pg d-l)

weight; g), at the 2 different food concentrations investigated:
10 X

20

X

lo6 cells 1-I:
lo6 cells I-':

P
P

= 25.48

W045,

= 17.38 WÂ¡35

From these equations it is clear that the energy
balance is positive at the 2 food levels studied. The
gain in energy, however, decreases with increasing
food concentrations; thus, higher gain in energy for
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Table 6. Ostrea chilensis. Energy ingested and its use in the different processes in relation to body size at 2 different food
concentrations Dunaliella marina; 12 'C; 20 %O S

Dry
tissue
weight
(mg)

Body size
Energyingested
Shell
Calories Ash-free Calories
length
of
dry wt
tissues
(mm)
(cal)
(mg d-I) (cal d-I)

Energy
assimilated

Energy
lost in
faeces

(cal d-l)

(cal d-I)

Energy
Energy
Energy for
Net growth
used in
lost in
growth + reprod. efficiency
respira- excretion Calones Oyster
(K,)
tion
dry tissue
(cal d-l) (cal d-I) (cal d-I) (mg d-l)
(%)

Food concentration: 10 X 106 algal cells 1-'
50
250
500
1000
1500
2000
2500
3000

268
1340
2681
5361
8042
10723
13403
16084

23.7
37.1
44.9
54.4
60.9
66.0
70.2
73.8

Food concentration: 20
50
250
500
1000
1500
2000
2500
3000

X 106 algal cells

268
1340
2681
5361
8042
10723
13403
16084

23.7
37.1
44.9
54.4
60.9
66.0
70.2
73.8

2.44
6.73
10.42
16.13
20.82
24.96
28.73
32.23

1-I

2.49
6.53
9.90
15.01
19.14
22.75
26.01
29.02

Table 7. Ostrea chilensis. Values of a and b calculated on the
basis of Table 6 for the different processes (cal d ) in relation
to body size (dry-tissue wt; g) at 2 different food concentrations (Dum'ella marina; 12 "C; 20 %O S)
Process

Dry-tissue weight ( g )
0.5

A

15

2

6

5

t,

150

1

2.5

7

Shell length (cm )

Food concentration
( X 106 cells I-')
10

a
Energy ingested
80.25
Energy lost in faeces
5.71
Energy used in respiration
46.74
Energy lost in excretion
2.32
Energy for growth
repro- 25.48'
duction

+

20

b
0.63
1.03
0.74
0.56
0.45'

a

b

74.67 0.60
8.23 0.67
46.74 0.74
2.32 0.56
17.38 0.35

Range of body size restricted to: 50 to 1500 mg
dry-tissue wt

-

-0

0.5

1

2

15

w

2.5

0)

c

in

-30 C

$50-

c

B

0
20 x lo6 cells/ I

growth and reproduction was obtained at the low food
concentration. This result is of considerable importance in terms of aquaculture.
The energy used by each of the different physiological processes (Fig. 10) is expressed as percentage of
the energy ingested in Table 8. The table shows that
high percentages of ingested energy are utilized for
standard metabolism (31.9 to 45.1 %), digestion (14.7
to 17.9 %), and growth and reproduction (16.5 to
42.1 %); the energetic costs of feeding and the loss of
energy due to excretion and faeces are small.
According to Table 8, the percentage of the energy

-20

- 15
Rc5p,r~lto"

50

-10

0
1.0

5.0

10.0

15.0

Dry-tissue weight ( Kcal)
Fig. 10. Ostrea chilensis. Quantification of the energy ingested (upper line) and its ratio of distribution for different
physiological processes in relation to body size (dry-tissue
weight; Kcal), at 2 different Dunaliella marina concentrations
(12 OC, 20 %o S)
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Table 8. Ostrea chilensis. Energy utilization at 12 OC and 20 %O S in different processes in relation to body size (dry-tissue wt; g) at
2 different concentrations of Dunaliella marina, expressed as percentage of the energy ingested
Distribution of the
energy ingested

0.25
Standard metabolism
Feeding activity
Digestion
Faeces
Excretion
Growth and reproduction
Total

Food concentrations ( X lo6 cells 1-I)
10
20
Dry-tissue wt (g)
Dry-tissue wt ( g )
1.00
2.00
0.25
1.00

2.00

31.9
3.4
14.7
4.7
3.2
42.1

37.7
4.7
15.8
7.1
2.9
31.8

41.0
5.5
16.3
8.3
2.8
26.1

33.0
3.5
15.1
10.1
3.3
35.0

40.6
5.0
17.0
11.0
3.1
23.3

45.1
6.0
17.9
11.5
3.0
16.5

100.0

100.0

100.0

100.0

100.0

100.0

ingested which is finally disposable for growth and
reproduction depends on the high percentage of
energy used for standard metabolism. Since the percentual costs of standard metabolism are much higher
in large oysters than in small ones, there exists a
decrease in the percentual energy available for growth
and reproduction with increasing body size.

Estimated growth
The basis for calculating estimated growth is the
equation for production (P; cal d l ) ; it gives the
calories disposable for growth and reproduction per
day in any given size class. Conversion of calories to
oyster biomass is based on the fact that the calorific
content of 1 mg of oyster biomass (dry wt) corresponds
to 5361.3 cal. Furthermore, it is assumed that the conversion energy is included in the energetic costs of
routine metabolism. On the basis of these considerations, the production of biomass (PB; gain in biomass;
mg dry wt d l ) is given by the following equations in
relation to body size (dry-tissue wt; range: 0.05 to
1.5 g) and in response to food concentration:
10
20

X
X

lo6 cells I-':
lo6 cells I-':

PB = 4.75 W045,
PB = 3.24 W035.

Estimated growth curves for 3 different size classes
of oysters are presented in Fig. 11. These curves show
that the increment in growth (dry-tissue wt) slows
down with any increase in body size.

Growth efficiencies (K,and K,)
Calculations of growth efficiencies permit the evaluation the overall effect of the culture system on growth.
Hence, growth efficiencies can be used to quantify the
efficiency of an aquaculture system or the suitability
and adequacy of a system with respect to the species
selected for cultivation.

Size class 2

1.0

0.5
U)

J-

"2'

'4'

'6'

'8'

'10'

'12'

T I M E (month)
Fig. 11. Ostrea chilensis. Estimated growth in 3 different size
classes (dry-tissue weight), calculated on the basis of the
equation for production, P (12'C, 20 %O S, 10 X 106Dunaliella
marina cells l l ) . Calculation carried out in 20 d periods

An index of efficiency may be based on gross growth
(K,) or net growth efficiency (KJ. The difference
between these 2 indices is due to the fact that the
increase or decrease in body weight obtained per unit
time may be expressed as percentage of the amount of
organic material ingested (KT)or as percentage of the
amount of organic material assimilated (K2). From
these definitions it is clear that Ki includes assimilation efficiency. Since assimilation efficiency is one of
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the principal variables influencing growth, the index
K, has a more general and the index K2a more specific
evaluation content.
The Kl- and K2-values obtained in the present study
are listed in Table 6 and plotted against body size (drytissue weight) in Fig. 12. This figure reveals that gross
growth and net growth efficiencies decrease drastically with increasing body size. At the low food concentration tested, K1 and K, in small oysters (50 mg
dry-tissue weight) are 52.8 and 53.7 %, respectively; in
large ones (3,000mg), 22.6 and 24.8 %, respectively.
At the higher food concentration, Kl and K2 are lower,
especially in the larger size classes. In our experiments, the difference between gross growth and net
growth efficiencies is exceptionally low due to the
high assimilation efficiency obtained in oysters when
fed Dunaliella marina.
The relations between body size (dry-tissue weight;
g) and gross growth (GGE; %) and net growth efficiencies (NGE; %) are expressed by the following equations:
gross growth efficiency:
10 X lo6 cells 1-l: GGE = 30.3 W-0 21,
20 X lo6 cells I-': GGE = 20.7 W-0 32;
net growth efficiency:
10 X lo6 cells I-I: NGE = 32.6 W-Oi9,
20 X lo6 cells I-': NGE = 22.9 W-031.

D r y tissue weight ( g )

Fig. 12. Ostrea chilensis. Gross growth and net growth efficiency in relation to body weight (dry-tissue weight; g) at
10 X 106 and 20 X 106 Dunaliella marina ~ e l l s l " (12"C,
"~
20 %o S )
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DISCUSSION

Several laboratory studies have been carried out
during the last decade on bivalve molluscs with the
aim of determining the energy budget of Mytilus
edulis (Thompson and Bayne, 1974; RiisgArd and
Randlev, 1981; for larvae see Sprung, 1984a, b, c, d),
Mytilus chilensis (Navarro and Winter, 1982),
Aulacomya ater (Griffiths and King, l9?9), Choromytilus meridionalis (Griffiths, 1980), Ostrea edulis (Buxton et al., 1981), Crassostrea virginica (Langefoss and
Maurer, 1975), and Crassostrea gigas (Gerdes,
1983a, b).
The effects of food density on filtration and ingestion
rate of filter-feeding bivalves in relation to body size
have been well documented and discussed in many
publications (Winter, 1969, 1970, 1973, 1977, 1978a, b;
Epifanio et al., 1976; Sanina, 1976; Winter and Langton, 1976; Epifanio and Ewart, 1977; Griffiths and
King, 1979; Widdows et al., 1979; Griffiths, 1980; Riisggrd and Randlev, 1981; Navarro and Winter, 1982;
Gerdes, 1983a). In general, filtration rate increases
with increasing body size and decreases with increasing food concentration, the net effect being a function
of food uptake whereby the quantity of particles filtered per unit time remains relatively constant. In this
sense, the present investigation in Ostrea chilensis
reconfirms the general interrelations between filtration (ingestion) rate and food density.
That these interrelations are also valid for larvae
(Crassostrea gigas and Mytilus edulis) has been
demonstrated by the excellent studies of Gerdes
(1983a) and Sprung (1984a, b). These authors revealed
that oyster and mussel larvae at different stages of
development increase their ingestion rate with
increasing body size, but that the amounts of food
ingested are kept constant within a wide range of food
densities. Such similarity in filter-feeding of adults and
larvae should have been expected, since both normally
live in one and the same environment.
The ability of Ostrea chilensis to regulate its filtration activity in relation to food density is of great
importance for the existence of natural banks in
estuarine waters, since the food concentrations used in
the present study are well within the range of organic
seston levels in the natural environment of this species
(Toro and Winter, 1983a).
The slightly lower a-value obtained for the ingestion
rate at 20 X lo6 Dunaliella cells I-I suggests that any
further increase in food concentration will have a
negative effect on food intake, at least under the
experimental conditions tested (12OC, 20 %O S).
The present laboratory's bioenergetic studies reveal
that the filter-feeding activity in the Chilean flat oyster
is reduced by about 50 % when compared with Mytilus

Mar. Ecol. Prog. Ser. 20:

162

chilensis under similar experimental conditions
(Navarro and Winter, 1982).The ingested food ration of
a medium-sized oyster (1g dry-tissue wt) corresponds
to about 1.7 % of its dry-tissue weight per day, while in
M chilensis this ration varies between 3.4 and 4.1 %.
In Ostrea chilensis, assimilation rate is independent
of food concentration and follows the same pattern of
body-size dependence as described above for filtration
and ingestion rates. The assimilation efficiency in 0.
chilensis turned out to be independent of body size,
which is in good agreement with the results obtained
in Modiolus modiolus (Winter, l969), Mytilus edulis
(Winter, 1969; Vahl, 1973; Thompson and Bayne, 1974;
Widdows, 1978), and Mytilus chilensis (Navarro and
Winter, 1982).
The relations between filtration rate, ingestion rate
and assimilation rate in relation to food concentration
are schematically outlined in Fig. 13, taking into conI

0.27
3

I

I

0.54
0 80
Algal dry weight lmg/ml)

I

1.07

Fig. 13. Ostrea chilensis.Interrelations between filtration rate
(FR), ingestion rate (IR), assimilation rate (AR), and food
concentration (lo6cells 1 ' )
sideration the knowledge thus far available. Similar
models have been presented by Winter (1978b),
Navarro and Winter (1982) and Gerdes (1983a).
The relation between excretion rate and body size in
Ostrea chilensis is very similar to that quantified by
Bayne et al. (1976) in Mytilus californianus and by
Navarro and Winter (1982) in M. chilensis. The absolute values (a-values),however, are much lower in 0.
chilensis when compared with the 2 Mytilus species,
probably due to the relatively low ingestion rates in
the oyster.
The relation between oxygen consumption and body
size in Ostrea chilensis is in good agreement with the
data reported by various authors in different lamellibranchiate bivalves (Kriiger, 1960; Vahl, 1973; Thompson and Bayne, 1974; Griffiths and King, 1979; Widdows et al., 1979; Navarro and Winter, 1982). Recent
studies (Gerdes, 1983b; Sprung, 1984c) confirm that
oyster and mussel larvae (Crassostrea gigas, Mytilus
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edulis) follow the same pattern of body-size dependency as should be expected.
The costs of standard metabolism, active feeding and
digestion in Ostrea chilensis and Mytilus chilensis,
when expressed as percentage of total energy used in
routine metabolism, are of about the same magnitude
(Navarro and Winter, 1982). However, the energy used
to fulfil the requirements of routine metabolism is very
high in 0. chilensis in relation to the quantity of
energy ingested, i.e. about 58 % (at 10 X lo6 cells I"'),
while in M. chilensis these costs are not higher than
30 %. Future studies must decide whether this disproportion between energy ingested and energy used in
routine metabolism represents a species-specific feature of 0. chilensis or reflects a situation of environmental stress. As shown by Shumway and Koehn
(1982), oxygen consumption in Crassostrea virginica is
much higher at low (7 to 14 %o S) than at high salinities
(28 %O S), and this is even more pronounced with
increasing temperatures (from 10' to 30 "C).
From the present experiments with Ostrea chilensis
it is obvious that the energy balance is positive within
the range of food densities tested, i.e. from 0.54 to
1.07 mg algal dry wt 1-I. The highest scope for growth
and reproduction was obtained at 0.54 mg algal dry
wt l l . Comparable results were obtained by Navarro
and Winter (1982) in Mytilus chilensis, obtaining positive energy budgets within the range of algal food
densities corresponding to 0.8 mg and 2.14 mg algal
dry wt 1 ' . In these experiments the highest scope for
growth and reproduction was also obtained at the
lowest food level tested.
Net growth efficiency (K2)varies in the present
experiments from 13.9 % in large oysters (at the high
food density tested) to 53.7 % in small oysters (at the
low food density tested). Thus, it decreases drastically
with increasing body size (Fig. 12) and in large individuals depends to a relatively high degree on food
concentration. The corresponding net growth efficiencies in Mytilus chilensis (Navarro and Winter, 1982)
are considerably higher than in Ostrea chilensis. This
species-specific difference is based on the low ingestion rates obtained for 0. chilensis under the experimental conditions described above.
As a consequence of the relatively low K p a l u e s of
Ostrea chilensis, the a-values calculated for the equation of production (P; production of tissues and
gametes) are also relatively low. Under the best food
conditions tested, a 1-g oyster (dry-tissue wt) utilizes
25 cal d 1 for growth and reproduction; the corresponding amount is 2.3 times higher (58 cal d l ) in
Mytilus chilensis.
A comparison between growth estimated in the
laboratory (on the basis of the present energy budget
and actual in-situ growth of the Chilean flat oyster) is
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