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Abst rac t  Oyster (Ostrea edulis L.) seed was reared on 
five rations of Isochrysis galbana Parke: 10, 30, 100, 200 
and 300 cells gl -a, in an open-flow system. Physiological 
parameters such as clearance, ingestion, absorption and 
respiration rates were measured, and the scope for growth 
(SFG) calculated from these parameters was compared 
with actual growth over 20 d. Actual growth was negli- 
gible at 10 cells g1-1 (daily maintenance ration=2.5% or- 
ganic wt) and maximum (growth rate=13.64 d -I) at 200 
cells gl -I (daily ration=43% organic wt), which also sup- 
ported the maximum gross and net growth efficiencies 
(K1 =50%, K2=85%). Ingestion rate was directly correlated 
to cell concentration up to maximum of -100 cells g1-1, 
but further increases failed to support higher ingestions. 
Absorption efficiency decreased with increasing algal con- 
centration from 95% down to 60%. Due to the costs of 
growth, respiration rate significantly increased when food 
was added abo re maintenance levels; however, metabolic 
costs associated with feeding activity were undetectable. 
The scope for growth calculated from these physiological 
parameters agreed with the long-term growth performance, 
validating the physiological energetics method as a valu- 
able tool for predicting long-term growth performance 
under constant environmental conditions. 

Introduction 

The measurement of physiological parameters, such as 
rates of feeding, digestion and metabolism, and their inte- 
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gration by means of physiological energetics, have been 
used to provide insight into the growth process and how it 
may be affected by environmental variables (e.g. Widdows 
and Johnson 1988). The growth expected under particular 
conditions or the scope for growth (SFG) can thus be cal- 
culated from the energy balance equation developed by 
Ivlev (1945), Winberg (1956) and Warren (1971): 
SFG=I-F-M=A=M, where /=inges t ion ,  F=faecal loss, 
M=total metabolic costs and A=absorption. 

Food availability in the natural environment or rations 
provided in a hatchery are, along with temperature, the gov- 
erning factors of growth rate. Many short-term studies have 
focused on the effect of the food level on SFG in bivalves 
(Thompson and Bayne 1972, 1974; Widdows 1978a, b; 
Griffiths and King 1979; Griffiths 1980; Navarro and Win- 
ter 1982; Winter et al. 1984; and reviews by Winter 1978; 
Bayne and Newell 1983; Hawkins and Bayne 1990). Al- 
though Bayne and Worrall (1980) found that growth esti- 
mations based on size-class analysis agreed with physio- 
logical measurements, none of the studies compared the 
SFG with measurements of actual growth. This approach 
has been undertaken by Riisgfird and RandlCv (1981) us- 
ing Mytilus edulis, and they concluded that only when the 
relationship between estimated and actual growth has been 
convincingly described does it seem proper to use SFG as 
a physiological indicator of suitability of the environment. 
Despite the considerable amount of research that focuses 
on molluscan physiological energetics, experimental ap- 
proaches in this direction are still lacking. 

In addition, the influence of particulate food concentra- 
tion on feeding rates should be studied in an open-flow 
system where the filtering activity of the bivalve can be 
measured under stable conditions (Widdows and Johnson 
1988). 

The aim of the present research was to evaluate the ef- 
fect of food ration using (1) the energy budget calculated 
from the integration of physiological parameters, and (2) 
the actual growth performance under the same constant en- 
vironmental conditions to test the utility and accurateness 
of SFG as a growth predictor and indicator of physiologi- 
cal condition. 
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Materials and methods 

Experiments were carried out in 1991 using young postmetamorphic 
oysters (Ostrea edulis L.) obtained from the hatchery at the Institu- 
to Espafiol de Oceanograf/a, with an initial live weight (LW) of 0.58 
mg [0.39 mg dry weight (DW), 1.47 mm length (L)]. Duplicate 
groups of 200 specimens were arranged into 250 ml filtering flasks 
and were continuously fed using a 13 channel dosing pump (Isma- 
tec mp 13). This pumped from five 30-1itre tanks, each containing 10, 
30, 100, 200 and 300 Isochrysis galbana Parke cells gl i, which is 
equivalent to 0.3, 0.6, 2, 4 and 6 mg matter particulate organic 
litre -1. Details on the open-flow system has been previously de- 
scribed in Beiras et al. (1993). Temperature inside the flasks was 
20 ~ C ~ 

Food concentration in the tanks was checked daily using an elec- 
tronic particle Coulter Counter (TAII model). Every 2 d, inflow (ci) 
and outflow (Co) concentrations and flow 03 through the experimen- 
tal chambers were recorded to calculate the ingestion rate (IR) and 
the clearance rate (CR), following the equations (Widdows and Bayne 
1971; Wilson t 980): IR=f(ci-co) and CR=f[(cc-co)/Ci]. Ingested ra- 
tion was calculated from the organic weight of Isochrysis galbana in 

6 1 initial exponential phase (0.024 mg 10 cells- ; Beiras et al. 1993). 
Absorption efficiency (AE) was measured by the ratio method of 

Conover (1966): AE=F-E/(I-E) F, where F and E=the organic con- 
tent in the food and faeces. For this purpose, twice throughout the 
experiment faeces that had accumulated within several hours were 
decanted, seed was retained in a coarse nylon net filter, and the re- 
mainder was filtered through ashed and pre-weighed glass-fibre fil- 
ters (GFC Whatman) set in a Millipore kit. All samples were rinsed 
with isotonic ammonium formate (0.1 M), dried for 24 h at 90 ~ 
and ashed in a muffle furnace at 450 ~ to constant weight to calcu- 
late the percentage of organic matter. 

The absorption (A) was calculated using: A=IAE, where/=in-  
gested ration. 

Respiration rate was measured by the rate of decline in oxygen 
partial pressure recorded by means of oxygen electrodes (YSI BOD 
5270A) connected to oxygen meters (YSI Model 57). The oysters 
were transferred from the open-flow system to 250 ml flasks (3 to 4 
replicates per treatment) filled with air-saturated sea water, and 
sealed with Parafilm. One of the replicates per treatment was sealed 
with an oxygen electrode fitted to a perforated stopper to monitor 
oxygen decrease. The design of the experiment assumes that the 
metabolic condition of the oysters exposed to different food levels 
remains constant throughout the experimental period (6 h maxi- 
mum). The rate of oxygen consumption (V o ) was calculated as fol- 

2 
lows: Voo= V/nt (Co-Ct), where V=volume of tile resp]rometer, n=num- 
ber of inaividuals, t=measurement period, and c o and ct= the initial 
and final oxygen concentrations. 

Individual physiological rates were converted to mass-specific 
rates and to energy equivalents (Widdows and Johnson 1988) to es- 
timate the SFG using the energy balance equation rearranged as: 
SFG=(IAE)-R. The energy calculations assume that 1 mg of both 
algae and oyster organic matter is equivalent to 5 cal (=21 J), based 
on general calorimetric experiments concerning both bivalves and 
microalgae (Hughes 1970; Widdows and Bayne 1971; Dame 1972; 
Bayne and Worrall 1980; Navarro and Winter 1982; Heral and De- 
slous-Paoli 1983; Winter et al. 1984). 

Growth (G) was measured gravimetrically as both LW and 
AFDW (ash-free dry wt) increase (see details in Beiras et al. 1993). 
Growth rates (GR) were calculated following the expression: GR=(ln 
LW,-ln LWo) 100/t, where LW o and LWt=initial and final live weights, 
respectively, and t= time in days. Gross (K1) and net (K2) growth ef- 
ficiencies were calculated using the equations modified from Ivlev 
(1945): KI=G/I and K2=G/A. 

Analysis of variance (ANOVA) (Sokal and Rohlf 1969) was used 
to test the effect of food concentration on the physiological traits 
(CR, IR, AE and VoJ. Regarding AE, organic content of the feces 
was the variable tested, after arcsine of the square-root transforma- 
tion. Multiple-range analyses for 95 and 99% confidence intervals, 
provided by Statgraphics computer statistical package, were applied 
to identify homogeneous groups. 
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Fig. 1 0 s t r e a  edulis. Clearance rate of oyster seed as a function of 
algal cell (Isochrysis galbana) concentration. Bars represent 95% 
confidence intervals 
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Fig. 2 0 s t r e a  edulis. Ingestion rate of oyster seed as a function of 
algal cell (Isochrysis galbana) concentration. Ingestion is expressed 
both in number of cells (left ordinate) and as organic weight (right 
ordinate). Bars represent 95% confidence intervals 

Results  

F e e d i n g  rates  

T h e  v a r i a t i o n  in pa r t i cu l a t e  f o o d  c o n c e n t r a t i o n  s ign i f i -  
can t ly  a f f ec t ed  b o t h  C R  and IR  (p<0 .0001)  o f  Ostrea ed- 
ulis. C R  was  m a x i m u m  at l o w  ce l l  c o n c e n t r a t i o n s  and de-  
c r e a s e d  as f o o d  ra t ion  i n c r e a s e d  (Fig .  1). C o n v e r s e l y ,  IR  
was  d i r ec t ly  r e l a t ed  to ce l l  c o n c e n t r a t i o n  up to a m a x i m u m  
o f -  100 ce l l s  btl -a, bu t  fu r the r  ra t ion  inc reases  f a i l ed  to sup-  
por t  subs tan t i a l ly  h i g h e r  i n g e s t i o n  (Fig.  2). 
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Fig. 30s t r e a  edulis. Organic content of faeces (P) and correspond- 
ing absorption efficiencies (AE) as a function of algal cell (Isochry- 
sis galbana) concentration. Bars represent 95% confidence intervals 
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Fig. 50s t r ea  edulis. Oxygen consumption rate of oyster seed as a 
function of algal cell (Isochrysis galbana) concentration. Bars rep- 
resent 95% confidence intervals 
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Fig. 40s t r e a  edulis. Inverse correlation between ingestion rate and 
absorption efficiency in oyster seed (see "Results - Absorption" for 
regression equation) 

Absorption 

In general, an increase in the food ration caused an increase 
in the organic content of the faeces, and therefore, a lower 
absorption efficiency (Fig. 3). An ANOVA detected highly 
significant differences (p<0.0001) in organic content of the 
faeces, and therefore in AE, between rations. Two homo- 
geneous groups could be separated at the 99% confidence 
level: the 10 and 30 cells g1-1 treatments and the remain- 
ing treatments (100, 200 and 300 gl-1). At 10 cells g1-1, 
defined as the maintenance ration (see subsection "Energy 
balance and growth" below), about 40% of organic matter 

remained in the faeces from an initial 94% in the food. This 
indicates, following the Conover ratio, an AE as high as 
95%. Conversely, at 200 cells g1-1, which supported the 
maximum amount ingested, faeces retained 80 to 90% of 
organic matter and AE decreased to -60%. 

Fig. 4 shows the inverse correlation between ingestion 
rate and percentage of organic matter from the ingested ra- 
tion absorbed in the digestive tube. This relationship is de- 
fined by the linear regression (SE of the parameters in 
parentheses): P--35.4 (+1.64)+1.84 (+0.131)I; r=-0.992; 
p<0.0001; where P=the transformed organic content of the 
faeces and/--the ingestion rate (rag g 1 h-l). Therefore, the 
amount of food ingested explained 98.5% of the variabil- 
ity in AE found in the experiment. 

Respiration 

1 Oxygen consumption rate (Fig. 5) was -2  ml g- AFDW 
h -1 (0.15 ml g-i DW h -1) at medium and high food levels, 
but only 1 ml h -1 at the lowest food ration (10 cells gl-t), 
and the difference was statistically significant (p< 0.05). At 
this lowest food ration, growth was almost zero. Therefore, 
the total metabolic energy expenditure in oyster seed could 
be partitioned into the costs associated with maintenance 
metabolism, covered with a Vo2 =1 ml g-I h-l, and the en- 
ergy expenditure increment associated with growth, which 
enhanced the respiration rate by an additional 1 ml g-1 h-1. 

Energy balance and growth 

Table 1 summarizes the physiological parameters inte- 
grated in the SFG as well as the actual growth performance, 
both expressed in the same energy unit for direct compar- 
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Table 1 Ostrea edulis. Energy budget and actual growth in oyster seed reared at different algal concentrations in an open-flow system. 
(See Figs. 1 -3  and Fig. 5 for 95% confidence intervals of physiological rates) (K l, K 2 gross and net growth efficiency, respectively) 

Concentration Ingestion Absorption Absorp- Respira- Scope for growth Actual growth Growth 
(cells g1-1) (cal g-] h -1) efficiency tion tion rate d -1 

(%) (cal g-l (cal g ] (cal g-1 K1 K2 (cal g-1 K1 /(2 
h -l) h -1) h -1) (%) (%) h -1) (%) (%) 

10 a 7.1 95 6.7 5.4 1.3 (18) (19) 2.5 (35) (32) 0.89 
7.4 7.1 1.7 (23) (24) 1.2 (13) (18) 

30 b 28.7 92 26.4 10.2 16.2 (56) (61) 14.5 (50) (59) 4.73 
20.3 18,7 8.5 (42) (45) 9.6 (46) (48) 

100 ~ 68.4 74 50.6 10.8 39.8 (58) (79) 36.3 (53) (77) 10.83 
73.8 54.6 43.8 (59) (80) 34.0 (46) (76) 

200 a 80.3 61 49,0 10.9 38,1 (47) (78) 47.3 (59) (81) 13.64 
92.2 56.2 45.3 (49) (81) 51.9 (56) (83) 

300 ~ 83.3 64 53.3 11.1 42.2 (51) (79) 38.9 (47) (78) 11.64 
77.3 49.5 38.4 (50) (78) 38.9 (50) (78) 

a, b, c, d Actual homogeneous growth groups for p<0.05 
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Fig. 6 Ostrea edulis. Actual growth (*, left ordinate) and gross 
growth efficiency, K~ (D, right ordinate), in oyster seed as a function 
of algal cell (Isochrysis galbana) concentration. Estimated mainte- 
nance, optimum and maximum food rations are also showed. Curves 
fitted by eye 
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Fig. 7 0 s t r e a  edulis. Net (K2) and gross (K1) growth efficiencies as 
a function of actual growth in oyster seed reared at different food ra- 
tions. Curves fitted by eye 

ison. There is remarkable agreement between actual 
growth and SFG, except for the 200 cells g1-1 ration where 
actual growth exceeded the prediction of the SFG. The ef- 
fect of ration on the actual growth was, as expected, highly 
significant (p<0.0001), and a multiple-range test for 95% 
confidence intervals identified the following homogene- 
ous groups: (10), (30), (100, 300), (200 cells gl-1). Aver- 
age daily growth rates are also shown. The 200 cells g1-1 
treatment corresponded to the maximum ration, since it 
supported the highest growth rate. On the other hand, at 10 
cells g1-1, the maintenance ration was approached, for 
growth was almost zero. 

Fig. 6 plots actual growth and K 1 against food concen- 
tration. Variations in the form of the curves do occur, ac- 
cording to environmental conditions and species; however, 

the general form and indicated parameters are indisputable 
(Brett 1979). Elliott (cited by Brett 1979) tried unsuccess- 
fully to find a suitable linear transformation for these re- 
lations, and resorted to smooth-curve-fitting by eye. As 
shown in Fig. 6, maintenance ration (G=0) was attained at 
-10 L galbana cells g1-1 (0.2 mg 1-1). This food concen- 
tration supported a daily ingested ration of 2.5% (algal 
AFDW:oyster AFDW), equivalent to 0.2% DW. Growth 
rate increased linearly with increasing food concentration 
up to 100 g1-1 (2 mg 1-1), and reached a maximum at 
200 g1-1 (4 mg 1-1). Therefore, the maximum ration was 
43% AFDW daily (3% DW). This ration is also regarded 
as the optimum ration since it corresponds to maximum 
values of K 1. Further increases in the food level resulted 
in a significantly decreased growth rate. 



As growth increased, the K 2 asymptotically approached 
a maximum of 85% (Fig. 7), while K 1 remained fairly con- 
stant around 50%, except for very low growth rates, which 
showed decreased gross efficiencies. 

Discussion 

At low levels of food availability, filter-feeding bivalves 
show maximum and constant filtration rates and therefore 
increasing particle concentration resulting in enhanced in- 
gestion rates. However, at high food concentrations, inges- 
tion capacity is saturated and a functional response occurs 
decreasing the filtration rates in order to keep the ingested 
ration at maximum level, avoiding obstruction of the feed- 
ing mechanisms (Walne 1972; Schulte 1975; Foster-Smith 
1975, 1976a; Widdows et al. 1979; Navarro and Winter 
1982; Gerdes 1983; Bricelj and Malouf 1984; see also Figs. 
1 and 2 of present study). Ingestion can also be regulated 
by increased rejection of filtered particles as pseudofaeces 
(Foster-Smith 1975; Navarro et al. 1992). Cockles were 
demonstrated to resort to pseudofaeces production when 
fed diets consisting of particles low in food value; con- 
versely, ingestion was mainly regulated by adjusting clear- 
ance rates when, as in the present experiment, the animals 
were fed organically rich diets (Iglesias et al. 1992). 

JCrgensen (1990) disputed the assumed ability of bi- 
valves to regulate water pumping-rates according to nutri- 
tional needs. From his standpoint, filter-feeding is a highly 
automatized process, and retention of particulate matter is 
determined by physical properties of the pump and food 
concenration rather than by physiological regulation at the 
organismic level. Independent of the cause, the present 
study on Ostrea edulis shows a clear limitation of the in- 
gestion rate at high particle concentrations concomitant 
with a marked decrease in filtration rate. 

The ingestion rate was the simple physiological param- 
eter that corrrelated best with the actual growth. This is in 
agreement with previous studies, which found that the ef- 
fect of different environmental variables such as hydrocar- 
bon pollution (Widdows et al. 1990) or natural sediment 
availability (Navarro et al. 1992) on the ingestion rate also 
accounted for most of the variation in the integrated SFG. 

Ingested food is digested and absorbed with an effi- 
ciency inversely correlated to ingested ration (see review 
in Bayne and Newell 1983). At very low particle concen- 
trations, all ingested material is digested in the digestive 
gland with high efficiency and the remaining unassimilated 
matter is rejected as glandular faeces (Widdows et al. 
1979); however, as the seston concentration increases, the 
excess of material entering the stomach bypasses the di- 
gestive gland and is rejected undigested as intestinal faeces 
(Van Weel 1961). Hawkins et al. (1983), found digestive 
rhythms, with alternating periods of greater faecal deposi- 
tion and high AE, corresponding to glandular faeces being 
highly affected by intracellular digestion, and periods of 
lower faecal egestion representing relatively undigested 
material which was transported directly into the hind-gut. 
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Absorption efficiency in previously starved molluscs could 
be enhanced by increasing the gut residence time (Calow 
1975; Hawkins and Bayne 1984); the longer the gut resi- 
dence-time, the higher the AE (Bayne et al. 1987). The null 
or even negative values of AE found in adult mussels by 
Thompson and Bayne (1972, 1974), Griffiths and King 
(1979) and Griffiths (1980) were not found in the present 
study. Since ingestion is limited, the decrease in AE 
reaches a minimum at very high food levels and further de- 
creases in AE were not expected (Widdows 1978 a, b; Na- 
varro and Winter 1982; Bricelj and Malouf 1984). Further, 
negative values of AE are incompatible with the energy 
budget of a healthy growing specimen. 

In this study, growing oysters fed above the mainte- 
nance ration showed a metabolic rate independent of food 
concentration, indicating that the costs of pumping water 
and processing retained particulate material are negligible 
compared to the total metabolic expenditure. In contrast, 
the metabolic rate of oysters fed at the maintenance ration 
decreased by half. A very economic system of capture and 
transport of particles based on ciliary movements has fre- 
quently been stated to account for only 1 to 2% of the to- 
tal metabolic expenditure (Jcrgensen 1955; Foster-Smith 
1976b; Silvester and Sleigh 1984; J0rgensen et al. 1986; 
Clemmesen and Jcrgensen 1987); this is of adaptative sig- 
nificance in continuous feeders such as mussels and oys- 
ters. Widdows (1973) found doubled metabolic rates 
(called active rates) in fed mussels compared to standard 
rates in unfed specimens. Famme and Kofoed (1980) 
proved that oxygen consumption could be increased by wa- 
ter perfusion through the mantle cavity, and concluded that 
the short-term response of increased oxygen consumption 
in well-fed mussels is due to increased ventilation rate 
rather than to enhanced costs of activity. In the present 
study on Ostrea edulis, we also found two different meta- 
bolic states: a low metabolic rate in oysters fed at mainte- 
nance ration, and a doubled metabolic rate in growing in- 
dividuals fed above the maintenance ration. Since the ex- 
perimental oysters were kept under constant food-level 
conditions, a long-term physiological response seems to 
be involved. Widdows and Hawkins (1989) divided the to- 
tal metabolic expenditure of well-fed mussels into costs of 
maintenance, digestion-absorption and growth in the pro- 
portion 3:1:2. Therefore, costs of growth, and especially 
protein biosynthesis, considerably enhanced the metabolic 
rate, while costs associated with water pumping were again 
undetectable (<3% of total metabolic expenditure). 

In conclusion, limits to energy gain in bivalve filter- 
feeders are set by the amount of food available at low food 
levels and by constraints in the ingestive and digestive ca- 
pacity at high particle concentrations. No appreciable ex- 
tra metabolic costs are originated by the mechanism of cap- 
ture and transport of particles at increased food levels. As 
a consequence, growth rate is directly correlated to the food 
ration offered up to a saturation point (maximum ration) 
and further increases in food level fail to enhance growth 
performance. 

The SFG, derived from the integration of the physio- 
logical parameters involved in the energy budget, showed 
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a s t r ik ing agreement  with ac tual  growth  (see Table 1 ). This 
conf i rms  that the phys io log ica l  energet ics  me thod  is a val-  
uable  tool  for  p red ic t ing  long- te rm growth  pe r fo rmance  
under  constant  and specif ic  env i ronmenta l  condi t ions .  In 
the present  exper iment ,  only  at a ra t ion of  200 cel ls  g l  - I  
d id  the S F G  underes t imate  the actual  growth,  due to a re l -  
a t ively  low theore t ica l  absorp t ion  ef f ic iency (61%). The 
Conover  rat io  method  for  ca lcula t ing  A E  is h igh ly  sensi-  
t ive to devia t ions  when food very  rich in organic  matter ,  
such as a pure  algal  culture,  is used,  due to the inherent  as- 
sumpt ion  that  inorganic  mat ter  r emains  unal te red  dur ing 
d iges t ion  (JCrgensen 1990). 

We have p rev ious ly  found (Beiras  et al. 1993) a c lose  
corre la t ion  be tween  c lam (Venerupis pullastra) seed 
growth  and absorbed  rat ion ca lcu la ted  f rom the phys io log -  
ical  energet ic  parameters .  Es t imated  metabo l ic  rates 
(growth  minus  absorpt ion) ,  a ssuming  the sui tabi l i ty  of  the 
energy par t i t ion  upon which  the S F G  ca lcu la t ion  is based,  
were  p red ic ted  to show constant  values  at h igh and me-  
d ium food levels  and a substant ia l  decrease  at lower  food 
rat ions.  This genera l  t rend has been  conf i rmed  in the 
present  study, which  d i rec t ly  measured  respi ra t ion  rates.  
Riisggtrd and RandlCv (1981) have also demons t ra ted  a rea-  
sonable  agreement  be tween  actual  growth  at d i f ferent  al- 
gal  cell  concent ra t ions  and the energy budget ,  a l though 
they resor ted  to values  of  ass imi la t ion  ef f ic iency f rom the 
l i terature  to es t imate  the SFG,  s ince they regard  the Con-  
over  (1966) rat io  method  as unrel iable .  

F r o m  an aquacul ture  s tandpoint ,  the m a x i m u m  rat ion 
of  200 Isochrysis galbana cells  ~1 -a (3% D W  dai ly) ,  is the 
target  food rat ion to m a x i m i z e  b iomass  increase.  High  food 
rat ions that  suppor t  h igh growth  rates are required,  despi te  
their  nega t ive  effects  on absorp t ion  eff ic iency.  In addi t ion,  
this r e la t ive ly  high food level  (200 I. galbana cells  g1-1) 
was also the op t imum rat ion,  s ince it co r responded  to the 
m a x i m u m  eff ic iency o f  convers ion  of  food  into oys ter  bi -  
omass  (K1). Indust r ia l  seed rear ing  should a t tempt  to em- 
brace  both economic  and phys io log ica l  cri ter ia ,  with the 
main  goal  be ing  a high growth  rate to enable  enhanced  pro-  
duct ion.  
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