
Vol. 15: 213-223. 1984 MARINE ECOLOGY - PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

Published February 6 

Carbon and nitrogen budget of the calanoid 
copepod Temora stylifera: effect of concentration 

and composition of food 

Chantal Abou Debs' 

Station Zoologique. Villefranche/mer, France 

ABSTRACT: The energy budget of Temora stylifera Dana, measured in C and N units, was  determined 
for 2 phytoplanktonic diets and a range of concentrations. Excretion and respiration rates were strongly 
influenced by the type of food or its concentration after the second day. No maxima of rates of 
respiration or ingestion were achieved within the experimental range; maxima of faecal pellets and 
egg production were obtained at  higher concentrations. Equations were developed to describe the 
pattern of response of each term of the budget to variations of food concentration. The difference 
between ingestion and expenses, 'G' ,  was also evaluated for various concentrations; it did not seem to 
increase when food was in excess. Reasons for imbalance of the equation are discussed. The differential 
nutritive value could be attributed to differences in the 2 algal diets; although Phaedoactylurn 
tricornuturn seemed inadequate for good survival and reproduction of T. stylifera, Hymenomonas 
elongata covered all nutritonal needs at low cell concentrations. 

INTRODUCTION 

Small copepods such as Temora stylifera are very 
abundant in Mediterranean coastal waters in spring 
and autumn (Razouls, 1974). They play an important 
role in the transfer of organic matter from phytoplank- 
ton to higher trophic levels. To evaluate the availabil- 
ity of organic matter in the marine ecosystem, informa- 
tion on its pathways through one organism is needed. 
The different metabolic processes involved can be 
expressed in the budget equation: G(growth or scope 
for growth) = I(1ngestion) -M(Metabolism) -P(Repro- 
duction) -F(Egestion). Copepods are assumed to be 
ammoniotelic and the losses of organic matter through 
metabolism of protein can be estimated in terms of 
nitrogen from the ammoniacal excretion. Carbon 
metabolism is estimated from respiration measure- 
ments. 

Complete budgets in  which all terms of the equation 
have been measured were presented for fish (Solomon 
and Brafield, 1972; Elliott, 1976), and sea urchins (Mil- 
ler and Mann, 1973; Greenwood, 1980). In most 
copepod studies, ingestion or assimilation were esti- 
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mated in terms of differences from an  equation 
assumed to be balanced (Corner et  al., 1967; Harris, 
1973; Gaudy, 1974); other terms, such as reproduction, 
were sometimes neglected (Fernandez. 1978; Copping 
and Lorenzen, 1980; Vidal, 1980). Furthermore, 
metabolic activity is often measured on non-feeding 
animals which may have rapidly decreasing levels of 
metabolic activity (Nival et al., 1974; Ikeda, 1977). 
Ingestion has been shown to vary with composition 
and concentration of food (Frost, 1972; Gaudy, 1974). 
The same type of variation occurs in egg production 
and faecal pellet production (Nassogne, 1970; Abou 
Debs, 1979; Abou Debs and Nival, 1983). 

The aim of this study is: (1) to establish a carbon and 
nitrogen budget for Temora sfylifera by measuring all 
the terms under similar conditions; (2) to assess the 
effect of the concentration and the composition of food 
on all the terms including metabolism. 

METHODS 

Adult Temora stylifera were collected in the Bay of 
Villefranche-sur-mer, France, by oblique tows 
between 50 m and surface, with a 690 pm mesh net. 
One to 2 h later, copepods were rapidly sorted and 
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Fig. 1. Temora stylifera. Filtration rate (Fi) of individuals 
feeding on different concentrations of Hyrnenornonas elon- 

gata 

acclimated for 12 to 24 h to experimental conditions at 
16 "C (mean temperature in spring and autumn in the 
sea; Nival and Corre, 1976) under natural light condi- 
tions supplied through a window. 

During ingestion experiments, copepods were fed 
either Hyrnenornonas elongata (Haptophycae), 13 pm 
in width, at a concentration range of 1 to 8 X 103 cells 
ml-' or Phaeodactylum tricornuturn (Bacillariophy- 
cae), in the triradiate form; dimensions: 4 and 8 pm, at 

50 and 100 X 103 cells ml-'. The algae were grown in 
semi-continuous cultures, with 2 % E. S. Provasoli 
medium (Provasoli, 1966) at  16 "C. Fifty and 80 
copepods were added to 500 and 800 m1 of algal sus- 
pension. Control beakers were prepared the same way 
omitting the copepods. Algal concentrations were 
monitored by 2 methods detailed in Abou Debs (1979): 
(1) every 6 to 12 h over 1 full day, using a Coulter 
counter to measure the particle concentrations; (2) 
every 30 min over 2 to 3 h using a scintillation spec- 
trometer to measure the concentration of carbon-14 in 
the labelled food. When concentrations became too 
low for precise counts with the Coulter Counter (Shel- 
don and Parsons, 1967), copepods were placed in new 
algal suspensions adjusted to the initial concentra- 
tions. 

Phytoplankton growth in the controls (k = I/t In B/ 
B,) and the decrease (K = l / t  In B'/BOt) in the experi- 
mental beakers were both exponential (Abou Debs, 
1979). B, and B,' are initial algal concentrations and B 
and B' are final concentrations in respective beakers. 
Filtration rate (F) could then be calculated from the 
difference between the 2 rates: F = (k-K) X v/N, where 
N = numbers of individuals; v = total volume of 
suspension. Ingestion rate was the product of filtration 
rate times the mean concentration (I = F X C), and 
was expressed as pg carbon and pg nitrogen indi- 
vidual-' d-' using for each algae values previously 
determined with a Perhn-Elmer analyser (Table 1). 

Measurements of oxygen utilization were made on 
copepods kept for 2 to 8 d in 0.22 pm Millipore filtered 
sea water to give a 'standard rate' and also on 
copepods fed known concentrations of algae before 
and during the experiments to give an active metabolic 
rate. Concentrations were adjusted to 1 ,  2, 4 and 
8 X 103 cells ml-' of Hymenornonas elongata and 
100 X 103 cells ml-I of Phaeodactylum tricornutum. 

Table 1. Ternora stylifera. Physical and elementary chemical composition of the phytoplankton utilized and of eggs  and faecal 
pellets produced by individuals feeding on Hymenornonas elongata. Bracketed % values: standard deviation; t confidence 

interval a t  P = 0.05. D: diameter for spherical shapes and U1: length or diameter over width 

Material Size Volume Dry weight Carbon Nitrogen C/N 
(pm) (Pm3) (pg) (1.lgC ind.-l) (pgC ~ m - ~ )  (pgN ind.-l) (pgN pm-3) 

Hymenornonas D 13.1 798 585.7 73.39 60.0 7.52 9.77 
elongata ( l 5  % )  ( l  l %) t 106 0 t 10.0 

Phaedactylum U1 14.09/4.3 59 8.4 14.24 1.40 2.37 6.00 
tricorn u turn ( l 0  % )  (10 % )  2 0.69 + 0.04 

P ~ C / W  PgN/Pg 

Faecal L/1 221/56.0 3 . 6 ~  105 2 32 0.154 0.018 8.29 
pellets C 31.1/6.0 

~rgC/pg pgN/vg 

Eggs U 80.49 6.78 0.57 0.0594 92.55 0.0060 7.71 10.37 
-+ 18.18 -+ 0.34 + 0.08 + 0.071 + 0.0018 
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Twenty-five to 50 copepods were added to 250 m1 of 
sea water or culture of known oxygen content and 
monitored for oxygen after 24 h with an IL125S 
Polarographic electrode. Changes in controls with and 
without algae were also measured. Respiration rates 
were given in ~1 0, individual-'h-' after correction for 
changes in appropriate controls. Carbon requirements 
were estimated from respiration rates assuming an 
R. Q. = 1. 

Excretion was determined on alternate days from the 
measurements of respiration rate, over the same 6 d 
period, with the population of copepods maintained at 
2 levels of food concentration between the sampling: 
4 X 103 cells ml-' of Hymenomonas elongata or 
100 X 103 cells ml-' of Phaeodactylum tricornutum. 

0 1  n 
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Fig. 2. Temora stylifera. Ingestion rate of individuals feeding 
on different concentrations of Hymenomonas elongata (+) 
and Phaeodactylurn tricornutum (0). Regressions: 1: I = 

11.05B (n = 27; F = 37.22; P < 0.001); 2: I = 8.53B + 3.03 
(n = 27; F = 53.69; P < 0.001); 3: I = 11.892 X (n = 27; 
F = 55.105; P < 0.001); 4: I = 32.89 (l-e-0.48B) (n = 27; 
F = 58.76; P C 0.001) (curve fitted after extrapolation, see 

text). F, values for the test F 

Some additional samples were also analysed after 
26 d.  The copepods were kept in filtered sea water 
during an incubation period of 6 h and a sample taken 
every % or 1 h .  Measurements were made in 250 m1 
flasks with 50 individuals in filtered sea water. Mea- 
surements were also made with starved copepods kept 
in filtered sea water over the whole 6 d period to give a 
'standard rate'. Ammonia concentration was measured 
with the Technicon I1 Autoanalyser. Excretion rates 
were calculated from the slope of the regression 
between ammonia concentration and time (Abou Debs, 
1979) and expressed in pgN individual-'d-'. 

Eggs and faecal pellets produced by copepods main- 
tained in individual containers with 100 m1 of food 
suspension were counted and removed for chemical 
analysis every 24 h during 7 to 15 consecutive days. 
The food suspension was adjusted to the different 
initial concentrations of Hymenomonas elongata (1, 4, 
8, 16, 32 and 64 X lo3 cells ml-') or Phaeodactylum 
tricornutum (1, 10, 25, 50 and 100 X 103 cells ml-') and 
renewed every day. Some copepods were kept in fil- 
tered sea water without food as controls. More details 
about the methodology and the results are given in 
Abou Debs and Nival (1983). 

RESULTS 

Ingestion 

The filtration rate of Temora stylifera decreased sig- 
nificantly (P < 0.05) with increasing concentration of 
Hymenomonas elongata. Coulter counting and carbon 
14 method gave similar grazing estimates (P < 0.05; 
Abou Debs, 1979) as was also observed by Hargis 
(1977). All data were therefore pooled and a significant 
(P < 0.05) regression was obtained in spite of a large 
scatter in the data. Ingestion rate (I) increased continu- 
ously with concentration (B); the relationship could be 
described equally well with several mathematical 
equations all highly significant (P < 0.001) (see also 
Mullin et  al., 1975). There was no evidence of max- 
imum ingestion rate or plateau, up to the highest 
concentration used here (Fig. 2). 

Table 2. Temora stylifera. Parameters of the regression Y = Ymax + c describing the relation between egg production or 
egestion and the concentration of Hymenomonas elongata 

I I 
Unity Number eggs or faecal pgCi-'d-' pgNi-l d-' 

pellets iC1d-' 

Parameter Ymax b C 

Egg production (P) 278.45 0.239 15.17 

Egestion (F) 61.96 0.285 - 

Ymax b C Ymax b c n.of item 

16.54 0.405 0.90 1.67 3.98 0.09 9' 

9.54 0.483 - 1.19 4.75 - 13 

I Each value is a mean of 6 to 10 observations I 
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With Phaeodactylum tncornutum suspensions, 
ingestion rate in terms of carbon and nitrogen was very 
low compared to that for Hyrnenomonas elongata 
(Fig. 2 )  even with an initially greater concentration of 
105 cells ml-l. 

Egg production and egestion 

Egg production and egestion are both related to the 
concentration of Hymenomonas elongata by a negative 
exponential curve (Abou Debs, 1979; Abou Debs and 
Nival, 1983). Egg production and egestion followed the 
same pattern and the exponential parameters of these 
equations were similar (Table 2). Maximal production 
of eggs reached 277 + 20 eggs female-' 7 d-' (Abou 
Debs and Nival, 1983) at H, elongata concentrations 
ranging from 8 to 64 X 103 cells ml-l, and that for 
faecal pellets reached 60.5 f 6.7 copepod-' d-' at 16 
to 64 X 103 cells ml-l. The production of eggs was 
much lower in the presence of Phaeodactylum tricor- 
nutum, even at the highest concentrations: 47 to 60 
eggs female-' 7 d-' ,  associated with a negligible 
egestion rate. 

A highly significant linear regression, was fitted 
between egestion (Y) and ingestion rate (X) on 
Hymenomonas elongata by Temora stylifera, when 
both were measured under similar conditions of food 
and temperature: 

where Y and X are in pg Ci-Id-'. Zero was enclosed 
by the confidence interval of the ordinate intercept. 
Ingestion rate was then calculated at higher concentra- 
tions with the above model from egestion measure- 
ments. A new model was fitted for ingestion rate versus 
concentration and it yielded a maximal ingestion rate 
at  the highest concentrations of H. elongata. The expo- 
nential part of that model fitted our experimental data 
as well as the first one as shown in Fig. 2 (test F; 
P < 0.001). That model will be used in the budget 
equation. 

Respiration 

Respiration rate of starved copepods decreased 
rapidly reaching one third of the initial value in 3 d 
(Fig. 3) ;  however, due to the high rate of mortality, the 
measurements had to be discontinued. The significant 
decrease (P < 0.05) of respiration rate (R) with starva- 
tion (t) could be described by an exponential relation 
and compared to a similar relation given by Nival et al. 
(1974) for Temora stylifera from the Morocco upwel- 
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Fig. 3. Temora stylifera. Log respiration rate of individuals 
measured as 103 p1 0,i-'h-' against duration of experiment. 
1: unfed copepods: R = 83.10 X e-0.0'05'; 2: copepods feeding 
on Hymenomonas elongata (3-4 cells ml-l): R = 142.59 X 

e-0.003'; 3: unfed copepods from the Morocco upwelling (from 
Nival et al. 1974): R = 430 x e-O0I4' 

ling area. Initial standard metabolism was higher for 
South Atlantic copepods, perhaps related to their diffe- 
rent geographic origin or to a higher primary produc- 
tion level in their environment but the rate of decrease 
was very similar (Fig. 3). Copepods maintained with 
Hymenomonas elongata (4 .10~ cells ml-l) between the 
measurements showed a slow but non-significant 
decrease (P < 0.05) in their metabolic rate over 8 d 
(Fig. 3). 

When concentration of Hymenomonas elongata, 
offered before and during the measurements, 
increased from 1 to 8 X 103 cells ml-l, respiration rate 
also increased significantly (P < 0.05). Three succes- 
sive experiments, repeated every 48 h on the same 
population of copepods, were not different (Fig. 4) 
P < 0.05 (comparison of regression by an F test; Sokal 
and Rohlf, 1969); the data were pooled. After normali- 

CONCENTRATION (ID'cell ml ' l  CONCENTRATION O q C  ml"l 

Fig. 4. Temora stylifera. Respiration rate (R) of individuals 
feeding on different concentrations of Hymenomonas elon- 
gata before and during the measurements and over 6 d: Day 
2 (+), Day 4 (o), Day 6 ( 0 ) .  A: respiration rate measured in 103 
wl 0,i -'h-' and B, in 103 cells ml-' B: respiration rate in wg 
Ci-Id-' and B in pg C rnl-' 1: regression curve R = 25.279 X 

1.301B (n = 21; r2 = 0.80; P < 0.001); 2: curve fitted after 
extrapolation (see text) R = 0.14 exp 3.31 (1-e-0J8B) 
(P < 0.001); standard rate (0 )  have been measured in a previ- 

ous experiment 
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zation and homogenization of the variances by means 
of a semi-logarithmic transformation (test of Bartlett, 
P < 0.05) the resulting equations between respiration 
rate (Y) and concentration of H. elongata (X) can be 
written as; in terms of oxygen 

Y = 25.279 X 1.3OlX 
n = 21; r2 = 0.80; Y = 103 ~1 02i-Id-' (2) 
X = 103 cells . ml-' 

or in terms of carbon: 

The calculated value at the ordinale intercept (Fig. 4) 
agreed well with earlier measurements of the standard 
respiration rate. An 8-fold increase in food concentra- 
tion resulted in a 9-fold increase in respiration rate. 
This experiment was run for 6 d to be certain that the 
effect of nutritional activity on respiration rate was not 
confounded with the effects of experimental stress. 
Such an increase of respiration rate is probably related 
to the energy cost of capturing, ingesting, digesting 
and transforming larger amounts of food. 

An exponential relation can be fitted between inges- 
tion rate (X) and respiration rate (Y) measured under 
similar conditions of food and temperature. 

Y = 0.329 X 1.301(0.'5X1 
n = 6; rZ = 0.90; 
X and Y in pgCi-'d-' 

This relation and the equation shown in Table 2,  
yielded an exponential model for respiration versus 
concentration of Hyrnenomonas elongata given in 
Fig. 4. The value of respiration rate at the ordinal 
intercept (R = 0.54 p1 O,i-Id-' or 0.145 pgCi-Id-') 
agreed well with the experimental standard rate, and, 
in the exponential part of the curve, the experimental 
data fitted also the new model (F test; P < 0.001). At 
high concentrations of food, a maximal respiration rate 
R = 16.01 p1 02i-Id-' or 4.30 CLgCi-ld-' was found 
which correspond reasonable with the estimated maxi- 
mal ingestion rate. 

Excretion 

An increase in ammoniacal excretion rate occurred 
during the first day (Fig. 5) when Temora stylifera was 
fed either Hymenomonas elongata (4.103 cells mlp') or 
Phaeodactylum tricornutum (100. 103 cells ml-l). Such 
an increase had also been observed by Mayzaud (1976) 
and Ikeda (1977) for various species of copepods and 
euphausiids which they attributed to short-term 
experimental stress. After acclimation, and over a 
longer experimental period of 6 or 20 d, the copepods 
showed a more constant excretion rate. The values for 
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Fig. 5. Temora stylifera. Ammoniacal excretion rate (E) of 
individuals plotted against duration of experiment. A:  
copepods fed Hymenomonas elongata (3-4 103 cells 1-111-'); B: 
copepods fed Phaeodactylum tricornutum (100 103 cells 
ml-l); experiments conducted on 6. 4. 76; 0 experiments 

conducted on 26 .4 .76  

the first 2 d were not taken into account in the compari- 
son of the excretion rates of Temora maintained with 2 
different diets. Mean ammonia excretion rate with 
P. tricornutum (E = 0.32 f 0.005 103 pg at N- 
NH4i-'h-') was significantly lower (one way Anova, 
P < 0.05) than that with H. elongata (E = 0.68 f 0.20 
103 kg at N-NH4i-'h-'). A drop in the excretion rate of 
T. stylifera occurred after 5 d,  feeding on P. tricor- 
nutum accompanied by a high mortality, suggesting 
deterioration in the copepod's condition. The constant 
excretion rate and good survival obtained with H. 
elongata confirmed the suitability of that diet for T. 
stylifera. 

Assimilation 

Assimilation rate can be calculated according to the 
formula: A = ([I-F]/I) X 100, where A, I and F were 
expressed in @gN or pgCi-Id-'. Each term was 
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CONCENTRATION ( p g C  ml-')  

Fig. 6. Temora stylifera. Variation of assimilation rate of indi- 
viduals feeding on Hymenornonas elongata with concentra- 
tion (B). I :  A = (9.54e-0.48B + 8.53B - 6.24)/(8.53B + 3.30); 2: 

A = 0.71 

replaced by its equation versus concentration, and it 
was then possible to calculate an  equation relating 
assimilation rate with concentration of Hymenomonas 
elongata (Fig. 6 ) .  The response of the assimilation rate 
to an increase in concentration was different depend- 
ing on whether a rectilinear or a curvilinear model was 
assumed for ingestion. In the first case, an  initial 
decrease in assimilation rate was followed by a slow 
increase in the range of 69 to 80 %. In the second case, 

ingestion and egestion had the same exponential coef- 
ficient which yielded a constant assimilation rate inde- 
pendent of the concentration of food: in terms of carbon 
A, = 72 % and in terms of nitrogen A, = 69 %. 

With Phaeodadylum tncomutum, assimilation rate 
was also high: A = 70 %. Ingestion rate was low but 
losses by egestion were negligible. There was thus no 
evidence of effect of amount or quality of food on 
assimilation rate. 

Budget in terms of carbon 

All elements of the budget, I ,  F, R, P, were calculated 
in terms of carbon. The difference between ingested 
carbon and carbon lost in metabolic activity, egg pro- 
duction and egestion was calculated by substituting for 
each term in the global equation: G = I-(F + R + P), 
the function describing its relationship to food. Egg 
production, measured over 7 d (Abou Debs and Nival, 
1983), could be expressed as the mean production per 
day: P = P/?, or as the production of the first day: P,, 
= 28 % P. P was used in the following equation: 

Table 3. Temora stylifera. Budget in carbon of individuals feeding on Hymenornonas elongata and Phaeodactylum tricomutum 

Algal species: H elongata G,, l,. R,. F,. p,, P-ax: I*gCi-'d-' G, = I, - (F, + R, + F,) 
Concentration (B,) Ingestion Egestion Respiration Ec~g production Expenses G, GdIc 

cells ml-l p g ~ m l - I  (13 (F,) ( R 3  (p,) (Pcmax) (F, + R, + F) 

0 0 
1000 0.59 8.11 
2000 1.18 14.22 
4000 2.36 22.29 

a 
8000 4.72 29.48 

16000 9.44 32.53 
32000 18.88 32.89 
64000 27.76 32.89 

Assimilation (A,) = 0.71 

0 0 
1000 0.59 8.33' 
2000 1.18 13.37' 
4000 2.36 23.43' 
8000 4.72 

16000 9.44 
32000 18.88 
64000 27.76 

Algal species: P. tricomuturn 

100,000 0.80 1.26 

Assimilation (A,) = 0.80 

(a) Values calculated from equations fitted on experimental data: I,' = 8.53 B, + 3.30; F, = 9.54 F, = 2.36 
( ~ k e - ~ ~ ~ " ) ,  and from equations including extrapolated values for high food concentrations: I, = 32.89 (l-ea-486'); RC = 0.14 
exp 3.31 (l-e-0.48B') 
(b) Experimental data are shown for comparison (Abou Debs, 19_79) 
+ Standard respiration was measured in a separate experiment. P = total P/7 and Pmax = 28 % P total (Abou Debs, 1979; 
Abou Debs and Nival, 1983) 
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30 - I exponential curve (Fig. 7). Ingestion seemed to be 

about twice the losses at all food concentrations. G was 
proportional to concentration in the experimental 
range and became independent for high values of B. 
By using the same exponential term, a simplification 

20 - was introduced in the budget equation which 
- accounted for 2 % error in G at B = l pgC ml-' and 
D G 

0.2 % at B = 5 pgC ml-' yielding: - 

V 
m F + R + P  G = 20.99 (1 - e ~ p ' ~ ' ~ )  - 0.14 exp 3.31 (1 - e ~ p - ~ . ~ ' ~ )  
3. 

(6) 

F When the diet was composed of Phaeodadylurn 
tricornuturn, even at highest concentrations, contain- 
ing as much carbon as 1.3 cells ml-' Hymenomonas 

R 
P elongata, copepods behaved as if starved, reducing 

their metabolism, egg production and egestion. 
5 

CONCENTRATION ( p g  C m l - l )  Moreover, ingestion was too low to meet basal 
metabolism and G approached zero. 

Fig. 7. Temora stylifera. Carbon budget of individuals. Each 
term is plotted against concentration of Hymenomonas elon- 
gata. G, = I, - (F, + R, + P,); P = P (see text). Equations 

given in Table 3 Budget in terms of nitrogen 

A similar procedure was followed to set up the nitro- 
gen budget. Metabolism was expressed as ammonia 

G = 32.89 (l-exp-O 48B) - (9.54 [l-exp-Q 48B] + 2.36 [l- 
excretion and all the terms were measured in pgNi-' 

e ~ p - ' . ~ ' ~ ]  + 0.14 exp 3.31 [ l - ~ p ~ . ~ ' ~ ] )  - with G: 
d-l. G was always positive when the diet was com- 

pgCi-Id-' and B: pgC ml-l. (51 posed of Hymenornonas elongata and negative in both 
With Hymenornonas elongata, ingestion in carbon starved and those feeding on Phaeodactylurn tncor- 

stayed higher than the carbon required for mainte- nutum (Table 4).  The proportion of nitrogen provided 
nance and reproduction (Table 3). When concentration by the food was lower than that of carbon (Tables 3 and 
increased, G could also be described by a negative 4 )  and it seemed also to decrease with concentration. 

Table 4. Temora stylifera. Budget in nitrogen for individuals feeding on Hymenomonas elongata and Phaeodactylum tricornutum 

Algal species: H. elongata G,, I,, F,, E,, F,, Pmax: ~gNi-Id- '  G, = I, - (F, + E, + P,) 
Concentration (B,) Ingestion Egestion Ammoniacal Egg production Expenses (G,) GnIIn 

(cells m1-l) (pgNml-') (I,) (F,) excretion (Pn) (~"rnax)  (F,+ E, +F,) 
(E") 

0 0 0.12 0.12 - 0.12 
1000 0.06 0.82 0.28 0.05 0.09 0.45+ 
2000 0.12 1.45 0.49 0.08 0.17 

a 3000 0.18 1.92 0.65 0.11 0.23 0.43 
4000 0.24 2.27 0.78 0.14 0.27 
8000 0.42 3.01 1.03 0.19 0.38 

14000 0.84 3.30 1.15 0.22 0.43 

Assimilation (Ad = 0.66 

Algal species: P. bicomutum 

100,000 0.14 0.21 

Assimilation (A,,) = 0.79 

(a)  Values calculated from regressions fitted on experimental data: F, = 1.15 Pn = 1.59 F, = 0.23 
(l-e-3.96B") and regressions including extrapolated data for high food concentrations (see text): I, = 3.366 ( l ~ e " ' ~ ~ ~ " ) .  An = (I,- 
F,)&, P, = total P/7 and P,, = 28 % P total (Abou Debs and Nival, 1983) 
=k For a low level of food. GA was calculated assuming E was the same as in unfed individuals 
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DISCUSSION 

Daily ingestion rates of Temora stylifera feeding on 
Hymenornonas elongata were in the range of 10 to 
185 % of the C body weight of the adult. In our experi- 
mental range of H. elongata, saturation did not occur 
although it has been found at much lower concentra- 
tions such as 0.2 pg C ml-' of Thalassiosira with T. 
longicornis by Harris and Paffenhofer (1976), 0.08 pg N 
ml-' of Biddulphia with Calanus helgolandicus by 
Corner et  al. (1972) or 50 to 200 cells ml-' of Cos- 
cinodiscus with Calanus pacificus by Frost (1972). A 
linear relationship between ingestion rate and con- 
centration of available food might be attributed to an  
adaptative mechanism in the digestive enzymes to the 
different food levels (Mayzaud and Poulet, 1978). Non- 
saturated feeding has also been observed by Reeve 
and Walter (1977), Deason (1980) and Huntley (1981) 
for various species of copepods. Mayzaud and Poulet 
(1978) estimated that acclimation time was between 
24 h and 6 d; in this study, animals were acclimated to 
each food concentration 24 h before the measurements. 
However, in  the theoretical model extrapolated for 
high concentrations of H. elongata, saturation was 
obtained at 16 X 103 cells ml-' or 9.44 pg C ml-' and 
0.82 pg N ml-'. Robertson and Frost (1977) and Deason 
(1980) obtained also a maximal ingestion rate at rela- 
tively high concentrations. 10.103 cells ml-' of Thallas- 
siosira fed to C. pacificus and 1 to 2 pg C ml-' of 
Skeletonema fed to Acartia hudsonica. Frost (1972), 
Robertson and Frost (1977) and O'Connors et  al. (1980) 
found that the maximal ingestion rate and the critical 
concentration could vary with the composition, the 
amount of food available and the season. Expressed in 
volume, the theoretical ingestion concentration curve 
obtained here for T. stylifera is in the range of seasonal 
curves obtained for T. longicornis by O'Connors et al. 
(1980) and of the maximal ingestion rate (44 X 106 pm3 
i - ~  d - ~  ) given by the line plotted relating I,,, and the 

modal particle diameter which for H, elongata is 
13 pm. 

Assimilation rate was shown to be similar with either 
Phaeodactylum tricornutum or Hymenomonas elon- 
gata as food and was independent of its concentration. 
Similar conclusions were also made by Conover (1966) 
using the ratio method for Calanus finmarchicus and 
Harris (1973) for Tigriopus brevicornis. The mean 
value of 70 % was in the range of assimilation rates 
generally accepted for other copepods (Conover, 1978). 

The concentration of food available was correlated 
with the respiration, and, in our experimental range of 
concentrations, relation between food and metabolic 
activity could be described by a n  exponential model. 
At high concentrations, respiration rate was more than 
20 times higher than the standard rate. By extrapola- 

tion, a maximal respiration rate was calculated at simi- 
larly high concentrations as was the maximum inges- 
tion rate. The standard rate (i.e. ordinate-intercept), 
was also taken into account yielding a sigmoid shape 
model. Respiration rates measured on unfed and feed- 
ing Temora (0.42 to 9.30 p1 0, mg dry weight h-' and 
mean adult dry weight, 26 pg) are within the range (1.6 
to 15 p1) found for the same species by the authors 
listed by Fernandez (1978). Expressed in carbon, 
metabolic requirements ranged from 1.1 % to 26.4 % of 
the C body weight of Temora adults or from 7 to 10 % 
of the carbon content of the Hymenornonas elongata 
ingested. These values, lower than the 20 % obtained 
by Copping and Lorenzen (1980) for Calanus or the 15 
to 30 % obtained by Fernandez (1978) for T. stylifera, 
might be explained by the very high carbon content of 
H. elongata which yields high ingestion rates. Gaudy 
(1974) showed also an increase in respiration rate with 
food intake of T. stylifera, Calanus helgolandicus and 
Centropages typicus with a tendancy toward satura- 
tion followed again by an increase at very high inges- 
tion rates (100 to 300 pg d-l). Variability was very 
large and values were missing in the intermediate 
section. A more than 20-fold increase in the respiration 
rate of the pteropod Clione Iimacina can be calculated 
under feeding conditions from an energy balance 
model by Conover and Lalli (1974). The relation 
between respiration rate and ingestion was assumed to 
be linear by Vidal (1980), following the theoretical 
model of Steele and Mullin (1977), so that respiration 
increased in a negatively accelerating manner paral- 
lelling the ingestion curve. An exponential respira- 
tion-ingestion model was used by Solomon and 
Brafield (1972) for fish, and saturation in both oxygen 
and food uptake was obtained for mussels by Thomp- 
son and Bayne (1974), Foster-Smith (1975) and Grif- 
fiths and King (1979). A sigmoid model and its parame- 
ters given here are defined for the first time for 
copepods. These results emphasize the importance of 
keeping the animals fed between and during the mea- 
surements rather than under starvation conditions to 
obtain more accurate estimates of the active metabolic 
expenses. Winberg's suggestion that the metabolism of 
fish feeding under natural conditions can be estimated 
as twice the standard metabolic rate (in Solomon and 
Brafield, 1972) has still to be confirmed, and that ratio 
seems low by comparison with our results and those 
listed here. 

Most ammonia excretion rate estimates have been 
made for Calanus sp. The mean excretion rates by 
Temora stylifera, 4.14 and 8.78, obtained with the 2 
types of food were in the same range as those deter- 
mined by Nival et al. (1974): 11.1 to 14.9 pg N (mg dry 
weight)-' h-', and by Fernandez (1978): 2.3 to 15.5. 
Nival's values were somewhat higher. As in the case of 
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respiration, this might be due to their low latitude 
upwelling sampling area where the copepods seemed 
to have higher metabolic activity. 

An increase in excretion rate, probably caused by 
physiological stress during the first 2 d,  showed the 
necessity of an acclimation period to assess the effect 
of new nutritional conditions and that of long-term 
experiments where the animals are kept under feeding 
conditions. Similar observations were also made by 
Solomon and Brafield (1972) and Ikeda (1977). 
Takahashi and Ikeda (1975) and Nelson et al. (1979) 
have also shown the relation between excretion rate of 
small crustacea and concentration of food. A difference 
in ammonia excretion rate induced by different diets 
was shown by a 2-fold increase obtained in the excre- 
tion rate of Temora stylifera feeding on Hymenornonas 
elongata, while excretion rate of Temora feeding on 
Phaeodactylum tricomutum was similar to that of the 
unfed individuals. Daily excretion rate varied then 
from 3.8 to 7.4 % of the nitrogen body weight of the 
adult or from 11 to 12 % of the nitrogen ingested in 
H. elongata. Diet influence on excretion rate was also 
shown for the shrimp Crangon crangon by Nelson et al. 
(1979). Low excretion with P. tricornutum was prob- 
ably due to the small amount of nitrogen ingested 
when feeding on this algae. These results emphasize 
again the importance of feeding on metabolic activity 
such as excretion rates which could be underestimated 
by using animals starved before the experiments, as 
has been generally the case (Fernandez, 1978; May- 
zaud, 1976). The role of zooplankton in the regenera- 
tion of nutrients for phytoplankton (Martin, 1968; 
Jawed, 1973; Smith and Whiteledge, 1977; Lehman, 
1980) could be also underestimated, and the metabolic 
responses to the variations of food available to zoo- 
plankton could have a significant feedback on the 
phytoplankton. 

Daily egg production (P/?') accounted for 6 % in C 
and 7 % in N of the ingested amount of Hymenomonas 
elongata. Its relation to food available was discussed in 
detail in Abou Debs and Nival (1983). Faecal pellet 
production accounted for 28 to 29 % of the ingested 
carbon and 34 to 35 % in nitrogen, and could constitute 
an  important source of organic matter to the environ- 
ment (Abou Debs, unpubl.). 

The organic matter budget established here for Tem- 
ora stylifera suggested that the C and N supplied by 
ingestion was much higher than the cost of metabol- 
ism, egestion and reproduction. A few possible reasons 
for this imbalance might be found: in adults, there 
should be no net growth and the apparent surplus of 
assimilated food, which in young stages goes into 
growth, must be otherwise accounted for. There could 
also be some overlooked fat synthesis. After 6 d in a 
concentration of 8.103 cells ml-' of Hymenomonas 

elongata, the lipid content of T. stylifera had increased 
from 11 to 15 % over the initial dry weight (Abou Debs, 
1979). Such storage, not usually observed in small wild 
copepods, might happen in well fed animals in the 
laboratory. Moreno et al. (1979) observed also a sea- 
sonal increase of the total lipid content of Paracalanus 
parvus over 2 to 7 % of the dry weight, probably in 
response to the increase in phytoplankton available. 
Lipid storage was also observed in Eurytemora herd- 
mani kept at low temperatures (2 "C) in running sea- 
water (Abou Debs, unpubl.). However, this could be 
more a function of temperature than nutrition. Dissol- 
ved organic excretion, which was not measured here, 
could also explain a part of this difference. In addition 
certain benthic grazers have shown unbalanced 
budgets: in the sea urchin Strongylocentrotus 
droebachiensis 40 to 86 % of the ingested food was 
attributed to organic excretion (Miller and Mann, 
1973); in mollusc larvae, to some leakage in a soluble 
form (Pechenik. 1979); and 23 to 53 % of the energy 
consumed by a population of the sea urchin Para- 
echinus angulosus remained unaccounted for (Green- 
wood, 1980). Copping and Lorenzen (1980) measured 
dissolved excretion of 27 % of the carbon ingested by 
Calanus pacificus. Unbalanced budgets for insects and 
invertebrates were attributed to flask effects or effects 
of the experimental handling of the animals (Wight- 
man, 1981). Based on the C and N content of the 
phytoplankton, ingestion rates could also have been 
overestimated: carbon content of H. elongata in our 
cultures were similar to the values obtained for the 
same species from Mullin et  al. (1966). with a cell 
volume 3 times smaller, but our carbon values were 5 
times higher than the values calculated from the car- 
bon content - cellular volume regressions of Strath- 
mann (1967), actually yielding 113 instead of 586 pg C 
cell-'. Although using the smaller value leads to a 
reduction in the imbalance, there would still be  an  
excess of ingestion. 

The gain in carbon, 'G', calculated by difference 
between the amount of ingested carbon and that 
utilized in metabolism, reproduction and egestion 
seemed to decrease with increasing concentration of 
Hymenomonas elongata from 60 % of the ingestion at 
1 . 1 0 ~  cells ml-' to 55 % at 8.103 cells ml-'. A larger 
sensibility of the budget equation to the variations of 
its parameters was also shown in the highest concen- 
tration range (Nival and Abou Debs, unpubl.). Medium 
concentrations of H. elongata seemed to give more 
reliable results, a larger scope for growth, a better 
survival and a similar reproduction rate as food in 
excess. But ingestion of Phaeodactylum tricomutum 
provided amounts of organic matter too small to cover 
the expenses of the budget and to allow reproduction 
and the animals behaved as if starved. As was also 
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found by Epifanio et al. (1975) rearing bivalve larvae, 
this algal species, which has been often used in phy- 
siological and growth experiments, seems to be a poor 
food for Temora stylifera. Nitrogen deficiency seems to 
be part of the problem but some other chemical compo- 
nents might be missing, and they still have to be 
determined. 
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