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ABSTRACT: Respiration, ammonium and phosphate excretions and phytoplankton consumption of 
mesozooplankton were examined biweekly in a coastal area of the eastern Mediterranean from Janu- 
ary 1989 to January 1990. Taking into account the ambient temperature, the metabolic rates estimated 
(4 to 31.2 1-11 O2 mg-'  dw h-" 0.4 to 3.5 pg NH,-N mg-' dw h- '  and 0.1 to 0.6 pg PO,-P m g l  dw h- ')  
were lower than those reported for the western Mediterranean, which might be related to the h~gher  
oligotrophy in the eastern Mediterranean. Maxima for these metabolic rates and that for zooplankton 
community respiration (7 mg O2 m-"-') were all observed during the period of higher temperatures; 
some degree of acclimation was also inferred and this may be attributed to the high abundance of 
cladocerans in the summer. Simple and multiple regression models, the latter based on stepwise van- 
able selection, suggested that temperature was the most significant variable affecting zooplankton 
metabolism. Body weight and population composition were also important variables. Feeding activity. 
sometimes showing an increase with food concentration, seemed to increase metabolic rate, but 
temperature may mask this effect. The low 0 :N ratio indicated a protein-oriented metabolism. Fur- 
thermore, the O:N, N:P and 0 :P  fluctuations indicated a dissimilarity in zooplankton dietary pattern, 
probably due to the low phytoplankton levels and differing exploitation of other supplementary food 
sources. The results stress the importance of temperature, rather than food or other factors, for zoo- 
plankton metabolism in coastal areas of the oligotroph~c eastern Mediterranean, which during summer 
is comparable to oligotrophic tropical seas. 
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INTRODUCTION 

Energy consumption and energy contribution to vital 
functions of an organism are expressed by the equa- 
tion I = G + R + F  + U, relating the energy from food 
consumption (I) with that required for growth and 
reproduction (G), respiration (R),  egestion ( F )  and 
excretion ( U ) .  Particularly for zooplankton, respiratory 
losses may account for up to 60% of the obviously 
ingested energy (Green 1975, Sarvala et  al. 1981). The 
assessment of this loss gives information fundamental 
for estimating minimum food requirement (Lampitt & 
Gamble 1982), production rate, and feeding rate 
(Ikeda & Motoda 1978). Hence, knowledge of the ener- 
getics of metabolism and its relationships to environ- 

mental factors can significantly contribute to the 
understanding of factors which control zooplankton 
production. 

Evaluating the role of zooplankton in the flow of 
matter and energy is often complicated by the diversity 
of species constituting the zooplankton population. 
The results for some selected species can hardly be 
extended to the entire community; on the other hand, 
global experiments are often difficult to interpret 
because some individuals can act as predators and 
because the intake or uptake flow rates of energy can 
differ according to the specific composition of the pop- 
ulation or the size of organisms. 

Zooplankton can excrete considerable amounts of 
dissolved nitrogen and phosphorus; this regeneration 
may stimulate phytoplankton growth, possibly balan- 
cing the loss of cells through grazing (Lehman 1980, 
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Sterner 1986) and  possibly favouring certain phyto- 
plankton taxa over others (Elser e t  al. 1988, Vanni & 

Findlay 1990). If zooplankton excrete N and P at a ratlo 
different from that of the particles in the water, grazing 
coupled with excretion may shift the balance of nutri- 
ent  limitation from P to N or vice versa (Elser et  al. 
1988). 

In general, studies of temporal variation in metabo- 
lism of marine zooplankton are very few. Moreover, to 
our knowledge, studies on annual cycles of metabolic 
activity on a biweekly or similar basis are lacking. 
This is probably due  to difficulties in interpreting the 
results from mixed-species populations in changing 
environments together with methodological problems. 
Particularly, in the eastern Mediterranean Sea infor- 
mation on zooplankton metabolic activity is practi- 
cally absent. Saronikos Gulf (Gulf of Athens), a semi- 
enclosed area of the SW Aegean Sea, constitutes the 
most important, both from a social and  economic point 
of view, part of the Hellenic Seas, and it is therefore 
the best-studied gulf. Previous studies on zooplankton 
of the area have been largely concerned with species 
composition and distribution patterns (Moraitou- 
Apostolopoulou 1969, 1974, 1977, Christou 1990), pol- 
lution impacts (Moraitou-Apostolopoulou 1974, 1976, 
Moraitou-Apostolopoulou & Kiortsis 1976) and the 
biology of the dominant copepod Acart ia clausi 
(Moraitou-Apostolopoulou & Verriopoulos 1976, 1980, 
Christou & Verriopoulos 1993a, b ) .  

Metabolism, in terms of respiration, ammonium and 
phosphate excretions, and the phytoplankton con- 
sumption of mesozooplankton were examined in a 
coastal area of the oligotrophic eastern Mediterranean 
(Azov 1991, Christou & Verriopoulos 1993a). The 
objectives of this study were to describe levels and sea- 
sonal variations of metabolic and feeding activities on 
a regular basis throughout 1 annual cycle and to ana- 
lyze their relationships with exogenous and endoge- 
nous factors, trying to overcome the methodological 
problems emerging from the use of mixed zooplank- 
ton. 

MATERIALS AND METHODS 

This st~1.d.y was carried out biweekly from January 
1989 to January 1990. Samples were always taken a t  
the same time of day from a station (about 12 m 
depth) in the coastal eastern Saronikos Gulf, charac- 
terized a s  a meso-oligotrophic area (see Christou & 
Verriopoulos 1993a) Temperature, oxygen and water 
samples for salinity, ammonium, phosphates and 
chlorophyll a determinations were taken from 1, 5 
and 10 m depth using a 2 1 Hydrobios water sampler 
equipped with a Hydrobios thermometer. Oxygen, 

determined by a n  electrode (YSI oxymetre) and 
checked for accuracy with simultaneous determina- 
tions by the Winkler method, was almost always at 
saturation (Christou unpubl. data). Nutrient samples 
were stored at -20°C and analysed within 1 wk. 
Ammonium and phosphates were determined follow- 
ing Liddicoat et  al. (1975) and Strickland & Parsons 
(1972), respectively. 

A 200 pm net with a 45 cm diameter (Tranter & Smith 
1968), equipped with a Hydrobios flowmeter and 
towed obliquely from bottom to the surface, was used 
for zooplankton sampling In order to minimize physi- 
cal damage to the living zooplankton specimens, a 3 1 
polyethylene bucket (Omori & Ikeda 1984) was fitted 
to the cod end of the net. Samples were immediately 
transferred into a 15 1 container, and diluted with water 
from the same area. Special care was taken in han- 
dling and transporting the zooplankton to the labora- 
tory as well as in keeping a constant temperature. The 
samples were preserved in 4 % buffered formalin 
(Omori & Ikeda 1984) and analyzed quantitatively and 
qualitatively under a Nikon stereoscope (x50). Sub- 
samples (% of the total) were used for biomass deter- 
mination (Omori & Ikeda 1984). 

Experiments were carried out in a constant-tempera- 
ture room at  in situ temperature (+0.5"C) from January 
1989 to January 1990. Mixed zooplankton was used in 
with-food and without-food conditions. It has been 
suggested that such experiments should be conducted 
over 24 h periods to overcome diurnal variations and 
minimize organisms' interactions (Le Borgne 1979). In 
the present study, preliminary experiments showed 
that 20 to 24 h was the minimum period for detectable 
differences. 

In each experiment, respiration, excretion and 
phytoplankton consumption rates as well as population 
composition and biomass were determined. In order to 
enhance the reliability and comparability of the results 
the experimental design was based on (1) a sufficient 
number of replicates and (2) accurate and strictly iden- 
tical expenmental procedures. Overall, 24 out of a total 
of 27 experiments were considered to be successful, 
although, depending on the condition of the zooplank- 
tion, some replicates were excluded from the calcula- 
tions. 

Gelatinous and carnivorous groups as well as speci- 
mens that were dead or in poor condition were re- 
moved. The sea water, collected at  the same time, was 
separated as follows: (1) water containing natural food 
(passed through a 64 pm mesh for the removal of 
eggs, animals and large phytoplankton cells) and (2) 
water without food (filtered through a 0.6 pm GF/F 
glass fiber filter and carefully re-aerated). Within 2 h 
of collection, zooplankton, from 100 to 200 m1 
(depending on the zooplankton abundance) randomly 
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taken subsamples, were introduced into 
600 m1 bottles. Three additional sub- 
samples (at the beginning, middle and 
end of the experimental series) were 
preserved for identification of the popu- 
lation. In order to obtain detectable and 
reproducible variations in oxygen and 
excretion, zooplankton density in the 
bottles was higher than in the environ- 
ment, ranging at levels (ca 200 to 400 
ind. I-') judged as acceptable in such 
experiments (Razouls 1972, Schneider 
1990). All bottles were stoppered with- 
out trapping air bubbles and placed in 
the dark for 20 to 24 h at in situ temper- 
ature to prevent primary production. 
For each experiment 24 bottles (12 with 
food and 12 without food; for every 2 
bottles there was 1 control without zoo- 
plankton) were used. The bottles, sus- 
pended in groups of 3 by an  apparatus 
especially designed for these experi- 
ments, were subjected to a compound 
movement (horizontally and vertically) in order to 
prevent possible accumulation and settling of phyto- 
plankton, as well as to more or less simulate environ- 
mental conditions. 

The samples for oxygen, ammonium, phosphate 
and phytoplankton determination from experimental 
and control bottles were siphoned through a 200 pm 
mesh in order to retain the organisms in the bottles. 
Zooplankton were transferred by filtration on pre- 
combusted and preweighed GF/F glass fiber filters 
and analyzed as for zooplankton biomass. Dissolved 
oxygen was measured using a magnetic stirrer and a 
YSI electrode according to Gaudy & Boucher (1983) 
and Uye & Yashiro (1988). Ammonium and phos- 
phates, estimated in without-food bottles only (to 
avoid possible errors from phytoplankton), were 
analysed within 3 d from the time of storage (at 
-20°C). Crude phytoplankton analysis (number of 
cells I-') was based on Utermohl's (1958) method. 
Rates, calculated from the difference between experi- 
mental and control bottles, were expressed as p1 02, 
pg NH4-N, pg PO4-P and number of cells per mg dry 
weight of zooplankton per hour. The atomic meta- 
bolic ratios 0 : N  (consumption/excretion), N:P and 
0 : P  were also determined. 

In order to identify any possible differences between 
experimental and field populations, classification and 
ordination techniques (Field et al. 1982) based on rela- 
tive abundances of species were used. The relation- 
ship of metabolism to the various factors was examined 
by simple and multiple regression analyses, the latter 
based on stepwise variable selection. 

J  F M A M J  J A S O N D J  
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Fig. 1 Water temperature (TMP, "C), chlorophyll a (CHL, pg l"), mesozoo- 
plankton abundance (ABU, ind. m-3) and biomass (BIO, mg dw m-3), 30 Jan- 
uary 1989 to 22 January 1990. Temperature and chlorophyll averaged over the 

water column (zooplankton from bottom to surface) 

RESULTS 

Environmental data 

The seasonal pattern of the water temperature is 
shown in Fig. 1. The wind-driven mixing generally did 
not allow the development of stratified conditions but 
transient weak layering was present on some occa- 
sions (Christou unpubl. data). The annual range of 
salinity variations fell within about 1%0 (Christou & 
Christianides unpubl. data). Nutrient values ranged 
from 0.16 to 1.25 pM NH4-N 1-' and 0 to 0.38 pM PO4- 
P 1-' (Christou 1992), which are generally considered 
normal for the area. The phosphate concentrations 
were low for a coastal area, especially during the 
summer (Christou 1992). Phytoplankton biomass, ex- 
pressed as mean chlorophyll a of the total water col- 
umn, peaked in May while some high values were 
recorded in February, June and October (Fig. 1). Data 
on other sources of available carbon as potential food 
are lacking. Maximal zooplankton abundance and bio- 
mass, observed in June and July (Fig. l ) ,  were mainly 
attribut,able to the high contribution of cladocerans. No 
direct relation between zooplankton biomass and 
chlorophyll was discovered. 

Experimental populations 

For the study of the structure of the experimental 
populations (gross features in Fig 2), a total of 72 
subsamples (24 X 3) were analysed. Copepods were 
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Fig. 2. Composit~on of zoo- 
plankton in the 24 experi- 
ments, 30 January 1989 
to 22 January 1990. XCA: 
Acartia clausi adults: 
ACC: A. clausi copepo- 
dites; OCA: other cope- 
pods, adults; OCC: other 
copepods, copepodites; 
PAV: Penilia a r~irostris; 
OCL: other cladocerans; 

1  2  3 4 5 6 7 8  9  10 11 12131415161718192021222324  OGR: other groups 

the dominant group, representing on average 67 % of 
the total count. Juveniles comprised 64 % of the cope- 
pods. Acartia clausi, a copepod commonly dominant 
in local bays and coastal areas, formed up to 96% of 
the total zooplankton population during the cold 
period (January to May) and represented 26% of the 
total on average. The juveniles of Clausocalanus spp. 
and Paracalanus parvus (second in abundance among 
the copepods) were much more abundant than the 
adults. Cladocerans, (second group in abundance) 
attaining great numbe1-s during the warm period 
(June to October), constituted 28% of the total; 
Penilia avirostris (1.8% of the total) showed the high- 
est abundance, attaining great numbers between 
June and August. Other groups comprised less than 
5 % of the zooplankton. 

Multivariate analysis (on data analyzed down to spe- 
cies level for copepods and cladocerans) revealed that 
the structure of experimental populations was very 
similar to that in the field (Fig. 3); the removal of the 
organisms did not significantly alter the population 
structure. Therefore, the experimental populations suf- 
ficiently represent those in the field, allowing the esti- 
mated rates to be applied to the field. A seasonality in 
zooplankton communities (3 groups: winter, winter- 
spring, summer-autumn) and a circular ordination of 
the points corresponding to the annual cycle was evi- 
dent (Fig. 3) .  

The mean dry weight of specimens (irrespective of 
species) is shown in Fig. 4 .  Based on population bio- 
mass and abundance data, it reflected changes in size 
composition of the experimental populations. During 
summer, when cladocerans attained high numbers, 
mean weights were about 3-fold lower. 
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Fig. 3. (a) Dendrogram and (b) multid~mensional scallng (MDS) plot for 
the 24 experimental and the 24 field concurrent zooplankton popula- 
t i o n ~ ,  30 January 1989 to 22 January 1990. For the MDS plot the con- 
current pairs (expenmental - field) are encircled. J: January; F: Febru- 
ary; M: March; A: April; Ma: May; Jn: June; J1: July; Ag: August; S: 
September; 0 :  October; N: November; D: December. I: winter-spring; 

11: winter; and Ill: summer-autumn 
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Fig. 4 .  Mean individual dry weight (pg) for the experimental zoo- 
plankton populations, 30 January 1989 to 22 January 1990 
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The respiration rate, ranging from 4 to 
1.2 p1 O2 mg-' dw h-' (mean + SD: 
1.88 k 8.00) in the presence of food 

(Fig. 5a), seemed to follow closely the 
temperature variations (Figs. 1 & 5a; 
Table 1). In early summer a rapid rise in 
temperature resulted in an almost 3-fold 
increase in respiration rate (early July) 
which, however, soon declined by about 
25 % (mid-July), although the same high 
temperatures prevailed; this might be 
explained by acclimation phenomena 
(Andrew 1985) and, possibly, by the 
change in phytoplankton concentration 
(Fig. 6).  

Respiration in without-food treatments 
(Fig. 5b), ranging from 3.2 to 27.6 p1 O2 
mg-l dw h - '  (mean 10.73 + 7.68). 
showed a pattern similar to respiration 
in with-food treatments (Fig. 5a, b), 
although values in all cases were lower. 
The excretion rates of ammonium and 
phosphates, varying between 0.4 and 
3.5 pg NH4-N m g - '  dw h- '  (mean 1.40 ? 

1.00) and between 0.07 and 0.6 pg PO,- 
P mg- '  dw h- '  (mean 0.20 + 0.13), 
respectively, showed trends which were 
similar to one another (Fig. 5c, d). The 
excretion rates exhibited seasonal fluc- 
tuation patterns more or less similar to 
those of respiration rates. 

The phytoplankton consumption rate 
(Fig 5e) did not show any distinct pat- 
tern but rather followed the fluctuations 
of the initial phytoplankton concentra- 
tions (Fig. 6). The maximum consump- 
tion rate was about 7.5 X 103 cells mg- '  
dw h- '  with phytoplankton concentra- 

J F M A M J J A S O N D J  

Month 

tions ranging from 27 to 747 X 103 cells 1-l. Note 
that in some experiments with phytoplankton 
concentrations >20 X 103 cells 1-' (e.g. 20 Feb 
1989, 13 Nov 1989, 27 Dec 1989; Fig 6 ) ,  the 
consumption rates were 20 to 40% lower than 
those at 13 X 103 cells 1 - '  (20 J.un 1989, 2 Oct 
1989; Fig. 6); this fact m ~ g h t  be related to differ- 
ent phytoplankton species prevailing each time 
andlor additional food, such as small flagellates 
and other suspended material. 

The respiration of the mesozooplankton com- 
munity (respiration rate applied to the field) 
ranged from 0.1 to 7.0 mg O2 m-3 d-I ,  with 
highest values during July (Fig. 7). 

Fig. 5. Box-whisker plots of rates measured in the 24 experiments, 30 January 
1989 to 22 January 1990. (a) Respiration with food (p1 O2 mg-' dw h- ' ) ;  (b) res- 
piration without food (p1 O2 mg-l dw h- ' ) ;  (c) nitrogen excretion (pg NH4-N 
mg-l dw h-'); (d) phosphate excretion (1-19 PO,-P mg-'  dw h-'); (e) phyto- 
plankton consumption (cells mg -' dw h-'). The central box encloses the middle 
50% of the data, the horizontal line inside the box represents the median, the 
vertical line (whisker) represents the range of 75% of the data, whereas un- 

usual values occur as separate points 
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Table 1. Statistically significant regressions [logy = a(*SE) + b(+SE)logx] 
between metabolism [weight-specific respiration rates in absence and 
presence of food (RA and RP, p1 O2 mg-' dw h- ' ) ,  weight-specific excre- 
tion rates (NH, and PO,, pg mg-' dw h- ' ) ,  and mesozooplankton com- 
munity respiration (ZCR, mg O2 m-3 d-l)] and various factors as inde- 
pendent variables, from 30 January 1989 to 22 January 1990. TMP: 
temperature ("C), INMI mean individual dry weight in experiments (pg); 
COP: copepod population in experiments (X);  CLA: cladoceran popula- 
tion in experiments ('X)); ABU: zooplankton abundance (ind. m-3); BIO: 
mesozooplankton biomass (mg m-3). For all regressions n = 24, p < 0.001 

Regression 

Fig. 6. Phytoplankton concentration 
(PC, cells I - ' )  and phytoplankton con- 
sumption rate (PCR, cells mg-' dw h- ' )  
in the experiments, 30 January 1989 to 

22 January 1990 

Relationships between metabolism and 
other variables 

All significant equations (based on the 
means) found by simple regression analysis 
are summarized in Table 1. Temperature was 
the best single predictor of metabolic rates 
with R2 values ranging from 0.73 to 0.96. 
Mean individual weight also strongly 
affected metabolism (R2 = 0.67 to 0.81). The 
relative abundances of copepods and clado- 
cerans (R2 = 0.44 to 0.69), indicating a popu- 
lation composition effect, as well as the zoo- 
plankton abundance and biomass (R2 = 0.75, 
0.72) showed significant relationships with 
the above dependent variables. In contrast, 
no statistically significant regression was 
found between metabolism and phytoplank- 
ton cells offered as food or field chlorophyll 
values (for all cases p > 0.05). 

The calculated equations of the multiple 
regression models, produced through step- 
wise variable selection, are presented in 
Table 2. Temperature, as the most significant 
variable, and mean individual weight were 
found to be the best predictors. The copepod 
relative abundance and zooplankton biomass 
were also included among the predictors. 
The estimated rates and respiration of the 

Table 2. Stepwise var~able selection [logy = a(*SE) t b,(*SEllogx, + . + b,(*SE)logx,, n = 241 between metabolism [weight- 
specific respiration rates in absence and presence of food (RA and RP), weight-spc!cific phosphate excretion rate (PO;), and meso- 
zooplankton community respiration (ZCR)] and various factors as independent ~driables from 30 January 1989 to 22 January 
1990. TMP: temperature; INW: mean individual dry welght in experiments; COP: copepod population in cxpcriments (X,); CLA: 
cladoceran population in experiments (5%); BIO: mesozooplankton biomass. All units as in Table 1 7 'hc  variables were entered 

into the models in the order appearing in the equations. Sign~ficant at p<0.001, except ' p  c 0.05 

( Multiple regression R 2  F I 
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Month 

Fig. 7. Observed and fitted values of weight-specific respira- 
tion rate with food (p1 O2 mg-' dw h-'), weight-specific phos- 
phate excretion rate (pg PO,-P mg-' dw h") and mesozoo- 
plankton community respiration (mg O2 m-' d-l),  based on 
the equations of Table 2.30 January 1989 to 22 January 1990 

zooplankton community were compared with those 
calculated from the multiple regression models show- 
ing a good fit (Fig. ?). 

tuated greatly with month and no distinct pattern was 
evident (Fig. 8). 

DISCUSSION 

The structure of experimental zooplankton popula- 
tions showed a close agreement with that of natural 
populations collected at the same time; the exclusion of 
gelatinous and other carnivorous organisms from zoo- 
plankton samples did not alter the in s i tu  picture, due 
to the low number of carnivores. 

Metabolism studies are affected by a number of 
methodological problems (Omori & Ikeda 1984). In gen- 
eral, there are different methods for the estimation of 
zooplankton metabolic rates (e.g. incubation tech- 
niques, enzymatic methods), the advantages and disad- 
vantages of which have been discussed elsewhere (e.g. 
Omori & Ikeda 1984, Schneider 1990). In incubation 
bottles, concentrations usually exceed natural densities 
by several times, which very often leads to crowding ef- 
fects. On the other hand, if a low number of individuals 
is used, prolonged incubation is needed and errors may 
result from starvation. The addition of any kind of food 
may introduce other errors. As a result, the accuracy of 
metabolic rates obtained in incubation experiments can 
hardly be checked (Schneider & Lenz 1991). In the pre- 
sent study, the use of zooplankton that satisfactorily 
represents the natural population, along with the use of 
natural food, should have reduced many possible error 
sources. Crowding and low oxygen concentrations can 
affect respiratory rates (Zeiss 1963, Razouls 1972), but 
only at levels far from those in this experiment (Razouls 
1972, Omori & Ikeda 1984, Schneider 1990). Hence, it is 
supposed that the measured rates reflect the in situ 

Metabolic ratios conditions. On the other hand, possible error sources 
were kept constant among all experiments, and this 

Minimum and maximum values found for the 0 : N  gives reliability to the results, especially for ratios and 
ratio were 7.1 and 12.6 respectively (mean 9.64 + 1.33); fluctuations withidbetween measured rates. 
the N:P ratio (mean 14.82 + 3.07) ranged from 10.2 to In general, it is difficult to compare metabolic rates 
22.0, whereas the 0 : P  ratio (mean 140.92 + 26.52) var- from different areas, due to (1) scarcity of data, (2) 
ied between 102 and 202 (Fig. 8). All these ratios fluc- methodological problems and (3) lack of ambient tem- 

perature information. In the present study the 

0:N N:P 0:P metabolic rates for mixed zooplankton seem 
to be more or less lower than those reported 
for the western Mediterranean at  15OC 
(Alcaraz 1988; 5.95 p1 O2 mg-' dw h-', 0.37 pg  
NH,-N mg-' dw h-', 0.18 pg PO,-P mg-' dw 
h- ')  and at 17OC (Alcaraz & Packard 1989; 
16.8 p1 O2 mg-l dw h-l);  this might be related 
to increasing oligotrophy from the western to 

J  F M A M J J  A S O N D J  the eastern Mediterranean. Moreover, meta- 
Month bolic rates are lower than those reported for a 

Fig. 8. Fluctuations of 0:N. N:P and N:P atomic ratios, 30 January 1989 western Meditermnean lagoon (Gaudy 1989; 
to 22 January 1990 at 6 to 25OC from 1.24 to 33.83 pg NH,-N mg-' 
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dw h - ' )  as well as for the adjacent Atlantlc Ocean at 
14 to 18OC (Le Borgne 1973; 10.14 p1 O2 mg-' dw h-', 
0.94 pg NH,-N mg-' dw h- ' ,  0.19 pg PO,-P mg-l dtv 
h-'). Note that some of the reported metabolic rates 
originated from rates per pM N of zooplankton, equat- 
Ing 1 mg dry weight to 7 pM N (Margalef & Vives 1967, 
Alcaraz 1988). In the present study, the metabolic rates 
showed similar patterns of variation; similar trends in 
ammonium and phosphate excretion of zooplankton 
have been observed in the western Mediterranean 
(Alcaraz 1988). 

Responses of metabolic rates may vary within a 
range of temperatures (Schatzlein & Costlow 1978) 
while stable rates may be encountered for parts of the 
temperature range (Ranta & Hakala 1978, Epp & Lewis 
1980). Interpretation of the effect of temperature on the 
level of metabolic energy is complicated by the many 
endogenous and environmental factors tvhich may act 
simultaneously under natural conditions. This fact is 
more pronounced in natural multi-species populations 
than single-species laboratory studies. The variation of 
the respiration rate even among closely related species 
is considerable (Ikeda & Skjoldal 1989) and cannot be 
exclusively explained as a result of difference in the 
temperature and the size of the organisms (Hamburger 
& Boetius 1987). 

In the present study, respiration rates followed 
changes in the in situ temperature. The regressions 
showed that temperature (the most significant vari- 
able), body mass, and population composition affect 
zooplankton metabolism; combination of these easily 
accessible variables gave satisfactory predictions of 
metabolic rates. The high respiration rate during the 
warm period is probably due to the cladoceran popula- 
tions dominating this period; aside from the direct 
influence of temperature on metabolism, the high par- 
ticipation of cladocerans causes a decrease in the mean 
individual weight of the zooplankton population. Nev- 
ertheless, some degree of acclimation can be inferred, 
except for periods of more rapid temperature fluctua- 
tions leading unacclimated zooplankton to increased 
metabolic rates (e.g.  early July; Figs. I & 5d).  The gen- 
eration time of parthenogenetic cladocerans is shorter 
than that of copepods, glvlng the cladocerans more 
opportunity to acclimate for the same period at  the 
same temperature; a marked dominance by 1 species, 
in this case Penilia avirostris, will dictate the commu- 
nity metabolic response. The above observations are 
comparable to those made by Andrew (1985) for a zoo- 
plankton community dominated by cladocerans. The 
fluctuations between copepodite and adult relative 
abundances could also contribute to respiration rate 
variations, since ontogenetic stage may influence 
metabolic rates (Paffenhofer & Gardner 1984, Jacobi 
81 Anger 1985). However, further studies on single- 

species populations for the evaluation of metabolic 
rates and contribution of each zooplankton component 
in the area are necessary. This study is also in agree- 
ment with the hypothesis that water temperature and 
body mass are the 2 major factors governing metabolic 
level of marine zooplankton (Ikeda 1985). 

Food has been repeatedly referred to as a moderator 
of zooplankton metabolic responses. It is well known 
that pelagic copepods vary greatly in dietary behav- 
iour, mainly depending on the available food, which 
makes impossible the classification of a given species 
into a well-defined category. In this study a selection of 
organisms wlth similar food habits, the 'secondary 
level' of zooplankton, was attempted; a removal of car- 
nivores was undertaken and phytoplankton were con- 
sidered as the primary food source for the zooplankton. 
The feeding rate was found to be crudely related to 
phytoplankton concentration. The lack of such a strong 
correlation gives some evidence that food other than 
phytoplankton (small flagellates and/or other sus- 
pended material) also affected feeding rate. 

In general, respiration rate increases as available 
food becomes more abundant (Gaudy 1974, Abou 
Debs 1984. Kisrboe et al. 1985). This is not necessarily 
true for excretion rates, since it has been found that 
nauplii or C11 copepodites of the copepod Eucalanus 
pileatus in low-food conditions had higher calculated 
weight-speciflc release rates of ammonium than those 
in high-food conditions (Paffenhofer & Gardner 1984). 
Starvation reduces respiration rates and this effect 
becomes evident after a certain period of time (e.g 
Hamburger & Roetius 1987). On the other hand, in- 
creased feeding activity increases metabolic rates but 
only after maximum filtering rates are achieved (Kerst- 
ing & Van der Leeuw-Leegwater 1976). In the present 
study respiration rates with food were always higher 
than those without food, a fact which could be attrib- 
uted to feedlng activity. 

No relationship was found between respiration rate 
and feeding rate (or phytoplankton concentration or 
chlorophyll). The overriding effect of temperature 
probably masks the feeding effect. On the other hand, 
the effect of food was not completely studied since only 
phytoplankton consumption was taken into account 
Zooplankton apparently have developed their capabil- 
ity for utilizing other organic material as supplemen- 
tary food. 

The dally zooplankton excretion (rates applied to the 
field), in terms of ammonium and phosphate, rose up to 
0.049 and 0.003 pM 1-' d-l, respectively (late July; 
Christou 1992); although the study area is coastal, the 
phosphate excretion of zooplankton seems to play an 
important regeneration role in the area during sum- 
mer, when the lack of phosphates seems to limit phyto- 
plankton (Christou 1992) 
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The atomic O:N,  N:P and 0 : P  ratios are  used as indi- 
cators of metabolic substrates (Ikeda 1977). The effi- 
ciency of protein or carbohydrate intake would depend 
not only on potential ability to digest these substrates 
(activity of enzymes), but also on the quantity of the 
available food, time necessary for gut transit and sea- 
sonal acclimation (Mayzaud & Poulet 1978, Gaudy & 

Boucher 1983). The 0 : N  ratio has been considered to 
be the most useful index to distinguish protein metab- 
olism from carbohydrate and lipid metabolism (lkeda 
1977); it has been suggested that it probably reflects 
the nutritional strategy of the zooplankton rather than 
what they have recently eaten (Gaudy & Boucher 
1983). It is accepted that values of 0 : N  <24 indicate a 
protein-dominated metabolism (see Omori & Ikeda 
1984). In this study, protein-oriented metabolism was 
identified in all cases ( 0 : N  from 7 to 12), and occasion- 
ally (when values of 0 : N  were minimal) metabolized 
substrate seemed to be exclusively protein; protein 
metabolism, a situation characteristic of tropical, sub- 
tropical and temperate seas (Omori & Ikeda 1984), 
implies deviations from herbivory. The strong fluctua- 
tions of the metabolic ratios also suggest a dissimilallty 
in the dietary pattern of zooplankton. The above indi- 
cations could be related to (1) periods with low phyto- 
plankton levels (periods with food limitation in the 
area: Christou & Verriopoulos 1993a, b) and (2)  alter- 
native exploitation of food sources in the area.  

It can generally be  concluded that temperature 
seems to be the major moderator of zooplankton 
metabolism in the eastern Mediterranean coastal envi- 
ronment. Summer conditions, characterised by high 
temperature and small individual weight, lead to a 
subtropical situation with increased metabolic activity; 
this situation can be compared to that of the olig- 
otrophic tropical regions characterised by rapid recy- 
cling of organic matter (Schneider & Lenz 1991). 

Studying the plankton community respiration in a 
eutrophic shallow area, Jensen et  al. (1990) found that 
high pelagic respiration rates were associated with for- 
mation and collapse of phytoplankton blooms, inde- 
pendent of temperature and the time of the year. 
Hence, it seems that in eutrophic areas food is the 
major component triggering high respiration rates a s  
opposed to oligotrophic areas where, according to this 
study, temperature plays such a role. This fact, result- 
ing also in different seasonal patterns of metabolic 
rates between the 2 systems, can provide some expla- 
nation for the factors controlling the role of the zoo- 
plankton compartment in the functioning differentia- 
tion among ecosystems. 
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