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N remineralization in planktonic protozoa 

Abstract-Ammonium excretion rates of two ma- 
rine planktonic protozoa (an oligotrichous ciliate, 
Strombidium sulcatum, and an aplastidic flagellate, 
Pseudobodo sp.) both isolated from oligotrophic 
Mediterranean waters were quantified with heat-killed 
bacteria as the food source for the protozoans. Am- 
monium excretion rates ranged from 0.25 to 2 pg N 
mg DW-’ h-’ for the ciliate and from 2.8 to 8.5 for 
the phagotrophic flagellate. Maximum excretion rates 
took place during the early exponential growth phase, 
suggesting possible covariation of excretion rates with 
either protozoan body size or their growth rates or 
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metabolic state. Comparison of these excretion and 
regeneration rates with those obtained in situ for 
oligotrophic waters (-0-37 nmol liter-’ h-l) indi- 
cates that protozoa may account for >50% of the 
nutrient recycling in these waters. 

The association of bacteria and protozoa play 
a significant role in nutrient recycling in ma- 
rine environments (Johannes 1965; Fenchel 
and Harrison 1976). Since the paper by Eppley 
and Peterson (1979) there is increasing evi- 
dence that primary production in the ocean 
relies mostly on nutrients recycled in the eu- 
photic zone by protozoa rather than bacteria 
(Glibert 1982; Wheeler and Kirchman 1986; 
Caron et al. 1988; Ferrier and Rassoulzadegan 
199 1). The importance of the microbial con- 
sortia in recycling processes likely increases as 
systems approach oligotrophy (Harrison 1980). 
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Most studies of nutrient recycling have mainly 
concerned community aspects of nutrient flux 
through pelagic ecosystems. There are few data 
enabling us to differentiate the role of func- 
tional groups through consideration of key spe- 
cies of protozoa (Caron and Goldman 1990 
and references therein). Here, we report on at- 
tempts to quantify ammonium excretion rates 
in an oligotrichous ciliate and in a population 
of aplastidic flagellates. Excretion rates and re- 
generation efficiency were measured during the 
whole growth phase of the protozoan popu- 
lations. 

For ammonium excretion experiments, we 
used the oligotrichous ciliate, Strombidium 
sulcatum, and a naturally occurring population 
of aplastidic flagellates isolated from the north- 
west Mediterranean Sea and grown on the same 
planktonic bacterial cultures. Bacterial cul- 
tures were obtained according to Rivier et al. 
(1985). Seawater was taken from the surface 
and filtered on a 0.4~pm Nuclepore membrane. 
A few drops of the filtrate were transferred into 
1 liter of seawater passed through a 0.22-pm 
Sterivex GS Millipore filter containing sterile 
wheat grains to promote growth of the natural 
bacterial assemblage. Ciliates were introduced 
into these bacterial cultures containing - lo8 
bacteria ml-l. Cultures were subsequently in- 
cubated in the dark at 12°C. Cultures of aplas- 
tidic flagellates were obtained by inoculating 
- 10 drops of 5-pm Nuclepore membrane fil- 
trate (gravity) into the bacterial cultures. 

We used heat-killed bacteria (Sherr et al. 
1987) as the food source for the protozoa. Bac- 
terial cultures were prepared as described 
above. In the stationary growth phase, cultures 
were separated from the wheat grains and 
heated for 2 h at 60°C (Sherr et al. 1987). They 
were subsequently passed through a 4-pm Nu- 
clepore membrane to remove bacterial aggre- 
gates and stirred for 10 min. To check the 
nonviability of the resulting heat-killed bac- 
terial suspension, we tested changes in the con- 
centration of bacteria daily in control bottles 
during experiments. Only insignificant changes 
occurred for bacterial biomass. These suspen- 
sions were then used as a food source at a final 
concentration of -2 x 10’ cells ml-l. Two 
sets of bacterial suspensions were used in these 
experiments: heat-killed (experimental) and 
live (control) bacterial stocks prepared iden- 
tically. Before their introduction in these me- 

dia, ciliates were washed several times in 0.22- 
pm Sterivex Millipore-filtered seawater and 
inoculated into the experimental and control 
media to obtain a final ciliate concentration of 
- 1 cell ml- l. In separate containers, aplastidic 
flagellates were added, at final concentrations 
of - 1 O3 cells ml-‘, to both bacterial media. 
These flagellates were already grown on heat- 
killed bacteria to avoid transferring live bac- 
teria in the heat-killed bacterial culture. To 
obtain an estimate of ammonium release due 
to the bacteria alone required two additional 
sets of heat-killed and live bacterial cultures, 
without protozoa. 

All cultures were run in triplicate with a sin- 
gle sample taken daily from each culture to 
determine protozoan and bacterial abundance 
as well as ammonium concentrations. Samples 
were taken daily for 12 d. Ciliates were fixed 
with a 2% vol/vol final volume concentration 
of alkaline Lugol’s solution and counted with 
an inverted Zeiss microscope. Heterotrophic 
bacteria and flagellates were preserved with 
formaldehyde (0.3% final concn), stained with 
DAPI (Porter and Feig 1980) and counted with 
an epifluorescence Zeiss microscope. Bacterial 
N content was measured in a series of heat- 
killed and live bacterial cultures by placing 200 
ml of the bacterial cultures on precombusted 
GF/F filters. These filters were then analyzed 
with a CHN autoanalyzer (W.C. Heraeus; 
A.I.E.A.), calibrated with acetanilide and cor- 
rected for blank; bacterial concentrations were 
measured before and after filtration on GF/F 
filters to determine the number of bacteria re- 
tained by the filter. 

Specific growth rates (p) of the protozoa were 
measured in both experimental and control 
media (3 replicates for each) as follows: 

p = (Inc, - lnC,)l(t, - to). (1) 

Co and C1 are the concentrations of ciliates or 
flagellates in the beginning (to) and at the end 
(tl) of the incubation time. 

Simultaneously, changes in ammonium 
concentrations were measured with a Tech- 
nicon AutoAnalyzer following the method of 
Solorzano (1969). Specific protozoan ammo- 
nium excretion rates (ER, pug-atoms N proto- 
zoa-l h-l) we re estimated for bottles contain- 
ing heat-killed or live bacteria as follows: 

ER = (W - WWV, - to)]. (2) 
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Table 1. Carbon and nitrogen content in the heat-killed 
and live bacteria measured with a CHN autoanalyzer. 

Total content on the filter 

Bacterial 
concn (cells) (mNg) 

Live bacteria 
3.1 x 109 0.048 
3.0x 109 0.047 
4.5 x 109 0.069 

Heat-killed bacteria 
2.6 x lo9 0.039 
2.4 x lo9 0.040 
3.9 x 109 0.065 

& C:N 

0.228 4.748 
0.230 4.992 
0.323 4.653 

0.197 5.058 
0.196 4.92 1 
0.324 4.992 

N cell ’ 
(PP) 

0.016 
0.015 
0.015 

0.015 
0.018 
0.017 

In the live-bacteria vessels, protozoan ex- 
cretion rates (ERL) represented “net” excretion 
rates (i.e. the difference between protozoan ex- 

’ cretion and bacterial uptake). In the heat-killed 
bacteria, these rates (ERHK) should represent 
actual protozoan excretion rates. N, and N1 
are the ammonium concentrations @g-atoms 
N ml-l) at the beginning and end of the in- 
cubation time (h-l). The theoretical average 
concentration of protozoa during incubation 
(C, cells ml-l) was calculated assuming an ex- 
ponential growth of cells: 

C = (Cl - C,)l(lnC, - Inc,). (3) 
The protozoan specific nitrogen ingestion 

rates were calculated as follows: 

IN = QdBo - WK% - hJ1. (4) 
I, is the particulate organic nitrogen ingestion 
rate &g-atoms N protozoa-l h- l); QN is the 
bacterial nitrogen cell quota; B0 and B, are the 
bacterial concentrations (cells ml-l) at the be- 
ginning and in the end of the incubation time 
(h- ‘). 

The ciliate or flagellate nitrogen excretion 
efficiency (R in %) was then estimated as 

R = (E&J x 100. (5) 

The N content of the live and heat-killed 
bacteria varied between 1.14 and 1.43 x 10 -9 
pg-atoms N cell- l respectively (Table 1). GF/F 
filters were quite efficient in retaining bacteria 
since only 1.5% of the total amount of bacteria 
was in the filtrate. In bacterial cultures without 
protozoa, there was no significant ammonium 
excretion (Table 2). In live bacterial cultures, 
the amount of ammonium decreased rapidly, 
whereas a slight increase was observed in 6-d- 

Table 2. Ammonium concentrations &g-atoms li- 
ter’) in heat-killed and live bacterial cultures (without 
ciliates) during a 1 O-d incubation. 

Incubation 
time (d) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Ammonium concn 

Heat-killed Live 

1.2 1.5 
1.2 1.5 
1.3 1.4 
1.2 1.2 
1.5 1.2 
1.8 0.6 
1.9 0.5 
1.8 0.6 
1.8 0.2 
1.8 0.2 

old heat-killed bacterial media. However, this 
increase was small relative to the changes ob- 
served in the experiments with protozoans and 
represented - 5% of the amount of ammonium 
in the protozoan cultures. 

In excretion experiments, ciliates fed either 
live or heat-killed bacteria exhibited growth 
curves with a lag phase of 4 d, an exponential 
growth phase of 5 d, and a stationary phase of 
3 d (Fig. 1). However, ciliate concentrations 
were higher in the live bacterial cultures (max, 
- 130 ciliates ml- ‘) than in the media with 
heat-killed bacteria (-65 ciliates ml-‘). De- 
creases in bacterial abundance were directly 
proportional to the development of ciliates. 
However, the decrease in bacterial concentra- 
tion was sharper in heat-killed than in live 
bacterial cultures. During the exponential 
phase, ciliates were growing at rates from 0.0 1 
to 0.06 h-l and 0.0 1 to 0.1 h- l on heat-killed 
and on live bacteria, respectively. The amount 
of ammonium excreted covaried with the de- 
velopment of ciliates. A maximum of - 15 pg- 
atoms liter-l of ammonium was observed at 
the stationary phase of the ciliates in both me- 
dia. Estimates of particulate N ingestion rates 
were obtained from Eq. 3 and are given in 
Table 3. They varied from 0.1 to 63 x 10e6 
hg-atoms N cell-l h-l (4 x lo3 to 8 x lo3 
bacteria ciliate- l h- l). Maximum values (6.30 
x 1 OP5 pg-atoms N cell- l h- ‘) occurred during 
the lag and early exponential phase in heat- 
killed bacterial media. These rates thereafter 
decreased and were negligible during station- 
ary phase. 

Ammonium excretion rates in S. sulcatum 
at the beginning of the exponential phase (Fig. 
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Fig. 1. Changes in concentrations of ciliates 0, bac- 
teria (+), and ammonium (Cl) during a 12-d incubation. 

Fig. 2. Changes in ciliate concentrations 0 and in 

A. Heat-killed bacterial cultures. B. Live bacterial cultures. 
specific excretion rates (0) during a 12-d incubation. A. 
Heat-killed bacterial cultures. B. Live bacterial cultures. 

Error bars represent standard deviations. Error bars represent standard deviations. 

2) reached values of 2.72 and 8.72 x low6 pg- 
atoms N ciliate-l h-l for ciliates fed on live 
and heat-killed media respectively. In heat- 
killed media, values decreased slightly during 
exponential phase and became negligible at the 
stationary phase; in live bacterial cultures, am- 
monium release rates remained high during 
the exponential phase and dropped off dra- 
matically at the stationary phase. Regenera- 
tion efficiency values were low during the la- 

Incubation time (d) 

tency and early exponential phase (<30%, 
Table 3). They increased at the end of the ex- 
ponential phase (> 100%) and during the sta- 
tionary phase (between 30 and 100%). 

Flagellates exhibited growth patterns similar 
to those obtained for ciliates (Fig. 3). The length 
of the different growth phases varied with the 
food (heat-killed or living bacteria) used. The 
exponential and stationary phases lasted 3 and 
5 d when fed on live bacteria and 6 and 1 d 

Table 3. Ciliate and phagotrophic flagellate nitrogen ingestion rates (I, pg-atoms N celll’ h-l) and regeneration 
efficiency (Rn in o/o) during a 12-d incubation (in the heat-killed bacterial cultures). ND-not detectable. 

Incubation 
time (d) 

l-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-l 1 
11-12 
12-13 

Ciliate exp. Phagotrophic flagellate exp. 

I x 106 Rn I x IO-9 Rn 

ND ND ND ND 
63.4Ok2.20 2.65 +0.95 0.00zk0.00 o.oo+-0.00 
14.38k4.55 8.99k4.71 422.00+75.00 0.67a0.18 
7.42k3.91 32.12k26.23 33.10* 14.40 25.02-+5.51 
7.47k4.70 >lOO 1.96+ 1.06 40.80+9.50 
1.58kO.97 >lOO 0.42kO.06 33.3Ok7.14 
1.50+ 1.11 >lOO 1.60+ 1.50 76.88t-19.19 
0.15a0.11 >lOO 2.14kO.88 58.05 k29.73 
0.33kO.17 >lOO 0.02+0.01 43.07k39.83 
6.25k2.63 30.28+ 16.04 0.07 kO.05 >lOO 
3.55kO.58 20.46+09.15 0.10~0.07 >lOO 

- - 0.02~0.00 >lOO 
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Fig. 3. Changes in concentrations of aplastidic flagel- 
lates 0, bacteria (+), and ammonium (Cl) during a 12-d 
incubation. A. Heat-killed bacterial cultures. B. Live bac- 
terial cultures. Error bars represent standard deviations. 

when fed with heat-killed bacteria. Further- 
more, flagellates fed on live bacteria reached 
concentrations ( 1 x 1 O5 cells ml- ‘) higher than 
those obtained with killed bacteria (max, 7 x 
1 O4 cells ml-l). Growth rates were -0.08 h-l 
at exponential phase in both bacterial media. 
The ammonium concentration increased in 
both cultures with incubation time and reached 
8 pg-atoms N liter-l at the end of the station- 
ary phase (Fig. 3). Particulate N ingestion rates 
(Table 3) reached maximum values at the be- 
ginning of the exponential phase (4.2 1 x 10m7 
pg-atoms N cell-l h-l). Ingestion rates were 
m 20 bacteria flagellate- l h-l at earlier incu- 
bation times (Table 3). 

(<40%), then increasing during the stationary 
(43-76%) and senescent phases (> 100%). 

Changes in the flagellate ammonium excre- 
tion rates (Fig. 4) were identical to those ob- 
tained for the ciliate, with high values at the 
beginning of the exponential phase (2.78 and 
7.72 x 1 Op9 pg-atoms N cell- l h- l for live and 
heat-killed media). Excretion rates decreased 
sharply, but remained measurable during the 
stationary phase in the live bacterial cultures 
(avg, 0.5 x 10e9 pg-atoms N cell-l h-l). Re- 
generation efficiency values presented the same 
pattern as for the ciliates (Table 3): low during 

Flagellates have been considered major con- 
sumers of bacterial production in aquatic eco- 
systems (Fenchel 19823; Sieburth 1984; Ras- 
soulzadegan and Sheldon 19 8 6). However, 
recent studies have shown that ciliates are also 
able to consume a large fraction of picoplank- 
ton populations (Rivier et al. 1985; Rassoul- 
zadegan et al. 1988). The consumption of bac- 
teria constitutes a major portion of the nitrogen 
regeneration in the upper oceans. Protists, be- 
cause of their abundance and their relatively 
high weight-specific excretion rates, probably 
account for a large portion of nitrogen regen- 
eration in a variety of marine systems (Gold- 
man et al. 1985; Verity 1985; Caron and Gold- 
man 1990). 

Planktonic protozoa constitute an impor- 
tant part of microzooplankton populations in 
Mediterranean waters where cell densities can 
be as high as 10-l 5 ciliates ml-l and lo3 
flagellates ml-l (Rassoulzadegan 1975). Oli- 
gotrichous planktonic ciliates are often the 
dominant group of microzooplankton (Ras- 

latency and the early exponential phase soulzadegan 1977; Sherr et al. 1989). The ge- 

Incubation time (d) 

60 

Fig. 4. Changes in phagotrophic flagellate concentra- 
tions (W) and in specific excretion rates (0) during a 12-d 
incubation. A. Heat-killed bacterial cultures. B. Live bac- 
terial cultures. Error bars represent standard deviations. 
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nus Strombidium (Claparede and Lachman) or 
the family Strombiidae include most species 
of oligotrichous ciliates and represent ~50% 
of the total concentration of ciliates inhabiting 
these waters (Sherr et al. 1989). The phago- 
trophic flagellate used in this study is similar 
to one described by Fenchel(l982a) as Pseu- 
dobodo sp. The cell is 4-5 pm in diameter and 
has two flagella (with a pronounced asym- 
metry). Because of their abundance in the wa- 
ters studied (Rassoulzadegan et al. 1988), these 
flagellates likely play a significant role in nu- 
trient recycling processes. 

Earlier field studies on nutrient regeneration 
in the ocean (Johannes 1965) have generally 
ignored the precise contribution of each mi- 
crobial component to nitrogen regeneration. 
To quantify protozoan nitrogen excretion rates, 
it was important to separate excretion by pred- 
ators (ciliates or flagellates) from the ammo- 
nium uptake by bacterial prey (Wheeler and 
Kirchman 19 8 6). Other investigators have used 
procaryotic inhibitors (Sherr et al. 1986). 
However, we did not use this method because 
of the fragility of the oligotrichous ciliates 
studied (Tremaine and Mills 1987). Other 
studies used different indirect methods (Lucas 
et al. 1987; Goldman et al. 1985; Caron et al. 
1988) which did not explicitly avoid ammo- 
nium uptake by prey organisms. In this work, 
we used heat-killed bacteria, whose C : N ratio 
is not substantially different from those for live 
cultures (Table 1 and Caron et al. 1990) and 
is consistent with ranges given for live bacteria 
from natural assemblages (Bratbak 1985). The 
comparison of Protist feeding on heat-killed 
and live bacterial cultures allowed us to mea- 
sure grazing rates on nongrowing prey, to es- 
timate protozoan excretion rates, to calculate 
protozoan regeneration efficiency, and to es- 
timate ammonium uptake by live bacteria. 

Protozoan-specific growth rates during the 
exponential growth phase were comparable in 
heat-killed and live bacterial media and are in 
agreement with the literature (Fenchel 1982b; 
Sherr et al. 1983; Stoecker and Evans 1985). 
This result suggests that the chemical prop- 
erties of the bacteria are not dramatically af- 
fected by heating and implies that ammonium 
excretion rates were realistic. 

Results obtained here suggested that, rela- 
tive to bacterial activity, the bulk of ammo- 
nium regeneration is performed by protozoa. 

Indeed, there was no significant N regeneration 
in protozoa-free bacterial culture. Moreover, 
maximal ammonium excretion rates obtained 
in the heat-killed bacterial cultures (ciliate or 
flagellate experiments) were higher than those 
obtained in the live bacterial culture. This dif- 
ference in excretion rates is likely due to the 
uptake of ammonium by bacteria. This nutri- 
ent uptake could be estimated as 

Bun = [(ERHKmax ’ CHIC) - (ERLmax ’ CJIIB- 
(6) 

B,, is the ammonium uptake rate by bacteria 
@g-atoms N cell-’ h-l), ERHKmax and ERLmax 
are the maximal excretion rates in heat-killed 
and live bacteria respectively &g-atoms N pro- 
tozoa-l h-l), CHk and CL are the protozoan 
concentrations at ERmax in heat-killed and live 
bacteria respectively, and B is the average con- 
centration of live bacteria at ERmax. Calculated 
ammonium uptake rates by bacteria are equal 
to 3.5 and 2.8 x 10-l* pug-atoms N cell-’ h-l 
in ciliate and flagellate cultures. 

Ammonium weight-specific (dry weight, 
DW) excretion rates obtained for the two pro- 
tozoa are within the ranges reported in the 
literature (Table 4). Studies on excretion rates 
by individual species of protozoa are relatively 
rare. Our experiment represents the first values 
of excretion rates in a planktonic oligotrichous 
ciliate fed on bacteria and in a planktonic 
aplastidic flagellate isolated from the Mediter- 
ranean Sea- two species different from those 
studied elsewhere (Table 4). Moreover, this 
study describes the changes in ammonium ex- 
cretion rates of protozoa as they go from 
exponential growth to senescence. These 
weight-specific excretion rates were calculated 
assuming mean values for ciliate or flagellate 
cell sizes. Recent studies (Ohman and Snyder 
199 1) showed that changes in protozoan cell 
size can be significant during growth, with 
smaller cell sizes characteristic of the begin- 
ning of the exponential phase or during the 
stationary phase. In this case, our highest 
weight-specific excretion rates could be even 
higher, because they were obtained at the be- 
ginning of the exponential growth phase when 
protozoan cell sizes could have been relatively 
small. However, size variations were not ob- 
vious during our experiments, and we decided 
to use mean size values. 

Ciliates exhibited lower weight-specific ex- 
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Table 4. Recent rates of weight-specific ammonium regeneration [wg N (mg DW)- ’ h- ‘1 estimated for protozoa. 

Reference Species Food 

Wt-specific 

excretion rates 

Berman et al. 1987 
Gast and Horstmann 1983 

Verity 1985 
This work 

Andersson et al. 1985 

Goldman et al. 1985 

Sherr et al. 1983 
This work 

Ciliates 
Cyclidium sp. (scuticociliate) 
Euplotes vannus 

(scuticociliate) 
Tintmnopsis sp. (Tintinnida) 
Strombidium sulcatum 

(oligotrichous ciliate) 

Flagellates 
Ochromonas sp. 

(chrysomonads) 
Paraphysomonas imperforata 

(chrysomonads) 
Monas sp. (chrysomonads) 
Pseudobodo type 

Bacterial and algal food 
Algal and bacterial food 

Algal food 1.5-3 
Bacterial food 0.25-2 

Bacterial food 

Bacterial and algal food 

Bacterial food 6-5 1 
Bacterial food 2.8-8.5 

48-l 78 
3 

28 

3-20 

cretion rates than flagellates, probably because 
of the decrease in metabolic rates with increas- 
ing cell volume. Rates obtained for planktonic 
protozoa are considerably higher than those 
reported for most macroplankton species (Ca- 
ron and Goldman 1990). Excretion rates also 
depend on protozoan specific growth rates (Ca- 
ron and Goldman 1990) and on a possible 
change in the metabolism in a given species 
(proteic/lipidic metabolism). They vary with 
ingestion rates, which are also very high at the 
beginning of the exponential growth phase 
when bacteria are not limiting. The ingestion 
rates (N 20 bacteria flagellate-l h-l and 6 x 
1 O3 bacteria ciliate-’ h-l) we obtained are in 
agreement with the literature (Lucas et al. 1987; 
Rivier et al. 1985). When prey concentrations 
became limiting, ingestion rates decreased 
sharply. 

We also found that during the exponential 
growth phase, protozoa seem to conserve N. 
Indeed, in both flagellate and ciliate experi- 
ments, N regeneration efficiency (Rn) re- 
mained quite low (< 50%) during the lag and 
most of the exponential phases (Table 3) where 
N is mostly used to form protozoan biomass. 
Low Rn values during the exponential phase 
are not surprising because protozoan gross 
growth efficiency can reach values as high as 
50-70% (Fenchel 1982b). However, during the 
stationary and decreasing phases in both ex- 
periments, Rn values quickly increased 
(> 100%). Similar results were obtained by 
Goldman et al. (1985) for the aplastidic fla- 
gellate Paraphysomonas imperforata. Rela- 

tively high regeneration efficiency as observed 
during the senecent phase likely can be achieved 
only when protozoa go through a starvation 
phase (Table 3). 

In our experiment, we investigated two com- 
ponent relationships, but in nature, all the 
components of the microbial food web (Azam 
et al. 1983) are present simultaneously, with 
complex interactions. However, our results 
could be applicable to natural systems when 
protozoa are well fed. According to our data, 
1 O3 flagellates can excrete 8 x 1 Op3 nmol h- l. 
This result is comparable with in situ estimates 
of N regeneration based on 15N size-fraction- 
ated studies (l-l 5 x lop3 nmol h-l per lo3 
flagellates, Lucas et al. 1987). In the Mediter- 
ranean Sea, average concentrations of flagel- 
lates and ciliates are lo3 and 1 cell ml-l, re- 
spectively. With the maximum excretion rates 
measured in this work, we obtained N regen- 
eration rates of 8 and 9 nmol N h-l liter- l for 
flagellates and ciliates respectively, which give 
a total value of 17 nmol N h- l liter- l for plank- 
tonic protozoan assemblages in these oligotro- 
phic waters. Nitrogen regeneration rates mea- 
sured in situ in oligotrophic environments 
ranged from 1 to 36 nmol liter-l h-l for the 
Sargasso Sea, 0 to 37 for the Gulf Stream and 
0.1 to 0.6 for the North Pacific Ocean (Glibert 
et al. 1982; Wheeler and Kirchman 1986; Ep- 
pley and Peterson 1979). Comparing these val- 
ues with those in our experimental model (17 
nmol cell-l h-l) suggests that protozoa could 
account for 50% of the recycled N. Even if 
maximum excretion rates are not specifically 
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indicative of oligotrophic waters, representa- 
tives of groups studied here may account for 
most of the regeneration. 

There are still few data available on nutrient 
excretion rates by individual species of pro- 
tozoa (Goldman et al. 1985; Gast and Horst- 
mann 1983; Verity 1985). However, these data 
help us understand protozoan interactions in 
more complex microbial communities. Fur- 
thermore, the nutrient regeneration was mea- 
sured throughout the whole growth cycle of the 
species and not solely during exponential 
growth. Rates and magnitude of nutrient re- 
generation during a whole cycle are still un- 
known but are necessary when a whole com- 
munity is studied because, in situ, protozoa 
can be in any physiological stage. 

C. Ferrier- Pagh 
F. Rassoulzadegan 

URA-CNRS 716 
Station Zoologique, BP 28 
06230 Villefranche-sur-mer, France 
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Cladoceran body size and vulnerability to copepod predation 

Abstract- We examined species-related and age- 
related mortality caused by a predaceous copepod 
(Acanthocyclops robustus) in five closely related cla- 
docerans representing a wide spectrum of body size. 
Animals of all five species from clonal cultures were 
exposed for 1, 2, or 4 d in medium from a copepod- 
infested enclosure that either did or did not contain 
natural densities of Acanthocyclops adults and co- 
pepodites (40-50 copepods liter-‘). In each of the 
five species, the l-d-old neonates were most, and 
adults least, vulnerable to the copepods. Small-bod- 
ied Daphnia cucullata and Ceriodaphnia reticulata 
remained vulnerable until maturation, but the sus- 
ceptibility of large Daphnia magna drastically de- 
creased in 3- and 5-d-old animals, and 7-d-old adults 
were immune to copepod predation. 

Size-selective predation by fish and inver- 
tebrates has long been considered to play an 
important role in structuring zooplankton 
populations and communities by selective re- 
moval of large-bodied or small-bodied prey. 
Although the structuring role of fish predation 
has been confirmed by many field and exper- 
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imental data (see Hall et al. 1976; Bengtsson 
1987) the role of invertebrate predation has 
remained in question since it was first sug- 
gested by Dodson (1974). Most experimental 
evidence for the importance of invertebrate 
predation is less compelling than it is for fish 
(see Zaret 1980). 

Of many different morphological, behavior- 
al, and life-history features, body size seems 
to be the most important factor responsible for 
the vulnerability of zooplankton prey to pre- 
dation. This notion is particularly clear in re- 
spect to fish predation, which seems evident 
from each major review of the subject (Zaret 
1980; Kerfoot and Sih 1987; Lazarro 1987). 
It is less clear, however, when predation by 
invertebrates is reviewed, because other mor- 
phological and behavioral features of prey are 
often suggested to be more important than prey 
body size to various invertebrate predators, 
including predaceous copepods. 

Although some field and laboratory exper- 
iments show that prey body size may be im- 
portant to Calanoid copepods such as Diap- 
tomus shoshone (Anderson 1970; Dodson 
1974) and cyclopoid copepods such as Acan- 
thocyclops viridis (Smyly 19 70) or Mesocyclops 
edax (Confer 197 1; Brand1 and Fernando 1975; 
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