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ABSTRACT: The study investigates the planktonic food web of an oligotropluc atoll lagoon (Takapoto, 
French Polynesia). The growth (k) and grazing mortality (g) rates of heterotrophic bacteria, cyanobac- 
teria, and 1-3 pm and >3 pm (large) algae were assessed, in the presence and absence of the large 
grazers (>35 pm protozoa), by serial dllution experiments. Taxa-specific feeding relationships were 
obtained from fluorescently labeled prey uptake experiments. The major consumers of 0.4 pm bacteria 
were aplastidic nanoflagellates (7 pm Leucocryptos and 10 pm Halosphaera), and those of 3-5 pm chlo- 
rophyceae (Nannochloropis and Chlarnydornonas) were heterotrophic dinoflagellates (32 pm Achrad- 
ina and 33 pm Prorocentrum). The protozoa exerted a low grazing pressure on heterotrophic bacteria, 
even when the large grazers were removed (mean values: g = 0.26 d-'). In contrast, the grazing rates of 
1200 pm protozoa on cyanobacteria (mean values. g = 0.43 d-l), which were the dominant pnmary pro- 
ducers, represented 74% of their growth rates. In absence of the >35 pm grazers, the grazing on 
cyanobacteria increased, being 4 times higher than on heterotrophic bacteria. These results indicate 
that, in an oligotrophic planktonic food web where the consumption of bacteria is low, the grazing of 
protozoa on cyanobacteria is a major carbon pathway. Large algae were grazed at rates equivalent to 
their growth rates (mean values: g = 0.47 d-'; k = 0.50 d-l), which implies a steady-state situation with 
rapid cycling of the algal biomass. In samples without the >35 pm grazers, the grazing mortality and 
growth rates of large phytoplankton increased significantly, indicating a close coupling between the 
growth of >3 pm algae and grazing pressure under natural conditions. This coupling is likely mediated 
by increased nutrient regeneration. The results indicate that the large protozoan consumers controlled 
the grazing pressure and nutrient regeneration of the small protozoa, which in turn controlled the 
abundance of phytoplankton and growth of large algae. It follows that the structure of the oligotrophic 
planktonic food web under low grazing on bacteria is ultimately governed by protozoan microzoo- 
plankton. 
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INTRODUCTION 

The planktonic food web has been the focus of 
renewed attention during the past 2 decades (e.g. 
Azam 1998). I t  was shown that the microbial food web 
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may be a major link between phytoplankton and 
meso- or macrozooplankton, especially when the algae 
are dominated by pico- and nanoplankton (Nielsen et 
al. 1993) and under oligotrophic conditions (Roman et 
al. 1988). This link is mediated by microzooplankton 
(Azam et al. 1983, E. B. Sherr et al. 1986). Indeed, the 
small protozoa (c20  pm), which have high growth rates 
(Riegman et al. 1993, Sherr & Sherr 1994), can graze on 
autotrophic picoplankton (Bernard & Rassoulzadegan 
1993, Liu et al. 1995) and nanoplankton (Verity 1991, 
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Sherr & Sherr 1994) at high rates. The grazing of pro- 
tozoa on phytoplankton was estimated to be as high as 
100% of the algal production in the Arabian Sea 
(Reckermann & Veldhuis 1997) and in coastal waters of 
the western Gulf of St. Lawrence, Canada (Tamig- 
neaux et al. 1997). The small grazers are preyed upon 
by large microzooplankton (Gifford 1988, Reckermann 
& Veldhuis 1997). The latter are themselves likely con- 
trolled by metazoan meso- or macrozooplankton (Paf- 
fenhofer 1998), which cannot efficiently capture such 
small prey as small protozoa (Sanders & Wickham 
1993). It follows that microzooplankton are often 
trophic intermediates between pico- and nanophyto- 
plankton and large metazoans (E. B. Sherr et al. 1986, 
Sime-Ngando et al. 1995). In marine ecosystems dorni- 
nated by the microbial food web, the protozoa exert a 
strong grazing pressure on autotrophic pico- and nano- 
plankton and on heterotrophic bacteria. When the gra- 
zing by protozoa on heterotrophic bacteria dominates 
the food web, the system becomes an almost closed 
microbial loop (Rassoulzadegan 1993). Hence, the do- 
minance of one trophic structure over the other de- 
pends on the magnitude of microzooplankton grazing 
on heterotrophic bacteria relative to small phyto- 
plankton. 

The grazing rate of microzooplankton on het- 
erotrophic bacteria is believed to be in the same 
range as bacterial production in most marine, fresh- 
water and coral reef systems (Rassoulzadegan & Shel- 
don 1986, Ducklow 1990, Van Wambeke et al. 1996, 
Voros et  al. 1996, Ferrier-Pages & Gattuso 1998). 
Since bacteria play a major role in the cycling of 
materials in planktonic systems (Azam et al. 1983, B. 
F. Sherr et al. 1986), the grazing mortality rates of 
bacteria largely determine the fate of bacterial carbon 
and, therefore, the structure of the planktonic food 
web. This, in turn, influences the export of biogenic 
carbon (Legendre & Le Fevre 1995). The fate of bacte- 
rial carbon depends on its consumption efficiency and 
the number of steps in the aquatic food web (Azam et 
al. 1983, Miller et al. 1995). Phagotrophic flagellates, 
which are generally 5 to 10 pm in size, and small 
aloricate clliates are the main consumers of bactena 
in most planktonic systems (Rassoulzadegan 1993, 
Simek et al. 1995, Havskum & Hansen 1997). In addi- 
tion, dinoflagellates may indirectly graze bacteria by 
ingestion of bacterivorous protozoa (Lessard & Swift 
1985). The feeding rates of bacterivorous protozoa 
depend on several factors, which include the abun- 
dance, size, growth state, and motility of prey. The 
clearance and ingestion of flagellates are both func- 
tions of food concentration, the clearance rate being 
inverse hyperbolically related to bacterial concentra- 
tion (Sherr et al. 1983). When bacterial abundances 
fall below a threshold, no detectable ciliate feeding 

occurs (Banse 1982). Phagotrophic flagellates (Anders- 
son et al. 1986, Gonzalez 1996) and ciliates (Sirnek et 
al. 1994, Christaki et al. 1998) selectively remove the 
largest bacteria, so that a small size may provide bac- 
teria with a refuge from predation. Laboratory and 
field experiments have shown that protozoa preferen- 
tially remove growing or dividing cells (Sherr et al. 
1992, Gonzalez et al. 1993) and motile bacteria 
(Gonzalez et al. 1993). It follows that morphological 
and physiological characteristics of bacteria may 
have, through their influence on the consumption 
rates of bacterivorous protozoa, a significant effect on 
the structure and functioning of planktonic food webs. 

Relatively little is known about the grazing activity 
of protozoa in coral reef systems, compared to oceanic 
waters. This trophic compartment is still under-studied 
in most atoll lagoons. Since the magnitude of grazing 
on heterotrophic bacteria relative to pico- and nano- 
phytoplankton determines the type of planktonic food 
web, the present study addresses the structure of the 
food web in the lagoon of Takapoto Atoll based on the 
grazing mortality caused by protozoa on different 
planktonic compartments. Similar to other oligotrophic 
environments, primary production in the lagoon of 
Takapoto is dominated by cyanobacteria. Prochloro- 
phvtes are present, but their contributions to the chlo- 
rophyll a (chl a )  biomass and phytoplankton pro- 
duction are negligible, i.e. 4 and 2%, respectively. 
Bacterial production is low (Torreton & Dufour 1996), 
but the numerical abundance of heterotrophic bacteria 
is higher than generally reported in other oligotrophic 
and coral reef systems. To explain this apparent para- 
dox, we hypothesized that the heterotrophic bacteria, 
which are very small in the lagoon (0.035 pm3, or 
0.4 pm d ian~ . ) ,  are grazed by protozoa at low rates. 
Hence, the grazing of protozoa on cyanobacteria 
and/or algae is expected to be high. If so, the major 
trophic pathway would be the grazing of protozoa on 
phytoplankton, not on heterotrophic bactena, thus 
resulting in a structure of the planktonic food web that 
differs from the usual microbial loop and microbial 
food web. The alternative hypothesis is that the graz- 
ing of protozoa on bacteria is high, but protozoa cannot 
efficiently control bacterial abundances because they 
are themselves controlled by larger microzooplankton 
grazers. This implies that the grazing of small protozoa 
should increase after the removal of large microzoo- 
plankton. 

In order to test the above hypotheses, we estimated 
and compared the grazing activities of small protozoa 
on heterotrophic bacteria, cyanobacteria and algae in 
the presence and absence of the large microzooplank- 
ton grazers by using the dilution protocol. In addition, 
the fluorescently labeled prey method was used to 
determine taxa-specific feeding characteristics. 
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MATERIALS AND METHODS 

Study site. Takapoto Atoll (14" 30' S, 145" 20' W) 
(Fig. 1) is located in the North Tuamotu Archipelago 
(French Polynesia). The lagoon has an area of 81 km2 
and a mean depth of 25 m (Charpy 1996). Exchanges be- 
tween the ocean and the lagoon are by reef flat spillways 
(10 m wide, 50 cm deep) in the reef rim. Water residence 
time in the lagoon is about 4 yr (Sournia & Ricard 1976), 
and water temperature is between 28 and 30°C. 

Serial dilution grazing experiments. Experimental 
procedure: In order to estimate the grazing of micro- 
zooplankton on heterotrophic bacteria and phyto- 
plankton, 4 experiments were performed in April 1996 
(DiluI-96 and DiluII-96) and 1997 (Dild-97 and DiluII-97) 
using a modified version of the dilution protocol of 
Landry & Hassett (1982). Water samples were taken at 
2 m depth at Stn 9 (Fig. 1). The station is representative 
of mean lagoon conditions (Charpy et al. 1997). Some 
water samples were prescreened through a 35 pm 
mesh and others through a 200 pm mesh, in order to 
determine the grazing pressure of the S35 pm protozoa 
(absence of >35 pm grazers) and the whole S200 pm 
microzooplankton assemblage (presence of the >35 pm 
grazers), respectively. Water samples were diluted, or 
not, with particle-free lagoon water (prefiltered through 
a Gelman 0.2 pm minicapsule filter) to obtain dilution 
factors of 100 (no dilution), 80, 60 and 40% of natural 
water. For each experiment, the 4 dilution mixtures 
were dispensed in triplicate in 2 l polycarbonate acid- 
cleaned flasks, which were incubated in situ at 2 m for 
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Fig. 1. Takapoto Atoll, French Polynesia. location of the sam- 
pling station 

24 h. In 1997, the flasks were amended with nitrate 
(final concentration of 20 pM) and glucose (final con- 
centration of 5 FM), or with nitrate, glucose, and phos- 
phate (final concentration of 1.5 PM). At the beginning 
and the end of the experiment, each dilution mixture 
was sampled for determination of chl a,  and abun- 
dances of heterotrophic bacteria, phytoplankton, and 
microzooplankton. Additional samples of natural water 
were taken for nutrient analysis. 

Treatment o f  water samples: Nutrients were ana- 
lyzed on liquid-N-frozen samples, according to Par- 
sons et al. (1984). using an Alpkem autoanalyzer. Sam- 
ples were size-fractionated by sequentially filtering 
1000 m1 of water on 3, 1 and 0.2 pm polycarbonate 
Nuclepore filters, and chl a was determined using a 
Turner Fluorometer model 112 according to the 
method described in Parsons et al. (1984). 

Samples for the identification and enumeration of 
large algae (2 size classes: 3 to 5 and > 5  pm) and micro- 
zooplankton (2 size classes: 535 and >35 pm) were pre- 
served in buffered 0.22 pm prefiltered formaldehyde 
(final concentration of 1 %). Cell abundances were 
determined under the inverted microscope (Utermohl 
1931, Lund et al. 1958) on 100 m1 settled volumes. 

Samples for enumeration of heterotrophic bacteria, 
cyanobacteria, and small algae (<3 pm) were preserved 
in buffered 0.22 pm prefiltered formaldehyde (final 
concentration of 2%). Bacteria were counted after DAPI 
(4'6-diamidino-2-phenylindole) staining (final concen- 
tration of 1.8 pg ml-') (Hobbie et al. 1977, Porter & Feig 
1980) and collection on 0.22 pm black polycarbonate 
Nuclepore filters. Cyanobacteria and small algae were 
also enumerated on 0.22 pm black polycarbonate 
Nuclepore filters, but without staining, taking advan- 
tage of their natural red-orange and red-dull fluores- 
cence, respectively, when excited with green light 
(Booth 1987). Cell enumeration was done within 5 wk 
of sampling at xlOOO using a Leitz Dialux 22 epifluo- 
rescence microscope. 

Algal cell numbers were converted to carbon bio- 
mass by applying standard geometric shapes to the 
cells and using conversion factors of 0.25 pg C cell-' for 
cyanobacteria (Kana & Glibert 1987) and 0.22 pg C 
for eucaryotic phytoplankton (Booth 1988). Bacterial 
cell carbon was estimated to be 10.54 fg C bacteria-', 
using the equation: y = ~ 8 . 6 9 , ~ '  (Simon & Azam 1989) 
where X is the mean cell volume (0.035 pm3, or 0.4 pm 
in diam.) and y is cell protein (fg), the C:protein ratio 
being equal to 0.86. The carbon biomasses of hetero- 
trophic bacteria were estimated by multiplying their 
cell carbon by the abundances. 

Calculation. For each algal size fraction, the chl a 
concentration and the carbon biomass were used in 
turn to calculate the apparent growth rate (r ;  d-l) using 
the exponential model given by Landry & Hassett (1982): 
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where No and N, are chl a concentrations or algal car- 
bon biomasses at the beginning and the end of the 
experiment, respectively, k and g (d - ' )  are the spe- 
cific growth and grazing mortality rates of phyto- 
plankton, respectively, and t is the time. Eqs. (1) & (2) 
were also used to estimate the growth and grazing 
mortality rates of heterotrophic bacteria, using No and 
N, as the initial and final bacterial carbon biomasses 
during the experiment, respectively. For both phyto- 
plankton and heterotrophic bacteria, k and g were 
determined from linear regressions on the dilution 
plots, i.e. ln(N,lNo)t-' = f(di1ution factor). The ne- 
gative slope of the line is g and the y-intercept is k. 
The significance of the regression line was t-tested. 
All regression statistics were significant (p < 0.05), so 
all data from the serial dilution experiments were 
used for the calculations. 

The numbers of doublings per day of phytoplankton 
and heterotrophic bacteria were calculated as: 

doublings d-' = klln2 = 1.44k 

The consumption rates of the carbon biomasses of 
phytoplankton and heterotrophic bacteria were calcu- 
lated as: 

consumption rate of carbon (yg C 1-' d-') = g x CO (4) 

where CO is the carbon biomass of phytoplankton or 
bacteria in the undiluted control at the beginning of 
the experiment. The percentage of algal or bacterial 
production consumed was calculated as 100glk. 

The abundances of 535 pm protozoa were used to 
calculate their gross growth rate as: 

where P, and P, are the initial and final numbers of 
135 pm protozoa, respectively, in the experiments w~th-  
out the >35 pm grazers, and t is the time. The net 
growth rate of S35 pm protozoa, z ( d - l ) ,  was calculated 
with Eq. (5) using the values from experiments with the 
>35 pm grazers. The grazing rate on 135 pm protozoa 
was computed as: 

The percentage of 535 pm protozoan production 
consumed was calculated as 100g'lz' 

Statistical analyses: In order to test the effect of 
>35 pm grazers on 135 pm protozoan grazing, t-tests 
were used to compare the values from expenments 
with and without the large grazers. Analyses of vari- 
ance (ANOVAs) were used to compare averages 
among the 4 experiments (DiluI-96, DiluII-96, DiluI-97, 
and DiluII-97) and 3 groups of organisms (bacteria, 

cyanobacteria, and phytoplankton) for each treatment 
(presence or absence of the large grazers) and each 
variable. The conditions of normal distribution (test of 
Shapiro-Wilk) and homogeneity of variance (Fisher or 
Bartlett-Box test; Zar 1984) were fulfilled in all cases. 

FLB and FLA grazing experiments. The specific 
grazing activities of heterotrophic flagellates, dinofla- 
gellates, and ciliates on bacteria and algae were 
assessed by short-term (1 h) uptake of fluorescently 
labeled bacteria (FLB; Sherr et al. 1987) and algae 
(FLA; Rublee & Gallegos 1989), respectively. The FLB 
and FLA short-term experiments were performed on 7 
and 19 April 1997, respectively. In order to estimate 
the total effect of 535 pm protozoan grazing on bacte- 
ria or algae, 2 experiments were performed on 8 and 
16 April 1997, during which we determined the 
long-term (24 h) disappearance of FLB and FLA in the 
incubated samples (Marrase et al. 1992, Sherr & Sherr 
1993). 

Preparation o f  FLB and FLA stock solutions: Heat- 
killed FLB were prepared as described by Sherr et al. 
(1987). Bacterial cultures were isolated from the water 
column of Lake St. Charles (Quebec, Canada) and 
grown on yeast extract medium for 2 d. Bacterial iso- 
lates were harvested by centrifugation at 22000 X g 
for 15 min. The bacterial pellets were suspended in 
a 0.05 M phosphate-buffered saline solution, and 
stained with 5-(4,6-dichlorotriazin-2-yl) aminofluores- 
cein (DTAF) at 60°C for 2 h, after which the cells were 
washed 3 times with the phosphate-buffered saline so- 
lution and suspended in a 0.02 M pyrophosphate saline 
buffered solution. The stock solution (2 X 10' FLB ml-') 
was stored frozen in small volumes (2 ml), as recom- 
mended by Sherr et al. (1989). 70% of 1000 enumer- 
ated FLB from the stock solution were 50.5 pm diame- 
ter, which corresponds to the size of bacteria in the 
lagoon of Takapoto Atoll (ca 0.4 pm). Hence, the re- 
sults of FLB experiments are pertinent to heterotrophic 
bacteria, not cyanobacteria (ca 0.85 pm). 

For preparation of the FLA stock solution, we used 
the chlorophycean Nannochlons sp. When stained 
with DTAF, this species has the advantage of produc- 
ing uniformly bright apple-green fluorescent cells, 
which are easily distinguishable under epifluores- 
cence microscopy (Rublee & Gallegos 1989). We fol- 
lowed the method of Rublee & Gallegos (1989) to pre- 
pare the FLA from clonal algal cultures. The procedure 
to label the algae was that of Sherr et al. (1987), 
described above, except that centrifugation was done 
at 800 x g and the cells were resuspended, in addition 
to the pyrophosphate saline buffered solution, with 
dimethyl sultoxide. The latter minimizes cell damage 
due to freezing (Sherr et  al. 1991). The FLA stock solu- 
tion (7 X 107 FLA ml-l) was stored in small volumes in 
the refrigerator. The FLA were 3 to 4 pm diameter, 
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which resembles the size of natural Chlorophyceae (3 
to 5 pm) in the lagoon. 

Experimental procedure and calculation: Before use, 
the FLB and FLA stock solutions were resuspended in 
the pyrophosphate saline buffered solution (1:10), vor- 
texed, and sonicated to disaggregate clumped cells. 
Water samples collected at 2 m depth at Stn 9 (Fig. 1) 
were prescreened through a 35 pm mesh, before being 
poured into clear acid-washed 2 l polycarbonate flasks. 
The samples remained untreated for 30 min, to let the 
planktonic community recover from handling, after 
which the FLB or FLA were added. All experiments 
were performed in triplicate. 

Short-term uptake experiments. For the short-term 
uptake experiments, the FLB and FLA were added at 
final concentrations of 16% of the natural bacterial 
population and 30% of the natural Chlorophyceae as- 
semblage in the lagoon, respectively. The treated 
flasks were incubated in situ at 2 m. Subsamples were 
taken at 15 min intervals for 60 min. At each sampling 
time, 20 m1 (for the FLB treatment) or 100 m1 (for the 
FLA treatment) of sample were removed from each 
flask and fixed with 0.5 % (final volume) alkaline Lug01 
solution followed by 3 % (final volume) borate- 
buffered formaldehyde and a few drops of thiosulfate 
sodium solution. This fixation treatment preserves the 
cells and prevents the egestion of the contents of food 
vacuoles for flagellates (Sherr et al. 1989). Cells were 
enumerated using a modification of the protocol of 
Sherr et al. (1987). The preserved subsamples were 
settled, using the Utermohl sedimentation technique, 
for 48 h and examined under an inverted microscope 
equipped with an  epifluorescent lamp. This method 
has the advantage of counting the numbers of FLB or 
FLA per protozoan cell, and simultaneously identifying 
and counting the protozoa, which have ingested or not 
the FLB or FLA. Small subsamples were taken at time 
zero to determine the exact concentration of FLB or 
FLA added to the samples. Additional subsamples 
(20 ml) were taken, stained with DAPI (final concentra- 
tion of 1.8 pg ml-l), and filtered on 0.22 pm Nuclepore 
black polycarbonate filters for enumeration of total 
natural bacteria. Other subsamples (100 ml) were 
taken and fixed with buffered 0.22 pm prefiltered 
formaldehyde (final concentration of 1 %) for enumera- 
tion of natural 3 to 5 pm algae. 

The short-term uptake rates of FLB or FLA (prey 
ind.-I h-') were calculated for flagellates, dinoflagel- 
lates, and ciliates, from the linear portion of the curve 
of average numbers of FLB or FLA per protozoa as a 
function of time, by simple regression analysis. The 
FLB or FLA uptake rates were divided by the number 
of added FLB or FLA to estimate the hourly individual 
clearance rate (ICR: p1 ind.-' h-'). The grazing rates (g)  
of the 3 groups of protozoa were calculated from their 

corresponding individual clearance rates and abun- 
dances as: 

g (d-') = 
ICR X abundance of the protozoan group X 24 h (7) 

For each protozoan group, the individual ingestion 
rates (IIR: cells ind.-' h-') were calculated by multiply- 
ing the ICR by the abundances of both fluorescent and 
natural prey, i.e. FLB + natural heterotrophic bacteria 
or FLA + 3 to 5 pm natural algae. The ingestion rates 
were also expressed in terms of carbon (pg C ind.-' h-') 
by converting the prey cell numbers into carbon bio- 
mass, using the conversion factors and formula given 
above for the dilution experiments. Finally, the IIRs of 
each protozoan group were multiplied by the corre- 
sponding total abundance in natural water and by 24 h 
to obtain daily rates (cells 1-' d-' or pg C 1-' d-') of bac- 
teria or 3 to 5 pm algae consumed by the whole assem- 
blage of flagellates, dinoflagellates, or ciliates. 

Long-term disappearance experiments. The flasks 
were inoculated with FLB and FLA at a final concen- 
tration of 64% of the natural bacterial numbers and 
80% of the natural 3 to 5 pm algae, respectively. The 
treated flasks were incubated in situ at 2 m. Subsam- 
ples were taken every 4 h for 24 h, and preserved in 
the same way as for the short-term uptake experi- 
ments. The preserved subsamples were filtered on 
0.22 pm Nuclepore black polycarbonate filters, and the 
FLB and FLA were counted under a Leitz Dialux 22 
epifluorescence microscope, following the method of 
Sherr et al. (1987). Subsamples were also taken to 
count the total numbers of natural bacteria and 3 to 
5 pm algae. 

The grazing rates (g ,  h-') were calculated from the 
rates of disappearance of fluorescent prey (FLB or 
FLA) as: 

where F. and F, are initial (at 0 h) and final (at 24 h) 
concentrations of FLB or FLA, respectively, and t is the 
time. The total cell numbers of c35 pm protozoa were 
converted into total volumes by applying standard 
geometric shapes to the protozoan cells, and grazing 
rates were divided by the total volumes of 135 pm 
protozoa to obtain volume-specific clearance rates 
(CR: p1 pm-3 h-'). The volume-specific ingestion rate 
for the 535 pm protozoa (IR: cells ingested pm-3 h-') 
was calculated as in the short-term uptake experi- 
ments (IR = CR X cell concentration), the cell concen- 
tration being the sum of FLB and natural bacteria or 
FLA and 3 to 5 pm algae. The ingestion rate was 
expressed in terms of carbon (pg C pm-3 h-'), in the 
same way as in the short-term uptake experiments. 
Finally, the daily rate of ingestion of bacteria or 3 to 
5 pm algae by the whole 535 pm protozoan assem- 
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blage (cells 1-' d-', or pg C 1-' d-'1 was calculated by The 35 to 200 p protozoan assemblage included large 
multiplying IR by the total volume of < 35 pm protozoa dinoflagellates (Amphidiniopsis, 46 pm; Ornithocer- 
and 24 h. cus, 60 pm; Pomatodinium, 55 pm), tintinnids, which 

were mostly represented by Favella brebis (70 pm), 
and large oligotrichous ciliates (40 to 55 pm). 

RESULTS 

Characteristics of the plankton assemblage Serial dilution experiments 

During our study, there was no significant differ- The initial conditions for each dilution grazing 
ence between the 2 years for any of the planktonic experiment are given in Table 1. The results of the 4 
variables. Hence, all values given below are averages dilution experiments were used since the slopes of all 
over all experiments. In the lagoon, heterotrophic regressions were significantly different from zero. 
bacteria were very abundant (1.6 X 10' cells I-'), with 
a mean carbon biomass of 16.7 pg C 1-l. The average 
algal carbon biomass was 29.5 pg C I-', and the mean Growth and grazing mortality of heterotrophic bacteria 
chl a concentration was 0.24 pg 1-'. The < l  pm size 
fraction contributed >50 % to the total chl a. The phy- In both the presence and absence of large grazers 
toplankton assemblage was numerically dominated (>35 pm), the grazing rates on bacteria were homoge- 
by small algae, i.e. cyanobacteria (mean size: 0.85 pm; neous among experiments and not significantly differ- 
1.8 X 10' cells 1-') and <3 pm algae (mean size: ent between the 2 treatments (Fig. 2a). For the 3 exper- 
2.5 pm; 2.9 X 106 cells 1-l). The assemblage of large iments and 2 treatments, the average grazing on 
(>3 pm) algae in the lagoon was dominated by 3 to bacteria was 0.25 d-l. The mean consumption rate of 
5 pm Chlorophyceae (0.5 X 106 cells I-'), which repre- bacterial carbon biomass was 4.3 pg C 1-' d-l. On aver- 
sented 68% of the total number of > 3  pm algae (in age, protozoan bacterivory corresponded to 28% of 
atoll Iagnons: Chlorophyceae are qenerally not abun- 
dant, e.g. Uvea Atoll, New Caledonia; Le Borgne et al. 
1997). Dinoflagellates (42 X 103 cells 1-l) and coccol- 
ithophores (17 X 103 cells I-') represented 19 and 8 %  
of > 3  pm algal abundances, respectively. For all 
experiments, the assemblage of large algae was dom- 
inated by the following genera: Nannochloropsis 
(3 pm) and Chlamydomonas (5 pm) (Chlorophyceae), 
Gymnodinium (10 pm) (dinoflagellates), and Acantho- 
ica (15 pm), Corisphaera (12 pm) and Syracosphaera 
(14 pm) (coccolithophores). 

The 135 pm microzooplankton were mostly do- 
minated by nanoflagellates, which added up to 
44 X 103 cells 1-l. This protozoan group was repre- 
sented by 3 aplastidic taxa, i.e. Halosphaera (10 pm), 
Leucocryptos (7 pm), and Telonema (14 pm). In most 
marine ecosystems, the nanoflagellate assemblage is 
numerically dominated by <5 pm organisms (Sherr & 
Sherr 1991). Because these organisms are fragile and 
more susceptible to lysis when stored, they were prob- 
ably underestimated in the present study. The 535 pm 
heterotrophic dinoflagellates were also present 
(7.3 X 103 cells I-'), being dominated by Achradina 
(32 pm), Gonyaulax (25 pm), Pronoctiluca (27 pm), and 
Prorocentrum (33 pm). The 535 pm protozoan assem- 
blage also included small oligotrichous naked cfiiates 

0 < 200 pm grazers 
m < 35 pm grazers 

2.0 
b) growth rate 

(2.0 X 103 cells 1-l), mostly represented by Lobeilia 
(34 pm) and ~ t ~ ~ ~ b j d j ~ ~  (12 to 30 pm) ~h~ >35 pm Fig. 2. Grazing mortality ( g )  and growth (k) rates of het- 

erotrophic bacteria, cyanobacteria, and <3, 3 to 5 and >5 pm 
microzooplankton mostly consisted of protozoa, with algae from dilution experiments with <200 and c35 
metazoa (copepod nauplii) being seldom observed. grazers laverages of the 4 experiments + SD) 
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bacterial growth. The growth rates of bacteria were 
the same in the presence or absence of the >35 pm con- 
sumers (Fig. 2b). They were not different between the 
1996 and 1997 experiments, despite the fact that the 
Dilul-97 flasks were enriched with nitrate + glucose. 
The mean growth rate was 0.9 d- ' ,  which gives a value 
of 1.3 doublings d-'. 

Growth and grazing mortality of phytoplankton 

Fig. 2 also gives the results of dilution experiments 
for algal carbon. In each treatment and for each algal 
group, the estimated variables were homogeneous 
among experiments. The grazing rates on cyanobacte- 
na  were 3 times higher without the >35 pm grazers 
than with them (1.2 and 0.4 d-l, respectively; Fig. 2a). 
On average, 5 pg of cyanobacterial carbon were con- 
sumed per litre daily by the $200 pm grazers, the rate 
being 3 times higher (15 pg C 1-' d-') without the large 
grazers. The growth rates of cyanobacteria were the 
same for the 2 treatments (Fig. 2b), the mean value 
being 0.5 d-', which gives a value of 0.7 doublings d-'. 
Total microzooplankton grazing was 74 % of cyanobac- 
terial growth, the percentage being >l90 % when the 
135 pm protozoa only were present. 

As observed for cyanobactena, the grazing rates on 
algae by the $35 pm protozoa alone were significantly 
higher than those estimated for the whole microzoo- 
plankton assemblage (Fig. 2a). This was true for the 3 
algal size classes (<3, 3 to 5, and >5  pm). The mean 
grazing rates for 1200 pm microzooplankton were 0.4, 
0.4, and 0.5 d-', respectively, the grazers consuming 2, 
1, and 5 pg C 1-' d-' of the 3 algal size classes, respec- 
tively. In the absence of the >35 pm grazers, the mean 
grazing rates on the 3 algal size classes were 1.4, 1.3, 
and 1.5 d-l, respectively, the mean carbon consump- 
tion rates by the <35 pm grazers being 7, 4 ,  and 
14 pg C 1-' d-', respectively. The < 3  pm algal growth 
rates, like those of cyanobacteria above, were not sig- 
nificantly different between treatments (Fig. 2b), their 

a) grazing m o m l ~ t y  rare 

IC 7 C  ,, 

b) growth rate 

' O  7 

Fig. 3. Grazing mortality (g) and growth (k)  rates of < l ,  1 to 3 
and >3  pm chl a from dilution experiments with <200 and 

c35  pm grazers (averages of the 4 experiments +SD) 

mean value being 0.8 d-l, or 1.2 doublings d-'. The 3 to 
5 and > 5  pm algae had similar growth rates. Their 
mean values with the large grazers present (0.5 d-l, or 
0.7 doublings d-') were 2.5 times lower than without 
them (1.2 d-', or 1.7 doublings d-l) (Fig. 2b). The graz- 
ing mortality of algae by total microzooplankton repre- 
sented 56, 80, and 100% of algal growth in the 3 size 
classes, respectively, whereas, in the absence of the 
large grazers, the 135 pm protozoan grazing was 150, 
108, and 115% of algal growth for the respective size 
classes. 

Table 1. Initial conditions in undiluted controls at the beginning of each dilution grazing experiment. nd: not determined. NO3 
concentrations are not given because of a technical problem during the analysis 

DiluI-96 DiluII-96 DiluI-97 DiluII-97 

Date 23 Apr 1996 30 Apr 1996 7 Apr 1997 16 Apr 1997 

Initial nutrient concentration (pM) PO4 0.17 0.21 0 31 0.07 
Si(OH)4 nd nd 0.16 0.21 

Initial total chl a concentration (pg chl a I-') 0.23 0.24 0.25 0.24 

Initial total algal carbon biomass (pg C I-') 29.0 31.5 31.0 26.5 

Initial bacterial carbon biomass (pg C 1- l )  16.3 16.5 17.2 nd 

Initial 535 pm protozoan abundance (103 cells I-') 53.2 58.7 52.1 49.2 
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Table 2. Net growth rates (d-'; in the presence of the >35 pm grazers) and gross 
growth rates (d-'; in the absence of the >35 pm grazers) of the 1 3 5  pm protozoa, 
and grazing mortality rates (d-l) by the large consumers. Values are averages 

of triplicates * SD 

Net growth rates (2) 0 . 1 6 i 0 . 0 9  0.17 i 0 . 0 9  0.11 t 0.05 0.15 i 0.00 
Gross growth rates (z') 0.46 * 0.10 0.44 i 0.08 0.40 k 0.02 0.45 i 0.05 
Grazing rates (g' = z' - z) 0.30 * 0.09 0.27 i 0.07 0.29 k 0.03 0.30 i 0.06 

The results of dilution grazing ex- 
periments are given in Fig. 3 for chl a 
biomass. The grazing of microzoo- 
plankton on phytoplankton was signif- 
icantly enhanced when the >35 pm 
grazers were removed (Fig. 3a), this 
being true for the 3 size fractions. In 
each treatment and for each size frac- 
tion, the grazing rates were homoge- 
neous among experiments. The mean 
grazing rates of the whole microzoo- 
plankton assemblage on the >3, 1 to 3 and c1 pm chl a 
were 0.3, 0.5, and 0.4 d-l, respectively. For the 135 pm 
grazers alone, the grazing rates were > 2  times those 
for total microzooplankton, giving mean values of 0.8, 
1.0, and 0.9 d-', respectively. Concerning growth rates, 
only those of > 3  pm chl a were enhanced by the re- 
moval of large grazers (Fig. 3b), the mean value being 
0.3 d-' with the large grazers and 2.5 times as high 
(0.7 d-') without them. For the > 3  pm chl a ,  the grazing 
rates represent ca 100% of the growth rates with or 
without the >35 pm grazers. For the c 1  and 1 to 
3 pm chl a size fractions, the growth rates were not 
higher when the large grazers were removed, the val- 
ues being similar for the 2 fractions (mean of 0.5 d-l). 
The total microzooplankton qrazing rates represent 
100 and 80% of the growth rates of the 1 to 3 and 
< l  pm chl a size fractions, respectively. In the absence 
of the >35 pm grazers, the 135 pm protozoan grazing 
was >170% of growth in the 2 chl a size fractions. 

Growth and grazing mortality of 135 pm protozoa 

Table 2 gives the growth rates of 135 pm protozoa es- 
timated in the presence of the >35 pm grazers (net 
growth rates), and in their absence (gross growth rates). 
The difference between the 2 growth rates provides the 
>35 pm microzooplankton grazing rates on S35 pm pro- 
tozoa. The 3 estimated variables were homogeneous 
among experiments. The 535 pm protozoa had a mean 
gross growth rate (0.44 d-l) 3 times higher than their 
mean net growth rate (0.14 d-'). They were removed by 
the >35 pm grazers at a rate of 0.3 d-l, which represents 
67 U/u of the small protozoan gross growth. 

FLB and FLA short-term uptake experiments 

In the short-term uptake experiments (1 h), the incu- 
bated samples were prescreened on a 35 pm mesh. 
The experiments thus provide estimates of specific 
rates for the various protozoan groups 535 pm in size. 
The results of FLB and FLA short-term uptake experi- 
ments are given in Table 3. 

Microscopic counts show that phagotrophic flagellates 
made up a major portion of the bacterivorous protozoa 
(81 % of the protozoa that ingested FLB). Within the fla- 
gellate group, the organisms that consumed the FLB be- 
longed to genera Leucocryptos and Halosphaera, which 
are 7 and 10 pm in size, respectively. The heterotrophic 
dinoflagellates and ciliates were minor components of 
the bacterivorous protozoa (1 1 and 8 % of the protozoa 
that ingested FLB, respectively). The former were dom- 
inated by the pigmented species Gymnodinium prola- 
turn (<l0 pm), and the latter were represented by the 
small oligotrichous ciliate genus Strombidlum (12 to 
30 p m )  The grazing rates were low, with values of 0.06, 
0.0004, and 0.0007 d-' for the heterotrophic flagellates, 
dinoflagellates, and ciliates, respectively. Phagotrophic 
flagellates had the highest cell-specific clearance and in- 
gestion rates, with values of 0.06 p1 ind.-' h-' and 
108 cells ind.-' h-', respectively. For the total nanoflagel- 
late assemblage, the ingestion rate was 114 X 106 bacte- 
ria I-' d-', or, in terms of carbon, 1.2 pg C I-' d-l. 
Dinoflagellates and ciliates consumed only 0.7 and 
1.4 X 106 bacteria 1-' d-l, respectively, their respective in- 
gestion rates being 0.01 and 0.02 pg C 1-' d-'. 

In the FLA short-term uptake experiment, the het- 
erotrophic flagellates, dinoflagellates, and ciliates 
made up similar proportions of the phytophagous pro- 
tozoa, i.e. 35,30, and 35 % of the protozoa that ingested 
FLA, respectively. Genus Telonema (14 pm) was the 
major flagellate taxon ingesting FLA. The major phy- 
tophagous dinoflagellates belonged to Achradina 
(32 pm) and Prorocentrum (33 pm). The ciliates that 
ingested FLA belonged to Lobeilia (34 pm) and Strom- 
bidium (31 pm). Despite the fact that the proportions of 
the 3 protozoan groups among the phytophagous pro- 
tozoa were similar, dinoflagellates had the highest spe- 
cific rates of grazlng (1.2 d-'), clearance (10.8 p1 ind.-' 
h-'), and ingestion (12.6 algae ind.-' h-'). The ingestion 
rate of the dinoflagellate assemblage was 1.4 X 106 
algae 1-I d l ,  giving a daily ingested carbon biomass of 
4 . 3  pg C I-'. The phagotrophic flagellates had the low- 
est specific clearance (0.6 p1 ind.-' h-') and ingestion 
(0.8 algae ind.-' h-') rates. Their assemblage ingestion 
rate was 0.8 X 106 algae 1-I d-l ,  or 2.5 pg C I-' d-l. The 
ciliates had specific clearance (2.1 p1 i d - '  h ') and 



Sakka et al.: Planktonic food web of Takapoto Atoll 9 

ingestion (2.4 algae ind.-' h-') rates higher than those (Fig. 2a). The 135 pm protozoan assemblage ingestion 
of flagellates, but their assemblage ingestion rate rate of carbon (5.6 pg C 1-' d-l) was also in the same 
(0.1 X 106 algae I-' d-l, or 0.4 pg C 1-' d-') was the low- range as those estimated for the 3 to 5 pm algae with- 
est because these protozoa were the less abundant out the 35 to 200 pm grazers. 
group in the protozooplankton. 

DISCUSSION 
FLB and FLA long-term disappearance experiments 

Estimation of microzooplankton grazing rates 
Results of the FLB and FLA long-term disappearance 

experiments (24 h) are given in Table 4 .  During these 
experiments, we calculated the FLB and FLA disap- 
pearance rates, which are the grazing rates of the 
whole 535 pm protozoa assemblage (the incubated 
samples were prescreened on a 35 pm mesh). The 
results of the FLB and FLA long-term disappearance 
and dilution experiments without the >35 pm grazers, 
which both lasted 24 h, can be compared because the 2 
types of experiments provide similar information on 
the 135 pm protozoan grazing activity. In contrast, the 
results of the short-term uptake and the long-term dis- 
appearance experiments cannot be compared because 
of the different incubation times, i.e. 1 h for the former 
and 24 h for the latter. 

During the 2 FLB long-term experiments, the graz- 
ing rates were similar, with a mean value of 0.2 d-'. 
These rates are in the same range as those obtained in 
the dilution experiments (Fig. 2a). The clearance and 
ingestion rates had mean values of 0.85 nl pm-3 h-' and 
2.5 bacteria pm-3 h-', respectively. The 135 pm proto- 
zoan assemblage ingested daily 589 X 106 bacteria 1-' 
or 6.3 pg C I-'. This carbon ingestion rate is in the same 
range as the bacterial carbon consumption rates esti- 
mated during the serial dilution experiments. 

During the 2 FLA long-term experiments, the graz- 
ing rates were similar, with a mean value of 1.4 d-l. 
The grazing rates estimated in the FLA long-term 
experiments were not different from the grazing coef- 
ficients on the 3 to 5 pm algae estimated in the dilution 
experiments, in absence of the >35 pm grazers 

During the last few decades, several methods have 
been developed to assess the role of microzooplankton 
grazing in plankton trophodynamics. Quantifying the 
grazing rates is, however, still problematic. In the pre- 
sent study, 2 different methods were used to estimate 
the grazing effects of microzooplankton in the lagoon 
of Takapoto Atoll, i.e. the dilution technique, which 
involves the whole community, and the fluorescently 
labeled prey method, which is based on addition of a 
tracer. 

The dilution method of Landry & Hassett (1982) has 
been widely used in plankton research since it provides, 
in a single experiment, field estimates of growth and 
grazing mortality for all autotrophic organisms. Even 
though the technique is not advocated for heterotrophic 
bacteria (Landry 1993), our results for bacteria (Fig. 2) 
are similar to those obtained from the FLB long-term ex- 
periments (Table 4 ) ,  which are more appropriate for 
these organisms. So, the dilution technique also pro- 
vides, in the present study, a useful index of bacterial 
grazing mortality. The central assumption of the dilution 
method is that the grazing rate is proportional to the di- 
lution effect on grazer concentration (dilution factor). As 
a corollary, the individual clearance rates of microzoo- 
plankton must be constant, i.e. independent of the dilu- 
tion effect on prey concentration. The dilution of samples 
can, however, reduce prey concentration below a thresh- 
old where the grazers' clearance rates are increased. At 
the other end of the dilution spectrum, prey concentra- 
tion in undiluted or minorly diluted samples may be 

Table 3. FLB and FLA short-term uptake experiments. Grazing rates (g), individual clearance rates (ICR), individual ingestion 
rates (IIR), and assemblage ingestion rates (AIR) for the 535 pm phagotrophic flagellates, dinoflagellates, and ciliates. Values are 

averages of triplicates + SD 

5' ICR IIR AIR 
(d-'1 (p1 ind.-' h-') (cells ind:' h-') (pg C ind.-' h-') (106 cells l-' d-l) (pg C 1-' d-'1 

FLB short-term uptake experiment (7 Apr 1997) 
Flagellates 0.0600 i 0.0100 0.057 + 0.020 107.6 * 44.5 1.13 i 0.40 113.6 r 47.4 1.20 * 0.500 
Dinoflagellates 0.0004 i 0.0001 0.003 + 0.001 6.7 + 1.2 0.07 i 0.01 0.7 i 0.05 0.01 * 0.002 
Ciliates 0.0007 i 0.0002 0.015 + 0.004 27.7 * 8.3 0.29 0.08 1.4 i 0.05 0.02 i 0.004 

FLA short-term uptake experiment (19 Apr 1997) 
Flagellates 0.68 + 0.03 0.65 * 0.03 0.8 * 0.06 2.42 i 0.8 0.8 * 0.07 2.55 i 0.93 
Dinoflagellates 1.20 i 0.12 10.82 0.93 12.6 * 1.22 39.23 i 3.65 1.4 + 0.50 4.28 * 0.74 
Ciliates 0.1 1 i 0.04 2.09 r 0.71 2.4 0.80 7.54 i 2.60 0.1 i 0.01 0.39 + 0.14 
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Table 4. FLB and FLA long-term disappearance experlrnents. Grazing rates (g), volume-specific clearance rates (CR), 
volume-specific ingestion rates (IR), and assemblage ingestion rates (AIR) for the whole 235 pm protozoan assemblage. Values 

are averages of triplicates i S D  

9 CR IR AIR 
W')  (nl pm-3 h-') (10-* cells h-')(fg C pm-3 h-') (106 cells I-' d-') (pg C 1-' d-l) 

FLB long-term disappearance experiments 
Expt 1 (8 Apr 1997) 0.22 a 0.04 1.00 a 0.05 280 i 11 8.7 i 0.3 707.0 + 65.7 7.5 i 1.3 
Expt 2 (16 Apr 1997) 0.18 a 0.02 0.70 * 0.03 195 + 5  6.2 a 0.2 470.0 a 50.5 5.0 a 1.8 

FLA long-term disappearance experiments 
Expt 1 (8 Apr 1997) 1.38 i 0.02 1.10 i 0.20 0.40 i 0.03 7.5 a 1.5 2.0 i 0.6 6.2 i 1.5 
Expt 2 (16 Apr 1997) 1.50 a 0 03 0 9 0 i  0.10 0.25 a 0.05 4 2 a 1 6  1 6 i 0.4 5.0 a 1.0 

above the level that saturates grazers' ingestion, so that 
the grazers' clearance rates may decrease to keep in- 
gestion constant. In both cases, the relationship between 
the feeding rate and prey concentration (i.e. the func- 
tional feeding response) will not be linear (Landry 1994, 
Landry et al. 1995), which may be reflected in the dilu- 
tion plots. Since our dilution plots were significantly lin- 
ear, we conclude that our estimated grazing coefficients 
from the dilution approach are not biased. Another po- 
tential problem arises from the fact that serial dilution 
experiments require relatively long incubations (24 h) to 
observe a significant change in prey concentration. Dw- 
ing the incubations, nutrients may become depleted, 
which would modify the growth rates. In such a case the 
relationship between the apparent growth rate and the 
dilution factor may have an exaggerated negative slope, 
because nutrient limitation would be a source of prey 
decrease additional to protozoan grazing, so that the 
grazing rate would be overestimated. In our dilution ex- 
periments, the estimates of growth coefficients for het- 
erotrophic bacteria, cyanobacteria, several algal size 
classes, and several chl a size fractions without nutrient 
enrichment (DiluI-96 and DiluII-96) were similar to those 
obtained with nutrient amended samples (DiluI-97 and 
DiluII-97). This indicates that, during our 24 h incuba- 
tions, the different organisms did not experience nutnent 
limitation by N or P. There might have been, however, 
limitation by other nutrients than N or P (e.g. Fe) during 
the 24 h incubations. 

The FLB and FLA methods of Sherr et al. (1987) and 
Rublee & Gallegos (1989), respectively, require short- 
term (l h) incubations, the duration of which is gener- 
ally less than the vacuole turnover time. These tech- 
niques involve the small addition of a particulate tracer, 
which causes minor disruption only of the natural 
assemblage. The FLB and FLA short-term uptake ex- 
periments have the advantage of providing visual evi- 
dence of phagotrophic activity, and allowing re- 
searchers to determine the feeding characteristics of 
the various microzooplankton groups. In contrast, the 
FLB and FLA long-term (24 h) disappearance experi- 

ments assess the grazing activity of the whole micro- 
zooplankton community. The 2 types of experiments 
are not free of problems. Microzooplankton grazing of 
heat-killed cells may be lower than that of live cells, 
because of differences in prey size, chemistry, and 
motility (Sherr et al. 1991, Gonzalez et al. 1993). An- 
other potential problem is that the grazing pressure on 
fluorescently labeled prey may be underestimated if 
preservatives cause egestion of vacuole contents (Sier- 
acki et al. 1987). To avoid this problem, we used the 
fixation treatment recommended by Sherr et al. (1989). 
A third potential problem may come from the fact that 
we added, in our FLB/FLA long-term disappearance 
experiments, a concentration of prey higher than a 
tracer concentration (64 and 80% of the natural con- 
centrations of bacteria and 3 to 5 pm algae, respec- 
tively), which might cause a change of the functional 
feeding response of grazers. We think that this prob- 
lem did not occur in our study because, in the dilution 
experiments, we got a significant linear grazing re- 
sponse of protozoa over the range of prey dilutions. So, 
the central assumption of the dilution technique, i.e. 
the individual clearance rates of grazers must be con- 
stant over the range of dilutions, was respected in our 
experiments. The clearance rates from the dilution 
experiments with 535 pm grazers (average of the 4 
experiments for bacteria: 0.21 p1 ind.-' h-'; for 3 to 
5 pm algae: 1 p1 ind.-' d-l) and from the FLB/FLA 
long-term experiments (average of the 2 experiments 
for the FLB and FLA: 0.16 and 1.16 p1 ind.-' h-', respec- 
tively) were not different. This means that the grazers 
did not change their clearance rates (as they did in 
the dilution experiments), which leads us to conclude 
that the feeding response of protozoa did not change 
when the FLB/FLA were added at high concentrations 
during the long-term disappearance experiments. 

Despite the fact that the dilution and FLB/FLA proto- 
cols may cause artifacts and have limits, these 
approaches were used simultaneously in the present 
study to provide detailed information on the grazing 
activity of protozoa. 
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Microzooplankton grazing on heterotrophic bacteria 
and phytoplankton 

Recent studies have investigated the abundance and 
production of heterotrophic bacteria and phytoplank- 
ton in the lagoon of Takapoto Atoll (Torreton & Dufour 
1996, Charpy & Blanchot 1998), but none have ad- 
dressed their grazing mortality and, therefore, their 
overall role in the carbon flux. The present study 
simultaneously used 2 experimental approaches to 
assess the grazing activity of microzooplankton, which 
makes it the most detailed and complete to date in a 
coral reef system. 

In the lagoons of Takapoto and the nearby Tikehau 
Atolls, bacterial abundances are higher (1.6 and 
1.9 X 10' cells I-', present study and Gonzalez et al. 
1998, respectively) than those generally reported in 
coral reef systems, e.g. in the lagoons of One Tree 
Island (Great Barrier Reef, Australia), Majuro Atoll 
(Marshall Islands) and Miyako Island (Japan), and in 
Kaneohe Bay (Hawaii), where bacterial concentrations 
are 0.5, 0.9, 0.6, and 0.8 X log cells 1-l, respectively 
(Landry et al. 1984, Linley & Koop 1986, Yoshinaga et 
al. 1991, Ferrier-Pag&s & Gattuso 1998). Because of the 
high abundance of bacteria in Takapoto, we hypothe- 
sized that their grazing rates by microzooplankton are 
low (see 'Introduction'). 

The results of the dilution experiments indicate that 
the growth rate of bacteria (0.9 d-l) largely exceeded 
their grazing rate (0.26 d-l), which is not consistent 
with the fact that bacterial biomass is temporally stable 
in the lagoon (Torreton & Dufour 1996). One possible 
explanation could be that bacterial mortality in the 
lagoon was higher than in the incubated flasks, be- 
cause of viral lysis (Fuhrman & Suttle 1993, Fuhrman & 

Noble 1995). This is unlikely, however, because this 
cause of mortality should not be different in the flasks 
and in the lagoon. The alternative explanation is 
l g h e r  bacterial growth in the incubation flasks than in 
the lagoon, as discussed in the remainder of this para- 
graph. Bacterial production (3 mg C m-3 d-l) was esti- 
mated by Sakka et al. (unpubl. data) from [methyl- 
3H]thymidine incubations. Using this production, the 
net growth rate of bacteria p = production/biomass = 

3 mg C m-3 d-'/l? mg C m-3 = 0.2 d-l. This value is 
3 times lower than the net growth rate of bacteria cal- 
culated from our dilution experiments p = (k - g) = 

0.9 - 0.3 = 0.6 d-l. This indicates that bacterial growth 
in the incubation flasks was probably enhanced, 
resulting in overestimated growth rates of bacteria. 
The growth rates of bacteria were not different in 1996 
and 1997, despite the enrichment of the DiluI-1997 
flasks with nitrate + glucose. This suggests that these 
resources may have been artificially enhanced by the 
lysis of fragile cells during the filtration of the water 

used for sample dilution, which would have caused a 
stimulation of bacterial growth in the incubated flasks 
relative to field conditions. In addition, it was shown 
that ultraviolet-B radiation has negative effects on the 
growth of heterotrophic bacteria (Herndl et al. 1993, 
Jeffrey et al. 1996). Hence, another possible cause of 
bacterial growth enhancement, during our dilution 
experiments, may have been the reduction of UV-B 
radiation by the polycarbonate incubation flasks. It 
follows that the growth rates of bacteria in the lagoon 
may have been of the same order as their grazing 
mortality. This would be consistent with reports that, in 
most marine, freshwater and coral reef systems, proto- 
zoa have the potential to graze bacteria at a rate that is 
equivalent to their growth (Rassoulzadegan & Sheldon 
1986, Coffin & Sharp 1987, Ducklow 1990, Van Wam- 
beke et al. 1996, Ferner-Pages & Gattuso 1998). 

Using the dilution experiment data, we calculated 
that the $35 pm protozoan assemblage consumed, on 
average, 4.3 pg bacterial C 1-' d-' or 408 X 106 bacte- 
ria 1-' d-'. This consumption rate may be overestimated 
because, in the calculation of the consumption rate of 
carbon (Eq. 41, we considered that all bacteria are 
grazed by protozoa. This may be incorrect because 
only 12% of the bacteria are growing in Takapoto 
Lagoon (Torreton & Dufour 1996; frequency of divid- 
ing-divided cells), and protozoa are known to select 
growing and dividing cells (Sherr et al. 1992, Gonzalez 
et al. 1993, del Giorgio et al. 1996). For 12% of growing 
bacteria, the protozoan consumption rate is 0.65 pg 
C 1-' d-l, or 158 X 106 bacteria 1-' d-l. This consumption 
rate is lower than values in other oligotrophic environ- 
ments such as the Mediterranean Sea (624 X 106 bac- 
teria 1-l d-l, Hagstrom et al. 1988), the Red Sea 
(696 X 10"acteria 1-' d-l, Weisse 1989) and the Sar- 
gasso Sea (600 X 106 bacteria 1-' d-', Davis & Sieburth 
1984). Moreover, the grazing mortality rate of bacteria 
remained unchanged when the 235 pm consumers 
were free of predation (Fig. 2a). This implies that the 
small bacteria of Takapoto are weakly preyed upon by 
the small grazers. In the lagoon of Takapoto Atoll, bac- 
teria are very small (0.035 pm3, or 0.40 pm diameter; 
TorrGton & Dufour 1996). This characteristic can ex- 
plain the low grazing of bacteria by protozoa, which 
are known to select large cells (Gonzalez et al. 1990, 
Gonzalez 1996). Gonzalez et al. (1998) similarly found 
low grazing pressure on heterotrophic bacteria in the 
lagoon of Tikehau Atoll, where bacteria are small 
(0.05 pm3, or 0.46 pm diameter). 

As previously reported for other marine systems 
(Sherr et  al. 1983, Havskum & Hansen 1997), aplastidic 
nanoflagellates are the main bacterivorous protozoa in 
the lagoon of Takapoto Atoll. The individual clearance 
and ingestion rates of flagellates in Table 3 are in the 
range of values reported in most marine ecosystems 
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(Fenchel 1982a-d, Capriulo 1990). In our study, bac- 
terivory was found to be the primary mode of feeding 
of Leucocryptos. This finding is in contrast to other 
investigations, in which this nanoprotozoa mainly 
grazed on nanophytoplankton (Vors 1992). As men- 
tioned in the 'Results', the c 5  pm protozoan flagellates 
may be underestimated in our study because of the 
preservation method. If so, their contribution to bac- 
terivory would be underestimated, which may explain 
the very low grazing rates of flagellates on bacteria 
obtained in the FLB short-term experiments (Table 3). 
In these experiments, the mixotrophic Gymnodinium 
prolatum made up 11 % of the numbers of protozoa 
that ingested FLB. The bacterivory of this dinoflagel- 
late is likely to be indirect, i.e. via the consumption of 
bacterivorous protozoa, because dinoflagellates ingest 
cells generally larger than bacteria (Sherr et al. 1991, 
Sherr & Sherr 1994). The bacterivorous ciliates in 
Takapoto belong to the genus Strombidium, whose 
clearance rates on FLB (0.015 p1 ind.-' h-') are lower 
than the values reported for 2 species of this oligo- 
trichous genus (0.1 to 0.5 and 1.1 to 3.1 p1 ind.-' h-', 
Jonsson 1986). This may indicate that Strombidium 
had a larger optimum prey size than bacteria, which 
is consistent with the fact that these organisms 
ingested not only FLB but also FLA, their clearance 
rate on FLA being higher than on FLB. This is also con- 
sistent with previous reports that the feeding of ciliates 
is related to prey size (Sherr et al. 1987, Gonzalez et 
al. 1990). 

In contrast to that of heterotrophic bacteria, the 
abundance of phytoplankton was largely controlled by 
microzooplankton grazing. Our results show that the 
rates of growth and removal by microzooplankton 
were nearly equal for the 2 size classes of large algae 
(3 to 5 and > 5  pm; Fig. 2a) and >3 pm chl a (Fig. 3a). 
This implies a steady-state situation with rapid cycling 
of the biomass of > 3  pm algae. The growth rates of 
small phytoplankton (cyanobacteria and c 3 pm algae) 
generally exceeded their grazing mortality rates by 
microzooplankton (Figs. 2a,b & 3a,b), but rnicrozoo- 
plankton grazing represented a high percentage of 
small phytoplankton growth. The grazing rates of 
microzooplankton on cyanobactena and c1 pm chl a 
(mostly cyanobacteria; Charpy & Blanchot 1998) were 
74 and 80% of their respective growth rates. These 
percentages are much higher than those found in other 
aquatic systems such as Kaneohe Bay (20 %, Landry et 
al. 1984), Miyako Island (30 to 50%, Ferrier-Pages & 

Gattuso 1998) and the Northwest Atlantic (37 to 52%, 
Campbeli & Carpenter 1986). Our estimates of micro- 
zooplankton grazing rates on cyanobacteria and < l  pm 
chl a (mean value: 0.4 d-l, Figs. 2a & 3a) are similar to 
those reported in other coral reef systems, e.g. in 
Kaneohe Bay the grazing mortality of cyanobacteria is 

0.1 to 0.4 d-' (Landry et al. 1984, Liu et al. 1995). The 
cyanobacterial growth rates estimated in the present 
study (mean values: 0.5 d-l, or 0.8 doublings d-l, 
Fig. 2b) are, however, lower than those generally 
reported for oligotrophic tropical waters (1.2 to 2.9 d-l, 
Bienfang et al. 1984) and coral reef environments (1 to 
1.5 d-', Landry et al. 1984; 1.5 to 3 d o u b h g s  d-l, Fer- 
rier-Pages & Gattuso 1998). As discussed above, there 
was no sign of nutrient limitation during our 24 h dilu- 
tion incubations, so that the growth rates of cyanobac- 
teria are likely realistic. Hence, it appears that a large 
part of the cyanobacterial production was grazed by 
rnicrozooplankton, the values being even higher when 
the large microzooplankton were removed, i.e. the 
135 pm protozoan grazing rates on cyanobacteria then 
represented >1?0% of the cyanobacterial growth 
rates. This is significant for the fate of primary produc- 
tion in Takapoto Lagoon, which is dominated by 
cyanobacteria (Charpy & Blanchot 1998). 

Interactions between grazers and prey 

Trophic interactions among large consumers, first- 
order grazers, and prey have been described for vari- 
ous marine planktonic food webs (e.g. Verity & Smeta- 
cek 1996, Reckermann & Veldhuis 1997). Our data 
show that the grazing pressure on >3 pm algae 
increased significantly in the absence of the >35 pm 
predators (Fig. 2a). This indicates that the first-order 
consumers of algae, i.e. the 535 pm protozoa, were 
preyed upon by larger microzooplankton. The latter 
mainly consumed small protozoa, because the assem- 
blage of > 3  pm phytoplankton in Takapoto Lagoon 
mostly consists of 3 to 5 pm Chlorophyceae (68 % of the 
total algal number), which are inefficiently captured 
by large microzooplankton. The 3 to 5 pm Chlorophy- 
ceae are mainly consumed by 135 pm heterotrophic 
dinoflagellates (Achradina and Prorocentrum), whose 
grazing, clearance, and ingestion rates were the high- 
est among protozoa (Table 3; FLA). Moreover, in the 
absence of the large grazers, the 3 to 5 pm algae are 
consumed at rates equivalent to their growth rates 
(Fig. 2a,b). Our data show that heterotrophic dinofla- 
gellates consumed more nanophytoplankton than their 
potential competitors, the ciliates (Table 3). This is in 
contrast to previous studies In which heterotrophic 
dinoflagellates consumed less nanophytoplankton than 
the ciliates (e.g. Hansen 1992, Strom & Morello 1998). 
It follows from our study that heterotrophic dinoflagel- 
lates, in at least some ecosystems, may be the main link 
between nanophytoplankton and large consumers. 

The increased grazing activity of small consumers in 
the absence of predators could be due to an increase of 
their biomasses or/and the individual ingestion rates. 
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Some studies report increased growth rates of nano- 
protozoa in the absence of large predators (Sherr et al. 
1983, Kuosa 1991). Consistent with these findings, our 
results show that the growth rates of $35 pm protozoa 
(Table 2) and their grazing rates on >3 pm algae (Fig. 2a) 
tripled when the large predators were removed. This 
indicates that the i.ncreased grazing activity of small 
protozoa likely reflects an increase in their biomasses, 
not in their individual ingestion rates. Similar to the 
large algae, the grazing mortality rates of small phyto- 
plankton (<l pm chl a, 1 to 3 pm chl a,  cyanobacteria, 
and < 3  pm algae) significantly increased when the 
>35 pm grazers were removed (Figs. 2a & 3a). The pro- 
tozoan grazing rates on heterotrophic bacteria re- 
mained unchanged, however, when the biomass of 
$35 pm consumers augmented (i.e. free of predation), 
which implies that the small protozoa then decreased 
their individual bacterivory activity. This stresses the 
fact that the small heterotrophic bacteria of Takapoto 
are not optimal prey for the small grazers, who pre- 
ferred, when free of predation, to graze larger food 
items (i.e. phytoplankton). The 535 pm protozoan graz- 
ing rates on small and large phytoplankton were at 
least 4 times higher than those on heterotrophic bacte- 
ria (Fig. 2a). These results are consistent with our 
expectation of high grazing on cyanobacteria and 
algae when the removal rate of bacteria is low (see 
'Introduction'). 

The specific growth rates of small phytoplankton 
were not affected by increased grazin.g activity of 
$35 pm protozoa. The growth rates estimated for 
cyanobacteria and the < 3  pm algae and those 
obtained for the < l  and 1 to 3 pm chl a size fractions 
did not increase when the large grazers were re- 
moved (Figs. 2b & 3b). Our results do not agree with 
those of Reckermann & Veldhuis (1997), who showed 
increased growth rates of Arabian Sea picophyto- 
plankton when the large predators were removed 
from samples. In contrast to small phytoplankton, the 
> 3  pm algae (3 to 5 and >5  pm) increased their spe- 
cific growth rates when subjected to increased graz- 
ing pressure (Fig. 2b). Similar results were obtained 
from the chl a-based dilution experiments (Fig. 3b). In 
our dilution experiments, it was shown above that the 
>3  pm algae were not N- or P-limited, but Sakka et 
al. (1999) showed, by using nutrient enrichment bio- 
assays, that > 3  pm algae may sometimes be Fe-lim- 
ited. It follows that, in our experiments, a possible rea- 
son why the growth rates of >3 pm algae increased 
when they were subjected to a high grazing pressure 
was the enhanced regeneration of a nutrient (e.g. Fe) 
by small protozoa (Earbeau et al. 1996). Increases of 
nutrient regeneration upon removal of large grazers 
have also been reported in Chesapeake Bay (Glibert 
et  al. 1992). 

Previous experiments showed that nutrients exerted 
a bottom-up control on the biomass, growth, and spe- 
cies composition of the algal assemblage in the lagoon 
of Takapoto Atoll (Sakka et al. 1999). The present 
study provides evidence that grazing also exerts a 
strong top-down influence on the phytoplankton 
assemblage, i.e. the abundance and growth of phyto- 
plankton is regulated by small protozoa, through graz- 
ing and nutnent regeneration. Given that the large 
protozoa control the grazing pressure of small proto- 
zoa, the interactions between large protozoan con- 
sumers and small protozoan grazers deeply influence 
the dynamics of phytoplankton. It follows that protozoa 
govern the structure of the planktonic food web in the 
lagoon of Takapoto Atoll. 

Structure of the planktonic food web 

The present study simultaneously investigated the 
grazing and growth of heterotrophic bacteria, cyano- 
bacteria, and algae of the planktonic assemblage in the 
lagoon of Takapoto Atoll, so that it provides a complete 
picture of the structure of the planktonic food web. In 
the lagoon of Takapoto, the abundance of hetero- 
trophic bacteria was high relative to other components 
of the planktonic food web. The fact that the plank- 
tonic food web in Takapoto lagoon is characterized by 
low grazing on bacteria questions the idea that het- 
erotrophic bacteria always play a major role in the flux 
of carbon through trophic links in the planktonic food 
web of oligotrophic systems (e.g. Weisse 1989, Ras- 
soulzadegan 1993, Van Wambeke et al. 1996). Fig. 4 
proposes a conceptual model for a microbial food web 
with low grazing on heterotrophic bacteria. In this 
planktonic system, heterotrophic bacteria take up dis- 
solved organic carbon originating from phytoplankton 
exudation, zooplankton excretion, and sloppy feeding, 
but a small fraction only of the bacterial production 
enters the planktonic food web and reaches metazoa 
because of the low bacterivory of protozoa. Because of 
the low proportion of growing bacteria, the flow of car- 
bon from bacteria to microzooplankton is <4.3 pg C 1-' 
d-' (0.65 pg C I-' d-l, for 12% active bacteria). The lat- 
ter characteristic implies other mechanisms of carbon 
transfer, i.e. strong grazing of phytoplankton by micro- 
zooplankton. Small microzooplankton (mostly proto- 
zoa) are the major consumers of phytoplankton, with 
grazing rates corresponding to 74 and 56 to 100% of 
the algal growth rates, respectively. The flows of car- 
bon from cyanobacteria and algae to rnicrozooplank- 
ton (5 and 7.7 pg C 1-' d-', respectively) are much 
higher than the carbon bacterial flow. Large microzoo- 
plankton exert low grazing pressure on 23 pm phyto- 
plankton because these algae mostly consist of 3 to 
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lagoon. Hence, Fig. 4 depicts a microbial 
food web based on phytoplankton, which is 
a microbial analogue of the herbivorous 
food web. This is an  additional type of path- 
way in the trophic continuum described by 
Legendre & Rassoulzadegan (1995). 
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5 pm taxa that are inefficiently captured by the large 
grazers. The latter efficiently consllme small microzoo- 
plankton (grazing rate equal to 67% of the growth 
rate), thus channeling a large part of the assimilated 
carbon to metazoa. Because cyanobacteria are the 
main primary producers, the grazing of protozoa on 
cyanobacteria, not on heterotrophic bacteria, is a major 
trophic pathway towards metazoan consumers in 
Takapoto lagoon. 

In oligotrophic environments, heterotrophic bacteria 
generally compete successfully against phytoplankton 
for nutrients, taking advantage of their small size and 
high surface-to-vol.ume ratio. The strong bacterivory of 
protozoa usually recycles nutrients and thus influences 
the competition between heterotrophic bacteria and 
autotrophic plankton (Azam et al. 1983). When the 
grazing pressure on heterotrophic bacteria is low, as in 
the lagoon of Takapoto Atoll, primary production may 
be sustained by alternative mechanisms of nutrient 
regeneration, e.g.  in Fig 4 the grazing of microzoo- 
plankton on phytopIankton is the main processes of 
nutrient regeneration. 

As explained in the 'Introduction', the microbial loop 
is an extreme case of the microbial food web, where mi- 
crozooplankton feed almost exclusively on hetero- 
trophic bacteria. Despite the fact that cyanobacteria be- 
long to procaryotes and picoplankton as also do 
heterotrophic bacteria, the planktonic system schema- 
tized in Fig. 4 is very different from the microbial loop 
since microzooplankton almost exclusively graze cyano- 
hacleria, which are the main primary producers in the 
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