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Abstract:  Trophic interactions within the plankton of the lowland River Meuse (Belgium) were measured in 
spring and summer 2001. Consumption of bacteria by protozoa was measured by monitoring the disappearance 
of3 H-thymidine-labelled bacteria. Metazooplankton bacterivory was assessed using 0.5-µm fluorescent 
microparticles (FMPs), and predation of metazooplankton on ciliates was measured using natural ciliate 
assemblages labelled with FMPs as tracer food. Grazing of metazooplankton on flagellates was determined 
through in situ incubations with manipulated metazooplankton densities. Protozooplankton bacterivory varied 
between 6.08 and 53.90 mg C m-3 day-1 (i.e.from 0.12 to 0.86 g C-1 bacteria g C-1 protozoa day-1). 
Metazooplankton, essentially rotifers, grazing on bacteria was negligible compared with grazing by protozoa 
(~1000 times lower). Predation of rotifers on heterotrophic flagellates (HFs) was generally low (on average 
1.77mg C m-3 day-1, i.e. 0.084 g C-1 flagellates g C-1 rotifers day-1), the higher contribution of HF in the diet of 
rotifers being observed when Keratella. cochlearu was the dominant metazooplankter. Predation of rotifers on 
ciliates was low in spring samples (0.56 mg C m-3 day-1, i.e. 0.014 g C-1 ciliates g C-1 rotifers day-1) in contrast to 
measurements performed in July (8.72 mg C m-3 day-1, i.e. 0.242 g C-1 ciliates gC-1 rotifers day-1). The proportion 
of protozoa in the diet of rotifers was low compared with that of phytoplankton (<30% of total carbon ingestion) 
except when phytoplankton biomass decreased below the incipient limiting level (ILL) of the main 
metazooplantonic species. In such conditions, protozoa (mainly ciliates) constituted ~50% of total rotifer diet. 
These results give evidence that microbial organisms play a significant role within the planktonic food web of a 
eutrophic lowland river, ciliates providing an alternative food for metazooplankton when phytoplankton becomes 
scarce. 

 

INTRODUCTION  

Although the importance of protozoa in rivers has not been extensively investigated, studies in the last decade 
report high abundances, biomasses and productions of both ciliates and flagellates in these systems (Garlough 
and Meyer, 1989; Lair et al., 1999; Scherwab, 2001; Weitere and Arndt, 2002a, 2002b). How protozoa intervene 
in food webs of large rivers is still very poorly understood, but given the high productivity measured in such 
ecosystems, fluxes of matter through these organisms, and hence the role they play in microbial food webs, are 
likely to be important. 

The role of protozoa, and in particular heterotrophic flagellates (HFs), in controlling bacterial production in 
rivers has been demonstrated by different authors (Iriberri et al., 1993; Servais et al., 2000; Vörös et al.,2000). 
By efficiently feeding on bacteria, protozoa can channel bacterial production into upper trophic levels, provided 
that metazooplankton actually prey on protozoa in their natural environment. On the contrary, if 
metazooplankton can themselves feed efficiently on bacteria, protozoan bacterivory and subsequent predation by 
metazooplankton on protozoans will result in a less efficient transfer of bacterial carbon to the larger plank-tonic 
grazers. Laboratory and field studies have provided evidence that both cladocerans and rotifers can graze 
bacteria and that some species can use them as a significant food source (Starkweather et al., 1979; Bogdan et 
al., 1980; Urabe and Wanatabe, 1990; Jürgens et al., 1997; Work et al., 2005). However, in situ measurements of 
metazooplankton bacterivory in temperate environments generally yield low food inputs to metazooplankton and 
low percentages of bacterial standing stock or production grazed (Hart and Jarvis, 1993; Ooms-Wilms, 1997; 
Thouvenot et al., 1999a; Kim et al, 2000). 

So, whether significant ingestion of protozoa by metazooplankton actually takes place in rivers is virtually 
unknown. By contrast, studies in lowland rivers have shown that the part of primary production used by bacteria 
(dissolved and particulate organic carbon resulting from algal exudates, algal lysis or sloppy feeding) can be 
substantial and may even exceed algal carbon assimilated by metazooplankton (Servais et al., 2000). Many 
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laboratory studies have provided evidence that, in freshwaters, metazooplankton comprises potential predators of 
both HFs (Arndt, 1993; Jürgens et al., 1996) and ciliates (Arndt, 1993; Jack and Gilbert, 1997; Mohr and Adrian, 
2000; Weisse and Frahm, 2002). Nevertheless, field measurements of such trophic interactions are still scarce, 
especially in rivers. Studies carried out in lakes report increased mortality rates of heterotrophic protozoa in the 
presence of metazooplankton, giving evidence of top-down control of protozoa (Thouvenot et al., 1999b; 
Hansen, 2000). Some authors estimated that copepod and cladoceran carbon intake through ingestion of 
heterotrophic protozoa was comparable with that of phytoplank-ton (Garrick et al., 1991; Adrian and Schneider-
Olt, 1999). In rivers, Weitere and Arndt (Weitere and Arndt, 2002b) and Scherwab (Scherwab, 2001) reported, 
for the lower River Rhine, a relatively low impact of planktonic predators on protozoa (mean annual of 32% of 
HNF gross production lost due to grazing by rotifers and ciliates). By contrast, the role of benthic predators 
seems to be considerable when discharge decreases in this river. However, the observed transfer of planktonic 
bacterial carbon to benthos via predation on planktonic HNF by benthic organisms may be related to the bottom 
structure of the River Rhine, which offers hard substrata allowing considerable development of biofilm-dwelling 
organisms (Weitere, 2001). In addition to that study on benthic predators, there is a clear need for further 
investigations in other river systems to assess the impact of planktonic predators on protozoans. 

The goal of this study was to provide experimental data with which to assess the role planktonic protozoa play in 
riverine food webs and their potential impact on the transfer of bacterial production to upper trophic levels. In 
this article, we report measurements of bacterial consumption by protozoa and of metazooplankton grazing on 
bacteria, HFs and ciliates, and we compare observed grazing rates on heterotrophic plankton with estimates of 
grazing on autotrophic plankton. 

METHOD  

Study site 

The River Meuse rises in the East of France and flows through Belgium and the Netherlands, where it meets the 
lower Rhine, forming the Dutch Delta, which opens into the North Sea. Total length of the river is 885 km, and 
its catchment is about 36 000 km2, 40% of it in Belgium. In its Belgian course, the River Meuse is regulated for 
navigation, with weirs and locks distributed along its length. The study site, Tailfer, is situated 521 km from the 
source (Fig. 1). At this site, the mean depth is ~4 m and the mean width is ~100 m. In the studied stretch, the 
river has a mean annual discharge of 150 m3 s-1 and is eutrophic, supporting for most of the growing season a 
phytoplankton production comparable with that of eutrophic lakes, for example, from 1.1 to 6.7 g G m-2 day-1 
with an average of 3 g C m-2 day-1 in 1996 (Servais et al., 2000). The metazooplankton are dominated by rotifers, 
with maximal abundance of 4000 rotifers L-1 (Viroux, 2000). 

Monitoring of plankton  

Planktonic communities (abundance and biomass of phytoplankton, bacteria, protozooplankton and 
metazooplankton) were monitored from March to early October 2001; phytoplankton and metazooplankton were 
sampled fortnightly, whereas protozooplankton and bacteria were sampled from 8 to 11 times over the 8 months 
period of study. 

Phytoplankton were sampled at the subsurface (0-1 m) from the middle of the river using a 2.5-L Van Dorn 
bottle and filtered on Nytex sieves with mesh sizes of 10 and 28 µm. The fractions obtained were further filtered 
onto Whatman GF/C glass fibre filters in triplicate, and pigments on filters were extracted during 15 min in 10 
mL of 90% acetone, using a Branson 2210 sonicator. Two sonications were performed, separated by overnight 
extraction at 4°C. Pigment extracts were processed by high-performance liquid chromatography (HPLC), 
following Descy and Métens (Descy and Métens, 1996). Algal biomass, initially expressed in µg chlorophyll a 
L-1, was converted to carbon assuming a constant C : chlorophyll a ratio of 37.5 (Descy and Gosselain, 1994). 

Bacterial abundance was assessed using epifluorescence microscopy at x1000 magnification, following the 
procedure of Porter and Feig (Porter and Feig, 1980). After fixation of 20 mL of river water with buffered 
formaldehyde (2.5 v/v percentage final concentration) and staining with 4,6 diamidino-2-phenylindole (DAPI, 1 
µg mL-1 final concentration), a minimum of 500 cells were counted in each sample and two measurements were 
carried out per sample. Bacteria were classified among 24 size classes using a calibrated eyepiece graticule, and 
cell volume among each size class was calculated. Biomass was estimated from abundance and biovolume 
distribution, using the equation linking carbon content per cell (C in fg C cell-1) and biovolume (V in µm3 cell-1), 
which was determined by Simon and Azam (Simon and Azam, 1989), i.e. C = 92 × V0·598. 
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Fig. 1: Location of the River Meuse, its drainage area and the sampling point (Tailfer). 

 

For enumeration of protozoa, 200 mL of river water was fixed with 0.5% (v/v) glutaraldehyde and stained with 
DAPI (1-3 µg mL-1) for 10 min. For ciliates, between 10 and 20 mL of river water was filtered on 3-µm filters; 
flagellates were collected on 0.8-µm filters, and the filtered volume was adjusted between 5 and 13 mL 
depending on the abundance of phytoplankton in samples. Filiations were carried out under a maximal 
backpressure of 130 mbars onto Millipore polycarbonate filters that had been previously stained with Irgalan 
Black (2 g L-1) in a small volume of acetic acid (2% v/v). Each filter used to retain the ciliates was examined at 
x400 magnification in epifluorescence. Between 100 and 200 randomly selected fields were scanned, depending 
on density. Flagellates were counted at a magnification of x1000 from 100 fields. Biovolumes for each form 
encountered were determined by approximating geometric shapes after measurement of relevant dimensions with 
an eyepiece graticule. Biovolume was converted to carbon using a factor of 0.11 pg C µm-3 for ciliates (Turley et 
al., 1986) and 0.22 pg C µm-3 for flagellates (Børsheim and Bratbak, 1987). 

Metazooplankton were sampled using the transect method of Viroux (Viroux, 1999). A transparent 10-L 
Schindler-Patalas plankton trap was used to obtain spatially integrated subsurface samples, the volume of which 
ranged from 90 to 120 L depending on plankton concentration and sampling conditions. A 63-µm mesh size was 
used to concentrate plankton into 250-mL plastic containers. Samples were fixed with 0.4% (v/v) acidified Lugol 
iodine. In the laboratory, samples were settled for a few days in glass sedimentation columns so that the volume 
of samples was reduced to a maximum of 25 mL before examination, and formaldehyde was gradually added to 
a final concentration of 4%. From these highly concentrated samples, subsamples of 500-1000 µL were taken 
using a pipette with a cut-off tip and examined under an inverted microscope at a magnification of x100. 
Enumeration was limited to rotifers, given the extremely low numbers of cladocerans and copepods observed in 
the samples. Taxonomical identification of rotifers was based on the keys of Ruttner-Kolisko (Ruttner-Kolisko, 
1974), Pontin (Pontin, 1978) and Pourriot and Francez (Pourriot and Francez, 1986). Rotifer biomass was 
estimated using published values for individual dry weight (DW) taken from a variety of sources (Dumont et al., 
1975; Leimeroth, 1980; Cajander, 1983; Andrew and Fitzsimons, 1992). 

A carbon/DW ratio of 0.5 was used for conversion to carbon. 
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Grazing rates 

Measurements of grazing rates were carried out on two occasions in spring (May) and three occasions in summer 
(July) 2001. 

Ingestion of bacteria by protozooplankton 

Measurements of bacterial mortality due to grazing by protozoans were carried out using the method based on 
the disappearance of the radioactivity from the genetic material of bacteria previously labelled with  
3H-thymidine (Servais et al., 1985, 1989). A 200-mL water sample from die river was inoculated with  
(methyl-3H)-thymidine (Amersham, 1480-1850 GBq mmol-1) at a concentration of 4 nM and incubated in the 
dark at field temperature for 20 h. This incubation period was sufficient for thymidine depletion from the 
medium. The sample was then divided into two subsamples, one of which was filtered on a 63-µm pore-size 
membrane to remove metazooplankton, whereas the other was filtered through a 2-µm pore-size membrane to 
retain most of the eukaryotic microorganisms. A mixture of cycloheximide-colchicine at respective 
concentrations of 200 and 100 mg L-1 was added in the subsample filtered on 2-µm membrane. This mixture has 
been reported as an efficient inhibitor of protozoan reproduction and feeding while having no direct effect on 
bacterial growth (Sherr et al, 1986). The radioactivity was measured twice a day for 2-3 days on 5 mL aliquots 
from both subsamples. Trichloroacetic acid (final concentration 5%) was added to the 5 mL aliquots, which were 
then filtered on a 0.2-µm pore-size cellulose nitrate membrane, and the radioactivity associated with the filter 
was measured by liquid scintillation (Packard-USA TriCarb 2100TR liquid scintillation Analyzer) after addition 
of 10 mL of scintillation cocktail (Filter Count, Perklin Elmer, USA). A linear decrease of the radioactivity in 
both subsamples was usually observed on semilog plots of radioactivity versus time. The slope of this decrease 
in the subsample filtered on 63 µm gave the first-order rate of mortality expressed in h-1; the slope of 
radioactivity versus time in the subsample filtered on 2 µm allowed the calculation of the mortality rate not 
attributable to grazing by protozoa. The difference between the two rates yielded the mortality rate resulting 
from grazing by protozoa. Fluxes of bacterial mortality and grazing were obtained by multiplying the first-order 
rates by bacterial biomass. 

Ingestion of bacteria by metazooplankton 

Fluorescent microparticles (FMPs) have been used to determine metazooplankton bacterivory by others before 
(Ooms-Wilms et al., 1995; Thouvenot et al., 1999a). Ooms-Wilms and collaborators (Ooms-Wilms et al., 1995) 
showed that metazooplankton preference for fluorescently labelled bacteria (FLB) over FMPs is not the rule and 
depends strongly on the grazer species. FMPs are brightly fluorescent, and their quantification in the guts of 
metazooplankters is more reliable than that of FLB, especially in large species like Brachionids, hence our 
choice to use FMPs as tracer of bacterial consumption. 

Seven-litre polyethylene cubitainers (Kartell, Milano, Italy) were filled with subsurface river water and 
inoculated with 0.5-µm fluorescent microspheres (FMPs) (FluoresbriteYG carboxylate microspheres; 
Polysciences, Eppelheim, Germany) at a concentration of ~2% of the natural bacterial abundance. Preliminary 
results showed an increasing ingestion rate of the FMPs over the first 15 min. This artefact was attributed to a 
stress on metazooplankton organisms due to the pouring of the water into the cubitainers, so the animals were 
allowed to recover for 20 min before the addition of FMPs. The medium was then gently mixed and incubated m 
situ for 5, 10, 15,20 and 30 min. At the end of each incubation, the content of one cubitainer was filtered through 
a 37-µm plankton net, and metazooplankton collected on the net was narcotized in soda water and fixed with 
formaldehyde (final concentration 2% v/v). The numbers of FMPs in the guts of metazooplankton grazers were 
counted under epifluorescence microscopy. Controls where formaldehyde had been added to the medium before 
the addition of FMPs were used to check for possible unwanted adherence of FMPs to the cuticle of predators. 

Specific filtration rates of metazooplankton feeding on bacteria (Fbact; individual-1 h-1) were calculated with the 
equation: 

 

where FMPgut is the mean number of FMPs in the gut of animals belonging to one species, FMPmed is the number 
of FMPs per µL of experimental medium and t (in minutes) is the duration of incubation, Fbact was calculated for 
species with numbers of animals observed higher than 20, whereas those taxa with numbers observed lower than 
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20 were pooled in a single category ('others'). Specific contributions to total metazooplankton community 
ingestion of bacteria (CIRbact; µg C m-3 day-1) were calculated as: 

 

where Fbact is the specific filtration rate, Bact is the number of bacteria per µL of river water, Meta is the number 
of animals per m of river water and Cbact is the mean carbon content of bacterial cells in the river  
(26.5 fg C cell-1). 

Ingestion of ciliates by metazooplankton 

To measure ingestion of ciliates by metazooplankton, we chose to use ciliates labelled with FMPs. The method is 
described in detail in the work of Joaquim-Justo et al. (Joaquim-Justo et al., 2004). In brief, river water was 
sampled in the field and immediately brought back to the laboratory. Ciliates were labelled with FMPs and fed to 
metazooplankton sampled simultaneously in the river and concentrated 10 times. Incubations were carried out at 
in situ temperature. 

Specific ingestion rates of ciliates by metazooplankton (IRcil; ng C individual-1 h-1) were calculated using the 
equation: 

 

where FMPgut is the mean number of FMPs in the gut of animals belonging to one species minus FMP numbers 
in controls, FMPcil is the mean number of FMPs per labelled ciliate at the onset of measurements, Cil in situ⁄exp is 
the abundance of ciliates in the river or in experimental medium (ciliates L-1), Cil lb, is the abundance of labelled 
ciliates in experimental medium (ciliates L-1), Ccil is the mean carbon content of ciliates from the river as 
calculated for each date on the basis of biovolume estimates using a conversion factor to carbon of 0.11 pg C 
µm-3 (Turley et al., 1986) and t (min) is the duration of the incubation. IRcil was calculated for species with 
numbers of animals observed higher than 20, whereas those taxa with numbers observed lower than 20 were 
pooled in a single category ('others'). 

Total metazooplankton community ingestion of ciliates (CIRcil; µg C m-3 day-1) was calculated as the sum of all 
IRcil multiplied by the respective specific abundance of metazooplankton species (individual m-3). 

Ingestion of HFs by metazooplankton 

Ingestion rates of flagellates were quantified by manipulating metazooplankton densities. This methodology is 
commonly used for assessing feeding of predators on protozoans (see e.g. Weisse and Frahm, 2002; Weitere and 
Arndt, 2002b; Liu et al., 2005). Polystyrene cubitainers of 7 L were filled with river water and subsequently 
inoculated with densities of metazooplankton comprised between 1 × and 7 × in situ abundance. Two cubitainers 
were inoculated for each metazooplankton density, and flagellate abundances were counted in triplicate samples 
for each cubitainer. All containers were incubated in situ for 24 h. HFs were sampled at the beginning and end of 
incubation periods, fixed with glutaraldehyde (final concentration 2%), stained with DAPI, and three subsamples 
of 10 mL were filtered on black 0.8-µm pore-size polycarbonate membranes and enumerated under 
epifluorescence microscopy. Abundances and sizes of flagellates were determined and biovolumes were 
calculated assuming simple geometric forms; carbon biomasses were estimated from biovolumes using a 
conversion factor of 0.22 pg C µm-3 (Børsheim and Bratbak, 1987). Net observed growth rates (r, day-1) were 
estimated as 

 

where Bt and B0 are flagellate carbon biomass at the end and beginning of incubations, respectively, and t is the 
duration of the experiments (expressed in days). The slope of the linear regression between net observed growth 
rates and metazooplankton abundance (individual m-3) yields an estimate of the grazing rates (G) on flagellates 
expressed in m3 individual-1 day-1. Grazing rates were converted into community ingestion rates  
(CZSfl; ng C m-3 day-1) using the following equation: 
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where G is the grazing rate, BHF0, is the in situ carbon biomass of HFs (ng C m-3) at the beginning of the 
incubation and Meta is the abundance of metazooplankton (number per m3) in river water. 

Ingestion of phytoplankton by metazooplankton 

Ingestion of phytoplankton by metazooplankton was estimated on the basis of specific ingestion rate parameters, 
metazooplankton abundances, edible algal biomass and temperature. Parameters of the functional grazing 
response were obtained from previous campaigns of in situ measurements in the same river stretch (Gosselain, 
1998), normalized to 20°C assuming a doubling of ingestion rates with a 10°C temperature increase (Gosselain 
et al., 1996). The calculations were made according to a type I functional response (i.e. linear), using as edible 
algal biomass the algal fraction <28 µm, and the incipient limiting levels (ILLs) and maximal ingestion rates of 
the most abundant rotifer taxa, that is, Brachionus spp. (mainly B. calyciflorus Pallas) and Keratella spp. (mainly 
Keratella cochlearis Gosse). For less abundant taxa (such as Synchaetidae), we used ingestion rates from the 
literature. Details of calculations and literature data used can be found in the work of Gosselain (Gosselain, 
1998). Total metazooplankton ingestion of phytoplankton is the sum of estimated specific ingestion rates 
multiplied by their respective specific abundances. 

RESULTS 

Monitoring of plankton  

The fluctuations in biomass of planktonic compartments are shown in Fig. 2. Phytoplankton was the 
compartment presenting the highest biomass throughout the study: most phytoplankton biomass values were 
between 1 and 4 mg C L-1. A phytoplankton bloom was first observed at mid-May followed by subsequent 
higher peaks in early June and early July. These peaks corresponded to low discharge periods (<200 m3 s-1) 
during which temperature increases were observed (Fig. 3, data supplied by the Compagnie Intercommunale 
Bruxelloise des Eaux, Tailfer). Phytoplankton units with greater axial linear dimension (GALD) <10 µm 
dominated during most of the growing season; HPLC analysis showed these algae to be mainly diatoms. 
Exception to this dominance was observed at the end of May and throughout July when phytoplankton particles 
of GALD comprised between 10 and 28 µm were most abundant. In July, the shift in size was parallel to a shift 
towards higher proportion of Chlorophytes. 

Fig. 2: Variations in the biomass of major compartments of the planktonic food web in the River Meuse in 2001. 
All values are expressed in µg C L-1. Outlying values are indicated. Vertical lines indicate dates when carbon 
fluxes were measured. 
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Fig. 3: Daily variations of discharge (top diagram) and water temperature (bottom) measured at Tailfer in 2001. 
Sampling season is situated in time by shaded area. Data are from the Compagnie Intercommunale Bruxelloise 
des Eaux and used with permission. 

 

Bacterioplankton was the second most important group in terms of biomass, with a range of 100-300 µg C L-1. 
Biomasses of flagellates, ciliates and metazooplankton were all <100 µg C L-1, and the biomass of 
metazooplankton displayed the largest variations. Discontinuous sampling of heterotrophic assemblages does not 
allow comparing temporal variations of all planktonic compartments. 

Composition of metazooplankton is presented in Fig. 4. Only rotifers are reported, as numbers of other 
zooplankters were very low during the whole period of study. Rotifer abundance was generally low, with total 
numbers varying from 6 to 254 individual L-1. Keratella cochlearis was the most abundant species except at the 
end of the developing season (from mid-August on) when Synchaetids and Brachionids reached higher numbers. 

Bacterivory 

Protozooplankton bacterivory ranged from 6.08 to 53.90 mg C m-3 day-1 (Table I), that is, from 0.12 to 0.86 g C-1 
bacteria g C-1 protozoa day-1 and was lowest on 30 July. Metazooplankton bacterivory measurements with EMPs 
implied the determination of gut passage time (GPT, determined here as the time lapse after which ingestion 
rates of FMPs stop increasing linearly with time). GPT was either >20 min (two first sampling campaigns when 
field temperatures were ~15°C) or >15 min (three last sampling campaigns when field temperatures were ~20°C) 
for all metazooplankton bacterivorous species. Metazooplankton comprised mainly rotifers, among which most 
individuals of the species K. cochlearis, Euchlanis dilatata Ehrb. and Brachionus spp. ingested 0.5 µm FMPs 
(Table II). By contrast, Trichocerca pusilla Lauterborn, Synchaeta spp. and Polyarthra spp. virtually never 
ingested EMPs. Worth mentioning, despite their in Table II due to their rarity in samples, is the high bacterivory 
of Anuraeropsis fissa Gosse which when observed always had high numbers of FMPs in its gut. Conversely, we 
never found FMPs in the guts of Cephalodella spp. Specific filtration rate on FMPs was the highest for 
Brachionus angularis Gosse (Table I), with an activity twice as high as other main bacterivorous species. 
Nonetheless, K. cochlearis was the species with the highest contribution to total community ingestion rate of 
bacteria on all occasions (Table I). 

Protozoan bacterivory was much higher (by three orders of magnitude) than bacterivory by metazooplankton at 
all times. 
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Fig. 4: Composition of rotifer communities at Tailfer in 2001. Upper panel shows absolute abundances; relative 
contribution of the species to total biomass is shown in lower panel (Pol, Polyarthra spp.; Syn, Synchaeta spp.; 
Br. an, Brachionus angularis, Br. ca, Brachionus calyciflorus; Ker. co, Keratella cochlearis). 

 

Table I:  Bacterivory in the river 

Metazooplankton bacterivory      

Species Fbact (µL   individual -1  h-1) 
Mean   ±   SE 

    

Keratella cochlearis 0.064   ±   0.020     

Euchlanis dilatata 0.065   ±   0.040     
Brachionus calyciflorυs 0.057   ±   0.009     
Brachionus angularis 0.152     
Others 0.018   ±   0.015     
 Dates     

Species [CIRbact (µg   C   m-3   day-1)] 14 May 28 
May 

3 July 16 
July 

30 
July 

Keratella cochlearis 0.94 6.65 51.55 6.68 32.18 

Euchlanis dilatata  2.22    
Brachionus calyciflorus  5.20 3.87   
Brachionus angularis      
Others 0.14 2.07  4.38 2.51 
Total CIRbact 1.08 16.13 55.42 11.06 34.69 

Total protozooplankton bacterivory (µg   C   
m-3   day-1) 

21    678 42179 53901 18301 6084 
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Table II:  Bacterivory of metazooplankton species 

Species Dates Global trend 

 14 May 28 May 3 July 16 July 30 July  

Keratella cochlearis •• •• •• •• •• •• 
Euchlanis dilatata  •• ••   •• 
Brachionus calyciflorus  •• •   •/•• 
Brachionus angularis   ••    
Brachionus urceolaris       
Brachionus quadridentatus   •    
Trichocerca pusilla    o o o 
Synchaeta spp. o • o o o o 
Polyarthra spp. •   o o o 

Bacterivory is expressed as percentages of individuals that ingested 0.5 µm fluorescent microparticle (FMP). Only species with n ≥ 15 were 
reported. ••, >50% of individuals observed with FMP in gut. •, 10-50% of individuals observed with FMP in gut. •, <10% of individuals 
observed with FMP in gut. 

Predation of metazooplankton on protozoa 

GPT of ciliates in metazooplankton was >25 min on all occasions and >35 min on one occasion (28 May). 
Ingestion rates of rotifers feeding on ciliates could only be calculated for three species owing to the low 
abundance of rotifers observed in the samples and the low numbers of FMPs observed in the gut of 
metazooplankters. Metazooplankton species that had ingested labelled ciliates and for which the number of 
individuals observed in die samples was higher than 20 are K. cochlearis, E. dilatata and Synchaeta spp. (Table 
III). Kerαtellα cochleαris always ingested ciliates and exhibited higher ingestion rates in the two last sampling 
campaigns. Synchαetα spp. only showed a quantifiable ciliate predation during the last two campaigns. Total 
community ingestion of ciliates by metazooplankton was very low in May (mean 0.56 mg C m-3 day-1 or 0.014 g 
C-1 ciliates g C-1 rotifers day-1) and much higher in July (mean 8.72 mg C m-3 day-1 or 0.242 g C-1 ciliates g C-1 
rotifers d-) (Fig. 5). 

Grazing of metazooplankton on flagellates was very low in general, with significant community ingestion only 
on 14 May and 3 July, when predation on flagellates expressed as carbon was similar to predation on ciliates 
(Figs 5 and 6). 

Metazooplankton community ingestion rates on microbial compartments and phytoplankton 

Total metazooplankton community ingestion on bacteria, flagellates, ciliates and phytoplankton on the five 
sampling occasions is depicted in Fig. 5. Total ingestion reached a maximum of 70 mg C m-3 day-1 on 3 July; 
otherwise, it was comprised between 4 and 27 mg C m-3 day-1 and roughly followed rotifer abundance except on 
30 July when the increase in carbon ingested by metazooplankton was lower than the increase in rotifer 
abundance. Phytoplankton constituted >73% of metazooplankton diet on all dates except on the last two when 
ciliates contributed 50% of metazooplankton diet (Fig. 6). 

Table III:  Specific ingestion of ciliates by metazooplankton 

Species IRcil (ng C individual-1 h-1)     

 14 May 28 May 3 July 16 July 30 July 

Keratella cochlearis 1.89 0.366 2.614 12.514 5.206 

Euchlanis dilatata  0.731    
Synchaeta spp. 0 0* 0 0.522 0.551 

Ingestion rates (IRcil) were only calculated for predator species with n > 20 to the exception of *n = 9. 
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Fig. 5: Total community ingestion of planktonic organisms by metazooplankton (expressed as carbon fluxes) 
measured in the river. 

 

DISCUSSION 

Methodology 

Methods used to measure grazing rates on field samples are generally of two main types. A first type is based on 
long-term incubations (from some hours to several days) with manipulated natural planktonic assemblages 
(modification of prey : predator ratio by dilution or concentration using size fractionation). The main advantage 
of this kind of method is its technical simplicity. Nevertheless, separation of predators and preys through 
filtrations is not always unambiguous, as their sizes sometimes overlap or are very similar (Zimmermann, 1996; 
Paffenhöfer, 1998). This is particularly problematic in ecosystems where rotifers dominate metazooplankton, as 
is so in most rivers (Marneffe et al., 1996; Kobayashi, 1997; Viroux, 1999; Kim et al., 2001; Baranyi et al., 
2002). Moreover, low grazing rates are difficult to detect with such methods, inter-replicate variations in prey 
growth rates often blotting out effects of predators (Dolan et al., 2000). These methods also virtually exclude the 
assessment of grazing activities of different taxa. 

For these reasons we opted, when possible, for the second type of methodology: the food-tracer approach. This 
technique relies on the use of labelled tracer food for measuring ingestion rates by predators during short 
incubations. Grazing rates of metazooplankton on bacteria and ciliates were measured using FMPs as food-tracer 
and as a way to label food, respectively. Flagellates from the river, however, very rarely ingested FMPs; that is 
why, for measuring predation of flagellates by metazooplankton, we had to use long-term incubations with 
manipulated rotifer densities. 

Protozoans have been shown to display considerable differences in the way they ingest and/or process living 
bacteria, dead bacteria (FLBs) and latex beads (Verity, 1991; Boenigk et al., 2001a, 2001b); these differences are 
likely to affect estimates of grazing rates of bacteria by protozoa. In addition, the bias is likely to fluctuate 
throughout seasons as the taxonomic composition of protozooplankton changes (Jacquet, 2003). As a 
consequence, to measure bacterivory by protozooplankton, we decided to use a method based on measurements 
of the disappearance of the radioactivity of bacterioplankton previously labelled with 3H-thymidine, validated by 
Servais and his co-workers (Servais et al., 1985, 1989;. Menon et al., 2003). 

Fluxes in the planktonic food web of the river 

Protozoa consumption rates of bacteria in our study were in the range reported by others (Servais et al., 1998; 
Callieri et al., 2002; Weitere and Arndt, 2002a). It is to be noted that flagellates are widely considered as the 
main grazers of bacteria (Arndt et al., 2000; Jacquet et al., 2005; Weitere et al., 2005). Accordingly, parallel 
investigations in the River Meuse showed that grazing of bacteria by flagellates accounted on average for  
91 ± 10% of total grazing by protozoa over the study period. Lower consumption of bacteria by protozoa on 30 
July was thus most probably due to lower flagellate numbers (3.6 × 106 L-1 as compared with 6.2 ± 0.4 × 106 L-1 
on average for the other sampling campaigns). 

Our observations of bacterivory by K. cochlearis, B. calyciflorus, B. angularis and Anuraeopsis fissa, but not by 
Trichocerca spp., Polyarthra spp. or Synchaeta spp., are in agreement with previous studies (Starkweather et al., 
1979; Sanders et al, 1989; Ooms-Wilms et al., 1995; Hwang and Heath, 1999; Kim et al, 2000). Low ingestion 
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of FMPs by these two latter taxa on 14 May and 28 May, respectively (Table II), was most probably due to 
indirect ingestion of FMPs through predation on ciliates that had ingested FMPs. Indeed, the longer GPTs of 
most metazooplankton species on those dates might have allowed protists (ciliates) present in cubitainers to 
ingest FMPs and their subsequent ingestion by Polyarihra spp. and Synchaeta spp. Both genera are indeed 
considered as specialist feeders on large (~30-40 µm) particles and are thus potential predators for ciliates 
(Pourriot, 1977). This would explain the presence of low numbers of FMPs in the guts of rotifers on these dates. 
This artefact might also explain why Kim and co-workers (Kim et al., 2000) unexpectedly observed low 
bacterivory in Polyarthra spp., Synchaeta spp. and Trichocerca spp., as these authors also used incubation times 
of up to 30 min. Euchlaris dilatata was never reported to be bacterivorous, but it was absent from all taxa lists 
presented by authors who conducted in situ bacterivory experiments. 

Fig. 6: Relative proportions of microbial organisms in the diet of metazooplankters (rotifers). Abundance of 
main rotifer species is indicated by font size of rotifer acronyms in figure. Line shows fluctuations in 
phytoplankton biomass. 

 

Specific filtration rates of metazooplankton on bacteria (Fbact) as measured with 0.5 µm FMPs (Table I) were in 
the range of values reported by other authors, for example, from 0.009 to 0.018 µL individual-1 h-1 for  
K. cochlearis and 0.034-0.061 µL individual-1 h-1 for B. angularis in Lake Loodsrecht (Ooms-Wilms, 1997) and 
0.375 ± 0.333 µL individual-1 h-1 for K. cochlearis and 30.250 ± 11.875 µL individual-1 h-1 for B. angularis in the 
Nakdong River (Kim et al, 2000). Specific ingestion rates of bacteria by metazooplankton were all low in 
comparison with their food requirements which amount to at least 20% of body mass ingested per day (Pourriot 
et al., 1982 in Ooms-Wilms, 1997) with a mean body mass of 82 ng C for K. cochlearis (Andrew and 
Fitzsimons, 1992) and a mean ingestion rate of 0.30 ± 0.13 ng C individual-1 h-1 in our samples. 
Metazooplankton community bacterivory measurements were in the lower end of the range reported by other 
authors (Sanders et al., 1989; Ooms-Wilms, 1997; Hwang and Heath, 1999; Kim et al., 2000), this being largely 
because of low metazooplankton abundance (maximum of 147 individual L-1 on dates when fluxes in microbial 
food webs were measured). When compared with bacterial standing stock, and bacterial grazing by protists, 
grazing of bacteria by metazooplankton in the River Meuse appears to be negligible (<O. 1 %) suggesting the 
irrelevance of the direct link between bacteria and metazooplankton. Weitere and co-workers (Weitere et al., 
2005) also estimated very low     carbon     fluxes     from     bacterioplankton     to metazooplankton in a study 
on the River Rhine. This contrasts with the findings by some authors for metazooplankton dominated by 
cladocerans or rotifers (Wylie and Currie, 1991; Jürgens et al., 1997; Hwang and Heath, 1999; Levine et al., 
1999; Work et al., 2005). 

Predation of rotifers on ciliates was only quantifiable for three species owing to low abundance of rotifers in the 
samples. Specific ingestion of K. cochlearis on ciliates in May (Table III) was comparable with ingestion rates 
measured by Weisse and Frahm (Weisse and Frahm, 2002) with Urotricha furcata and Balanion planctonicum 
as food (I max of 0.44 ng C individual-1 h-1 and 1 ng C individual-1 h-1, respectively, using a conversion factor of 
0.11 pg C µm-3). In July it was considerably higher. This could be due to die smaller size of ciliates in the River 
Meuse in July (~10 µm in length as compared with 10-25 µm for U. furcata and B. planctonicum), which could 
make them easier to handle for small rotifers like Keratella. But other factors such as swimming/escape 
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behaviour of ciliates and the presence of Cryptomonas cells in in vitro experiments might have interfered as well. 
Predation of Synchaeta spp. on ciliates was in the upper range of values reported in the literature (from 0.2 to 5 
ciliates individual-1 h-1) (Zimmermann, 1996) as compared with 3.6-4.5 ciliates individual-1 h-1 in our 
experiments. 

If growth rates of ciliates in the river are considered to be around 0.5 day-1 as might be expected according to 
literature data (Gilbert and Jack, 1993; Scherwab, 2001), then production of ciliates in die river varied between 
3.5 and 20 mg C m-3 day-1; these values are in the range of the predation exerted by metazooplankton on ciliates 
(Fig. 5) and may indicate effective top-down control of these protists on 16 and 30 July at least. 

Predation by metazooplankton on flagellates was close to zero (Fig. 5). It is to be noted that the majority of HFs 
in the River Meuse are very small [from 1 to 6 µm equivalent spherical diameter (ESD), with a dominance of 
organisms with 2-3 µm ESD]. This might explain the low predation exerted by species such as B. calyciflorus, B. 
angularis, E. dilatata and Synchaeta spp. whose feeding optima have been described for particles of sizes >5 µm 
(Pourriot, 1977; Rothhaupt, 1990; Walz, 1997). Keratella cochlearis, on the contrary, besides efficient feeding 
on bacteria-sized particles in the 0.4-1.6 µm range (Bogdan and Gilbert, 1984; Ronneberger, 1998), has also 
been successfully cultured on the 2.4-4.2-µm green alga Stichococcus bacillaris (Walz, 1983) and the 5-6-µm 
Cryptophyte Rhodomonas minuta (Stemberger, 1981). Odier studies report efficient feeding on larger items such 
as 30-40 µm Cryptomonas spp. (Pourriot, 1977; Vancil, 1983). These observations however do not address filter 
feeding but rather raptorial feeding on these prey items witii a size similar to Keratella body width (35 µm). So it 
appears that food items in the size range of 2-3 µm should be ingested by this rotifer. If the proportion of 
flagellates in metazooplankton diet is compared with the contribution of K. cochlearis to total rotifer abundance 
(Fig. 6), it appears that the proportion of flagellates in the diet of rotifers is indeed higher when this species 
dominates the community. Another reason that might explain that even K. cochlearis kept the HF proportion in 
their diet rather low is a possible preference for co-occurring autotrophic food or heterotrophic species that feed 
on algae (i.e. mainly ciliates). Mohr and Adrian (Mohr and Adrian, 2002) give evidence of such preference in the 
rotifer Brachionus calyciflorus, which ingested preferentially an algivorous ciliate as compared with a 
bacterivorous one, on the one hand, and preferred an autotrophic flagellate over a bacterivorous flagellate, on the 
other hand. Autotrophic flagellates such as Cryptophytes (included in this study within phytoplank-ton) have 
been found to be of high nutritional value for rotifers (Lubzens et al., 1985; Fernández-Reiriz and Labarta, 
1996). Interestingly, Boersma and Stelzer (Boersma and Stelzer, 2000) showed me growth of K. cochlearis was 
HUFA-limited (highly unsaturated fatty acid-limited) in the presence of a natural Scenedesmus-dominated 
seston. Higher content of essential HUFA such as eicosapentaenoic acid (EPA) and docosahexae-noic acid 
(DHA) of Cryptophytes as compared with Chlorophytes (Vanderploeg et al., 1996; Von Elert and Stampfl, 
2000) could explain the success of this rotifer species when fed with Cryptophytes and the difficulties generally 
encountered with cultures based on other food. This is further supported by in vitro studies that show K. 
quadrata displays increased reproduction when fed with DHA-supplemented food (Boëchat et al., 2005). These 
particular requirements might lead K. cochlearis to a high selectivity towards its preys. Indeed, results by Mohr 
and Adrian (Mohr and Adrian, 2002) with Brachionus calyciflorus tend to support the concept that prey selection 
has evolved to discriminate food of good versus spoor nutritional value as rotifers selected preys mat allowed 
them higher growth rates. 

An interesting result of our study lies in the difference of the proportion of protozoa (mainly ciliates) and 
phytoplankton in the diet of metazooplankton. As seen in Fig. 6, the proportion of heterotrophic protists in the 
diet of rotifers on the three first occasions was ≤27% of total ingestion, whereas it was >50% diereafter. When 
compared with the variations of phytoplankton biomass (Fig. 6), it appears that mere was a decrease in the 
proportion of phytoplankton ingested when phytoplankton biomass in the river was lower than or close to the 
ILL determined for K. cochlearis and B. calyciflorus in field measurements performed in the River Meuse (1.5 
mg C L-1 and 1.7 mg C L-1, respectively) (Gosselain, 1998). This observation suggests that when phytoplankton 
standing stock is higher than the ILL of the dominant rotifer species in me river, the contribution of 
protozooplankton to the diet of metazooplankton is low. By contrast, when phytoplankton availability drops 
below the ILL of the main predator species, which implies increased energy expenditure to collect these food 
items, heterotrophic microorganisms (mainly ciliates) become a food source for metazooplankton of equal 
importance compared with phytoplankton. This hypothesis is reinforced by the observation that Synchaetidae 
found in samples from 3 July had ingested numerous large autotrophic cells (observed as large red spheres under 
epifluorescence microscope) in contrast to what was observed thereafter, indicating a possible switch to 
heterotrophic food items after this date, as further supported by the increased ingestion rates on ciliates' 
measurements (Table III). This shift in the main source of carbon to metazooplankton from phytoplankton when 
the latter is blooming, to protozooplankton when phytoplankton becomes relatively scarce, was also observed by 
Levine and collaborators (Levine et al., 1999) in pelagic lake Champlain (USA-Canada). It is to be noted that the 
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size of phytoplankton on 16 and 30 July, dates on which ciliates constituted >50% of the rotifer diet, was 
essentially of GALD > 10 µm, contrary to the situation on previous dates of measurements (Fig. 2). This shift in 
phytoplankton size might also have contributed to the shift towards higher ingestion of ciliates. 

It should be noted that all carbon fluxes presented here are sensitive to conversion factors to carbon mass. For 
phytoplankton, the conversion factor is based on an extensive data set from the River Meuse (Descy and 
Gosselain, 1994). For other groups, factors are those found and widely used in the literature and should be 
considered with more caution. Nevertheless, it is to be kept in mind that in microorganisms the ratio of key 
components to carbon can be affected when nutrient depletion occurs in their environment or in their resources. 
The lowland River Meuse is an environment where nutrients are virtually never limiting for the growth of 
primary producers (Gosselain et al., 1994). It is thus likely that if a bias in conversion to carbon mass existed, it 
was constant throughout the study period; it should thus play no part in the differences observed between the 
fluxes during the early and late season and should not significantly interfere with our conclusions. 

Moreover, if most of me results presented here are in situ or semi-in situ measurements, carbon fluxes from 
phytoplankton to metazooplankton are based on a model. This model that integrates abiotic and biotic factors is 
based on data collected in the studied site for many years and provides reliable estimates of phytoplankton 
grazing for Brachionids and Keratella-like rotifers as shown by Everbecq and coworkers (Gosselain, 1998; 
Everbecq et al., 2001). Nevertheless, in the case of feeding rates of Synchaetids, estimates were based on 
literature data. Even if this group never dominated the rotifer community on experimentation days, it was well 
represented on the last two dates of measurements, implying a possible bias in the estimation of the carbon flux 
from phytoplankton on these dates. 

In conclusion, this study provides evidence that bacterial production in the lowland River Meuse is not likely to 
be significantly channelled up to upper trophic levels when phytoplankton concentrations are higher than the ILL 
of the main rotifer species. Direct grazing on bacteria by metazooplankton has been shown to be negligible at all 
times, and indirect grazing through heterotrophic protists is low in such conditions. This contrasts with what 
happens when phytoplankton concentrations decrease enough to affect rotifer ingestion rate: in that case, carbon 
input from predation on ciliates can be equivalent to grazing on phytoplankton. The efficiency of carbon transfer 
from bacteria to metazooplankton can be questioned though, as predation of flagellates (the main consumers of 
bacterial production) by metazooplankton was shown to be low, and ciliates are apparently the main predators of 
flagellates in the river during the studied period. Nevertheless, low proportions of HF in the diet of rotifers can 
be nutritionally advantageous, as there is evidence that these organisms are a poor food for rotifers. Moreover, 
predation on heterotrophic protists that fed on phytoplankton (i.e. mainly ciliates) may be nutritionally 
advantageous for rotifers; it would also bypass long (and thus presumably less efficient) microbial food webs 
that involve bacteria and bacterivorous HF. These considerations emphasize the need to include trophic 
interactions between HF and ciliates on the one hand and phytoplankton and heterotrophic protists on the other 
hand in studies of microbial food webs in rivers. Regardless of their efficiency, such food webs seem to play a 
significant role within the plankton of the eutrophic River Meuse, ciliates apparently providing an alternative 
food source for rotifers when phytoplankton becomes scarce. 

 

ACKNOWLEDGEMENTS  

This study was supported by the FRFC (Fonds de la Recherche Fondamentale et Collective, Belgium). The 
authors are indebted to Sylvie Becquevort for her valuable advice on protozoa treatment and observations and to 
Bruno Leporcq for his helpful support in the field. We are grateful to two anonymous reviewers for their 
valuable comments on the manuscript. 

REFERENCES 

Adrian, R. and Schneider-Olt, B. (1999) Top-down effects of crustacean zooplankton on pelagic microorganisms in a mesotrophic lake. J. 
Plankton Res., 21, 2175-2190. 

Andrew, T. E. and Fitzsimons, A. G. (1992) Seasonality, population dynamics and production of planktonic rotifers in lough Neagh, 
Northern Ireland. Hydrobiologia, 246, 147-164. 

Arndt, H. (1993) Rotifers as predators on components of the microbial web (bacteria, heterotrophic flagellates, ciliates) - a   review. 
Hydrobiologia, 255/256, 231-246.  

Arndt, H., Dietrich, D., Auer, B. et al (2000) Functional diversity of heterotrophic flagellates in aquatic ecosystems. In Leadbeater, B. S. C. 
and Green, L. C. (eds), The Flagellates. Taylor & Francis, London, pp. 241-268. 



Published in: Journal of Plankton Research (2006), vol.28, iss.9, pp. 857-870 
Status: Postprint (Author’s version) 

Baranyi, C, Hein, T., Holarek, C. et aL (2002) Zooplankton biomass and community structure in a Danube River floodplain system: effects 
of hydrology. Freshw. Biol, 47, 473-482. 

Boëchat, I. G., Schuran, S. and Adrian, R. (2005) Supplementation of the protist Chilomonas Paramecium with a highly unsaturated fatty 
acid enhances its nutritional quality for the rotifer Keratella quadrata. J. Plankton Pes., 27, 663-670. 

Boenigk, J., Amdt, H. and Cleven, E.-J. (2001a) The problematic nature of fluorescently labeled bacteria (FLB) in Spumella feeding 
experiments - an explanation by using video microscopy. Arch. HydrobioL, 152, 338-341. 

Boenigk, J., Mate, C, Jürgens, K. et al. (2001b) Confusing selective feeding with differential digestion in bacterivorous nanoflagellates. J. 
Eukaryot. Microbiol, 48, 425-432.  

Boersma, M. and Stelzer, C.-P. (2000) Response of a zooplankton community to the addition of unsaturated fatty acids: an enclosure study. 
Freshw. Biol., 45, 179-188. 

Bogdan, K. G. and Gilbert, J. J. (1984) Body size and food size in freshwater zooplankton. Proc. Natl. Acad. Sci. USA, 81, 6427-6431. 

Bogdan, K. G., Gilbert, J. J. and Starkweather, P. L. (1980) In situ clearance rates of planktonic rotifers. Hydrobiologia, 73, 73-77. 

Børsheim, K. Y. and Bratbak, G. (1987) Cell volume to carbon conversion factors for a bacterivorous Monas sp. enriched from seawater. 
Mar. Ecol. Prog. Ser., 36, 171-175. 

Cajander, V.-R. (1983) Production of planktonic Rotatoria in Ormajärvi, an eutrophicated lake in southern Finland. Hydrobiologia, 104, 329-
333. 

Callieri, C, Karjalainen, S. M. and Passoni, S. (2002) Grazing by ciliates and heterotrophic nanoflagellates on picocyanobacteria in Lago 
Maggiore, Italy. J. Plankton Res., 24, 785-796. 

Carlough, L. A. and Meyer, J. L. (1989) Protozoans in two southeastern blackwater rivers and their importance to trophic transfer. Limnol. 
Oceanogr., 34, 163-177. 

Carrick, H. J., Fahnenstiel, G. L., Stoermer, E. F. et al. (1991) The importance of zooplankton-protozoan trophic couplings in lake Michigan, 
limnol. Oceanogr., 36, 1335-1345. 

Descy, J.-P. and Gosselain, V. (1994) Development and ecological importance of phytoplankton in a large lowland river (River Meuse, 
Belgium). Hydrobiologia, 289, 139-155. 

Descy, J.-P. and Métens, A. (1996) Biomass-pigment relationships in potamoplankton.J. Plankton Res., 18, 1557-1566. 

Dolan, J. R., Gallegos, G. L. and Moigis, A. (2000) Dilution effects on microzooplankton in dilution grazing experiments. Mar. Ecol Prog. 
Ser., 200, 127-139. 

Dumont, H. J., Van de Velde, I. and Dumont, S. (1975) The dry weight estimate of biomass in a selection of Cladocera, Copepoda and 
Rotifera from the plankton, periphyton and benthos of continental waters. Oecologia, 19, 75-97. 

Everbecq, E., Gosselain, V., Viroux, L. and Descy, J.-P. (2001) Potamon: a dynamic model for predicting phytoplankton composition and 
biomass in lowland rivers. Wat. Res., 35, 901-912. 

Fernandez-Reiriz, M.J. and Labarta, U. (1996) lipid classes and fatty acid composition of rotifers (Brachionus plicatilis) fed two algal diets. 
Hydrobiologia, 330, 73-79. 

Gilbert, J. J. and Jack, J. D. (1993) Rotifers as predators on small ciliates. Hydrobiobgia, 255/256, 247-253. 

Gosselain, V. (1998) Phytoplancton de la Meuse et de la Moselle et impact du broutage par le zooplancton. PhD Thesis. University of 
Namur, Presses Universitaires de Namur, pp. 1-459. 

Gosselain, V., Descy, J.-P. and Everbecq, E. (1994) The phytoplankton community of the River Meuse, Belgium: seasonal dynamics (year 
1992) and the possible incidence of zooplankton grazing. Hydrobiologia, 289, 179-191. 

Gosselain, V., Joaquim-Justo, C, Viroux, L. et al. (1996) Laboratory and in situ grazing rates of freshwater rotifers and their contribution to 
community grazing rates. Arch. Hydrobiol. Suppl, 113 (Large Rivers 10), 353-361. 

Hansen, A.-M. (2000) Response of ciliates and Cryptomonas to the spring cohort of a cyclopoid copepod in a shallow hypertrophic lake. J. 
Plankton Res., 22, 185-203. 

Hart, R. C. and Jarvis, A. G. (1993) In situ determinations of bacterial selectivity and filtration rates by five cladoceran zooplankters in a 
hypertrophic subtropical reservoir. J. Plankton Res., 15, 295-315. 

Hwang, S.-J. and Heath, R. T. (1999) Zooplankton bacterivory at coastal onshore sites of lake Erie. J. Plankton Res., 21, 699-719. 

Iriberri, J., Ayo, B., Unanue, M. et al. (1993) Channeling of barter-ioplanktonic production toward phagotrophic flagellates and ciliates under 
different seasonal conditions in a river. Microb. Ecol., 26, 111-124. 

Jack, J. D. and Gilbert, J. J. (1997) Effects of metazoan predators on ciliates in freshwater plankton communities. J. Eukaryot. Microbiol, 44, 
194-199. 

Jacquet, V. (2003) Structure et dynamique des communautés de protistes flagellés et ciliés dans un lac méso-eutrophe (Esch-sur-SÛre, 
Luxembourg), et détermination de leur rôle dans la boucle microbienne. PhD Thesis. University of Liège, pp. 1-285. 

Jacquet, S., Domaizon, I., Personnic, S. et al (2005) Estimates of protozoan- and viral-mediated mortality of bacterioplankton in Lake 
Bourget (France). Freshw. Biol, 50, 627-645. 

Joaquim-Justo, C., Detry, C., Caufman, F. et al. (2004) Feeding of planktonic rotifers on ciliates: a method using natural ciliate assemblages 
labelled with fluorescent microparticles. J. Plankton Res., 26, 1289-1299. 

Jürgens, K., Arndt, H. and Zimmermann, H. (1997) Impact of metazoan and protozoan grazers on bacterial biomass distribution in 



Published in: Journal of Plankton Research (2006), vol.28, iss.9, pp. 857-870 
Status: Postprint (Author’s version) 

microcosm experiments. Aquat Microb. Ecol, 12, 131-138. 

Jürgens, K., Wickham, S. A., Rothhaupt, K. O. et al. (1996) Feeding rates of macro- and microzooplankton on heterotrophic nanoflagellates. 
Limnol Oceanogr., 41, 1833-1839.  

Kim, H.-W., Hwang, S.-J. and Joo, G.-J. (2000) Zooplankton grazing on bacteria and phytoplankton in a regulated large river (Nakdong 
River, Korea). J. Plankton Res., 22, 1559-1577. 

Kim, H. W.,Joo, G.J. and Walz, N. (2001) Zooplankton dynamics in the hyper-eutrophic Nakdong river system (Korea) regulated by an 
estuary dam and side channels. Internat. Rev. Hydrobiol, 86, 127-143. 

Kobayashi, T. (1997) Associations between environmental variables and zooplankton body masses in a regulated Australian river. Mar. 
Freshw. Res., 48, 523-529. 

Lair, N., Jacquet, V. and Reyes-Marchant, P. (1999) Factors related to autotrophic potamoplankton, heterotrophic protists and microme-
tazoan abundances, at two sites in a lowland temperate river during low water flow. Hydrobiologia, 394, 13-28. 

Leimeroth, N. (1980) Respiration of different stages and energy budgets of juvenile Brachionus calyciflorus. Hydrobiologia, 73, 195-197. 

Levine, S. N., Borchardt, M. A., Shambaugh, A. D. et al. (l 999) Lower trophic level interactions in pelagic Lake Champlain. In Manley, T. 
and Manley, P. (eds), Lake Champlain in Transition: From Research Towards Restoration. Water Science Application. Vol. 1, American 
Geophysical Union, Washington, DC, pp. 301-321. 

Liu, H. B., Dagg, M. J., Wu, C. J. and Chiang, K. P. (2005) Mesozooplankton consumption of microplankton in the Mississippi River plume, 
with special emphasis on planktonic ciliates. Mar. Ecol Prog. Ser., 286, 133-144. 

Lubzens, E., Marko, A. and Tietz, A. (1985) De novo synthesis of fatty acids in the rotifer Brachionus plicatilis. Aquaculture, 47, 27-37. 

Marneffe, Y., Descy, J. P. and Thomé, J. P. (1996) The zooplankton of the lower river Meuse, Belgium: seasonal changes and impact of 
industrial and municipal discharges. Hjidrobiobgia, 319, 1-13. 

Menon, P., Billen, G. and Servais, P. (2003) Mortality rates of autochthonous and fecal bacteria in natural aquatic ecosystems. Water Res., 
37, 4151-4158. 

Mohr, S. and Adrian, R. (2000) Functional responses of the rotifers Brachionus calyciflorus and Brachionus rubens feeding on armored and 
unarmored ciliates. Limnol. Oceanogr., 45, 1175-1180. 

Mohr, S. and Adrian, R. (2002) Reproductive success of the rotifer Brachionus calyciflorus feeding on ciliates and flagellates of different 
trophic modes. Freshw. Biol, 47, 1832-1839. 

Ooms-Wilms, A. L. (1997) Are bacteria an important food source for rotifers in eutrophic lakes? J. Plankton Res., 19, 1125-1141. 

Ooms-Wilms, A. L., Postema, G. and Gulati, R. D. (1995) Evaluation of bacterivory of Rotifera based on measurements of in situ ingestion 
of fluorescent particles, including some comparisons with Cladocera. J. Plankton Res., 17, 1057-1077. 

Paffenhöfer, G.-A. (1998) Heterotrophic protozoa and small metazoa: feeding rates and prey-consumer interactions. J. Plankton Res., 20, 
121-133. 

Pontin, R. M. (1978) A Key to British Planktonic Rotifera. Scientific Publication 38. Freshwater Biological Association, Titus Wilson & Son 
Ltd., Kendal, 178 pp. Porter, K. G. and Feig, Y. S. (1980) The use of DAPI for identifying and counting aquatic microflora. Limnol. 
Oceanogr., 25, 943-948. 

Pourriot, R. (1977) Food and feeding habits of Rotifera. Arch Hydrobiol Beih. Ergebn. Limnol, 8, 243-260. 

Pourriot, R. and Francez, A. J. (1986) Rotifères. Introduction À la Systématique Des Organismes Des Eaux Continentales Françaises. Vol. 8. 
Extrait du Bulletin mensuel de la Société Linnéenne de Lyon 55, pp. 37. 

Ronneberger, D. (1998) Uptake of latex beads as size-model for food of planktonic rotifers. Hydrobiologia, 387/388, 445-449. 

Rothhaupt, K. O. (1990) Differences in particle size-dependent feeding efficiencies of closely related rotifer species. Limnol. Oceanogr., 
35,16-23. 

Ruttner-Kolisko, A. (1974) Plankton Rotifers. Biology and Taxonomy. Die Binnengewässer, Supplementary edn, English translation of Vol. 
26. E. Schweizerbart'sche-Verlagsbuchhandlung, Stuttgart, 146 pp. 

Sanders, R. W., Porter, K. G., Bennett, S. J. et al. (1989) Seasonal patterns of bacterivory by flagellates, ciliates, rotifers, and cladocerans in a 
freshwater planktonic community. Limnol. Oceanogr., 34, 673-687. 

Scherwab, A. (2001) Seasonal dynamics and mechanisms of control of ciliated potamoplankton in the river Rhine. PhD Thesis. University of 
Cologne, pp. 1-121. 

Servais, P., Becquevort, S. and Vandevelde, F. (1998) Comparaison de deux méthodes d'estimation du broutage des bactéries par les 
protozoaires en milieux aquatiques. Rev. Sci Eau, 4, 631-639. 

Servais, P., Billen, G., Martinez, J. et al. (1989) Estimating bacterial mortality by the disappearance of 3H-labeled intracellular DNA. FEMS 
Microbiol. Ecol, 62, 119-126. 

Servais, P., Billen, G. and Vives-Rego J. (1985) Rate of bacterial mortality in aquatic environments. Appl. Environ. Microbiol., 49,1448-
1454. 

Servais, P., Gosselain, V., Joaquim-Justo, C. et al (2000) Trophic relationships between planktonic micro-organisms in the river Meuse 
(Belgium): a carbon budget. Arch. Hydrobiol, 149, 625-653. 

Sherr, B. F., Sherr, E. B., Andrew, T. L. et al (1986) Trophic interactions between heterotrophic Protozoa and bacterioplankton in estuarine 
water analysed with selective metabolic inhibitors. Mar. Ecol. Prog. Ser., 32, 169-179. 



Published in: Journal of Plankton Research (2006), vol.28, iss.9, pp. 857-870 
Status: Postprint (Author’s version) 

Simon, M. and Azam, F. (1989) Protein content and protein synthesis rates of planktonic marine bacteria. Mar. Ecol. Prog. Ser., 51,201-213. 

Starkweather, P. L., Gilbert, J. J. and Frost, T. M. (1979) Bacterial feeding by the rotifer Brachionus colyciflorus. clearance and ingestion 
rates, behavior and population dynamics. Oecologia, 44, 26-30. 

Stemberger, R. S. (1981) A general approach to the culture of planktonic rotifers. Can. J. Fish. Aquat. Sci, 38, 721-724. 

Thouvenot, A., Debroas, D., Richardot, M. et al (1999b) Impact of natural metazooplankton assemblage on planktonic microbial 
communities in a newly flooded reservoir. J. Plankton Res., 21, 179-199. 

Thouvenot, A., Richardot, M., Debroas, B. et al. (1999a) Bacterivory of metazooplankton, ciliates and flagellates in a newly flooded 
reservoir. J. Plankton Res., 21, 1659-1679. 

Turley, C. M., Newell, R. C. and Robins, D. B. (1986) Survival strategies of two small marine ciliates and their role in regulating bacterial 
community structure under experimental conditions. Mar. Ecol. Prog. Ser., 33, 59-70. 

Urabe, J. and Wanatabe, Y. (1990) Difference in the bacterial utilization ability of four cladoceran plankton (Crustacea: Cladocera). Mat. 
Hist. Res., 1, 85-92. 

Vancil, J. E. (1983) A method for the laboratory culture of the planktonic rotifer Keratella cochlearis (Gosse). Hydrobiologia, 107, 47-50. 

Vanderploeg, H. A., Liebig, J. R. and Gluck, A. A. (1996) Evaluation of different phytoplankton for supporting development of Zebra 
Mussel larvae (Dreissena polymorpha): the importance of size and polyunsaturated fatty acid content. J. Gt. Lakes Res., 22, 36-45. 

Verity, P. G. (1991) Measurement and simulation of prey uptake by marine planktonic ciliates fed plastidic and aplastidic nanoplankton. 
Limnol. Oceanogr., 36, 729-750. 

Viroux, L. (1999) Zooplankton distribution in flowing waters and its implications for sampling: case studies in the River Meuse (Belgium) 
and the River Moselle (France, Luxembourg). J. Plankton Res., 21, 1231-1248. 

Viroux, L. (2000) Dynamique du métazooplancton en milieu fluvial [Metazooplankton dynamics in a large lowland river]. PhD Thesis. 
University of Namur, Presses Universitaires de Namur, 309 pp. 

Von Elert, E. and Stampfl, P. (2000) Food quality for Eudiaptomus gracilis: the importance of particular highly unsaturated fatty acids. 
Freshw. Biol., 45, 189-200. 

Vörös, L., Balogh, K., Herodek, S. et al. (2000) Underwater light conditions, phytoplankton photosynthesis and bacterioplankton production 
in the Hungarian section of the River Danube. Arch Hydrobiol. Suppl., 115, 511-532. 

Walz, N. (1983) Continuous culture of the pelagic rotifers Keratella cochlearis and Brachionus angularis. Arch. Hydrobiol, 98, 70-92. 

Walz, N. (1997) Rotifer life history strategies and evolution in freshwater plankton communities. In Streit, B., Städler, T. and Lively, C. M. 
(eds), Evolutionary Ecology of Freshwater Animals. Verlag Basel, Basel, Switzerland, pp. 119-149. 

Weisse, T. and Frahm, A. (2002) Direct and indirect impact of two common rotifer species (Keratella spp.) on two abundant ciliate species 
(Urotricha furcata, Balanion planctonicum). Freshw. Biol., 47, 53-64. 

Weitere, M. (2001) The heterotrophic nanoflagellates in the water column of the river Rhine: seasonal and spatial dynamics and their 
position in the food web. PhD Thesis. University of Cologne, pp. 1-133. 

Weitere, M. and Arndt, H. (2002a) Water discharge-regulated bacteria-heterotrophic nanoflagellate (HNF) interactions in the water column 
of me river Rhine. Microb. Ecol., 44, 19-29. 

Weitere, M. and Arndt, H. (2002b) Top-down effects on pelagic heterotrophic nanoflagellates (HNF) in a large river (River Rhine): do losses 
to the benthos play a role? Freshw. Biol, 47, 1437-1450. 

Weitere, M., Scherwass, A., Sieben, K.-T. et al. (2005) Planktonic food web structure and potential carbon flow in the lower river Rhine with 
a focus on the role of protozoans. Riser Res. Appl., 21, 535-549. 

Work, K., Havens, K., Sharfstein, B. et al. (2005) How important is bacterial carbon to planktonic grazers in a turbid, subtropical lake? J. 
Plankton Res., 27, 357-372. 

Wylie, J. L. and Currie, D.J. (1991) The relative importance of bacteria and algae as food sources for crustacean zooplankton. Limnol 
Oceanogr., 36, 708-728. 

Zimmermann, H. (1996) Interactions between planktonic protozoans and metazoans after the spring bloom of phytoplankton in a eutrophic 
lake, the Belauer See, in the Bornhöveder Seenkette, North Germany. Acta Protozool., 35, 215-221. 


