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ABSTRACT: Field patterns and experimental results suggested that rotifers, by grazing heterotrophic 
mcroflagellates, may have exerted an indirect effect on bacterioplankton concentration. A rotifer 
population (Synchaeta sp.) oscillated out of phase with total microflagellate (autotrophic and hetero- 
trophic) concentration, and heterotrophic microflagellate concentrations oscillated out of phase with 
bacterial abundance in the Rhode River (USA). Similar patterns were found in a time-course study of 
isolated water samples. Grazing experiments indicate that the rotifer cleared the water of both 
heterotrophic and autotrophic microflagellates at 10 to 16 p1 h-' rotifer-' The apparent predator-prey 
relationships of rotlfer-microflagellate and heterotrophic microflagellate-bacteria were formally defined 
in a model of a rotifer-microflagellate-bacteria food web using grazing and growth rates from field 
patterns and experiments. The model successfully mimicked field abundance patterns supporting the 
hypothesis that rotifers, microflagellates and bacteria form a highly interactive system in which rotifers 
exert an inhrect effect on bacterioplankton. 

INTRODUCTION 

The 'microbial loop' concept (Azam et  al. 1983) was 
put forward, in part, as an account of the fate of bac- 
terial carbon in plankton ecosystem. In this loop, dis- 
solved organic matter is packaged by bacteria which 
are consumed by heterotrophic microflagellates and 
ciliates. If bacteriovores are eaten by metazoan zoo- 
plankton the loop can function as a pathway for bac- 
terial carbon to enter the 'traditional' food chain of 
zooplankton-nekton (Ducklow et al. 1986). The impor- 
tance of carbon flux through bacteria continues to be 
demonstrated for a variety of aquatic environments, 
from estuaries (Coffin & Sharp 1987) to the open ocean 
(Hophnson et  al. 1989, Malone & Ducklow 1990). 
Likewise, recent work continues to confirm the 
hypothesized role of microflagellates and small ciliates 
as primary bacteriovores (Sherr et  al. 1989) and shows 
that protists can control abundance, production and 
size structure of the bacterial community (Chrzanowski 
& Simek 1990, Gonzalez et  al. 1990, Kuuppo-Leinikki 
1990). What remains unsettled is the relationship of the 
microbial loop to the metazoan zooplankton-nekton 
food chain. 

A 'Link vs sink' controversy, a s  it has come to be  
known, has revolved primarily around questions as to 
how much carbon is left for metazoan zooplankton after 
bacterial and protistan respiration (Ducklow et al. 1986, 
Sherr et al. 1987). However, the possible role of meta- 
zoan zooplankton in structuring the microbial loop, i.e. 
regulating the abundance and/or composition of bac- 
teriovores and thereby indirectly affecting the bacterio- 
plankton, has, to our knowledge, not been critically 
examined. Indeed, this is surprising because predation 
has long been recognized as able to shape both the 
species con~positions and densities of lower trophic 
levels in freshwater planktonic and  marine benthic 
communities (Elser & Carpenter 1988). 

This report deals with structure and function of the 
microbial loop in the Rhode fiver,  a eutrophic sub- 
estuary of the Chesapeake Bay, USA. We present 
evidence that during fall months, when rotifers are 
abundant, a rotifer-microflagellate-bacteria food web 
develops in which heterotrophic microflagellate 
abundance is likely regulated by both bacterial con- 
centration and rotifer grazing pressure. Periods of high 
bacterial concentration represent the indirect result of 
rotifers grazing heterotrophic microflagellates. 
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METHODS AND MATERIALS 

Field sample collection and processing. Samples 
were gathered during daylight hours off the Smithso- 
nian dock on the Rhode h v e r ,  Maryland (USA), at 1 to 
4 d intervals from late October to mid-December at 
slack tide by immersing a 10 1 jug ca 10 cm below the 
surface. Aliquots (20 ml) for bacterial, microflagellate 
and ciliate counts were fixed with EM grade glutaral- 
dehyde (final concentration 1 %). A 2 l subsample was 
concentrated over a 20 pm Nitex screen to 20 m1 and 
fixed with glutaraldehyde for metazoan zooplankton 
counts. Microflagellates and bacteria were enumerated 
following the protocols of Hass (1982) and Porter & Feig 
(1980). Ciliates were counted in whole water samples, 
rotifers and other metazoan plankters in the concen- 
trates, using an inverted microscope. Replicate samples 
(n = 5) yielded a sample error estimate (CV) of 10 to 
20 %, with the higher amount associated with estimates 
of rotifer abundance. 

Temperature, salinity and in vivo fluorescence data 
were gathered from an  automated sampling station, 
previously described (Cory & Dresler 1981). As part of a 
separate, long-term phytoplankton study, samples for 
chlorophyll analysis were taken at approximately 
weekly intervals and processed following the protocol 
outlined in Gallegos (1989). 

Rotifer grazing experiments. Experiments were run 
in late October and early November using the experi- 
mental design and rate calculation methods of Frost 
(1972). Eight 20 m1 polycarbonate scintillation vials 
were filled with rotifer-free (20 Fim screened) water. 
Twenty rotifers were added to 3 or 4 containers, the rest 
serving as controls, half of which were preserved 
immediately for time=zero estimates of flagellate 
abundance. The remaining containers were incubated 
for 24 h in an open, outdoor, bath which was flushed 
with water pumped from near the sample site. The 
flushing action in the water bath kept the vials circulat- 
ing constantly; there was no obvious settling of 
material in the vials. Samples were fixed and processed 
for microflagellate counts as  described above. 

Time course study. A time-course study of large, 
size-fractionated water samples was run in mid- 
November. Abundance trends were examined to con- 
firm the patterns seen in the estuary seperate from any 
benthic influence, and to investigate the effects of 
reduced and increased rotifer concentrations. A 200 1 
container was filled with dock water using the method 
employed for field sampling. This single water sample 
was used to sequentially fill 3 aquaria (ca 30 1). The first 
tank was filled with whole (untreated) water. A second 
tank was filled with water siphoned through a 20 pm 
screen, ylelding water which was nominally rotifer- 
free. The concentrate retained by the 20 pm screen was 

added to the third tank which now contained an  ele- 
vated concentration of rotifers. To maintain in situ 
temperature and light conditions, the 3 tanks were 
placed in a deep, outdoor water table in which water 
pumped from near the sample site constantly circu- 
lated. After gentle stirring, samples (2 1) were removed 
daily for 6 d and processed for estimates of bacteria, 
microflagellate, ciliate and rotifer abundance. 

Grazing rates of heterotrophic microflagellates on 
bacteria were calculated to provide a clearance rate 
estimate for a computer model of a rotifer-microflagel- 
late food web (see 'Discussion'). Grazing parameters, 
based on changes in the abundances of bacteria and 
heterotrophic microflagellates in the tank without roti- 
fers, were calculated over 4 time periods using the 
equations of Heinbokel (1978). Bacterial growth in the 
absence of grazing was conservatively estimated as the 
average rate during 2 periods of growth observed in the 
tank without rotifers but in the presence of hetero- 
trophic microflagellates. 

RESULTS 

Abundance trends in the Rhode River 

The metazoan zooplankton (Table 1) were domi- 
nated numerically by a small (ca 130 pm) Synchaeta sp. 
(sp. 1 = S. cecilia?) rotifer. The density of sp. 1 varied 

Table 1. Summary of organism concentrations and temporal 
presence based on samples taken from late October to mid- 

December 1990 

Organism Average conc. % Dates 
(SD) present 

Metazoan zooplankton I- '  
Synchaeta sp.  1 671 (1, 142) 
Synchaeta sp. 2 51 (64) 

Polychaete larvae l 3  (21) 
Copepod nauplii 5 (4) 
Veliger larvae 5 (6) 
Barnacle nauplii 2 (1) 
Copepods 1 (2) 

Ciliates ml-' 
Balanion sp. 
Mesodiniurn pulex 
~Vyrionecta rubrum 
Strombidiurn sp. 1 
Mesodinium sp 
Cyclidiurn sp. 
Strombidium sp. 2 

Microflagellates X 103 ml- 
Autotrophic 
Heterotrophic 

Bacteria X 106 ml-' 
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Fig. 1 Temporal changes in abundances of microflagellates (autotrophic and heterotrophic) and rotifers (Synchaeta species 1, 
Syn, sp. 1 and species 2 ,  Syn sp. 2) in the Rhode River estuary 

widely (100 to 5000 1-l) and inversely with total micro- 
flagellate concentration (Fig. l). The 2 populations 
oscillated out of phase with a period of about 4 to 8 d. 
Synchaeta sp. 1 appeared to grow exponentially when 
total flagellate concentrations exceeded ;= 50 000 ml-' 
and to decline abruptly when flagellates fell below this 
value. Flagellate concentration did not appear to 
decline until rotifers reached a density of ca 1000 I - ' .  

During the first week of December, which followed a 
drop in the water temperature to below 7°C (Fig. 4), 
Synchaeta sp. l abruptly disappeared and a much 
larger (- 300 pm) Synchaeta sp. (species 2,  = S. bal- 
tica?) increased in abundance (Fig. l). The flagellate 
population fluctuated widely (= 30 000 to 80 000 cells 
ml-') with only minor variations in the abundance (94 
to 224 1-l) of the large rotifer. 

The heterotrophic microflagellate component of total 
microflagellates formed a small (< 1/4) proportion of 
total flagellates (Table 1 ) .  Both bactena and hetero- 
trophic microflagellates oscillated with a period of 4 to 
8 d but the relationship between the 2 populations was 
unclear. While high rates of bacterial decline were 
associated with high stocks of heterotrophic micro- 

flagellates (see Fig. 2: Nov 12 to 15, 17 to 19) and low 
concentrations of bacteria (below 1 X 106 ml-l) 
immediately preceeded declines in heterotrophic mi- 
croflagellates (see Fig. 2: Nov 7, 14, 18, 21), high con- 
centrations of bacteria (Nov 2 to 5, 9 to 12, 27, Dec 2) 
were not associated with, or found to immediately 
precede, large standing stocks of heterotrophic micro- 
flagellates. Peak bacterial numbers (Nov 9 to 14, 26 to 
30) were associated with high concentrations of rotifers 
(cf. Figs. 1 & 2: Nov 9 to 12 ,  26 to 30). Low heterotrophic 
microflagellate numbers occurred with both low stocks 
of bactena and high concentrations of rotifers (Nov 16, 
20, 26 to 30). 

Ciliate abundances (Fig. 3) generally ranged 
between 10 and 100 cells ml-l. The ciliate community 
was dominated by a small (30 pm dia.) Balanion sp.; 
other common forms included raptorially-feeding 
Mesodinium spp, and the phototrophic Myrionecta 
rubrum (Table 1 ) .  Bacteriovores, such as Cyclidium, 
were a minor component of the assemblage. Ciliates 
did not show any clear relationship with the flagellate 
or bacterial populations. Although food vacuole con- 
tents of most cells were unidentifiable, many ciliates 
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Fig. 2. Temporal changes in abundances of heterotrophic microflagellates and bacteria in the Rhode River estuary 
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Fig. 3. Temporal changes in abundances of ciliates In the Rhode River Estuary 
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(Balanion sp.) appeared to contain the remains of dino- 
flagellate prey. The relatively low abundance of 'typi- 
cal' filter-feeding forms known to ingest microflagel- 
lates such as  oligotrichs and tintinnids may explain the 
lack of a relationship between flagellates and ciliates. 

Temperature declined erratically through the study 
period from ca 16°C to ca 7OC. Both temperature and 
salinity were variable (Fig.4) but none of the popula- 
tions varied with either parameter. Likewise, no obvi- 
ous relationships were seen with chlorophyll concen- 
tration, a s  indicated by fluorescence (Fig. 5). Although 
no attempt was made to partition the chlorophyll crop 
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1 

into size-fractions, from casual observations it was 
apparent that chlorophyll peaks were associated with 
dense populations of the dinoflagellate Prorocentrum 
minim um. 

Linear correlation analysis between population 
densities and water quality parameters (salinity, tem- 
perature, chlorophyll) revealed no significant relation- 
ship between any of the populations and water quality 
measures, untransformed or log transformed, with or 
without time lags of 1 to 4 d. Similar analyses of all 
possible pairs of populations revealed no significant 
correlations. 
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Grazing experiments 

Synchaeta sp. 1 cleared flagellates at rates ranging 
from 8.7 to l 7  .8 p1 rotifer-' h- ' .  Higher rates ( X  = 16.2, 
range = 14.6 to 17.8 111 h- ' )  were observed when the 
average concentration of flagellates was ca 20 000 ml-'. 
In the second experiment the average concentration of 
flagellates was ca 50 000 flagellates ml-' and the average 
clearance was ca 10 p1 rotifer-' h ' (range = 8.7 to 11.9). 
In both experiments there was no significant difference 
between the clearance rates estimated on autoti-ophic 
and heterotrophic microflagellates (Table 2).  

Time course study 

The time course study of size-fractionated water 
samples confirmed the relationships seen in the field 
patterns. In the tank without rotifers (Fig.Ga), total 
flagellates slowly increased and ciliates grew exponen- 
tially from ca 50 to 400 ml-l. Unlike total flagellates, 
heterotrophic microflagellates oscillated between 
12 000 and 22 000 rnl-', and bacteria varied between ca 
1 and 3 X 106 ml-l. Changes in heterotrophic micro- 
flagellate concentrations lagged behind bacteria by 
about 1 sampling period. 

Grazing rates of heterotrophic microflagellates, cal- 
culated over the time periods which began with at least 
1.5 X 106 bacteria ml-l, are presented in Table 3. We 
estimated bacterial growth as 0.034 h-', which repre- 
sents the average of 2 periods of population growth at 
rates of 0.020 and 0.047 h-'.  Using this average, we 
estimate that heterotrophic microflagellates cleared an  
average of 3.56 nl flagellate-' h-'  (SD = 1.052) and 
ingested an average of 6.8 (SD = 0.977) bacteria flagel- 
late-' h-'  

In the tank filled with unaltered water (Fig. 6b, in situ 
rotifer concentration), total flagellate numbers first 
increased slightly, then declined as rotifer numbers 
increased from - 500 to 2000 1-l. Over the last sam- 
pling period, a decline in rotifer numbers coincided 
with an increase in flagellate concentrations. As in the 

tank with rotifers removed, ciliates grew exponentially 
(data not shown), increasing from 100 to 350 inl-' and 
then declining slightly over the last sampling penod. 
Heterotrophic microflagellate populations largely 
paralleled the changes in total flagellates, in contrast to 
the pattern seen in the tank without rotlfers. 
Concentrations at first increased slightly and then 
declined and were lower in the last half of the experi- 
ment when rotifers exceeded 1000 I - ' .  Bacterial con- 
centrations declined over the first 3 sampling periods 
and then remained stable at ca 1.2 X 106 ml-l. 

In the tank with increased rotifer concentrations 
(Fig. 6c), total flagellates oscillated between 38 000 and 
55 000 ml-' while rotifers varied from ca 1000 to 
3000 1-l. Ciliates increased in concentration steadily 
from - 100 to 350 ml-' and then decreased slightly 
(data not shown), similar to the tank with in situ rotifer 
concentration. 

Temporal changes in the numbers of heterotrophic 
microflagellates roughly corresponded with the pattern 
of total microflagellates, similar to trends seen in the 
tank with in situ rotifer concentrations. Bacterioplank- 
ton concentrations also oscillated, and almost exactly 
paralleled changes in rotifer concentrations with cor- 
responding population peaks. 

Few metazoan zooplankters other than rotifers were 
present in the tanks containing unaltered water or an  
increased rotifer concentration. Abundances of 
polychaete larvae and barnacle nauplii were similar to 
the average field concentrations, 5 to 10 1-l.  

DISCUSSION 

Cascading trophic interactions are well known from 
freshwater plankton communities and are epitomized 
by changes in grazer-phytoplankton assemblages 
which follow changes in the composition of the fish 
community (McQueen et  al. 1989). Typically, plank- 
tivorous fish regulate not only the abundance but the 
composition of the herbivorous zooplankton, which in 
turn determines the abundance and composition of the 

Table 2. Results of rotifer grazing experiments. Number of replicates (N), prey concentrations ( X  103 ml-') of heterotrophic 
(Hflag), autotrophic (Aflag) and total microflagellates (Tflag). Numbers in parentheses are standard deviations 

I Date 

Controls Grazer Prey Prey conc. Filtration Ingestion 
N N group <C> yl h-' (SD) cells h-' (SD) I 

Oct 30 2 2 Tflag 23382 (1218) 16.2 (2.3)  380 (94.6) 
Aflag 16846 (474) 16.5 (4.2)  279 (78.4) 
Hflag 5519  (750) 15.8 (3.2)  86 (6.0) 

2 3 Tflag 54 162 (533) 10.2 (1.6)  
Aflag 47 116 (462) 8.4 (1,l) 
Hflag 7 041 (420) 22.2 (7.9) 
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pressure on bacterioplankton. This type of an indirect 
effect has been termed a 'trophic linkage indirect 
effect' (Miller & Kerfoot 1987). 

The concentrations of the microbial loop populations 
observed here are similar to those reported by others. 
Bacterial concentrations corresponded with previous 
reports of autumn abundances for the Rhode River 
(Rublee et  al. 1984). Microflagellate numbers, although 
higher than those reported for the mainstem of the 
Chesapeake Bay, were well within the range of con- 
centrations reported for meso- and polyhaline 
estuarine waters (Dolan & Coats 1990). Rotifer popula- 
tion densities, which ranged from 102 to 103 I-', may be 
typical of estuarine waters. For example, peak concen- 
trations of several thousand rotifers per liter have been 
recorded for the estuarine portion of the Potomac River 
(Heinbokel et  al. 1988), and Perch Pond, Massachusetts 
(Egloff 1988). In the mainstem of the Chesapeake Bay, 
rotife~s display a peak density of ca 500 1-' in 
November, based on samples integrated over the entire 
water column and averaged from several stations 
(Brownlee & Jacobs 1987). 

Similarly, the relationships between the different 
populations have been reported before. Bacteria- 
microflagellate coupling apparent from the field data 
and confirmed in the tank experiment is a relatively 
well-known phenomenon (Kuuppo-Leinikki 1990). 
Correlations between rotifers and microflagellates in 
freshwater systems have been noted (Cushing 1976), 
and laboratory studies have consistently shown that 
rotifers, especially Synchaeta spp., grow best on a diet 
of small flagellates, such as cryptomonads (Pourriot 
1977, Egloff 1988) which are one of the dominant phyto- 
plankters in the Rhode River (Gallegos 1989). 

Minimal food concentrations for the 2 predators in 
the system which were suggested by the field patterns 
and the tank experiment corresponded with previous 
studies. Fenchel (1986) found that a minimal concen- 
tration of 0.5 to 1.0 X 106 bacteria ml-' was needed to 
support logarithmic growth of heterotrophic micro- 
flagellates. However, given the relatively large stand- 
ing stocks of heterotrophic microflagellates and consid- 
ering that they may consume autotrophic flagellates 
(reviewed in Grover 1990 and Sherr et  al. 1991), it is 
possible that bacteriovory by heterotrophic micro- 
flagellates was supplemented with herbivory. The 
apparent minimal food concentration for rotifer growth 
fell well within the range reported for freshwater roti- 
fers of a size similar to Synchaeta spp. 1 (Stemberger & 
Gilbert 1985, 1987). 

The grazlng rates reported here also agree with pre- 
vious studies. Results of the experiments with the small 
Synchaeta sp. (species 1) and natural flagellate popula- 
tions yielded clearance rate estimates within the range 
reported for other Synchaeta species (Gilbert & Bogdan 

1984) and were very similar to those found in studies 
with the similar-sized Synchaeta cecilia, i.e. 2 to 18 p1 
rotifer h-'  (Egloff 1988). Heterotrophic microflagellates 
were estimated to clear bacteria at ca 3.5 nl flagellate-' 
h- ' .  Grazing rate estimates for heterotrophic micro- 
flagellates range widely but are generally found to be 
between 2 and 4 nl flagellate h-' for field populations 
(Capriulo et  al. 1991). 

Predator-prey relationships inferred from field data 
are at  best tentative (Davis et  al. 1985) because organ- 
isms are rarely controlled exclusively by a single con- 
sumer. With regard to bacteria for example, hetero- 
trophic microflagellates are usually the dominant bac- 
teriovore, but viruses (Borsheim et  al. 1990) and some 
chloroplast-containing microflagellates (Sanders 1991) 
also exploit bacteria. The second most abundant meta- 
zoan encountered, polychaete larvae, although found 
in very low numbers relative to rotifers (Table l), con- 
sumes phytoplankton at  rates approximately equal to 
those reported here for Synchaeta sp. 1 (Sellner et al. 
1987). It is also concievable that some form of benthic- 
pelagic coupling could have played a role in the field 
patterns observed. However, in the Rhode River 
infaunal invertebrates, epibenthic fish and epibenthic 
crabs are all at an  annual low in late fall-early winter 
(Hines et al. 1987). Furthermore, in the tank experi- 
ments water was removed from any benthic influence 
and patterns of population abundances were similar to 
those seen in field samples. 

Given the apparent reasonable nature of the rotifer- 
microflagellate and mlcroflagellate-bacteria relation- 
ships we constructed a computer simulation model of a 
food web to confirm that the 2 predator-prey systems 
could interact and possible produce abundance pat- 
terns similar to those seen in the field populations. 

A relatively simple 3-level predator-prey system was 
modeled using population growth rates, death rates 
and carrying capacities estimated from field data; 
rotifer clearance rates from the grazing experiments 
and heterotrophic microflagellate grazing rates from 
the time-course study (Table 4). It should be 
emphasized the rates employed were 'apparent' ,  e.g. 
carrying capacities as maximum observed population 
densities, population growth rates as maximum 
observed regardless of possible predator abundance. 

The model consisted of 4 components: rotifers, auto- 
trophic microflagellates, heterotrophic microflagel- 
lates, and bacteria. We modeled the growth of all 4 
populations using the logistic equation by setting the 
maximal growth rate a s  the highest net growth rate 
observed in the field data, and the carrying capacity 
as the maximum observed concentration. Exponential 
death rates were imposed on rotifers and hetero- 
trophic microflagellates when prey densities (total 
flagellates and bacteria, respectively) fell below the 
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Table 4. Parameters used in the model rotifer-microflagellate-bacteria food web. FD: field data. See 'Discussion' for details 

Rate Value Source 

Rotifers 
Growth (d-l) 1.32 FD:Nov 16 to 11, Fig. 1 
Minimum prey conc. (ml-l) 50 000 FD: Fig. 1 
Death (d- l )  1.16 FD:Nov 7 to 8, Fig. l 
Carrying capacity (ml-l) 6.00 FD:Nov 27, Fig. 1 
Clearance (m1 d-') at  conc. > 20 000 ml-' 0.24 Grazing experiment 
Clearance (m1 d-l) at  conc. < 20 000 ml-' 0.38 Grazing experiment 

Heterotrophic microflagellates 
Growth (d-l) 0 87 FD:Dec 7 to 8, Fig. 2 
Minimum prey conc. (ml-l) 1 000 000 FD: Fig. 2 
Death (d-l) 0.57 FD:Nov 6 to 7, Fig. 2 
Clearance (m1 d- ' )  0.000085 Time-course experiment 
Carrying capacity (rnl-l) 24 000 Time-course experiment 

Autotrophic microflagellates 
Growth (d-l) 1.69 FD:Nov 27 to 28, DNS 
Carrylng capacity (ml-l) 80 000 FD:Dec 2, DNS 

Bacteria 
Growth (d- l )  0.81 FD:Nov 8 to 9, Fig. 2 
Carrying capacity (ml-l) 4 000 000 FD:Nov 9, Fig. 2 

minimal values at which positive predator growth was 
observed in the field data. Rotifer growth rate was 
linked to the previous day's prey concentration as the 
egg development time for Synchaeta spp. is ca 24 h at 
10°C (Heinbokel e t  al. 1988). Bacteria were subjected 
to removal by heterotrophic microflagellates using the 
average clearance rate estimated from the time-course 
experiment. Both flagellate compartments were sub- 
jected to removal by rotifers using a clearance rate 
rotifer-' d- l  equivalent to 16 p1 h-' a t  prey concen- 
trations below 20 000 ml-' and 10 p1 h-' at higher prey 
abundances. 

The model produced temporal patterns that were 
remarkably close to those seen in the field data (Fig. 7). 
At steady state, the population densities oscillated with 
amplitudes and periods similar to those of natural 
populations. In the field rotifers oscillated between ca 
100 and 6000 1-' compared to - 70 to 4000 1-' for the 
model populdtion. Total flagellates in the field varied 
from ca 27 000 and 80 000 ml-' compared to 18 000 to 
90 000 ml-' for model populations. Heterotrophic mi- 
croflagellates ranged from ca 3000 to 17 000 ml-l in 
Rhode River waters compared to a model range of ca 
1000 to 15 000 ml- l .  Bacterioplankton concentrations 
varied from ca 0.4 to 4 X 106 ml-' and 0.6 to 3 X 

106 ml-' in field samples and in the simulation, respec- 
tively The model correctly predicted the qualitative 
observation that peak concentrations of bacterioplank- 
ton corresponded with peak concentrations of rotifers 
as was seen in both the field data and tank expen- 
ments. The natural populations oscillated with irregu- 
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0 14 28 42 
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- Total Flagellates 

Fig. 7 Temporal changes in total microflagellate, rotifer, bac- 
teria, and heterotrophic microflagellate abundances gener- 
ated by the computer simulat~on of the model food web (see 

'Discussion' for details) 

--- Rotifers 

lar periods of 4 to 8 d while the model yielded a regular 
period of 8.3 d. 

We used the model to investigate the effects of roti- 
fers on the heterotrophic microflagellate relationship. 
Removal of rotifers in the model resulted in a more 
closely coupled predator-prey relationship between 
bacteria and flagellates; that is, both the period and 
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Fig. 8.  Temporal changes in total microflagellate, hetero- 
trophic mlcroflagellate and bacterial abundances generated 

by simulation of a model food web without rotlfers 

amplitude of oscillations as well as the average concen- 
tration of bacteria were reduced (Fig. 8) .  Such differ- 
ences in the heterotrophic microflagellate-rotifer pat- 
terns in the tank experiment might have been apparent 
had the experiment been continued for a second week. 
Alternatively, the patterns in the field and tank experi- 
ments, which were clearly much less straightforward 
than those seen in the model, may represent the influ- 
ence of mixotrophic m~croflagellates and flagellate- 
consuming ciliates. 

Sensitivity analysis of the model indicated that, not 
surprisingly, periods varied with the magnitude of 
growth and death rates and that the system was numer- 
ically unstable or one of the groups crashed l f  flagellate 
or bacterial carrylng capacities were removed. An 
interesting finding was that the periods and amplitudes 
of all the groups were very sensitive to changes in the 
time lag between flagellate abundance and rotifer 
growth; they increased markedly with the time lag. 

CONCLUSION 

Data presented here indicate that in the Rhode River, 
rotifer predation probably periodically reduced hetero- 
trophic microflagellate stocks and thereby reduced 
grazing pressure on bacterioplankton. Thus far, studies 
of metazoan predation on protozoa have focused on the 
importance of protists in metazoan diets and while 
protozoa probably constitute an  important or essential 
nutrient resource for many metazoan zooplankton 
(Stoecker & Capuzzo 1990), investigations of proto- 
zoan-metazoan interactions which focus on the value of 
the protist to the metazoan may miss some important 

interactions. In the Rhode fiver,  regardless of thelr 
importance as a dietary resource or carbon link to 
higher trophic levels, microbial loop populations can be 
profoundly influenced by metazoans and the effects 
can appear in a lower trophic level. 
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