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ABSTRACT: Pelagic bacteria, heterotrophic and autotrophic nanoflagellates, and ciliates were quan- 
tified in the marine shallow-water sound, Limfjorden, Denmark, from March to November 1983. During 
summer the populations showed pronounced oscillations with time scales of days or weeks. Concentra- 
tions of bacteria, heterotrophic nanoflagellates and ciliates ranged from 0.5 to 15.2 X 106 ml" (mean: 
6.3), 0.2 to 15.2 X 103 ml-' (mean: 2.0), and 1.4 to 162.0 ml-' (mean: 17.1), respectively. Population 
sizes of bacteria and heterotrophic nanoflagellates were coupled, as were populations of total nano- 
plankton and ciliates; in contrast there was no direct coupling between bacteria and ciliates. It is 
estimated that heterotrophic nanoflagellates on average cleared 45 YO (range: 5 to 365 %) of the water- 
column for bactena per day during summer. Ciliates on average cleared 93 % (range: 4 to 352 % )  of the 
water-column for nanoplankton per day. 

INTRODUCTION 

Pelagic microorganisms have received increasing 
attention in recent years. Improved methodology has 
shown that heterotrophic and autotrophic picoplank- 
ton (heterotrophic bacteria, cyanobacteria and the 
smallest eucaryotic autotrophs), heterotrophic and 
autotrophic nanoflagellates and heterotrophic micro- 
plankton (ciliates and dinoflagellates) play a signifi- 
cant quantitative role in marine ecosystems (e.g. Azam 
et al. 1983, Ducklow 1983, Williams 1984, Fenchel 
1986a). 

Based on quantitative in situ observations and es- 
pecially laboratory experiments, it is now believed that 
heterotrophic nanoflagellates are the most important 
grazers on the productive picoplankton while most 
ciliates depend entirely on nanoplankton organisms 
for food (Sorokin 1977, 1981, Heinbokel 1978a, b, Haas 
& Webb 1979, Beers et  al. 1980, Fenchel1980, 1982a to 
d,  1984, 1986a, b, Davis & Sieburth 1982, 1984, Johnson 
et al. 1982, Ducklow 1983, Laake et  al. 1983, Sherr et  
al. 1984, Williams 1984, Andersen & Fenchel 1985, 
Davis et al. 1985, Verity 1985, 1986a, b). 

The aim of the present investigation is to describe 
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the in situ population dynamics of the different func- 
tional groups of pelagic microorganisms. The intensive 
sampling program was designed to permit a high tem- 
poral resolution of sequential population develop- 
ments and to gather evidence for trophic couplings 
between the groups investigated. Furthermore, an 
attempt is made to estimate in situ clearance and 
growth rates and to compare these values with those 
obtained from laboratory cultures. 

MATERIALS AND METHODS 

Investigation area and sampling. Sampling took 
place at one station at 1 and 2 m depth (max. depth at 
the station ca 5 m), in the central part of the Limfjord, 
off the Rsnbjerg Marine Biological Station. The Lim- 
fjord is a 150 km long sound with a mean depth of 7 to 
8 m, connecting the North Sea to the Kattegat (Fig. 1).  
The mean turnover time of water in the sound is 0.75 
yr-' (Anon. 1976). Temperatures ranged from 3 to 22 "C 
during the sampling period; salinity was around 25 %O 

(range: 24.4 to 27.7 %o). For the period April to August 
1983 phytoplankton biomass, measured as chlorophyll, 
was between 1 and 12 pg chl I-' (the Secchi depth was 
within the range 1 to 4 m), and C-14 primary produc- 
tion was 130 g m-2 (Limfjordskomiteen, pers. comm.). 
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Primary production is apparently nitrogen-limited dur- 
ing summer. Sampling began in March and continued 
until November 1983. Frequency of sampling was 3 or 
4 times mo-' during spring and autumn/winter. Be- 
tween May and July we sampled approximately every 
second day. Other areas of the Limfjord were occasion- 
ally sampled to obtain data for comparison with the 
main station. Samples were collected using a 0.75 1 
Hydrobios water sampler equipped with a ther- 
mometer. 

Quantification of microorganisms. Formaldehyde 
was added to known volumes of water (final conc. 
1.5 %) immediately after collection and the fixed 
samples were kept in the dark at 5°C untd counting 
(wlthin 24 h). Organisms were quantified using epi- 
fluorescence microscopy with acridine orange as a 
fluorochrome (Hobbie et al. 1977). Bacteria and nano- 
plankton were concentrated on 0.2 ym Nuclepore poly- 
carbonate filters. Filters were mounted in paraffin oil. 
B a c t e r i a were counted from samples of 2 to 5 ml, 
depending on the expected concentrations. At least 
200 bacteria (per filter) were counted (SD (7 O/O). 

N a n o p l a n k t o n  cells were counted from similar 
samples (5 to 10 rnl), but with a final concentration of 
acridine orange of only 2.4 ppm. This dilute concentra- 
tion allows for an improved resolution of the outline 
and basic morphology of the cells including chloro- 
plasts containing chlorophyll or phycoerythrin with 
red and gold autofluorescence respectively. Further- 
more, the nucleus, ingested bacteria and picophyto- 
plankton in food vacuoles, captured bacteria on the 
pseudopodial collar of choanoflagellates, flagellae, 

Fig. 1. Map of Denmark showing the 
Limfjord and the sampling area in detail. 

X :  sampling station 

body scales of some chrysomonads and thecal plates 
of dinoflagellates can also be distinguished. The 
mounted preparations can be kept in a freezer for 
several weeks with no significant loss of fluorescence. 
Usually more than 40 flagellates per filter were 
counted (SD < 16 %). C i l i a t e S were quantified in a 
similar way using 10 to 50 m1 samples depending on 
expected concentrations and concentrated on 5 pm 
membrane filters. The entire surface of the filters were 
counted at 100 X or 400 X magnification depending on 
the size of the ciliates to be examined. 

Identification of species. The species composition of 
the nanoplankton and of the ciliate fauna, as revealed 
by epifluorescence microscopy was checked on live or 
fixed preparations from freshly collected water sam- 
ples concentrated with plankton gauze (mesh size 
35 pm), reversed filtration (mesh size 10 bm), centrifu- 
gation, sedimentation (Utermohl technique), or bac- 
terial enrichment cultures based on the addition of 
boiled wheat grains to water samples. The prepara- 
tions were examined by phase contrast microscopy or 
transmission electron microscopy on whole mounts on 
formvar/carbon coated grids (Fenchel 1982a, Moestrup 
& Thomsen 1982). For ciliates, Lugol's fixative gave 
good preparations, while the flagellates were fixed 
either in formaldehyde (final conc. 1.5 %), or OsOl 
(applied as vapor or as 1 % solution). 

Biomass estimation. Biovolume was estimated from 
measurements of linear dimensions and assuming sim- 
ple geometric shapes of the organisms. The following 
conversion factors from wet-weight to carbon were 
used: bacteria, 8.6 O/O (Ferguson & Rublee 1976); 
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diatoms, 10 % (Strathmann 1967); other phytoplankton lation data presented as mean concentrations at  the 2 
and heterotrophic flagellates, 13 % (Strathmann 1967). sampling depths are provided in Fig. 2 & 3. During the 
At least 50 cells were measured for each biovolume investigation period concentrations of bacteria, hetero- 
estimate. trophic nanoflagellates and ciliates ranged from 0.5 to 

15.2 X 106 ml-' (mean: 6.3), 0.2 to 15.2 X 103 ml-l 
(mean: 2.0), and 1.4 to 162.0 ml-l (mean: 17.1), respec- 

RESULTS tively. Spatial heterogeneity in the distribution of the 
microorganisms was low (generally of the same size as 

The most common species found during the investi- sampling variance) as compared to temporal changes. 
gation period are Listed in Table 1. Quantitative popu- The mean differences between 1 and 2 m depth were 

Table 1. Organisms of quantitative importance in the Limfjord during the period Mar to Nov 1983 

l 
Organism Trophic Max. conc. 

mode' ml-' 
Trophic Max. conc. Organism 
mode' ml-' 

Picoplankton (0.2-2.0 pm) 
Chroococcoid cyanobacteria sp. 
Unidentified eucaryote 
Heterotrophic bacteria 

Microplankton (20-200 km) 
Chates: 

LohrnanieUa ovlforrnis 
L. spiralis 
LohmanieUa spp. 
Strombidium spp. 
HelicostomeUa subulata 
Eutintinnus pectinis 
Tintinnopsis spp. 
FaveUa ehrenbergii 
Uronema marina 
D~diniurn sp. 
Mesodinium rubrurn 

Nanoplankton (2.0-20.0 pm) 
Haptomonads: 

Chrysochromulina spp. 

Chrysomonads: 
ApedineUa spinifera 
PseudopedineUa sp. 
Ochromonas sp. 
Paraphysomonas spp. (3-10 pm) 

Cryptomonads: 
Chroomonas sp. 
Cryptornonas sp. 
Chilomonas sp. 

Prasinomonads: 
Pyramimonas sp. 
Tetraselmis sp. 
Pedinomonas sp. 
Nephroselmis sp. 

Dinoflagellates: 
Amphidmum spp. 
Gymnodinium spp. 
Gyrodinium spp. 

Choanoflagellates: 
Monosiga sp. 1. (epiphytic) 
Monosiga spp. (planktonic) 
Diaphanoeca grandis 
Diaphanoeca spherica 

MP? 

Dinoflagellates: 
Noctrluca scintrllans 
Gyrodinium spp. 
Polykrikos sp. 
Protoperidinium spp. 
Prorocentrum spp. 
Dinophysis acuminata 

Diatoms: 
Skeletonema costa turn 
Chaetoceros spp. 

Macrozooplankton (> 200 ~ m )  
Rotifers: 

Synchaeta spp. 

Copepods: 
Pseudocalanus sp. 
Acartia spp. 
Oithona sp. 

Pleurasiga sp. 
Calhacanta sp. 
B~costa sp. 
Stephanoeca sp. 

Bicoecids: 
Pseudobodo trernulans 

Cladocerans: 
1 . 0 ~ 1 0 ~  Podon spp. P 
1.5x103 Pleopis polyphernoides P 

Evadne sp. P 

Other 
1 . 1 ~ 1 0 ~  Various larvae of benthlc invertebrates e.q. Mytdus 

Bodonids: 
Bodo spp. 

Helioflagellates: 
Actinomonas mirabelis 
Pteridomonas danica 
Ciliophrys marina 

- - 
edulis, Balanus sp., Carcinus sp. 

o.5x1O3 

A: autotrophic; 0: osmotrophlc; P: phagotrophic; MP?: auto and possibly phagotrophic; MP: auto and phagotrophic 
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peaks within 4 to 6 d. The successive periods of the 
oscillations were of similar length for the 3 trophic 
groups (range 7 to 23 d) (Fig. 4 & 5).  The populations of 
heterotrophic nanoflagellates were dominated by 
naked choanoflagellates (Monosiga), chrysomonads 
(Paraphysomonas) and the non-loricate bicoesid 
Pseudobodo trernulans. The ciliate populations were 
dominated by the small naked oligotrich Lohrnaniella 
oviformis (15 to 30 pm) and tintinnids Hel i cos toda  

subulata and Eutintinnus pectinis. The small 
scuticociliate Uronema spp. (20 to 40 pm) occurred a t  
low concentrations (< 0.01 m l l )  throughout the period 
with a maximum concentration on June 24 of 5.2 ml-I. 

Throughout the entire period bacterial populations 
were dominated by freely suspended forms (>95 '10) 
whereas detrital particles (in general found at concen- 
trations < 10 m l )  harboured only few attached bac- 
teria. 
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DISCUSSION 

The dynamic population fluctuations which started 
in May were apparently triggered by a combination of 
increasing temperature, a change in the primary pro- 
duction, and a decrease in the numbers of rotifers and 
ben thc  invertebrate larval plankton (unpubl. data), 
so that the pelagic system was dominated by bacteria, 
nanophytoplankton, Protozoa and occasionally 
diatoms. 

The trophic couplings between bacteria and hetero- 
trophic nanoflagellates and between nanoplankton 
and ciliates, respectively, were especially clear 
throughout this period, and can be visualized by 
following the population developments of the different 
trophic groups (Fig. 2). Starting on May 5, bacterial 
numbers increased untd May 19 when the population 
size peaked at 6.8 X 106 ml-l. The subsequent decline 
in numbers was due to grazing by the non-loricate 
choanoflagellate Monosiga sp., the numbers of which 
increased during the same period until a peak concen- 
tration of 8.2 X 103 ml-' was reached ca 1 wk after the 
bacterial peak. From June 25 to July 6 heterotrophic 

nanoflagellates were grazed down to a density of 0.2 X 

103 ml-' by the growing ciliate populations (in parhcu- 
lar the tintinnid HeLicostornella subulata and the 
naked oligotnch Lohmaniella oviformis). As a direct 
consequence of this, grazing pressure on bacteria 
decreased and these continued to grow untd they 
reached their second peak concentration of 15.2 X 106 
ml-' on June 6.  The bacterial population remained at 
this level until June 9, where an exceptional inflow of 
water from another part of the fjord complex occurred 
as a result of a storm, and sewed as an inoculum of 
epiphytic choanoflagellates of the genus Monosiga 
attached to the diatom Skeletonema costatum. Appa- 
rently as an effect of their epiphytic mode, the choano- 
flagellates were not grazed efficiently by the cha te  
populations present. Due to this and to the high bac- 
terial concentrations, Monosiga spp. showed a rapid 
increase in numbers during the following days to reach 
a maximum concentration of 15.2 X 103 ml-l. This was 
the highest density of heterotrophic nanoflagellates 
encountered during the investigation period. During 
the same period the bacterial population was grazed 
down to 7.0 X 106 ml-' on June 15. Over the following 

Flag. period d 

Fig. 4 .  Upper panel: periods of heterotrophic nanoflagellate 
osclllations versus corresponding bacterial periods. Lower 
panel: lag of heterotrophic nanoflagellate peaks versus 
corresponding bacterial periods. Open symbols indicate data 

from Fenchel (1982d) 
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days S. costatum disappeared (probably as a result of 
sedimentation, since the Secchi depth increased from 2 
to 4 m) and with it the population of the episymbiotic 
Monosiga spp. and the bacterial population reached its 
third concentration peak (11.0 X 106 ml-') on June 17. 
During the following period bacterial numbers 
decreased again due to grazing by the increasing 
population of heterotrophic nanoflagellates, now 
dominated by a free-swimming form of Monosiga spp. 
Eventually this population of flagellates was grazed 
down by an increasing population of the naked oligo- 
trich Lohmaniella oviformis. As a result of this, the 
bacterial population increased again. This set of events 
was repeated again altogether 4 times up to the begin- 
ning of August. 

Although ciliate concentrations were extremely high 
compared to estimates from other coastal waters (typi- 
cally < l  to 10 ml-l, see Beers & Stewart 1969, Hein- 
bokel & Beers 1979, Capriulo & Carpenter 1983) their 
impact on the bacterial population developments were 
negligible as compared to the grazing impact from the 
heterotrophic nanoflagellates. 

The importance of ciliate grazing on the hetero- 
trophic nanoflagellates is reflected by the coupling 
between the total nanoplankton and ciliate popula- 
t i o n ~ ,  as seen in Fig. 3. The period between June 9 and 
15 constitutes an exception. During this period the 
autotrophic 'nanoplankton' was entirely dominated by 
a small (1 to 2 pm), coccoid alga, which appeared to be 
grazed inefficiently by the ciliates. However, its num- 
bers declined rapidly when the choanoflagellates 
bloomed at the end of the period suggesting that they 
grazed the algae efficiently. 

The cycle periods of bacteria and heterotrophic 
nanoflagellates were longest at the beginning of the 
summer. The bacterial population periods were equal 
in length to those of the heterotrophic nanoflagellates 
(Fig. 4). The peak size of flagellate populations lagged 
3 to 8 d behind that of the bacteria, viz. '/4 to l/2 of the 
cycle period. This is in general agreement with 
theoretical models of prey-predator systems (e.g. 
Christiansen & Fenchel 1977). The same approach can 
be used to analyze the relation between the ciliate and 
nanoplankton populations (Fig. 5). Cycle periods were 
8 to 11 d and the measured ciliate peaks lagged 
approximately 1/2 period behind the corresponding 
measured nanoplankton peaks. The population data 
from June 8 to 18 were not included in the analysis 
because of the strong influence on the nanoplankton 
and ciliate populations of the inflow of water, and the 
apparent settling out of the nanoplankton population. 
This analysis suggests a tight trophic coupling be- 
tween the nanoplankton and ciliate populations. This 
interpretation is furthermore supported qualitatively 
by frequent observations of nanoplankton-sized partic- 

les in ciliate food vacuoles. The data suggest that 
ciliate populations are controlled mainly by the avail- 
ability of suitable food (the lower threshold limit for 
tintlnnids is about 10 to 20 pg C I - ' ;  Heinbokel 1978a, 
Verity 19851, and occasionally by grazing from the 
mesozooplankton, e.g. the heterotrophic dinoflagellate 
Noctiluca scintillans whlch occurred in concentrations 
of 3 ml-' during the period July 18 to 24, and which 
was observed with tintinnids in the food vacuoles. 
Prey-predator interactions among the ciliates them- 
selves, e.g. between Lohmaniella oviformis and the 
larger tintinnids, might also be responsible for the 
decline of the ciliate populations. 

Fenchel(1982d) observed less pronounced, but com- 
parable, oscillations in bacterial and heterotrophic 
nanoflagellate populations and showed that the popu- 
lation developments could be simulated using a simple 
prey-predator model fitted with bioenergetic and 
growth parameters for the flagellate population ob- 
tained from laboratory experiments. 

The maximum in situ growth rates (net growth rates) 
were estimated from linear regressions of logarithmi- 
cally transformed data using the formula: 

where p = growth rate (d-'); X(t) and X ( 0 )  = concen- 
trations of the organisms at the end and beginning of 
the time interval t (d). These were 0.85 d-' (bacteria); 
0.65 d-' (heterotrophic nanoflagellates); 1.93 d-' 
(Lohmaniella oviformis) and 1.44 d-' (Helicostomella 
subulata). 

The maximum growth rate estimate for the bacteria 
is close to what is to be expected for eutrophic coastal 
waters (see e.g. Ducklow 1983). In the Limfjord, bac- 
terial growth rates have been estimated, using the tri- 
tiated thymidine incorporation method (Fuhrman & 
Azam 1982), to be within the range of 0.2 to 1.5 d-' 
(hemann  et al. 1984, Andersen unpubl. results). 

The maximum growth rate estimate of the hetero- 
trophic nanoflagellates are comparable to estimates for 
mixed populations in laboratory mesocosms (Andersen 
& Fenchel 1985) and for pure cultures of comparable 
species (e.g. Monosiga sp. and Paraphysomonas ves- 
tita) (Fenchel 1982b). 

The maximum growth rate estimates for the ciliates 
are comparable to the values of 3.0 d-' (LohmanieLla 
oviformis) and 1.2 d- '  (Helicostonella subulata) re- 
ported by Smetacek (1981) and Heinbokel (1978a1, 
respectively. 

The growth rate of the heterotrophic nanoflagellates 
is proportional to their ingestion rate of bacteria 
expressed as: 

where kflag, = growth rate of the flagellates; I = inges- 
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tion rate (I = F X X; where F = flagellate clearance 
and X = bacterial concentration, and Y = gross 
growth efficiency of the flagellates). Using the assump- 
tions that the heterotrophic nanoflagellates (average 
volume 34 pm3) only graze on the bacterla (average 
volume 0.09 pm3), and that their gross growth effi- 
ciency is 30 % (vol/vol) (Fenchel 1982b, Andersen 
unpubl. results), it can be calculated that the 
flagellates Monosiga spp. must have cleared between 
0.14 and 0.19 X I O - ~  m1 h-' to obtain the growth rates 
of 0.19 and 0.26 d-' respectively estimated during the 
period 10 to 25 May (Table 2). For the same period, 
their clearance was estimated using the population 
dynamics approach of Andersen & Fenchel(1985) to be 
0.33 X I O - ~  ml h-' (Fig. 6). These estimates are close 
to values obtained in the laboratory using pure cul- 
tures (Fenchel 198213) or mixed natural populations 
(Andersen & Fenchel 1985). 

Using the population dynamics approach the clear- 
ance of the tintinnid Helicostomella subulata, which 
entirely dominated the ciliate population during the 
period 24 to 30 May, was estimated on May 25 to be ca 
2 pl h-', a result in reasonable agreement with the 
values from Heinbokel (1978a) at a similar nanoplank- 
ton biomass (50 ~LJ C 1-l). These results show that the 
above interpretation of the population fluctions as 
prey-predator oscillations is consistent with laboratory 
data on growth and feeding rates. 

During summer, the approximate ratios between the 
maximum and minimum population sizes (P,,,/Pmin) 
was 8 for the bacteria, 75 for the heterotrophic nano- 
flagellates and 115 for the ciliates. These values 
clearly reflect the amplitudes of the population oscilla- 
tions. 

For simple one prey-one predator systems, the ratio 
P,,,,/Pmi, depends on the ratio between the carrying 
capacity, K, and the mean concentration of the prey, 
X ' ,  and is approximately given by the expression: 

P,,, / P,,, = exp(c [K/x'I2) (3 )  

where c = a constant of the order of unity (May 1973, 
Fenchel 1986a). The equation predicts that the 
amplitude of the prey-predator oscillations increases 
with the carrying capacity of the prey. The carrylng 
capacities of the pelagic bacteria and nanoplankton 

Table 2. Heterotrophic nanoflagellate clearance estimates 
from In situ growth rates 

Date Temp. Bact. ,h,, I F 
"C conc. h-' Bact. 10-' 

X 10' ml-' h-' m1 h-' 

11-17 May 10 5.0 0.008 7 0.14 
19-26 May 12 5.2 0.011 10 0.19 

Fig. 6. Population developments of pelagic bacteria and 
heterotrophlc nanoflagellates during the period May 5 to 25, 
used to calculate the average heterotrophic nanoflagellate 
clearance, X: concentration of bacteria; y: concentration of 
heterotrophic nanoflagellates. dx/dt = 0 when the hetero- 
trophic nanoflagellate population clearance (F,,,) equals the 
bacterial growth rate. The clearance of an average hetero- 

trophic nanoflagellate (F) is calculated from F = F,,/ y 

populations depend on the eutrophic status of the sys- 
tem, i.e. the total amount of nutrients available for 
primary production. Fig. 7A, B show the max. and min. 
concentrations of heterotrophic nanoflagellates and 
ciliates recorded from different marine environments 
differing in eutrophic status. Data from the Sargasso 
Sea (Caron 1983) and the Limfjord are provided as 
extreme examples of oligotrophic and eutrophic condi- 
tions. The stable population sizes observed during the 
winter, early spring and autumn can thus be explained 
by a low primary production and a low temperature. 
Thc low variabihty in the concentrations of hetero- 
trophic nanoflagellates and ciliates in the oligotrophic 
areas, e.g. the Sargasso Sea (only flagellate data avail- 
able) and parts of the Bering/Chukchi seas, indicates 
that here the populations of bacteria, heterotrophic 
nanoflagellates and cihates are close to their carrylng 
capacities (X '  = K). Moreover, it indicates that the 
processes of production, grazing and mineralization 
approach a steady-state (P- G - M). By contrast, the 
extreme variabihty in the concentrations found in the 
eutrophic areas, e.g. the Limfjord and Narragansett 
Bay, suggests that the mean concentrations are far 
removed from the carrylng capacities of the popula- 
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Fig. 7. Range of concentrations of 
heterotrophic nanoflagellates ( A ) ,  
and heterotrophic ciliates (B) ,  
from marine environments versus 
the 'eutrophic status' of the corres- 
ponding environments. Data 
from: (1) Caron (1983); (2)  An- 
dersen unpubl.; (3) Sherr & Sherr 
(1984); (4 )  this investigation; (5) 
Beers & Stewart (1971); (6) Soro- 
kin (1977); (7) Capriulo & Car- 
penter (1983); (8) Smetacek (1981) 

tions. This indicates that the processes of production, 
grazing and minerahzation in these systems are out of 
balance most of the time. 

The question raised by Ducklow (1983) concerning 
the development of bacterial bloon~s can be partially 
answered by the inherent oscillatory behavior of eu- 
trophic prey-predator systems. In addition, the data 
presented here show that the inherent oscillatory 
behavior can be destabdized by the dynamic relation 
between the heterotrophic nanoflagellates and their 
grazers, in this case the cihates, leading to extreme 
bacterial concentrations. Moreover, a sudden rise in 
the carrylng capacity of the prey, e.g. due to the phyto- 
plankton spring bloom or to hydrographic events, such 
as the inflow of nutrient-rich water experienced in 
June,  wdl tend to destabilize the prey-predator oscilla- 
tions, and initiate new successions of oscillations of 
bacteria, heterotrophic nanoflagellates and clliates, as 

indicated by the present data,  and previously reported 
by Sorolun (1977). 

The observed heterotrophic nanoflagellate concen- 
trations suggest that 5 to 365 O/O (mean: 45 '10) of the 
water-column was cleared for bacteria per day, assum- 
ing a n  average clearance of 2.4 X I O - ~  m1 d-' (Fen- 
chel 1982b, Andersen & Fenchel 1985). This estimate 
suggests that on average the bacterial growth rate 
should be around 0.5 d-l. This is close to the average 
of estimates from comparable environments (Wilhams 
1984). 

The c h a t e  population clearance, suggested from the 
observed ciliate concentrations and an  assumed vol- 
ume specific clearance of lo5  h-' (Fenchel 1986b) was 
within the range of 4 to 352 O/O per day (mean: 93 %). 
These rough estimates clearly represent the magnitude 
of the ciliates' importance a s  grazers on the nano- 
plankton in this environment. 
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In general, our observations support what has been 
called the 'new paradigm' of the marine pelagic food 
web (Williams 1981) in which the pico-nano-micro- 
plankton constitutes an integrated component as 
important consumers, producers and mineralizers of 
organic material. The dynamic in situ population 
developments support the idea of a tight coupling 
between bacteria and heterotrophic nanoflagellates 
and between total nanoplankton and ciliates respec- 
tively. 
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