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Abstract

In a num ber o f  dilution experiments perform ed in different surface w ater m asses o f  the Faroe-Shetland Channel loss-rates due 
to grazing were determ ined for heterotrophic bacteria and three size categories o f  small phytoplankton betw een 1 and 10 pm. The 
prey abundance and loss-rates varied considerably am ong stations; grazing on picoplankton was strongly correlated w ith prey 
abundance while no correlation betw een grazing and abundance was detectable for the larger prey. Grazing control, assum ed to 
be exerted by unicellular grazers in general, seems thus to be restricted to the sm aller m icrobial com ponents o f  the food web. The 
absence o f  density-dependent grazing o f  nanophytoplankton ( 2 - 5  pm ) and larger algae suggests that the m icrozooplankton, 
dom inated by ciliates, are not as tightly linked to their prey populations as heterotrophic nanoflagellates.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

During the two last decades there has been a change 
in the traditional view that pico- and nanophytoplank
ton dominate in the central oceans because they are 
typically adapted to oligotrophic conditions, whereas 
larger phytoplankton (especially diatoms) are more 
successful in shelf seas and coastal waters under 
conditions of lower light, higher turbulence and higher 
and more fluctuating nutrient levels. As argued in 
Riegman et al. (1993), Armstrong (1994) and Riegman 
and Kuipers (1994), physiological diversity cannot 
explain the observed differences in the dominating
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phytoplankton groups without the involvement of 
other control mechanisms, because cells with the high
est affinities for nutrients and the highest maximum 
growth rates - basically the picoplankton - would 
dominate throughout the world’s oceans and coastal 
seas. Size differential grazing control of the plankton 
has been suggested by Riegman et al. (1993) as the 
most likely mechanism preventing the domination of 
pico- and nanoplankton in coastal waters. At present, 
all pelagic ecosystem models include, apart from the 
relatively slow phytoplankton, Zooplankton and nek
ton, a ‘microbial loop module’ where the heterotrophic 
bacteria, picophytoplankton and protist grazers are 
always functioning and recycling nutrients at high 
rates typical o f such small organisms (Thingstad, 
1992; Baretta et al., 1995; Baretta-Bekker et al., 
1995). Although the size differential grazing concept
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has been widely accepted (Franks, 2001), the under
lying evidence is observations o f  size-differential 
responses in the plankton to input o f the limiting 
nutrients or light (Chisholm, 1992; Riegman et al., 
1993; Kiorboe, 1993; Coale et al., 1996) and model 
simulations (Armstrong, 1994; Riegman and Kuipers, 
1994 ) rather than measurements of grazing itself. Only 
Riegman et al. (1993) demonstrated that by daily 
dilution o f incubated coastal water, collected during 
the exponential phase o f the phytoplankton spring 
bloom, the grazing pressiue on the smaller algae could 
be released with the result that in a few days the pico- 
and nanophytoplankton became dominant instead of 
the diatoms. The present paper presents a set o f size 
differential grazing experiments in different siuface 
water masses in the Faroe-Shetland Channel and 
compares loss-rates due to grazing with the abundance

of different plankton size categories in order to identify 
the cell-size above which prey populations are no 
longer controlled by grazing.

2. Materials and methods

Three transects across the Faroe-Shetland Channel 
(Fig. 1 ) were sampled from RV ‘Pelagia’ in June 1999. 
Sampling stations were situated in the slope current of 
relatively warm North Atlantic water flowing to the 
north along the Shetlands (NAW), in the transition area 
in the centre o f the channel (‘Ecotone’), and in the 
Modified North Atlantic Water to the Faroe-side where 
Atlantic siuface water from the north o f the Faroes 
mixes into the channel (MNAW). Detailed information 
on the hydrography can be found in Hansen et al.
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Fig. 1. Map of the Faroe-Shetland Channel research area with transects and stations.
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(1999) and Sherwin et al. (1999), and on the nutrient- 
and phytoplankton distributions in Riegman and Kraay 
(2001). Water samples were collected at 7 stations on 
each transect with a CTD-Rosette sampler (Seabird) 
with 22 NOEX (Technicap-CAP D ’AIL, France) 10- 
1 bottles and equipped with sensors for oxygen, PAR 
and fluorescence (Chelsea). Samples were taken at 
different depths in the euphotic zone and the deeper 
water layers for various measurements and analyses 
for other parts o f the program (Riegman and Kraay, 
2001). From all depths, 5-ml samples were preserved 
with glutaraldehyde (2% final concentration), stained 
with Acridine Orange and filtered onto black 0.22-pm 
Poretics polycarbonate filters (25 mm diameter) for the 
enumeration of heterotrophic bacteria by epifluores- 
cence microscopy. Samples o f 30 ml were preserved 
and filtered likewise, but stained with DAPI for the 
enumeration o f heterotrophic nanoflagellates (HNF). 
All filters were mounted on slides embedded in im- 
mersion-oil and stored frozen at -2 0  °C. For the 
enumeration o f bacteria a minimum o f 10 fields of 
40 X 40 pm, or at least 200 cells per sample were 
counted with an epifluorescence microscope (Zeiss 
Axioplan) at 1250 x magnification (Hobbie et al., 
1977). For the HNF 75 o f 100 x 100 pm fields were 
always counted.

Series o f dilutions according to Landry and Hassett 
(1982) were prepared to measiue the loss rates in 
different plankton size categories using water from 15 
m depth, i.e. in the middle o f the 2 0 -  30 m deep mixed 
siuface layer as indicated by the CTD-profiles. Three 
24-h grazing experiments were performed in each of 
the water types (NAW, ‘Ecotone’ and MNAW). The 
grazing measiuements started in the morning with the 
collection o f 10 1 o f water from 15-m depth. Five litres 
were filtered through a Gelman MicroCulture Capsule 
(0.2-pm) to produce particle-free water for the series of 
dilutions. Polycarbonate incubation bottles o f 300 ml 
were filled with the appropriate volumes o f 0.2-pm 
filtered water and unfiltered water was added to obtain 
dilutions o f 100, 70, 40, 20 and 10% o f raw seawater 
(all dilutions in triplicate). Samples of 5 ml were taken 
from the 15 dilution bottles for flow cytometry (Coulter 
XL-MCL ) at the start o f the incubation (T0 ) and finally 
the bottles were attached to a slowly rotating incubation 
wheel (1 rpm) and sampled again after 24 h ( T 2 4 ) .  The 
incubation temperatiue was adjusted to the water 
temperatiue at 15-m depth given by the CTD (between 
10 and 12 °C). The PAR-meter registered light inten
sities from 10-100 pE in 2 s 1 at 15-m depth and 
therefore the incubation light regime (daylight TL- 
tubes) was adjusted to 50 pE m 2 s 1 on average
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Fig. 2. Results of a simulated grazing experiment ( series of dilutions: 100, 70,40, 20 and 10% where N0( 100%) is set at 1000, |.i d 1 at 0.69 and 
g d 1 at — 0.3), in which g (A) and |.i (B) were calculated according to Landry and Flassett ( 1982) and in the alternative way as described in 
Materials and Methods. The rates were calculated for simulated sets of N0 and N24 which were given stepwise increasing random scatter (N plus 
or minus random figures from 10% to maximally 100% of N). Especially the alternatively calculated grazing rate (plot A) reflected the given g 
of — 0.3 much closer, even at unrealistically high ‘counting errors', than grazing rate calculated according to Landry and Hassett (1982).
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form front to back o f the wheel from 08:00 to 20:00 h. 
For measurements o f the loss-rates due to grazing in 
heterotrophic bacteria, separate dilution experiments 
(in triplicate) were prepared with seawater, to which 
approx. 4 x IO4 ml~ 1 of fluorescently labelled bac
teria (FLB) were added before the dilution procedure 
began. These FLB-incubations were treated identically 
to the other incubations and sampled at T0 and T 2 4  and 
the numbers o f FLB were counted with the flow 
cytometer. The FLB were prepared according to Sherr 
and Sherr (1993) prior to the cruise from a 0.6-pm 
filtered natural bacterial community of Atlantic Siuface 
Water collected west o f Ireland and stored frozen in 
ampoules at -2 0  °C until use. As a check for a possible 
loss o f fluorescence, FLB (IO5 m L  1 ) were repeatedly 
incubated in 0.2 pm filtered seawater on an incubation 
wheel at room temperatiue for 24 h. Counting by

epifluorescence microscopy at T0 and T2 4  did not show 
any significant loss in the number of FLB in the 0.2 pm 
filtered seawater.

Phytoplankton loss-rates due to grazing were mea
sured on 3 different size-chisters as determined by 
flow cytometry. These clusters were autotrophic cells 
in the size categories 1 -2  pm (low fluorescence per 
cell and an abundance o f 5 -2 5  x 10 ' ml '), 2 -5 p m  
(intermediate fluorescence, abundance o f 3 -3 5  x IO3 
ml~ 1 ) and, 5 -1 0  pm (highly fluorescent, abundance 
of 1 -10  x IO3 ml~ 1 ). The phytoplankton composi
tion in the Faroe-Shetland Channel was studied in 
detail by Riegman and Kraay (2001), who carried 
out pigment analysis by Chemtax-HPLC at all sam
pling stations and 6 depths. According to these 
authors, Prymnesiophyceae and Prasinophyceae were 
ubiquitously present in the area and accounted for up
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Fig. 3. Distribution pattern of the major nutrients, temperature, salinity and fluorescence based on measurements at 15 m depth at all sampling 
stations in the Faroe-Shetland Channel (3 transects of 7 stations). Actual positions of the stations are given in Fig. 1; all data in Table 1.
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to 50% and 10% o f the total Chl-a, respectively. 
D ia tom s, C ryp to p h ycea e  and  C h rysophyceae  
accounted for about 10% o f total Chl-a each, but their 
abundance was variable. Finally, Cyanophyceae 
( < 5 %  o f total Chl-a), Chlorophyceae (<2 % )  and 
Dinophyceae ( < 2%) were, in terms o f biomass, less 
important and were not always present. A comparison 
between the contribution of different size categories of 
algae to the total Chl-a determined by the HPLC 
analysis and the flow cytometer counts indicated that 
the cluster of 1 -2  pm consisted mainly of Prasino
phyceae and cyanobacteria, the cluster o f 2 -5  pm of 
Prasinophyceae, Chiysophyceae and Ciyptophyceae, 
and the cluster of 5 -1 0  pm entirely o f Prymnesiophy
ceae (nanophytoplankton such as Emiliania  and 
Chiysochromulina).

The calculation o f the grazing loss-rates in the three 
phytoplankton size categories and the bacteria was 
done slightly differently from Landry and Hassett 
(1982 ). In the original concept, loss rates are calculated 
from the apparent growth rates papp d~ 1 ( = ln(Nt /N 0 )/ 
t x 24, with t in hours) in each o f the 15 incubation 
bottles. When flow cytometry is applied to estimate N 0 
and Nt for any selected size cluster o f natural phyto

plankton, a much larger error than in the counting o f a 
monoculture is unavoidable. In the apparent growth 
rates both errors accumulate, and the papp in triplicate 
bottles o f the same dilution, incubated under identical 
conditions, often show a considerable variance. In 
contrast, the linear regression o f N0 on dilution used 
in the present experiments as a standard check on the 
acciuacy of the dilution procediue always gave ex
tremely good linear fits (in most cases R2 > 0.95). 
Because Nt has principally a non-linear relation with 
dilution, the robustness o f the Nt estimates was always 
checked by fitting power functions, which were sig
nificant in all cases with most R2 > 0.7. Therefore, it 
was decided to use these functions to calculate average 
Papp-valucs for the different dilutions, and to use these 
average papp in the Landry and Hassett plots providing 
p d 1 and g d 1, instead o f the individual apparent 
growth rates. As a check, N 0 and Nt of simulated 
dilution series with a fixed p o f 0.69 d 1 and g of 
— 0.3 d~ 1 were given a stepwise increasing random 
error, after which p and g were estimated according to 
Landry and Hassett (1982), and according to the 
suggested alternative method which basically removes 
the counting variance in N 0 and Nt by averaging before

Table 1
Nutrient concentrations, temperature, fluorescence (arbitrary units) and salinity at all stations

Trans/Stat P04(pM) NH4(|tM) N02(pM) N03(pM) Si04(pM) Nx/P Temp (°C) Fluoresc. Salinity

TlSt7 0.389 0.236 0.185 6.468 0.359 17.690 9.990 0.840 35.330
TlSt6 0.423 0.237 0.127 6.527 1.112 16.296 10.680 0.090 35.380
TlSt5 0.426 0.248 0.119 6.407 1.192 15.898 10.810 0.090 35.380
TlSt4 0.387 0.316 0.138 5.978 0.934 16.633 10.720 0.300 35.380
TlSt3 0.393 0.366 0.126 6.007 0.802 16.548 10.740 0.200 35.370
TlSt2 0.303 0.165 0.115 4.501 0.705 15.796 11.210 0.620 35.400
T lS tl 0.315 0.190 0.099 5.136 1.690 17.234 11.230 0.550 35.400
T2St7 0.457 0.191 0.139 6.896 2.338 15.823 10.560 0.370 35.330
T2St6 0.461 0.259 0.090 6.587 2.604 15.042 10.610 0.290 35.320
T2St5 0.430 0.298 0.119 6.357 2.337 15.763 10.950 0.360 35.320
T2St4 0.462 0.296 0.108 6.428 2.534 14.782 10.640 0.270 35.270
T2St3 0.319 0.188 0.124 5.043 0.579 16.771 11.020 0.490 35.360
T2St2 0.309 0.275 0.082 4.951 0.700 17.205 11.180 0.500 35.370
T2Stl 0.259 0.335 0.103 3.792 1.103 16.354 11.520 0.720 35.380
T3St7 0.476 0.413 0.117 6.667 2.620 15.128 10.620 0.130 35.270
T3St6 0.479 0.462 0.104 6.534 2.408 14.833 10.440 0.080 35.250
T3St5 0.496 0.561 0.089 6.653 2.609 14.731 10.580 0.220 35.280
T3St4 0.323 0.447 0.091 4.870 1.287 16.721 11.000 0.260 35.320
T3St3 0.368 0.556 0.108 5.315 1.363 16.268 11.110 0.150 35.340
T3St2 0.413 0.815 0.123 5.998 1.331 16.806 10.940 0.170 35.340
T3Stl 0.260 0.424 0.064 3.649 0.718 15.904 11.410 0.520 35.340

The data refer to measurements at 15 m depth. The grazing study was restricted to stations 2, 4 and 7.
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|i and g are calculated from the linear regression of 
their (logarithmic) ratio on dilution. As shown in Fig. 
2, |i and g calculated according to the alternative 
method agreed closely with the entered p and g (of 
0.69 d~ 1 and —0.3 d_ 1 , respectively), even at 
degrees o f scattering in N 0 and Nt where the Landry 
and Hassett method of calculation gave erratic results. 
Hence, we decided to calculate all estimates o f p and g 
for phytoplankton and FLB from the relations o f N0 
and Nt with dilution instead o f from the individual 
bottles.

3. Results

Fig. 3 gives distribution patterns o f temperature, 
salinity, fluorescence and the major nutrients over the 
research area at 15-m depth (for the actual data on the 
nine incubation stations see Table 1). The patterns of 
Fig. 3, though based on a limited number o f CTD- 
stations and therefore very general, reflect the differ
ent siuface water masses and their movements in the 
Faroe-Shetland Channel as given in Hansen et al. 
(1999) and Sherwin et al. (1999). Warmer and more 
saline North Atlantic Water (NAW) with lower nutri
ent concentrations flows along the Scottish and West 
Shetland Continental Slope to the north. On the Faroe 
side of the Channel there is a northern inflow of less 
saline water with higher nutrient concentrations, the 
M odified N orth A tlantic W ater (MNAW). The 
MNAW is colder than the NAW (which is a shorter 
branch o f the ‘Warm Gulf Current’), but, as shown in 
Fig. 3, the temperatiue differences are less pro
nounced than the differences in salinity and inorganic 
nutrients. The transition area between NAW and 
MNAW in the central part o f the Channel, represented 
by the ‘Ecotone’ stations, is recognisable as the zone 
with the steepest gradients in the nutrient concentra
tions (Fig. 3).

Fig. 4 gives the results o f the grazing experiments 
at the stations 2 (NAW), 4 ( ‘Ecotone’) and 7 
(MNAW) of each transect (T1,T2 and T3 ) together 
with the prey abundance. The latter were determined 
for the autotrophic prey categories as the average n 
m H 1 (by flow cytometry) in the three undiluted 
incubation bottles at the start o f the experiments 
and, for the bacteria as the total bacterial counts at 
15-m depth at the stations. Fig. 4 suggests that there
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Fig. 4. Results o f the grazing dilution experiments at the different 
stations (open circles represent FLB grazing rates, solid circles 
grazing rates for the algae) for the different prey-size categories 
indicated, together with the abundances (n ml-  *) of the respective 
prey in the natural water (shaded bars).

is a positive relation between loss-rates due to grazing 
and prey abundance in the picoplankton whereas 
there is no such relation for the larger algae. Regres
sions (least squares) o f the grazing loss-rates on prey 
abundance for the foiu different prey categories con
firm this: exponential correlations for bacteria and 
picophytoplankton were highly significant. In contrast, 
no correlations were found for the algal size groups 2 -  
5 |i and 5 -1 0  p (Fig. 5).

Although the results for the picoplankton may 
suggest that the loss-rates due to grazing depend on 
prey abundance alone, the number o f grazers and 
their grazing activity are the decisive factors. The 
observed differences between grazing on picoplank
ton and grazing on the rest o f the phytoplankton 
community can only be explained if  in contrast to the 
rest, the number and the feeding-activity o f consum
ers o f picoplankton follow the changes in the abun
dance o f their prey closely. This basic assumption of 
the size differential grazing control concept could
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Fig. 6. Fluctuation in abundance of heterotrophic bacteria and 
heterotrophic nanoflagellates (HNF) at 15 m depth as counted by 
epifluorescence microscopy for the different sampling stations.

only be checked for the heterotrophic nanoflagellates 
(HNF), which are the prime grazers o f the bacteria. 
Fig. 6 gives the abundance of HNF and heterotrophic 
bacteria at all incubation stations at 15-m depth and 
indicates that the abundance o f both, bacteria and 
HNF, covaried indeed. Since it is impossible to 
determine in microzooplankton samples the number 
o f grazers feeding on a given size category o f 
phytoplankton, we can only assume that the actual 
grazers o f the smallest autotrophic cells show a 
numerical response similar to the HNF. A plot of 
the correlation coefficients (R2) o f the relations be
tween prey abundance and loss-rate due to grazing 
for the four different prey categories on the average 
prey size (Fig. 7) indicates that in summer grazing 
control was most likely restricted to only the pico
plankton (cells smaller than 2-|im).

Correlation between N and g d'
1.0

,2

0.5

0.0
0 2 4 6 8

average prey size (/im)

Fig. 7. Relation between the correlation coefficient R2 from the 
grazing rate/abundance plots shown in Fig. 5 and the average size of 
the respective prey categories indicating that grazing control is 
basically restricted to the picoplankton (95% significance level of R2 
at n = 9 is 4.99, indicated by the stippled line).
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4. Discussion

According to the present observations there is a 
close relation between loss-rate due to grazing and 
abundance o f the prey only for heterotrophic bacteria 
and picoautotrophs (Prasinophyceae and cyanobacte
ria). The conclusion that such a relationship points to a 
tight grazing control seems in contradiction with the 
large variation in the observed prey abundance, which 
ranges from 1.5 to 4.0 x IO6 cells ml 1 for the 
bacteria and from 2000 to 25 000 cells ml~ 1 for the 
picoalgae. The observations, however, refer to differ
ent stations in the Faroe-Shetland Channel, where 
abiotic conditions vary considerably (Fig. 3 and Table 
1). Most striking in this respect are the differences in 
phytoplankton abundance (all sizes) between Transect 
1 and Transect 2 where the algae were most abundant. 
Riegman and Kraay (2001) measured overall primary 
production on this cruise and suggested that in the 
colder and nutrient-rich water flowing into the Faroe- 
Shetland Channel from the north (see Fig. 3) a phyto
plankton bloom developed gradually. The salinity-plot 
in Fig. 3 shows that at the time o f sampling Transect 1 
was in a different water mass, not influenced by this 
northern inflow. The fluorescence plot in Fig. 3 does 
not indicate such a bloom in the MNAW. However, a 
comparison with the silicate plot (Fig. 3) strongly 
suggests that, because the higher fluorescence signal 
from the CTD fluorometer coincided with low silicate 
concentrations, this fluorescence signal is dominated 
by relatively large diatoms, despite the fact that they 
occurred only in low numbers (Riegman and Kraay, 
2001 ). Thus, the large variation in the abundance o f the 
three small phytoplankton size categories in Fig. 3 
reflects most likely quite a large variation in growth 
conditions at the different stations.

In a grazing controlled population, loss-rates due to 
grazing (g) should, during given phases o f the preda- 
tor/prey-cycle, exceed gross growth-rates (p) o f the 
prey. Since it is impossible to directly measure p. for 
given size categories or species o f plankton in the field, 
only a tentative estimate can be given on the basis of 
the Clorophyll concentration as a measiue o f phyto
plankton carbon biomass, and in situ primary produc
tion as a measiue o f gross carbon biomass increase per 
day. Both parameters measiued by Riegman and Kraay 
(2001) indicate that - when a Chl-a/C-ratio o f 50 is 
applied - gross growth rate for the phytoplankton

community as a whole varied between 0.3 and 1.0 
d 1, whereas the present loss-rates due to grazing 
hardly exceeded 0.2 d 1. However, other Chl-a/C- 
ratios lead to widely different values for p and it is at 
present impossible, also because phytoplankton loss- 
rates due to lysis are unknown and grazing loss-rates 
may be underestimated, to compare g and p on the 
basis o f the available data. However, the fact that loss- 
rates in the picophytoplankton covary with their abun
dance (Fig. 5) may indicate that grazing is density 
dependent, which is a basic requirement for grazing 
control. Excluding one FLB-experiment which appar
ently failed (the Ecotone station o f Transect 1), the 
other 8 measiued FLB loss-rates show an exponential 
relation with the bacterial abundance in the original 
water, suggesting that grazing control in bacteria is 
even stronger than in picophytoplankton. The fact that 
bacterial abundance varied less between stations than 
the abundance of the picoalgae (Fig. 4) supports this 
view. We could find no relation between prey density 
and loss-rate due to grazing in the algae of 2 -  5 pm and 
5 -1 0  pm in diameter and it is hardly conceivable, 
therefore, that grazing regulated the abundance o f the 
nanophytoplankton. This does not fit into the generally 
accepted size differential grazing control concept 
(Riegman et al., 1993; Riegman and Kuipers, 1994; 
Armstrong, 1994; Franks, 2001). According to that 
view, grazers gradually increase in size and decrease in 
growth-rate with increasing size o f the prey until the 
point where the grazer-type shifts from the dividing 
protists to the sexually reproducing mesozooplankton 
for which a numerical response takes many days. This 
fundamental difference is generally regarded as the 
reason why, during the exponential phase o f plankton 
blooms, pico- and nanophytoplankton stay under con
trol o f their protist grazers while net-phytoplankton 
can exhibit uncontrolled biomass increases. According 
to Riegman and Kraay (2001), the 2 -5  pm phyto
plankton in the Faroe-Shetland Channel consisted 
mainly o f Prasinophyceae and Chiysophyceae, which 
are too small as food for copepods but too large for 
heterotrophic nanoflagellates. M icrozooplankton, 
mainly ciliates ranging in size between 10 to 100 
pm, were most likely the grazers of this category. Per
haps, the larger o f  these protist grazers could not 
exhibit the fast numerical response needed to dampen 
the changes in nanophytoplankton abundance, because 
their maximum division rates were lower than those of
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their prey. In the Faroe-Shetland Channel, the regula
tion o f abundance by a tight grazing control seemed to 
be restricted to only the microbial food web, or to prey 
below 2-p.m in size.
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