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Importance of pigmented and colourless 
nano-sized protists as grazers on nanoplankton 

in a phosphate-depleted Norwegian fjord 
and in enclosures 
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ABSTRACT: Particulate food sizes of nano-sized colourless flagellates, ciliates, and mixotrophic 
dinoflagellates were investigated as well as the competition between mixotrophic and strictly hetero- 
trophic protists. Samples were collected during 1 wk in July 1995 from the phosphate-depleted surface 
layer of the Hylsfjord, Norway, and from nutrient-manipulated enclosures. Grazing experiments con- 
ducted on the last day of the study period, using fluorescently labelled algae (FLA) and bacteria (FLB), 
suggested that phagotrophic protists, 10-20 pm in size, had a considerable grazing unpact on 
nanoplankton, but not on picoplankton. In contrast, smaller colourless flagellates, 5-10 pm in size. 
ingested FLB significantly. In phosphate-enriched enclosures, the growth of strictly phototrophic 
protists and of heterotrophic bacteria was stimulated. At the end of the study period, the biomass of 
colourless flagellates and ciliates was also much higher in phosphate-enriched enclosures than in non- 
phosphate-enriched enclosures and the surface layer of the fjord. In contrast, mixotrophc dino- 
flagellates had a similar biomass regardless of phosphate enrichment. Mixotroph share of protist 
grazing on FLA-sized, 2-5 pm prey was on average 34 % in non-phosphate-enriched environments and 
12% in phosphate-enriched enclosures. The additional phototrophic mode of nutrition probably gave 
the mixotrophs better means to compete with strictly heterotrophic protists in environments where the 
prey density or production was low. The finding that both pigmented and colourless nanoprotists had a 
considerable grazing impact on 2-5 Ilm protists (part of the nano size fraction) is important for the 
understanding of the relationships between organisms of the microbial food web. 

KEY WORDS: Marine/brackish plankton . Bacteria . Pigmented organisms . Flagellates . Ciliates - 
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INTRODUCTION 

In recent years, it has become increasingly apparent 
that a large fraction of the bacterial and primary pro- 
duction in planktonic ecosystems is grazed by phago- 
trophic protists (for review see Capriulo 1990, Garrison 
1991). Nano-sized (2-20 pm) phagotrophic protists 
have been reported as the major grazers of pico-sized 
(0.2-2 pm) bacteria (e.g. Rassoulzadegan & Sheldon 
1986, Gonzalez et al. 1990), and micro-sized (20- 
200 pm) phagotrophic protists as important grazers of 
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nano-sized algae (e.g. Banse 1982, Rassoulzadegan et 
al. 1988, Burkill et al. 1993). 

Recently, however, investigations have suggested 
that this compartmentalization is too broad: some 
micro-sized phagotrophs, e.g. dinoflagellates, have 
been reported to feed preferentially on other micro- 
sized organisms (e.g. Hansen 1992, Strom & Buskey 
1993, Neuer & Cowles 1994, Nakamura et al. 1995). 
Similarly, for many larger nano-sized colourless flagel- 
lates, the optimum prey size seems to be in the nano 
size fraction (Sherr & Sherr 1991). Havskum & Rie- 
mann (1996) reported that the majority of the 10- 
20 pm colourless flagellates in the Bay of Aarhus (Den- 
mark) did not ingest pico-sized heterotrophic bacteria. 
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Instead, these nanoflagellates were frequently ob- 
served with nano-sized algae in their food vacuoles. 
Frequent observations of nano-sized prey in food vac- 
uoles of larger nanoflagellates have also been made by 
Patterson et al. (1993) and V B ~ S  et al. (1995). Uptake 
experiments using fluorescently labelled nano-sized 
prey (fluorescently labelled algae, FLA) also supported 
the idea that these were taken up not only by micro- 
sized, but also by nano-sized protists (Sherr et al. 
1991). In addition, the division of protists as feeders 
on either heterotrophic or phototrophic food sources 
seems to be impossible: picoplankton has been re- 
ported to include not only pico-sized, heterotrophic 
bacteria but also, often to a considerable extent, c 2  pm 
pigmented organisms, i.e. cyanobacteria, prochloro- 
phytes, and small pigmented eukaryotes (e.g. Li et al. 
1992, Sherr & Sherr 1994 and references therein). Hall 
et  al. (1993) reported that most picoplankton grazers 
were feeding on both heterotrophic and phototrophic 
prey. Similarly, phagotrophic protists feeding on nano- 
sized pigmented protists have also been observed to 
ingest nano-sized colourless protists and detritus (e.g.  
Patterson et  al. 1993). On the other hand, selectivity for 
prey quality by some phagotrophic protists has also 
been reported (e.g. Nygaard et al. 1988, Landry et al. 
1991, Verity 1991, Neuer & Cowles 1995). 

Another important finding that changed the current 
understanding of the role of specific protists in the 
microbial food web was the occurrence of mixotrophy 
among pelagic protists from various taxonomic groups 
(for review, see Riemann et al. 1995). Mixotrophic 
nanoflagellates, generally < l 0  pm in size, have been 
observed as major picoplankton grazers in several 
experiments conducted in both freshwater (e.g. Bird & 

Kalff 1986, Sanders et al. 1989) and marine environ- 
ments (e.g. Nygaard & Tobiesen 1993, Havskum & Rie- 
mann 1996). The ecological importance of micro-sized, 
pigmented dinoflagellates as grazers of small ciliates 
(520 pm) has been reported by Bockstahler & Coats 
(1993a, b). While many investigations have focused on 
either c10 pm or >20 pm phagotrophic protists, still 
little is known about the prey size spectrum of the 
phagotrophic 10-20 pm protists 

The objective of this study was to exami.ne the rela- 
tionship between bacterioplankton, pigmented plank- 
ton, and various groups of nano-sized phagotrophic 
protists in a phosphate-depleted brackish environment 
and in phosphate-enriched enclosures. The study site, 
the Hylsfjord, is a part of the Sandsfjord system, Nor- 
way, where phosphorus in the surface layer is gener- 
ally depleted in the summer (Aure & Rey 1992, Thi.ng- 
stad et al. 1993). Pronounced luxury consumption of 
added phosphate by the > l  pm and 0.2-1 pm size frac- 
tions in the brackish layer of the Sandsfjord led 
Thingstad et al. (1993) to suggest that the growth not 

only of pigmented organisms but also of heterotrophic 
bacteria was phosphate-limited. In the present study, 
phosphate was added to stimulate the growth of pri- 
marily bacteria and pigmented orydriisms and secon- 
darily of phagotrophic protists. Glycine was added to 
examine possible carbon limitation, and nitrate was 
added to all enclosures to prevent the complication of 
shifting the systems into nitrate limitation. We hypo- 
thesized that in this phosphate-depleted environment, 
mixotrophic protists could have a significant impact on 
the organic matter flow in the microbial food web, and 
that the success of the mixotrophs was controlled by 
a rapid succession of strict phototrophs and strict 
heterotrophs induced by phosphate enrichment. From 
short-term uptake experiments using fluorescently 
labelled bacteria (FLB) and algae (FLA), the signifi- 
cance of different groups of nano-sized colourless fla- 
gellates, mixotrophic flagellates, and ciliates as grazers 
on pico- and/or nano-sized organisms was determined, 
and the relative phagotrophic importance of mixo- 
trophs and strict heterotrophs was evaluated. 

MATERIAL AND METHODS 

Study site. This study was carried out during the 
period 5 to 13 July 1995 from the Norwegian RV 
'HAkon Mosby'. The study site was the Hylsfjord, Nor- 
way (59" 30' N, 6" 30' E) .  Water samples were col- 
lected from the brackish layer ( 7 L )  of the fjord at 1 m 
depth and from enclosures, 1 m in diameter and 2 m. 
deep, that were situated in the fjord and filled simulta- 
neously with approximately 1600 1 unfiltered surface 
water on 5 July between 07:OO and 08:OO h. For the rea- 
sons described above, 4 different nutrient manipula- 
tions were performed: [+NI addition of nitrate as 
NaN03, [+NG] addition of nitrate and glycine, [+NPI 
addition of nitrate and phosphate (phosphate as 
KH2P0,), and [+NPG] addition of nitrate, phosphate 
and glycine. The nutrients were added daily at 20:OO h, 
the first time on 5 July 1995. The following amounts 
were added: 157 pm01 KH2P04, 3140 pm01 NaN03, and 
6280 pm01 glycine. The water temperature rose from 
12.0°C at the beg~nning of the investigation period to 
14.2"C at the end. Further details about sampling and 
chemical and physical analyses are presented by 
Thingstad et al. (unpubl.). Since the addition of glycine 
did not stimulate bacterial growth (T. F Thingstad, B. 
Riemann, D. Lefevre, H. Kaas, T. G. Nielsen unpubl.), 
the +N/+NG enclosures were considered as replicates 
in this study as were the tNP/+NPG enclosures. Water 
samples were collected without prefiltration on 6, 7, 9, 
11, and 13 July at 08:OO h from 2 phosphate-enriched 
enclosures, from 2 non-phosphate-enriched enclosures 
and from the fjord at 1 m depth. On 5 July, water sam- 
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ples were only taken from the enclosures immediately 
after filling and before nutrient enrichment. 

Determination of pico- and nanoplankton carbon 
biomass and of nanoprotist phagotrophy by micro- 
scopy. Heterotrophic bacteria and pigmented pico- 
plankton organisms were grouped according to their 
size, enumerated, and measured using preparations 
made for epifluorescence microscopy only (see below). 
Pigmented organisms > 2  pm and colourless, nano- 
sized protists were identified using differently fixed 
and stained subsamples of the same sample prepared 
for ordinary light and for epifluorescence microscopy 
respectively. Samples fixed in Lugol's solution were 
viewed in an inverted microscope (Leica DM IRB) and 
in an ordinary light microscope (Leica DM RB) with 
100 to lOOOx magnification (HMSO 1990). DAPI- 
stained and unstained preparations were made from 
glutaraldehyde-fixed subsamples (see below) and 
viewed in an Olympus BH2 epifluorescence micro- 
scope with 1250x magnification. Chaetoceros wig- 
ham11 cells were enumerated and measured in a 1 m1 
Sedgewick sedimentation chamber using a Leica DM 
RB microscope with 400x magnification. Colourless 
nano-sized protists and pigmented organisms, except 
C. wighamii, were enumerated and measured on an 
Olympus BH2 epifluorescence microscope with 1250x 
magnification. Water samples for epifluorescence 
microscopy were fixed with ice-cold 4 % glutaralde- 
hyde (quality as for electron microscopy) with the same 
salinity as the seawater in a 1:l mixture with the sea- 
water, resulting in a 2 %, final concentration. Unstained 
and DAPI-stained subsamples were filtered onto 
0.2 pm and 0.8 pm black polycarbonate filters (diame- 
ter 25 mm) on the sampling day and stored at -30°C to 
preserve the chlorophyll autofluorescence (Porter & 
Feig 1980, Bloem et al. 1986, Sanders et al. 1989). 

The nano-sized protists were assigned to 19 different 
groups according to their size, nutrition (see below), 
and taxonomic relationships. Pigmented picoplankton 
was always sparse ( < l  % of the picoplankton biomass) 
and not differentiated into prokaryotes and eukary- 
otes. The cell size of most organisms was expressed as 
equivalent spherical diameters. ESD = (cell volume/ 
0.524)"~. Heterotrophic bacteria were differentiated 
into 3 groups: small picobacteria (length <2  pm, ESD 
0.6 pm), large picobacteria (length 2 to 8 pm, average 
length 2.4 pm, ESD 0.9 pm), and filamentous bacteria 
(length > 8  pm, average length 20 to 50 pm). 

At least 100 cells or colonies of each of these 23 
microbial groups in each water sample were enumer- 
ated, and at least 20 of each group in each sample were 
measured. Cell volume (or colony volume) was calcu- 
lated by assigning the organisms to simple geometric 
shapes and by measuring 1 or 2 dimensions. The di- 
mensions of naked flagellates and of ciliates were 

multiplied by a factor 1.1 to compensate for shrinkage 
due to fixation (Choi & Stoecker 1989). Heterotrophic 
bacteria were converted from cell volume to carbon 
biomass u s ~ n g  a carbon content of 0 35 pg C pm-" 
(Bj~rnsen 1986); for pigmented picoplankton a conver- 
sion factor of 0.22 pg C pm-' was used (S~ndergaard et 
al. 1991). For all protists > 2  pm, except diatoms, cell 
volume = plasma volume. For diatoms, plasma volume 
= cell volume - vacuole volume (Strathmann 1967). 
Protist plasma volume (pm3) was converted to carbon 
biomass (pg) using a factor, 0.13 pg pm-3 for thecate 
dinoflagellates and 0.11 pg pm-3 for all other organ- 
isms (Mullin et al. 1966, BMEPC-HC 1988). Carbon 
biomass of the different groups was calculated from 
the cell density of each group and the carbon per cell 
content. 

According to their mode of nutrition, the nanopro- 
tists were classified as strictly heterotrophic protists 
(colourless flagellates, and colourless, non-plastid- 
retaining ciliates), mixotrophic protists (mixotrophy in 
the restricted sense, as a combination of phagotrophy 
and phototrophy), and other phototrophic protists. The 
mixotrophic protists were finally combined with other 
phototrophic nanoprotists and phototrophic picoplank- 
ton into the major group 'pigmented organisms'. The 2 
other major groups were 'colourless nanoprotists' and 
'heterotrophic bacteria' 

Phagotrophy (ingestion of pico- and/or nano-sized 
particles) was determined using food analogues 
according to the procedure described by Sherr et al. 
(1987) and Rublee & Gallegos (1989): fluorescently 
labelled, heat-killed pico-sized bacteria (FLB) and 
nano-sized algae (FLA) were prepared from cultures of 
Serratia indica and Thalassiosira pseudonana respec- 
tively. On average, the FLB cell volume was 0.44 pm3 
(ESD 0.9 pm, length 1.5 pm), and the FLA cell volunle 
was 21 pm3 (ESD 3.4 pm). All food analogue uptake 
experiments were performed in duplicates. Subsam- 
ples of the raw water samples collected from the 4 
enclosures and the fjord on 13 July 1995 were poured 
into clear, acid-washed 100 m1 glass bottles, placed in 
containers on deck, covered by nets to mimic the 
approximate in situ light intensities, and incubated at  
in situ temperatures. The subsamples remained 
untreated for 1 h to let the microbial community 
recover from the handling shock. Subsequently FLB 
and FLA were added to different subsamples. FLB 
were added to samples from the enclosures at  tracer 
densities (i.e. <1/3 of similar-sized particles occurring 
in the samples), resulting in a final FLB biomass den- 
sity of 5 to l l % of the large picobacterial (ESD 0.9 pm) 
standing stock (in the samples from the fjord, the FLB 
accounted for 79 % of the large picobacterial density). 
FLA were also added at tracer densities, resulting in 
final biomass densities of 11 to 34 % of the standing 
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stock of protists wlth an ESD 2 to 5 pm. Incubations 
lasted 0 and 60 mln for the FLB treatments, and 0 and 
90 min for the FLA treatments. Particle digestion time 
by protists has previously been calculated to be 
between 55 and 95 min for FLB at 12 to 16°C (Sherr et 
al. 1988) and between 60 and 80 min for FLA at an 
unknown temperature (Rublee & Gallegos 1989). 
Preliminary uptake experiments with FLB and FLA 
lasting 20 and 30 min, and 30 and 60 min, respectively, 
showed insignificant or very low uptake of tracer par- 
ticles by the phagotrophic protists present (data not 
shown). FLB and FLA samples were fixed and treated, 
as described above, with 4 % ice-cold glutaraldehyde 
in a 1: l  mixture with the seawater sample, to avoid 
particle egestion due to fixation (Sanders et al. 1989). 
Uptake of FLR and FLA was enumerated using an 
Olympus BH2 epifluorescence microscope equipped 
with a blue-light filter set. Phagotrophic protist clear- 
ance rates were calculated from per cell FLB/FLA 
ingestion rates of phagotrophic groups and the FLB/ 
FLA density in the sample. Net uptake of FLB/FLA was 
calculated by inspection of protists for association wi.th 
FLB/FLA after 60/90 min of incubation and by sub- 
tracting time-zero inspections. Uptake was significant 
when the 95% confidence intervals of time zero and 
time t estimates did not overlap: P,- 1.96[P,(1 -P,)/n,]"2 
> PO + 1.96[Po(l-Po)/no]"2, where P is the number of 
FLB/FLA associated with a cell, and n the number of 
cells inspected at respectively time t (60/90 min) and 
time zero (confidence interval of the mean; Rice 1988). 
At least 100 cells (maximum 800 cells) of each phago- 
trophic protist group were inspected in each sample 
(with at  least 30 ingested FLB/FLA per group for the 
groups with significant uptake) 

Uptake rates of tracer particles (FLR and/or FLA) 
were calculated on a group level, e.g. colourless 
flagellates 10-20 pm, since some individuals of poten- 
tially different species within a group could not al- 
ways be separated with certai.nty from each other. 
The dominating 1 or 2 species accounted for >90'K1 of 
the cells included in these groups. Cells of the 
dominating species displayed phagotrophy, but not 
necessarily all species included in these groups were 
feeding by phagotrophy sensu stricto: some pig- 
mented dinoflagellate species with bright chloroplasts 
and some colourless flagellate and ciliate species did 
not seem to take up tracer particles, but it would have 
been either too time consuming or too difficult to split 
the groups into several subgroups. FLA ingestion 
rates of mixotrophic dinoflagellates in phosphate- 
enriched enclosures were compared with those in 
non-phosphate-enriched enclosures and in the brack- 
ish layer of the fjord using a Ko1,mogorov-Smirnov 2- 
sample test (Sokal & Rohlf 1995). Clearance rates 
were calculated from the per cell ingestion rates of 

tracer particles within a phagotrophic group divided by 
the tracer densities. Volume-specific clearance rates 
were expressed in units grazer body volume (BV) 
cledled per grazer per unit time (Fenchcl 1991). Vol- 
ume-speclfic clearance rates of mixotrophic dinofla- 
gellates were compared to those of similar-sized 
colourless flagellates and cilia.tes (taking all FLA up- 
take experiments into account) using a Bonferroni- 
adjusted Kolmogorov-Smirnov 2-sample test (Rice 
1989, Sokal & Rohlf 1995). The grazing impact on 
prey organisms of similar size and shape as the trac- 
ers was calculated from the prey density, from the 
clearance rates of the predators and from the predator 
density (Sherr et al. 1991). The percentages of mixo- 
troph grazing of the entire nanoprotist grazing impact 
on FLA-sized organisms in phosphate-enriched enclo- 
sures were compared with those in the non-phosphate- 
enriched enclosures and in the surface layer of the 
fjord using a Kolmogorov-Smirnov 2-sample test 
(Sokal & Rohlf 1995). The percentage of predator 
body carbon ingested per day was calculated from the 
grazing impact on prey organisms per predator per 
day and from the predator's body carbon content. 
Grazing impact on prey populations and prey carbon 
ingested per predator were expressed per day to facil- 
itate comparisons with changes in microbial carbon 
biomass, which was calculated every 1 or 2 d.  

RESULTS 

Effects of nutrient addition on the microbial biomass 

Effects on pigmented organisms. From the start to 
the end of the investigation period, nano-sized cells 
accounted for >99% of the pigmented biomass, pig- 
mented picoplankton was always sparse (<0.4 pg C 
I - ' ) ,  and almost no micro-sized cells were observed 
(Fig. 1) .  Most organisms were single-celled, and only 
Chaetoceros wigharnii formed chains (with long setae), 
most of which exceeded 20 pm. Throughout the study 
period, the pigmented organism composition did not 
change dramatically in any of the samples, i.e. the 
majority of all species were present throughout the 
period. Three species, Katodinium rotundatum (ESD 
6.7 pm), C. wighamii, and the small centric diatoms 
(ESD 6.7 pm), accounted for the main part of the pig- 
mented biomass in all samples (Fig. 1). The group of 
10-20 pm pigmented dinoflagellates was dominated 
(>go%) by a Gymnod~nium/Gyrodinium sp. that 
proved to be mixotrophic on 13 July in all samples (see 
below). Uptake of particulate food by these pigmented 
dinoflagell.ates was not investigated on other days, but 
judging from the species' size (ESD 15.8 pm), oval- 



sls!~
o

~
d

o
u

eu
 

ssapnolo2 jo ssem
olq uoqJe3 aq

l lo
j a

le
x

 lu
a 

-lajj!p a3llO
N

 ,lalau
erp

 ~
e

~
~

~
a

y
d

s
 

lu
a[en

~
n

b
a :as3 !au13h16 :9

 !aleqdsoqd :d !aleilru :N
 

.salnso[sua JaleM
 qs!yseJq p

ale[n
d

~
u

em
-lu

ay
ln

u
 p w

o
lj pue 'A

~
M

JO
N

 
'p

~
o

ljs
lh

~
 

jo
 Jade1 

q
sp

p
elq

 aql u
o

~
j

 
hlnr 

pue 
'6 'L

 '9
 'S uo uayel sald

u
es JaleM

 lo
j 'slsrlo~

doueu 
ssaIlno[oJ pue 'ep

alseq
 srqdolloialaq 's~

us!ueB
lo palu

au
6

1
d

 jo sseuorq u
o

q
le3

 .l ,612 

- - 
-
-
-
 

'iud p
-; tp%

ual B
A

P
 

'lu
d

 8-5 qgual 
P!Jam

Pa 

i' I as3 
u~l~ytlsld{~n!d 

pa1uaw
4!d 

W
'' 

8 P-S i O
S3 

\lu
~

lllt~
%

~
O

 
p

>
llIllu

~
ld

 

w
Q

.9-9'9 
as3 

S
U

~S
!U

P
~JO

 
P

~
IU

~
W

$IC
( 

uld G 01 Q
S

3 
aaaa,{qdutrafin3 

~u
rl 8'51 a

s
3

 (sq
d

u
~

~
o

ylu
) 
n
 

ulrl O
S

-O
~ q1Bual 

SA
P 

a~
a?

A
q

d
o

i~
~

a 
p

a
~

u
a

w
~

ld
 

U
 

1
1

1
1

~
 

5 tl as3 'tud o
i-o

l 
'lud 00f - 8 v

f
i~

2
1

 
w

d
 07, < 1

P
IX

 U1!M
 %

U!PU3 
a 

a 
n 

P!Ja]nPq snoluatuel!j 



Aquat Microb Ecol 12: 139-151, 1997 

round shape, and 8 to 12 pale plastids, it was the same 
species that dominated the group of 10-20 pm pig- 
mented dinoflagellates in all samples throughout the 
study period. 

A dramatic increase in the pigmented biomass, 
peaking on 9 July, was observed only in the phos- 
phate-enriched enclosures (+NP) and (+NPG) (Fig. 1). 
The addition of nitrate alone or nitrate and glycine had 
no dramatic effect on the pigmented organism bio- 
mass, although a minor rise was observed in these 
enclosures on 9 July. The pigmented biomass peak 
was approximately 400 pg C 1-' in the phosphate- 
enriched enclosures, which was approximately 2 x  as 
high as in the non-phosphate-enriched enclosures 
(Fig. 1). For the 3 species that accounted for the major- 
ity of the pigmented biomass, the following biomass 
increases were observed in the period 5 to 9 July in 
phosphate-enriched enclosures: Katodinium rotunda- 
turn 8 to 9x,  Chaetoceros wighamii 5 to ?X, and the 
small centric d ia tom (ESD 6.7 pm) 3 to 6x.  In com- 
parison, in the non-phosphate-enriched enclosures, 
K. rotundatum increased its biomass 3 to 5x, C.  
wighamii 2 to 3 X, and the small centric diatoms 1 to 3 X 

in the same period (data partly shown in Fig. 1). Simi- 
larly, the Euglenophyceae (ESD 10.9 pm), the only 
single-celled strict phototrophs in the 10-20 pm 
fraction, increased their biomass on average 4 X in the 
phosphate-enriched enclosures and 1 . 7 ~  in the enclo- 
sures without phosphate enrichment (Fig. 1).  In con- 
trast, the biomass of the mixotrophic dinoflagellates 
(ESD 15.8 pm) declined in the phosphate-enriched 
enclosures in the period 5 to 9 July from on average 
10.3 to 5.1 pg C I-' but then rose to a level of on aver- 
age 20.5 pg C 1-' on 13 July (Fig. 1 ) .  In the non-phos- 
phate-enriched enclosures, the same pattern was 
observed for the mixotrophic dinoflagellates: in the 
period 5 to 9 July, a decline in the biomass from on 
average 8.6 to 6.3 1-19 C 1-', which was followed by a 
rise to on average 14.8 pg C I-' on 13 July (Fig. 1). The 
mas.i.mum biomass increase of the mixotrophic dinofla- 
gellates during the last part of the study period was 3 to 
4 X within 2 d. 

During the investigation period, diatoms, i.e. Chae- 
toceros wighamii and small centric diatoms, ac- 
counted for 1/3 to 3/4 of the pigmented biomass, with 
highest values in all samples on 9 July (Fig 1, small 
centric diatoms included in the group pigmented 
organisms ESD 6.6-6.9 pm). Silicate was below the 
detection limit from 9 July to the end of the investiga- 
tion perj.od only i.n the phosphate-enriched enclosures 
(Thingstad et  al. unpubl.), and a decline in pigmented 
organism biomass was observed in these enclosures 
during this period (Fig. 1). At the end of the experi- 
ment, on 13 July, the percentage of diatom biomass of 
the total pigmented organism biornass was on aver- 

age 48 % in the phosphate-enriched enclosures, where 
silicate was undetectable, and 58% in the non-phos- 
phate-enriched enclosures (data not shown), where 
silicate was still f u u ~ i d  in measurable quantities 
(Thingstad et al. unpubl.) Non-motile pigmented pro- 
t~sts  other than diatoms (i.e. Chlorophyceae) ac- 
counted for ~ 3 %  of the pigmented biomass in the 
samples from 13 July (data not shown). Pigmented, 
motile organisms (i.e. flagellates) accounted for on 
average 51 % of the pigmented organism biomass in 
the phosphate-enriched enclosures and for on aver- 
age 40% in the other enclosures (data not shown). 
The main part of pigmented flagellate biomass was 
mixotrophic Dinophyceae (ESD 15.8 pm), the dinofla- 
gellate Katodirium rotundatum (ESD 6.7 pm), smaller 
Prymnesiophyceae (ESD 3.8 pm), and smaller Prasino- 
phyceae (ESD 2.5 or 3.5 pm) (data not shown). A 
minor part was smaller (ESD 4.3 pm) and larger 
(ESD 6.9 pm) Cryptophyceae, larger Prasinophyceae 
(ESD 6.6 pm), and Pedinellophyceae (ESD 3.1 pm) 
(data not shown). Before 13 July, the biomass of 
Euglenophyceae (ESD 10.9 pm) and of larger Prym- 
nesiophyceae (ESD 4.8 pm) was also determined, but 
also these accounted for a minor share of pigmented 
flagellate biomass (Fig. 1 ) .  

In the upper layer of the fjord, where samples were 
not taken from exactly the same water mass, no gen- 
eral trend in decline or rise in biomasses of pigmented 
organisms could be observed (Fig 1). Although the 
biomass percentages of various pigmented groups 
were most variable in the fjord (Fig. l ) ,  the same spe- 
cies and groups that accounted for the main part of the 
pigmented biomass in the enclosures also dominated 
the biomass of the pigmented organisms in the upper 
layer of the fjord, and groups with a minor share of the 
pigmented biomass in the enclosures also had a minor 
share in the fjord (Fig. 1). 

Effects on heterotrophic bacteria. Three size classes 
of bacteria, i.e. small picobacteria (ESD 0.6 pm), large 
picobacteria (ESD 0.9 pm), and fi1amentou.s bacteria 
(average length 20 to 50 pm) were present before and 
after phosphate enrichment in all enclosures and in the 
surface layer of the fjord as well. From 5 to 13 July. the 
percentage of the small picobacteria of the total bacte- 
rial biomass declined in all enclosures from about 55 % 
to between 17 and 30%) (Fig. 1). Simultaneously in all 
enclosures, the biomass percentage of the large 
picobacteria increased from 5.2% to between 14 and 
18'%,, and the biornass percentage of the Eilamentous 
bacteria increased from 40% to between 57 and 64 % 
of the total bacterial biomass (Fig 1). The highest bac- 
terial biomasses were observed in the phosphate- 
enriched enclosures on 13 July after the decline of the 
pigmented organism bloom. The biomass accounted 
for between 410 and 490 pg C I - ' ,  which was approxi- 
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mately 2x as high as in the non-phosphate-enriched 
enclosures (Fig. 1). In the brackish layer of the Qord, no 
general decline or rise in total bacterial biomass or in 
the percentages of small picobacteria, large picobacte- 
ria, or long filamentous bacteria of the total bacterial 
biomass was observed (Fig. 1 ) .  

Effects on colourless nanoprotists. A dramatic rise 
in colourless nanoprotist biomass from initially 15 and 
21 1-19 C 1" to between 110 and 180 pg C 1-' at the end 
of the study period was observed in the phosphate- 
enriched enclosures (+NPG and +NP), where dramatic 
increases in pigmented and bacterial biomasses were 
also observed (Fig. 1). In the other enclosures and in 
the brackish layer of the fjord, only a minor rise of 
colourless nanoprotist biomass was observed in the 
period 9 to 11 July, whereafter the biomass did not 
change or decreased and reached between 26 and 
39 pg C 1-' on 13 July (Fig. 1). Colourless flagellates 
2-5 pm and 5-10 pm in size accounted for respectively 
between 1.5 and 18% and between 8.7 and 34 % of the 
colourless nanoprotist biomass in all samples (Fig 1) .  
Colourless protists 10-20 pm in size accounted for 
between 54 and 90 % of the colourless nanoprotist bio- 
mass in all samples (Fig. 1). The latter group included 
colourless flagellates and ciliates (mainly oligotrichs). 
All nano-sized ciliates seemed to be strictly hetero- 
trophic. Strictly phototrophic or mixotrophic ciliates, 
i.e. ciliates with brightly fluorescent plastids (plastids 
without signs of degradation) were not observed in the 
size range 10-20 pm [among the ciliates >20 pm, how- 
ever, species with brightly fluorescent plastids were 
observed; the biomass of ciliates >20 pm was not 
assessed in this investigation, but their density was low 
( < l %  of that of ciliates 10-20 pm in size, data not 
shown)]. 

Towards the end of the period, the following maxi- 
mum biomass increases over 2-day-periods \yere ob- 
served in the phosphate-enriched enclosures: 3 x  for 
2-5 pm flagellates, 2 . 5 ~  for 5-10 pm flagellates. ? X  for 
10-20 pm flagellates, and 3 x  for ciliates (Fig. 1). In the 
phosphate-enriched enclosures, the ciliate biomass 
was on average 67.5 pg C 1-' on 13 July, whlch was on 
average 4x higher than in the enclosures without 
phosphate addition and 5 x  higher than in the fjord 
(Fig 1). The 10-20 pm colourless flagellate biomass 
was on average 51.3 pg C 1-' in the phosphate- 
enriched enclosures on 13 July, which was on average 
12x higher than in the non-phosphate-enriched enclo- 
sures and 3 x  higher than in the fjord (Fig. 1). Similarly, 
on 13 July, the 5-10 pm and 2-5 pm colourless flagel- 
lates had respectively 2 to 5x and 2 to 4x higher bio- 
masses in the phosphate-enriched enclosures than in 
the non-phosphate-enriched environments, where 
prey density or production was lower (Fig. 1). 

Phagotrophic nanoprotist grazing on pico- and 
nanoplankton 

Grazing by 10-20 pm phagotrophic protists. No sig- 
nificant uptake of FLB was observed for phagotrophic 
protists in the size range 10-20 pm on 13 July. Signifi- 
cant uptake of FLA was observed for the following pro- 
tist groups in the size range 10-20 pm: colourless fla- 
gellates, pigmented dinoflagellates (mixotrophs), and 
ciliates (Table 1). Also organisms larger than FLA, i.e. 
Katodinium r o t u ~ l d a t u m  (ESD 6.7 pm) or small centric 
diatoms (ESD 6.7 pm) were occasionally observed 
within the food vacuoles of both ciliates and colourless 
flagellates (data not shown). The FLA ingestion rates of 

Table 1 FLA ingestion rates, volume-specific clearance rates, and FLA-sized prey carbon ingested per day (as a percentage of 
predator cell carbon) of phagotrophic protist groups in the size range 10-20 pm in different environments on 13 July FLA: fluo- 
rescently labelled algae (ESD 3.4 )pm); ESD: equivalent spherical diameter; BV: body volume. Standard deviation between 

replicates given in parentheses 

Phagotrophic protist Fjord, l m depth Non-phosphate-enriched Phosphate-enriched 
group, 10-20 pm enclosures enclosures 

FLA ingestion rate (FLA protist-l h") 
Ciliates 0.11 (20.03) 0.05 (50.03) 0.10 (20.01) 
Colourless flagellates 0.12 (20.03) 0.17 (*0.06) 0.12 (k0.04) 
Mixotrophic dinoflagellates 0.24 (k0.07) 0.15 (i0.08) 0.15 (20.08) 

Volume-specific clearance rate (104 BV protist-I h-') 
Ciliates 2.3 (k0.7) 1 1 ( i 0 . 6 )  2.0 (k0.3) 
Colourless flagellates 3.8 (20.8) 5.5 (k1.7) 3.9 (k1.2) 
Mixotrophic dinoflagellates 3.6 (2 1 .O) 2.3 (k1.1) 2.2 (21.3) 

Percentage of own body carbon ingested per day through grazing on 2-5 pm protists 
Ciliates 12 (+3  4 )  8.3 (56.5) 21 (k8.0) 
Colourless flagellates 19 (k4.0) 36 (15.5) 36 (k3.7) 
Mixotrophic dinoflagellates 18 (k5.0) 15 ( i 7 . 8 )  19 (17.1) 
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Non-phosphate- 
enriched enclosures 

Phosphateenriched 
enclosures 

Surface layer of the fjord 
I m depth 

Share of the grazing Impact on 
FM-sized, 2-5 pm prey 

by colourless flagellates 
10-20 pm, ESD 12.2 pm 

g by colourless ciliates 
10-20 pm, ESD 14.2 pm 

by rnixotrophic dlnoflagellates 
10-20 pm, ESD 15 8 pm 

Fig. 2. Colourless flagellate, colo~irless ciliate, and mixotrophlc dinofla- 
gellate share of the total grazing impact on FLA-sized, 2-5 pm prey by 
phagotrophic nanoprotists in different environments on 13 July (SD in 

parentheses). ESD: equ~valent spherical diameter 

mixotrophic dinoflagellates in the phosphate-enriched 
enclosures (0.03 to 0.23 FLA flagellate-' h-') were not 
significantly different from those measured in the non- 
phosphate-enriched enclosures and in the brackish 
layer of the fjord (0.04 to 0.30 FLA flagellate-' h-') 
(average ingestion rates shown in Table 1). The vol- 
ume-specific FLA clearance rates (BV protist-' h-') of 
the phagotrophic protists 10-20 pm in size were in the 
following ranges: colourless flagellates 2.6 X 104 to 
7.3 X 104, mixotrophic dinoflagellates 1.1 X 104 to 3.6 X 

104, and colourless ciliates 0.8 X 104 to 2.3 X 104 (aver- 
age rates shown in Table 1). The volume-specific clear- 
ance rates of the mixotrophic dinoflagellates (taking all 
FLA uptake experiments into account) were not signif- 
icantly different from those of the colourless flagel- 
lates, or from those of the colourless ciliates in the size 
range 10-20 pm. 

The daily grazing impact on the 2-5 pm 
protist standing stock by all phagotrophic pro- 
tists in the size range 10-20 pm was on aver- 
age 86% in the phosphate-enriched enclo- 
sures, 23 % in the non-phosphate-enriched 
enclosures, and 28% in the brackish layer of 
the fjord (data not shown). The 10-20 pm 
mixotrophic dinoflagellates were responsible 
for 34 % of the grazing impact on 2-5 pm prey 
in the non-phosphate-enriched environments 
(including the surface layer of the fjord), but 
their share was significantly lower, i.e. 12% 
(p < 0.05) in the phosphate-enriched enclo- 
sures (Fig. 2 ) .  Calculated from the grazing on 
2-5 pm prey, the 10-20 pm phagotrophic pro- 
tists ingested on average the following 
percentages of their own body carbon per day 
in the phosphate-enriched enclosures: ciliates 
21 %, colourless flagellates 36 %, and mixo- 
trophic dinoflagellates 19 % (Table 1). 

Grazing by 5-10 pm phagotrophic protists. 
For protists in the size range 5-10 pm, no 
uptake of FLA was observed. Uptake of FLB 
was significant for colourless flagellates 5- 
10 pm in size (ESD 6.1 pm), but not for pig- 
mented flagellates in this size-range. The FLB 

(ESD 0.9 pm) had approximately the same size as the 
large picobacteria (ESD 0.9 pm). On 13 July, in the 
phosphate-enriched enclosures, where the large 
picobacterial biomass was approximately 2x as high as 
in the non-phosphate-enriched enclosures (Fig. l ) ,  the 
average FLB ingestion rate of the 5-10 pm colourless 
flagellates (0.16 FLB flagellate-' h-') was higher than 
the average FLB ingestion rate in the non-phosphate- 
enriched enclosures (0.05 FLB flagellate-' h-') 
(Table 2). In the water samples taken from the fjord, 
the final FLB density was 7 9 % of the large picobacter- 
ial density, and thus higher than tracer densities in 
other samples (which were <1/3 of prey density). The 
average FLB ingestion rate of the 5-10 pm colourless 
flagellates was 0.29 FLB flagellate-' h-' (Table 2) .  In 
the enclosures with phosphate enrichment, where the 
highest increases of the 5-10 pm colourless flagellate 

Table 2. Grazing on large picobacteria (ESD 0.9 pm) by colourless flagellates 5-10 pm (ESD 6.1 pm), as estimated using FLB (ESD 
0.9 pm) uptake experiments, carried out on 13 July using water samples taken from the fjord at 1 m depth, from non-phosphate- 
enriched enclosures (-), and from phosphate-enriched enclosures (+). FLB: fluorescently labelled bacteria; ESD. equivalent 

spherical diameter; BV: body volume. Standard deviation between replicates given in parentheses 

Sampling site FLB ingestion rate Volume-specdic clearance rate Percentage of flagellate body carbon ~ngested 
(enclosure/fjord) (FLB flagellate-' h-') (104 BV flagellate-' h-') per day through grazing on large picobacteria 

l m depth 0.29 (kO.00) 10 11 
- phosphate 0.05 (k0.02) 1 .B 15 
+ phosphate 0.16 (20.07) 5.8 77 
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biomass were observed (Fig. l),  they ingested on aver- 
age ?? % of their own body carbon per day through 
feeding on the FLB-sized, large picobacteria (Table 2). 

Grazing by 2-5 pm potentially phagotrophic 
protists. No uptake of FLB or FLA by potentially 
phagotrophic protists in the size range 2-5 pm, i.e. 
colourless flagellates (ESD 3 pm), and the potentially 
mixotrophic groups Pedinellophyceae (ESD 3.1 pm) 
and Prymnesiophyceae (ESD 3.8 pm) was observed on 
13 July (data not shown). 

DISCUSSION 

Mixotrophic flagellates, colourless flagellates, and 
colourless ciliates in the size range 10-20 pm grazed 
on nano-sized prey, as demonstrated through the 
uptake of fluorescently labelled algae, FLA (Table 1).  
The strictly heterotrophic protists (colourless flagel- 
lates and ciliates) had the highest grazing impact on 
FLA-sized (2-5 pm) prey in all enclosures and in the 
fjord (Fig. 2). Mixotroph share of protist grazing on 
2-5 pm prey was on average 34% in non-phosphate- 
enriched environments, but the share was significantly 
lower, i.e. 12% (p < 0.05), in the phosphate-enriched 
enclosures (Fig. 2), where both primary production and 
bacterial production were stimulated (Fig. 1).  

Comparisons of growth rates between mixotrophs 
and strict phototrophs, and between mixotrophic and 
strictly heterotrophic protists were difficult to make, 
since the productivity of specific populations was not 
measured. Only changes in their biomasses could be 
considered. 

While the pigmented biomass rose in the period 5 to 
9 July in all enclosures, though most dramatically in 
those with phosphate enrichment, the percentage of 
the pigmented biomass comprised by the mixotrophic 
dinoflagellates was generally declining from between 
9.9 and 13.4% to between 1.2 and 3.9% (Fig. 1). A 
faster growth of the strict phototrophs under improved 
growth conditions would be a possible explanation. A 
different grazing pressure on the strict phototrophs 
and the mixotrophs could be another explanation. In 
fact, most strict phototrophs were either considerably 
smaller than the mixotrophic dinoflagellates (ESD 
15.8 pm) or considerably larger (Fig. 1). The 2-10 pm 
phototrophs were grazed by the mixotrophs them- 
selves and by other phagotrophic nanoprotists (see 
above, Fig. 1) and may have been too small for poten- 
tial grazers of the mixotrophic dinoflagellates. Simi- 
larly, Chaetoceros wighamii, a chain-forming diatom 
with long setae exceeding 20 pm, because of its size 
and shape, may have been bypassed by predators 
feeding on prey in the size range 10-20 pm. The only 
strict phototrophs similar in size to the mixotrophic 

dinoflagellates were the Euglenophyceae (ESD 
10.9 pm), and both were probably grazed by the same 
predators. While the Euglenophyceae only increased 
their biomass on average 1 . 7 ~  in the non-phosphate- 
enriched enclosures in the period 5 to 9 July, a 4 X bio- 
mass increase was observed in the phosphate- 
enriched enclosures (Fig. 1). In contrast, the growth of 
the similar-sized mixotrophic dinoflagellates did not 
seem to be stimulated by phosphate, since their bio- 
mass decreased to half of the initial amount in all 
enclosures during the first part of the study period 
(Fig. l). 

In environments where photosynthesis is not limited 
by mineral nutrients or light, one might expect a 
decreased need to ingest particles in mixotrophs that 
rely primarily on phototrophy. For instance, lower 
ingestion rates of particulate food were reported from 
cultures of the mixotrophic flagellate Chrysochro- 
mulina brevifilum and from natural communities of the 
mixotrophic flagellates Chrysochrornulina ericina and 
Pryrnnesium parvum when phosphate was in excess 
compared to when phosphate was depleted (Jones et  
al. 1993, Nygaard & Tobiesen 1993). For the mixo- 
trophic dinoflagellates in the present study, however, 
no decrease in FLA ingestion rate could be observed in 
phosphate-enriched enclosures (0.15 FLA flagellate-' 
h-') compared to non-phosphate-enriched enclosures 
and to the fjord (0.15 and 0.24 FLA flagellate-' h-') 
(Table 1).  

For mixotrophs that rely primarily on heterotrophy, 
e.g. Poterioochromonas malharnensis and other ochro- 
monads, considerably higher growth rates have been 
reported when prey availability was high than when it 
was low (Caron et al. 1990, Sanders et al. 1990, Roth- 
haupt 1996). In the present study, however, the 
mixotrophic dinoflagellates reached similar biomasses 
in environments with high and low prey productivity 
(Fig. 1 ) .  In the phosphate-enriched enclosures, where 
the prey availability increased towards the end the 
study period, the biomass of the 10-20 pm strictly het- 
erotrophic protists, however, was considerably higher 
(on average 3 to 12x for colourless flagellates and 4 to 
5 x  for ciliates) than in the non-phosphate-enriched 
enclosures and the surface layer of the fjord (Fig. 1). 

The effects of nutrient and prey availability on the 
mixotrophic dinoflagellates in this study thus seemed 
to differ from those reported of the 2 different cate- 
gories of mixotrophic flagellates represented by 
Chrysochrornulina brevifilum and Poterioochromonas 
rnalhamensis respectively. The mixotrophic dinoflagel- 
lates in the present study may belong to a third cate- 
gory of mixotrophs, which rely primarily on phototro- 
phy, but with a reduced capacity for uptake of 
dissolved inorganic nutrients (even in the presence of 
high concentrations of N and P). They may ingest par- 
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ticulate prey primarily for nutrients and for organic 
compounds that they are unable to synthesize, and 
their rate of phagotrophy may be proportional to their 
rdte  ol pholosynthesis ds reported for mixotrophs 
belongi.ng to this category (see Jones et al. 1995). The 
finding that FLA uptake rates were not different in the 
different environments was in accordance with the 
similar light conditions in all environments. 

The volume-specific FLA clearance rates of the 
mixotrophic dinoflagellates did not deviate signifi- 
cantly from those of similar-sized colourless flagellates 
and ciliates (Table 1).  Nevertheless, the mixotrophic 
dinoflagellates had a higher share of the protist gra- 
zing on 2-5 pm prey in the non-phosphate-enriched 
enclosures and in the fjord (average 34 %) than in the 
phosphate-enriched enclosures (12%) (Fig. 2) .  The sig- 
nificant different shares in the phosphate-enriched 
and the non-phosphate-enriched environments can 
thus not be explained by differences in volume- 
specific clearance rates among the various protists in 
the size range 10-20 pm, but rather by differences in 
their assumed growth rates at high and low prey avail- 
ability (Table 1, Fig. 1). The strictly heterotrophic pro- 
tists reached considerably higher biomasses in those 
environments where the prey production was stimu- 
lated through phosphate enrichment (Fig. 1). In con- 
trast, in the non-phosphate-enriched environments, 
where prey availability was low, the strictly hetero- 
trophic protists 10-20 pm in size only sustained or 
decreased their biomass, whereas the mixotrophic 
dinoflagellates, apparently because of their dual mode 
of nutrition, increased their biomass 4 to 5x during the 
last days of the study period (Fig. 1). 

In the phosphate-enriched enclosures, where the 
most dramatic biomass increases of both phototrophic 
and heterotrophic microorganisms were observed 
(Fig. l ) ,  the 10-20 pm phagotrophic protists grazed on 
average 86% of the 2-5 pm protist standing stock per 
d.ay (data not shown). Nevertheless, on 13 July, ciliates 
ingested only 21 % of their body carbon per day from 
this prey pool, colourless flagellates 36%, and 
mixotrophic dinoflagellates 19 % (Table 1). From these 
amounts ingested per day, the 10-20 pm phagotrophic 
protists may only be able to sustain their biomass or 
increase it 1.1 X d- l ,  assuming a 50 gross growth effi- 
ciency (Fenchel 1982, Jonsson 1986, Strom 1991), and 
assuming a low grazing pressure upon them. In con- 
trast, a considerable biomass increase, similar to the 3 
to 4x biomass increase during the period 9 to 13 July, 
would not be  possible for the 10-20 pm phagotrophic 
protists exclusively through feeding on FLA-sized, 
2-5 pm prey. 

Since the 10-20 pm protists also ingested larger plg- 
mented prey (ESD 6.6 to 6.9 pm). their growth could be 
explained taking this food source into account: the bio- 

mass of pigmented prey with ESD 6.6 to 6.9 pm was 
approximately 2 to 6x higher than that of FLA-sized 
prey (ESD 2.5 to 4.8 pm) in the phosphate-enriched 
enclosures (Fig. 1) and could thus supply the need of 
the phagotrophic protists 10-20 pm in size. In addition 
to feeding on food sources larger than FLA, the 
mixotrophic dinoflagellates could supplement their 
needs through photosynthesis. 

Potential prey for the 10-20 pm phagotrophic pro- 
tists were also the long filamentous bacteria (length 8 
to 200 pm). Carbon tracer experiments (D. Lefevre 
pers. comm.) revealed that I3C in the phosphate- 
enriched enclosures towards the end of the study 
period was mainly taken up by the 2-10 pm fraction 
(the filamentous bacteria), whereafter the tracer was 
transferred to the 10-53 pm fraction (including the 
phagotrophic protists 10-20 pm in size). In 1991, 
Inamori et al. reported that ciliates ingested filamen- 
tous bacterla at high rates. We do not know whether 
phagotrophic protists in the size range 10-20 pm 
ingested filamentous bacteria in the present study. 
Ciliates have been reported to feed preferentially on 
heterotrophic food sources, whereas gymnodinoid, 
colourless dinoflagellates were reported to select 
strongly for phototrophic food sources (Neuer & 

Cowles 1995). 
It is also possible, however, that the FLA uptake 

technique underestimated the ingestion of the FLA- 
sized prey, and that enough 2-5 pm prey were 
ingested by the 10-20 pm phagotrophic protists to sup- 
port the observed growth. Underestimation of grazing 
using heat-killed and stained food analogues com- 
pared to live prey have been reported by e.g. Landry et 
al. (1991). 

Picobacteria, however, could probably be excluded 
as an  important food source for 10-20 pm protists in 
the present study, since no significant uptake of FLB 
(ESD 0.9 pm) by mixotrophic dinoflagellates or by 
colourless flagellates and ciliates 10-20 pm in size was 
observed. For the 10-20 pm flagellates, this was in 
accordance with previous findings (Sherr & Sherr 
1994, Havskum & Riemann 1996), whereas pelagic cil- 
iates <20 pm have been reported as voracious con- 
sumers of picobacteria (Sherr & Sherr 1987). Although 
prey selection by phagotrophic protists on the basls of 
quality has been reported (Nygaard et al. 1988, Landry 
et al. 1991, Verity 1991), the fact that 5-10 pm flagel- 
lates took up FLB significantly (Table 2) showed that 
the FLB were edible, at  least for other protists. 

Hansen et al. (1994) proposed that the optimum 
predatorprey ESD ratio for (non-dino-)flagellates is 
3:1, for oligotrichous ciliates 8:1, and for dinoflagellates 
1 : l .  In the present study the 10-20 pm phagotrophic 
protist:FLB ratio (ESD:ESD) was 14:l for colourless 
flagellates, 16:l for ciliates, and 18:l for mixotrophic 
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dlnoflagellates, i.e. in all cases the ratio was consider- 
ably higher than the optimum predator:prey ESD ratio 
proposed by Hansen et al. (1994). The lack of FLB 
uptake by the 10-20 pm phagotrophic protists thus 
seems to be due to the relatively small ESD of the FLB 
rather than their quality. In con~parison, the preda- 
tor:prey ESD ratio between the 10-20 pm phago- 
trophic protists and the FLA, wh~ch  were taken up sig- 
nificantly, was between 4 : l  and 5: l  In addition, the 
prey size selectivity spectra have been proposed to be 
bell-shaped, with the top of the bell-shaped curve rep- 
resenting the optimum prey size (Hansen et al. 1994). 
Since both considerable uptake of FLA (ESD 3 4 pm) 
(Table 1) and occasional uptake of particles larger than 
FLA (e.g. pigmented organisms ESD 6.6 to 6.9 pm) 
have been observed (data not shown), it seems 
unlikely that the optimum prey size for the 10-20 pm 
protists in the present study should be in the pico size 
range. 

Colourless flagellates in the size range 5-10 pm 
(ESD 6.1 pm) were the only nanoprotists in the samples 
that significantly ingested FLB (length 1.5 pm, ESD 
0.9 p m )  The biomass of the large picobacteria ingested 
per day corresponded on average to 7 7 %  of the 5- 
10 pm colourless flagellates' own body carbon on 13 
July in the phosphate-enriched enclosures (Table 2). 
Assuming a net growth efficiency of 50% (Fenchel 
1982, Goldman & Dennett 1992), the large picobacter- 
ial food source supplied them with approximately 40 % 
of their body carbon per day. Since the 5-10 pm 
colourless flagellates increased their biomass on aver- 
age 2x from l 1  to 13 July (Fig. 1). they could similarly 
proceed to grow through ingestion of exclusively large 
picobacteria, assuming no strong grazing pressure 
upon the 5-10 pm colourless flagellates. 

In the present study, the Prymnesiophyceae (ESD 
3.8 pm) and the Pedinellophyceae (ESD 3.1 pm) did not 
take up FLB, which is in contrast to previous reports 
about mixotrophy in natural populations of Prymnesio- 
phyceae and Pedinellophyceae (Nygaard & Tobiesen 
1993, Thomsen et al. 1994, Havskum & Riemann 1996). 
The reason why uptake was not observed may be that 
not all species belonging to these 2 classes are 
mixotrophic. However, since colourless flagellates of 
similar size (ESD 3 pm) also did not take up FLB, the 
reason for the lack of FLB uptake may have been that 
the FLB size or quality was inappropriate for all 3 
groups. Possible mixotrophy of the Prymnesiophyceae 
or the Pedinellophyceae could thus be neither ruled 
out nor proved by this study. 

The size ratio between the small colourless flagel- 
lates and the FLB was 3:1, which was proposed to be 
the optimum predatorprey ESD ratio for flagellates 
other than dinoflagellates (Hansen e t  al. 1994), mainly 
on the basis of 1 investigation of optimum prey sizes of 

bodonids by Chrzanowski & Simek (1990) In view of 
the tremendous diversity of heterotrophic flagellates 
(Cavalier-Smith 1991), the proposed optimum preda- 
torprey size ratio of 3:l  may not be universal. Sherr & 

Sherr (1991) reported that small (<5 pm) colourless fla- 
gellates were the most important grazers on picobac- 
teria in several natural environments. These results 
were mainly based on experiments using smaller FLB 
(ESD 0.6 pm). The naturally occurring small picobacte- 
ria in the present study, which accounted for the main 
part of the picoplankton biomass (Fig. l),  also had an 
ESD of 0.6 pm. The smallest colourless flagellates 
(ESD 3 pm) in the present study may have been 
adapted to feed on the small picobacteria (predator: 
prey size ratio 5 : l ) .  Since the ESD of the smallest 
colourless flagellates in the present study was only 3x  
larger than that of the FLB, the relative FLB size may 
have been too large to ensure significant uptake. In 
contrast, colourless flagellates 5-10 pm in size (ESD ? X  

larger than that of the FLB) had significant uptake of 
FLB (Table 2) and could sustain their growth on FLB- 
sized particles (i.e. the large picobacteria in the phos- 
phate-enriched enclosures; Fig. 1). The FLB uptake 
experiments seem to have reflected what was happen- 
ing in nature: the 5-10 pm colourless flagellates were 
feeding on large picobacteria, but the flagellates 
< 5  pm were not. 

In conclusion, the results of the present investigation 
s.uggest that nano-sized phagotrophic protists prey on 
a variety of different food sources. FLB-sized (ESD 
0.9 pm) prey seemed to be too small for 10-20 pm 
phagotrophic protists and too large for <5 pm poten- 
tially phagotrophic protists, but seemed to be an im- 
portant food source for 5-10 pm phagotrophic protists. 
FLA-sized (ESD 3.4 pm) prey seemed to be an im- 
portant food source only for phagotrophik protists 
10-20 pm in size, i.e. mixotrophic dinoflagellates, 
colourless flagellates, and ciliates. In the phosphate- 
enriched enclosures, these 3 groups together grazed 
on average 86% of the 2-5 pm protist standing stock 
per day. Nevertheless, for none of the 3 groups did the 
carbon gained from FLA-sized organisms seem to be 
enough to ensure a growth similar to that observed in 
the phosphate-enriched enclosures in the period 9 to 
13 July. The 10-20 pm phagotrophic protists could 
supplement their carbon requirement through feeding 
on other prey organisms, e.g.  5-10 pm protists and fila- 
mentous bacteria. Mixotrophic dinoflagellates could in 
addition supplement their carbon requirement through 
photosynthesis. 

Since the mixotrophic dinoflagellates seemed to grow 
as well in phosphate-enriched as in phosphate-depleted 
environments, and their biomass was similar in envi- 
ronments with high and with low prey density or pro- 
duction, they seemed to differ from those categories of 
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mixotrophs to which Pote.rioochromonas malhamensis 
and Chrysochromulina brevifilum belong Their appar- 
ent lack of response to factors such as prey availability or 
nutrient concentration rather placed the mlxotroph~c 
dinoflagellates within a category of mixotrophs that rely 
primarily on phototrophy, but take up particulate prey 
primarily for nutrients and organic compounds that they 
are unable to synthesize. Prey uptake rates in this 
category of mixotrophs are apparently proportional to 
the rate of photosynthesis (Jones et  al. 1995). 

In phosphate-enriched enclosures, growth of both bac- 
teria and pigmented organisms was stimulated (Fig. 1). 
The increased prey density or production in these en- 
closures resulted in a considerable increase of the bio- 
mass of strictly heterotrophic nanoprotists towards the 
end of the study period, whereas their hiomass de- 
creased or did not change in non-phosphate-enriched 
environments (Fig. 1). In contrast, the mixotrophic 
dinoflagellates increased their biomass similarly in all 
environments during the last days of the investigation 
period (Fig. 1). Consequently, the mixotrophic dinofla- 
gellates accounted on 13 July for a higher share of the 
protist grazing on 2-5 pm prey in the non-phosphate-en- 
riched environments including the fjord (34 %) than in 
the phosphate-enriched environments (12%) (Fig. 2 ) .  
These results suggest that the mixotrophs, because of 
their phototrophic nutrition, had a competitive advan- 
tage compared to the strictly heterotrophic protists in en- 
vironments where prey availability was low. 

The finding that organisms of the nano size fraction 
had a major grazing impact on other organisms of the 
same size fraction but not of the pico size fraction is an 
important observation in the present understanding of 
the nutrient dynamics within the microbial loop. Not 
only strictly heterotrophic but also mixotrophic nano- 
protists can be important nanoplankton grazers, espe- 
cially when the density or production of suitable nano- 
sized food particles is low because of low inorganic 
nutrient concentration. 
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