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INTRODUCTION

Autotrophic picoplankton (APP) contribute up to
90% of total carbon production and phytoplankton
biomass in global oceans (Stockner 1988). APP can also
occur at high cell densities in freshwater ecosystems
and account for the bulk of primary production during
the growing season (Callieri & Stockner 2002). Data
from other times of the year are scarce, and it is com-
monly believed that APP are of little importance in
winter (Vörös et al. 1991). Recent observations have
shown that in some lakes, APP are most abundant in
winter, under the ice-cover (Mózes & Vörös 2004,
Stra$krábová et al. 2005). From winter to early spring,
APP communities are mainly composed of eukaryotic
picoalgae and some phycocyanin-rich picocyanobacte-
ria (Mózes et al. 2006, Ivanikova et al. 2007). The
genus Choricystis is widely found among freshwater
picoalgae (Zidarova et al. 2009 and references
therein).

The major loss processes among APP are grazing,
viral lysis and sedimentation, each of which has a spe-
cific impact on carbon dynamics (Richardson & Jack-
son 2007). However, due to the small size of APP (cell
diameter <2 µm), losses through sinking without
aggregations are regarded as negligible. Viral lysis has
a low to intermediate impact on APP populations (Bau-
doux et al. 2008, Personnic et al. 2009). Therefore, it is
important to quantify the grazing losses, especially
those due to microzooplankton, since mesozooplank-
ton grazing is mainly possible for aggregated forms of
APP (Richardson & Jackson 2007). Among microzoo-
plankton, heterotrophic nanoflagellates (HNF) and
small ciliates are the major consumers of APP (Weisse
1993, Guillou et al. 2001). HNF are a functionally
diverse group with different feeding strategies, includ-
ing bacterivory, algivory or osmotrophy (Sherr & Sherr
2002). Little attention has been paid to the potential
role of APP as a food source for HNF, even though
some HNF are known to prefer APP over bacterio-
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plankton (Christaki et al. 2001), thereby forming the
major pathway of picoalgal carbon transport to higher
trophic levels (Stockner 1988). Knowledge about graz-
ing on eukaryotic APP is limited, and the majority of
studies have concentrated on prokaryotic Synechococ-
cus and Prochlorococcus (Worden et al. 2004). To the
best of our knowledge, only 2 studies to date (Parslow
et al. 1986, Christaki et al. 2005) have reported spe-
cies-specific grazing of nanoflagellates on eukaryotic
picoalgae, both in marine environments, while no par-
allel data on the grazing of freshwater HNF on Chori-
cystis exist.

Grazing studies have mainly been based on such
approaches as size fractionation, dilution, use of spe-
cific inhibitors or disappearance of prey analogues
(Caron et al. 1991, Landry et al. 1995, Liu et al. 1995,
2imek et al. 1997, Worden & Binder 2003). However,
these methods rely on communities and do not con-
sider the different feeding modes of HNF. Investi-
gation of prey items in the food vacuole of a single
flagellate at a high resolution enables calculations of
ingestion and clearance rates (Landry et al. 1995).
Additionally, chlorophyll-containing autofluorescing
cells of APP can easily be seen in food vacuoles of HNF
without using fluorescing dyes (Dolan & 2imek 1998).

Here we quantified the grazing impact of HNF on
eukaryotic APP and also examined the potential of
HNF to control APP at low temperatures. Our simple 2-
step experimental set-up consisted of 1 defined prey
item, i.e. a rod-shaped unicellular Choricystis sp., and
3 different types of HNF as grazers, i.e. Bodo saltans
Ehrenberg, Rhynchomonas sp. and a mixed HNF cul-
ture derived from a lake winter assemblage. The HNF
taxa chosen for this study are in the size class that is
most abundant in temperate lakes in spring (Auer &
Arndt 2001) and show the highest taxon-specific
uptake rates of small prey items (2imek et al. 1997).
These HNF are known to feed on APP and large bacte-
ria (Sherr et al. 1992), and thus can shape picoplankton
communities (2imek et al. 1999). B. saltans is described
as an interceptive and Rhynchomonas sp. as a raptorial
feeder. The classical protistology terms ‘interceptive’
and ‘raptorial’ feeders are often used synonymously
(Fenchel 1987). In this study, we recognise the variety
of feeding mechanisms, and the term ‘interceptive’ is
used for HNF producing currents and directly inter-
cepting food particles, while the term ‘raptorial’
describes mobile protozoa actively searching for food
particles (Boenigk & Arndt 2000a).

The mixed HNF culture came from Lake Vesijärvi, a
large meso-eutrophic clearwater lake in southern Fin-
land (Keto et al. 2005). During the growing season,
APP are abundant and mainly comprise picocyano-
bacteria, which contribute up to 55% of total phyto-
plankton primary production (G. Bręk-Laitinen et al.

unpubl.). When the lake is ice-covered, large red-
fluorescing cells dominate in APP (G. Bręk-Laitinen et
al. unpubl.). Despite the obvious importance of APP in
this lake, no studies exist on transfer of APP carbon to
higher trophic levels.

In short-term experiments, we examined the effects
of APP density on HNF feeding rates and analysed
grazing parameters, i.e. ingestion rates, clearance
rates and grazing impact, under conditions in which
the influence of changes in grazer concentration was
minimised. Ingestion of picoalgae was defined by
direct microscopical counts of prey items inside the
food vacuoles of HNF on the basis of chlorophyll a
(chl a) autofluorescence. In longer experiments, we
determined the growth of HNF when Choricystis sp.
was supplied as a food source.

This study is part of a project examining the micro-
bial food web and APP in boreal lakes where we also
studied in more detail the seasonal dynamics and com-
munity composition of APP using molecular tech-
niques, the role of biomanipulation in the microbial
food web and the carbon gas fluxes.

MATERIALS AND METHODS

Cultures. The freshwater picoplanktonic alga Chori-
cystis sp. (Trebouxiophyceae), originally isolated from
an ice-covered pond, was provided by the Provasoli-
Guillard National Center for Culture of Marine Phyto-
plankton (CCMP) in Bigelow, Maine, USA (strain no.
CCMP2201). We grew the non-axenic strain in 500 ml
conical flasks in modified DY-V medium (for details,
see https://ccmp.bigelow.org/node/119). Initially, we
attempted to maintain the stock culture at 10°C, but
without success, and thus, it was kept at 20°C. How-
ever, the stock culture did show acclimation to 10°C,
when gradually transferred from 20 to 10°C with a
temperature decrease of 3°C per week over the 4 wk
period, but not if transferred abruptly from 20 to 10°C.
Thus, in the experiments we used temperature-
acclimatised cultures. Light was provided from cool-
white fluorescent tubes with a photon flux density of
200 µmol m–2 s–1 and a light:dark cycle of 12:12 h. At
10°C, the Choricystis sp. stock culture attained a spe-
cific growth rate of 0.89 d–1, a maximum cell density of
6.5 × 106 ml–1 and a size of 1.0 to 2.7 × 0.5 to 1.4 µm with
a mean elongation factor of 1.5.

The non-axenic cultures of Bodo saltans (strain no.
CCAP 1907/6) and Rhynchomonas sp. (strain no.
CCAP 1972/2), both of which have 2 flagella, were
obtained from the Culture Collection of Algae and Pro-
tozoa (CCAP) in Oban, Argyll, UK. The bean-shaped
B. saltans measures 4 to 5 µm, whereas Rhynchomonas
sp. is 5 to 10 µm long with a bulbous rostral region.
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Three weeks prior to the experiments, the flagellate
cultures were established in 2000 ml conical flasks. For
B. saltans, the growth medium consisted of soil extract
enriched with salts (for details, see www.ccap.ac.uk/
media/pdfrecipes.htm), while Rhynchomonas sp. was
grown in Chalkley’s medium (Haberey & Stockem
1971). Both media were completed with a mixture of
90% bacto-peptone and 10% yeast extract to a final
concentration of 20 mg l–1 and finally, some wheat
grains were added to the flasks. Cultures were main-
tained in the dark at 10°C to assure acclimatisation to
the low temperature and fully heterotrophic growth.

The natural assemblage of HNF was collected in
February, 3 wk before the onset of the experiments
from the deepest point of the southernmost basin of
Lake Vesijärvi. The below-ice water was collected to
a 10 m depth with an acrylic tube sampler (Limnos,
volume 7.0 l, length 1.0 m). The 3 l subsample was
immediately passed through a 100 µm nylon net to
remove large zooplankton. Prefiltered water was
transported in a darkened container on ice to the labo-
ratory, where it was further filtered gently by means of
gravity through 8 µm polycarbonate filters (Osmonics).
Flagellates were then collected onto 0.8 µm polycar-
bonate filters (Osmonics) using low pressure filtration,
gently washed out from the filters and suspended
briefly in 100 ml of de-ionised water. The stock culture
of the mixed HNF was established in a 2000 ml conical
flask in which the HNF concentrate was added, filled
up to 1000 ml with Chalkley’s medium and completed
with a bacto-peptone and yeast extract mixture. The
mixed HNF culture was maintained heterotrophically
in the dark at 10°C.

Experiments. The short-term experiment, where the
intention was to examine the effects of APP density on
HNF ingestion, was started by transferring 250 ml
aliquots of exponentially growing HNF cultures to
500 ml conical flasks at 10°C. The experiment was car-
ried out in the light and started 1 h after the fluorescent
tubes (200 µmol m–2 s–1) were switched on. We used an
incubation time of 9 h since we anticipated cell inges-
tion to be slow at this temperature (Sherr et al. 1988).
We applied 3 different densities of APP to each type of
HNF culture (see Table 1). Samples for counting APP
and HNF were taken at 15 min intervals during the
first hour of the experiment and thereafter every 3 h
until the end of the experiment.

The duplicated growth experiment, where Chori-
cystis served as a food of HNF, lasted for 6 d. To start
the experiment, 500 ml conical flasks with 250 ml of
late exponential phase APP culture (density between
2.9 × 106 and 6.0 × 106 cells ml–1) were spiked with
exponentially growing cultures of Bodo saltans, Rhyn-
chomonas sp. and the mixed culture of HNF such that
the final flagellate density was between 3.1 × 104 and

4.6 × 104 cells ml–1. Additional flasks with Choricystis
sp. for each HNF treatment served as controls for APP
and bacterial growth. The control culture was pre-
pared by adding to the APP culture HNF culture
medium where flagellates were removed by filtering
the medium through a 0.2 µm filter. Thus, controls
received a medium in which HNF had grown, but was
now HNF-free. The growth experiment — including
the controls — was conducted with the same irradiance
levels and light and dark cycles as used for the stock
culture of APP. The experiment started 1 h after the
lights in the growth cabinet were switched on. Sam-
ples for APP, bacteria and HNF counts were taken at
the onset of the experiments and thereafter twice a
day, i.e. 1 h after lights on and 2 h before lights off.

Enumeration of samples. HNF and bacteria samples
were fixed immediately after sampling with a combi-
nation of alkaline Lugol’s solution (final concentration
~3%) and buffered formalin (final concentration ~1%),
while APP samples were fixed only with formalin (final
concentration ~2%). All samples were stored in tightly
closed plastic vials in the dark at 4°C before being
counted within 3 wk (Sato et al. 2006). Just before
counting, HNF and bacteria samples were de-
colourised with a saturated solution of sodium thiosul-
phate and stained for 10 min in the dark with 4’,6-
diamidino-2-phenylindole (DAPI; final concentration
1 µg ml–1). Stained HNF and bacteria samples were fil-
tered with a vacuum pump (p < 20 mmHg) onto 0.8 µm
and 0.2 µm black polycarbonate membrane filters
(Osmonics), respectively. Cells were enumerated with
a Nikon Eclipse E600 microscope equipped with an
epifluorescence attachment using a UV filter (excita-
tion 365 nm, emission 420 nm) and a total magnifica-
tion of 1000× for bacteria and 400× for HNF. APP sam-
ples were filtered onto 0.2 µm black polycarbonate
filters (Osmonics) and counted with the epifluores-
cence microscope using 400× magnification and exci-
tation at 510 to 560 nm and emission at 590 nm. For
each group of organisms, at least 50 random fields of
view per sample were counted (Guillard & Sieracki
2005). Food vacuoles of 50 HNF cells were inspected
under blue light (excitation 450 to 490 nm, emission
515 nm) and green light (excitation 510 to 560 nm,
emission 590 nm) to enumerate the ingested APP cells
which had bright yellow-green and dim red autofluo-
rescence, respectively. The size of 100 APP and HNF
cells per sample was measured from digital images
(Nikon DS-5Mc) using NIS-Elements v. 2.2 (Nikon
Instruments) image analysing software. The mean cell
densities as well as the length and width of cells were
used to estimate biovolumes of APP and HNF by
assuming an ellipsoidal cell shape. The biovolumes
were then converted to carbon biomass using a factor
of 250 fg C µm–3 for APP (Søndergaard 1991) and
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220 fg C µm–3 for HNF (Børsheim & Bratbak 1987). To
estimate bacterial biomass we used a factor of 35 fg C
cell–1 (Theil-Nielsen & Søndergaard 1998).

Rate calculations. Calculations of ingestion rates
(Choricystis HNF–1 h–1) were based on counts of food
vacuole content (Boenigk et al. 2001) during the short-
term experiment. Feeding rates (Choricystis HNF–1 h–1)
were calculated from the slope of the linear regression
of the average number of prey items per HNF cell ver-
sus time (Dolan & 2imek 1998) using 5 time points. The
rates of HNF feeding on Choricystis were calculated
without correcting for the growth of either Choricystis
or HNF (Dolan & 2imek 1998). Clearance rates (nl
HNF–1 h–1) were obtained by dividing feeding rates by
the mean density of APP over the grazing period
(Heinbokel 1978).

The volume-specific clearances (h–1) were calculated
by dividing the clearance rates by the mean volume of
the flagellates. The community grazing impacts (Chori-
cystis ml–1 h–1) were related to quantities of APP
removed by the HNF community and were computed
by multiplying feeding rates by HNF densities and
transformed to carbon equivalents using a volume-
based biomass factor (Søndergaard 1991). Carbon
uptake of HNF was expressed as a percentage reduc-
tion of standing stock of APP h–1.

The calculations of average growth rates were based
on the cell counts in the long-term grazing experiment.
Specific growth rates (μ, d–1) during the exponential
growth phase of each HNF culture were calculated as
the slope of the regression line using the log-trans-
formed data. Doubling time D (d–1) of HNF was esti-
mated as (Loret et al. 2000):

D = (ln2)/μ (1)

Grazing rates of HNF on APP were determined as the
slope of the linear regression between the APP concen-
tration at the beginning of the experiment and at the

time of the lowest APP concentration. The rationale of
these calculations is based on the control flasks, where
there were no changes in APP population density dur-
ing that time, i.e. all changes in the treatment bottles
were assumed to be due to grazing. Intrinsic growth
rates of APP were calculated as the sum of grazing rate
and exponential growth rate in treatments.

Result were analysed statistically using 1-way analy-
sis of variance (ANOVA) followed by a post hoc pair-
wise comparison test (Bonferroni) at a significance level
of p < 0.05 (SPSS 15.0 for Windows). Replicates were
compared using a simple 2-tailed t-test. For each HNF,
the influence of APP concentration on ingestion rate
was tested using analysis of covariance (ANCOVA).

RESULTS

Ingestion experiment

Bodo saltans, Rhynchomonas sp. and the mixed HNF
culture actively ingested APP at all concentrations
(Fig. 1). Since the HNF cultures were non-axenic, fla-
gellates fed on APP in the presence of heterotrophic
bacteria. The mean (± SD) concentration of bacteria at
the onset of the experiment was 1.39 (± 0.23) × 107 cells
ml–1, 0.5 (± 0.12) × 107 cells ml–1 and 0.5 (± 0.22) × 107

cells ml–1 for B. saltans, Rhynchomonas sp. and the
mixed HNF culture, respectively. The starting densi-
ties of Choricystis ranged from 0.06 × 105 to 11.6 × 105

cells ml–1, while the corresponding APP to bacteria car-
bon ratio varied from 0.01 to 2.24 (Table 1). The graz-
ing parameters were calculated for the first hour of the
experiment, when the prey uptake was close to linear
in all treatments, i.e. contrary to our expectations,
uptake was fast even at this low temperature (Fig. 1).
In all HNF cultures, prey uptake significantly differed
between treatments with varying APP concentrations
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Bodo saltans Rhynchomonas sp. Mixed culture
L M H L M H L M H

Picoalgae concentration (× 105 cells ml–1) 0.06 0.44 2.61 0.23 0.53 11.6 0.12 1.17 5.15
Bacteria concentration (× 107 cells ml–1) 1.33 1.64 1.19 0.64 0.54 0.39 0.25 0.69 0.48
HNF concentration (× 104 cells ml–1) 2.27 1.37 1.60 0.52 0.61 0.61 1.62 2.76 2.10
Picoalgae to bacteria carbon ratio <0.01 0.02 0.16 0.03 0.07 2.24 0.04 0.13 0.81
Picoalgae to HNF cell ratio 0.02 0.32 1.64 0.45 0.87 18.9 0.07 0.43 2.45

Ingestion rate (cells HNF–1 h–1) 0.12 0.24 0.81 0.17 0.38 0.08 0.16 0.25 1.05
Clearance rate (nl HNF–1 h–1) 202 54.1 30.9 71.8 72.2 0.71 133 21.0 20.4
Specific clearance rate (× 105 body volume h–1) 31.1 8.36 4.77 12.0 12.0 0.12 15.2 2.41 2.34
Community grazing impact (× 103 cells ml–1 h–1) 2.89 3.24 12.9 0.87 2.35 0.51 2.55 6.81 22.1
Community grazing impact (µg C l–1 h–1) 0.52 0.58 2.33 0.16 0.42 0.09 0.46 1.23 3.98
Picoalgal carbon uptake (% of standing stock h–1) 4.98 0.74 0.49 0.37 0.44 <0.01 2.16 0.58 0.43

Table 1. Initial experimental conditions and grazing parameters in the ingestion experiment, where heterotrophic nanoflagellates
(HNF) fed on Choricystis sp. at 3 different concentrations (L: low, M: medium, H: high) 
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(ANCOVA, n = 15; F = 5.87, p = 0.02; F = 7.96, p =
0.007; and F = 9.84, p = 0.003 for B. saltans, Rhyncho-
monas sp. and mixed HNF culture, respectively). HNF
concentrations did not change over the 9 h experimen-
tal period (results not shown).

We evaluated the coefficients of the regression lines
between APP concentrations and ingestion rates, and
these tests showed that the grazing parameters dif-
fered significantly for each type of grazer (ANOVA, F =
37.7, p = 0.007). The ingestion rates depended on food
concentration and usually increased with increasing

APP to HNF ratios (Table 1). However, for Rhyn-
chomonas sp. the ingestion was lowest, 0.08 APP cells
HNF–1 h–1, in cultures with the highest APP concentra-
tion, i.e. 11.6 × 105 cells ml–1. The changes in the inges-
tion rates of Bodo saltans and the mixed HNF culture
were similar, increasing with increasing APP densities,
i.e. from 0.12 to 0.81 cells HNF–1 h–1 and from 0.16 to
1.05 cells HNF–1 h–1 for B. saltans and the mixed HNF
culture, respectively (Table 1).

Clearance rates varied by 3 orders of magnitude, i.e.
from 0.71 to 202 nl HNF–1 h–1, and were inversely
related to APP concentration, with the highest rates at
the lowest prey densities (Table 1). Bodo saltans and
Rhynchomonas sp. cleared Choricystis at different
rates, i.e. 54.1 and 72.2 nl HNF–1 h–1, respectively, at
similar APP concentration (0.43 to 0.53 APP cells ml–1).
Thus, Rhynchomonas sp. was 25% more effective in
searching for prey than B. saltans. There was also a dif-
ference between these 2 flagellates in specific clear-
ance rates. Rhynchomonas sp. cleared APP at volume-
specific rates of about 12.0 × 105 body volumes h–1,
which is 44% higher than that of B. saltans, i.e. 8.36 ×
105 body volumes h–1 (Table 1). However, Rhyn-
chomonas sp. reached a threshold clearance rate at
around 70 nl HNF–1 h–1 when APP concentration
decreased to below 0.5 × 105 cells ml–1. The upper
threshold of the clearance rate was not encountered for
either B. saltans or the mixed culture of HNF.

The average diameter of HNF used in the ingestion
experiment was 6.58 ± 0.48 µm and 4.84 ± 0.88 µm for
Bodo saltans and Rhynchomonas sp., respectively. The
mixed HNF culture was dominated by small ovoid or
spherical flagellates of a fairly uniform size of 5.65 ±
0.50 µm. Based on microscopic observations, an indi-
vidual HNF could ingest between 1 and 3 APP cells,
but HNF of less than 6 µm in length never contained
more than 1 prey item at a time. The frequency of more
than 1 prey in a single HNF was 3.8 to 20% of the
examined Rhynchomonas sp. cells, while for B. saltans
and the mixed HNF culture, the frequencies ranged
from 4.0 to 47% and from 5.8 to 58%, respectively
(data not shown). The first Rhynchomonas sp. cells
with more than 1 APP in the food vacuole were found
180 min after the onset of the experiment; in B. saltans
and in the mixed HNF culture cells, several prey were
seen already after 45 and 15 min, respectively.

We did not measure the size of APP inside the food
vacuoles and have no data on size-selective feeding of
HNF. To estimate the grazing impact and the reduction
of APP stock, we assumed that the mean uptake of APP
is independent of prey size. The carbon flux from
Choricystis to HNF varied widely depending on the
availability of prey (Table 1). HNF were able to graze
on 0.09 to 3.98 µg C l–1 h–1, and they reduced the carbon
stock of APP from less than 1% up to 5% in 1 h. The
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Fig. 1. Prey uptake by (A) Bodo saltans, (B) Rhynchomonas
sp. and (C) the mixed culture of heterotrophic nanoflagellates
(HNF) on different availabilities of Choricystis sp. as prey. L
(low), M (medium) and H (high) refer to treatments with dif-
ferent autotrophic picoplankton (APP) concentrations at the
beginning of the experiment (values are given in Table 1).
Linear regression models were fit to the first hour of data.

SE: standard errors of slopes
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most efficient in picoalgae uptake was Bodo saltans at a
low APP concentration, but B. saltans also showed a
high specific clearance rate, i.e. 31.1 × 105 body vol-
umes h–1. The raptorial Rhynchomonas sp. was least ef-
ficient in APP removal. In conditions similar to those in
boreal lakes in spring, i.e. at APP and bacteria concen-
trations of 5.15 × 105 cells ml–1 and 0.48 × 107 cells ml–1,
respectively, the mixed HNF culture could graze on
0.43% of APP standing stock h–1. Even this modest
grazing rate means that on a daily basis flagellates
consume ca. 10% of the APP standing stock.

Growth experiment

The growth experiments revealed differences be-
tween Bodo saltans and Rhynchomonas sp., and the
results for the mixed culture generally fell between these
monocultures. In all treatments, HNF as well as APP had
a period of exponential increase, which was used to
calculate the specific growth and grazing rates
(Table 2). However, growth rates of HNF cultures did not
differ significantly from each other (ANOVA, F = 1.05,
p = 0.37, n = 27). In the ingestion experiment, Rhyn-
chomonas sp. had the lowest grazing parameters, but
in the growth experiment it grew fastest (Fig. 2, Table 2).
It doubled during the first 57 h and had a mean growth
rate of 0.85 d–1. When the experiment ended after 6 d,
Rhynchomonas sp. had reached a density of 74.2 × 104

cells ml–1, which was 23 times higher than at the onset of
the experiment (Fig. 2). The growth rates of B. saltans
and the mixed HNF culture were lower, i.e. 0.35 d–1

and 0.54 d–1, respectively, and the final population den-
sities were 5.6 × 104 cells ml–1 and 10.0 × 104 cells ml–1

(Table 2, Fig. 2). The difference in numbers between the
onset and the end of the experiment was 36 and 117%
for B. saltans and the mixed culture, respectively. During
the exponential growth, the doubling times of HNF
ranged from 0.81 d for Rhynchomonas sp. to 2.00 d for
B. saltans. The mixed HNF culture doubled in 1.25 d.

The presence of Bodo saltans, Rhyn-
chomonas sp. and the mixed HNF cul-
ture first resulted in a decrease in APP
density (Fig. 2). During the first 24 h in
all cultures the density dropped from be-
tween 2.9 × 106 and 6.0 × 106 cells ml–1 to
1.1 × 106 cells ml–1, i.e. 78 and 86% of
APP vanished due to B. saltans and the
mixed culture of HNF, respectively.
With Rhynchomonas sp., the reduction
in APP standing stock was smaller
(52%). The grazing rates of HNF calcu-
lated during the phase of decline in
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Predator type HNF HNF Picoalgae Picoalgae
growth rate doubling time growth rate grazing rate

(d–1) (d) (d–1) (d–1)

Bodo saltans 0.35 2.00 1.88 1.52
± 0.11 ± 0.63 ± 0.43 ± 0.29

Rhynchomonas sp. 0.85 0.81 2.23 0.97
± 0.32 ± 0.21 ± 0.19 ± 0.24

Mixed culture 0.54 1.27 2.21 1.96
± 0.19 ± 0.35 ± 0.26 ± 0.25

Table 2. Growth parameters of heterotrophic nanoflagellates (HNF) and auto-
trophic picoplankton (APP) calculated from the growth experiment. Means ± SD

are shown

Fig. 2. Changes in density of Choricystis sp. (circles), bacteria
(triangles) and heterotrophic nanoflagellates (HNF; bars) dur-
ing the growth experiment with (A) Bodo saltans, (B) Rhyn-
chomonas sp. and (C) the mixed HNF cultures as the preda-
tors. The treatments with predators are indicated with closed
symbols and the controls with no predator are shown with
the open symbols. Error bars show the range of duplicate
cultures. Where error bars are not visible, the range is smaller

than the symbol
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APP were highest with the mixed HNF culture and
amounted to 1.96 d–1, while B. saltans and Rhyn-
chomonas sp. grazed at rates of 1.52 d–1 and 0.97 d–1, re-
spectively (Table 2). Surprisingly, after the clear decrease
of density during the first hours of the experiment, Chori-
cystis demonstrated net growth in all cultures. With B.
saltans and the mixed HNF culture, APP numbers started
to increase after the first experimental day, whereas
when Rhynchomonas sp. was present, it took approxi-
mately 33 h before the APP net growth was recorded.
During the next 24 h, Choricystis grew with an intrinsic
growth rate of 2.23 d–1, reaching at the end of the exper-
iment the highest density among all HNF cultures, i.e.
6.2 × 106 cells ml–1 (Fig. 2). The APP reached densities of
4.7 × 106 cells ml–1 and 3.3 × 106 cells ml–1 with B. saltans
and the mixed HNF culture, respectively. The corre-
sponding rates of intrinsic growth were 1.88 d–1 and
2.21 d–1. The Choricystis densities in the controls without
flagellates were lower than in the treatments (ANOVA,
F = 3.72, p = 0.03, n = 9). While the standard stock of APP
culture grew at a rate of 0.54 d–1, in the controls of the
growth experiment, Choricystis numbers decreased
from 1.3 × 106 to 0.7 × 106 cells ml–1, resulting in densities
that were 5 to 9 times lower than in the treatments.

Heterotrophic bacteria were present throughout the
experiment, with numbers ranging from 2.4 × 107 to 8.6
× 107 cells ml–1, i.e. at concentrations exploitable by HNF.
Over the course of the experiment, the densities of bac-
teria fluctuated, without clear trends, and we found no
significant differences between the controls and the
treatments (ANOVA, F = 1.99, p = 0.08, n = 9) (Fig. 2), ex-
cept for 1 replicate of Rhynchomonas sp. culture (Bonfer-
roni, p = 0.01, n = 9), where the average number of bac-
teria was clearly lower than in the control (4.1 × 107

versus 5.5 × 107 cells ml–1). It appears that, apart from
Choricystis, some bacteria were grazed on during the ex-
periment, but the extent of this grazing is unknown.

Bacteria present in the cultures were large and esti-
mated to contain 35 fg C cell–1 (Theil-Nielsen & Sønder-
gaard 1998), compared with the calculated 205 fg C
cell–1 for the cultured Choricystis cells. Using these val-
ues, the proportion of APP-derived carbon in the cultures
ranged from 8 to 46% of total carbon. The relatively low
contribution of APP carbon (~12.5%) at the onset of the
experiment increased significantly in all treatment cul-
tures within 5 d, and finally APP represented 41% of car-
bon in the cultures of Rhynchomonas sp. and Bodo
saltans, and 34% in the mixed culture of HNF.

DISCUSSION

All HNF ingested APP at prey concentrations simi-
lar to those in nature. This indicates that HNF are
likely to exploit APP in boreal lakes where the popu-

lation density of eukaryotic APP is around 0.3 × 105

cells ml–1 (Jasser & Arvola 2003), compared with the
concentrations of (0.06 to 11.63) × 105 cells ml–1 used
in the ingestion experiments. Eukaryotic APP, includ-
ing the freshwater Choricystis species, are especially
abundant in spring (Hepperle & Krienitz 2001, Hep-
perle & Schlegel 2002). The density and biomass of
HNF in boreal lakes are also highest at the beginning
of the growing season, varying from (0.5 to 3.0) × 103

cells ml–1 (Ventelä 1999). In aquatic environments,
bacterial density exceeds APP numbers by 1 or 2
orders of magnitude (Pick & Caron 1987), and a proto-
zoan diet is unlikely to comprise only APP cells. The
carbon content per cell volume of bacteria and APP is
of the same order of magnitude (Bratbak 1985, Søn-
dergaard 1991), but if protozoa consume even a few
APP cells daily, the large cell size of picoalgae relative
to bacteria results in a high contribution to total
ingested carbon (Cleven 1995). Therefore, APP may
contribute significantly to the diet of small protozoa
(Caron et al. 1991), i.e. 30% of the diet of bodonid
species is composed of APP carbon (2imek et al.
1997). By taking into account the average volume of
APP and HNF cells used in our grazing experiments
as well as the HNF doubling time and the ingestion
rate at the highest prey concentrations, we ended up
with a 40% contribution of APP to the diet of Bodo
saltans and 33% to the diet of the mixed culture.
Rhynchomomas sp. and B. saltans are known to be
bacterivous flagellates (Boenigk & Arndt 2000a), and
in non-axenic cultures, besides Choricystis, HNF
could also exploit accompanying bacteria.

We found the ingestion rates of HNF feeding on
Choricystis to be lower than reported for flagellates
grazing on bacteria or picocyanobacteria (Pernthaler et
al. 1997, Christaki et al. 2002, 2005). The size of prey is
generally believed to play a major role in prey selec-
tion, and in laboratory experiments with flagellates,
the predator to prey size ratio ranged from 2:1 to 8:1
(Chrzanowski & 2imek 1990). Interceptive and raptor-
ial HNF (i.e. Bodo and Rhynchomonas, respectively)
prefer relatively large prey items (2imek et al. 1997,
Boenigk & Arndt 2000a,b, Koton-Czarnecka & Chróst
2003). The predator to prey size ratio in our experi-
ments was on average between 2:1 and 3:1. Thus, size
selection was probably not the reason for low ingestion
rates. Flagellates used were ‘naïve’ to picoalgal prey,
but were precultured with bacteria. However, Chris-
taki et al. (2005) showed ingestion and clearance rates
of HNF naïve to picoalgae to be close to bacterial con-
sumption, and Dolan & 2imek (1997) found no signifi-
cant difference in cells exposed to or naïve to Synecho-
coccus. Thus, physiological conditions of the flagel-
lates or the prey cell surface properties and the
digestibility of the strain are probably of great impor-
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tance (Boenigk et al. 2001). The later decrease in
ingestion might be related to processing of food vac-
uoles (Boenigk et al. 2001). The delayed digestion may
be due to generally slower metabolism at lower tem-
peratures (Sherr et al. 1988). We carried out our exper-
iments at 10°C, where HNF metabolism is 2.8 times
slower than at 20 to 25°C (Sherr et al. 1988). Low or a
lack of ingestion at the end of the grazing experiment
could be due to the decrease in prey concentration
below the clearance capacity of HNF.

Although the interpretation of the grazing impact on
the basis of the short-term experiments requires cau-
tion, we attempted to quantify carbon transfer from
picoalgae to HNF. At prey concentrations similar to the
densities common in boreal lakes in spring (Ventelä
1999, Jasser & Arvola 2003), the loss of picoalgae due
to mixed HNF culture was 10%, compared with 17 to
56% due to total microzooplankton grazing reported in
natural environments (Kimmance et al. 2007). The in
situ grazing rates of HNF on picoalgae vary from 0.08
to 1.78 d–1 (Hirose et al. 2008), compared with 0.96 to
2.40 d–1 obtained in laboratory experiments (Christaki
et al. 2005). Our results fall into the laboratory-derived
range, showing that HNF have a high potential for
grazing of picoalgae. Sakka et al. (2000) demonstrated
that protistan herbivory is greater than bacterivory. In
fact, small HNF readily utilise abundant APP, and,
rather than being solely bacterivores, they are omni-
vores (Sherr & Sherr 2002).

The clearance rates in our experiments varied by 3
orders of magnitude, but the highest value obtained for
the mixed culture of HNF grazing on picoalgae was
only slightly lower than the previously reported maxi-
mum of 150 nl HNF–1 h–1 (Sherr et al. 1991). Specific
clearance rates were also in accordance with the upper
limit given by Boenigk & Arndt (2000b). The clearance
rates were sensitive to prey concentration, with higher
values at lower Choricystis concentrations. A general
increase in HNF clearance rates with decreasing con-
centrations of algal prey is expected, based on the opti-
mal diet theory (Sherr & Sherr 2002) and experimental
results (e.g. Jürgens & DeMott 1995, Christaki et al.
2002). High clearance rates at lower prey concentra-
tions are an indication of food limitation. Considering
the effort required by an individual protist to obtain
sufficient carbon for reasonable growth, at low to
medium prey biomass small flagellates have to clear
prey at rates of 0.3 to 0.8 µl cell–1 h–1 (Sherr & Sherr
2002). In our grazing experiments, the lowest food con-
centrations were only 10 to 30 µg C l–1, resulting in
clearance rates similar to those reported for food-
limited HNF (Sherr & Sherr 2002).

The differences in clearance rates between HNF
species depend on multiple factors, including species-
specific capture and ingestion (Boenigk & Arndt

2000b). We treated the mixed culture of HNF as a
‘black box’, an approach that ignores the complexity of
predator–prey feeding interactions. Low clearance
rates of HNF mixed cultures are attributed to hetero-
geneous feeding patterns, i.e. existence of specialised
feeders as well as forms that do not feed on APP
(Christoffersen 1994, Boenigk & Arndt 2000b). Both
HNF monocultures used here feed on large particles
(Boenigk & Arndt 2000b), but differ in their feeding
behaviour. Rhynchomonas sp. is adapted to live and
feed on surfaces by scraping attached bacteria. Thus,
during the long-term experiment, when surfaces
became colonised with bacteria, Rhynchomonas sp.
benefitted from this and reached higher growth rates.
Bodo saltans is a free-living flagellate that can attach to
the surface by the tip of a posterior flagellum, while the
anterior flagellum is used to search for food particles.
Attached flagellates create a large-scale flow around
themselves with their flagella (Christensen-Dalsgaard
& Fenchel 2003). Subsequently, attachment should
increase the contact rate and capture of food particles
(Pfandl et al. 2004).

In all treatments, HNF grew on a diet including APP,
but the growth rates observed in our experiments were
lower than those recorded in other laboratory cultures
with HNF (Weitere et al. 2005) and differed between
HNF species. Rhynchomonas sp. yielded the highest
growth rates (Table 2), whereas Bodo saltans and the
mixed culture of HNF grew slower despite significant
ingestion (Table 1). Picoalgae can be of dietary impor-
tance, but the HNF response to APP prey varies
(Parslow et al. 1986, Christaki et al. 2005). Some HNF
do not consume picoalgae at all, whereas others can
grow on a pure APP diet, attaining high growth and
grazing rates (Parslow et al. 1986, Boenigk et al. 2001,
Guillou et al. 2001). According to Christaki et al.
(2005), for instance, Rhynchomonas sp. does not ingest
eukaryotic APP, but we found Rhynchomonas sp. to
ingest Choricystis and grow on a diet consisting partly
of APP. Although APP are reported as less edible to
protozoa than bacteria (Kuuppo et al. 2003), picoalgae
may be of high nutritional value, as they contain
polyunsaturated fatty acids (Krienitz & Wirth 2006). In
contrast to our experiments, laboratory cultures are
usually grown at 20°C and shaken constantly, which
influences the uptake of suspended prey, but can harm
flagella. Considering that the Q10 for HNF between 10
and 20°C is close to 3 (Rose & Caron 2007), our low-
temperature, static cultures attained good growth, sim-
ilar to Delaney (2003). In fact, in our growth experi-
ments, the doubling times of HNF were shorter than
obtained for flagellates growing in situ with sufficient
food (Christaki et al. 2001) and were in accordance
with values reported in eutrophic lakes in spring,
when HNF growth is not limited by food (Weisse 1997).
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Our results suggest that HNF consumption alone is
insufficient to strongly control the APP population.
HNF can feed on picoalgae, but APP can grow at least
as fast as they are grazed (Christaki et al. 2001, Sato et
al. 2007). The growth rate of APP in natural ecosystems
is usually around 0.7 d–1 (Callieri & Stockner 2002),
while in our study it reached 2.23 d–1. The unexpected
increase in APP numbers during the experiments
implies stimulation of Choricystis growth in the pres-
ence of HNF. Reckermann & Veldhuis (1997) observed
a similar increase in APP growth under high grazing
pressure. In terrestrial ecosystems, grazing of herbi-
vores enhances the growth of plants through the so-
called overcompensation mechanism (Agrawal 2000).
It is somewhat questionable whether the same phe-
nomenon occurs in aquatic planktonic ecosystems. The
growth of APP can be enhanced through nutrient
regeneration and/or organic products excreted by pro-
tozoa (Laybourn-Parry & Parry 2000). Thus, a direct
nutrient liberation through HNF simultaneously graz-
ing on bacteria could also explain the phenomenon
(Sato et al. 2007, Allende 2009).

Although the APP culture appeared morphologically
uniform, it may have been phylogenetically and physi-
ologically diverse (Herdman et al. 1979). Genetically
distinguishable strains exposed to grazing may cope
differentially under stress conditions, resulting in dis-
cernibly different growth and loss rates. Postius &
Ernst (1999) observed a genotype-specific prey selec-
tion by Bodo saltans, i.e. it was unable to proliferate on
a diet of a certain APP strain, which, in contrast, was
the preferred prey of another cultured HNF. We tenta-
tively analysed the Choricystis sp. culture using cul-
ture-independent detection techniques and noticed an
unexpected genetic heterogeneity (G. Bręk-Laitinen et
al. unpubl. data). The culture may have contained at
least 2 different genotypes. Possibly, while 1 picoalgal
strain was ingested at higher rates, the other gained an
advantage and overgrew the APP culture.

This is the first quantitative study on species-specific
consumption of picoalgae by freshwater HNF. On the
species level, we observed diverse reactions to picoal-
gae, as HNF growth efficiency was not always propor-
tional to picoalgal prey consumption. Simultaneously,
the results of the mixed culture fall between those of
the monocultures, as the community grazing rates are
combined from varying nutritional strategies. Al-
though the results from laboratory studies cannot be
directly extrapolated to the field, they reveal informa-
tion on the mechanisms of predator–prey interactions.
We demonstrate that HNF may have a clear effect on
picoalgae, even at fairly low temperatures, and they
can ingest a significant portion of APP. Surprisingly,
HNF grazing produced an enhancing effect on APP
growth. Thus, we conclude that HNF grazing is not

only important in reducing the standing stock of APP,
but may constitute a positive feedback mechanism.
This implies that HNF grazing is both a top-down and
a bottom-up regulator of APP. However, we acknowl-
edge that HNF are not the only grazers controlling
picoalgae, but act alongside mixotrophic flagellates
and ciliates.
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