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Unexpected Effects of Prey Dimensions and Morphologies on the Size
Selective Feeding by Two Bacterivorous Flagellates
(Ochromonas sp. and Spumella sp.)
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ABSTRACT. Current models on protistan size-selective feeding assume that contact probability is the factor that largely explains
observed food preferences. Contact probability is generally expected to be positively correlated with prey size and therefore to explain
observed food selection for larger prey items. We critically tested these basic assumptions on size-selective feeding using the interception-
feeding chrysomonad nanoflagellates Ochromonas sp. and Spumella sp. Mechanisms of differential feeding were studied during distinct
stages of the selection process (i.e. contact probability, capture efficiency, ingestion efficiency, and differential digestion) by means of
high-resolution video microscopy. Food selection was investigated using a mixture of microspheres ranging from 0.3-2.2 pm in diam.,
as well as a mixed bacterial community. In contrast to current model assumptions, the contact probability was highest for microspheres
of intermediate size (0.9-1.2 pm), but was not generally positively correlated with prey size over the whole prey size range. Capture
and ingestion also proved to be involved in size selection: these patterns were also independent of the food concentration (p = 0.968
for Ochromonas, p = 0.971 for Spumella). Even though the capture rate was significantly higher for attached flagellates than for
swimming flagellates (p < 0.001), size selectivity was not affected (p > 0.05). Our results indicate that: (i) size selection is not actively
regulated by these flagellates, but is a passive process; (ii) contact probability is not generally positively correlated with prey size, but
shows a maximum for intermediate-sized prey in the prey size spectrum of 0.3-2.2 um; and (iii) selection steps other than contact

probability are crucial for size selection and should be integrated in models on size selection.
Key Words. Chrysomonades, continuous cultivation system, feeding phases, Ochromonadaceae, optimal foraging.

IZE selective grazing by protists contributes to the structure
and dynamics of bacterioplankton. Most protists graze
preferentially on medium-sized cells and can therefore induce
a bi-directional shift of the formerly bell-shaped size distribu-
tion of a bacterial community towards larger and smaller cells.
Small cocci and large bacteria with a complex morphology (e.g.
filaments and microcolonies) are favored only when grazing
pressure by protists is high (Hahn and Hofle 1999, 2000; Hahn,
Moore, and Hofle 1999; Posch et al. 1999; Simek and Chrza-
nowski 1992). The size-selective grazing by predators may also
affect bacterial production and metabolic pathways (Posch et
al. 1999).

Regarding the edible size classes, a positive correlation is
generally assumed between prey size and the ingestion rate, up
to an upper prey size where the morphology of the flagellate
then limits ingestiog (Fenchel 1984; Gonzdlez 1996; Shimeta
and Jumars 1991; Simek and Chrzanowski 1992). This basic
positive correlation is thought to be due to an increasing contact
probability of the flagellate cell in the case of larger particles.
Several theoretical relationships between prey size and contact
probabilities of interception-feeding flagellates have been de-
scribed: The models of Fenchel (1984) and Shimeta and Jumars
(1991) predicted that the clearance rate should be proportional
to the square of the prey radius when the particles exactly fol-
lowed the streamline of the flow produced by the flagella of the
predator. Gonrdlez (1996) also predicted a direct proportion-
ality between prey size and encounter rate. In contrast to the
former models, Gonzilez (1996) suggested a linear correlation
to prey volume (i.e. the cube of prey radius). However, van der
Waals forces and hydrodynamic boundary effects, neglected by
the model, may alter this prediction. Monger and Landry (1991)
proposed the ‘‘Force-Balance’” model in which clearance rates
are proportional to the 0.7-1.0 power of prey radius. In sum-
mary, these models predict that contact probability is positively
correlated with prey size over the whole prey-size range, and
that phagotrophic nanoflagellates therefore should preferentially
graze on large particles. The predicted strength of prey-size
selection varies, however, among the analyzed models.
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Investigations on the contact probabilities of rod-shaped or
filamentous bacteria are rare. Contact probability has been seen
as the most size-selective step in the feeding process, but recent
investigations also showed that other feeding steps can be in-
volved in the size selection of protistan feeding (Wu, Boenigk,
and Hahn 2004). Even though size-selective feeding by hetero-
trophic nanoflagellates has already extensively been studied
(e.g. Andersson, Larsson, and Hagstrom 1986; Gonzélez 1996;
Holen and Boraas 1991; Jirgens and DeMott, 1995; Kinner et
al. 1998), the mechanisms responsible for food size selection
are still debated. The diversity of theoretical models reflects this
gap in our knowledge and emphasizes the need for specific
investigations.

The feeding process of heterotrophic nanoflagellates can be
subdivided into a sequence of feeding steps, each of which must
be preceded by success of the previous one. These are as fol-
lows: 1) ‘contact’ of the prey (i.e. in the case of the investigated
chrysomonads contact with the sensitive region of the cell
body) (Boenigk and Arndt 2000; Matz et al. 2002); 2) ‘capture’
(i.e. the long flagellum folded over the particle and pressed it
against the short one) (Matz et al. 2002); 3) ‘ingestion’ (i.e. the
formation of a food vacuole) (Boenigk and Arndt 2000; Matz
et al. 2002); and 4)‘digestion’. Selection may exist at any of
the first three stages and digestion may be curtailed in many
cases if the prey is unsuitable. The respective selection steps
are ‘contact probability’ (i.e. the probability of certain particle
classes contacting the flagellate in relation to their respective
abundance in the environment), ‘capture efficiency’ (i.e. the
proportion of particle-flagellate encounters that result in cap-
ture), and ‘ingestion efficiency’ (i.e. the fraction of captured
particles that is subsequently ingested). The current study aimed
to investigate the mechanisms of particle size selection during
different steps of the feeding process (i.e. contact, capture, in-
gestion, and vacuole passage time) in two chrysomonad nano-
flagellate species (Ochromonas sp. and Spumella sp.). These
flagellates are among the most widespread and abundant bac-
terivores in aguatic environments (Arndt et al. 2000), and there-
fore are suitable model organisms to investigate the mecha-
nisms of size selection. We wanted to critically test the basic
assumptions of the models 1) that contact probability is the
selection step responsible for observed food selection and 2)
that contact probability is generally positively correlated with
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prey size. Thus, differently-sized microspheres were offered as
food particles, as well as a mixed bacterial community from a
continuous cultivation system.

MATERIALS AND METHODS

Organisms and cultivation conditions. Two species of bac-
terivorous chrysomonad nanoflagellates, Ochromonas sp. DS
(isolated from Lake Constance by D. Springmann) and Spu-
mella sp. (isolated from Lake Schohsee, Plon, by K. Jiirgens),
were cultured in 100-ml Erlenmeyer flasks containing WC-me-
dium (Guillard and Lorenzen 1972) enriched with 15 mg yeast
extract | ' under continuous shaking at room temperature.

Feeding and size selection of attached flagellates. Eight
different sizes of fluorescent microspheres, ranging from 0.4—
1.8 um at 0.2 pm intervals, were purchased from Micromod
(Rostock, Germany). Particle concentrations were determined
using a flow cytometer (FacsCalibur, Beckton Dickinson). As
each particle-size class consisted of particles of slightly differ-
ent size (i.e. following a probability size distribution around the
mean), these particles could be mixed yielding a bead suspen-
sion containing particles between roughly 0.3-2.2 pm, includ-
ing the intermediate sizes at nearly equal densities. This particle
mixture was offered as artificial food. The mixture of particles
was added at a low (4.2 X 10° particles ml~!) and a high con-
centration (4.2 X 107 particles ml '). As particle size distribu-
tion in the microenvironment of the flagellate (i.e. near the bot-
tom of the cover slip) may differ from the mean particle size
distribution in the medium, the prey size spectrum in the rele-
vant water layer was analysed and used as reference for the
analysis of size selection. Additionally, shifts in the size spec-
trum of the bead suspension over time due to sedimentation
was tested. To determine the effect of sedimentation on the size
distribution of microspheres, the sizes of 150 microspheres
were measured near the bottom (i.e. the relevant water layer for
feeding of the attached flagellates) after 0, 10, 20, and 30 min
and their fractions calculated.

Observations were carried out according to Boenigk and
Arndt (2000). A hole of 20-mm diam. was drilled in the bottom
of a 55-mm diam. Petri dish and a cover slip was glued to the
bottom. This observation chamber allowed us to use an inverted
microscope (Zeiss Axiovert 200) equipped with oil immersion
objectives with a high optical resolution in combination with a
short distance condensor. Approximately 1 ml of flagellate cul-
ture was transferred to the center of the observation chamber
and flagellates were allowed to rest for 30 min. During this
time flagellates attached to the bottom cover slip and returned
to normal feeding behavior. Immediately before the experiment
was started, the suspension was pipetted off until a thin water
film was left. Then, fresh WC-medium was added to wash off
food bacteria. Depending on the bacterial concentration, the
washing procedure was repeated two or three times. One at-
tached flagellate at a time was chosen for detailed observation.
About 6 ml of the microsphere suspension were added to the
Petri dish. The large water volume allowed a long observation
time without heating of the medium. Three individuals were
observed for a defined time span: 30 min and 20 min for Spu-
mella sp. at low and high food concentration, respectively; and
20 min and 10 min for Ochromonas sp. at low and high food
concentration, respectively. Experiments were run in five rep-
licates. All contacts, captures, and ingestions of beads were not-
ed and feeding rates were back-calculated from the observed
number of contacts, captures, and ingestions per time. Capture
efficiency is defined as the fraction of particles contacted that
were captured, and ingestion efficiency is defined as the fraction
of captured particles that were ingested. In addition, vacuole
passage times were determined for the ingested beads.
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A Zeiss Axiovert 200 equipped with a 100X /1.3 oil objec-
tive was used for observation. The microscope was connected
with a zoom adapter to a CCD camera (model XC-ST70CE,
Hamamatsu). The output of the video camera was fed to a S-
VHS recorder. The videotape analysis was carried out by using
continuous and single-frame playback (Boenigk and Arndt
2000). For image analysis the particle size range was subdivid-
ed into 16 size categories, corresponding to a size difference of
three pixels on the video monitor (0.11 pm).

Effect of flagellate swimming behavior and particle sur-
face characteristics on feeding rates and size selection. Total
feeding rates of swimming and attached flagellates were com-
pared using 1-pm beads at a final concentration of 5 X 10°
particles ml-'. About 500 pl of flagellate culture already con-
taining the bead suspension were transferred to the experimen-
tal chamber and covered with a cover slip resulting in a water
column about 1 mm in height. This experimental setup left
enough space for active movements of the flagellates, but the
possibility for flagellates to swim out of the field of view was
reduced. Alternately swimming and attached flagellates were
recorded for 2 min and ingestions noted. Ten individuals were
observed in total per replicate and the experiment was repli-
cated 6 times. Attached flagellates were observed at a magni-
fication of 1,000X, and swimming flagellates at 640X (Och-
romonas sp.) and 1,000X (Spumella sp.). Differences in size
selectivity between swimming and attached flagellates were in-
vestigated using the same general experimental system, but us-
ing a mixture of two microsphere sizes (i.e. | pm and 1.6 pm
diam.).

In a set of additional experiments, the effect of surface fluo-
rescent labeling of the beads on the flagellates’ bacterivory was
tested. Discrimination of fluorescently labeled vs. plain micro-
spheres was determined for the ingestion rates and vacuole pas-
sage times of 1-pum beads. The setup of this experiment was
the same as in the size selection experiment of attached flagel-
lates. Experiments were initiated by adding either fluorescent
or plain microspheres at a concentration of 5 X 10° particles
ml !. Fifteen individual flagellates were observed for 10 min
(Ochromonas sp.) and 20 min (Spumella sp.), respectively. In-
gestion rates and vacuole passage times of prey particles were
recorded.

Chemostat experiments. Flagellates and bacteria were cul-
tured in a two-stage continuous cultivation system (Posch et al.
1999). The first stage (I-stage) was inoculated with a mixed
bacterial community and the alga Cryptomonas sp. growing at
a dilution rate of 0.35 d-'. The alga Cryptomonas sp. was nec-
essary to stimulate growth of the bacterial community, but did
not affect grazing by Ochromonas sp. (Posch et al. 2001). A
peristaltic pump (Ismatech, Switzerland) pumped bacteria and
algae continuously from the first stage into the second stage
vessels at a dilution rate of 0.31 d~'. The second stage consisted
of a control! vessel with bacteria (lI-stage control) and a vessel
with bacteria and the flagellate Ochromonas sp. (1I-stage fla-
gellate). We used a WC medium with a reduced phosphorus
content of 50 pg 1! for the system.

Chemostat samples were taken for six days after inoculation
of the flagellates to determine the changes in bacterial cell di-
mensions (community level) due to grazing. Samples were fixed
with Lugol’s iodine (0.5% final concentration) and formalde-
hyde (2% f.c.), bleached by some drops of thiosulfate, stained
with DAPI (2 pg ml-! f.c.), and filtered onto black polycarbon-
ate filters (Osmonics) of 0.22-um pore size. Images of cells
were recorded using a highly sensitive CCD camera (Optronics
ZVS-47EC) that was mounted on a Zeiss Axioplan microscope.
Cell dimensions of approximately 400 bacteria and 100 flagel-
lates were measured with an image analysis system (LUCIA
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Table 1. Size selection coefficients (Chesson, 1983) for different particle sizes and concentrations (upper line = 4.2 X 10% particles ml-! in
total for all size classes; lower line = 4.2 X 107 particles ml~' in total for all size classes). For each size class, three size categories as presented
in Fig. | were pooled. The size selection coefficient indicates positive or negative selection of a particle size class in the respective step of feeding
in comparison to the other size classes. a; = 0.16 unselective feeding, a, > 0.16 preference for this bead size (bold letters), o, < 0.16 negative

selection of a bead size. Values with * are significant different (p < 0.05) from unselective feeding (0.16).

Feeding phase <0.68 pm 0.68-1.01 pm 1.02-1.35 pm 1.36-1.69 pm 1.70-2.02 pm  >2.02 pm n

Spumella sp. Contact probability 0.01 £ 0.02 021 = 0.04 045 = 0.05* 0.10 = 0.01* 0.04 = 0.03* 0.10 £ 0.06 154
0132002 019+004 035x009 0.13=*0.04 007 =0.02* 0.13 =002 476

Capture 0.06 £ 0.06 020 =005 020 =007 0.24 = 0.03* 0.19 =006 0.12 = 0.10 94

0.06 = 0.03* 0.5 = 0.01 019 £ 0.03 022 =0.02 020004 0.17 =005 283

Ingestion 0.21 £0.05 027 2007 024 =0.00 0.14 009 0.02 =003 0.11 £0.07 60

023 £0.09 019 =001 020=x004 017 002 0.12 = 0.05 0.10 = 0.09 154

Clearance 0.04 = 0.04* 025 = 0.04 052 = 0.09* 0.12 = 0.05 0.01 = 0.02* 0.06 = 0.05 60

007 2005 0.19 =006 045 x0.11* 0.15 + 001 0.05 = 0.03* 0.08 * 0.07 154

Ochromonas sp. Contact probability  0.14 = 0.03 0.19 = 0.04 0.36 = 0.07* 0.15 £ 0.02 0.07 £ 0.02* 0.09 = 0.03 250
0.11 £ 0.01* 022 = 0.02* 034 £0.09 0.16 = 0.05 0.07 = 0.02* 0.10 £ 0.05 422

Capture 0.09 £ 006 0.14 003 0.15=*0.02 021 =0.01* 022003 0.19 =001 149

0.09 = 0.02* 0.11 = 0.05 0.14 £ 0.06 023 =005 0.19 =002 023 +0.04 247

Ingestion 0.19 = 0.01 0.19 = 0.01 0.19 = 0.01 017 2003 0.14 £0.03 0.14 2004 135

0.21 = 0.01* 0.18 = 0.01* 0.10 £ 0.02* 0.12 £ 0.01* 023 £0.03 0.16 = 0.02 197

Clearance 009 006 018=x0.03 037 x0.12 019 =003 007 *0.03* 0.09=*003 135

0.08 = 0.05 0.18 £ 0.10 032 +x0.09 020 %008 008 *001* 0.14 =008 197

G). Details of the image analysis are described in Posch et al.
(1997).

Size selective feeding by individual flagellates on bacteria
was investigated using video microscopy (as described above).
As video microscopy is very time-consuming, experiments
were run over a span of two days and the results were pooled.
Chemostat subsamples were taken and experiments were con-
ducted at day 5 and 6 of cultivation. For the experiment 0.5 ml
of original sample with Ochromonas sp., taken from II-stage
flagellate, was mixed with 1 ml of the II-stage control to yield
a final bacterial abundance of 3 X 10° cells ml~'. Samples were
transferred to a Petri dish and six flagellates were observed for
5 min each. The 30-min of observation were defined as one
replicate. Experiments were run in triplicate. Ingestions and cell
dimensions of the ingested bacteria were recorded and ana-
lyzed.

Statistical analysis. For the statistical analysis of size selec-
tion, the 16 size categories obtained from the video analysis
(one category corresponds to three pixels at the video monitor)
were pooled into six size classes. As a measure of flagellate
food size selectivity the Chesson index (Chesson 1983) was
used. This index is a measure of food preference for a certain
prey type during a feeding step and is independent of the rel-
ative abundance of the prey type:

1,/C,
% T LIC, + L/C, + L/C, + 1,/iC, + L/C, + L/C,

where 1, is the number of handled microspheres of size class a,
I,.c the number of handled microspheres of the other size clas-
ses, and C_; the corresponding particle concentrations in the
surrounding water. For the calculation of food selection during
capture and ingestion, the Chesson coefficient was calculated
from the actual number of particles handled in the previous
feeding step and not from the particle concentration in the sur-
rounding water. A value of o, = 0.16 means non-selective feed-
ing, a; > 0.16 indicates preference for the bead size, and o, <
0.16 means negative selection of the observed bead size. Fur-
ther, a value of 0 indicates that the respective bead size has not
been handled at all and a value of 1 indicates that only this

bead size class has been handled and that no particles of the
other size classes were handled.

The overall effect of food particle size and food concentra-
tion on selectivity was tested using a two-way ANOVA. Selec-
tion within a distinct feeding step was tested using one-way
ANOVA and subsequent Tukey test. In addition, the selectivity
indices were tested against non-selectivity (0.16) using the -
test. Differences in ingestion rates of swimming and attached
flagellates, as well as the effect of particle staining were statis-
tically tested using the s-test. All tests were run using the soft-
ware packages SigmaStat (version 2.0) and Statistica (version
6.1).

RESULTS

Selection of fluorescent and plain microspheres. The sur-
face characteristics of artificial food particles are likely to play
a major role in the selectivity of protists. In our study, the
influence of fluorescently labeled and plain microspheres on the
selective feeding by Ochromonas sp. and Spumella sp. was in-
vestigated to exclude artifacts due to particle surface character-
istics. Contact probabilities, capture efficiency, ingestion effi-
ciency, and vacuole processing times were not significantly dif-
ferent for fluorescently labeled and plain microspheres (p >
0.05 in all cases) (data not shown).

Size selection experiments. Over the whole prey size range,
the flagellate Ochromonas sp. showed a total ingestion rate of
26.8 * 2.6 particles h™! cell™! (clearance rate of 6.4 * 0.6 nl
h-!) and of 78.4 = 7.7 particles h~! cell~! (clearance rate of 1.9
* 0.2 nl h') at low and high food concentrations, respectively.
For Spumella sp., ingestion rates were 7.4 * 1.2 and 289 *
2.7 particles h™' cell~! and clearance rates were 1.8 * 0.3 and
0.7 = 0.06 nl h~! for low and high food concentrations, re-
spectively.

Both flagellates were generally selective for intermediate-
sized particles during all investigated selection steps (i.e. con-
tact probability, capture efficiency, and ingestion efficiency)
(bold font Table 1, Fig. 1). Selectivity was generally stronger
in Spumelia sp. than in Ochromonas sp. Food size was a sig-
nificant factor explaining food selection (two-way ANOVA, p
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Size selection of Spumella sp. and Ochromonas sp. during the different steps of feeding. a) Contacted water volume: Water volume

in contact with the flagellate was back-calculated from observed contacts and particle concentration. The contacted water volume corresponds to
the clearance rate, but refers to the contacted instead of ingested particles. b) Capture efficiency. ¢) Ingestion efficiency. d) Clearance rate (i.e.
overall selection). Capture efficiency and ingestion efficiency are calculated from observed contacts, captures and ingestions. Note that capture
efficiency and ingestion efficiency are probabilities and are therefore reported as values between 0 and 1. The volume contacted and the clearance
rate refer to the processed water volume and are therefore given in nl. A corresponding probability cannot be calculated for these values, but the
reported volumes permit comparison between different-sized particles as well.

< 0.001 in both species), whereas food concentration had no
effect on food selection (two-way ANOVA, p = 0.968 for Och-
romonas sp., p = 0.971 for Spumella sp.). However, there was
a trend that the mean ingested particle size was positively cor-
related with the cell size of the individual flagellates for Och-
romonas sp. (Spearman rank coefficient: 0.133, p = 0.0126, n
= 353) whereas this was not significant for Spumella sp.
(Spearman rank coefficient: 0.033, p = 0.599, n = 250).

In contrast to the assumptions of the current models, contact
probability was not positively correlated with the prey size
(Spearman rank correlation: p > 0.05 for both species at both
food concentrations). Both species contacted preferentially in-
termediate beads of 0.68—1.35 wm diam. (Fig. 1). Accordingly,
selection was positive even though only significant for Ochro-
monas and Spumella for 1.02—-1.35 pm beads at the low prey
concentration (p = 0.039 for Ochromonas, p = 0.011 for Spu-
mella, Table 1) and for Ochromonas for 0.68-1.01 pm beads
at the high prey concentration (p = 0.035, Table 1).

In the second phase of feeding (i.e. capturing of the beads
of a particular size range that had been contacted), generally
the intermediate sizes were captured more efficiently than the
small and large beads (Fig. 1). Accordingly, selection of Spu-
mella sp. was highest for particles of 1.36-1.69 pm for low and
high particle concentrations (p = 0.038 for low particle con-
centration, p = 0.052 for high particle concentration), respec-
tively. Ochromonas sp. showed a higher preference for larger
beads of 1.36— > 2.00 wm, but also in this case selection was
only significant for the capture of intermediate particles from
1.36-1.69 pm at low particle concentration (p = 0.011). Nearly
all of the captured particles were ingested by Ochromonas sp.
(Fig. 1). Only for Spumella sp. again intermediate beads were
slightly positively selected (Table 1, Fig. 1).

Ingested latex beads were egested by Spumella sp. after 108
* 45 and 113 * 46 sec while Ochromonas sp. retained the
beads for 592 * 194 and 431 = 108 sec in vacuoles at a low
and high particle concentration, respectively. Differential di-
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Fig. 2.  Abundances of Ochromonas sp. and bacteria (control and
grazed bacteria) in the chemostat vessels during 6 days of cultivation.

gestion was independent of particle size. For Ochromonas sp.
the time budget of the feeding process was, however, affected
by food concentration, as vacuole passage time was signifi-
cantly shorter at a high particle concentration (p = 0.01). For
Spumella sp. particle concentration had no effect on vacuole
passage time (p = 0.45).

Feeding rates and size selection by swimming and at-
tached flagellates. In both species, flagellates precultured at
high food concentrations generally tended to attach within min-
utes, whereas flagellates precultured at low food concentrations
hardly attached at all. The tendency to avoid attachment was
extreme in starved Ochromonas sp. from the continuous culture
system with a bacterial background concentration of around 5
X 10° bacteria ml '. Less than 5% of the cells attached, whereas
nearly all of the cells attached during the first days of the ex-
periment when bacterial food concentration was sufficiently
high.

Spumella sp. tended to spin around in circles with a small
diam. while Ochromonas sp. moved in large circles and straight
ahead. The rate of successful captures was generally higher for
the swimming Ochromonas sp. (54 * 11.2 particles cell ' h~1)
as compared to Spumella (22.8 * 11.5 particles cell-! h-!).
When swimming, ingestion rates were 25.2 * 11.5 particles
cell”! h ! for Ochromonas sp and 10.8 * 6.6 particles cell™’
h ' for Spumella sp. Capture was significantly higher for at-
tached as compared to swimming Ochromonas sp. and Spu-
mella sp. (p < 0.001 for Ochromonas; p < 0.001 for Spumella),
whereas ingestion rates of attached and swimming flagellates
were similar for both, Ochromonas and Spumella (p = 0.735
for Ochromonas; p = 0.115 for Spumella). Attached Ochro-
monas sp. captured 129.6 £ 19.7 particles cell™! h-! and in-
gested 27.6 = 10.0 particles cell=' h~' while attached Spumella
sp. captured 92.4 * 26.7 particles cell ' h~' and ingested 22.8
* 13.7 particles cell”! h™'. Size selection during capture, as well
as during ingestion, was not significantly different between at-
tached and swimming flagellates (p = 0.943 and p = 0.819 for
Ochromonas sp.; p = 1.000 and p = 0.249 for Spumella sp.).

Size selective feeding on bacteria. Bacterial abundance in
the continuous cultivation system increased slightly before the
introduction of the predator and remained stable during the ex-
periment in the II-stage control vessel without flagellates. Bac-
terial abundance was 3.3 £ 0.7 X 106 cells ml~' at a phosphorus
content of 50 wg 17'. The inoculation of the predator Ochro-
monas sp. resulted in a decrease of bacterial abundance to a
minimum abundance of 2.3 X 10° cells ml~' (Fig. 2).

The initial mean cell volume of the flagellates was 124 pm?
and decreased within 1 day to 56 wm?® due to starvation. Bac-
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terial cell volumes of the II-stage control vessel were stable
during the 6 days of cultivation. Mean bacterial cell volume
(MCVy) of the II-stage control was 0.3 * 0.013 um?. In con-
trast, MCVy, in the II-stage flagellate vessel decreased from 0.31
to a minimum value of 0.16 um?* after introduction of the fla-
gellate. Mean bacterial cell widths decreased from 0.41 to 0.36
pm and mean bacterial cell lengths from 2.39 to 1.58 um (Fig.
3).

For the investigation of size selection, flagellates were ex-
posed to bacteria from the II-stage control treatment (final food
concentration 3 X 10°¢ bacteria ml~') and inspected video-mi-
croscopically. Ingestion rates of Ochromonas sp. were 31.7 *
1.5 bacteria cell-! h~!. The size spectrum of ingested bacteria
was similar to the size spectrum of the background bacteria
(Fig. 4), and therefore no size-selective feeding by Ochromonas
sp. could be detected as all size classes of bacteria were in-
gested in rates corresponding to the background bacteria (p >
0.05, Kolmogorov-Smirnov test).

DISCUSSION

Size selection is not actively regulated by the flagellate.
The measured size-dependent differences in particle uptake in
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Fig. 4. Frequency distribution of size classes of bacteria in the size
selection experiment (dots) and corresponding size-specific frequency
of ingestions of Ochromonas sp. (bars). Corresponding bacterial cell
volume was calculated from cell length assuming cylinders with half-
spheres at both ends and a mean cell width of 0.4 pm. All size classes
of bacteria were ingested in rates corresponding to the background bac-
teria (Kolmogorov-Smirnov test).

our experiments confirm that Ochromonas sp., as well as Spu-
mella sp., have a food-size preference for particles between 0.9
pm and 1.2 pm (Andersson, Larsson, and Hagstrom 1986;
Chrzanowski and Simek 1990; Kinner et al 1998). According
to optimal foraging theory, selection for food quality should be
observated at high food concentrations, whereas selectivity
should decrease at low food concentrations (e.g. Stephens and
Krebs 1986). Accordingly, food concentration-dependent selec-
tivity for Ochromonas sp. and Spumella sp. has been described
in several studies (e.g. Boenigk et al. 2002; Holen and Boraas
1991; Jiirgens and DeMott 1995). In contrast to selection for
food quality, our data indicated that size-selective feeding was
present at both low and high food concentrations and was most-
ly independent of particle concentration. Size selection of Och-
romonas and Spumella seems to be mainly due to both, mor-
phological limitations and threshold values and is therefore in-
terpreted as passive selection (i.e. not actively regulated by the
flagellate).

Ochromonas is generally a less efficient feeder of small bac-
teria as compared to larger bacteria (this study, Boenigk et al.,
in press; Posch et al. 1999). This is also supported by the initial
decrease of bacterial size in our continuous cultivation system
after inoculation of the flagellate. Regarding the realized bac-
terial size classes in the chemostat, however, clearance was sim-
ilar and even the smallest bacteria (0.03 to 0.2 pm?®) were in-
gested by Ochromonas sp. Accordingly, we found no strong
size selection for beads. The low food concentrations in the
chemostat probably led to starvation of the flagellates and con-
sequently a decrease in flagellate cell vol. (from 124 to 56 um?).
When the size-selection experiment using organisms from the
chemostat was started, flagellates were starved and able to feed
at high rates even on the smallest bacteria. We conclude that
starvation leads to a decrease in flagellate cell size, and as a
result, small bacteria are now an edible size class for the pred-
ator. The food size optimum therefore shifts in relation to the
flagellates’ size, but is not actively regulated. This conclusion
is also supported by a positive correlation between the flagel-
lates size and the mean size of ingested particles. Ontogenetic
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diet shifts as they have been reported for metazoans must there-
fore also be expected in flagellates.

Contact probability is not generally positively correlated
with prey size. Mathematical models predict that contact prob-
ability increases with size and motility of the particles and sub-
sequently grazing rates are expected to be positively correlated
with prey size up to a certain size limit (Fenchel 1984; Gon-
zilez 1996; Monger and Landry 1991; Shimeta and Jumars
1991). According to Fenchel (1984), a critical flow line exists
that transports particles to the equator of the cell where they
will be intercepted. These flow lines may be modified by vis-
cous eddies as reported for choanoflagellates (Pettitt et al.
2002). We did, however, not observe deviance from smooth
flow lines for the investigated chrysomonads, but the current-
field proceeds differently than assumed by Fenchel (1984) (see
also Boenigk and Arndt 2000). Fenchel (1984) suggested a sim-
ple model for spherical grazers (radius R) feeding on particles
(radius r) where the water flow delimited by the critical flow
line corresponds to 2mRr, so that the specific clearance becomes
3/2R-%r. Van der Waals forces, particle rotation that may force
the particles in a velocity gradient to migrate towards a surface,
and to a lesser extent, Brownian movements may alter this mod-
el and lead to the interception of particles somewhat outside
the critical flow lines. Our observations indicate that contrary
to a basic assumption of this model, particles are captured in
front of the cell as described by Sleigh (1964) and not at the
equator as suggested by Fenchel (1984). Streamline compres-
sion immediately adjacent to the cell seems to be negligible
because of gravitational and diffusional depositions (Shimeta
and Jumars 1991). Shimeta and Jumars (1991) used the same
equation as Fenchel (1984), but particles were assumed to fall
directly on the flagellate. Therefore, the radius of the prey plays
a minor role in their model.

Our data do not support, however, the generally positive cor-
relation between prey size and contact probability as calculated
by the models of Fenchel (1984) and Shimeta and Jumars
(1991). A more likely model has been presented by Gonzilez
(1996) who predicted that the specific clearance rate should be
proportional to prey volume. This model suggests a linear in-
crease of the clearance rate with prey volume until a limit is
reached at which clearance rates for large particles remain con-
stant. In fact, our results clearly show that the contact proba-
bility is highest for intermediate-sized particles ranging from
0.9-1.2 pm. It seems that the contact probability increases up
to a certain size limit, and then decreases again. Our results
indicate that the feeding current does not catch large particles
efficiently. Thus, they are transported to the flagellate cell at
lower rates. However, none of the models can be rejected with
absolute confidence, as they seem to fit the observed feeding
behavior on small particles. As most models were developed
using data on overall selection (i.e. food availability vs. ingest-
ed particles), it is not surprising that the models fit quite well
to observed selection at least for small particles. The basic
mechanistic assumptions must, however, be revised, and bio-
logical, as well as physical parameters, must be considered.

Selection steps other than contact probability play a cru-
cial role in size selection. Contact probability has been re-
garded as the decisive feeding step for size selection (Fenchel
1984; Gonzilez 1996; Monger and Landry 1991; Shimeta and
Jumars 1991). Size selection also occurs during other steps of
the feeding process. Our results indicate that size selection also
occurs during capture and ingestion in the narrow sense. The
preference of intermediate-sized particles during capture might
be explained by the basic mechanical stimulus of the predator-
prey contact subsequently inducing prey capture: Capture seems
to be induced by mechanical stimuli: food particles are captured
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after contacting the sensitive region of the cell, if a threshold
value is reached. The threshold may be proportional to mo-
mentum and drag (i.e. mass and speed of the particle). Small
particles do not or only rarely reach this threshold value, and
are therefore captured at lower rates or not at all. Large micro-
spheres reach this threshold, but were also not preferred (i.e.
they frequently failed to induce a capture reaction by the fla-
gellate). This indicates that there is also an upper threshold
value above which the mechanical signal of the predator-prey
contact is not interpreted as a contact with a prey organism but
possibly as a contact with a non-food particle or even a pred-
ator, consequently a capture reaction is not triggered. In addi-
tion, it seems to be increasingly problematic for the flagellate
to envelop large particles with the flagellum: capture and reten-
tion of large particles is probably more difficult than for small
ones due to greater drag. Even though morphological limita-
tions of the feeding process surely play a role in the negative
selection of larger prey, we assume that negative selection is
not solely due to morphological limitations but also due to the
increasing contact strength, i.e. momentum, of the predator-prey
contact.

The ingestion of captured particles seems to be less important
with respect to food size selection for Ochromonas sp., which
ingests nearly all of the captured particles. This may be an
experimental artifact since only ‘‘optimal’’ food particles were
offered. This was obviously not the case for Spumella sp. Small
food particles may not cover the requirements of the flagellates
and for this reason they may be ingested at lower rates, while
large particles may be refused because of morphological limi-
tations of food vacuole formation (Fenchel 1987).

Size selection depends on cell length, cell volume, and
morphology. The appropriate size measure for size selection
is currently debated (Gonzdlez 1996; Posch et al. 2001, Shimeta
and Jumars 1991). Our data provide some new insights in the
selection process and the relevant size measure.

Contact probabilities for spherical particles increased up to a
certain size limit and then decreased again. For bacteria, we
found no strong selection between the size classes present in
the chemostat system. Regarding the prey volume, all bacteria
in the chemostat system were at the lower end of the range of
tested prey sizes, but with respect to cell length the bacteria
covered the size range tested with beads. The comparison of
size selection using beads and bacteria should therefore permit
some conclusions on the relevant measure for size selection.

Wu, Boenigk, and Hahn (2004) reported no significant dif-
ference in contact probability between rod-shaped medium-
sized bacteria and filamentous bacteria. In contrast to the spher-
ical beads, the bacteria did not only differ in size, but also in
morphology (i.e. the relative proportions of cell length to cell
width). Neither length nor volume alone seem to fully explain
observed contact probabilities, and we therefore suspect that,
besides particle size in terms of length or volume, the mor-
phology and shape played a crucial role in determining contact
probability. The partitioning of the cell mass on the (filamen-
tous) bacteria may significantly alter their susceptibility to the
feeding current and consequently contact probability (Wu,
Boenigk, and Hahn 2004).

Capture seemed to be triggered whenever a threshold con-
tact momentum was reached. Small microspheres came in con-
tact with the cell body, but did not initiate the capture reaction.
Interestingly, similar observations were made by Wu, Boenigk,
and Hahn (2004) for filamentous bacteria. Even though the
mass of filamentous bacteria should have been high enough to
initiate the capture reaction, it did not. This finding strengthens
our hypothesis that momentum, or a combination of momentum
and drag, not mass or length of the prey particle is responsible
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for triggering capture. In filaments, the mass is distributed along
the entire filament and the momentum may, therefore, not be
accurately assessed by the flagellate so that the threshold value
is not reached. For large beads, however, capture efficiency
decreases again. This indicates that not only a lower limit, but
also an upper limit exists. Particles inducing a stronger mo-
mentum may not be interpreted as prey, but as unusable or even
as a predator and induce different reactions.

Within the investigated size range of microspheres and bac-
teria, size seemed to play a minor role for selection during
ingestion in the narrow sense. For large and complex prey
items, decreasing ingestion efficiency must, however, be as-
sumed. It seems that during food vacuole formation (i.e. inges-
tion, the cell volume is limiting for spherical particles and the
cell length for filamentous particles). The study of Wu, Boen-
igk, and Hahn (2004) indicated, however, that even larger bac-
teria can be successfully ingested.

Attachment increases capture rate, but does not change
patterns of size selection. Fenchel (1986) suggested that at-
tached flagellates create a large scale flow around themselves
with their flagella, while during swimming the flagella only
create small, local velocity fields. Subsequently, attachment
should increase the contact rate of food particles. Recently,
Christensen-Daalsgaard and Fenchel (2003) demonstrated that
the fluid velocity in fact is higher for attached than for swim-
ming flagellates. In agreement with these studies, contact rate
was much higher for attached than for swimming flagellates in
our experiments. In contrast, ingestion rates were not signifi-
cantly different between swimming and attached flagellates.
This might be due to the relatively high food concentration used
in the experiments and reflect satiation. Irrespective of the sim-
ilar ingestion rates, our results support the idea that attachment
maximizes the contact rate.

Attachment might therefore be seen as an adaptation to low
food concentrations. But in contrast to this assumption, mobility
actually increased with decreasing food concentrations. Higher
motility and a higher fraction of actively swimming cells have
been reported at low prey levels (e.g. Boenigk and Arndt 2002;
Christensen-Daalsgaard and Fenchel 2003; Fenchel 1982).
These observations are consistent with our observations in the
continuous cultivation system that Ochromonas tended to attach
at high food concentration, but did not do so at a low food
concentration. When food conditions become worse, mobility
allows the flagellates to swim and search for more suitable mi-
croenvironments (Boenigk and Arndt 2002). Attachment must
therefore be regarded as a mechanism to generally increase
feeding rate, but cannot be regarded as an adaptation to low
food conditions or starvation.

The optimal prey size may shift towards smaller prey when
the flagellates’ cell size decreases due to starvation. As starved
flagellates tended to swim more actively than satiated cells this
may have caused shifts in prey size selection between swim-
ming and attached flagellates. We found, however, no principle
difference in the patterns of size selection between swimming
and attached flagellates. Even though optimal prey size depends
on the flagellates’ cell size and may systematically be linked to
motility, we assume that the basic pattern of size selection holds
true for both swimming and attached flagellates.
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