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ABSTRACT: Particle size selection and functional response were studied for 3 marine oligotrichous 
ciliates. Each species showed a distinct size spectrum of ingested particles. The optimal particle size 
was 2.1 pm for Strombidiwn vestitum, 7.9 pm for Strombidium reticulatum and 9.7 pn for LohmannielJa 
spirahs. None of the species could effectively retain 1 particles. The functional response (ingestion 
rate as function of particle concentration) could be fitted to a hyperbolic function with no apparent 
feeding threshold at low particle concentrations. Maximum clearing rates for the 3 species ranged from 
0.52 to 26 pJ h-'. Video recordings of feedng cihates revealed that particle capture of oligotrichous 
d a t e s  is similar to other investigated polyhymenophorans. S. reticulatum and L. spiralis were isolated 
from seawater to start laboratory cultures and the numerical response (growth rate as function of food 
concentration) was studied. Maximum growth rate was 0.036 and 0.044 h- '  for S. reticulatum and L. 
spiralis respectively. Yield (gross growth efficiency) was over 40 % (based on volume) for both species. 
The present study shows that the tested oligotrichous ciliates feed in the size range of autotrophic and 
heterotrophic rnicroflagellates, but that they are incapable of effective ingestion of bacterioplankton. 

INTRODUCTION 

It has been increasingly apparent that very small 
organisms constitute an important role in marine 
pelagic food webs and that a substantial part of pri- 
mary production in the water-column is due to photo- 
autotrophs less than 3 pm, including microflagellates 
and cyanobacteria (Johnson & Sieburth 1979, 1982, 
Murphy & Haugen 1985). Several studies also show 
that aquatic photoautotrophs release a significant por- 
tion of photosynthate as dissolved organic carbon 
(DOC) (see review by Larsson & Hagstrom 1982). The 
exudate release appears to be rapidly assimilated by 
bacterioplankton whlch reconvert this DOC fraction to 
particdate carbon, and recent studies reveal that 
bacterial production in the water-column is greater 
than previously believed, that is, up to 5 to 20 % of 
primary production (Fuhrman & Azam 1982, Larsson & 

Hagstrom 1982). Thus the major part of particdate 
carbon production originates from organisms in the 
size range of a few microns or less. Food particles 
within this size range are mostly unavailable to meta- 
zoan zooplankton, notably copepods (Nival & Nival 
1976). T h s  calls for a revision of our view on the lower 

trophic levels in the traditional pelagic food chain as 
consisting of large diatoms and dinoflagellates preyed 
upon by mesozooplankton, mainly copepods. 

In the search for 'missing links' in an extended food 
web, much interest has focused on the assemblage of 
organisms operationally defined by Sieburth (1979) as 
nanozooplankton (2 to 20pm) and microzooplankton 
(20 to 200 pm). In particular the significance of hetero- 
trophic flagellates (Fenchel 1982d) and planktonic 
ciliates has been proposed (e.g. Margalef 1967, Beers & 
Stewart 1969, Heinbokel & Beers 1979, Smetacek 
1981). Due to inappropriate sampling techniques 
planktonic ciliates were almost overlooked in routine 
zooplankton samples until the early seventies. The few 
reliable reports available of ciliate biomass, e.g. 
Rassoulzadegan (1977), Smetacek (1981) and Reve- 
lante & Gilmartin (1983), all indicate that planktonic 
ciliates make up a substantial part of zooplankton 
biomass. Considering the rapid metabolism per unit 
weight of ciliates (Klekowslu 1981, Fenchel & Finlay 
1983), these biomass assessments suggest an important 
role for ciliates in the pelagic food web. Previous work 
on food uptake and growth dynamics has concentrated 
on tintinnids (suborder Tintinnina), which are a com- 
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mon component of microzooplankton (e.g. Heinbokel 
1978a, Rassoulzadegan & Etienne 1981, Stoecker et al. 
1983). Their possession of a lorica makes them sturdy 
and well represented in plankton samples. Careful 
sampling techniques, e.g. Dale & Burkill (1982), have 
revealed that ciliates other than tintinnids generally 
dominate the plankton. The 'naked' and thus fragile 
oligotrichous ciliates, belonging to the same order 
(Oligotrichida) as the tintinnids, seem to be most abun- 
dant (Rassoulzadegan 1977). 

Few studies treat planktonic oligotnchous clliates. 
Apart from a few studies documenting their abundance 
(Rassoulzadegan 1977, Smetacek 1981) only 6 phy- 
siological and ecological studies of planktonic oligo- 
trichous cihates exist (Grim & Halcrow 1979, Rassoul- 
zadegan 1982, Bsrsheim 1984, Gifford 1985, Scott 
1985, Sheldon e t  al. 1986). More information on marine 
oligotrichous ciliates is needed where particle size 
selection and efficiency of capture are studied with 
various methods and for several species. Studies of 
growth rates as functions of food concentration (numer- 
ical response) are also necessary in order to evaluate to 
what extent food concentration is limiting in nature. In 
this paper I present results of a study on functional 
response and particle size selection measured directly 
as ingested latex beads or microalgae. In addition 
parameter estimates of the numerical.responses for 2 
species of oligotrichous ciliates are offered together 
with estimates of gross growth efficiency. 

MATERIALS AND METHODS 

Material. The study is based on 3 species of plank- 
tonic ciliates representing the 2 most abundant 
families, Strombidiidae and Strobilidiidae, of the sub- 
order Oligotrichina. Almost no recent published work 
exists on the taxonomy of oligotnchous cihates and the 
most complete studies remain that of Leegaard (1915) 
and the compiled work of Kahl (1932). There is great 
need for a treatment of these clliates using modern 
methods of ciliate taxonomy such as protargol staining 
and electron microscopy. Against this background I 
made observations with scanning electron microscope 
(SEM) and impregnated the studied clliates with pro- 
targol according to Tuffrau (1967). Specimens for SEM 
were fixed in osmic acid (2 % w/v) and prepared 
according to Watson et al. (1980). On the basis of 
existing taxonomic literature, I have identified the 3 
studied species as Strombidium reticulatum (Lee- 
gaard), Strombidium vestitum (Leegaard) and Loh- 
manniella spiralis Leegaard. 

Preparation of  laboratory cultures. Strom bidium 
reticulatum and Lohmanniella spirahs were isolated 
from surface seawater samples from the Kosterfjord on 
the west coast of Sweden. From these seawater sam- 

ples I also isolated a prasinophycean microflagellate, 
Pyramimonas sp. Schmarda, which was used as a 
single food source for the isolated cdiates. Pyra- 
mimonas sp. was grown in enriched seawater using the 
f/2-medium (Gulllard 1975). The cdiate cultures were 
maintained in plastic microwells ( 3  ml) and multidlsks 
(15 ml) (cell and tissue containers from A/S Nunc, 
Denmark) containing filtered and autoclaved seawater 
with added Pyramimonas sp. Growth of L. spirahs 
required the addition of EDTA (approximately 10 PM). 
No effort was made to free the cultures from bacteria. 
However, successful growth of L. spiralis required that 
the concentration of bacteria was kept low. Bacterial 
growth was inhibited by the addition of penicfin (50 
IU ml-l) and streptomycin (50 IU ml-l). All ciliate cul- 
tures were kept at 12 'C in a 16 : 8 h light : dark cycle. 
At weekly intervals, a few ciliates were t r a n s f e ~ ~ e d  to 
fresh medium with exponentially growing 3 r d -  
mimonas sp. A major obstacle in this study of marine 
oligotrichous ciliates has been the difficulty of cultur- 
ing them under controlled conditions. Quite recently 
Gifford (1985) described the first successful attempt to 
culture oligotrichous ciliates (Strombidium spp.) iso- 
lated from the marine pelagal. According to Gifford 
growth depended critically on the concentrations of 
trace metals and EDTA, a chelating agent. Culturing of 
Strombidium spp. and L. spirahs in this study support 
the findings of Gifford (1985) that metal contamination 
can be highly detrimental to survival and growth. 
Another initial culture problem was to find suitable 
food sources. Although ingested, several laboratory 
strains of autotrophic and heterotrophic flagellates and 
species of diatoms did not support growth. The Pp-a- 
mimonas sp. isolated from water samples with growing 
ohgotrichous cihates gave rapid and reliable growth of 
S. reticulatum and L. spiralis. 

Uptake experiments. To study particle uptake, I used 
suspensions of latex beads (Dow Chemical Company, 
USA, and Coulter Electronics Ltd., Luton, England). 
The following diameters were used: 1.01, 2.11, 2.87, 
5.7, 6.4, 9.7, 14.4 and 19.1 pm. In some experiments I 
used monocultures of Pavlova luthen (Droop) Green, 
Pyramimonas sp., Tetraselmis suecica (Kylin) Butcher 
and Saccharomyces cerevisiae Hansen (equivalent 
sphere diameter of 4.9, 5.7, 7.9 and 4.5 pm, respec- 
tively). Cell sizes were measured with an Elzone 80xy 
particle counter (Paficle Data Inc., Elmhurst, USA) 
with 128 channels. Field populations of all 3 ciliate 
species from the Kosterfjord (Sweden) and from the 
Limfjord (Denmark) as well as laboratory cultures of 
Strombidium reticulatum and Lohmanniella spiralis 
were used for studies on parbcle uptake. Seawater 
temperatures at sampling were from 12 to 16'C; exper- 
iments were carried out at  12°C. When ciliates are 
placed in suspensions of particles a Linear uptake with 
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Fig. 1. Lohmanniella spiralis. Ingestion of 5.7 pm latex beads 
as a function of time at 2 different particle concentrations: (m) 

5 X 104; (0) 3 X 10' particles ml-' 

time is found (Fig. 1). In the experiments with ciliates 
collected in the field, I added latex beads or cultured 
microalgae to fresh water samples. After 2 to 20 min of 
incubation, depending on the concentration of added 
particles, I picked up individual cells with a capillary 
pipette and transferred them to a drop of formalin 
(10 %). Under a compound microscope (Leitz Dialux 
125 to 1250 X )  I counted ingested latex beads or micro- 
algae individually within each ciliate. Particle concen- 
trations were measured with a haemocytometer (2 
replicates) giving a standard error of about + 5 % of 
the mean or with an Elzone 80xy particle counter with 
a standard error of less than f 2 O/O of the mean. This 
method for estimating ingestion rate and clearing rate 
of field populations introduces an error due to natur- 
ally occurring particles in the sample. During the 
ingestion of a particle, the cytostome is blocked and a 
ciliate is unable to take up a new particle. At high 
natural particle concentrations, added latex beads or 
microalgae may therefore be outcompeted and clear- 
ing rates calculated from ingestion of added particles 
wilI be underestimated. This situation is analogous to 
competitive inhibition of enzymes and the impact of 
natural particles can be calculated accordingly 
(Lehninger 1975). In all experiments concentrations of 
naturally occurring particles were always sufficiently 
low to give a maximum underestimate of uptake rate of 
only 3 O/O. Another source of error may arise from a 
differential selection of latex as compared to natural 
food particles. Much evidence shows that ciliates feed- 
ing on small particles do not discriminate between 
different particles on the basis of properties other than 
size and shape (Fenchel 1980a,b). Since the studied 
oligotrichous ciliates could feed on relatively large 
food items I tested possible selection for properties 
other than mechanical ones. Clearing rates of latex 
beads and of microalgae of approximately the same 
size and shage are compared in Table 1. L. spiralis and 
Strombidium-. vestitum revealed no significant dif- 

Table 1. Comparison of clearing rates (mean -t 1 SE) between 
uptake experiments with latex beads and living particles. 

Values are given in CL]. h-' 

Species Latex Living 
beads particles 

Lohmanniella spiralis' l l f  l .O(S) '  9 .9+0.8(4)  
Strombidium reticulatum2 1.7 f 0.2 (64) 2.6 + 0.3 (26) 
Strombidium vestitum3 0.13 f 0.01 (5) 0.13 + 0.01 (4 )  

'9.7 pm latex beads and Tetraselmis suecica 
26.4 pm latex beads and Pavlova luthen 
32.87 pm latex beads and Saccharomyces cerevisiae 
'Sample size 

ferences. S, reticulatum showed greater variance in 
clearing rate between individuals for latex beads than 
for microalgae. Since the distribution of clearing rates 
among individual ciliates was skewed to the right, a 
greater variance resulted in a lower average. Max- 
imum clearing rates for individual S. reticulatum, how- 
ever, were not significantly different for ciliates feed- 
ing on latex beads as compared to those feeding on 
microalgae. The slight difference in clearing rates be- 
tween latex beads and comparable microalgae may 
partly be explained by differences in shape and size 
distribution. However, the possibility exists that chem- 
ical stimuli from food particles influence ingestion 
rate. In all experiments I selected the quartile of indi- 
viduals showing the highest feeding rates, since this 
study is mainly concerned with the potential capa- 
bhties of oligotrichous ciliates. The variance in food 
ingestion between indviduals is interesting in itself 
and requires further studies. 

In addition to field populations I used laboratory 
cultures of Lohmanniella spiralis and Strombidium 
reticulaturn for some studies of particle uptake. In 
these experiments, cultured ciliates were transferred to 
vials containing culture medium with low concentra- 
tions (<5000 cells ml-l) of Pyramimonas sp. which was 
used as food. After an acclimation period of 12 h, latex 
beads or rnicroalgae were added and the ingestion rate 
was then measured as described above. Temperature 
was 12 "C in all experiments. Concentrations of added 
particles were always much greater than that of 
Pyrarnimonas sp. I found no significant difference in 
clearing rate between field and culture populations 
(Table 2). 

These results from the uptake experiments were 
used to evaluate the form of the functional response for 
all studied particles that resulted in significant uptake. 
Using SAS statistical program NLIN-regression (SAS 
Institute Inc., Cary, USA) ingestion rate as function of 
environmental particle concentration could be closely 
fitted to a hyperbolic function of the form: 

U = U,C,/(K + C,) 
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Table 2. Comparison of clearing rates (mean +- 1 SE) between 
laboratory cultures and field populations. Values are given in 

,d h-' 

Species Culture Field 
population 

Lohmanniella spiralis' 20 f 1.9 ( 6 ) '  24 + 2.6 (6) 
Strombidium rehcdatum2 2.6 f 0.3 (26) 3.0 + 0.4 (29) 

' Uptake measured with 9.7 pm latex 
Uptake measured with Pavlova lutheri and Py- 

ramimonas sp. 
Sample sue 

where U = ingestion rate (numbers of particles per 
unit time); U, = maximum ingestion rate; C, = pam- 
cle concentration; K = a half-saturation constant. A 
useful measure to compare efficiency of uptake be- 
tween different particle sizes is the maximum volume 
of water cleared of particles per unit time. The hyper- 
bolic fit gives maximum clearing rates as U,/K. The 
non-linear regression procedure produces error statis- 
tics for the parameter estimates. Since the ratio of the 2 
parameters describing the hyperbolic fit are used to 
calculate maximum clearing rates it should be possible 
to calculate error estimates of the clearing rates pre- 
sented in Table 3. The 2 parameters are, however, 
strongly correlated which makes error estimation 
difficult. If instead the uptake data are analysed with 
power regression (Statgraphics STSC, Inc., Maryland, 
USA), the slopes have a n  average standard error of 
f 10 % of the mean. If errors of particle concentration 
determination and timing of incubation are added, 
estimates of maximum clearing rates would have a 
standard error of about t 20 O/O of the mean. 

Recordings of feeding ciliates. As an  independent 
method for studying dynamics of food uptake, I 
recorded live cihates with a video camera fitted to a 
compound (Olympus BH-2) or a dissecting microscope 
(Wild M5 with dark field). The video taperecorder 
(Panasonic NV-180) allowed sequences with feeding 
ciliates to be played back frame by frame, obtaining 25 
sbll pictures per second. By tracking particles which 
moved along flow lines round the membranelle zone of 
active ciliates I could reconstruct the flow field. The 
water flow through the membranelles was then calcu- 
lated and compared to clearing rates found in the 
experiments with parbcle uptake. Since water flows 
generated by ciliates are characterized by low Rey- 
nolds number with viscous forces predominating, solid 
surfaces wdl affect flow lines even at a considerable 
distance from the ciliate. To reduce this wall effect 
from slides and coverslips, I used a 'hanging drop' 
when recording Strombidium reticulatum. Lohman- 
nieUa spiralis could be recorded in a l 0  m1 chamber 

using a dissecting microscope (50x).  This completely 
eliminated distortions of the flow field. 

Growth experiments. Growth rates as function of 
food concentration were measured on laboratory cul- 
tures of Strombidum reticulatum and Lohmanniella 
spiraLis. In all experiments, Pyramimonas sp. was used 
as the only food source. In principle organisms never 
attain balanced growth in batch cultures since food 
resources are continuously removed. However, for the 
growth rate experiments presented here, I used cornbi- 
nations of number of ciliates, amount of food and 
incubation times so that the initial food concentration 
was reduced only about 10 O/O during the experiments. 
Experimental suspensions were prepared from expo- 
nentially growing Pyramimonas sp. and the GF/C 
filtered seawater was either autoclaved or, in the ex- 
periments with L. spiralis, treated with penicdhn 
(50IU ml-l) and streptomycin (50IU ml-l). Food con- 
centrations were determined with an Elzone particle 
counter giving a standard error of less than f 2 O/O of 
the mean. In order to avoid unpredictable effects due to 
the previous growth conditions ciliates were allowed 
to grow at the experimental food concentration for at  
least 2 d before the measurements started. In a typical 
experiment 2 chates  were transferred from stock cul- 
tures to each vial in a multidisk (15 ml) containing a 
series of food concentrations (see Fig. ?), and incu- 
bated in the dark at  12°C for between 48 h and 2 wk 
depending on growth rate. Ciliates were transferred to 
fresh mehum and food every 24 h to ensure near 
constant food concentration and quality. Three to 5 
replicates were set up for each food concentration. 
Shaking was avoided since it is apparently detrimental 
to both S, reticulatum and L. spiralis. Nevertheless, 
Pyramimonas sp. showed an even distribution in the 
experimental vials. In the multidisks it was easy to 
follow the increase in numbers of ciliates and 3 to 4 
generations were followed. From measurements of 
population numbers and bme, I calculated growth rate 
per hour assuming exponential growth. Growth rate as 
function of food concentration was fitted to a hyper- 
bolic function using SAS statistical program NLIN- 
regression (SAS Institute Inc., Cary, USA). 

Yield (gross growth efficiency) was estimated for 
LohmannieUa spiralis and Strombidium reticulatum in 
batch cultures. Two or 3 replicates were set up for each 
food concentration. When chates  had depleted all 
food they were counted and fixed in formahn and cell 
volumes were estimated from linear dimensions. To 
compensate for shrinkage due to fixation and devia- 
tions from assumed cell shapes, I measured living cell 
volume of dense cultures with an Elzone particle 
counter. From the same cultures I sampled ciliates 
which were fixed in formalin and measured under the 
microscope. In t h s  way I established correction factors 
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for estimating living cell volume from measurements 
of fixed ciliates. Since shape changes slightly with 
increasing size I calculated correction factors for 2 
different cell sizes using starving and fast growing 
cultures. Correction factors ranged from 1.5 to 1.7 for S. 
reticulatum and 0.77 to 0.92 for L. spiralis. The cell 
volume of Pyramimonas sp. was determined with an 
Elzone particle counter to be 97 pm3. Gross growth 
efficiency could then be expressed as per cent volume 
of new ciliates per volume of ingested algae. 

RESULTS 

Uptake experiments 

Particle uptake as function of environmental particle 
concentration could be closely fitted to a hyperbolic 
function. Examples are shown in Fig. 2 & 3. Table 3 
summarizes estimates of maximum clearing rates (vol- 
ume of water per unit time) for the 3 species. None of 
the uptake experiments showed any evidence of a 
feeding threshold at low particle concentrations. Each 
species shows a characteristic size spectrum of parti- 
cles which are retained and ingested. Fig. 4 shows 
maximum clearing rates as function of particle size for 
the 3 studied species expressed in units of ciliate 
volun~es per hour. For the 3 species maximum clearing 
rate is correlated with both ciliate size and optimum 
particle size. 

0 //- : //A O O 

: p 
/ 

0 

I . . . . . . . . . .  

Fig. 2. Lohrnanniella spiralis. Ingestion rate of 5.7 p latex 
beads as a function of particle concentration. The curve repre- 

sents a numerically fitted hyperbolic function 

Feeding currents and particle capture 

Fig. 5 & 6 show some streamlines generated by 
Lohmanniella spiralis and Strombidium reticulatum. 
Measurements of living and fixed ciliates showed that 
L. spiralis have an  average free space between adja- 
cent membranelles ranging from 2 pm in the basal 
region to 4 pm in the upper part. In S. reticulatum 
feeding currents pass between membranelles with free 
spaces ranging from 1.2 pm to 4.4 pm. With only 25 
frames S-' the video recordings could not in detail 
track particles inside the penstome. The transport of 
captured particles to the cytostome can, however, be  

Table 3. Maximum clearing rates of different sized particles for the 3 studied oligotrichous ciliates 

Species Particle Size (p) Clearing rate (4 h-') 

Lohmanniella sp~rahs 
Latex 1.11 0 
Latex 2.11 1.6 
Latex 2.87 3.4 
Latex 5.7 13.4 
Latex 9.7 26 
Latex 14.4 18 
Latex 19.1 0 

Strornb~diurn reticulatum 
Latex 1.11 0.24 
Latex 2.11 1.1 
Latex 2.87 1.2 
Pavlova luthen 4.9 2.6 
Pyrarnimonas sp. 5.7 3.1 
Latex 6.4 1.7 
Tetraselmis suecica 7.9 3.5 
Latex 9.7 0 

Strombidium vestiturn 
Latex 1.11 0.11 
Latex 2.11 0.52 
Latex 2.87 0.27 
Latex 6.4 0.20 
Latex 9.7 0 
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Par l~cfe concenlralion (pm- ml 1 

Fig. 3. LohmannieUa spiralis. Ingestion rate, expressed as 
pm3 h-', of 3 sizes of latex beads as a function of particle 
concentration, expressed as pm3 ml-'. The curves represent 
numerically fitted hyperbolic functions. (0) 14.4 pm; (m) 

5.7 pm; (0) 2.87 pm 

Panicle slze (pm ESD) 

Flg. 4 .  Maximum clearing rate (in mulbples of ciliates own 
volume per hour) as function of particle size for the 3 studied 
species of oligotrichous clliates. (0) LohmannieUa spiralis; (0) 

Strombidium reticulatum; (0) Strombidium vestiturn 

inferred from the arrangement of the membranelles. 
The anterior views of the oral areas (Fig. 5b & 6b) show 
that in both L. spiralis and S. reticulatum membran- 
elles, going from the center, are orientated so that 
water propelled out from the peristome has a clockwise 
velocity component. This component (hatched arrows 
in Fig. 5b & 6b) may help in transporting particles to 
the cytostome. Moreover, as the cytostome is in the 
lower end of the spiraling peristome floor (Fig. 5a & 6a) 
and water is pumped out of the peristome all the way 
down to the cytostome, a flow in the direction of the 
cytostome should result. DistaLly the membranelles are 
twisted clockwise (seen from posterior) which results 
in a rotational component of the velocity field of the 
flow (Fig. 5b & 6b) and this hydrodynamical momen- 
tum leads to a slow (20 to 30 rpm) counter-clockwise 
rotation (seen from posterior). 

Measurements of current velocities and estimates of 
filtering area render it possible to calculate the volume 
of water processed per unit time which can be com- 
pared with clearing rates found in the uptake experi- 
ments. The filtering area of Lohmanniella spiralis 
measured from photographs of living and fixed ciliates 
is about 3.7 X 103 pm2. Video recordings give a current 
velocity through the membranelles of 1.6 X 103 pm 
S-'. This ylelds a water transport rate of 2.1 X 10-* 
m1 h- '  which is close to the maximum clearing rate 
which was found to be 2.6 X 10-' m1 h-'. In the case of 
Strombidium reticulatum the calculation is more 
approximate since the membranelles in the cytostome 
region are smaller with decreasing free space (Fig. 6). 
If the measured current velocity of 1.3 X 103 pm S-' 

applies to all membranelles and the filtering area is 

Fig. 5. LohmannieUa spiralis. Semi-&agrarnmatic drawings. 
(a) Oral area viewed obliquely from anterior. Solid arrows 
dustrate some streamlines of the water-flow field formed by 
the rnembranelle zone. (b) Oral area viewed stra~ght from 
anterior. Solid arrows mark streamlines and dashed arrows 
inside the penstome represent a current component perpen- 

dicular to the membranelles 
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Fig. 6. Strombidium rehculatum. Semi-diagrammatic draw- 
ings. (a) Oral area vlewed from side. Solid arrows illustrate 
some streamlines of the water-flow field formed by the mem- 
branelle zone. (b) Oral area straight from anterior. Solid 
arrows mark streamlines and dashed arrows inside the peri- 
stome represent a current component perpendicular to the 

membranelles 

roughly 6.5 X 10' (measured from SEM photo- 
graphs) this yields a water transport rate of 3 X I O - ~  
ml h-' which is in good agreement with the uptake 
experiments where maximum clearing rate was found 
to be 3.5 X I O - ~  ml h-'. These calculations indicate 
that retention of optimal particles is close to 100 %. 

Growth experiments 

Exponential growth rates could in both cases be 
closely fitted to a hyperbolic function (Fig. 7). A max- 
imum growth rate is approached as the food concen- 
tration increases. The maximum growth rate was 
0.044 h-' for Lohmanniella spiralis and 0.036 h-' for 
Strombidium reticulatum. A lower threshold of about 

1 
Food concenlrallon (cells m1 ) 

Food conconlralion (cells ml.') 

Fig. 7. Growth rate (p) as function of food (Pyramimonas sp.) 
concentration (C,). Symbols represent treatment means f l 
SE and are numerically fitted to a hyperbolic function. 

0.035 X (C,-880) 
(a) Strornbidium reticulaturn; = 

6300 + (C,-880) 

0.049 X (Cp-730) 
(b) LohrnannieUa spiralis; p = 

5400 + (C,-730) 

Growth rale (h" ) 

Fig. 8. Strombidium reticulatum. Cell volume as function of 
exponential growth rate 

1000 Pyramimonas sp. ml-' under which no growth 
occurred and with eventual mortality was found for 
both species. Cell volume in the experiments was 
proportional to growth rate (Fig. 8), but food concentra- 
tions above 2 X 105 cells ml-' caused repeated sto- 
matogenesis without cell division in S. reticulatum 
resulting in multi-mouthed giants. 

Estimates of yield (gross growth efficiency) meas- 
ured as volume of new ciliates per volume of ingested 
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I n l ~ a l  food concenlrarlon (cells m l - ' )  

lnilial load concentralion (cells r l  1 

Fig. 9. Gross growth efficiency (GGE) as function of initial 
food (Pyrarnimonas sp.) concentration. GGE is expressed as % 
volume of new clliates per ingested volume of food. Symbols 
represent treatment means 2 1 SE. (a) Strornbidium reticula- 

turn; (b) Lohmanniella spiraLis 

food are shown in Fig. 9. Within the range of initial 
food concentrations used, gross growth efficiency was 
nearly constant with a tendency to decrease at  very 
high food concentrations for Strombidium reticulatum. 
At lower food concentrations gross growth efficiency 
was slightly above 40 O/' for both species. 

DISCUSSION 

Functional response 

Ingestion rate as a function of particle concentration 
could in aU experiments be closely fitted to a hyper- 
bolic function. Fenchel (1980a) argued that this is a 
biologically sound description of the functional 
response of suspension feeders, assuming that a con- 
stant volume of water is processed per unit time and 
that the cytostome is blocked a finite time during 
phagocytosis of a particle. At high particle concentra- 
tions of the larger particles I found that ingestion rate 
decreased with time. Since, in thls study, ingestion 
rates at high concentrations are based on experiments 
lasting a few minutes to avoid turnover of ingested 
particles, this will overestimate long-term ingestion 
rates. This effect may be caused by clogging of the 

filtration apparatus or when cell volume rather than 
the rate of food vacuole formation becomes limiting. 

Particle size selection 

The 3 studied oligotrichous ciliates select somewhat 
larger particles than previously investigated small 
polyhymenophorans (Fenchel 1980a, 1986). Compared 
to the present study Rassoulzadegan (1982) found simi- 
lar results for LohmannieLla spiraLis with the exception 
of a more effective retention of smaller particles (1.9 to 
7.5 pm). Fenchel (1980b, 1986) gave strong evidence 
that the membranelle zone in polyhyrnenophoran 
ciliates acts as a sieve retaining particles of approxi- 
mately the same size as the free space between adja- 
cent membranelles. Morphological observations of dis- 
tances between membranelles and studies of actively 
feeding L. spiralis and Strombidium reticulatum 
support the findings of Fenchel (1986). This explains 
why L. spiralis clear 5.7 pm particles at  about 50 % of 
maximum clearing rate for 9.7 pm particles, and why 
particles less than 2 pm are not retained. The less well- 
defined size spectra found for Strombidium vestitum 
and S. reticulatum are probably due to the presence of 
closely spaced small membranelles in the cytostome 
region, which can account for the low ingestion rate of 
1.1 pm particles. None of the 3 species could effec- 
tively retain and ingest particles of 1.1 pm even though 
S. vestitum cleared 1.1 pm latex beads at the same rate 
as the bacterivorous Paramecium trichium Stokes 
which is of comparable size (Fenchel 1980a). The abil- 
ity to retain and ingest large particles is set by the 
shape of the particles and the morphology of the oral 
area. I have observed that in both L. spiralis and in S. 
reticulatum large particles are retained by the mem- 
branelle sieve, but subsequently lost, possibly due to 
the inappropriate size or shape of the peristome or the 
cytostome. The ratio of the diameter of maximum parti- 
cle size ingested and the diameter of the peristome is 
about 0.4 for all 3 species and similar to the ratio found 
in tintinnids (Spittler 1973, Heinbokel 1978b).The 
shape of food particles will influence ingestion rate 
and in this study all tested particles were approxi- 
mately spherical. At least some species of Strombidium 
can ingest very long and narrow algae such as some 
diatoms and dinoflagellates (unpubl. obs.). The effect 
of particle shape on ingestion rate for most suspension 
feeders is yet unknown. In contrast to my own observa- 
tions, Gifford (1985) found that Strombidium spp. 
ingested food particles bigger than the oral diameter 
and that even cannibahsm occurred. 

Are the studied oligotrichous ciliates feeding on 
small or large prey? Fenchel (1986) plotted the size of 
both filter-feeding and raptorial ciliates against prey 
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size. The plot showed that if the length ratio of pre- 
dator and prey exceeded 0.1 raptorial feeding is the 
most favourable mechanism and otherwise filter feed- 
ing is found. The oligotrichous ciliates in the present 
study all come somewhere in between these 2 
categories and the ratio slightly exceeds 0.1. When 
prey size becomes larger it may pay off to be more 
selective, which is observed in most large-prey eaters. 
However, this prediction should apply only when there 
is a substantial cost in handling a large food item. This 
does not seem to be the case with the ciliates in this 
study. All uptake experiments show that handling time 
per prey is very short compared to the expected 
encounter rate in nature. The longest handling time 
was found for LohmannieUa spiralis which needed 15 
seconds to ingest 14.4 pm particles. Even at a concen- 
tration of 1000 such particles per ml, which is rare in 
nature, only 9 % of the encountered particles will be 
lost due to handling of an already captured particle. 
This implies that the oligotrichous ciliates in the pre- 
sent study do not necessarily benefit from an active 
prey selection. This may explain the uptake experi- 
ments where artificial particles and microflagellates 
were ingested at equal rates, even though the food 
items were of large size. 

Clearing rates 

Information on clearing rates for oligotrichous 
ciliates is sparse in the literature. For Lohmanniella 
spiralis fed on naturally occurring particles Rassoul- 
zadegan (1982) presented clearing rates ranging from 
2.3 to 8.9 X I O - ~  m1 h-' using an electronic particle 
counter where disappearance of natural particles was 
measured. Lessard & Swift (1985) analysed uptake of 
radioisotope labelled natural particles and found a 
clearing rate of 4.3 X 10-2 m1 h-' for Lohmanniella sp. 
The maximum clearing rate estimated from uptake 

experiments in the present study for L. spiralis was 
2.6 X 1 0 - ~  m1 h-'. Scott (1985) reported a clearing rate 
for a Strombidiurn sp. grown in chernostat of 1.5 X 

I O - ~  m1 h-'. The estimate seems somewhat low con- 
sidering that the cell volume was about 10 times the 
volume of Strombidium reticulatum in this study which 
cleared optimum particles at a rate of 3.5 x 1 0 - ~  
m1 h-'. A possible cause may be that the concentration 
of food particles was very high in Scott's experiment 
resulting in lower clearing rates due to saturation of 
ingestion rate. In a recent paper Bsrsheim (1984) 
added latex beads to natural lake water containing a 
Strombidium sp. and counted ingested latex beads in 
the food vacuoles. For the 2 tested latex bead sizes, 
0.57 and 1.04 pm, he  calculated clearing rates between 
2.6 and 9.0 X m1 h-' with the smaller particle 
being less efficiently ingested. The small particles 
used were probably of suboptimal sizes as discussed in 
Bursheim (1984) (cf. the rates of 2.4 X 10-4 m1 h-' for 
1.1 pm particles found for S. reticulatum in the present 
study). More experiments are needed where particle 
size selection and clearing rates can be measured 
directly with uptake experiments, and this especially 
applies to very small oligotrichous ciliates (less than 
20 pm) which are abundant in many areas. 

How do clearing rates of oligotrichous ciliates com- 
pare with those of tintinnids? In Table 4 clearing rates 
for tintinnids from Heinbokel (1978a) and Verity (1985) 
are shown together with data on oligotrichous clliates 
from the present study, all expressed in units of cha te  
volumes per hour. Even though it is not known 
whether the tintinnids were fed optimal food particles, 
and while temperature differed between experiments, 
the data suggest that the 2 Strombidium species have 
lower volume specific clearing rates than the tintinnids 
and Lohmanniella spiralis. One possible explanation is 
that the Strombidium spp. have a zone with closer 
spaced membranelles resulting in greater resistance to 
water flow (Fenchel 1986). 

Table 4.  Clearing rates and cell volumes of tintinnid and oligotrichous ciliates 

Species Cell volume (pm3) Clearing rate 
pl h-' Cell vol. h-' 

Tintinnopsis cf. acurnina fa' 1.1 X 104 2.8 2.5 X 105 
Eutin hnn u s  pectinis' 1.8 X 104 5 2.7 X 105 
Tintinnopsis acuminata2 1.2 X loo 1.8 1.5 X 105 
Tin tinnopsis vasculum2 1.2 X lo5 7.5 6.2 X 104 
Lohmanniella spiralis3 1.5 X 105 26 1.8 X 105 
Strornbidiurn reticula tum3 4.0 X lo4 3.5 8.8 X 104 
Strombidium vestitum3 8.9 X lo3 0.52 5.8 X l o4  

Heinbokel (l978a); experimental temperature 18°C 
Verity (1985); experimental temperature 15 "C 
Present study; experimental temperature 12°C 
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Food particle requirements 

The findngs on clearing rates can be used to evalu- 
ate the minimum food concentration needed to sustain 
the basic energetic demands. The energetic demands 
of ciliates expressed as respiration of O2 per unit time 
have been reviewed by Fenchel & Finlay (1983). Since 
respiration activity depends on growth rate and cell 
size, I have used values from the literature which 
correspond to the same cell sizes as Lohmanniella 
spiralis and Strombidium reticulatum and were 
obtained under non-growth conhtions which may 
correspond to limiting food concentrations. It is also 
necessary to know with what efficiency food is assimi- 
lated. Stoecker (1984) presented assimilation efficien- 
cies for Favella sp. Jorgensen averaging 71 %. Assimi- 
lation efficiency can also be calculated as the ratio of 
gross and net growth efficiency. If the gross growth 
efficiency of 45 O/O found for S. reticulatum in the pre- 
sent study is divided by a net growth efficiency for 
growing protozoans of 67 % based on theoretical 
reasoning (Fenchel & Finlay 1983) this gives an assimi- 
lation efficiency of 67 %. I also assume that the 
respiratory quotient RQ is unity and a conversion factor 
of 0.071 for volume to carbon (Fenchel & Finlay 1983). 
With an O2 consumption of 9 X 1 0 - ~  mg O2 h-' cell-' 
and a maximum clearing rate of 3.5 X 10 -~  m1 h-' S. 
reticulatum needs a minimum food concentration of 
9.6 yg C I-'. With a clearing rate of 3.0 X 1 0 - ~  m1 h-' 
this corresponds to about 1600 Pyramimonas sp. ml-' 
which is close to the concentration where growth 
ceased in the growth experiments shown in Fig. 7. 
Similar calculations for L. spiralis with an O2 consump- 
tion of 1.5 X 10-7 mg O2 h-' cell-' and a 
maximum clearing rate of 2.6 X m1 h-' yield a 
limiting food concentration of 3.2 pg C 1-l. With L. 
spiralis clearing Pyramimonas sp. at a rate of 1.3 X 

1 0 - ~  m1 h-', this would correspond to 900 Pyrami- 
monas sp. ml-' whlch is close to the lower limit of 
growth shown in Fig. 7. 

Growth of oligotrichous ciliates 

An important feature of planktonic life in temperate 
seas is the variable food supply where conditions 
change in time and space from abundance to starva- 
tion. The ability to change growth rate in response to 
food availability may be an adaptation to a hetero- 
geneous environment (Fenchel 1 9 8 2 ~ ) .  For this to be 
effective in Lohmanniella spiralis and Strombidium 
reticulatum the half-saturation constant in the numen- 
cal response experiments shown in Fig. 7 should be in 
the range of natural food concentrations. Detailed data 
on size-specific abundance of total nano- and micro- 

plankton are scarce in the literature but under favour- 
able conditions heterotrophic flagellates may contn- 
bute approximately 10 pg C 1-' (Fenchel 1982d) and 
nanophytoplankton regularly attain standing stocks of 
100 yg C 1-' in coastal waters (Burklll 1982). Half- 
saturation constants in Fig. ? are approximately 40 ~g 
C 1-' (volume converted to carbon using a factor of 
0.071) for both L. spiralis and S. reticulatum indicating 
that the range of growth rates found are realized in 
natural environments. 

Gross growth efficiencies of Strombidium reticula- 
tum and Lohmanniella spirahs (Fig. 9) are similar to 
the 39 O/O (based on volume) for L. spiralis reported by 
Sheldon et al. (1986) but somewhat lower than Verity 
(1985) found for 2 tintinnids, 46 to 49 '10 (based on 
carbon). Assuming an assimilation efficiency of about 
70 Ol0 (Stoecker 1984) these values are close to the 
theoretical net growth efficiency of 67 O/O suggested in 
Fenchel & Finlay (1983). Compiled data on growth 
efficiencies of invertebrates (Calow 1977, Conover 
1978) indicate that planktonic ciliates grow at similar 
efficiencies as do many micrometazoans. 

Food web implications 

A hypothesis of a 'microbial loop' has been proposed 
to fill in the 'missing links' in the transfer of particulate 
carbon from very small producers to the bigger meta- 
zoan zooplankton (Azam et al. 1983). In a series of 
papers Fenchel (1982a, b, c, d) showed the importance 
of heterotrophic microflagellates, mainly 3 to 7 ym 
chrysomonads, as efficient predators on bacterioplank- 
ton. As an additional trophic level planktonic ciliates 
may be major predators on small autotrophic and 
heterotrophic flagellates. The impact oligotrichous and 
tintinnid ciliates have on the pelagic food web can be 
understood by combining laboratory experiments with 
in situ population densities. The present study shows 
that the 3 investigated species of oligotnchous ciliates 
feed on particles ranging from 1 to 15 pm. This covers 
the abundant autotrophic and heterotrophlc flagellates 
but largely excludes the bacterioplankton. If clearing 
rates are multiplied by densities of oligotrichous 
ciliates found in Rassoulzadegan (1977). Smetacek 
(1981) and my own unpublished observations, 
estimates of the propornon of seawater cleared per day 
by the 3 species of oligotrichous cihates are obtained. 
Very roughly, an average of 10 to 35 O/O of the water is 
cleared by these species together per day, indicating 
that oligotrichous d a t e s  may be significant predators 
on heterotrophic and autotrophic flagellates. Recently 
much interest has focused on the ubiquitous coccoid 
cyanobacteria (Johnson & Sieburth 1979). The size of 
these unicellular autotrophs is approximately 0.8 pm 
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and in coastal waters cyanobacteria may reach stand- 
ing stocks of about 5 X 104 pm3 ml-' (Murphy & 

Haugen 1985). If the clearing rates of 1.1 pm particles 
for Strorn bidium vestitum and Strombidium reticula- 
turn are used (Table 3 )  the ingested volume of cyano- 
bacteria is about 5 and 10 h-' ciliate-' respec- 
tively. This is considerably less than ingestion of 
heterotrophic flagellates alone which is 20 and 
100 pm3 h-' ciliate-' respectively, assuming a 
flagellate density of 3.7 X 104 pm3 ml-' (Fenchel 
1982d). This indicates that cyanobacteria are of minor 
importance to the oligotrichous cihates in the present 
study. The occurrence in seawater samples of smaller 
(< 20 pm) oligotrichous ciliates with ingested bacteria 
and cyanobacteria has been reported (Rassoulzadegan 
1977, Sherr et al. 1986). Although no experimental 
study has yet tested the abihty of small oligotrichous 
clliates to grow on bacteria at the concentrations found 
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Strornbidium relicularum 

Srrornbidiurn VeSDlum 

a 
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Fig. 10. (a) Ratio (%) between clearing rate for 1.1 pm beads 
and optimum particles as function of ciliate size (equivalent 
sphere diameter). The points are fitted to an exponential 
function which is extrapolated to a d a t e  size of 15 um ESD. 
(b) Clearing rate (ciliate volumes h-') for 1.1 pm beads as 
function of ciliate size (equivalent sphere diameter). The 
points are fitted to an exponential function which is extra- 

polated to a ciliate size of 15 pm ESD 

in oligotrophic seawater some inference from the 
clearing rates (Fig. 4) of LohmannielZa spirahs, S. 
reticulatum and S. vestitum can be made. In Fig. 10a 
the ratios of clearing rate for 1.1 pm particles and 
optimum particles are plotted against clliate size for 
the 3 studied ciliates. If extrapolated, this relation 
suggests that a hypothetical 15 pm oligotrichous ciliate 
should retain 1.1 pm at about 60 O/O efficiency assuming 
100 % retention efficiency for optimum particle size. A 
similar extrapolation in Fig. l o b  predicts that specific 
clearlng rate (ciliate volumes h-') for 1.1 pm particles 
should increase for a small oligotrichous ciliate. This 
indicates that large bacteria and cyanobacteria may be 
efficiently cleared by small oligotrichous ciliates. 
However, average concentrations of bacteria and 
cyanobacteria in seawater seem too low to allow 
growth of even small oligotrichous ciliates. Assuming 
a clearing rate of 0.06 p1 h-' (from Fig. lob)  and a gross 
growth efficiency of 45 % (from Fig. 9) a bacterial 
concentration of 1 X 10' pm3 ml-' (Williams 1984) and 
a concentration of cyanobacteria of 5 X 104 pm3 ml-' 
(Murphy & Haugen 1985) give a growth rate of a 
hypothetical 15 km oligotrichous ciliate of only 
0.002 h-'. This calculation is conservative since I have 
assumed that all bacteria are retained and that all 
assimilated energy is used for growth. The conclusion 
is that small oligotnchous ciliates either rely on 
patches with dense bacterial populations or that the 
diet is supplemented with small nanoplankton. 

Results on gross growth efficiencies of oligotnchous 
ciliates and of heterotrophic flagellates growing on 
bacteria make it possible to calculate the fate of bac- 
terial production in the water-column. If it is assumed 
that heterotrophic flagellates are major predators on 
bacteria and that oligotrichous ciliates prey on 
flagellates with gross growth efficiencies of 40 % (Fen- 
chel 1982b) and 45 % (Fig. 9) respectively, only 18 % 
of the original bacterial production is available to 
larger zooplankton. Thus the protozoan Links, hetero- 
trophic flagellates and cdiates, may remineralize most 
of the bacterial production. 
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