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ABSTRACT: We investigated the effects of turbulence, using an oscillating grid apparatus, on growth
and ingestion in Strombidium sulcatum feeding on picoplankton-sized prey. In batch cultures of
ciliates feeding on bacteria, subjected to 4 levels of turbulence ranging from ε = 0.005 to 2.0 cm2 s– 3
or still water, we found a negative effect of turbulence on growth rate. Examination of turbulenceincubated cells showed no evidence of arrested cell division, known in some dinoflagellate species.
Ingestion rates, measured using fluorescent microspheres, were lower under turbulent conditions. A
prey selection experiment with microspheres of different surface qualities showed similar, previously
established, patterns of selective ingestion but at lower rates under turbulent conditions. In ciliate
cultures subjected to turbulence intermittently for 5 d (24 h on, 24 h off), population declines were followed by increases. We discuss a model of the effects of turbulence on predator-prey contact rates
and suggest that our data reflect behavioral changes under turbulent conditions, which results in
lower ingestion rates leading to lower growth rates.
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Turbulence is known to influence the community
composition of phytoplankton and thus the structure of
pelagic food webs (reviewed in Kiørboe 1993). For
example, turbulent environments are associated with a
dominance of diatom taxa (e.g. Margalef 1978) and
periodic calm seas conditions — ‘Lasker Events’ — with
blooms of dinoflagellates (Pauly 1989). Diatoms, perhaps because of their relatively low sinking rates (e.g.
Smayda & Bienfang 1983) appear well-adapted to turbulent waters. In contrast, certain dinoflagellate species appear to be negatively influenced by turbulence.
Turbulence has been shown to be associated with
lower growth rates, based on data from both laboratory
studies (White 1976, Thomas & Gibson 1990, 1992,
Berdalet 1992, Berdalet & Estrada 1992, Thomas et al.
1995) as well as field work (Pollingher & Zemel 1981).
Turbulence is also known to influence particlefeeding zooplankton and nekton. Results from early

mesocosm studies suggested that turbulence was associated with negative effects on the development of
zooplankton biomass, but how turbulence could affect
particle-feeding organisms was unclear (e.g. Oviatt
1981). Focusing on the feeding of larval fish, a possible
mechanism was identified by Rothschild & Osborne
(1988), who pointed out that fluid motion should be
considered, and could be modeled, in predator-prey
interactions. They described turbulence as a force with
a net effect of increasing the contact rate of predators
and their prey. The precise effects were found to be
non-linear and influenced by the feeding strategy
employed by the larval fish (Kiørboe & MacKenzie
1995, MacKenzie & Kiørboe 1995). Further complications were recently brought to light in the form of the
negative effects of intermittent turbulence on prey
pursuit in larval fish (MacKenzie & Kiørboe 2000).
Among the zooplankton, the theoretical influence of
turbulence, that of increasing ingestion rates by increasing predator-prey contact rates and thereby
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ingestion, appeared to be confirmed in early studies of
copepod feeding (Marrasé et al. 1990, Saiz et al. 1992).
However, subsequent investigations revealed a further
complexity, that is, that a ‘benefit’ depends on the type
of feeding behaviour employed by the copepod (Kiørboe & Saiz 1995) and that copepod behavior changes
with the turbulence environment (Costello et al. 1990,
Saiz 1994, Saiz & Kiørboe 1995, Caparroy et al. 1998).
For micro and nanozooplankton, microscale shear as
a result of turbulence was hypothesized to quite possibly result in increased contact rates between nanoflagellates or ciliates and their prey (Shimeta & Jumars
1991). Experimental work thus far has shown inconsistent results. Working with natural populations of nanoand microzooplankton, bacterivory rates appeared to
increase with turbulence, compared to ‘still water’,
while estimates of ingestion rates of a typical flagellate
bactivore showed no effect (Peters & Gross 1994,
Peters et al. 1996). In a series of laboratory experiments
with a variety of protists, Shimeta et al. (1995) found
significant enhancement of feeding rates with turbulence in particle-associated forms of flagellates, but no
effect on motile flagellates. Three ciliate species were
examined: 2 tintinnids, Helicostomella and Favella,
and a heterotrich (likely a Euplotes species); turbulence reportedly had no effect on the heterotrich or
Favella but reduced ingestion in Helicostomella by
about 50%. To our knowledge, there exists no data on
the effects of turbulence on oligotrich ciliates, forms
which generally dominate the microzooplankton, and
existing data on other microzooplankters or nanozooplankters do not allow reasonable prediction of the
effects of turbulence on oligotrich ciliates. Interestingly, oligotrich ciliates have been used as prey items
in turbulence studies (e.g. Saiz & Kiørboe 1995, Capparoy et al. 1998).
Here we present data from a series of laboratory
experiments with the bactivorous oligotrich ciliate
Strombidium sulcatum. We focused on S. sulcatum,
rather than a strictly algivorous oligotrich species,
because there is a great deal of data on the physiological ecology of S. sulcatum, especially on feeding
(Bernard & Rassoulzadegan 1990, Dolan & Simek 1997,
Christaki et al. 1998, 1999) growth (Rivier et al. 1985,
Allali et al. 1994) and behavior (Fenchel & Jonsson
1988). We examined growth rates in batch cultures
subjected to turbulence regimes, ranging from a level
similar to that found in waves, to still water. We estimated feeding rates and selective feeding in turbulent
and still water using fluorescent microspheres. We
considered the reversibility of turbulence effects
through an ‘on-off’ experiment. We interpret our findings of reduced ingestion and growth with turbulence
in S. sulcatum as likely the result of turbulenceinduced alterations in swimming speed or pattern.

MATERIALS AND METHODS
Turbulence generation. An oscillating grid device,
similar to that described in Peters et al. (2002), was
used to generate different levels of turbulence. Grids
were made of stainless steel coated with a plastic
polyamide. Movement was provided by 4 independently controlled motors, each attached to a frame
holding 2 grid shafts. Thus, replicate containers for up
to 4 different levels of grid movement could be used.
Grids moved up and down inside 2 l plexiglass lidded
containers, traversing the entire water column. In the
first experiment, we employed a stroke radius of
7.5 cm and frequencies of 1, 2.5, 10 and 20 rpm; the
respective levels of turbulence levels, calculated following Peters & Gross (1994) as epsilon (ε), which is
the turbulent kinetic energy dissipation rate, were
then 0.005, 0.032, 0.515, 2.058 cm2 s– 3. In the second,
third and fourth experiments we used 1 l volumes, a
stroke radius of 3.25 cm and a frequency of 5 rpm,
which generates turbulence intensity as epsilon estimated to be about 0.041 cm2 s– 3.
Expt 1 — Growth. In the first experiment we monitored ciliate growth over 7 d among populations in
still water and subjected to 4 different levels of turbulence. The oligotrich ciliate Strombidium sulcatum
was grown using wheat grain cultures, as previously
described (Christaki et al. 1998), at the experimental
temperature of 17°C. An aliquot of a late log-phase
ciliate culture was added to 20 l of 0.22 µm filtered
seawater, supplemented with Difco Marine Broth
(0.05 g l–1) to permit the growth of bacterial prey. In
the 20 l solution, the initial concentration of ciliates
was 10 cells ml–1 and that of bacteria 3 × 106 cells
ml–1. The solution was dispensed into 10 plexiglass
containers of 2 l volume. Pairs of containers were
subjected to 1 of 4 levels of turbulence, generated
using an oscillating grid apparatus described in the
first section; 2 were left untouched as still water containers.
The turbulence levels theoretically generated were
2, 0.5, 0.03, and 0.005 values of ε (cm2 s– 3). These rates,
based on values reported from a variety of environments, roughly represent turbulence levels in breaking waves, a tidal front, coastal surface waters, and
open ocean surface waters according to Petersen et al.
(1998).
Samples for determination of concentrations of ciliates and bacteria were taken from each container at
time zero, after 6 h, and then daily for 7 d. For sampling, water in the containers was thoroughly mixed
and 20 ml aliquots removed, one subsequently preserved with acid Lugol’s (2% final conc.) for ciliate
counts and the other fixed with formaldehyde for bacterial counts. Samples for ciliate counts were sedi-
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mented in counting chambers and examined with an
inverted microscope. Bacteria were enumerated from
DAPI-stained aliquots using epifluorescence microscopy. Rates of change in ciliate concentrations were
calculated using the exponential model: Nt = N0 e(rt).
Linear regression of ln ciliate concentrations vs time
was used to generate estimates of growth rates with
associated probabilities and standard errors.
Samples from Day 3 of each treatment were further
examined to determine ciliate cell volumes and control
for obvious differences in macronuclear morphology.
Samples from Day 3 were chosen for ease of sample
processing because cell concentrations were sufficiently high in all containers. In Lugol’s preserved
samples from each treatment, linear dimensions of
50 cells were measured with an ocular micrometer.
Cell volumes were calculated following the formula
presented by Ohman & Snyder (1991) for a conical
oligotrich. Oligotrich nuclei were examined by adding
DAPI to formaldehyde-preserved samples and examining sedimented cells using an inverted epifluorescence microscope.
Expt 2 — Ingestion. In the second experiment, we
estimated ingestion rates of ciliates under intermediate
turbulent conditions compared to still water, using fluorescent microspheres as prey analogs (Børsheim
1984). As in the first experiment, a late log-phase culture of ciliates was mixed into a large volume (8 l) of
0.22 µm filtered seawater amended, to assure minimal
bacterial growth, with marine broth (0.05 g l–1). Samples were taken for bacterial counts. Subsequently, 1 l
aliquots of the ciliate solution were dispensed into
8 plexiglass containers, 4 left untouched and 4 subjected to turbulence estimated as epsilon = 0.04 cm2
s– 3. For each treatment, still and turbulent conditions, a
pair of containers was destined to provide estimates of
ingestion rates at time zero, and the other pair for estimates after 3 d of incubation.
Beginning with the still water containers, 2 containers were inoculated with a sonicated solution of 1.0 µm
diameter ‘plain’ yellow-green fluorescent microspheres to yield a final concentration of 50 000 microspheres ml–1. Samples were taken from each after
30 min and preserved with alkaline Lugol’s solution
(1% final conc.). After 1 h of turbulence incubation,
fluorescent microspheres were injected and mixed
thoroughly into 2 of the 4 turbulence containers. After
30 min, samples were removed and preserved as for
the still water containers. For the 4 remaining containers, incubation continued for 3 d. Then, the entire process of inoculation with microspheres and sampling
after 30 min was repeated. Following the microsphere
ingestion experiments, samples were taken for ciliate
and bacterial enumerations and processed as described above.
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Ingestion rates were estimated by counting microspheres inside individual ciliates in samples from
each of the 8 containers. To estimate ingestion by ciliates after 3 d of turbulence incubation, entire volumes of the containers were preserved and cells concentrated by settling in graduated cylinders. Sample
aliquots, either whole water or pre-concentrated
material, were sedimented in settling chambers, and
just prior to examination samples were bleached with
a sodium thiosulfate solution (Sherr & Sherr 1993) for
fluorescence microscopy. Using material from each
container, 50 to 100 well-preserved cells were located
using transmitted light and then microspheres inside
the cells counted using epifluorescence at a magnification of 400 ×. For each sample, an average ingestion
rate, microspheres per cell, was calculated and transformed into an hourly clearance rate, which is the
volume of water swept clear of microspheres per
hour.
Expt 3 — Selective ingestion. We compared, under
still and turbulent conditions, ingestion of similarsized (1.0 µm diameter) plain and carboxylate microspheres, known from previous work to be ingested at
different rates in still water experiments (Christaki et
al. 1998). Similar to Exps 1 and 2, a late log-phase
culture of ciliates was decanted into a 0.22 µm filtered seawater and dispensed into 4 × 1 l containers.
Two containers were subjected to turbulence as in
Expt 2. Then, all 4 containers received fluorescent
microspheres to yield final concentrations of 60 000
microspheres ml–1 of ‘yellow-green’ plain microspheres and 60 000 microspheres ml–1 of ‘red’ carboxylate microspheres. Samples were taken and preserved as in Expt 2, on average 15 min after
microsphere introduction. The incubation period was
reduced, relative to Expt 2, to account for the higher
prey analog concentrations employed, which were
required to give a measurable ingestion of the ‘lesspreferred’ carboxylate microspheres. Samples were
processed as in Expt 2, with the difference of enumerating distinct types of microspheres (which appear as yellow or red using fluorescence microscopy)
inside the ciliates.
Expt 4 — Intermittent turbulence. Similar to the first
experiment, a culture of ciliates (stationary phase) was
mixed into a large volume (10 l) of 0.22 µm filtered seawater amended, to assure minimal bacterial growth,
with marine broth (0.05 g l–1). One liter aliquots of the
ciliate solution were dispensed into 9 plexiglass containers. Three containers were left untouched (still
water), 3 subjected to turbulence for 24 h followed by
24 h of no turbulence (turbulence ‘on-off’), and 3 containers subjected to constant turbulence. Turbulence
was estimated as 0.04 cm2 s– 3 Containers were sampled daily for 5 d.
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Fig. 1. Temporal changes in concentrations of Strombidium sulcatum ciliates and bacteria in the turbulence (ε values in the upper
right, see text for details) and growth experiment. Open and closed symbols represent different replicates. Growth rate estimates
appear in Table 1

RESULTS
Growth experiment
Ciliate counts from samples removed from the cultures after 6 h of incubation showed no immediate
effect of turbulence on Strombidium sulcatum (Fig. 1).
After 1 d of incubation, bacterial concentrations in the
containers increased from 3 × 106 to 10–13 × 106 bacteria ml–1, and began to decline from Day 2 or 3, presumably due to the exhaustion of the small amount of
substrate added (0.05 g l–1), and perhaps attachment to
container walls. Over the 7 d, ciliate concentrations
increased from 11 to about 100 cells ml–1 in the still
water containers, compared to a peak of 40 cells ml–1 in

the low turbulence treatment. Based on samples from
containers subjected to intermediate to high turbulence intensities, either no growth or declines in ciliate
concentrations were recorded.
Growth rates, or exponential changes in cell concentrations, calculated over the first 4 d period, when bacterial concentrations were high and thus ciliates were
not food-limited, showed a distinct pattern with turbulence intensity. In the incubations, ciliate growth rates
declined with increases in turbulence level (Table 1,
Fig. 2). While the effect of low levels of turbulence was
unclear, intermediate levels impacted growth and cell
death occurred with turbulence intensities above
0.1 cm2 s– 3. Overall, there was a significant negative relationship between turbulence level and growth rate.
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Fig. 2. Strombidium sulcatum. Growth rates, or exponential
rates of change, of ciliate populations in Expt 1, calculated
over the first 4 d of incubation. Growth rate was negatively
related to turbulence level using simple linear regression: y =
0.241 – (0.497x), r2 = 0.818, p = 0.0003

Comparing ciliate nuclear morphology in DAPIstained samples from Day 3 of the incubation, we
found no obvious pattern of arrested nuclear fission
stages (data not shown). Examining cell volumes from
each treatment, using Lugol’s-fixed samples from Day
3, we found considerable variability within populations, which translated into large variance around
mean values, resulting in finding no significant differences between mean cell volumes (i.e. p = 0.07). However, plotting distributions of cell volumes showed
some interesting differences between populations subjected to different levels of turbulence (Fig. 3). Even in
the still water samples in which ciliates were dividing
rapidly, large cells likely in the process of division
were very rare. However we found that ciliate populations from intermediate and high turbulence regimes
contained a large proportion of small cells, presumably
representing either starved old cells or recently
divided cells.

Table 1. Strombidium sulcatum. Results of regression analysis
used to estimate growth rates (ln cell concentrations vs. time
over the first 4 d; see text for details) under different conditions; Expt 1
Treatment
(replicate)
Still, ε = 0 (a)
Still, ε = 0 (b)
1 rpm, ε = 0.005 (a)
1 rpm, ε = 0.005 (b)
2.5 rpm, ε = 0.032 (a)
2.5 rpm, ε = 0.032 (b)
10 rpm, ε = 0.515 (a)
10 rpm, ε = 0.515 (b)
20 rpm, ε = 2.058 (a)
20 rpm, ε = 2.058 (b)

Growth rate
(± SE)

r2

p-value

0.490 ± 0.035
0.256 ± 0.033
0.196 ± 0.046
0.292 ± 0.006
0.080 ± 0.049
0.347 ± 0.062
–0.256 ± 0.025–
–0.006 ± 0.021–
–0.775 ± 0.04–0
–1.028 ± 0.18–0

0.985
0.953
0.858
0.999
0.473
0.912
0.971
0.032
0.979
0.915

< 0.0008
< 0.0044
< 0.0238
< 0.0004
< 0.1999
< 0.0113
< 0.0021
< 0.7740
< 0.0013
< 0.0107

Fig. 3. Strombidium sulcatum. Distribution of cell volumes
among ciliate populations after 3 d of incubation under different turbulence regimes (epi = ε, cm2 s– 3). Note that the ciliate
populations from intermediate and high turbulence treatments contained a high portion of small cells

Ingestion experiment
The incubations gave results similar to those of the
first experiment in terms of changes in organismal concentrations. Ciliate concentrations increased in the still
water containers from an initial value of 14 to about
40 cells ml–1 while those in the turbulence containers
decreased to about 2 cells ml–1, despite similar bacterial concentrations (2–4 × 106 bacteria ml–1) in the 2 sets
of containers (Table 2).
At the beginning of the incubations, microsphere
ingestion by ciliates in still water was about 4 times
that of cells held in water exposed to turbulence (estimated as ε = 0.05 cm2 s– 3). Calculated clearance rates
for still water and turbulent water ciliates were,
respectively, about 200 compared to 50 nl cell–1 h–1
(Fig. 4). Ingestion measured after 3 d gave results similar to those at the beginning of the incubation, except
that still water ciliates fed slightly less. Apparent clearance rates of still water ciliates were approximately
150 nl ciliate–1 h–1 and those of turbulence-incubated
ciliates remained unchanged at 50 nl ciliate–1 h–1.
Examination of the distribution of microspheres in
ciliates from the still water and turbulent incubations
Table 2. Strombidium sulcatum. Final organismal abundance
from Expt 2 in which ciliate ingestion was estimated before
and after 3 d of incubation under still or turbulent (ε = 0.04 cm2
s– 3) conditions. Initial concentrations were 14 ciliates ml–1 and
1 × 106 bacteria ml–1

Replicate:
Ciliates ml–1
Bacteria ×106 ml–1

Still water
a
b
36
3.1

42
2.5

Turbulence
a
b
14
4.0

14
2.1
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Fig. 4. Strombidium sulcatum. Comparison of average clearance rates, based on ingestion of microspheres, of ciliates in
still water and those subjected to turbulence at the beginning
and end of a 3 d incubation. Error bars show the range of
estimates. Changes in cell concentrations over the incubation
period are given in Table 2

Fig. 6. Strombidium sulcatum. Comparison of average clearance rates of 2 different types of 1 µm diameter fluorescent
microspheres, plain and carboxylate, by populations of ciliates in still water and those subjected to turbulence. Epsilon
in the turbulence treatment was estimated to be 0.05 cm2 s– 3.
Error bars show the range of estimates

spheres was apparent for cells feeding under turbulent
conditions. As was found in Expt 2, ingestion and calculated clearance rates in cells subjected to turbulence
were about half those estimated for still-water incubated cells (Fig. 6).

Intermittent turbulence

Fig. 5. Strombidium sulcatum. Distribution of microspheres in
ciliates exposed to microspheres in still water and turbulent
incubations. Data was pooled from both sets of replicates at
the beginning of the 3 d incubation period (see Fig. 4). Note
that the distribution from the turbulence incubation, relative
to the still water incubation, shows a large portion of cells
without ingested microspheres

Ciliates increased then decreased in concentrations
in containers subjected to ‘on-off’ turbulence, compared to positive growth in still water, or declines in
cells with constant turbulence (Fig. 7). Growth rates
(Table 3) estimated over the incubation period were
positive in the still water containers, not significantly
different from zero in the ‘on-off’ containers and negative in the turbulence containers (except for 1 replicate).

DISCUSSION
showed that the still water incubated cells displayed a
normal distribution of microsphere ingestion. The
lower average ingestion rate of turbulence-incubated
ciliates reflected the fact that a large portion of turbulence-incubated cells had not ingested microspheres
(Fig. 5).

Selective feeding
Oligotrichs feeding in still water fed on plain microspheres at about twice the rate they ingested carboxylate microspheres. A similar relationship of carboxylate
microspheres ingested at half the rate of plain micro-

Data from the first growth experiment suggests a
negative effect of turbulence on the growth of Strombidium sulcatum (Figs. 1 & 2, Table 1). We examined
cell morphologies seeking evidence of arrested cell
division, or distinct changes in morphology, associated
with turbulence as is found among some dinoflagellates (Berdalet 1992, Thomas et al. 1995, Zirbel et al.
2000). We found only that populations from the highest
turbulence treatments displayed relatively high proportions of small cells (Fig. 3). As reductions in cell
volumes accompany starvation in S. sulcatum (Fenchel
& Jonsson 1988), interference with feeding appeared
to be the simplest explanation for a negative effect of
turbulence.
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Fig. 7. Strombidium sulcatum. Temporal changes in concentrations of ciliates in containers subjected to ‘on-off’ turbulence for
24 h periods (see text for details), compared to still water or constant turbulence. Distinct symbols represent distinct replicates.
Growth rate estimates appear in Table 3

Our feeding experiments, based on the ingestion of
fluorescent microspheres, provided evidence of a reduction in feeding rate under turbulent conditions
(Fig. 4). The rates we estimated in incubations without
turbulence, ca. 150 to 200 nl cell–1 h–1, are close to
those previously reported by Christaki et al. (1998) of
about 175 nl cell–1 h–1 for Strombidium sulcatum
clearance of 1 µm diameter plain microspheres. In
contrast, populations of ciliates which were incubated
in turbulence, for either <1 h or 3 d, ingested microspheres at rates equivalent to 1⁄4 to 1⁄3 of the still water
population. We examined the distribution of ingested
microspheres within the populations of ciliates and
found that in turbulence incubated populations, a
large portion of the population was either not feeding,
or feeding at less than detectable levels. Thus microsphere ingestion rates supported the idea that turbulence interfered with feeding, leading to lower or no
growth of the populations incubated with turbulence
(Fig. 1).

Table 3. Strombidium sulcatum. Results of regression analysis
used to estimate growth rates (ln cell concentrations vs. time
over the 5 d period) under different conditions; Expt 2
Treatment
(replicate)
Still (a)
Still (b)
Still (b)
On-off (a)
On-off (b)
On-off (c)
Turbulence (a)
Turbulence (b)
Turbulence (c)

Growth rate
(± SE)

r2

p-value

0.260 ± 0.022
0.164 ± 0.023
0.330 ± 0.049
–0.150 ± 0.161
–0.311 ± 0.236
–0.136 ± 0.158
–0.334 ± 0.044
–0.290 ± 0.072
–0.411 ± 0.172

0.980
0.940
0.937
0.226
0.368
0.446
0.950
0.843
0.656

0.0012
0.0054
0.0069
0.4183
0.2779
0.4514
0.0048
0.0278
0.0965

We further examined the influence of turbulence on
feeding by considering selective ingestion. In Strombidium sulcatum, prey items differing in size and/or
surface characteristics are ingested at different rates.
For example, among the autotrophic picoplankters
Synechococcus and Prochlorococcus, Synechococcus
is ingested at a rate about 10 times that of Prochlorococcus (Christaki et al. 1999) and plain microspheres of
1 µm diameter are ingested about 2.5 times the rate of
carboxylate microspheres (Christaki et al. 1998). We
believed that if turbulence interfered in some manner
with particle handling then this could be reflected by a
change in selectivity among particles. Our data suggests that particle discrimination is unchanged, as a
very similar pattern, that of plain microspheres ingested at 2.5 times the rate of carboxylate microspheres (Fig. 6), was shown by ciliates in both still and
turbulent water. Thus, we found no evidence of turbulence affecting the qualitative manner in which particles are handled by S. sulcatum.
If prey selection is similar in still and turbulent
treatments, differences in prey encounter rates could
explain different ingestion rates. Models of predatorprey encounter generally include rates of predator
motion, prey motion and a contact radius or surface
over which prey are encountered (e.g. Gerritsen &
Strickler 1977). Newer mathematical models, such as
that of Lewis & Pedley (2000), include separate components of motion due to predator and prey swimming,
turbulence and contact radius of the predator (Fig. 8).
Such models, or system of equations, provide a means
of dissecting predator-prey encounter rates so that it is
possible to calculate the value of an individual component, given values for the other components.
We experimentally generated values of ingestion
and turbulence, so the system of equations can provide
estimates of ‘contact radius’ in still water by substitut-
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Table 4. The system of equations from Lewis & Pedley (2000)
relating contact rate (considered here as clearance rate) to:
(1) swimming speeds of predator and prey, (2) the contact
radius of the predator and (3) a turbulence component.
Through numerical simulation, the system of equations can
provide ‘swimming speed’ given clearance rate and contact
radius. Conversely, assuming a contact radius and given a
clearance rate, a swimming speed can be calculated

28
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CR is the contact rate as number of prey encountered per
unit time
ρH is the prey density as number of cells per unit volume
R is the contact radius, the distance over which a predator can perceive its prey

ωT2 is the turbulent velocity scale
υH is the prey swimming speed
υP is the predator swimming speed
ε is the turbulent kinetic energy dissipation rate
SC = 2.411 is the stucture function constant for the turbulent energy spectrum

 ν3 

 ε 

η= 

1
4

is the Kolmogorov microscale

ν = 10– 6 m2 s–1 is the kinematic viscosity of water

ing our measured values of ingestion for ‘contact rate’
and a swimming speed of 600 µm s–1 (Fenchel & Jonsson 1988, verified with rough estimates from 15 s films
of swimming in plankton counting chambers).
Once a contact radius is estimated, as we have values of ingestion for a given level of turbulence, we can
estimate swimming speed for that level of turbulence.
Conversely, we can assume a swimming speed and
estimate ‘contact radius’ for the level of turbulence
employed. Thus, the model can provide estimates of
changes in a single parameter (either swimming speed
or contact radius) sufficient to explain the changes we
observed in ingestion associated with turbulence. In
the discussion which follows, it should be understood
that equating ingestion to contact implies a 100% particle capture efficiency, which is unlikely to be true.
Hence, our calculations serve only to provide estimates
of the possible relative, not absolute, values of changes
in parameters.
Employing values from the still water incubations,
the ‘contact radius’ in still water is 5.4 µm, given that
turbulent velocity is zero, a prey (microsphere) concentration of 50 000 ml–1, a prey swimming speed of
zero, predator speed of 600 µm s–1 and a contact rate

equivalent to ingestion of 10 microspheres h–1 (= clearance of 200 nl h–1). The calculated contact radius of
5.4 µm agrees well with the radius of the oral area of
Strombidium sulcatum (Fig. 1 in Fenchel & Jonsson
1988, Fig. 3 in Montagnes et al. 1990). We can now,
with our estimate of contact radius and contact rate
(here as ingestion), calculate swimming speed of the
ciliate for the experimental turbulence level.
Given a turbulence level of 0.05 cm2 s– 3 and a
contact radius of 5.4 µm, the turbulent velocity can be
calculated numerically using a computer algebra
package such as Maple. This value can then be substituted into Eq. (a) of Table 4, with prey density and
swimming speed as before. Employing the experimentally estimated contact rate of 3.75 microspheres
h–1 (= clearance rate of 75 nl h–1), yields a ciliate swimming speed of 230 µm s–1. Thus, our analysis suggests
that turbulence could be associated with a reduction of
ca. 2/3 in the volume of water examined, through
either a slower absolute speed or a change in swimming pattern, for example a more circular swimming
pattern. Conversely, one may consider the possibility
that swimming speed remains unchanged but a
change in contact radius is associated with turbulence.
Calculating contact radius for turbulent flow is more
complicated, because the turbulent velocity scale
depends on contact radius. In Table 4, squaring Eq. (a)
and substituting Eq. (b) for the turbulent velocity scale
gives a nonlinear equation for contact radius which
must be solved numerically. For a contact rate of
3.75 microspheres h–1, a prey (microsphere) density of
50 000 ml–1, a ciliate swimming speed of 600 µm s–1 and
a prey swimming speed of 0, the contact radius is
3.3 µm. In physical terms, it is difficult to imagine how
contact radius, which is a measure of a cross-sectional
area of ‘prey contact’ could change if it represents the
cross-sectional area of the mouth area of the ciliate.
However, conceivably, cilia could be oriented in a different manner under turbulent conditions. We should
stress the possibility that the reductions in ingestion
that we found could also represent a combination of
changes in position of cilia, swimming speed as well as
pattern. The impermanence of turbulence effects appears clear from the results of the ‘on-off’ experiment
in which ciliate declines under turbulence were
reversed when turbulence was stopped (Fig. 7).
Large changes in behavior associated with turbulence are known with regard to copepods. For example, Acartia tonsa displays increases in the frequencies
and velocities of jumps (Saiz & Alcaraz 1992). Interestingly, studies which have shown that turbulence can
increase copepod ingestion rates have employed ciliates, specifically Strombidium sulcatum, as prey for
copepods (Saiz & Kiørboe 1995, Kiørboe et al. 1996,
Caparroy et al. 1998). It has been recognized that
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turbulence may alter the behavior of both predator and
prey (Caparroy et al. 1998) and our data suggests S.
sulcatum behavior was quite likely different under still
water or turbulent conditions, changing its susceptibility to predation.
The effects of turbulence on predators or particle
consumers are now known to be much more complex
than suggested by calculations of ‘contact rates’ (e.g.
MacKenzie & Kiørboe 2000). Here we add to the catalog of complex (i.e. species-specific) effects, with a possibly simple negative relationship between growth and
turbulence, mediated by changes in ingestion in a
marine oligotrich ciliate.
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