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ABSTRACT: The flow microenvironment of 2 marine peritrich ciliates, Vorticella sp. and Zootham-
nium niveum, with ectobiotic sulfur bacteria was studied with frame-by-frame analyses of video
sequences and a microsensor for fluid velocity. Both species populate the chemocline above H,S-
releasing mangrove peat. Vorticella sp. moves the surrounding seawater up to a horizontal and ver-
tical distance of at least 400 pm with a maximum flow velocity of 18 mm s™! close to its peristomial
edge. The feather-shaped colonies of Z. niveum generate a unidirectional flow of seawater passing
the colony perpendicular to the stalk; the convex side of the feather faces upstream. The flow veloc-
ity increased exponentially towards the colony, up to 11 mm s™! at a distance of 100 pm. Contraction
of the stalk forces the zooids of Vorticella sp. and Z. niveum towards the substrate at a high velocity
of 71 and 520 mm s}, respectively. During contraction of Vorticella sp., only little seawater is dragged
along towards the surface to which the ciliates are attached whereas the contraction of Z. niveum
resulted in a clear increase in the velocity of the seawater both surrounding the colony and above the
substrate. Extension of the species proceeds 700 to 1000 times more slowly than contraction, and the
surrounding seawater sticks to the cells and therefore is dragged along. The measurements given
here support our earlier data indicating the importance of the feeding current for the bacteria-ciliate
association, i.e. the cilia beat drives H,S- and O,-containing seawater toward the zooid at high veloc-
ity and thus, supports the growth of the ectobiotic sulfide-oxidizing bacteria. Rapid movement,
shrinkage (Vorticella sp.) and bunching (Z. niveum) of the zooids during stalk contraction apparently
cause sufficient shear stress to abrade ectobiotic bacteria that, once suspended, could enter the
feeding currents.
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INTRODUCTION

Bacterivorous ciliates exploit spatially and temporally
patchy sources of high concentrations of food, such as
early successional stages of easily degradable organic
material (Fenchel 1980, Fenchel & Blackburn 1999).
This behavior implies adaptations for a fugitive life:
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high mobility, short generation times, the ability
to ingest large volumes of food within short periods as
well as the ability to encyst when food is exhausted.
This characterization also apparently applies to the
peritrich ciliates Vorticella (Linnaeus, 1767) and Zoot-
hamnium Bory de Saint Vincent, 1826, in which only
the swarmer stages possess mobility. The species Zoot-
hamnium niveum (Hemprich & Ehrenberg, 1831) and
an undescribed species of Vorticella (Vorticella sp.) ag-
gregate on decomposing debris or on vertical rocks ad-
jacent to debris in Mediterranean Posidonia meadows
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(west coast of Corsica, France) and around decaying
rootlets at the surface of vertical walls of mangrove peat
(Belize, Tobacco Reef section). Here, degradation of or-
ganic material leads to a production of H,S that is
mixed with the surrounding O,-saturated seawater by
hydrodynamic forces. These conditions support associ-
ations between the ciliates and colorless sulfur bacteria.
SEM micrographs showed that in Z. niveum all but the
most basal parts of the specimens are covered with an
irregular layer of coccoid and rod-shaped bacteria
(Bauer-Nebelsick et al. 1996a,b). The white appearance
of the bacteria is caused by cellular inclusion of ele-
mental sulfur and makes the bacteria-ciliate association
conspicuous. From characteristic and specific ultra-
structural affinities between Z. niveum and the ecto-
biotic bacteria, Bauer-Nebelsick et al. (1996b) inferred
a symbiotic relationship. There is evidence that the cil-
iates feed on their chemoautotrophic ectobionts be-
cause food vacuoles contain only bacteria with the
same characteristic ultrastructure as the symbionts
(Bauer-Nebelsick et al. 1996a). In addition, the higher
growth rates in colonies with ectobionts compared to
those of aposymbiotic colonies suggest a trophic rela-
tionship. Nevertheless, the detailed nature of the cili-
ate-bacteria association is not fully understood.

The species Vorticella sp. and Zoothamnium niveum
are composed of zooids and long contractile stalks. The
stalks elevate the zooids whose peristomial cilia trans-
port seawater, which is filtered for suspended parti-
cles. Feeding is repeatedly interrupted by rapid con-
tractions involving cell-body shrinkage and coiling of
the stalk. Thereafter, the stalk slowly uncoils, the cell
extends and the cilia restart beating (Hoffmann-
Berling 1958, Amos et al. 1976, Katoh & Naitoh 1994).
Ott et al. (1998) used the ciliate's capability of contrac-
tion to explain how the ectobiotic bacteria are supplied
with O, and H,S. They assumed that the zooids alter-
nately bathed in H,S-free, fully oxygenated seawater
(in upright position) and in deoxygenated, H,S-con-
taining seawater (when contracted), exploiting sharp
gradients above a H,S-releasing substrate. It was
argued that rapid contraction of the ciliates increased
the Reynolds number and prevented O,-laden sea-
water from being dragged along, which otherwise
would push the sulphidic bottom water away before
contact with the bacteria. Subsequently, this model
was tested by applying fast-responding amperometric
O, and H,S microelectrodes to bacteria-ciliate associa-
tions reared in the laboratory on H,S-releasing sub-
strates (Vopel et al. 2001). These measurements indi-
cated that it is not the bathing of the ectobiotic bacteria
alternately in anoxic, H,S-containing and O,-saturated
seawater, but the cilia-generated advective seawater
transport that turns the zooids external surface into an
attractive microhabitat for chemoautotrophic bacteria;

it was suggested that, in both ciliate species, rapid
stalk contraction and subsequent slow extension
merely contributed to the mixing of oxygenated and
deoxygenated H,S-containing seawater within the
substrate-seawater boundary layer. These conclusions,
however, were drawn from recordings of [O,] and
[H,S] around the contracting ciliates and from the
extent to which diffusional O,- and H,S-gradients
were modified by the cilia-generated current. Direct
measurements of the seawater flow itself, which is
responsible for the formation of a physico-chemical
microenvironment that supports the bacteria-ciliate
ectosymbioses, have so far not been carried out. Here,
we present measurements of the seawater flow around
Vorticella sp. and Z. niveum, and we discuss the results
in the context of the functioning of the bacteria-ciliate
associations.

MATERIALS AND METHODS

Sampling. Vorticella sp. and Zoothamnium niveum
were collected from vertical, overhanging walls of sul-
phidic red mangrove (Rhizophora mangle Linnaeus)
peat of the mangrove island Twin Cays in January
2001. Twin Cays is situated inside the Tobacco Reef
section of the Belize barrier reef (16°48' N, 088° 05’ W).
The sampling site was located at the north end of the
tidal channel (Batfish Point) that cuts the island in two.
Detailed information about the site and a description of
the area are available from Riitzler & Macintyre (1982)
and Ott et al. (1998). The ciliates are easily detected at
the surface of the peat walls because of their bright
coating of sulfur bacteria. They occur in groups aggre-
gated around decomposing rootlets. Two small pieces
of peat with attached ciliate groups were cut off the
peat wall on 4 successive days and transported 3.5 km
seawards to the island Carrie Bow Cay, where the labo-
ratory of the Caribbean Coral Reef Ecosystem program
of the National Museum of Natural History (Washing-
ton, DC) is located. For microelectrode measurements
and video recordings, the material was then transferred
into small aquaria (10 x 10 x 20 cm) filled with seawater
(temperature 26°C, salinity 34). At least 2 individuals of
Vorticella sp. and 3 colonies of Z. niveum were investi-
gated no more than 2 to 4 h after the ciliates were col-
lected on each of 4 d.

Microscale flow-velocity measurements. The flow
velocity of the seawater surrounding the ciliates was
recorded with a flow microsensor (FS20, closed reser-
voir type, Unisense A/S) based on a miniaturized
amperometric microtransducer, surrounded by a H,
reservoir that was closed by a tip membrane. The gas
transducer was mounted with its detecting tip within
the membrane. The diffusive loss of H, through the
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membrane resulted in a decrease in its partial pressure
across the membrane and throughout the diffusion
sphere in the surrounding seawater. In still water, only
a small partial-pressure gradient developed, causing a
high amperometric reading. In flowing water, the dif-
fusion sphere was eroded and the H, partial pressure
decreased at the sensing tip, resulting in a low signal.
The sensor tip had an outer diameter of 50 pm and a
response time of <1 s for increasing fluid velocity.
Response time was longer for decreases in fluid
velocity.

Calibration of the flow-velocity microsensor was car-
ried out at the experimental temperature of 26°C by
mounting the sensor vertically with the tip immersed in
a seawater-filled circular channel. The channel was
made of 2 plastic Petri-dishes (6 and 9 cm in diameter)
with the smaller one placed inside the larger. The cir-
cular flow channel was mounted on the roller-head of
an ISMATEC peristaltic pump (Ismatec Laboratorium-
stechnik) and rotated at a frequency of 0 to 41.4 rpm,
creating fluid velocities of 0 to 174 mm s™!. The sensor
had its highest sensitivity at low fluid velocities
between 0 and 50 mm s}, but remained sensitive up to
150 mm s~ L.

For recordings of fluid-velocity profiles, the sensor
was mounted on a micromanipulator (Marzhauser) dri-
ven by stepping motors, secured to a stable iron frame
and moved vertically at 50 pm increments with a
remote control. A dissection microscope (Olympus,
SZ60) mounted on a tripod was used for positioning the
sensor tip. Continuous measurements of flow velocity
during animal contraction were carried out with the
sensor positioned at an angle of 90° relative to the stalk
of the ciliates. The sensor current, measured by a
picoampere meter (PA2000, Unisense), was continu-
ously logged with a frequency of 50 Hz, amplified to
mV and digitized by an analogue-to-digital converter
(DI 220, Dataq Instruments) for PC data acquisition.

Analysis of video images. Contraction and extension
of the ciliates was studied with frame-by-frame analy-
sis of video-image sequences (at 29.97 frames s})
taken by means of a digital camera mounted on an
Olympus microscope. Visualization of the flow field
around Zoothamnium niveum was carried out by
adding amyl maize particles to the seawater. For
length measurements, the image-analyzing software
AnalySIS Pro (Soft Imaging System) was used.

Calculations. To estimate the duration of extension,
we divided the average number of video images it took
the ciliate to extend the stalk (m) by the number of
frames per second (f). The average duration of exten-
sion t, is obtained from: t, = m f~'.

Determining the contraction time is somewhat more
complicated. The video camera was equipped with a
shutter, so that during recording sessions, periods dur-

ing which the aperture was closed alternated with
periods when it was open. The duration of the latter
will be called exposure time in the following analysis.
Frame-by-frame inspection of the video images
revealed that a full contraction is visible in a single
frame (i.e. the ciliate appears in both the fully upright
and the contracted position). Accordingly, the contrac-
tion time must be shorter than the exposure time.
Because of this circumstance, it is possible to estimate
the contraction time, without knowledge of the expo-
sure time, only on the basis that exposure time does not
change (light intensity did not change during takes)
and that the contraction time is nearly constant. Let N
denote the number of analyzed contractions and n the
number of video images where only part of the con-
traction is seen, i.e. where either the beginning or the
end of the contraction falls into the exposure. Let T =
f' denote the duration of 1 frame, i.e. the sum of
closed aperture time plus exposure time. Then, the
probability of finding the beginning but not the end of
a contraction within the exposure time is T, T-!, where
1. denotes the average contraction time (this formula
holds only because t. < T). The probability of finding
the end of the contraction but not the beginning inside
the exposure time is also 1. T~!. Accordingly, the prob-
ability of finding images showing only part of the con-
traction is 2 1. T~!. For a sufficiently large number of
analyzed contractions, the abundance n N-! should
thus converge to this probability so that: t. ~ n T (2N) !
= n (2Nf)!, estimates the contraction time.

The Reynolds number, Re, was calculated according
to: Re = Vrv'!, where Vis the velocity, ris the radius
of the cell (Vorticella sp.) or the width of the colony
(Zoothamnium niveum) and v is the kinematic viscosity
of the seawater (~9.14 x 1077 m? s™! at 26°C). The drag
of a sphere at low Reynolds numbers (D) was calcu-
lated according to Stokes' law: D =6 r V, where nis
the dynamic viscosity (~0.93 g m™! s7! at 26°C).

RESULTS

Flow regime around Vorticella sp. and
Zoothamnium niveum

Successive measurements of the seawater velocity
around a single, upright, 400 pm tall Vorticella sp.
revealed steep horizontal and vertical gradients
(Fig. 1, note the logarithmic scale). The vertical and
horizontal profiles were recorded in 50 pm increments
over a distance of 400 pm either parallel or perpendic-
ular to the stalk, starting with the sensor tip at a hori-
zontal distance of 50 pm from the peristomial edge of
the ciliate. At this position, the fluid velocity was
~18 mm s !. The values decreased with increasing
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Fig. 1. Vorticella sp. Horizontal (A) and vertical (B) fluid-velocity profiles around a solitary 400 pm tall specimen. The vertical pro-
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Fig. 2. Zoothamnium niveum. Horizontal fluid-velocity profile

around a 1.8 mm tall colony, exponential fitting. Measure-

ments were carried out successively with increasing distance
of the flow-sensor tip from the colony

distance of the sensor tip from the cell in horizontal
and vertical direction. Lowest velocities of 2.6 and
0.8 mm s~! were recorded at a horizontal distance of
350 pm (Fig. 1A) and at the base (Fig. 1B) of the cili-
ate, respectively.

Frame-by-frame analyses of video sequences
showed that the branched colonies of Zoothamnium
niveum generated a unidirectional flow of seawater,
perpendicular to the longitudinal axis of the stalk with
the convex side of the feather facing upstream. Small
particles accelerated toward the peristome and were
caught in peripheral whirls. The velocity of the sur-
rounding seawater increased exponentially with de-
creasing horizontal distance from the colony (Fig. 2).
Measurements with the sensor tip 100 pm away from
1.8 mm tall colonies detected a fluid velocity of ~11 mm
s~! which decreased to 0.5 mm s™! at a horizontal dis-
tance of 1.2 mm. We were not able to measure the sea-
water velocity at a distance smaller than 50 (Vorticella
sp.) or 100 pym (Z. niveum) because at these distances
the horizontal position of the ciliates was changed due
to the deformation of the flow field by the presence of
the sensor tip. Measurements with the sensor tip in
contact with the zooids gave extremely low signals that
would correspond to very high fluid velocities. These
readings, however, are inaccurate because the diffu-
sive boundary layer above the membrane of the sensor
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Table. 1. Vorticella sp. and Zoothamnium niveum. Size of specimens in upright and contracted position, duration and velocity of
contraction and extension, and quotient of the respective Reynolds numbers for contraction (Re.) and extension (Reg)

Species Size (mm) Duration (s) Velocity (m s7?) Rec/Reg
Upright  Contracted Contracted Extended Contracted Extended

Vorticella sp. 0.47 0.16 4.4 %1073 6.7 0.07 0.5x 10 730

Z. niveum 1.4 0.45 2.6 x 107° 1.4 0.37 6.8 x 107* 1039

Z. niveum 2.9 0.70 4.2 %1073 4.2 0.52 52x 10 1000

was physically destroyed (removed) by the beat of the
paroral ciliature.

Ciliate contraction and extension

Analyses of video sequences of 19 contractions
revealed that Vorticella sp. contracts within 4.4 ms; the
median velocity of the zooid during a contraction was
71 mm s~! (Table 1). Contraction reduced the height of
the zooid above the substrate to 34 % of its height in
the fully upright position. The average maximum
width of the bell-shaped zooid (including the peri-
stomial cilia) was 149.8 £ 1.9 pm in the state of full
extension (Fig. 3). Cell shrinkage during contraction
reduced the width of the zooid to 77.5 = 5.9 pm (52 %).
When the zooid was retracted, the whole peristome
with the peristomial disc, oral lip and most parts of the
lobe were withdrawn, giving the zooid a globular
shape. Immediately after this rapid contraction, the
slower extension began, accompanied by a counter-
clockwise rotation of the zooid. The extension of the
cell body and the stalk lasted ~6.7 s, reaching a maxi-
mum extension speed of 9.7 x 102 mm s7}, 2 to 3 s after
completion of contraction (calculated from the slope of
the curve in Fig. 3). The zooid traveled a distance of
~310 um at an average speed of 4.7 x 1072 mm s!
(Table 1). Given the mean velocity for contraction and
extension, the calculated Reynolds numbers are 2.7
and 3.7 x 1073, respectively.

Contraction and extension of Zoothamnium niveum
differed from Vorticella sp. in the way the stalk folded
and unfolded as well as in the velocity of the move-
ments. In Z. niveum, the stalk, whose proximal part
lacks a spasmoneme, bent at a definitive joint, while the
remainder coiled in a zigzag course. As a result, the
bunched mass of zooids whipped downwards. The
zooids of smaller colonies did not contact the surface
during contraction, but in larger colonies, the distal part
of the bunched mass of zooids struck against the sur-
face (Fig. 4A-1). Thereafter, the proximal, contractile
end of the stalk extended, deviating from the vertical
axis with the fixed joint at the distal end of the non-
contractile stalk on one side and the bunch of zooids on

the other (Fig. 4A-2). Accordingly, the mass of zooids
was lifted and the distal end of the bunch was pulled up
to the stalk. Finally, the contracted feather stretched
vertically, with the tip following a wide, semicircular
path until reaching the upright position (Fig. 4A-3). The
maximum, horizontal dimension of a 2.9 mm tall feather
increased and decreased twice during the process of
contraction and extension: 0.40 mm in the fully upright
position, 0.72 mm when contracted (down at the sur-
face), 0.53 mm after the lower part of the contractile
stalk had been extended and 1.04 mm during extension
of the remaining, branched part of the colony.

The time to complete contraction and the subsequent
extension of Zoothamnium niveum increased with in-
creasing size of the colony (or number of ramifications,
Fig. 4B). The smallest colony we analyzed was 1.4 mm
tall (10 branches) and completed its contraction within
only 2.6 ms, whereas the largest colony (2.9 mm tall,
33 branches) contracted within 4.2 ms (Table 1). The
extension of the small and the large colony lasted
1.4 and 4.2 s, respectively. During a contraction/exten-
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sion cycle, the height of the small colony was reduced
by 0.95 mm, resulting in a median velocity of the distal
zooids of 370 and 68 mm s~! for contraction and exten-
sion, respectively. The larger, 33 branch colony con-
tracted with a higher velocity of 520 mm s~}; during ex-
tension, the distal zooids of the colony moved upwards
with a mean velocity of 52 mm s™!. The Reynolds num-
bers for contraction and extension were 81 and 78 x
1073, respectively, for the 10 branch colony and 130 and
130 x 1073, respectively, for the 33 branch colony.

Eiffects of ciliate contraction on seawater flow

The seawater-velocity profiles reconstructed from
successive recordings around filtering Vorticella sp.
and Zoothamnium niveum reflect an instantaneous
picture only. Both species exhibited contraction, in-
volving graded shrinkage of the cell body and coiling
of the stalk, that severely affected the flow of the sur-
rounding seawater. Continuous recordings around a
solitary contracting Vorticella sp., with a horizontal
distance of the sensor tip from the stalk of 50 pm,
revealed temporal variations in the seawater velocity
(Fig. 5A): contraction resulted in a rapid decrease of
the flow velocity 400 pm above the substrate (height of
the cell in fully upright position) within the first 2 s,
which continued less rapidly for another 6 s, followed
by a lengthier but continuous increase. Measurements
carried out with the sensor tip positioned at half the
zooid's height (200 pm above the substrate, Fig. 5A,B,
dark gray arrows and curves) showed a different pat-
tern, i.e. a brief increase of the flow velocity directly
after the onset of contraction, followed by a lengthier
decrease with an intermediate decrease in slope
(‘shoulder’). Recordings with the sensor tip a further
50 pm away from the stalk (Fig. 5B, black arrow)
detected slightly higher fluid velocities prior to con-
traction and a much more rapid decrease with lower
minimum velocities after contraction. The fluid veloc-
ity 50 pym above the basis of Vorticella sp. increased
briefly after contraction and thereafter decreased only
slightly below the initial value (Fig. 5A, light gray
curve).

Contraction of the colonial Zoothamnium niveum
caused a brief but large increase of the fluid velocity, a
clear decrease that was initially rapid and then gradu-
ally slowed, interrupted by 2 small intermediate peaks,
followed by a lengthier increase, the sensor tip being
positioned at half the height and 400 pm away from the
colony (Fig. 6, black curve). The first intermediate
peak occurred during the initial phase of the exten-
sion, when the proximal, contractile end of the stalk
started to extend, lifting the mass of zooids and the sur-
rounding seawater (Fig. 4A-2). The second peak corre-
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Fig. 6. Zoothamnium niveum. Continuous recordings of the

seawater velocity during a full contraction/expansion cycle

with a horizontal distance of the sensor tip from the colony of

400 (black), 600 (gray) and 800 pm (light gray). The arrow

indicates onset of contraction. The measurements were

carried out successively with increasing distance of the flow-
sensor tip from the colony

sponded to the slow erection of the expanding feather
(Fig. 4A-3). The duration of the latter movement
depends on the size of the colony (Fig. 4B). Measure-
ments with larger horizontal distances (600 and 800
pm) of the sensor tip from the colony showed princi-
pally the same pattern with a more pronounced drop of
the fluid velocity after contraction (Fig. 6, dark and
light gray curves). The rapid contraction of the
feather-shaped colonies clearly altered the flow
regime close to the point of attachment (surface of sub-
strate). This alteration is shown in Fig. 7, which illus-
trates successive recordings around a 1.8 mm tall
colony with the sensor tip positioned at increasing dis-
tances from the distal end of the stalk's non-contractile,
proximal part. A brief but rapid increase of the seawa-
ter velocity was demonstrated up to a horizontal dis-
tance of at least 0.6 mm.

DISCUSSION

The species Vorticella sp. and Zoothamnium niveum
control their surroundings by continuously moving
seawater and therein solutes and suspended particles.
They do so in 2 ways: ciliary beat and stalk contraction.
Our recordings detected maximum flow velocities
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Fig. 7. Zoothamnium niveum. Fluid velocity in the vicinity of a 1.8 mm tall, contracting colony recorded with a horizontal distance
of the sensor tip from the distal end of the non-contractile proximal part of the stalk of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mm. The
measurements were carried out successively with the sensor positioned perpendicular to the substrate

(~18 mm s! close to the ciliature) that are much

greater than the values published for Vorticella spp. by
Sleigh & Barlow (1976). In their experiments, Latex
particles next to the ciliary tips reached a speed of at
least 2.5 mm s7!. Sleigh & Barlow (1976) calculated that
the tips of the cilia, having a length of ~17 pm and
beating at 50 Hz, moved at a speed of only 4 mm s,
Because the strokes of the cilia should move the sea-
water at almost the velocity of the tips themselves, this
speed also applies to the surrounding seawater. The
higher flow velocity recorded in our study could be
caused by longer cilia, a lower viscosity of the seawater
at higher temperature or a higher frequency of the cilia
beat. Fenchel (1986) suggested that flow velocities
generated by membranelles seem invariably to be
within the range of 0.5 to 1.5 mm s~! because they are
constrained by functional and structural properties of
eukaryote cilia and by the physics of the mechanisms
for water propulsion. These velocities, however, are
less than 1/10 the values measured in our study.

The flow-velocity profiles in Fig. 1 show that the cil-
iary beat of Vorticella sp. accelerates the surrounding
seawater up to horizontal and vertical distance from
the peristomial edge of the zooid of at least 400 pm.
This distance coincides with the results of Sleigh &
Barlow (1976). The ciliate beats its peristomial cilia in a
way that puts the zooid in the center of a toroidal, cir-
culating vortex. The whirls around Vorticella sp.
apparently result from friction with the feeding current
drawn from above the cell into the opening between
the paroral membrane and the membranelle where the
ciliary system starts (Sleigh & Barlow 1976, Fenchel
1986). The downward current along the inside of the
torus is slowed and diverted by the frictional resistance
of the surface to which the ciliate is attached. Because
this friction affects the efficiency of the cilia in generat-
ing the feeding current (Lighthill 1976, Fenchel 1986),
the ciliate raises the zooid above the substrate at a cer-
tain distance. The specimens used in our study devel-

oped a stalk 6 times the filter radius in length, which
supports a general assumption of Fenchel (1986): pre-
suming a circular filter and a flow perpendicular to the
solid surface, Vorticella spp. generally grow to a length
of 4 to 8 times the filter radius because this distance
ensures sufficient flow for filtration. A shorter stalk
hampers filtration; a longer stalk yields only a marginal
increase in flow.

The zooids of Zoothamnium niveum colonies feed at
a larger distance from the peat surface. Although
single zooids are smaller than Vorticella sp., their joint
ciliary action accelerates the surrounding seawater up
to a much larger distance of at least 1.2 mm. The flow
field around Z. niveum is complex, as the feeding cur-
rent of the colony interacts with the unsteady bound-
ary-layer flow along the peat surface. The colonies are
bent back and forth by the oscillatory seawater motion
along the peat surface and therefore, the orientation of
their feeding currents changes continuously. This con-
stant change might have significant consequences for
the rate of movement of seawater through the feather
and thus, the feeding rate of the zooids. The unsteady
boundary-layer flow, the feeding currents and contrac-
tion of the colonies (see below) apparently prevent the
development of steep chemical gradients and the for-
mation of larger bacterial mats that would otherwise
cover the decaying rootlets and hence, control the flux
of O, and H,S.

The genera Vorticella and Zoothamnium exhibit
contraction of an all-or-nothing type, involving shrink-
age of the zooid and coiling of the stalk (for details
about the underlying mechanisms see Amos 1975,
Ochiai et al. 1979, Katoh & Naitoh 1992, Katoh &
Kikuyama 1997, Moriyama et al. 1999, and literature
cited therein). In Z. niveum, the spasmonemes of the
zooids are confluent in the branches, uniting in the
main stem as a single trunk with a diameter between
15 and 21 pm (Bauer-Nebelsick et al. 1996a). This
arrangement enables even young colonies to contract
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more than 7-times faster than the solitary Vorticella sp.
(see Table 1). Weis-Fogh & Amos (1972) found that the
species Z. geniculatum contracted at a lower speed of
280 mm s~!. The mass of zooids in the latter species is
cup-shaped in fully extended, upright position, rather
than feather-shaped, which may result in higher drag
and thus, lower velocity during contraction. The differ-
ences between the duration of the extension of young
and old colonies (Fig. 4B) are due to the differences in
the feather length and the surface area exposed during
the upward movement. Young colonies expose smaller
surface area and therefore, complete the extension in a
shorter time.

Rapid stalk contraction has been used to explain how
ciliates supply their ectobiotic bacteria with O, and
H,S (see 'Introduction’). The suggestion that this
movement prevents seawater from being dragged
along holds for Vorticella sp. but not for Zoothamnium
niveum. The contraction of Vorticella sp. increased the
velocity of the seawater 50 pm above the surface only
slightly, from 0.2 to 0.5 mm s~! (Fig. 5A), indicating that
little seawater is dragged along towards the surface to
which the ciliates are attached. Although performed at
a higher speed, the contraction of Z. niveum resulted in
a much more pronounced increase in the velocity of
the seawater both surrounding the colony and above
the surface to which the colonies are attached (see
Figs. 6 & 7). Z. niveum exposes a higher surface area
during contraction than Vorticella sp. and thus, gener-
ates pressure waves that push the bottom water away.
In contrast, the upward movement of the zooids during
uncoiling of the stalk is performed at a low velocity of
5 mm s ! (Vorticella sp.) and 50 to 70 mm s (Z.
niveum). At a low Reynolds number of 3.7 x 1073 for the
upward-moving zooid of Vorticella sp., velocity gradi-
ents are wide and gentle, so the zooids should trans-
port a large volume of fluid (Purcell 1977, Vogel 1996).
Interpretation of the flow-velocity curves recorded
around Vorticella sp. (Fig. 5A, black curve) and Z.
niveum (Fig. 6) after completion of contraction requires
an understanding of the principle by which the flow
sensor functions. Because the flow sensor detects a
cessation of current as an increase in [H,] at the sensor
tip and because this increase depends on diffusion of
H, through the membrane of the sensor, an instanta-
neous cessation of actual current results in a gradual
change in the signal. For example, the feeding current
of the ciliates is maintained at a low Reynolds number
and therefore, the fluid movement should immediately
halt when cell shrinkage and stalk contraction cuts off
the energy supply (Vogel 1996). The recorded signal,
however, changes gradually during the following sec-
onds (Figs. 5A & 6) as the diffusion sphere is restored
under 0-flow conditions. Accordingly, the slopes of the
curves in Figs. 5A & 6 simply reflect the rate at which

the diffusive H, sphere around the sensor tip enlarges
after the onset of contraction (i.e. cessation of flow).
The sharp decrease in slope (Fig. 5A) and the 2 inter-
mediate peaks (Fig. 6) should therefore be interpreted
as a gradual or rapid-but-brief increase of flow veloc-
ity, respectively, indicating that seawater is trans-
ported upwards. The change in the slope of the flow-
velocity curves recorded around Vorticella sp. (Fig. 5A,
black curve) occurred 2 to 3 s after the start of contrac-
tion, while the zooid was still ~100 pm from the 50 pm
diffusional sphere surrounding the sensor tip. There-
fore, the cell apparently forces water around it at a dis-
tance of ~100 pm (more than the cell diameter). This
inference is also supported by the measurements illus-
trated in Fig. 6, i.e. the extending colony of Z. niveum
affected the formation of the H, sphere around the sen-
sor tip (black curve). Here, the upward transport of
seawater is caused by the unfolding and lifting of the
bunched zooids, as illustrated in Fig. 4A-2, -3.

Our results support a previous study of [H,S] and
[O,] near specimens of Vorticella sp. and Zootham-
nium niveum reared on artificial H,S-releasing sub-
strates (Vopel et al. 2001). These measurements re-
vealed that sulphidic bottom water around the
proximal region of Z. niveum colonies was displaced
by oxygenated seawater from above after stalk con-
traction. In contrast, there was no increase in [O,] due
to the contraction of Vorticella sp. and thus, no oxy-
genated seawater was transported downwards. The
recordings also detected an upward transport of de-
oxygenated seawater during the extension of Vorti-
cella sp. and Z. niveum. Although in both species stalk
contraction, which most likely serves to clean the oral
ciliature of the zooids of larger particles, leads to a sig-
nificant transport of seawater, it apparently plays only
a minor role for the supply of the ectobiotic bacteria
with O, and H,S. This behavior might be important for
the feeding of ciliates on their ectobiotic bacteria.
Fenchel (1986) showed that in Vorticella elongata, the
water that is strained for particles is drawn only from
above the cell into the opening between the paroral
membrane and the membranelle. Assuming that this
arrangement applies also to Vorticella sp. and Z. niv-
eum and that both species indeed feed primarily on
bacteria from their ectobiotic coats, the ectobiotic bac-
teria must somehow become suspended in the sea-
water surrounding the cells and subsequently trans-
ported to regions above the cells to enter the feeding
currents. Detachment of the bacteria is most likely dur-
ing contraction because of the shear stress caused by
the high fluid velocity around the zooids and the rapid
movement of the cells. Moreover, the shrinkage of the
cell during contraction (Fig. 3) decreases the area of
the surface to which the bacteria are attached so that
they can be expected to exert forces upon one another
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that result in detachment. Detachment of the bacteria
is also supported by SEM micrographs that revealed in
both species that many cells in the irregular bacterial
sheaths are not directly connected to the cell wall of
the ciliates (Fig. 1B in Bauer-Nebelsick et al. 1996b).
That the forces on the zooids significantly increase
during contraction can also be seen by considering the
following: If one assumes a spherical shape for Vorti-
cellasp.,m=0.9318 gm™' s7! at 26°C and 34 %o, r = 35 x
10°mand V=7.1 x 10°2m s™! (Table 1), the drag dur-
ing contraction of 4.4 x 1078 N is ~1000 times higher
than during extension (3.1 x 10-!! N). Moriyama et al.
(1998) showed that in Vorticella convallaria the con-
traction velocity was not constant but increased during
the first 2.8 ms, briefly peaking and thereafter decreas-
ing again. Because our calculation uses the mean value
of the contraction velocity, it underestimates the actual
maximal drag. Moriyama et al. (1998) also showed that
in V. convallaria, the rotational forces of the helical
contraction are not only counterbalanced by elasticity
of the stalk but also within the zooids. This rotational
force causes a twist in the zooid 3 to 5 ms after onset of
contraction. The twist unwinds the zooid by 3 clock-
wise rotations that continue even after the contraction
of the stalk has been completed. This movement fur-
ther adds to the shear stress on the outer surface of the
ciliates and therefore, increases the likelihood of de-
tachment of bacteria. In colonies of Z. niveum, the
zooids are bunched during folding of the stalk and con-
sequently affect each other directly and in larger
colonies, the bunched zooids strike against the surface,
which further increases the mechanical stress. Once
suspended, in principle, the bacteria could enter the
feeding current of the ciliates.
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