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We have investigated the bioconvection of Paramecium tetraurelia in high-density suspensions made by
centrifugal concentration. When a suspension is kept at rest in a Hele-Shaw cell, a crowded front of paramecia
is formed in the vicinity of the bottom and it propagates gradually toward the water-air interface. Fluid
convection occurs under this front, and it is driven persistently by the upward swimming of paramecia. The roll
structures of the bioconvection become turbulent with an increase in the depth of the suspension; they also
change rapidly as the density of paramecia increases. Our experimental results suggest that lack of oxygen in
the suspension causes the active individual motions of paramecia to induce the formation of this front.
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I. INTRODUCTION

In suspensions of microorganisms, the self-propelling mo-
tion of living organisms often drives the density distribution
to states that are hydrostatically unstable under gravity and
persistent fluid convection is induced. This type of fluid con-
vection is termed bioconvection. It has been observed
in many types of protozoa and bacteria, such as Tetrahymena
pyriformis, Chlamydomonas nivalis, Bacillus subtilis,
Heterosigma akashiwo, and Desulfovibrio desulfuricans
�1–7�. In typical cases, each individual is slightly denser than
the ambient fluid and the upward motion of microorganisms
leads to the formation of a high-density layer beneath the
water surface. Fluid convection develops through a mecha-
nism analogous to that of the Rayleigh-Taylor �RT� instabil-
ity because the suspension in the layer has a higher specific
gravity than that below �8–12�.

Such upward motion is induced in the swimming response
of microorganisms by certain stimuli. The stimulus respon-
sible for bioconvection depends on the type of organism.
Negative gravitaxis is the response of swimming in the op-
posite direction to gravity. Some microorganisms such as
Loxodes and Euglena are believed to sense the direction of
gravity physiologically �13–19�, while the mechanism is
considered to be purely physical in some cases. Gyrotaxis is
a process in which the swimming direction of each indi-
vidual is determined by the balance of external and viscous
torques �11,20–25�. A bottom-heavy microorganism may
swim upward in still water due to gyrotaxis. Phototaxis �or
photokinesis� and oxykinesis are the responses of swimming

toward light or along oxygen gradients.1 These can also
cause upward swimming under appropriate conditions
�3,4,6,26,27�.

Some continuum models have been proposed for biocon-
vection. These models are constructed from the Navier-
Stokes equation and a transport equation describing diffu-
sion, self-propelled motion, and advection. They have been
investigated using linear or weak-nonlinear analysis and nu-
merical simulations �8–12,23–25,28–37�. These models suc-
cessfully describe bioconvection phenomena as the result of
the interaction between the densities of the microorganism
and the fluid. However, cell-cell interactions such as colli-
sions and biological intercellular communication become
considerably more important in concentrated suspensions.
Bioconvection may be considered as a sort of collective mo-
tion in such situations �12,38–44�.

We report experimental results on bioconvection by Para-
mecium tetraurelia in high-density suspensions obtained by
centrifugal concentration. As per our understanding, the bio-
convection of Paramecia has not been investigated thor-
oughly. We observed that bioconvection by P. tetraurelia be-
gins with the propagation of a high-density front from the
bottom of a suspension toward the surface �45�. Such front
propagation does not appear in typical bioconvection
phenomena. In the present study, we focus on front propaga-
tion to clarify the mechanism inducing bioconvection by
P. tetraurelia.

P. tetraurelia is a cigar-shaped ciliate with a length of
90–170 �m, and its mass density is slightly higher than that
of water. Paramecia are known to exhibit responses to vari-
ous stimuli, such as thermokinesis, chemokinesis, glavano-
taxis, gyrotaxis, and gravitaxis �13,16–19,22,46–50�. They
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1We distinguish between “taxis” and “kinesis” depending on
whether an individual swims by sensing the direction of a stimulus
or not �50�.
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behave diffusively in normal density suspensions because
they swim backward after collisions with other individuals to
avoid contact with them. However, we observed that para-
mecia in high-density suspensions made by centrifugal con-
centration form a crowded front to produce bioconvection, as
reported in Secs. II and III. In experiments on quasi-two-
dimensional bioconvection using Hele-Shaw cells, we find
that a high-density front of P. tetraurelia appears in the vi-
cinity of the bottom and propagates gradually toward the
surface. Bioconvection occurs with this propagation and re-
mains after the front stops beneath the surface. In Sec. IV,
we report the movement of paramecia and the time develop-
ment of the bioconvection patterns. The roll structures of
bioconvection developing under the front are not stationary
when the depth of the suspension is large. In order to inves-
tigate the effect of oxygen, we conducted experiments in a
nitrogen environment. The front and the bioconvection of P.
tetraurelia disappear when the air is replaced with nitrogen
gas, and P. tetraurelia swim more actively in a nitrogen
environment than in air �see Sec. V�. These results suggest
that lack of oxygen dissolved in the suspension causes the
active individual motions of P. tetraurelia to induce front
formation.

II. EXPERIMENTAL METHODS

We used P. tetraurelia multiplied by cloning from wild-
type stock 51 to ensure genetic uniformity. Before each ex-
periment we grew the paramecia in culture containing bacte-
ria as feed2 at 25 °C for 3−4 days. We then prepared a
400-ml suspension of paramecia. The density of paramecia
was approximately 103 cells/ml in this suspension and could
not increase further because it was in the stationary phase of
cell growth �51–53�.

This suspension was strained through gauze and concen-
trated by centrifugation performed twice. The second cen-
trifugation was performed after transferring the sediment ob-
tained in the first to approximately 100 ml of the synthetic

solution SMBIII �54� and the resulting sediment was filtered
again. We finally obtained an approximately 1-ml suspension
containing paramecia with a density of the order of
105 cells/ml. The suspension did not contain food for para-
mecia because the bacteria were eliminated with the solution
remaining after the first centrifugation and the SMBIII con-
tained no food. Lower-density suspensions were obtained by
diluting with SMBIII.

To determine the density of paramecia in the suspension,
n0, we made 15 samples of 5 �l from a part of the suspen-
sion diluted by 1/40. The number of paramecia in each
sample was determined using a stereomicroscope. The den-
sity n0 was calculated from the average of 11 data points
obtained by discarding the two largest and the two smallest
values from the 15 data points. The experiments were con-
ducted within half a day of the centrifugations and density
measurement. Almost every paramecium maintained its ac-
tivity during each experiment. The number of paramecia was
effectively constant because they could not increase in the
suspensions.

In each experiment, we kept the suspension at rest after
stirring in order to create a uniform state from the start. The
main control parameters were the volume of the suspension
V, which determined the depth of the suspension, H in the
containers, and n0. V was measured with an accuracy of 1%
using a micropipette. The temperature T of the suspension
was maintained constant. The containers were made of alu-
minum and glass to maintain the temperature in the suspen-
sion as uniform as possible.

We used both a cylindrical container and Hele-Shaw cells
as shown in Fig. 1. The cylindrical container was composed
of an aluminum wall and a cover glass bottom. Its inner
diameter was 22.0 mm. The container was placed horizon-
tally, and the bioconvection patterns in it were observed un-

20.5% phosphate-buffered wheat grass powder �Pines Int., Inc.,
Lawrence, KS� infusion supplemented with 0.5 mg/ l stigmasterol
and inoculated with Enterobacter aerogenes or Klebsiella pneumo-
niae 2–3 days before use. The latter bacteria were used in our early
experiments including those in Fig. 2. We have observed no effect
on bioconvection due to the type of bacteria used.

D = 1.23 mm

W
= 66.7 mm

glass slides

aluminum
plate

gravity

cover glass
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cylinder

22.0 mm

(a) (b)

FIG. 1. Schematic diagrams of the containers of a suspension.
�a� A cylindrical container and �b� a Hele-Shaw cell placed
vertically.

(a)

(b)

1cm

1cm

FIG. 2. Bioconvection patterns in suspensions of V=1.00 ml
�H�2.6 mm� at T=25±0.5 °C. �a� n0=5.8±0.9 �105 cells/ml� and
�b� n0=2.9±0.5 �105 cells/ml�.
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der a stereomicroscope �Leica MS-5�. The container was
dipped into a constant-temperature water bath regulated by a
temperature controller. The Hele-Shaw cells were con-
structed from two parallel glass slides that are geometrically
identical and have an inner thickness of D=1.23±0.05 mm
and an inner width of W=66.7±0.1 mm. Thin stainless-steel
wires were used for stirring the suspension. The cells were
placed in an environment maintained at a temperature of
27±1 °C by an air conditioner. Images of the patterns were
taken with a digital camera �Canon EOS10D� using an inter-

val timer. The individual motions of paramecia were ob-
served under another stereomicroscope �Wraymer SW-
700TD�.

The containers were illuminated uniformly from behind;
the oblique light of the stereomicroscopes was used for the
cylindrical container and a light box including a 2-W white
light-emitting-diode �LED� lamp for the Hele-Shaw cells.
The Hele-Shaw cells were illuminated with diffused light at
about 150 lux in the experiments reported here. The biocon-
vection also appears under daylight which is rather bright
compared with this light condition. The dense regions of
paramecia appear white in our images because paramecia
scatter light. The digital images from the stereomicroscopes
were recorded through a charge-coupled device �CCD� using
a video camera �Sony DCR-PC100�.

We performed several preliminary experiments before set-
tling on the containers described above. We tried a glass Petri
dish and a Hele-Shaw cell made of acrylic instead of alumi-
num and tested two types of adhesives—epoxy and
paraffin—to join the aluminum wall and the glass plates. The
phenomena reported in this paper were observed in all these
cases. Therefore, we believe that the container materials did
not affect the behavior of paramecia. The effect of evapora-
tion was also not important because it was negligibly small
under our experimental conditions. In fact, the bioconvection
patterns did not change even when we covered the cylindri-

5.5

3.0

10.5

8.0

13.0

(min)

W = 66.7 mm

FIG. 3. Formation of a bioconvection pattern in the Hele-Shaw
cell. A suspension of V=1.00 ml and n0=0.61±0.22 �105 cells/ml�
was used. Time after stirring is shown on the left of each
photograph.
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FIG. 4. Time development of the area swept by a front, F�t�, for
suspensions with V=1.00 ml and n0= �1.9±0.3�r �105 cells/ml�,
where r is the dilution ratio of the suspension used. The results are
well fitted by the function a / �1+ �� / t�c� indicated by the dotted
lines.
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FIG. 5. Dependence of � on �a� n0 for a fixed volume and �b� V
for two different densities. Data obtained from the same culture are
plotted with a common symbol. The error bars represent the stan-
dard deviations for the measurements of n0.
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cal container with a lid or placed the containers in a closed
box.

III. FORMATION OF BIOCONVECTION PATTERNS
OF P. TETRAURELIA

A. Patterns in the cylindrical container

Figure 2 shows photographs of the bioconvection patterns
of P. tetraurelia appearing in the cylindrical container. These
photographs show the top view of the containers 12 min af-
ter stirring. The top surface of the suspension was open to the
air, and it was almost horizontal, although it was slightly
high in the vicinity of the wall due to surface tension. When
the density is high, the bioconvection patterns appear a few

minutes after initial stirring. As shown in Fig. 2�a�, the width
of a roll is of the same order as the depth of the suspension,
although the roll structures do not become stationary. These
bioconvection patterns are insensitive to temperature varia-
tion in the range 25–30 °C.

The density of paramecia in Fig. 2�b� is half that in Fig.
2�a�. As n0 decreases, the formation of the roll structures
takes a longer time and the structure becomes less pro-
nounced. In such cases, the bioconvection patterns often ap-
pear with the propagation of a front composed of aggregated
paramecia, as shown in Fig. 2�b�. For small values of H, the
front cannot cover the center region and the bioconvection
pattern appears only in the vicinity of the wall.

b c

(b) (c)

t (s) 5-5 0 t (s) 5-5 0

(a)

FIG. 6. �a� A microscopic image of a front in a suspension with n0=0.95±0.13 �105 cells/ml� and V=1.00 ml. Individual paramecia
appear as white specks. �b� and �c� Space-time plots of vertical slices at positions indicated by black arrows in �a�. The abscissa axis
represents time, where �a� is obtained at t=0. White radial lines with numeric values represent the scales of velocities �mm/s�. White arrows
in �a� and �b� indicate a cluster disassembling in the upward flow.

-0.6 -0.4 -0.2 0.2 0.4 0.6

0.6

0.4

0.2

-0.2

-0.4

-0.6

�
-0.6 -0.4 -0.2 0.2 0.4 0.6

0.6

0.4

0.2

-0.2

-0.4

-0.6

�
�

(a) (b)

(mm) (mm)

FIG. 7. Individual trajectories of 100 paramecia for 1 s �a� before and �b� after the passage of the front. This observation point was placed
in an upward flow after the passage of the front. The gray ellipse represents the covariance ellipse of these displacements, and the small white
circle indicates the displacement of the ambient fluid estimated from the movements of small, passive, suspended particles.
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B. Front formation in the Hele-Shaw cell

We investigated the formation process of the convection
patterns by using the Hele-Shaw cells as containers. Fluid
flows in the containers are quasi-two-dimensional flows, al-
though the inner thickness D is much larger than the length
of a paramecium. The containers were placed so that the
walls were vertical, and photographs were taken horizontally.
The top surface of the suspension was open to the air. The
surface was made as horizontal as possible at the time of
stirring although it often remained uneven due to the surface
tension between the suspension and the walls of the cell.

Figure 3 shows the formation of bioconvection in the
Hele-Shaw cell through a series of photographs. Initially, no
oriented swimming is observed in the uniform suspension of
P. tetraurelia. After about 5 min, a dense front of paramecia
is formed in the vicinity of the bottom of the cell. The front
propagates toward the top surface, increasing the size of the
fluid convection cell below it. In suspensions with a low
density or small volume, the front first appears only in part
of the bottom of the cell and then gradually spreads over the
entire width as the front propagates upward. Front propaga-
tion is not observed in typical bioconvection phenomena be-
cause the taxis or kinesis property of the microorganisms
causes individuals to swim upward at the outset to form a
high-density layer beneath the top surface.

Both the formation time and the propagation speed of the
front depend significantly on n0 and V. In order to investigate

the front propagation quantitatively, we measured the propor-
tion of the area swept by the front, F�t�. The series of digital
images in each experiment were obtained at constant time
intervals of �t=0.25–5.00 min after stirring. The area swept
by the front at a given time t=n�t was determined from the
region where the brightness varied significantly between the
initial and nth images. For this estimation, the following pro-
cedure was employed. �i� We cropped a rectangular region
with a size of �3/5�W�H in the center of each image and
calculated the brightness bi�x ,y� at the position �x ,y� in the
ith cropped image as the neighborhood mean in an area of
2.0 mm�0.5 mm. �ii� Using the maximum variation of
brightness in the first n images, Bn�x ,y��supi�nbi�x ,y�
−infi�nbi�x ,y�, F�t� was defined as the fraction of the region
in which Bn�x ,y� exceeded a threshold Bth. In this paper, we
use the threshold Bth��2/3�	Bn

2
 / 	Bn
, where the symbol 	·

represents the average over �x ,y� and over all images in each
experiment. If the coefficient 2 /3 is replaced with another
value in the range �1/2 ,5 /6�, our main results remain the
same, although the values of F�t� change accordingly.

Figure 4 shows typical examples of F�t� for various den-
sities, where r is the dilution ratio of the suspension used in
these experiments and the time is represented on a logarith-
mic scale. F�t� increases from zero �the bottom� towards 1
�the top surface�. We observe that the form of F�t� does not
depend significantly on the experimental conditions although
F�t� is translated along the logarithmic time axis.

TABLE I. A summary of the experiments and their results. O denotes a front propagation toward the open surface. H indicates that the
horizontal propagation is observed in some cases, although it is difficult to observe the vertical propagation. � indicates that bioconvection
occurs persistently. - indicates that a front propagation or bioconvection is not observed.

Container Environment Front propagation Bioconvection

Cylindrical container air H �

Hele-Shaw cells placed vertically air O �

air→N2 O —

N2→air — �

Hele-Shaw cells placed horizontally or upside down air O —

tim
e

0

(min)

W = 66.7 mm

60

120
(a) (b)

(c)

FIG. 8. Space-time plots of horizontal slices at a fixed height. The suspensions in �a� and �b� have the same density n0=0.61±0.22
�105 cells/ml�, but different volumes: �a� V=0.50 ml and �b� V=1.00 ml. The suspension in �c� has the same volume as that in �b� but
density n0=0.21±0.03 �105 cells/ml�. Heights of y=0.5H �a�,�c� and y=0.75H �b� are used to show the patterns clearly.
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The F�t� values obtained in our experiments were fitted
to the function a / �1+ �� / t�c�, which is a�1+tanh x� /2 with
the logarithmic time scale x�c�ln t−ln �� /2, using the
Levenberg-Marquardt method �55�. Figure 4 shows that the
fit is very good. The fitted parameters a and c are insensitive
to n0 and V, and their values are a=0.92±0.1 and c
=3.1±0.8. The other fitted parameter � represents the char-
acteristic time for the formation and propagation of the front
and changes significantly with both n0 and V. The character-
istic time � is a decreasing function of n0, as indicated in Fig.
5�a�. The front starts propagating a few minutes after the
initial stirring for n0=2�105 cells/ml, while we must wait
for more than 1 h to observe the front for 2�104 cells/ml.
We cannot confirm whether there is a lower threshold density
for front formation. Figure 5�b� shows the dependence on the
volume of the suspension. For low densities � decreases with
an increase in the depth of the suspension, while it is ap-
proximately constant for a very large density.

These results indicate that the front propagation process is
approximately characterized by a single time scale that de-
pends significantly on the density of paramecia and the depth
of the suspension.

IV. TIME DEVELOPMENT OF CONVECTION

Several descent flows develop to form the roll structures
of the fluid convection below the front. We infer that, as in
typical bioconvection phenomena, the basic mechanism in
the bioconvection of P. tetraurelia is analogous to the RT
instability �8–10� because the concentration of paramecia
causes the suspension in the front to be more dense than the
fluid below. In fact, the bioconvection disappears if we turn
the container sideways, as reported in Sec. V. The descent
flows that develop beneath the front are 4–6 mm away from
the neighboring descent flows. This distance is approxi-
mately the same as that estimated for other ciliates such as
Tetrahymena �5,8–10�.

In this section we focus on the individual motions of
paramecia and the time development of the bioconvection
patterns.

A. Movement of paramecia

Figure 6�a� shows a microscopic image of a front. Figures
6�b� and 6�c� show space-time plots, each of which is con-
structed from the series of images by concatenating a se-
quence of columns of pixels sliced at a fixed horizontal po-
sition. The horizontal positions in Figs. 6�b� and 6�c�,
indicated by black arrows in Fig. 6�a�, are in an upward flow
and a descent flow, respectively. Paramecia are advected with
random movement in the descent flows, while they swim
upward in regions outside these descent flows.

Paramecia combine to produce clusters containing several
or dozens of individuals in the front. These clusters stop at a
wall of the container or move randomly with velocities that
are significantly less than the swimming speed of a single
paramecium. They are subsequently carried away from the
front by the descent flows. Paramecia swim separately in the
upward flows because the clusters are disassembled in the
descent flows. Although some clusters often drop away from
the front into the upward flows, the front is stable against
such disturbance if the number of dropped clusters is small.
A single cluster falling in the upward flows is disassembled
quickly, as shown in Fig. 6�b�, and the constituent individu-
als swim back to the front.

We investigated the individual motions of paramecia be-
fore and after the passage of the front by observing at a fixed
position in the Hele-Shaw cell. Figures 7�a� and 7�b� show
the trajectories of paramecia for a duration of 1 s, where all
trajectories are translated to begin from the origin. In each
figure, 100 paramecia in the microscopic images are selected
randomly, although clusters that are larger than 3 times the

-0.6 -0.4 -0.2 0.2 0.4 0.6

0.6

0.4

0.2
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FIG. 9. A front propagating in the Hele-Shaw cell placed horizontally. A suspension with n0=1.1±0.2 �105 cells/ml� and V=1.00 ml was
used. �a� A microscopic image of a front. A wire with a diameter 0.3 mm was placed along the water-air interface. �b� Individual trajectories
after the passage of the front. They were obtained by the same method as those in Fig. 7�b�.
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area of a single paramecium are removed in our analysis.3

The gray ellipse and its center represent the covariance el-
lipse and the average of these displacements of paramecia.
The fluid velocity in the suspension can be estimated from
the movement of small, passive, suspended particles carried
by the fluid flow. The average of the displacements of 100
passive particles for 1 s is indicated by a small white circle
in each figure. In this analysis, particles whose size is less
than half that of a paramecium are considered as passive
particles. Neither fluid flow nor the directional swimming of
paramecia occurs until the passage of the front. Paramecia
move randomly or stop at the walls, while some of them
form small aggregates and sink gradually. After the passage
of the front, paramecia swim in the upward direction with a
velocity that is several times that of the flow of the ambient
fluid, as shown in Fig. 7�b�.

B. Spatiotemporal patterns of bioconvection

Bioconvection is sustained for at least several hours after
the front stops propagating beneath the surface. Figure 8
shows the space-time plots of horizontal slices for three ex-
periments; they are constructed for a given height y. The
ordinate axis represents the time after stirring. The density of
paramecia is almost uniform after stirring until the pattern of
bioconvection appears with the passage of the front. Biocon-
vection is typically found to form nonstationary structures, as
shown in Fig. 8�b�. New descent flows develop frequently
beneath the front and then move to coalesce into large flows.
Figures 8�a� and 8�c� show that the structures of bioconvec-
tion change with the depth of the suspension and the density
of paramecia in different ways. Bioconvection settles in a
virtually stationary structure as the depth decreases, as
shown in Fig. 8�a�. In contrast, Fig. 8�c� shows that the non-
stationary structures are maintained with a decrease in the
density, although the time development of the roll structures
is decelerated.

In the nonstationary structures of P. tetraurelia, as shown
in Figs. 8�b� and 8�c�, the descent flows develop into large
flows at an interval which is of the same order as the depth of
the suspension. On the contrary, the spacing of the descent
flows emerging beneath the front does not appear to depend
significantly on the depth of the solution or the height of
the front, as shown in Fig. 3 and Figs. 8�a� and 8�b�. Thus
there are two characteristic lengths in the bioconvection of
P. tetraurelia: the depth of the suspension and the instability
length of the front. We conjecture that the discrepancy be-
tween these two characteristic lengths causes the nonstation-
ary structures.

The coalescence of the descent flows has been reported in
numerical simulations conducted by Harashima et al. Their
mathematical model for the bioconvection of Heterosigma
akashiwo assumes that individual microorganisms swim up-
ward at a constant velocity �30�. In their simulations, the
bioconvection approaches a stationary structure or an inter-
mittent state due to such coalescence. Thus it is possible that

feedback from bioconvection with a size of the depth of sus-
pension causes the selection of descent flows through coales-
cence. By assuming that the front is destabilized through a
mechanism analogous to the RT instability, it is inferred that
the instability length depends on the density difference cre-
ated by the front �8–10�. In order to justify our conjecture,
we need to clarify the front formation process.

V. CAUSE OF FRONT FORMATION

We performed several experiments as listed in Table I to
investigate the cause of front formation.

A. Role of gravity

Paramecium is known to show the negative gravitaxis in
darkness and the positive gravitaxis in light �46�, and the
sign of gravitaxis also depends on the oxic condition �16�. In
our experiments, oriented swimming in the upward direction
does not occur until passage of the front, as mentioned in the
previous section. Therefore tactic responses are not consid-
ered to occur before front formation.

In order to decide whether gravity plays a major role, we
turned the Hele-Shaw cells sideways and upside down. A
thin stainless-steel wire was inserted along the water-air in-
terface to keep it straight. Figure 9�a� shows a microscopic
image of a front in the horizontal case. In fact, the front
appeared and propagated toward the water-air interface even
when the Hele-Shaw cell was placed horizontally or turned
upside down, although no pattern of fluid convection appears
behind the front. These results indicate that gravity is respon-
sible for the bioconvection, but not for the front formation in
suspensions of P. tetraurelia.

The horizontal case also differs from the vertical case in
terms of the individual motions after the passage of the front.
Figure 9�b� shows individual trajectories after the passage of
the front, which were extracted by the same method as those
in Fig. 7�b�. There is no directional flow of paramecia, al-
though they swim as actively as in the vertical case. Thus
negative gravitaxis is not responsible for the front formation
of P. tetraurelia although, in the vertical case, it may play
some role in the upward swimming after the passage of the
front.

B. Experiments in the nitrogen environment

Paramecia are known to exhibit oxykinesis, and therefore
they are attracted to the region of aeration �47,49�. We con-
ducted experiments in a nitrogen environment to investigate
the effect of air on bioconvection. The Hele-Shaw cell was
placed vertically in an airtight container after stirring, and
then the air in the container was replaced with nitrogen gas.
Figure 10 shows a series of images obtained in the experi-
ment. The front propagated upward even after the replace-
ment, as shown in the second image from the bottom. How-
ever, the front dissipated with bioconvection as soon as it
reached the top surface, and the density of paramecia became
uniform in the suspension. After nitrogen was replaced with
air again, paramecia gathered beneath the top surface and
several descent flows developed to recover bioconvection. In

3We used the image processing software ImageJ �http://
rsb.info.nih.gov/ij/� and its plugin MTrack2.
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this case, it should be noted that the front propagation did not
occur and the fluid convection developed in a manner similar
to that of typical bioconvection phenomena.

Next we compared the individual motions of paramecia in
the air and nitrogen environments. We placed a low-density
suspension in the cylindrical container and observed horizon-
tal movements of paramecia with a microscope from the top.
In both environments, paramecia swam actively for a few
minutes after initial stirring. However, in the air environ-
ment, most of the paramecia slowed down and ceased to
swim individually. In contrast, in the nitrogen environment,
paramecia continued to swim actively, while some of them
collided to form clusters. Paramecia kept swimming actively
for more than at least 15 min in this experiment although
they are aerobic organisms. We inferred that the paramecia
were consuming oxygen remaining in the suspension.

We analyzed 5 s of video images obtained 4 min after
stirring by the same method as that in Fig. 7. Figures 11�a�
and 11�b� show the distributions of the cluster size and
swimming speed. The cluster sizes were derived from the
area of a cluster in the images, and the peak in each size
distribution corresponds to the area of a paramecium. It
should be noted that speeds in the range of 0.3–0.6 mm/s
were more frequent in the nitrogen environment than in the
air environment.

C. Discussion

An increase of the swimming velocity of P. aurelia under
low-oxic conditions has been reported in experiments on

gravitaxis �16�. It is also known that a large increase of the
swimming speed in Paramecium is associated with the
strong repellent action in chemokinesis �49�.

An increase in activity is also observed after the passage
of the front, as shown in Figs. 7�b� and 9�b�. The results of
the nitrogen experiments suggest that front formation by P.
tetraurelia is caused by a lack of oxygen dissolved in the
suspension. Paramecia consume oxygen in the suspension,
and a lack of oxygen makes their swimming active. The
dependence of the front formation time on the density and
the depth, as reported in Sec. III, is consistent with this
mechanism. It is inferred that the lack of oxygen first appears
in the vicinity of the bottom because oxygen is supplied from
the water-air interface. Even when air is replaced with nitro-
gen, paramecia that comprise the front may not detect the
fact until the front comes close to the interface because oxy-
gen diffuses slowly in the stationary suspension above the
front. On the other hand, when nitrogen is again replaced
with air, it is expected that the paramecia gather beneath the
surface without exhibiting front propagation because oxygen
in the suspension is already low.

Bioconvection induced by the lack of oxygen has been
reported for some kinds of bacteria �3,4,6,12�. The delay
time for pattern formation is significantly dependent on the
average cell concentration as observed in our experiments.
However, in those cases, oxykinesis causes directional flows
of bacteria due to a steep gradient in the oxygen concentra-
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tion and a high-density layer appears at the outset beneath
the top surface, not in the vicinity of the bottom. It may be
caused by nonlinear responses to oxygen �47,49�, as in the
competing responses of D. desulfuricans bacteria, which has
both positive and negative responses to oxygen depending on
its concentration �6�. An important difference between para-
mecia and bacteria is that the mean free path of paramecia is
much larger than that of bacteria. In our systems the mean
free path of paramecia below the front is larger than or ap-
proximately equal to the front thickness. Therefore we
should consider oxykinesis as a microscopic behavior rather
than the macroscopic response to an oxygen gradient. The
unoriented swimming observed behind the front in the hori-
zontal container is consistent with the inference that the in-
dividual response is kinetic.

There may be a mechanism responsible for the sharpness
of the front. It is inferred that cell-cell interactions are im-
portant because the diffusion of paramecia in dilute suspen-
sions is too fast to form a sharp front. Paramecia collide with
each other and form clusters when they enter the front. Such
behavior is analogous to a traffic jam. Collisions in high-
density states can play a major role in front formation, as
indicated by the clustering phenomena of driven granular
gases �56,57�. In order to clarify these mechanisms, it is
necessary to experimentally measure both the distribution of
the oxygen concentration and the density of paramecia.

In our experiments, the upward swimming of paramecia
appears after the passage of the front only when the Hele-
Shaw cells are placed vertically. P. aurelia is known to show
negative gravitaxis as the oxygen concentration decreases
�13,16,17�. Negative gravitaxis is not a necessary factor for
front formation because the front also occurs in a horizontal
container. However, it possibly enhances front formation and
bioconvection in a vertical Hele-Shaw cell.

VI. CONCLUSIONS

We investigated bioconvection in high-density suspen-
sions of P. tetraurelia. In the experiments conducted using
Hele-Shaw cells placed vertically, we found that bioconvec-

tion began as a high-density front propagating from the bot-
tom toward the water-air interface. The formation and propa-
gation of the front required a long time when either the
density of paramecia or the depth of the suspension de-
creased. In nitrogen environments, the front dissipated. We
confirmed that paramecia become active with the passage of
the front and similar activity is induced by the lack of air.
These results suggest that paramecia consume oxygen dis-
solved in the suspension and that a lack of oxygen causes the
front formation.

Front propagation appeared even in a Hele-Shaw cell
placed horizontally, but the oriented swimming of paramecia
was not observed. Therefore oxykinesis appears to be essen-
tially responsible for front formation. Negative gravitaxis
may play a role in enhancing bioconvection because oriented
swimming was observed below the front in the vertical case.

Paramecia combined to form clusters in the front. Al-
though descent fluid flows advect paramecia from the front,
the crowded front was maintained by the upward swimming
of individuals returning to the front. Cell-cell interactions
such as collisions are important at such high densities and
may be responsible for the sharpness of the front.

The bioconvection of P. tetraurelia produces nonstation-
ary roll structures as the depth of the suspension increases.
The spacing of the descent flows emerging from the front
does not depend significantly on the depth, while they coa-
lesce to form large flows at intervals of the order of the
depth. We conjecture that the inconsistency between the in-
stability length of the front and the depth of the suspension
causes the nonstationary structures. The development of a
mathematical model for front formation is a problem which
will be addressed in the future.
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