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Microscopic sessile suspension feeders live attached to surfaces and, by con-
suming bacteria-sized prey and by being consumed, they form an important
part of aquatic ecosystems. Their environmental impact is mediated by their
feeding rate, which depends on a self-generated feeding current. The feeding
rate has been hypothesized to be limited by recirculating eddies that cause
the organisms to feed from water that is depleted of food particles. However,
those results considered organisms in still water, while ambient flow is often
present in their natural habitats. We show, using a point-force model, that
even very slow ambient flow, with speed several orders of magnitude less
than that of the self-generated feeding current, is sufficient to disrupt the
eddies around perpendicular suspension feeders, providing a constant
supply of food-rich water. However, the feeding rate decreases in external
flow at a range of non-perpendicular orientations due to the formation of
recirculation structures not seen in still water. We quantify the feeding
flow and observe such recirculation experimentally for the suspension
feeder Vorticella convallaria in external flows typical of streams and rivers.

1. Introduction

Microscopic sessile suspension feeders (MSSFs) are ubiquitous in marine and
freshwater environments, including marine snow, biofilms and living hosts
[1-5]. These single-celled protists typically have cell diameters in the range
5-100 pm and feed while attached to surfaces (figure 1a). MSSFs play a critical
role in aquatic ecosystems because they are often the dominant predators of
bacteria and phytoplankton, and serve as a critical food source for larger zoo-
plankton [7-12]. MSSFs also improve the efficiency of wastewater treatment
plants and may play a critical role in bio-remediation after human-caused dis-
asters such as oil leaks, heavy metal contamination and sewage spills [13-17].

MSSFs generate a feeding current to draw in food. The feeding current
determines their clearance rate (the volume of food-rich water processed per
time) and feeding rate (amount of food consumed per time). The feeding cur-
rent is generated either by a single flagellum, e.g. for choanoflagellates and
other heterotrophic nanoflagllates, or by cilia, e.g. for ciliates like Vorticella, Sten-
tor and Opercularia. Because these organisms live at low Reynolds number
where viscous forces are dominant, the feeding current is strongly influenced
by nearby boundaries, particularly the attachment surface. The proximity to
this surface causes toroidal eddies in the feeding current that reduce clearance
rates as water recirculates past the feeding apparatus [6,18-22].

MSSF orientation relative to the attachment surface strongly influences the
extent to which recirculation occurs [6,19]. In still water, eddies in feeding
currents for MSSFs oriented perpendicular to the attachment surface reduce
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Figure 1. (a) Microscope image of Vorticella, a single-celled protist abundant in
freshwater and marine environments. (b,¢) Calculated streamlines for a model
MSSF with no ambient flow (see [6] for details). The surface of attachment is
the bold line, and the red arrow indicates the direction that the organism
pushes the fluid. Streamlines show reirculation for organisms that feed perpen-
dicular (b), and no recirculation when the force is parallel to the boundary (c).

clearance rates to zero over time (figure 1b), while no recircu-
lation is present for MSSFs pushing parallel (figure 1c) and
clearance rates are constant [6]. Recirculation times vary sig-
nificantly among streamlines in the perpendicular case, and
they can be of the order of minutes to several hours for the
streamlines that pass close to the organism [6,23]. This
means that, in some circumstances, diffusion of their food or
motion of the organism can mitigate the effects of recirculation
on the clearance rate [6,11,23].

These previous results focused on organisms in still water
[6,19-23]. However, most MSSFs live in habitats with ambient
flow that ranges from mm s~ to ms™! (table 1). Even in the
viscous boundary layer near surfaces, where these organisms
live, the flow is non-zero and may be enough to disrupt
recirculation and increase food uptake [26].

Studies of the effect of flow on larger surface-attached
organisms show that clearance rate generally increases with
flow speed, but decreases at very high speeds [30-32]. Similar
results have been found for a few species of MSSFs, but the
effect of flow is strongly species dependent, and the mechan-
isms responsible have not been studied [33]. There is also
indication that ambient flow can reduce or eliminate the
eddies in the feeding current around perpendicular feeders,
but there is no systematic study of this effect [34].

Here, we use experiments and calculations to gain a mechan-
istic understanding of how ambient flow affects MSSFs. We
measure feeding flows and cell body orientations for the ciliate
Vorticella convallaria, a representative MSSE under different
flow conditions. We compare our model predictions with the
experimental findings, and we use the model to determine
whether recirculation is present and how clearance rate changes
with organism orientation and strength of the ambient flow.

2. Materials and methods

2.1. Flow measurement

We recorded videos of individual MSSFs attached to the bottom
of a rectangular channel with flow driven by a syringe pump
(New Era NE-1000) and designed to mimic natural environments
(figure 2). The flow in the bottom middle of the channel can be

approximated as simple shear flow, u = (kz, 0, 0), where k is the
shear rate and z is the distance above the bottom surface [35].
We performed experiments at a range of flow rates (0.2—
10 ml min™"), yielding shear rates of 0.03-3 s' and channel Rey-
nolds number of Re=QD/(Av)=5-200. Here, Q is the volume
flow rate, v is the kinematic viscosity, and D and A are the
depth and cross-sectional area of the channel, respectively.
Whether the surface is the floor of a channel, a sphere or the sub-
stratum exposed to flow where MSSFs live, simple shear flow is a
reasonable first approximation [26].

To make a quantitative connection between shear rates in our
experiments and ambient environmental flows, we consider two
cases: (i) Blasius boundary layer flow, which is appropriate for
flow near a thin flat surface in laminar flow, e.g. a leaf in a
pond [26,36], and (ii) turbulent flow near flat surfaces, e.g. a
stream bed. Shears of the order of 0.03 s}, our lowest measured
shear rate, would correspond to Blasius flow with free-stream
velocity of 700 um s~ for an MSSF 5 cm from the leading edge.
In turbulent flow above a flat smooth surface, this shear rate
would correspond to a stream with depth 0.1 m and depth-aver-
aged flow speed of 2 mm s™". Similarly, our highest measured
shear rate of 35~ would correspond to Blasius flow with free-
stream velocity of about 1 cms™! for an MSSF 5cm from the
leading edge or turbulent flow for a stream with depth 0.1 m
and depth-averaged flow speed of 7 cms™'. These flow speeds
are determined from table 6.1 in [36] and eqns 10 and 13 in [26].

Vorticella convallaria (figure 1a) were cultured as in Vacchiano
et al. [37]. Plastic coverslips (11 mm x 11 mm x 0.1 mm) were left
in the cultures overnight, and coverslips with a single V. conval-
laria isolated from neighbours and attached to the thin edge of
the coverslip were selected. The coverslip was then inserted
into a thin slit in the middle of the channel, such that the edge
of the slip with the attached individual was flush with the
bottom of the channel (+10 pm). The slit was surrounded by a
waterproof chamber to prevent leaks.

High-speed video was recorded for micro-scale particle
image velocimetry (uPIV) at 1280 x 800 pixels and a frame rate
of 25 or 50 fps using a Phantom v210 camera. The water was
seeded with 10 pm neutral-density hollow glass beads (Dantec
Dynamics HGS-10). We selected Vorticella at a variety of orien-
tations relative to the surface of attachment and all oriented in
the plane of view, so that out-of-plane flow was minimized
(figure 2 and electronic supplementary material, Movie S1).
The channel was illuminated from behind with infrared light,
and we estimated the depth of field to be 200 um. Images were
processed in Matlab using custom-written software to select in-
focus particles using a threshold in the gradient of the image
brightness.

Flow fields were determined using DaVis PIV software (LaVi-
sion GmbH, Gottingen, Germany). The organism and surface of
attachment were masked manually. We used a multi-pass PIV
algorithm with decreasing size of the interrogation windows
from 128 x 128 pixels to a final window size of 64 x 64 pixels
with 75% overlap. Flow fields were then time averaged over the
length of the video.

2.2. Measurement of Vorticella orientation

We measured cell body orientation in still water and at shear
rates of 0.3s7%, 0.6s7! and 1s7". Individual V. convallaria were
imaged in channel flow in a device similar to that described in
§2.1, although the channel was 10 mm wide, 8 mm tall and
4cm long, and individuals were attached directly to the
bottom of the channel. Videos were recorded with an Allied
Vision Mako camera with a field of view of 1.28 mm x
1.02 mm. Individuals were observed for 6-60 min at 1fps. In
each frame, orientation was determined using a custom-written
image-processing routine that fitted the cell body to an ellipse.
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Table 1. Examples of flow speeds and types in aquatic environments.

environment flow type
vegetation in shallow stream unidirectional
estuarine mudflats unidirectional
rivers and streams unidirectional
fouling community on a dock oscillatory
wave-swept rocky shore oscillatory
coral reef oscillatory
settling marine snow aggregates unidirectional
top view:
— _ l)’
X
side view:
= L
X

Figure 2. A schematic showing top and side views of a segment of our flow
channel. The channel is 8 mm wide, 7 mm tall and 13 cm long. Flow is from left
to right (blue arrows). The thin line in the top view indicates the edge of the
coverslip inserted into a slit in the bottom of the channel, and the box in the side
view indicates the video field of view (2.1 mm X 1.3 mm). The image shows a
frame from a typical video with an individual V. convallaria circled in yellow (cor-
responds to electronic supplementary material, Movie S1 and figure 4c).

Ellipse orientation and major axis length were used to determine
the cell body orientation angle j (figure 3), so  was determined
only in the plane of view and not including any tilt towards or
away from the camera.

We considered the time-averaged angle of each individual at
each shear rate as a measure of typical orientation. To account for
individual variation, the deviation in typical angle, A, was
determined from a reference shear rate (0.6 s™') for each individ-
ual at each flow speed. We assessed statistical significance among
time-averaged angles by first performing an ANOVA on a linear
mixed effects model to assess if the shear rates affected angle
after accounting for individual variation. Then, we performed a
post hoc least-squares means test to parse out the pairwise differ-
ences between each flow rate.

Vorticella orientation was observed to change periodically in
time. The peak of the power spectrum of 8 as a function of time
was used to determine the reorientation period. The power spec-
trum was determined for each individual at each flow speed by
performing a fast Fourier transform (FFT) on § as a function of

flow location flow speed source
5-20 cm above substratum 4cms [24]
N [25] .
PN v [26v]v
Ot R [27] N
free stream v 0ams™ [25]
e 10cms‘1[28] N
' sinking sbe'ed of aggregate C 1mms™ '[2'9]
(a) (b) ()
side view z top view

—_— y

-

N —
? . B |
— rd
Figure 3. Point-force model in ambient flow. (a) Sketch of Vorticella with point
force (red arrow) and shear flow (blue arrows). (b,¢) Our model with a force at
the origin of the red arrow at a distance h above the bottom (thick line). The

arrow points in the direction of the force with angles 8 and y. The circular
feeding disc with radius r, is indicated by an orange dashed line.

time. Before applying the FFT, the data were high-pass filtered
to remove the average angle, low-pass filtered to remove frequen-
cies higher than the Nyquist frequency and windowed using a
Blackman-Harris function.

2.3. Model and fitting methods

2.3.1. Point-force model with shear flow

We modelled the MSSF as a point force (stokeslet) above a
plane boundary [6,11,20,22,38-40]. This model has been
shown to match experiments well for MSSF feeding currents
in perpendicular orientations above a single surface and also
when confined between two closely spaced surfaces [20-
22,41]. We chose this simple low-Reynolds-number model as
the Vorticella feeding flow has a Reynolds number of approxi-
mately 107> [6], and because we hope to find the simplest
model that accurately predicts zones of recirculation and
allows us to determine how clearance rates vary with feeding
angle and ambient flow speed.

The point force is located at height & above the surface and
pushes the fluid with force f. Its orientation relative to the surface
is described by angles g and y (figure 3). To complete this model,
we represented the ambient flow as simple shear flow: u = (kz, 0,
0) as discussed above (§2.1).

To describe the flow topology and determine which parameter
combinations lead to recirculation, we numerically determined the
location of critical points and classified them using the eigen-
values of the Jacobian matrix [42]. Critical points that are
centres, attracting foci or repelling foci can indicate zones of recir-
culation, which we define as closed streamlines or spirals. Other
critical points (e.g. saddle points) do not indicate zones of
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recirculation. We examined the case where y=0 and determined
critical points in the symmetry plane (y = 0).

2.3.2. Scaling

We use dimensionless variables indicated by an asterisk. Lengths
are scaled by h. Velocities, times, shear rates and clearance rates
are scaled by their characteristic scales

f pi? f fh
L = k=-L and i
&) P 0= and Q i

where 4 is the viscosity. We observe average values of h =190 +
20 um and f =230 + 30 pN, where + indicates standard error.
Using these average values and the viscosity of water gives
Uo~1000 um s~ f~0.2s, kg~ 65 ' and Qo4 x 107 m® s,

2.3.3. Fitting to experiment

We fitted the calculated flow fields to the experimental flow fields
using least-squares regression. The fitting of the background flow
and that of the point-force flow were conducted separately. The
background velocity was fitted to v,(z) = k(z — z,), where the two
fitted parameters were the shear rate, k, and the position of the sur-
face, z,. We took the average of the fits to the left and right of the
cell. Any measurements for which the fits between the linear
speed profile and the experimental flow field had an error greater
than 10% were removed.

We then subtracted the fitted background flow so the result-
ing flow was a Vorticella in isolation. We next fitted the point-
force flow to the experimental flow, where the fitting parameters
were the x and z location, the direction and the magnitude of the
force. We confined the fitted x and z coordinates to within a cone
based on the measured position of the Vorticella. The cone had an
opening angle of 40° and radius of 1.05h, and the tip of the cone
was 0.05h below the measured cell body position tilted by the
measured cell body angle. The point-force fitting was confined
to the flow-field data within an annulus centred on the cell
(inner radius of 250 um and an outer radius of 500 um). As
with the fits to the background flow, any fit between point-
force flow and experimental flow where the error was greater
than 10% was removed. Four flow fields were removed for this
reason; all were at our highest flow velocities (0.8-2.8s7"),
where the feeding flow is a small fraction of the total flow and
the determination, by subtraction, of the Vorticella flow field
becomes uncertain. Thus, the failure of these fits reveals the
upper limit on flow velocity for our fitting procedure.

2.3.4. (learance rates

We calculated clearance rates as a function of time from the com-
bined point-force and simple-shear flow as the fluid flux across a
feeding disc located in a plane perpendicular to the point force
and centred on a line passing through it (figure 3b,c) [6]. A
grid of fluid particles located on the feeding disc was followed
backwards in time according to the velocity field. Initially, each
grid element of the feeding disc contributed u - dA to the clear-
ance rate, where u is the fluid velocity at the centre of the grid
element and dA is a vector whose magnitude is the area of
the grid element and whose direction is perpendicular to the
feeding disc. If a fluid particle recirculated and returned to the
feeding disc, then that element of the grid no longer contributed
to the clearance rate. An alternative approach would be to find
the clearance rate by using simulations to fully solve the
advection—diffusion equation (e.g. [6,43]).

We determined the size of the feeding disc experimentally by
imaging feeding Vorticella and tracing captured particles back-
wards in time (electronic supplementary material, SI §1). Using
this measured capture zone, along with the average point-force
height, =190 uym, we find a disc radius, r;/h=0.1, which we
used in all clearance rate calculations. We also set the feeding

disc a distance of 0.1k in front of the point force to avoid including n

the singularity within the feeding disc.

3. Results
3.1. Measured flow fields

When Vorticella are exposed to ambient flow, recirculation in
the feeding current is reduced or eliminated for organisms
that are perpendicular to the surface (figure 44) or lean
upstream (figure 4b), but not for those that lean downstream
(figure 4c). We measured flow for Vorticella angles ranging
from f=70°+15° to f=—110° + 15° at shear rates from 0s™!
to 2.8 s™". Details of all measured flows are in electronic sup-
plementary material, SI §2 and flow fields are available in the
Dryad data repository [44]. We observed no recirculation
in the feeding current at any ambient flow condition for
B>0°, ie. those that lean upstream and, thus, have a com-
ponent of their feeding current in the same direction as the
ambient flow. For negative angles, recirculation was more
likely to be present if ambient flow was slow and if the
feeding current was directed opposite the ambient flow.

3.2. Measured Vorticella orientations

As in still water [6], we observe that Vorticella in flow typi-
cally have a periodic pattern of active reorientation in
time with a period of about 200 s (figure 54,b). Within this
periodic variation the typical orientation angle for § varies
among individuals (figure 5c). There is also variation
among individuals in the breadth of angles explored
(figure 5c). However, there is a clear pattern that at higher
shear rates the organisms are more likely to be tilted down-
stream and pulling fluid opposite the direction of ambient
flow (figure 5d).

3.3. Model results
3.3.1. Model validation

Calculated flow fields matched experimental flow fields well
(figure 4 and table 2). For the 17 flow fields that we were able
to fit to calculations, there was a qualitative match between
experiment and calculation for the presence or absence of
recirculation, and the general location and size of the region
of recirculation (see electronic supplementary material, SI
§2 for details of these fields and the Dryad data repository
for model results for all flow fields [44]). There was also a
qualitative match between experiment and calculation for
the presence or absence of recirculation for the five flow
fields that we could not fit to our model, and which we com-
pared with calculations with average Vorticelln parameters
(electronic supplementary material, SI §2). This robust
match between experiment and calculation means that our
model is sufficient to predict the structure of recirculation
in the flow, and therefore to predict, at least qualitatively,
how clearance rates vary with time and organism orientation.

To determine the extent to which our model can be used
to make quantitative predictions, we compared the clearance
rates across the feeding disc predicted by our calculations
with those measured using PIV (electronic supplementary
material, SI §3). Across the flow speeds and orientations
that we measured, these results showed a good match in
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Figure 4. The flow fields of Vorticella in ambient flow at different orientations. (a) Vorticella approximately perpendicular, (b) tilted upstream and (c) tilted downstream.
Black lines are approximate streamlines and colours indicate speed. The field of view is 2.1 x 1.3 mm. The Vorticella is located in the bottom middle, at the area of high
flow magnitude, and has orientation as shown in the upper-left inset. In each box, the left panel is the measured flow and the right panel the model flow. Note that the
colour scale is capped at the maximum experimental value in (a), and that =0 for all calculated fields. Model parameters are shown in table 2.

Table 2. Fitted model parameters for flow fields in figure 4.

figure 4 p h f k

panel ©) (um)  (pN) (s k
8 z0 30018 004

b % 0200 016 003

¢ The 020 014 0002

trend, although not an exact match in values: clearance rates
matched within an order of magnitude, and calculated clear-
ance rates always overestimate measured rates, typically by a
factor of 3-4.

Our clearance rates also match well previously measured
clearance rates. Sanders et al. used uptake of fluorescent
beads and bacteria and found clearance rates for V. convallaria
of 1x10°-5x10° um®s™" [45], comparable to the median
value of 2 x 10° um® s™" for our experimental data (see elec-
tronic supplementary material, SI figure S2 for the full
range). Similar measurements of clearance rates based on
bead uptake for other Vorticella species found clearance
rates from 5 x 10* pm®s™! to 2 x 107 um® s7!, and a determi-
nation of clearance rate from the measured flow field of
Vorticella picta is also within that range [2,46,47].

There are two areas where the model and experiment do
not agree: (i) near the point force, where its singular nature

leads to unrealistically large velocity magnitudes; and (ii) at
the cell body, where the uPIV is less accurate than in other
regions and the point-force model ignores flow disturbance
due to the cell body. While details of the flow in these
regions are not needed for our analysis of clearance rate,
our model could be modified to use a regularized stokeslet
to better match these near-field flows [48].

Overall, our model captures well the structure of the flow
field and accurately determines in what situations recircula-
tion will reduce clearance rates. Quantitative values for
clearance rates from our calculations are overestimates that
are correct within an order of magnitude.

3.3.2. Flow topology

Our model shows a variety of flow structures (figure 6).
We find smooth streamlines and no recirculation when 8=
90° (figure 6a). Areas of recirculation appear and become
larger as f approaches —90° (figure 6b-d). Increasing flow
speed causes the zone of recirculation to become smaller
(figure 6d versus figure 6f). We can calculate analytically
the location of the stagnation points at the centres of the
eddies for the special case of f=—-90°, where there is sym-
metry across the point force in the x-direction. We found
that there are always two stagnation points, with the lower
one very near the bottom surface at slower flows (figure
6h). As flow speed increases, the two stagnation points
move closer to the stokeslet, leading to a smaller zone of
recirculation with two defined eddies (figure 6f,}1). In general,
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Figure 5. (a) Example of the pattem of orientation angle in time for Vorticella in flow (individual 6 at k = 0.3 s in (c)). (b) Reorientation period as a function of
shear rate. N = 3 for still water, N =4 for k=0.6 s~" and N = 6 for other orientations; error bars are standard error of the mean. The trend is not significant; p =
0.06 for a generalized linear model with a gamma distribution. (c) Orientation angle, 3, as a function of shear rate, k, for seven different Vorticella (individual
indicated by numbers in grey bars at top). The box shows the lower and upper quartiles of angles explored by the organisms. The horizontal bar indicates the
median angle, the error bars are 1.5 X the quartile boundaries and dots show any instances of angles measured beyond the bounds of the error bars. (d) Change in
typical orientation angle, AS (see §2.2 for definition), as a function of shear rate (N = 4 for still water, N =7 for k= 0.6 s~"and N = 6 for other orientations). Error
bars are standard error of the mean. Asterisks indicate statistically significant differences (post hoc least-squares means test): * indicates p < 0.05 level and **
indicates p < 0.01 level.
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Figure 6. (a—f) Approximate streamlines from our model; the point force is at (0,1) and the bottom surface at z= 0. The red line indicates a feeding disc with
r4/h =0.1. For (a—d) k* = 2 x 107>, for (e) and (f) k* =2 x 10" (g) Classification of flow structures in the symmetry plane for 7 = 0. Yellow indicates two areas
of recirculation; turquoise indicates one area of recirculation; dark blue indicates no recirculation. Letters correspond to parameters used in streamline plots. (h) The
height of the stagnation points at the centre of the two eddies for 8= —90° The solid lines represent exact locations, while the dashed lines represent
approximations for k* << 1: Z¥ioyer & 47K*/3 and 2% pper & (4tk*/3) ™" — 113.

we found that, as ambient flow speed increases, fewer angles symmetry plane occur at many angles, we only see closed
lead to recirculation (figure 6g and figure 6b versus figure 6e). streamlines elsewhere for f=—-90°. Clearance rates will be
These model results match our experimental observations reduced by recirculation only if the feeding disc intersects

(figure 4). Furthermore, while closed streamlines in the recirculating streamlines (e.g. figure 6d,f).
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and table 2. (c) Normalized difference between initial and steady-state clearance rates. Larger values indicate a greater reduction in clearance rate due to recirculation.
White lines indicate whether recirculation is present in the flow (based on figure 6). (d) Normalized clearance rate as a function of feeding angle for the dashed-line
transects in (a) and (b): k* =33 % 107" (blue line), k* = 1.8 X 1072 (red line) and k* =15 x 1073 (black line). Solid lines indicate initial clearance rates, while
dashed lines indicate steady-state clearance rates. Representative Vorticella body positions are shown for several values of £.

3.3.3. (learance rates for perpendicular orientation

Even very slow ambient flow can change the recirculation
around perpendicular MSSFs such that the feeding disc no
longer intersects recirculating streamlines. With our choice of
feeding disc, we find that a shear rate of k*=2x 107° is the
minimum shear rate needed to ensure a constant supply of
fresh food to the entire feeding disc for a perpendicular cell.
For our scaling (§2.3.2), this is a shear rate of 1075 571, corre-
sponding to a free-stream velocity of about 4ums™ in
laminar Blasius flow or a turbulent stream with depth-averaged
flow speed of 8 um 5™, calculated using the same assumptions
as in §2.1. These shear rates are orders of magnitude smaller
than those that produce flow of similar speed to the Vorticella
feeding current (k*~1). This is because, for perpendicular
feeders in still water, the region of recirculating eddies that
intersect the feeding disc extend tens of body lengths into the
water column and recirculate very slowly [6,23]. They are,
thus, easily disrupted by flow. Similarly, larger feeding discs
would require faster flow to disrupt all recirculating stream-
lines that intersect the feeding disc, as larger discs include
streamlines further from the point force that extend less far
into the water column and recirculate more quickly.

3.3.4. (learance rates for other orientations
We first consider orientations with no cross-flow component
(y=0; figure 7). The best orientation for feeding is tilted

directly upstream into the flow (8 =90°), with feeding current
and ambient flow working together. The lowest clearance
rates happen at the opposite orientation, when the organism
is tilted directly downstream with the feeding current in the
opposite direction to the ambient flow (5=—-90°).

Even when the feeding current speed is greater than the
ambient flow speed, clearance rates for organisms tilted down-
stream and pushing against the ambient flow reduce to zero or
near zero in time (figure 7b,d). This occurs because the entire
feeding disc is within an area of recirculation. For slower flow
(smaller k*), a larger range of S angles centred on —90° have clear-
ance rates reduced by recirculation (figure 7c,d). Slow ambient
flow does not directly affect the initial clearance rate through
the feeding disc significantly when k* < 107" (figure 7a), but it
influences the steady-state clearance rate by changing the overall
flow structure and recirculation pattern (figure 7b), since the flow
speeds in the self-generated feeding current are very low in the
far field where the closed streamlines return [23,39].

These results are opposite those in still water (figure 1),
where the perpendicular orientation has a reduced clearance
rate due to recirculation, and the parallel orientation is free
from recirculation [6,19].

We also find that larger feeding discs relative to stalk
length experience reduced clearance rates at a larger range
of angles and flow speeds than smaller ones, and the time
to first recirculation decreases with increasing disc size
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Figure 8. Steady-state clearance rate, indicated by colour, as a function of 3
and y. The clearance rate is normalized by the maximum rate in figure 7a of
0.048, and contour lines are at intervals of 0.1. The shear rates correspond to
dashed lines in figure 7a,b.

(electronic supplementary material, SI §6). However, clear-
ance rates are overall larger for larger discs, since there is
more area encountering fluid.

If the organism tilts in the cross-flow direction (non-zero y),
the extent of recirculation in the flow is reduced (figure 8).
Only orientations that have a significant component of feeding
force pointing against the flow, and minimal component in the
cross-flow direction, result in reduced steady-state clearance
rates.

Overall, there are distinct angles at which clearance rate
reduces to zero with time for MSSFs in shear flow. These
angles centre on f=-90° and y = 0°, and the range of affected
angles is larger for organisms in slower flow or with larger
feeding discs relative to stalk lengths.

4. Discussion

We found that clearance rates for MSSFs depend on both
organism orientation and ambient flow conditions. Therefore,
to predict and understand clearance rates in nature, one must
understand both typical ambient flows and typical organism
orientations. Clearance rates of protists have often been deter-
mined by measuring the rate at which inert particles or
fluorescently labelled prey are consumed (e.g. [10,33,49]).
However, these types of measurements give clearance rates
that vary widely, even among individuals of the same species
[50]. This could simply be due to different ambient flow
conditions and cell orientations among individuals.

We also found that perpendicular MSSFs have a constant
supply of food for nearly all natural environments, as they do
not experience recirculation through the feeding disc even for
ambient flows much slower than found in most natural
environments (table 1). We therefore expect that organisms
in natural habitats will not experience the feeding restrictions
due to eddies described in previous work on MSSFs at
perpendicular orientations in still water [6,18,20,21,40].

At all ambient flow speeds we studied, individual Vorticella
explored a range of orientations, demonstrating that they main-
tain the ability to actively reorient (§3.2). However, as the
ambient flow speed increased, the active reorientation patterns
became biased towards downstream tilt, leading to decreased
initial clearance rates. It is possible that this decrease could be
mitigated by some cross-flow tilt. We also rarely observed
organisms oriented directly upstream at the angle that maxi-
mizes clearance rate, though, from our sample, it is difficult to
determine if this is due to the ambient flow. At higher ambient
flow speeds, drag forces on the cell body may become strong
enough to overpower active motion of the Vorticella and force
it to align with the flow. This could force organisms into the
‘danger zone’ where recirculation would eventually cause clear-
ance rates to decrease to zero. In our model (which mimics
Vorticella), tilted downstream means 8 ~ —90° and low clearance
rates. However, choanoflagellates push fluid in the opposite
direction. Thus, forces from ambient flow would assist choano-
flagellates anchoring in a favourable orientation, but hinder
Vorticella. These results also highlight that MSSFs that anchor
solidly with a set orientation relative to the surface may be
able to feed more effectively in regions with fast flow than
MSSFs with a flexible stalk.

In slow flows, V. convallaria reorient quickly enough to
escape any decrease in clearance rates due to recirculation.
To determine this for Vorticells, and similar species that
actively control their orientation, we can compare the time
scale of organism reorientation with the time scale of the
recirculating flow. For V. convallaria, we found that the time
at which recirculation first occurs (the time for depleted
fluid to first return to the feeding disc) scaled approximately
inversely with shear rate (electronic supplementary material,
SI §4). The range of non-dimensional recirculation times pre-
dicted corresponds to 107> s to 30 min. It has previously been
shown that V. convallaria reorient themselves with a time
scale of minutes [6], and we found in our experiments that
this general time scale is robust across individuals and flow
speeds (§3.2). Here, flow where Vorticelli would reorient
quickly enough to avoid recirculation corresponds to Blasius
flow with a free-stream velocity of 3mms™ or a turbulent
stream with a depth-averaged flow speed of 6 mms™,
using the same assumptions as in §2.1. Frequent reorientation
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of the cell body would also limit the impact of recirculation at
higher velocities, as the decreased clearance rate would only
last for times on the scale of minutes before reorientation
would bring in fresh fluid. We suggest that the ability to
reorient actively is an advantage to benthic MSSFs as it
may limit the effect of recirculation on clearance rate.

Our results also demonstrate the benefits of a longer stalk.
One aspect of this benefit has long been known: moving
away from the surface leads to higher feeding flow speeds
and, thus, larger clearance rates [11,23]. Our results revealed
that organisms with a short stalk for a given feeding disc size
experienced a clearance rate reduction for a larger range of
angles than those with a long stalk (electronic supplementary
material, SI §6). Thus, having a longer stalk also helps an
organism avoid regions of recirculation in the flow.

Clearance rate is also affected by the force an organism
can apply to the fluid, which varies both among individuals
of the same species and among different species. Without
external flow, clearance rate is proportional to this force. In
flow, a stronger force reduces the effect of ambient flow, i.e.
reduces k* for a given flow speed, and, therefore, leads to
recirculation at a wider range of angles. We found a range
of forces from 100 to 500 pN for V. convallaria, which matches
well ranges reported for similar organisms [6,21].

While our results do not include the diffusion or swim-
ming of food particles, it would be interesting to investigate
further, as diffusive motion of prey has been shown to
reduce the effect of recirculation in still water for prey that
diffuse quickly [6]. Scaling estimates of the Péclet number
for our flow fields (electronic supplementary material, SI
§5) indicate that flow dominates over diffusion in most situ-
ations, but diffusion may become important for Vorticella
feeding on fast motile bacteria in slow ambient flow or for
the very small eddies seen in faster ambient flow.

5. Conclusion

Both initial and steady-state clearance rates for MSSFs
depend strongly on the interaction between the ambient
flow and the organism orientation and body plan (e.g. stalk
length, feeding disc size and direction of feeding force).
Even flow much slower than that found in nearly all natural
environments is enough to disrupt the recirculation around
perpendicular MSSFs. However, ambient flow typical of
natural habitats can help or hinder organism feeding. This
depends on the ability of the organism to adjust its orien-
tation and whether it pushes the water away from or
towards the surface of attachment.
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