Limnol. Oceanogr., 46(7), 2001, 1709-1719
© 2001, by the American Society of Limnology and Oceanography, Inc.

Influences of benthic boundary-layer flow on feeding rates of ciliates and flagellates at

the sediment-water interface

Jeff Shimeta

Biology Department, Franklin and Marshall College, Lancaster, Pennsylvania 17604-3003

Victoria R. Sarczak

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543

Oladipo M. Ashiru

Biology Department, Franklin and Marshall College, Lancaster, Pennsylvania 17604-3003

Cheryl Ann Zimmer+

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543

Abstract

Heterotrophic protists are integral to sedimentary food webs, but influences on their activities are poorly under-
stood, especialy the role of benthic boundary-layer flow. Effects of flow on ingestion rates were measured for
bacterivorous protists at the sediment surface in a flume. Results from four common, benthic suspension-feeding
ciliates were species specific. Mean clearance rates of the scuticociliates Cohnilembus sp. and Paranophrys magna
and the hypotrich Euplotes minuta increased by factors of two to three as friction velocity (u,.) increased from 0
to 1.0 cm s % Above u, = 1.0 cm s™%, clearance rates of Cohnilembus sp. and P. magna were constant, whereas
the clearance rate of E. minuta was reduced by 40% at u, = 1.5 cm s % E. minuta thus revealed an optimal flow
regime for feeding. In contrast, the mean clearance rate of the scuticociliate, Cyclidium sp., was unrelated to u,. In
experiments with sediment cores from a subtidal, silty sand site, the mean clearance rate of the bacterivorous ciliate
community of the sediment-water interface increased by a factor of five between u,, = 0 and 0.9 cm s~ The effects
of flow were likely due to enhanced advection of prey to the ciliates. In contrast, the clearance rate of the nanofla-
gellate community in sediment cores was unrelated to u,. Tidal currents at the field site were estimated to increase
the ciliate community’s daily integrated feeding by a factor of 3.2 compared to still water. Epibenthic ciliates create
a dynamic link between planktonic and benthic food webs, mediated strongly by benthic boundary-layer flow.

Heterotrophic protists play important roles in marine sed-
imentary food webs as consumers, facilitators of organic-
matter decomposition, and as links to higher trophic levels
(Fenchel 1987; Peatterson et al. 1989; Epstein 1997a,b). An
understanding of the factors that influence feeding rates,
growth rates, and trophic interactions of benthic heterotro-
phic protists, however, is at an early stage of development,
especially when compared to knowledge of planktonic pro-
tistan ecology (Fenchel 1987; Caron and Finlay 1994). Some
of the clearest influences on distributions and activities of
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sedimentary protists are those of physical factors, including
temperature, salinity, O, concentration, grain size, and or-
ganic-matter input (e.g., Fenchel 1987, 1996; Patterson et al.
1989; Bak et al. 1995; Berninger and Epstein 1995).

Benthic boundary-layer flow is a ubiquitous phenomenon
with strong and pervasive effects on sedimentary biogeo-
chemistry and metazoan ecology (e.g., Jumars and Nowell
1984; Butman 1987; Gundersen and Jorgensen 1990). Yet
only recently have influences of flow on the ecology of ben-
thic heterotrophic protists been studied. For example, sedi-
ment resuspension affects the abundance and population
growth of heterotrophic protists in near-bottom water (Wain-
right 1987; Shimeta and Sisson 1999; Garstecki et al. 2000).
The regime of hydrodynamic disturbance correlates with the
community structure of interstitial ciliates in sand (Lucchesi
and Santangelo 1997). Near-bottom flow aso affects the
crawling, swimming, and dispersal of some epibenthic, hy-
potrich ciliates (Jonsson and Johansson 1997; Ricci et al.
1999).

Previously unstudied is the influence of flow on feeding
rates of benthic protists. Numerous studies of planktonic pro-
tists have shown that small-scale flow, specifically that driv-
en by turbulence, affects rates of feeding, growth, and nu-
trient uptake (reviews by Karp-Boss et al. 1996; Thomas et
al. 1997; Peters and Marrasé 2000). In many cases, these
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results are due to a mass-transfer effect of small-scale lam-
inar shear around cells. Shimeta et al. (1995) found species-
specific effects of shear on ingestion rates among a variety
of planktonic flagellates and ciliates, including enhancement
or depression of feeding rate for some species in strong
shear. Shimeta and Sisson (1999) suggested that such effects
of shear may be stronger for protists at the sediment-water
interface because the shear rate of laminar flow in the vis-
cous sublayer can greatly exceed typical values in the water
column and because benthic protists remain relatively sta-
tionary against the substratum rather than moving with the
flow.

We investigated whether boundary-layer flow strength in-
fluences feeding rates of benthic protists by measuring in-
gestion rates of bacterivorous ciliates and flagellates at the
sediment-water interface of aflume. Feeding rates were mea-
sured by the uptake of fluorescently labeled bacteria during
short-term incubations, thus isolating the effects of flow on
feeding mechanics and behavior from longer term effects
such as physiological responses and population growth.
Measurements at the sediment-water interface were facili-
tated by adding cultured protists to a thin layer of cleaned
sediment with manipulated bacterial concentrations, thereby
preventing a subsurface refuge from flow and allowing con-
trol of the type and distribution of food resources. Four spe-
cies of benthic suspension-feeding ciliates were tested in this
fashion, including several scuticociliates and a hypotrich,
which are common taxa in fine sediments (Fenchel 1987,
Shimeta and Sisson 1999; Garstecki et a. 2000). To corrob-
orate the results, separate experiments were run with freshly
collected sediment cores to measure feeding by uncultivated
protists in natural positions within unaltered sediment, as
well as to look for community-level effects of flow on nat-
ural assemblages of ciliates and nanoflagellates. Flow data
from the field site were used to extrapolate the laboratory
results to predict the effects of tidal flow on feeding ratesin
nature.

Methods and materias

Field site, sediments, and protists—Sediment and protists
were collected from a 15-m deep, silty sand site in Buzzards
Bay, on the Northwest Atlantic coast (41°31.96" N,
70°54.17" W). For grain-size analysis, SCUBA divers col-
lected sediment with acrylic cores (3.8 cm inner diameter);
sediment was extruded and the top 0.2 cm was wet-sieved
into size fractions, dried on filters, and weighed (Fuller and
Butman 1988). Sediment for ciliate isolation and for use in
experiments with ciliate cultures was collected from the top
1 cm of Van Veen grabs. Ciliates were isolated after several
days from yeast-extract enriched sediment durries, and
monoclonal cultures were established using the bacterium
Halomonas halodurans as the sole food source. Cultures
were maintained at 20°C and transferred every 3 weeks in
tissue-culture flasks with 20 ml of 0.45-um filtered and ster-
ilized seawater, a drop of 10% yeast extract, and a sterile
rice grain. Ciliates were identified from live and protargol-
stained (Skibbe 1994) specimens using keys in Small and
Lynn (1985), Carey (1992), and references therein. Sediment
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Fig. 1. Annular flume. (A) Main components of the flume (di-
mensions given in text). The flume is assembled as shown by ar-
rows. (B) Flow characteristics at the center line of the cores as
functions of rotation rate for a 5-cm deep water column and smooth
bed. Friction velocity at the bed was measured with a flush-mounted
hot film. Tangential velocity was measured with particle-imaging
velocimetry at 2.5 cm above bottom.

for use in flume experiments with ciliate cultures was com-
busted at 500°C for 4 h to destroy all organisms and organic
matter, and it was sieved to remove the size fraction <25
um, which otherwise eroded too easily in the flume because
combustion rendered it noncohesive. Fresh sediment for ex-
periments with natural communities of nanoflagellates and
ciliates was collected by SCUBA divers in acrylic cores
(3.18 cm inner diameter) that fit directly into the flume. In-
tact cores were transported to the lab in a cooler and used
within 10 h.

Velocity (u) at the field site was measured with an
InterOcean S4 current meter mounted on a tripod at 1.15 m
above bottom. Friction velocity (u,.) was calculated as C¥u,
with a drag coefficient C, = 2.98 X 102 (Sternberg 1968).

Flume—Experiments were run at 20°C in a polycarbonate,
1.5-m diameter annular flume having a 10-cm channel width
and 5-cm water depth (Fig. 1). The flow is driven by friction
from an annular plate floating on the water and turned by a
DC motor attached by an aluminum bar from the center of
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the flume. The flume bed has 10 circular holes with remov-
able plugs through which sediment cores (3.18 cm inner di-
ameter) can be inserted from below. Sediment is raised flush
with the flume bed using a threaded piston secured under-
neath each core. The core holes are centered 4.1 cm from
the inner wall, and they are equally spaced aong the cir-
cumference of the channel.

Bed shear stress at the centerline of the core holes was
measured while the bed was smooth using a flush-mounted
hot-film shear probe (TSI model 1237W) and TSI Flowpoint
anemometer. The probe was calibrated in pipe flow, with
wall shear stress calculated from the pressure drop and from
the volume-discharge rate following Schlichting (1979).
Friction velocity in the flume was calculated as u, = (7,/
p)¥2, where 7, is the bed shear stress and p is the density of
seawater (Nowell and Jumars 1984). Owing to secondary
flow, bed shear stress in annular flumes varies across the
width of the channel (Graham et al. 1992). Measurements in
our flume with particle-imaging velocimetry showed that the
tangential component of flow at 0.4 cm above bottom varied
across the width of the core holes by =25% of the midline
value, and bed shear stress presumably varied by a similar
amount. The variation of u, across the cores at a single
flume setting was therefore less than the differences among
the experimental treatments.

Experiments with cultured ciliates—Fluorescently labeled
bacteria (FLB) were prepared by heat-killing and staining
early stationary-phase cultures of H. halodurans with DTAF,
following Sherr and Sherr (1993). FLB were spherical to
dlightly rod-shaped, 1.5 um diameter.

Experiments were conducted separately for each ciliate
species and followed a Latin Square design (Fleiss 1986)
with three factors: flow treatment, culture batch, and treat-
ment order. On a single day, feeding rate was measured at
four u, values using aliquots from a single batch culture of
one species in exponential growth phase. This experiment
was replicated on 4 d, using different batch cultures that had
reached the same age, and the order of the u,. treatments was
varied among days. A newly randomized Latin Square was
used for each ciliate species.

In each flume run at a single u,, ciliates occupied four
cores of uniformly 0.1-cm deep, combusted sediment. An
unused core hole (plugged flush) was located between ad-
jacent cores in the flume. The sediment layer was thin in
order to maximize the exposure of ciliates to the overlying
flow and to ensure that advection through the pore space
would maintain bacterial concentrations in equilibrium with
the water column. The water column and the sedimentary
pore water each contained roughly 1.4 X 10° cells ml-* of
live, unstained H. halodurans and 0.8 X 10° FLB ml-*.
These pore-water concentrations were achieved by adding
unstained bacteria (as part of the ciliate culture) and FLB to
sediment in initial concentrations that exceeded those desired
by factors of 12.5 and 20, respectively, to account for ad-
hesion onto grains as indicated from preliminary experi-
ments. At the beginning of a day, the ciliate culture was
diluted to the appropriate bacterial concentration, and the
ciliates were then concentrated over a 3-um filter. Ciliate
densities in these concentrated cultures averaged 2.2 X 10*
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cells mli—* for Cohnilembus sp., 1.6 X 10° cells ml—* for
Paranophrys magna, 3.0 X 102 cells ml ~* for Euplotes min-
uta, and 1.4 X 10* cells mi—t for Cyclidium sp. Prior to a
flume run, 3.5 ml of ciliate culture was added to each core
and allowed to acclimate undisturbed for 30 min. The flume
was filled with 0.2-um filtered seawater containing added
unstained H. halodurans and FLB. The feeding-measure-
ment period began by stirring FLB into the sediment cores.
Cores were immediately placed in the flume and raised flush
with the floor, the annular plate was lowered, and the flume
speed was set. After the flume was stopped, cores were
quickly removed; the contents of three cores were rinsed out
with 0.2-um filtered seawater; and they were preserved with
cold glutaraldehyde (1% final) to end the feeding-measure-
ment period. At the end of each flume run, a 4.5-ml sample
of the water was preserved with 1% final glutaraldehyde for
later enumeration of bacteria

The mean length of the feeding-measurement period until
fixation of ciliates was 34 (+=1) min, and the mean time
during which cells were exposed to flow was 25 (=1) min.
The remaining 9 min was the handling time required to set
up the flume with cores and to break down the flume and
retrieve sediment from cores. A still-water flume treatment
(ue = 0, in which the cores were handled identically as
above) served as a control for any effects caused by han-
dling. It also served as a baseline measurement of feeding
rates in zero-flow conditions, for comparison with feeding
rates in flow.

Clearance rates of two ciliate species (Euplotes minuta
and Cyclidium sp.) were also measured in still water within
polycarbonate flasks, in the absence of sediment, in order to
compare with the still-water flume treatments. Cultures were
prepared by the same methods as in flume experiments; con-
centrations of FLB and unlabeled bacteria matched those in
the water column of the flume experiments;, and the incu-
bation period was the same length. These measurements in-
volved no physical disturbances due to core handling, and
ciliates were sampled gently by pipet at the end of the in-
cubation period.

Bacterial concentrations in the sediment were measured
from the fourth core in each flume run. Overlying water was
withdrawn from the core and discarded. Pore-water bacteria
were separated from grain-attached bacteria by inverting and
submerging the core gently into afiltration funnel containing
0.2-um filtered seawater over a 10-um membrane filter, so
that the sediment could sink gently onto the filter. The funnel
was then drained by gravity. The filtrate (containing pore-
water bacteria) and the sediment (which was rinsed off of
the filter) were each preserved in 1% final glutaraldehyde.
The pore-water volume was determined by drying and
weighing additional samples of this sediment.

Velocities of feeding currents were measured from vid-
eotapes of the trgectories of bacteria entrained toward the
cytostome of stationary, feeding ciliates in a petri dish on a
Leica DMIRB inverted microscope.

Experiments with natural communities of protists—Ex-
periments followed a Latin Square design with factors of
flow treatment, day, and treatment order. On a single day,
feeding rates were measured at four u, values using cores
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collected that day. Each core was used for one u,. setting.
This experiment was replicated on 4 d, and the order of u,,
treatments was varied among days.

In each flume run at a single u,, four cores of ca. 10 cm
depth were used, with plugged core holes located between
them in the flume, as described above. Almost all of the
overlying water from the field was removed from the cores
before inserting them into the flume. The flume was filled
with 0.2-um filtered seawater containing added FLB at
roughly 5 X 10¢ cells ml 1. The feeding-measurement period
began by exposing the cores to the water column and raising
them flush with the flume floor, after which the annular plate
was lowered and the flume speed was set. After the flume
was stopped, cores were quickly removed; a small amount
of flocculent material (ca. 0.15 g) was removed from the
sediment-water interface of three cores via Pasteur pipet; and
it was preserved with cold glutaraldehyde (1% final) to end
the feeding-measurement period. The water column was
sampled for bacteria a the end of each flume run, as de-
scribed above. The mean length of the feeding-measurement
period until fixation was 56 (*+4) min, and the mean time
during which cells were exposed to flow was 40 (x£3) min.
A still-water flume treatment served as a control as described
above.

FLB concentrations in the sediment were measured from
the fourth core in each flume run. Overlying water was with-
drawn and replaced with 0.2-um filtered seawater. Floccu-
lent material was then removed from the sediment-water in-
terface and preserved as described above.

Sample analyses—Cultured ciliates were extracted from
preserved sediment by gently resuspending, alowing the
sediment to settle for 1 min, then decanting. Natural com-
munities of nanoflagellates and ciliates were extracted by
centrifugation on Percoll density gradients following the pro-
tocol in Shimeta and Sisson (1999) without dilution. At-
tached, unstained bacteria and FLB were removed from sed-
iment by sonicating for three 1-min bursts with 0.01% Triton
X-100; field sediment was diluted 1:5,000 prior to sonica-
tion. Cells were filtered onto black Nuclepore filters (0.8 um
for protists, 0.2 um for bacteria), stained with 20 ug ml -2
DAPI, and mounted on microscope slides with immersion
oil. Cells and ingested FLB were counted on aLeica DMRB
epifluorescence microscope using UV excitation for DAPI
visualization and blue excitation for FLB. In each sample of
cultured ciliates, 50—100 ciliates were examined for FLB
depending on the number retrieved from the sediment. On
rare occasion a small and elongate Euplotes cell was seenin
samples; these cells were not counted in case they were
slow-feeding swimmers that had metamorphosed in response
to reduced food densities (cf. Fenchel 1990). In each sample
of natural communities, protists were examined until 50 nan-
oflagellates and 25 ciliates that contained FLB were found.
Cells without FLB were not counted in the natural com-
munities because we could not assume that such cells had
been at the sediment surface with access to FLB; they might
have been sampled from too far beneath the sediment-water
interface. Apparent mixotrophs were included.

The clearance rates of cultured ciliates were calculated by
dividing the average number of ingested FLB per ciliate by
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the length of the feeding-measurement period and by the
water-column FLB concentration. The clearance rates of nat-
ural communities of protists were calculated by two meth-
ods. First, the clearance rate among only cells that had in-
gested =1 FLB was calculated by dividing the average
number of ingested FLB by the length of the feeding-mea-
surement period and by the water-column FLB concentra-
tion. Second, the clearance rate of the entire community of
bacterivorous cells feeding at the sediment-water interface
(accounting for cells that were feeding but failed to ingest
any FLB during the flume run) was calculated as follows.
The frequency distribution of cells that ingested =1 FLB
was fit by iteration to a truncated Poisson distribution (i.e.,
lacking occurrences of zero ingested FLB), and the corre-
sponding full Poisson distribution (i.e., including assumed
occurrences of zero ingested FLB) was computed, following
equations in Bratvold et al. (2000). The occurrences of zero
ingested FLB were then added to the data of =1 ingested
FLB, and the average number of ingested FLB was recal-
culated and converted to clearance rate.

Analysis of variance was performed on Systat v5.2.1 for
the Macintosh with the following model: clearance rate =
flow treatment + culture batch or core collection day +
treatment order + constant. The experimental design did
not allow testing of interactions between factors. The three
cores in a single flume run were averaged to give a single
clearance rate. Culture batch or core collection day was a
blocking factor representing the four replicate days that each
experiment was run with a different culture or with a dif-
ferent collection of fresh sediment cores. When appropriate,
data were transformed to reduce heterogeneity of variances
(Table 1). When an ANOVA factor was significant, the Tu-
key-Kramer HSD test was used to determine which pairs of
means differed. The same three-factor ANOVA design was
used to test bacterial concentrations as the dependent vari-
able.

Results

Sediment at the field site was poorly sorted, silty sand.
Fine and medium sand (125-499 um) comprised 76.5% of
the mass; very fine sand (63-124 um) and silt (<25 um)
were each 7% of the mass; but sediment between 25 and 62
pwm was <4%. After combustion and removal of silt, the
sediment used in experiments with cultured ciliates was a
noncohesive sand that was much more permeable than the
unaltered field sediment.

The clearance rates of three cultured ciliate species were
significantly affected by friction velocity (Fig. 2, Table 1).
The mean clearance rate of the scuticociliate Cohnilembus
sp. increased by a factor of 2.1 between u,, = 0 and 1.0 cm
s%, but it remained constant between u,, = 1.0 and 1.5 cm
s L. A similar pattern occurred for the scuticociliate Paran-
ophrys magna, with the mean clearance rate increased by a
factor of 1.8 between u,, = 0 and 1.0 cm s* and a plateau
in stronger flow. The mean clearance rate of the hypotrich
ciliate, Euplotes minuta, increased by a factor of 2.8 between
U, = 0 and 1.0 cm s%, but it showed a different response
in stronger flow, with a statistically significant reduction by
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Table 1. ANOVA results from clearance rates measured in flume experiments (data shown in Figs. 2, 3). Heterogeneity of variances
was reduced with the following transformations: log (x) for P. magna, E. minuta, and Cyclidium; x¥2 for the ciliate community; and —1/x
for Cohnilembus. Results for the natural communities include inferred numbers of feeding cells that ingested no FLB (Fig. 3, filled circles).

Source of variation Sum of squares d.f. Mean square F P

Cohnilembus sp.
Flow 3.83 3 1.28 98.17 <0.001
Batch 0.48 3 0.16 12.18 0.006
Order 0.26 3 0.09 6.72 0.024
Error 0.08 6 0.01

Paranophrys magna
Flow 0.20 3 0.07 5.88 0.032
Batch 0.25 3 0.08 7.50 0.019
Order 0.01 3 <0.01 0.38 0.769
Error 0.07 6 0.01

Euplotes minuta
Flow 0.38 3 0.13 75.73 <0.001
Batch 0.36 3 0.12 70.52 <0.001
Order 0.04 3 0.01 7.96 0.016
Error 0.01 6 <0.01

Cyclidium sp.
Flow 0.09 3 0.03 2.35 0.172
Batch 0.10 3 0.03 2.66 0.142
Order 0.04 3 0.01 0.93 0.483
Error 0.08 6 0.01

Natural nanoflagellate community
Flow 0.01 3 <0.01 253 0.153
Day 0.01 3 <0.01 2.82 0.130
Order <0.01 3 <0.01 1.24 0.375
Error 0.01 6

Natural ciliate community
Flow 0.80 3 0.27 211.07 <0.001
Day 0.02 3 0.01 5.30 0.040
Order 0.02 3 0.01 4.94 0.046
Error 0.01 6 <0.01

40% at u, = 1.5 cm s In contrast to these three species,
the clearance rate of the scuticociliate Cyclidium sp. was
unrelated to u,,.

The mean (*standard error [SE]) clearance rate of E. min-
uta among three still-water flasks was 1.02 (=0.10) nl h-?,
and that of Cyclidium sp. was 0.37 (£0.03) nl h*. These
rates were similar to the mean rates measured in the flume
at u, = 0cm st (Fig. 2).

Three of the four species yielded clearance rates that dif-
fered significantly among culture batches (Table 1; compare
lines through data in Fig. 2). Some batches had generaly
higher or lower clearance rates than others, likely due to
differences in physiological state. The order of flow treat-
ments was a significant effect for two species (Table 1). For
Cohnilembus sp. some of the highest clearance rates oc-
curred in the last two treatments of the day, and for E. min-
uta they occurred in the middle two treatments of the day.
For both of these species, the flow effect was more signifi-
cant than the treatment-order effect.

Concentrations of suspended bacteria in the flume (Table
2) were similar to those in near-bottom water at the field site
(Shimeta, unpubl. data), and there were no differences be-
tween water-column and pore-water concentrations of either
total bacteria or FLB (Tables 2, 3). Concentrations of grain-
attached bacteria were lower in combusted sediment than in

natural sediment (Table 2). None of the measurements of
bacterial concentrations (total bacteria or FLB in the water
column, pore water, or attached to grains) showed significant
differences among flow treatments (Table 3).

Cohnilembus sp. had a considerably smaller cell size than
the other three ciliates, which were relatively similar (Table
4). E. minuta, however, had the weakest feeding current, and
Cyclidium sp. had the strongest.

Experiments with field sediment cores were run only up
to u, = 0.9 cm st because bedload transport began above
this point. The clearance rate of the natural nanoflagellate
community was unrelated to u,, whereas the natural ciliate
community was strongly affected by flow (Fig. 3, Table 1).
The mean clearance rate of the bacterivorous ciliate com-
munity (extrapolated data that included feeding cells that
ingested no FLB; Fig. 3, filled circles) increased monotoni-
cally by afactor of 5.1 between u, = 0 and 0.9 cm s *. The
clearance rates also differed significantly among replicate
days (compare lines through data in Fig. 3), and the order
of flow treatments was significant, possibly due to physio-
logical state or handling effects. The second flume run of
the day had some of the lowest clearance rates. As for the
cultured ciliates, flow had a more significant effect on clear-
ance rates than did treatment order. Similar statistical results
(not shown) were obtained when clearance rates of ciliates
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Fig. 2. Clearance rates of cultured ciliates as a function of fric-
tion velocity (uy) in the flume. Each point is the mean + se. of
three cores in a single flume run. Lines connect measurements made
on the same replicate day using aliquots from a single batch culture.
Clearance rates at u, values with matching letters above the data
are not significantly different at « = 0.05.

that ingested =1 FLB (Fig. 3, open circles) were analyzed.
Most of the ciliates that ingested FLB in the natural com-
munity appeared under epifluorescence microscopy to be
scuticociliates and hypotrichs. Examination of additional
preserved field samples under phase-contrast microscopy
(method of Shimeta and Sisson 1999) revealed that 33% of
individuals in the ciliate community were scuticociliates,
35% were hypotrichs, and the remainder were mostly from
the orders Karyorelictida, Hymenostomatida, and Oligotri-
chida.

FLB that entered the natural sediment cores were present
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at very low levels compared to resident bacteria from the
field (Table 2). Neither the total sedimentary bacteria con-
centration, the sedimentary FLB concentration, nor the wa-
ter-column FLB concentration differed among flow treat-
ments (Table 3).

Friction velocity in the field displayed a strong tidal pe-
riodicity, ranging from 0.02 to 2.4 cm s* (Fig. 4). Thelevels
of u, used in flume experiments occurred commonly at the
field site. On average over the six full days of data in Fig.
4, u,, in the field was =1.5 cm s (matching the range in
the experiments with cultured ciliates) for 93% of the day
and =0.9 cm s (matching the experiments with natura
communities) for 71% of the day.

Discussion

Influences of flow on cultured ciliates—Three of the four
ciliate species showed a direct relationship between clear-
ance rate and u,, in the range of 0-1.0 cm s*. The mecha
nism explaining these results is most likely that boundary-
layer flow enhanced the advection of suspended bacteria to
the ciliates.

All four species are suspension feeders, as is typical of
hypotrichs and scuticociliates (Fenchel 1986). A suspension-
feeding mode is further evident from the similarity of clear-
ance rates in still-water flasks and in the flume at u, = 0
cm st because if ciliates fed on attached bacteria the rates
would have been higher in the flume due to abundant bac-
teria on sediment grains. The hypothesis that boundary-layer
flow enhanced the advection of suspended bacteria to these
suspension-feeding ciliates is supported by comparisons of
near-bottom flow speed with the measured velocities of cil-
iate feeding currents. Owing to their small size, ciliates at
the sediment-water interface were contained within the vis-
cous sublayer, a region of predominantly laminar flow ex-
tending at least 0.07 cm above the bed, given the u, values
in our experiments (sublayer thickness = 10vug* in hydrau-
lically smooth, turbulent flow; Nowell and Jumars 1984). In
the viscous sublayer, velocity is linearly related to height
above the bed (2): u = uizr ! (Middleton and Southard

Table 2. Bacteria concentrations in flume experiments; mean (+s.d.) of 4 replicate days. FLB = fluorescently labeled bacteria; total

bacteria includes live unstained cells and FLB; n/a = not applicable.

Water Grain- Grain- Natural Natural
column total Water Pore water  Pore water attached attached sediment sediment
bacteria  column FLB tota bacteria FLB total bacteria FLB total bacteria FLB
(20¢ cells (208 cells (20¢ cells (208 cells (107 cells (107 cells (100 cells (100 cells
Experiment ml—?) (ml=7) ml—?) ml—?) g g g g
Cohnilembus sp. 2.20 0.81 2.28 0.79 1.17 0.33 n/a n/a
(x0.33) (+0.06) (x0.33) (x0.04) (x0.12) (x0.15)
Paranophrys magna 2.06 0.69 1.96 0.71 121 0.34 n/a n/a
(+£0.24) (+0.13) (+£0.24) (+£0.02) (+£0.13) (£0.01)
Euplotes minuta 2.20 0.79 2.38 0.68 1.36 0.30 n/a n/a
(£0.22) (£0.17) (£0.66) (£0.08) (£0.30) (£0.09)
Cyclidium sp. 2.34 0.83 2.02 0.77 1.28 0.30 n/a n/a
(+0.26) (x0.15) (x£0.47) (+0.09) (x0.42) (+0.05)
Natural community 4.69 4.69 n/a n/a n/a n/a 3.36 0.02
(£0.39) (£0.34) (+0.58) (£0.01)
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Table 3. P values from statistical tests involving bacterial concentrations in flume experiments. The first two columns are paired t-tests;
al other columns are three-factor ANOVA (see Methods) showing only the result for flow treatment. FLB = fluorescently labeled bacteria;
total bacteria includes live unstained cells and FLB; n/a = not applicable.

Total

bacteria  FLB in Water Pore Grain- Natural

in water water column Water water Pore attached  Grain- sediment  Natural

column  column total column total water total attached total sediment

vs. pore vs. pore bacteria FLB vs. bacteria FLB bacteria FLB bacteria FLB

Experiment water water VS. Uy Uy VS. Uy VS. U, VS. U, VS. Uy VS. Uy VS. Uy

Cohnilembus sp. 0.86 0.83 0.22 0.72 0.40 0.48 0.67 0.46 n/a n/a
Paranophrys magna 0.51 0.66 0.27 0.66 0.65 0.41 0.47 0.59 n/a n/a
Euplotes minuta 0.66 0.14 0.16 0.72 0.81 0.94 0.23 0.23 n/a n/a
Cyclidium sp. 0.20 0.42 0.55 0.60 0.76 0.34 0.64 0.37 n/a n/a
Natural community n/a n/a 0.20 0.20 n/a n/a n/a n/a 0.93 0.96

1984). By this relationship, u, values in the range of 0.25—
0.52 cm s * were required for the ambient velocity at one
ciliate body width above the bed to match each ciliate's feed-
ing-current velocity (Table 4). These calculations are con-
sistent with the results that u,, values =0.5 cm s* resulted
in enhanced feeding rates compared to still water, which sug-
gests that ambient flow increased the advection of bacteria
to the ciliates once it exceeded the feeding-current velocity.
These calculations are, however, strongly dependent on the
ciliate's position in the viscous sublayer and they do not
apply to ciliates that are located in interstices.

Several aternative explanations for the direct relationships
between u,, and clearance rate can be excluded. First, chang-
esin prey density within the sediment or water column can-
not explain the relationships because none of the measured
bacterial concentrations was affected by u,. Second, any
flow-induced movement of ciliates between the interstitial
space and the sediment-water interface could not have af-
fected feeding by exposing cells to differing food concen-
trations because neither the total bacterial nor FLB concen-
trations differed between the water column and the pore
water. Third, if local depletion of the suspended bacterial
concentration in still water were to explain the results, then
Cyclidium sp. (which was unaffected by flow) should have
had the lowest population feeding rate. In contrast, the pop-
ulation of Cyclidium sp. in each core consumed 2.5 X 10
bacteriah=* in still water (based on culture density and mean

Table 4. Cell dimensions and feeding currents (mean = s.e, n
= 10). Cell width for Euplotes minuta was measured along the
dorso-ventral axis, representing its height above the substratum.
Critical u, is the friction velocity that produces a velocity in the
viscous sublayer at one body width above the bed that is equal to
the feeding current.

Feeding
Cell current  Critical
length  Cell width  velocity Uy

Species (um) (pm) (um's?) (cms™)
Cohnilembus sp. 25(*x1) 6(x<1) 148(*13) 052
Paranophrys magna 44 (x1) 23 (*1) 184 (+10) 0.29
Euplotes minuta 42 (£1) 20 (*1) 122 (+£8) 0.25
Cyclidium sp. 35 (x1) 17 (1) 217 (x21) 0.37

clearance rate), which was greater than both Paranophrys
magna (1.4 X 10* bacteria h—%) and Euplotes minuta (1.5 X
10°® bacteria h=*). Fourth, flow-dependent selection among
food types (due to behavioral choice or to the dynamics of
particle motions in flow) can aso be excluded because only
the bacterium Halomonas halodurans was present. Fifth,
protists are known to select behavioraly against FLB in fa-
vor of live bacteria (Landry et al. 1991), but there is no
reason to suspect that the degree of this selection is flow
dependent. Furthermore, the following analysis indicates that
the results cannot be explained by a disproportionate in-
crease in the number of ciliates actively feeding on FLB as
flow increased. The Poisson distribution predicts that the
percentage of cells containing FLB increases along with the
mean number of ingested FLB (Gonzalez 1999). As flow
increased, our measured percentages of cells containing FLB
increased no more than expected from Poisson distributions
calculated from the numbers of ingested FLB (calculated
with equations in Bratvold et al. 2000), and deviations from
expectation were unrelated to u, (P values from three-factor
ANOVA ranged from 0.21 to 0.61 among Species).

The clearance rates reported here (of order nl h=* or less)
are low compared to other measurements among bacterivo-
rous scuticociliates and hypotrichs (e.g., Fenchel 1986). It is
possible that ciliates fed on fluorescent H. halodurans at low
rates because of the rather large bacterial cell size (1.5 um)
or the chemical nature of the FLB. For example, Fenchel
(19804, hisfig. 6) indicated that Cyclidium glaucoma cannot
feed on bacteria much larger than 1.1 pum. Nonetheless,
clearance rates similar to ours have been reported previously.
Tso and Taghon (1999) obtained clearance rates on smaller
FLB as low as 0.03 nl h= for Cyclidium and 1.5 nl h-* for
Euplotes. Also, Fenchel (1986) calculated a maximal clear-
ance rate of 3.6 nl h-* for Cyclidium feeding on 0.36 um
beads, and Fenchel (1980a, his fig. 5) showed that clearance
rate decreased from that value as particle size increased. The
fact that clearance rates measured in the flume at u, = 0 cm
st were similar to those in still-water flasks indicates that
low clearance rates were not an artifact of flume methodol-
ogy.
The effects of flow strength on ciliate feeding rate were
species specific, including three types: (1) no effect of flow;
(2) a direct relationship with a plateau of feeding rate in
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Fig. 3. Clearance rates of natural communities of protists as a
function of friction velocity (u,) in the flume. Open circles (mean
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from Poisson distributions calculated from the data used for the
open circles. Lines connect measurements made using sediment
cores collected on a single replicate day. Clearance rates at u,, val-
ues with matching letters above the data are not significantly dif-
ferent at « = 0.05 (results were similar for open and filled circles).
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Fig. 4. Friction velocity at the field site calculated from the
speed measured by a current meter mounted 1.15 m above bottom.

strong flow; and (3) a parabolic response indicating an op-
timal flow strength for maximal feeding rate. The species
specificity is consistent with the results of Shimeta et al.
(1995) for the effect of laminar shear on feeding by plank-
tonic protists. They postulated that ingestion rate is indepen-
dent of ambient flow below acritical level required to match
the feeding current; above the critical level, ingestion rate is
directly related to ambient flow strength; and at some strong
level of flow either the ingestion rate becomes saturated or
there can be feeding inhibition caused by an interference
with particle-capture mechanisms or a behavioral avoidance.
Thus, the plateau in clearance rates for Cohnilembus sp. and
Paranophrys magna at u, = 1.0 cm s2, as well as the de-
creased rates for Euplotes minuta at u, = 1.5 cm s, may
have been caused by reduced prey retention or reduced feed-
ing activity. Feeding-rate saturation is a less likely expla-
nation because the clearance rates were still rather low. An
dlternative explanation is that in strong flow some ciliates
could have entered the water column, where their feeding
rates may have been temporarily reduced, and immigration
back into a sediment core would have lowered our measured
clearance rates. Cyclidium sp. had the strongest feeding cur-
rent of the four ciliates, which may explain its lack of re-
sponse to ambient flow. Although Cyclidium sp. did not have
the smallest calculated critical u, (Table 4), the meaning-
fulness of comparing these values among species is strongly
dependent on knowing the positioning of cells within the
viscous sublayer or interstitially while feeding in the flume,
which was not measured. Thus, Cyclidium's strong feeding
current alone may be the best explanation for its constant
feeding rate.

Influences of flow on natural communities of protists—
Results from the natural community of ciliates indicated that,
although flow effects are species specific, there are enough
species and individuals present in the field that are strongly
influenced by flow to cause a community-level effect of u,,
on bacterivory rates. The effect was stronger on the entire
community than on any one of the cultured species, which
suggests that the isolated species were not the most strongly
affected by flow or the most common members of the com-
munity. As in the experiments with isolates, the results with
the natural community may have been caused by an en-
hanced advection of prey to the ciliates, particularly because
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bacterial concentrations were unrelated to u,, levels. Because
FLB were not mixed into the field sediment cores, however,
it is possible that elevated clearance rates resulted from flow-
induced movement of ciliates from interstitial space to the
sediment surface, where FLB were more available. Such a
behavioral response could explain why the effect of flow on
feeding rates was greater than it was in experiments with
cultured ciliates. Clearance rates of the ciliate community
were dlightly lower than the clearance rates measured for
most of the cultured ciliates. As discussed above, FLB might
have been discriminated against, and they might have been
rather large for some bacterivorous ciliates to ingest. Our
measurements therefore may not have included the entire
community of bacterivorous ciliates. It is also possible that
low concentrations of FLB at depth in the sediment caused
the feeding rates of ciliates beneath the sediment-water in-
terface to be underestimated.

There was no detectable community-level influence of
flow on feeding rates of nanoflagellates, although it is pos-
sible that flow affects some species of suspension feeders
that were a minority in the community or that discriminated
against the FLB. Many sedimentary flagellates feed from
particle surfaces rather than from suspension (Fenchel 1987;
Patterson et al. 1989), and in the flume these species would
have had access to FLB that entered the sediment at low
concentrations, mostly attached to fine grains. If these fla-
gellates ingested FLB from sediment grains, they were in-
cluded in the data, but since sedimentary FL B concentrations
were unrelated to u,, the feeding rates of these cells would
not likely have been influenced by flow.

Implications for ciliates and the microbial food web—
Thisisthe first demonstration of flow influencing the feeding
rates of benthic ciliates. The results are for bacterivory, but
the effect may also occur for suspension feeding on algal
cells. Fenchel (1986) suggested that suspension-feeding pro-
tists benefit from attaching to a surface because they can
create a stronger feeding current while attached than while
swimming. The results here indicate that being on a station-
ary surface furthermore allows cells to take advantage of
ambient flow, which gives them a greater feeding rate than
possible from their feeding current alone. Flow may be an
important selective force in the evolution of benthic protistan
traits, as suggested especially by the flow optimum observed
for Euplotes minuta. Not only does flow influence Euplotes's
feeding rate, but Jonsson and Johansson (1997) concluded
that a Euplotes sp. is rheotactic and actively uses benthic
boundary-layer flow for dispersal. Gortz (1982) suggested
that the dorsal cilia of Euplotes minuta act as sensory struc-
tures for detecting flow.

The results from flume experiments can be applied to the
field data of flow to estimate the integrated effect on feeding
under a natural tidal regime. The time series (Fig. 4) was
divided into segments in which u,. was bounded by the mid-
points between flume treatments (i.e., u, = 0.25, 0.25 < u,
= 075,075 <u, =125 and 125 < u, = 15cmst
corresponding to experiments with cultured ciliates; and u,,
= 0.15,0.15 < u, = 045, 045 < u, = 0.75, and 0.75 <
u, = 0.9 cm s* corresponding to experiments with natural
communities). Mean clearance rates measured in the flume
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Table 5. Estimates of the integrated volume cleared per cell per
day in the field, calculated by applying the mean feeding rates in
flume experiments (Figs. 2, 3) to the time series of friction velocity
(uy) measured in the field (Fig. 4). Calculations for cultured ciliates
include only the 22.4-h period (a daily average) during which u,
= 1.5 cm s % Calculations for natural communities include only
the 17.0-h period (a daily average) during which u, = 0.9 cm s
Volume cleared without flow effect was calculated from the mean
clearance rates in still water.

Volume
cleared Volume
without cleared Increase
flow with flow dueto
effect effect flow
Species (nl cell=9(nl cell=1) (%)
Cohnilembus sp. 11.2 18.4 64.9
Paranophrys magna 316 40.1 26.8
Euplotes minuta 14.2 26.8 88.7
Cyclidium sp. 5.48 5.48 0
Natural nanoflagellate community 2.55 255 0
Natural ciliate community 3.77 119 216

were applied to the corresponding segments of the time se-
ries, and the integrated volume of water cleared by the cells
was calculated (Table 5). The values represent the daily av-
erage clearance during the portion of the day that u,. did not
exceed the maximal value tested in the flume (i.e., a 22.4-h
day for data from cultured ciliates and a 17.0-h day for data
from the natural community). Comparison of these calcula-
tions to the integrated clearance in the absence of flow
(based on clearance rates in still water) suggests that natural
tidal flow causes up to an 89% increase in the daily feeding
of the ciliate isolates and a 216% increase in the daily feed-
ing of the ciliate community (Table 5). These values may be
conservative because the effects of flow measured in the
flume were likely underestimated (protists were exposed to
flow for only part of the time that they fed on FLB); on the
other hand, the effects of flow exceeding the maximal u,,
tested in the flume are unknown.

Above a critical level of friction velocity, benthic protists
can be resuspended into the water column. Sampling at a
subtidal silty site in Buzzards Bay, Shimeta and Sisson
(1999) found that concentrations of Euplotes spp. and scu-
ticociliates in the benthic boundary layer were greater when
u, was 1.3 cm st than they were during slack water. Ex-
periments at that site with an in situ flume reveaed that the
erosion threshold specifically for Euplotes minuta was be-
tween u,, of 1.2 and 1.9 cm s, and the thresholds for Cohn-
ilembus sp. and Paranophrys magna were between 1.9 and
2.7 cm st (Shimeta et a. pers. comm.). These u,, values are
roughly similar to or greater than the maximal values used
in the flume experiments; thus, we expect ciliates in the field
to be present at the sediment-water interface at u, = 1.5 cm
st and susceptible to the flow effects measured here. Once
eroded, suspension-feeding protists may still be affected by
flow, as shown by Shimeta et al. (1995) for certain plank-
tonic ciliates and flagellates.

Variation of benthic boundary-layer flow in the field has
potentially strong impacts on sedimentary microbia food
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webs. In areas with strong tidal currents, feeding rates of
certain suspension-feeding protists should have a tidal peri-
odicity, as well as a lunar periodicity with the spring-neap
cycle. Furthermore, assuming that differences in feeding
rates translate into differences in growth rates, productivity
of the protistan community may differ among habitats ac-
cording to flow regime. The species specificity of our results,
as well as the finding of a flow optimum for one species,
suggests that the flow regime might influence the competi-
tive balance among species and help to explain differences
in community structure among habitats (e.g., Lucches and
Santangelo 1997). In high-energy environments, species
with feeding rates that have a strong direct relationship to
friction velocity may experience a competitive advantage
over other species.

There is uncertainty about the importance of ciliate bac-
terivory in the transfer of material and energy within sedi-
mentary microbial food webs. This uncertainty is caused by
differing results from comparisons of grazing rates of inter-
dtitial ciliates with productivity of sedimentary bacteria, dif-
ferences among measurement methods, and the fact that the
best studied habitats are sands, in which bacterivory is not
always a common trophic mode among the resident ciliates
(Fenchel 1969, 1980b; Kemp 1988; Epstein et al. 1992; Ep-
stein 1997a,b). However, the marine benthos is dominated
by fine sediment where bacterivorous ciliates are common,
and many of them are suspension feeders (Fenchel 1987;
Shimeta and Sisson 1999; Garstecki et a. 2000; this study).
The importance of their activities in transferring water-col-
umn bacterial productivity to the sediments and to higher
trophic levels is understudied. These ciliates may play a sig-
nificant role in sedimentary microbial food webs, where they
create a dynamic link between planktonic and benthic pro-
ductivity, mediated strongly by benthic boundary-layer flow.
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