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ABSTRACT: We investigated the vertical distribution of benthic ciliates in response to changes in the
oxygen conditions in an intertidal North Sea sediment. Sediment samples originating from a sandy flat
were placed in a small temperature-controlled seawater flow-through system in the laboratory. Oxygen
concentrations in the sediment were manipulated by enhancing or repressing photosynthetic activity of
sediment diatoms and cyanobacteria by varying light intensities in 3 parallel setups (continuous dark-
ness, permanent light intensity of 400 nE m™2 s™!, and 7 h light and 7 h dark switch). Oxygen profiles
were measured employing high resolution electrochemical oxygen microsensors. Simultaneously,
small sediment cores were collected from the respective treatments, and divided into 1 or 2 mm thin
slices. The ciliates from each vertical layer were identified and enumerated employing the quantitative
protargol stain method. The ciliate community could be divided into 2 distinct groups. Epibenthic cili-
ates remained close to the sediment surface at all times and were rarely found in anoxic layers. In con-
trast, the majority of the ciliates adapted to an interstitial life style were almost always found in anoxic
sediment layers and appeared to migrate away from high oxygen concentrations. There may be some
strictly anaerobic ciliates among the ciliate assemblage; however, most of the ciliates we found and
describe are microaerophilic and therefore rely on a permanent access to oxygen. The potential impli-
cations of these findings for the nutrient cycling across the oxic/anoxic boundary within sediments are
discussed in light of possible limitations of the employed techniques.
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INTRODUCTION

The significance of protists for the flow of matter and
nutrients through planktonic communities has been
well documented (Azam et al. 1983, Berninger et al.
1993, Sherr & Sherr 1994). High species diversities and
densities reaching 10° ciliates cm™® of marine sediment
and of up to 10° flagellates cm™3 suggest that protists
may be equally important for the dynamics of benthic
ecosystems (Fenchel 1969, Hartwig 1973, Alongi 1986,
Bak & Nieuwland 1989, Patterson et al. 1989). Hetero-
trophic and mixotrophic benthic protists may play a
major role as both consumers and producers of organic
matter in sediments (Epstein et al. 1992, Hondeveld et
al. 1992, Starink et al. 1994).
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Shallow marine sediments harbor large populations
of autotrophic microorganisms, such as cyanobacteria,
diatoms and pigmented flagellates, that release oxy-
gen into the interstitial water. The application of elec-
trochemical oxygen microsensors, which allow the
measurement of chemical profiles at a resolution as
fine as 50 to 100 um with minimal disturbance of the
system (Revsbech & Jeorgensen 1986), has revealed
that the sediment layer in which free oxygen is avail-
able is often confined to no more than the upper few
mm, despite high oxygen production at the sediment
surface (Revsbech 1989). The oxygen penetration
depth and the shape of its profile vary according to
light availability and time of the day (Kihl et al. 1994).
Studies of benthic protists have shown, however, that
these organisms inhabit a much wider layer than the
oxygenated part of the sediment (Burkovsky 1968,
Fenchel 1969, Santangelo & Lucchesi 1995), with re-
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ported population maxima in the top 1 to 2 cm of the
sediment or deeper. This finding implies that many cil-
lates are able to live in anoxic environments. Interest-
ingly, only a few ciliate species are confirmed anaer-
obes, while a much larger proportion are known to be
microaerophilic forms. The occurrence of one of the
major groups of benthic organisms in anoxic rather
than oxic sediment layers may change some of our
views on the organization of benthic communities and
on the flux of organic matter and nutrients across the
oxic/anoxic boundary.

Fig. 1 PVC trough used to collect undisturbed sediment
samples. Distal end (not shown} is open and is being slid into
the sediment. Proximal end is equipped with 2 removable
lids. The outer lid has a connector that, upon return to the
laboratory, is connected to the seawater flow-through sys-
tem. This transforms the sampling device into a flume chan-
nel without any additional sample transfer. The seawater
first fills the chamber between the 2 lids and enters the sedi-
ment-containing part of the trough through a number of
small holes in the inner lid. These holes make the water flow
over the sediment surface in a nearly laminar fashion. Water
leaves the trough through a combination of 2 lids and an
intermediate chamber analogous to the one at the proximal
end. These lids are installed in the field immediately upon
sediment collection

We carried out an investigation of the vertical distri-
bution of marine benthic ciliates with respect to the
oxygen dynaniics in a marine sandy tidal flat commu-
nity. We manipulated the oxygen profiles in sediment
cores placed in a small laboratory flow-through system
by varying the illumination, thereby enhancing or re-
pressing photosynthetic activity. We then examined
the vertical distribution of ciliates to determine how
protists responded to changing light and oxygen con-
ditions in the sediment.

MATERIAL AND METHODS

Sampling procedure and experimental set-up. Sed-
iments were collected on September 1, 1993, from a
sandy tidal flat of the North Sea near Cuxhaven, Ger-
many, during low tide, ca 30 m from the beach. Air and
sediment temperature were 15 and 14°C, respectively;
salinity was 20 %o.

PVC troughs, in a form of open half-cylinders made
out of household gutters, served as both sampling
devices and flume channels. The troughs were 50 cm
long, 10 cm deep in the center and 14 cm wide at the
top, and could be sealed at both ends with removable
plastic lids. To collect field samples, 6 troughs were
pushed horizontally into the sediment, carefully lifted
up when filled, and closed (Fig. 1). This procedure kept
disturbance and pore water loss at a minimum. The
sediment surface was ca 4 cm below the upper edge
of the troughs. In the laboratory the troughs were
inserted into a pump-aided seawater recirculation sys-
tem and filled with water that was collected simultane-
ously with the sediment cores. The water temperature
was kept constant at 13°C with a Julabo cooling unit,
and the water was continually aerated. The flow was
adjusted to a velocity of 2 cm s™' For 2 wk following
sampling the 6 cores were subjected to the same light
regime of 12 h darkness and 12 h low light intensity
(ca 120 uE m%s7'). A noticeable population of diatoms
and cyanobacteria developed on the sediment surface,
and some topography formed as a result of the activity
of macrofauna.

Experimental design. In order to examine the re-
sponse of benthic ciliates to changes in the oxygen
dynamics in the sediment, we exposed the sediment
cores to different light regimes. This influenced the
photosynthetic activity of the autotrophs which in turn
affected concentration and penetration depth of oxy-
gen in the sediment.

Prior to conducting the experiment, all sediment
cores were kept in complete darkness for 24 h. There-
after, the 6 troughs were divided into 3 sets each con-
sisting of 2 troughs. Each set represented a different
experimental treatment: 1 set was kept in complete
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darkness at all times (DC, dark control), the second set
was exposed to permanent light (400 pE m™2 57!, LC,
light control), and the third pair of troughs was sub-
jected to a light regime alternating between 7 h light
(400 pE m~?s7!) and 7 h darkness (DLDL).

At selected time points, oxygen profiles were mea-
sured at a vertical resolution of 100 pm, employing
Clarke-type oxygen microelectrodes, following the
description in Revsbech & Jergensen (1986). Immedi-
ately after taking of the oxygen profile, a small sedi-
ment core was extracted at the same location with a
60 ml plastic syringe, Luer end cut off. The sites for
oxygen measurements and sediment coring were at
least 2 cm from the edge of the trough and lacked
visible traces of macrofaunal activity. In the LC and
DC treatments, the time points were scattered over
the whole experimental period (15 h). In the DLDL
treatments, the first measurement and sample were
obtained in the dark period immediately before the
light was switched on. The next time points were at
5, 30, 150 and 400 min after the start of the illumina-
tion, at 5, 30, 150 and 400 min after switching the
lights off again, and 5 min after the light had been
turned on for a second light period. The time points
indicated in Fig. 4 refer to the time of coring.

The sediment cores were immediately sectioned
after gradual extrusion of the sample from the syringe
with the help of a micrometer screw attached to the
plunger (Joint et al. 1982). The top 5 mm was divided
into 1 mm slices and the following 14 mm into 2 mm
slices. There was no loss or displacement of pore water
during the extrusion of the cores. Individual slices
were placed into preweighed vials containing 30 or
40 ml of Bouin's fixative mixture (40% buffered
formaldehyde saturated with picric acid and 2%
glacial acetic acid) and mixed gently. All fixed samples
were welghed to calculate the wet weight of the indi-
vidual sediment slices and were stored refrigerated
(4°C) until further processing.

Enumeration of ciliates. Ciliates were extracted
using a modification of the procedure of Bak &
Nieuwland (1989). In order to separate the protists
from sediment particles, each sample was carefully
resuspended, allowed to settle for 10 to 15 s, and the
supernatant collected. This washing procedure was
repeated twice and all 3 supernatant fractions were
combined. For each sample, a known fraction (% the
volume in the case of 1 mm slices, and Y in the case
of 2 mm slices) of the total supernatant was filtered
onto a Millipore cellulose 3 um pore-size filter with
negative pressure never exceeding 50 mm Hg.
Subsequently, the filters were processed employing
the quantitative protargol staining (QPS) technique
(Montagnes & Lynn 1987) resulting in permanent
microscopic preparations. The filters were scanned

at 156x magnification on either a Zeiss Axiophot
microscope equipped for phase contrast microscopy
or on a Zeiss standard microscope equipped for
Nomarsky DIC microscopy. Ciliates were identified
after Carey (1992) at 750x to 1850x magnification
and counted.

Profiles of ciliate vertical distribution were recon-
structed based on their abundance in the examined
horizons. To characterize each profile by a single para-
meter, we calculated its weighted mean depth H (= the
position of the population's center). This was done,
upon normalization of the abundance data by a
square-root transformation, by applying the formula:

12
Z(Ni x h;)
H = = 12 —
2N,
=1
where h and N are the sample depth and ciliate abun-
dance, respectively, in the sediment layer 1.

We used standard statistical approaches to calculate
means, linear regression coefficients and error mar-
gins, according to Sokal & Rohlf {(1981). To compare
the depths of vertical distribution centers, we em-
ployed a Wilcoxon nonparametric test.

RESULTS
Oxygen distribution in the sediment and its dynamics

In both the DC and LC treatments, oxygen concen-
tration, penetration depth and shape of the profile
showed little within-treatment variation over time
(Fig. 2). In the DC treatment, the oxygen concentration
in the sediment was always lower than that in the
water and decreased rapidly with increasing sediment
depth. Penetration depth never exceeded 2.5 mm
(mean + SD: 2.1 + 0.2 mm). In the LC treatment, oxy-
gen penetrated down to a depth of 3.7 mm after 7 h of
illumination. There was always a distinct subsurface
peak of the oxygen concentration (295.9 + 57.5 umol
0O, 1”1 at 0.8 £ 0.1 mm below the sediment surface).

The oxygen profiles in the DLDL treatment varied
according to the light conditions (Fig. 2). The initial
profile, taken at the end of the period of prolonged
darkness, showed values almost identical to those of
the DC treatment; oxygen penetration depth was
1.5 mm. Within minutes of the onset of illumination a
distinct oxygen profile formed in the sediment, charac-
terized by a subsurface maximum (364.4 x 92.4 pmol
O, 1! at 0.7 + 0.2 mm sediment depth) and a penetra-
tion depth of up to 3.8 mm. Upon shading the sedi-
ments, the oxygen profiles changed back to about the
level described above for darkness.
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Composition of the benthic community

The community we studied comprised the typical
inhabitants of a sandy tidal flat, such as bacteria,
including cyanobacteria, diatoms, aplastidic and plas-
tidic nano- and microflagellates, ciliates, nematodes,
harpacticoid copepods and other meiobenthic animals
(Fenchel 1969). Macrofauna was present in the field
and experimental communities, but the subcores taken
for protists counts were from the areas of the main
cores without macrofauna.

The ciliate community received special attention in our
investigation. A total of 45 different ciliate species were
identified; the mean abundance of the entire ciliate
assemblage, averaged from all the samples collected,
was 135 ind. g ! wet sediment , which was within ihe
range observed for other similar habitats (Fenchel 1969,
Hartwig 1973, Alongi 1986). The following 12 species
represented numerically >90% of the total ciliate
assemblage and were observed in all samples: Coleps
hirtus, Loxophyllum rostratum, L. setigerum, Trache-
lonema oligostriata, Tracheloraphis margaritatus, Tra-
cheloraphis swedmarkii, Geleia orbis, Paraspathidium
fuscum, Pleuronema marina, Psammocephalus sp.,
Euplotes crassus and E. trisulcatus. The feeding pref-
erences of these species span the whole range of
bacterivory, herbivory, carnivory and histophagy. The
following quantitative analysis is based on the abun-
dance and distribution of these dominant species.

Vertical distribution of ciliates in the
sediment

Epibenthic
| ciliates

Among the 12 most common species, 2
distinct groups of epibenthic and inter-
stitial ciliates (Patterson et al. 1989) could
be differentiated. Epibenthic species

!rg?w:_g_‘ o Lty
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Fig. 3. Vertical distribution of epibenthic and interstitial ciliates in marine
intertidal sediments incubated in small laboratory flumes. Data represent the
average of 3 (LC) or 2 (DC) measurements {+1 SE}, respectively. Note: depth
intervals 1 to 5 mm represent densities obtained from sediment slices of

S .

(Euplotes crassus and E. trisulcatus, max-
imum abundance 400 ind. g' wet sedi-
ment or 410 ind. cm™?) were confined to
the sediment surface and the top 2 mm of
the sediment at all light levels and at all
times (Figs. 3 & 4). They showed no clear
vertical migration pattern. Interstitial cili-
ates (the remaining 10 species) were dis-
tributed over a wider depth range but
were absent from the sediment surface
(Figs. 3 & 4). Their maximum abundance
was 250 ind. g”! wet sediment or 1850 ind.
cm™2,

The vertical distribution of interstitial
ciliates varied under different illumina-

Interstitial

i
‘ ciliates

1 mm thickness, whereas the intervals below represent data obtained from

2 mm thick slices. Dotted line: oxygen penetration depth. Open bars: LC;

filled bars: DC (see text for further explanation)

tion. The interstitial ciliates were found
2 mm deeper in the iJJuminated sediment
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Fig. 4. Mean depth of vertical distribution of benthic ciliates

during an incubation with alternating light regime. Dark peri-

ods indicated by dark background shading. (O) Epibenthic

ciliates; (@) interstitial ciliates; (A) oxygen penetration depth.

Dashed and solid lines: standard error intervals for linear

regressions of the center of interstitial ciliate distribution in
DC and LC, respectively

(LC treatment) than in the darkened cores (DC treat-
ment; Fig. 3). The respective weighted mean (+x SE)
depths of vertical distribution were 11.7 + 0.6 mm and
9.6 + 1.0 mm below the surface. This difference was
statistically significant at the p < 0.05 level.

At the beginning of the DLDL treatment the inter-
stitial ciliates were distributed in essentially the same
way as in the DC treatment (Figs. 3 & 4). After 7 h of
illumination, their vertical distribution was very similar
to that in the LC treatment. Over this period, the center
of the vertical distribution of interstitial ciliates gradu-
ally shifted down by 3.1 mm (significant at the p < 0.05
level) while the oxygen penetration depth increased
by 2.3 mm (Fig. 4). Thus, the scale of ciliate downward
migration was comparable to the scale of the down-
ward shift of the oxic/anoxic boundary. The 7 h long
darkness thal followed the first light period did not
coincide with an upward migration of the ciliates back
to their initial position. Instead, the center of their ver-
tical distribution remained at or around the same depth
that was reached during the light period. Individual
ciliate species showed essentially the same pattern of
vertical distribution.

DISCUSSION

Our results imply that the changing oxygen condi-
tions in the sediment affect the vertical distribution of
benthic ciliates. Epibenthic ciliates were found close to
the sediment surface at all times. They did show some
vertical migration but seemed to primarily exploit the
oxygenated layer. In contrast, the more abundant

interstitial ciliates appeared to avoid oxygen. Irrespec-
tive of the light conditions, the center of their vertical
distribution was always below 8 to 9 mm depth, while
the oxic/anoxic boundary was always above 4 to 5 mm.
This apparent avoidance reaction was also observed in
the dynamics of the vertical distribution of interstitial
ciliates: as the oxygen penetrated deeper into the sed-
iment, the interstitial ciliates migrated downward in a
remarkably proportional fashion (Fig. 4). These find-
ings are similar to or consistent with the previous
results whether they have been achieved by employ-
ing different (Fenchel 1969, Bak & Nieuwland 1989,
Alve & Bernhard 1995) or almost identical methodol-
ogy (detailed investigation of millimeter-scale ciliate
vertical distribution with oxygen profiles measured by
oxygen microelectrodes; Fenchel & Bernard 1995).

Our results raise a number of interesting questions:
(1) what are the mechanisms by which interstitial cili-
ates sense changes in oxygen concentration occurring
several millimeters away from where they dwell;
(2) how can organisms believed to be aerobes exist
without direct access to oxygen; and (3) what are the
ecological implications of our findings? For these ques-
tions we can at present offer only hypothetical
answers.

(1) The rise of oxygen concentration in the upper-
most sediment layer occurring as a result of illumina-
tion is likely to cause changes in the chemical environ-
ment not only in this top sediment horizon but in the
underlying sediments as well. At the very least, the
vertical profile of hydrogen sulfide should shift down
as a result of deeper oxygen penetration. Therefore,
the onset of illumination and the rise in oxygen con-
centration can be soon felt at depth where neither light
nor oxygen are available. This may explain the appar-
ent remote sensing of changes in light/oxygen condi-
tions exhibited by interstitial ciliates.

(2) Only a small number of ciliates found in anoxic
sediment layers are reported anaerobes; the majority
of the recorded interstitial species are believed to have
an aerobic metabolism. We can only speculate on how
such ciliates can exist without a permanent supply of
oxygen. High tolerance to anoxia by aerobic species
has been reported (Finlay et al. 1991, Fenchel pers.
comm.). It is also possible that some aerobic or
microaerophilic ciliate species complement oxygen
respiration with anaerobic metabolic pathways. For
example, nitrate respiration under anoxia has been
recorded for freshwater species of the genus Loxodes
(Finlay 1985), a close relative of many interstitial cili-
ates present in our samples.

We believe that the majority of the interstitial ciliates
we identified do not permanently inhabit sediment lay-
ers deplete of oxygen. We suggest that these ciliates
migrate into oxygenated sediment layers, remain there
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for some time to obtain oxygen and then move back
into the anoxic sediment. The vertical migration of
benthic ciliates at the appropriate scale has been
described earlier (Burkovsky et al. 1983); however, at
this point we can offer only indirect supporting evi-
dence for our hypotheses. Whereas the majority of the
interstitial ciliates was always present well below the
oxic/anoxic boundary, a small fraction of their popula-
tions could always be found in the oxygenated layer
(Fig. 3). This fraction may have been constituted by
occasional migrants. The rather small size of that frac-
tion shows that these journeys must have been short
and quickly followed by diving back into anoxia. This
leaves the overall picture unaffected: the bulk of the
ciliate assemblage was still located deep in the anoxic
sediment throughout the experiment in all treatments.

{3) Such a migration would have significant ecologi-
cal implications. For example, ciliate grazing and sub-
sequent digestion may take place in different sediment
layers. If ciliates feed on one side of the oxic/anoxic
boundary and release nutrients on the other, there may
be a transfer of organic matter and nutrients between
the oxic and anoxic sediments mediated by protists.

If the majority of ciliates avoid oxygenated sediment
layers, their grazing interactions with aerobic bacteria
and active phototrophic organisms such as diatoms
and cyanobacteria may be more limited than previ-
ously thought. Besides methodological reasons (Star-
ink et al. 1994) this may in part explain why even
abundant ciliate communities appear to consume only
a small fraction of the production of diatoms (Epstein et
al. 1992) and of the total bacterial production (Kemp
1988) in oxygenated sediments. In contrast, fermenting
bacteria, nitrate reducers, sulfate reducers and other
anaerobic bacteria would potentially be subjected to a
grazing pressure many times greater than previously
assumed since their predators may be recruited from
both the oxic and anoxic sediment layers. The conse-
quences of nutrient recycling mediated by grazing
activity (Caron & Goldman 1990) would in this scenario
mostly benefit anaerobic rather than aerobic assem-
blages.

Our approaches have some potential shortcomings
that deserve discussion. For example, oxygen concen-
tration was not the sole variable in our experiments.
Food availability, presence of predators, H,S concen-
tration and other factors potentially affecting ciliate
behavior were not controlled during the experiments.
In addition, we only investigated the ciliate community
of the top 20 mm of the sediment. This may explain the
low number of ‘true’ anaerobic ciliates in our samples.
Protists are also found in deeper sediment layers
where they may be subjected to constraints different to
those characteristic of the surface. We cannot, there-
fore, extrapolate our theories over the entire sediment,

but rather to a few cm close to the sediment/water
interface.

Other potential limitations are related to oxygen
measurements and ciliate enumeration. The position of
the oxic/anoxic interface was determined assuming
that the electrode ‘0" reading was indicative of the
absence of oxygen. The sensitivity of oxygen micro-
electrodes has been shown to be between 0.15 and 1%
of air saturation, or approximately 0.3 to 2 uM O, 17!
(Revsbech et al. 1980, Herbert 1992). Therefore, at the
depth where the microelectrode would first give a
reading of 0, oxygen might still be present, and the
thickness of the oxygenated sediment layer might thus
be underestimated. However, the thickness of this
missed part of the low-oxygen zone was likely to be
insignificant. Fiiting « paiabola to the actual O, profile
(Rasmussen & Jergensen 1992) shows that such small
quantities of oxygen would be consumed, whether
biologically or chemically, within only few tenths of a
millimeter of sediment. This consideration assumes a
zero-order oxygen consumption kinetic. Although this
model is likely to be an oversimplification (Rasmussen
& Jorgensen 1992, T. Fenchel pers. comm.), it repeat-
edly gave a close fit to the experimental data, whereas
a first-order consumption kinetic model yielded far
inferior results (Hofman et al. 1991, Rasmussen & Jor-
gensen 1992). One can also infer negligible oxygen
concentrations at or below the oxic/anoxic interface as
determined by oxygen microelectodes from a strong
increase in hydrogen sulfide concentrations at the
depths where the electrode measures zero oxygen
(Revsbech et al. 1980, Visscher et al. 1991).

It should also be noted that while the electrode read-
ings may precisely identify the beginning of the anaer-
obic zone, they only do so at the point where the mea-
surement was taken. Small pockets of oxygenated
areas, for example caused by macrofaunal burrowing
and/or feeding activities (Aller & Yingst 1985) or by
pressure driven pore-water exchange (Hiuttel & Gust
1992), are scattered in the sediment and may be easily
missed. We measured oxygen profiles in areas that did
not show any disturbance by larger benthic organisms.
Nevertheless, the sediment layers where we did not
register any oxygen may be called anoxic only with an
understanding of possible methodological limitations.
It is in this sense that the terms such as 'anaerobic sed-
iments' and ‘oxic/anoxic interface' are used in the pre-
sent study.

Furthermore, our work addresses ciliate migrations
of a very small amplitude {few millimeters). The incre-
ment at which sediment cores were sectioned needed
to be appropriately small, and the movement of inter-
stitial water through the core during extrusion had to
be prevented. The sampling protocol we adopted from
Joint et al. (1982) met both these requirements. The
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size variation of individual sediment slices was under
15%. Since the coring device was equipped with a
plunger, no draining/displacement of the sample inter-
stitial water was possible as that would have created
vacuum in the syringe. The protocol we employed for
ciliate enumeration (QPS) has a reported efficiency
close to 100% (Bak & Nieuwland 1989, Epstein
unpubl.). As an identification protocol, it is highly rec-
ommended. Some delicate species might be under-
counted (Montagnes & Lynn 1987), but this should
have been equal across light and dark treatments, thus
not affecting the experimental outcome.

Therefore, limitations imposed by the employed
methods do not invalidate the main conclusions of this
paper. The majority of sediment ciliates were found
below the oxic/anoxic interface. They may thus play an
important role in the microbial dynamics of anoxic sed-
iments. The dynamics of entire benthic microbial com-
munities may depend more than previously thought on
the processes taking place in anaerobic zones.
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