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We studied the dynamics of two populations of anaerobic ciliates, Plagiopyla sp. and Metopus sp., and of their
potential prey, heterotrophic and phototrophic purple bacteria, in Lake Cis6 throughout a 1-year cycle. The
abundance of both ciliates was very low (less than 2 individuals per ml). During mixing, Plagiopyla ciliates
exhibited high clearance rates (about 100 nl ciliate-' h-'), its integrated abundance increased with a net
doubling time of 47 days, and its potential doubling times, as calculated from the number of bacteria
consumed, ranged between 5 and 8 days. During stratification, the activity of Plagiopyla ciliates was reduced
and the population decreased; this was related to the higher amounts of sulfide present. The impact of
predation by the Plagiopyla population on bacterioplankton was found to be insignificant, less than 0.1% of
bacterial biomass consumed per day. Thus, anaerobic ciliates cannot control the bacterioplankton in Lake Cis6
because of both the low abundance over the period studied and the low feeding rates during certain periods.
A review of available field studies suggests that this conclusion can be extrapolated to most other anoxic
systems.

Anaerobic ciliates are widely distributed in anoxic environ-
ments (9), but very little is known about their trophic role in
anaerobic food webs. They are mainly bacterivorous, feeding
on both heterotrophic and phototrophic bacteria (6), and often
represent the main bacterial consumers in anoxic environ-
ments. Fenchel and Finlay (8) suggested that predation by
anaerobic protozoa could control the bacterial abundance in
some systems, as is frequently the case in aerobic communities
(1). They also argued for short food chains in anoxic systems
because of the low growth efficiency of anaerobic metabolism,
involving essentially grazing of bacteria by protozoans. Studies
on the trophic role of anaerobic ciliate populations in the
plankton have seldom been carried out (12, 18). A complete
and quantitative assessment of this trophic role requires the
analysis of four parameters: abundance, in situ feeding activi-
ties, impact on natural bacterial assemblages, and potential
growth rate derived from this trophic relationship.

Ciliates have been found to be present at moderate to low
abundance in anoxic planktonic systems compared with the
numbers in oxic systems with similar food levels (10, 12, 24).
The abundance can be 10 times higher in sediments and
sapropel than it is in the plankton (11, 41). The feeding rates
of anaerobic ciliates are comparable to those for similarly sized
aerobic ciliates. We demonstrated this point in a separate study
(28), in which we described the functional response of Pla-
giopyla nasluta and Metopus es cultures to feeding on hetero-
trophic and phototrophic purple bacteria. A similarity in
feeding activities between aerobic and anaerobic protozoa has
already been suggested (8, 9). The feeding impact of ciliates on
bacterioplankton, expressed as the percentage of the bacterial
assemblage consumed per day, depends on the abundance of
ciliates and their feeding activities and indicates whether the
bacterioplankton is significantly grazed by ciliates. The impor-
tance of predation for the predator population, expressed as its
potential growth rate calculated from the amount of food
taken by predation, depends on prey abundance, predator
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feeding activities, and predator growth efficiency. The calcu-
lated potential growth rate indicates whether the predator can
grow and persist by depending only on the studied trophic
relationship.
We analyzed these four questions in the anaerobic commu-

nity of Lake Cis6 (31), a sulfurous lake which harbors anaer-
obic ciliates, mostly Plagiopyla sp. and M. es. First, we deter-
mined the vertical and temporal distribution of both ciliates
and of their potential prey, heterotrophic and phototrophic
purple bacteria. On several occasions, the clearance rate of
Plagiopyla ciliates was determined in situ by using fluorescently
labeled phototrophic bacteria. Total predation by the Pla-
giopyla population on bacterioplankton was calculated by
applying an algorithm (27) which considers the vertical distri-
butions of prey and predator and the functional response of
the predator. The functional response of P. niasiuta had been
determined previously in the laboratory (28). Finally, the
impact of this trophic relationship was estimated for both prey
and predator. In addition, we analyze here some other systems
under the same perspective and discuss the role of ciliates in
anaerobic planktonic food webs.

MATERIALS AND METHODS

Lake Cis6. Lake Cis6 is a small holomictic lake (maximal
depth, about 7 m) located in the karstic region of Banyoles,
Girona, Spain. The biology of the lake is largely influenced by
the high amounts of sulfide present in the water (15, 17, 31).
The water has a high sulfate content because water percolates
through a gypsum-rich layer before entering the lake by
seepage. Sulfate is reduced to sulfide by bacterial activities, and
because of the bathimetry of the lake (high depth-surface
ratio) and the protection from wind provided by the surround-
ing trees, sulfide diffuses throughout the water column during
winter holomixis (October to March), and the whole lake
bccomes anoxic. Prokaryotes dominate (15), but some anaer-
obic ciliates are present (5, 14). During stratification (April to
September), the epilimnion becomes oxic, and there is a small
region in the metalimnion where oxygen and sulfide coexist.
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1326 MASSANA AND PEDROS-ALIO

During this period, three different ciliate communities can be
recognized: aerobic in the epilimnion, microaerophilic in the
upper metalimnion (26), and anaerobic (similar to that found
during holomixis) in the lower metalimnion and the hypolim-
nion (5, 15). The last community is the one analyzed in the
present study.

Sampling and physicochemical parameters. Temperature
was measured with a YSI-33 temperature conductivity probe
(Yellow Springs Instruments). Water samples were taken in
the region of maximal depth with a polyvinyl chloride cone

connected through tubing to a pump (for a better description
of the sampling device, see reference 29). The cone was
lowered to the desired depth, and samples were pumped out
from different depths. A 250-ml biological oxygen demand
bottle was filled for oxygen determination with the Winkler
titration as modified by Ingvorsen and J0rgensen (20). Screw-
capped tubes (13-ml capacity) containing1 ml of zinc acetate
(37%, wt/vol) were filled for sulfide determination by the
methylene blue colorimetric method (16). For counts of or-

ganisms, 125-mi samples were fixed with formaldehyde (2%
final concentration) and stored at4°C in the dark until
processed 2 or 3 days later.

Counts of organisms. To count accurately all the relevant
organisms for this study, three different preparations were

made from each sample. Subsamples of1 ml were stained with
DAPI (4',6-diamidino-2-phenylindole; 0.1jug/ml final concen-

tration) and filtered through a 0.2-pum black-stained Nuclepore
filter (33). The filter was examined at 1,250x magnification
with a Nikon epifluorescence microscope under UV radiation.
The bacterioplankton was divided into three categories: two
morphologically distinguishable phototrophic purple bacteria
(Chromatium sp., probably Chromatium minus, and Amoe-
bobacter sp., probably Amoebobacter purpureus) and the re-

maining bacteria, which included heterotrophic, chemolitho-
autotrophic, and phototrophic bacteria with typical bacterial
morphologies (rods and cocci). These are referred to as "other
bacteria" for convenience in this article. Heterotrophic flagel-
lates were counted on the same filters as the bacterioplankton.

For small ciliates and algae, 15-mi subsamples were allowed
to settle for 2 h in a chamber (25 mm in diameter and 20 mm
high), and the organisms were counted at 100 x or 400 x
magnification by phase contrast under a Nikon inverted micro-
scope. Finally, 100-mi subsamples were filtered through a

37-p.m nylon net to remove the bacteria and algae from the
sample. The organisms retained were resuspended in 15 ml of
filtered water, allowed to settle, and observed as above. Large
ciliates and copepods were counted in these subsamples by
examining the entire preparation at 40 x or 100 magnifica-
tion. We demonstrated that the 37-p.m mesh net was the
largest which would retain all Metopus and Plagiopyla individ-
uals (Fig. 1A). The classification of anaerobic ciliates follows
the descriptions of Kahl (22), Jankowski (21), and Bick (3).

Integrated abundance. On every sampling date, samples
were taken from n depths (z,, . Zn ; centimeters) and
the abundance of population N(N, 1. Ni,. . . ,,n ; cells per

milliliter) was determined at each depth. We chose the sam-

pling depths that best described the vertical heterogeneity of
the system. We always considered a water column between 0

and 500 cm in depth. When the limits of this interval (0 or 500
cm) were not sampled, they were assumed to have the same

concentration as the closest depth. The integrated abundance,
N, (cells per square centimeter), was determined by using the
following equation:
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FIG. 1. (A) Number of Plagiopyla and Metopus ciliates retained by

nylon mesh with pore sizes of 20, 37, and 63 p.rm. Samples were

obtained on 14 March 1991 at a 2.0-m depth (formaldehyde-fixed
sample). (B) Time course of Plagiopyla ciliates feeding on FLC in situ.
The experiment was done on 19 February 1991 at a 2.0-i depth.
Ciliates started to feed after 30min of incubation. Only the data
represented by the solid circles were used in the regression analysis.

=n -I(NN +N+ +1
N1 = ~1 K2 (z + I (1)

Biovolume and biomass estimations. Phototrophic purple
bacteria were sized directly in DAPI-stained preparations by
epifluorescence microscopy, and other bacteria were measured
by examining scanning electron microscopy (SEM) pictures.
Sizes were converted to biovolumes by assuming that the
bacteria were cylinders with hemispherical caps. Because of
the shrinkage of bacteria in SEM preparations, a correction
factor of 2.3 (30) was applied to correct the biovolume values
for other bacteria. Ciliates were sized under an inverted
microscope, but a large error might be introduced by assuming
a certain geometrical shape for these flattened cells. Their
biovolume was deduced from the biovolume of similar ciliates
in cultures, carefully estimated by measuring the length and
the width independently of the thickness (28). For Plagiopyla
sp. in Lake Cis6, the biovolume of P. nasuta in culture was

assumed. For Metopus sp. in Lake Cis6, the biovolume of M. es

in culture was modified accordingly because the cultured cells
were slightly smaller. Biovolumes were converted to biomass
by using conversion factors from the literature: 0.35 pg of C per

p.m3 for bacteria (4) and 0.14 pg of C per p.m3 for ciliates (35).
Table I summarizes the size, biovolume, and biomass findings
for the organisms included in this study.

APPL. ENVIRON. MICROBIOL.
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TABLE 1. Mean size, biovolume. and biomass of predator
and prey microorganisms

Size Biovolume Biomass kAOrganism (Am) ([mi3) (pg of C) (cells/ml)

Predators
Pl/agiopvla sp. 99 x 45 54,70(0 7,660 NA
Metoplos es 155 x 56 127.00(1 17,780 NA

Prey
Chromatiluin sp. 5.3 x 3.3 38.5 13.5 3.6 x I0-
Amnoebobacteir sp. 2.(0 x 2.0" 4.2 1.47 3.3 x 106
Other bacteria 1.8 x 0.7 0.58" 0.20 2.4 x 107

Hallf-saturation constants for ingestion (k) of Plagiopvla sp. feeding on these
prey cells. taken from reference 28. NA, not applicable.

/ Sizes shown correspond to inidividual cells. These bacteria, however. form
ggrcgates of 11.6 cells on average (32).

Mean bacterial biovolume of several anoxic saimples.

Ingestion experiments. In situ clearance rates of anaerobic
ciliates were determined in experiments in which the ingestion
of fluorescently labeled Chromatitlin cells (FLC) was moni-
tored over time. The FLC suspension was obtained by heat-
killing and staining a culture of Chromnatilrn vinosltn (3.2 by
1.4 p.m; biovolume, 4.2 p.m3), as described by Sherr et al. (37).
In each experiment, seven 250-mi screw-capped bottles were
gassed with nitrogen and filled completely (to preserve anoxic
conditions during incubations) with water pumped from the
experimental depth. A small amount of tracer was added to
obtain concentrations of 1 x 104 to 6 x 104 FLC ml '. One
bottle (time zero) was immediately fixed with formaldehyde
(2% final concentration). The other six bottles were incubated
in the dark in an ice box with water from the same depth as the
samples to preserve the in situ temperature. At different times
(typically 15, 30, and 60 min), the contents of two bottles
(replicates) were fixed with formaldehyde.

In the laboratory, 100-ml subsamples were allowed to settle
as described above, and the ciliates were observed with a
Nikon inverted epifluorescence microscope. Predators were
located by phase contrast at low magnification (40 x or 100 x ),
and the number of particles inside the predator was deter-
mined with blue-light epifluorescence at higher magnification
(400 x). Between 15 and 20 cells were examined for each time
point, and the average number of particles ingested was
plotted versus time (Fig. IB). The slope of the straight line
obtained was the ingestion rate, I (FLC ingested per ciliate per
minute). A lag was often observed during which the ciliates did
not feed, probably because of the stress of sampling and
manipulation. In these cases, only the points in which the
incorporation was linear were used (solid circles in Fig. IB).
The clearance rate, F (nanoliters per ciliate per hour), was
obtained according to the formula F = (IIL) x 6 x 1(7, where
L was the tracer concentration (FLC per milliliter) in the
experimental bottle at time zero and 6 x 107 was the unit
conversion factor.

Integrated predation. Populations are sharply stratified in
Lake Cis6, and predator and prey are usually slightly segre-
gated with respect to depth. Predation impact should thus be
determined for the whole population, considering areal inte-
grated numbers. We have proposed an algorithm to calculate
integrated predation, G, (prey eaten per square centimeter per
hour), from the distribution of prey and predator populations
and the functional response of the predator (27). The func-
tional response was described by the disc equation (19),
analogous to the Michaelis-Menten model for enzyme kinetics,
and defined by two parameters: the maximal uptake rate, U,,.

TABLE 2. Functional response of Plagiopyla sp. for several
sampling dates in 1991"

Maximal uptake

F V F,, (cellsh --')
Date (nI h ') ([iM3 mI ') (nl h ') U,_ u,,,- U,,,-

Chr Amo Bac

19 Februarv 75 9.6 127 45.2 417 3.007
14 March 83 8.8 136 47.2 435 3,136
4 April 107 10.7 191 67.7 624 4,503
11 June 13 11.7 25 8.7 80 581
20 September 10 16.1 22 7.7 71 512

F. in situ-detcrmined clecarancc rate; V, total food abundance in the
experimentail bottle (the three bacterial groups plus FLC); F,,,. maximal clelr-
ance rate. calculated from equation 4; U,,,-Chr. L,,,-Amo. and U,,,-Bac. maximal
uptlkc rates for Clhrotizatiowo sp.. Anioehobactcr sp., land other bacteria, respec-
tiveiv. The values of k appear in Taible I and arc assumed to bc the sarme for all
dates.

(prey eaten per ciliate per hour), and the half-saturation
constant for ingestion, k (prey per milliliter). We developed an
integral equation which incorporated U,,,, k, and the changes in
prey and predator abundance with depth. With the algorithm
FS-B (27), this integral was solved for intervals limited by
sampling depths. Integrated predation in the first interval [G,
(1.2)], between depths z, and z2, is calculated as:

GU N, + N, PI + P,
GI12 liN, + N, + 2k, 2 (Z2-z-Z) (2)

where N, and P, are the abundances of prey and predator,
respectively, at z, (cells per milliliter) and N, and P2 are the
abundances of prey and predator, respectively, at z2. Integrated
predation in the whole water column is calculated by adding up
the results in each interval:

i= n - I

GI = E [GI(i, i + i)]
i =1

(3)

To use this algorithm with our field data, we first needed to
determine U,,, and k for each sampling date from the in
situ-determined clearance rates. For dates when in situ exper-
iments were not conducted, we used the average clearance rate
between the preceding and following dates. In laboratory
experiments, we determined the functional response of P.
nasiuta ciliates feeding on FLC (28). The half-saturation con-
stant found in the laboratory (1.37 x 1()7 .m3 ml t ) is
considered to be the same for all sampling dates and is
equivalent to 3.6 x 105 Chromatilrni cells ml-', 3.3 x 10'
Amoebobacter cells ml - ', and 2.4 x 107 other bacteria ml -'

(Table 1). From the in situ-determined clearance rates (F), this
constant value of k, and the total food present in the experi-
mental bottle, V (cubic micrometers per milliliter), we can
calculate the maximal clearance rate (F,,,) according to a
modification of the disc equation:

V+ k
F,,l = F

k
(4)

Finally, U,,, is calculated for each date by multiplying k times
this maximal clearance rate: U,,, = k x F,,,. The results of these
calculations for the five dates when the clearance rates were

determined are shown in Table 2.
Impact studies. By using the calculated value for integrated

predation, the impact of predation for both prey and predator
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-in Temperature (°C) --o-- Other bacteria ml-'

0 0.25 0.50 0.75 0 4x104 8x104
-o-. Sulfide (mM) A, Chromatium ml-' * lMetopus
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FIG. 2. Vertical distribution of several elements in Lake Cis6 during holomixis (19 February 1991). (A) Temperature and sulfide concentration;
(B) prey species concentrations. The mean biovolume of other bacteria (at the depths indicated by arrows) is also shown (in cubic micrometers).
(C) Plagiopyla and Metopus concentrations.

populations was estimated for each date. The impact on the
bacterial assemblages could be expressed as the percentage of
the bacterial biomass eaten per day: [G, x 24)/N,] x 100,
where G, (prey eaten per square centimeter per hour) is the
integrated predation and N, (prey per square centimeter) is the
integrated abundance of bacteria.
The impact of predation for the ciliate population could be

estimated as its potential growth rate, p. (per hour), consider-
ing this trophic step as the only one providing food to the
predator:

GI BN CN
p.=ln 1+---0.l (5)

P1 Bp1 Cp

where GI is the integrated predation, PI is the integrated
abundance of the ciliate (cells per square centimeter), BN and
Bp are the bacterial and ciliate individual biovolumes, respec-
tively (cubic micrometers), CN and Cp are the carbon content
of the bacterial and ciliate biovolume, respectively (0.35 and
0.14 pg of C per pLm', respectively), and 0.1 is the gross growth
efficiency for anaerobic ciliates (28). Potential doubling times
of the ciliate populations, D, (days), were calculated as follows:
D, = [ln 2/(V. X 24)].

RESULTS

Vertical distribution of organisms. The vertical distribution
of several parameters for a typical holomixis date (February 19,
1991) presented a slightly superficial stratification from 0 to

0.75 m (Fig. 2A), with a daily shallow thermocline which
disappeared during the night (13). All the elements studied
were distributed homogeneously below this thermocline, with
sulfide concentrations of about 0.3 mM (Fig. 2A). The lake did
not have aerobic organisms and flagellates were below detect-
able levels (<200 cells ml - '), but it had abundant populations
of the purple phototrophic bacteria Chromatium and Amoe-
bobacter sp. as well as other bacteria (Fig. 2B). The mean

biovolume of other bacteria, determined at two depths,
seemed to be relatively constant throughout the water column,
and it was larger than the biovolume of typical aerobic
bacteria, as has been described before for anaerobic bacterio-
plankton (4a, 34). Plagiopyla and Metopus ciliates were present
in low numbers (between 0.1 and 0.2 ml-') throughout the
water column except for the superficial region (Fig. 2C). A
slight maximum could be seen just below the thermocline.
Other anaerobic ciliates smaller than 37 pLm (and thus lost
during filtration) were not detected in the unfiltered 15-ml
sample (detection level of 0.2 to 2 cells ml - 1). This potentially
low abundance and their lower biovolume than that of Pla-
giopyla sp. indicated that, if they had been present, they would
not have played any role in the anaerobic food web.
On a typical stratification sampling date (June 11, 1991), a

sharp thermocline was established from 18°C at 0.75 m to 12°C
at 1.75 m (Fig. 3A). In this region, gradients of oxygen and
sulfide formed, and different populations stratified. In the
upper metalimnion, there was a microaerophilic community
(Fig. 3D). The main populations on this date were the alga
Cryptomonas phaseolus (peak of abundance, 5 x 104 cells

Ciliates ml-'
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m Temperature (°C) --v-- Other bacteria ml-l
5X106 107 1.5x107

* Plagiopyla ml-' --o-- Copepoda & nauplii ml-'

0.25 0.50 0.75 0 4x104 8x104 100 200 300
-- Sulfide (mM) * A Chromatium ml-l - Coleps & Prorodon ml-'

6 i 4 6 8 o 2x105 4x105 6x105 0 2x104 4x104 6x104
--o-- Oxygen (mg 1-1) -rAmoebobacter ml-' -l- Cryptomonas ml-l

FIG. 3. Vertical distribution of several elements in Lake Cis6 during stratification (11 June 1991). See the legend to Fig. 2 for details.

ml-') and the ciliates Coleps sp. and Prorodon sp. (up to 300
cells ml-'). The only copepod (Thermocyclops dybowskii) and
its nauplii also accumulated in the upper metalimnion (Fig.
3D). In the lower metalimnion, with sulfide present, purple
phototrophic bacteria appeared (Fig. 3B): Chromatium cells
formed a sharp peak of abundance in that region, whereas
Amoebobacter cells were distributed quite homogeneously
throughout the hypolimnion. Other bacteria were present
throughout the water column, with higher numbers in the
meta- and hypolimnion than in the epilimnion. The accumu-
lation of biomass at the meta- and hypolimnion was even larger
because the anaerobic bacteria were bigger than the aerobic
ones (Fig. 3B). Finally, Metopus ciliates were absent from and
Plagiopyla ciliates accumulated in the lower metalimnion,
under the Chromatium peak, with maximal abundances 10
times higher than those found on winter sampling dates (Fig.
3C).

Population changes with time. Figure 4 shows the vertical
distribution for populations (lower panels) and their integrated
abundance (upper panels) over the year. Plagiopyla ciliates
were homogeneously distributed in low numbers during Feb-
ruary and March (Fig. 4A). During the establishment of
stratification, the population grew and accumulated in the
lower metalimnion, below the Chromatium peak. After July,
the population decreased and the peak disappeared. Metopus
ciliates had a distribution similar to that of Plagiopyla ciliates at
the beginning of the year, but it disappeared at the beginning
of stratification (Fig. 4B).
The Chromatium population was distributed homogeneously

throughout the water column at the beginning of the year (Fig.
4C). The numbers of this bacterium clearly decreased from

February to March. At the beginning of stratification (May to
July), the population grew and accumulated in the metalim-
nion, forming a sharp peak (about 106 cells ml-1), which
remained until the stratification disappeared in October. The
integrated abundance reached in July remained constant for
the rest of the year. The Amoebobacter population was distrib-
uted homogeneously throughout the water column (about 105
cells ml- 1) all year except in the epilimnion during stratifica-
tion (Fig. 4D). Its integrated abundance remained essentially
constant over the year. Finally, other bacteria were homoge-
neously distributed during holomixis and tended to accumulate
in the hypolimnion during stratification (Fig. 4E). Their inte-
grated abundance remained relatively constant throughout the
year.

Particle ingestion experiments. The clearance rate of Meto-
pus ciliates was determined on only one date (32 nl ciliate-'
h- ' on February 19) because the low abundances found on the
remaining dates made further measurements impossible.
Clearance rates for Plagiopyla ciliates were determined on five
dates and showed two different periods (Fig. 5). During the
mixed period (February to April), the values were moderately
high (about 100 nl ciliate-1 h-1) and coincided with the net
growth of the population (Fig. 4A). During the second period
(summer stratification, June to September), the clearance rates
were low (10 to 20 nl ciliate-1 h-') and coincided with the
decrease in the population (Fig. 4A). On one date, we studied
the possible effects of day-night cycles on the feeding activities
of Plagiopyla ciliates. The clearance rates determined for day
and for night were found not to be significantly different (Fig.
5).
Impact of predation. We determined the impact of preda-
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FIG. 4. Changes with depth and time of several populations (bottom panels) and evolution with time of their integrated abundance (upper
panels) in Lake Cis6. The horizontal scale is the Julian day, beginning 1 January 1991. Different scales (either linear or logarithmic) were chosen
for convenience. Solid triangles in the lower panels indicate sampling depths. The upper part of each panel shows the number of the indicated
population per square centimeter; values shown inside differently shaded areas in the lower part of each panel show the concentrations of the
indicated population per liter (predators) or per milliliter (prey).

tion by the Plagiopyla population (Metopus ciliates were almost
absent during most of the period studied) on the bacterio-
plankton. From the clearance rates determined and the func-
tional response found in the laboratory (28), we found the U,,
and k for each date (Table 2). These values were then used,
together with the vertical profiles of prey and predator abun-
dance, to calculate integrated predation from equations 2 and
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Cud 75s
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u
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I..

u 25

0.

T

Day Night

Feb 19 Mar 14 Apr3 Jun 11 Sep 20

Date

FIG. 5. Clearance rates determined in situ for the Plagiopyla pop-
ulation on different sampling dates with FLC as the tracer. Vertical
bars indicate the standard errors.

3. The impact of Plagiopyla ciliates on bacterial assemblages, as

the percentage of bacterial standing stock consumed per day,
was always extremely small: the highest value never exceeded
0.1% day ' for any of the three bacterial groups considered
(Fig. 6A). The same calculations can be done using values only
for the upper layer of phototrophic bacteria, which are pre-
sumably actively growing (17), during the stratification period.
Even in this case, less than 0.1% of bacterial standing stock was
consumed per day. This indicates that the bacterioplankton of
Lake Cis6 was not significantly grazed upon by anaerobic
ciliates. In addition, other bacterial grazers, such as heterotro-
phic nanoflagellates and rotifers, must play no role in the
anaerobic food web of Lake Cis6 because of their very low
abundances.
The potential growth rates (from equation 5) and potential

doubling times of the Plagiopyla population at each sampling
date were also calculated (Fig. 6B). During holomixis, poten-
tial doubling times were shorter (range, 5 to 8 days) than they
were later in the year (range, 25 to 38 days). This indicates a

potential growth of the Plagiopyla population which is not
reflected in the observed dynamics of the population in the
field (Fig. 4A): the net doubling time derived directly from
changes in the integrated abundance is 47 days at the begin-
ning of the year and negative during stratification.
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FIG. 6. (A) Predation impact of the Plagiopv,la population feeding

on bacterioplankton, expressed as the percentage of bacterial standing
stock consumed per day, and considering each prey group separately.
(B) Potential growth rates (histograms) and potential doubling times
(0) determined for the Plagiopyla population feeding on natural
bacterioplankton for each sampling date. The participation of cach
bacterial prey group to the growth rate is also shown by different
shadings of the histograms.

We also calculated the contribution of each bacterial prey

group to the growth rate of the Plagiopyla population (Fig. 6B).
On all dates tested, other bacteria accounted for more than
half of the diet (mean, 65%; maximum, 78% on May 21),
whereas Clhronatinlni sp. (mean, 18%; maximum, 38% on

December 9) and Amnoebobacter sp. (mean, 17Cc; maximum,
28% on March 5) represented a smaller portion.

DISCUSSION

Abundance of anaerobic ciliates. The presence of anaerobic
ciliates in Lake Cis6 has already been reported. Dyer et al. (5)
dctected "low abundances" of Plagiopyla and Metoplus spp. in

the sulfide-rich hypolimnion and grew both ciliates in enrich-
ment cultures. Gasol et al. (14) found a group of anaerobic
ciliates accumulating in the lower metalimnion during a sum-

mer day, with maximal abundances of between 1 and 3 ciliates
per ml for Plagiopyla and Metopuis spp. and an unidentified
odontostomatid. Our work, however, is the first quantitative
study of their vertical distribution and evolution during an

annual cycle.
A few genera of anaerobic ciliates were identified in Lake

Cis6 during the studied period: Plagiopyla and Metopls were

the most abundant, and individuals of the genera Brachlonella,
Caenornorpha, and Lacrynmaria and an unidentified odontos-
tomatid were found sporadically. Plagiopyla sp. was the most
abundant ciliate throughout the year, and it was the only one

which could potentially have a significant trophic role in the
anaerobic food web. The Plagiop,la population presented two
clearly differcnt periods. During holomixis and the onset of
stratification (from February to May), the population grew and
accumulated gradually in the lower metalimnion (Fig. 4A).
During this period, the integrated abundance increased (Fig.
4A), the clearance rates were highest (Fig. 5), and the potential
doubling times were shortest (Fig. 6B). During the second
period (from June to December), Plagiopyla abundance de-
creased, as did the clearance rates, while the doubling times
were longer.
The maximal abundance recorded (1.5 Plagiopyla ciliates per

ml) and the maximal integrated abundance (335 Plagiopyla
ciliates per cm2) seem to be low. This is surprising in such a
eutrophic lake, which presents some of the highest abundances
of other organisms recorded in natural, undisturbed water
bodies (15). During the period studied, for example. we
recorded up to 105 C. phaseollis cells, 103 Coleps sp. cells, and
1(3Anulraeopsis jissa per ml. We may have missed an important
part of the anaerobic ciliate community by sampling, fixing, or
preserving ciliates in a nonoptimal way. Only ciliates smaller
than 37 p.m and less abundant than 0.2 to 2 cells per ml could
have been missed in the present study. At such a cell size and
abundance, their contribution to total ciliate biomass would
have been minor. The fixative used here, formaldehyde,
seemed to be adequate for Lake Cis6 samples: the ciliates had
the correct shape and their food vacuoles were intact. When
live counts were compared with counts of formaldehyde-fixed
samples (data not shown), we never detected significant differ-
ences. The filtration of fixed ciliates through a nylon net did
not result in ciliate loss, as similar counts were obtained in
filtered and unfiltered samples (data not shown). Finally,
different members of our group havc studied the biomass of all
the organisms present in Lake Ciso (5, 14, 15). In all these
cases, the concentrations of anaerobic ciliates have been
similar to those reported here, and in no case have other small
ciliates been found in significant numbers. Taking all this
together, we are quite confident that our estimates of ciliate
abundance are satisfactory.
We collected data from other karstic lakes in northeastern

Spain during summer stratification and found that the abun-
dance of anaerobic ciliates was very low in all of them (Table
3). The scarce data for other systems show abundances higher
than (Arcas-2 and Priest Pot) or similar to (Esthwaite, Lake
Rudushku, and Lake Okaro) those for Lake Cis6 (Table 3).
The highest abundances of anaerobic ciliates have been found
in sediments: 50 ciliates per cm3 in Priest Pot (1 1); 300 ciliates
per cm3 in Lake Cadagno (40); 900 ciliates per cm3 in
Esthwaite (24); and 650 ciliates per ml in the sapropel of a
sludge backing pond (41). In some lakes, the populations
colonize the sediment in winter, and when anoxia appears in
the water during summer stratification, the whole population
(18) or a part of it (24) migrates to the water column. In other
lakes (Arcas-2 [12]), the clay sediments do not allow coloniza-
tion by ciliates, and this is probably the case in Lake Cis6.
Despite the similarity between Lake Cis6 and Arcas-2 (both
are thermally stratified karstic lakes with metalimnetic popu-
lations of Cryptomonas spp. and purple bacteria), both the
species composition and abundance of ciliates were very
different. The most abundant genera of ciliates in Arcas-2
(Lagynus, Caenornorpha, and Lacrycmaria) were never impor-
tant in Lake Cis6, whereas the genera found in Lake Ciso
(Plagiopyla and Metopuis) were found in low numbers in
Arcas-2 (12). With respect to the vertical distribution, the
ciliates accumulated near the sediment in Arcas-2, whereas in
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TABLE 3. Abundance of planktonic anaerobic ciliates in different freshwater systems

Abundance' (ciliates/ml)
System" Reference

Plagiopyla Metopus Caenomorpha Lacrymaria Scuticociliates Odontostomatids

Cis6 1.6 1.5 + + + + This study
C-III + +++ This study
c-iv ++ This study
C-VI + + This study
Vilar + + This study
Estanya ++ + ++ + This study
Arcas-2 * * 19.2 8.3 * 3.6 12
Priest Pot 12.4 11.5 17a, 18
Esthwaite 6.6 1.1 0.4 * 17a, 24
Rudushku 0.3 1.4 0.5 2.0 23
Okaro * * 1.5 20a
Kulata * * * 39
Velka Karasi 11.0 * * 39

a C-11, C-IV, and C-VI are three different basins of Lake Banyoles.b Symbols: *, present but abundance not reported; +, 0.01 to 0.1; ++, 0.1 to 1; + + +, I to 3.

Lake Ciso they accumulated in the lower metalimnion (14; this
study).

In conclusion, despite the small number of planktonic
systems for which the anaerobic ciliate community is known,
the low abundance in the plankton of Lake Ciso is not very
different from that in other systems and cannot be considered
an exception.

Feeding rates. Clearance rates determined in situ in Lake
Cis6 for Plagiopyla ciliates ranged between 10 and 107 (mean,
51) nl ciliate-' h-1 (Fig. 5). These values corresponded to
maximal clearance rates (Fm), when correcting for in situ food
abundance, of between 22 and 191 nl ciliate- l h- ' (Table 2).
Clearly, there were two periods in the feeding activities. In the
first, corresponding to winter mixing, the maximal clearance
rates were high, near the value found for Plagiopyla cultures
(130 nl ciliate-1 h-1 [28]), and comparable to values for
similarly sized bacterivorous aerobic ciliates (2, 7, 38). During
the second period, corresponding to summer stratification, the
maximal clearance rates dropped to only 18% (mean of the
values of the two last dates) of the laboratory value. Since we
are comparing maximal clearance rates, differences cannot be
due to different food abundance. The growth rate of Plagiopyla
ciliates in culture, and presumably also the feeding rate,
increases with temperature (28). In our case, however, clear-
ance rates determined in winter, at low temperatures (6 to
10°C), were higher than rates determined in summer, at
warmer temperatures (13 to 18°C). Thus, temperature could
not explain the lower activity during the second period. On the
other hand, sulfide concentrations above 1 mM inhibit feeding
rates (28). Clearance rates were determined at 0.3 to 0.5 mM
H2S in the first period and at 0.6 mM H2S (in the metalimnion)
during the second period. During the stratification period,
however, the hypolimnetic sulfide concentration increased up
to 1.5 mM H2S, and the flux of sulfide to the metalimnion was
probably significant. The higher concentration of sulfide in the
lake could thus explain the lower feeding rates in the second
period as well as the metalimnetic distribution of Plagiopyla
sp., which were avoiding the sulfide-rich hypolimnion. In any
case, our results show that feeding rates determined in the
laboratory cannot be extrapolated to field situations in order to
carry out calculations of feeding impact. Calculations that
assume laboratory values for the in situ feeding will most likely
overestimate the predatory impact.
Impact on bacteria. In the impact studies (Fig. 6), we were

assuming that the sizes of the three bacterial groups studied

fit into the range of optimal prey size for Plagiopyla sp. and
that FLC was a good tracer for them. This assumption
probably holds for other bacteria (0.58 ,um3), since laboratory
experiments showed that both FLC (4.2 jim3) and fluores-
cently labeled heterotrophic bacteria (0.42 jim3) are opti-
mal food particles (28). Although Chromatium sp. (38 Kim3)
are much bigger than FLC and Amoebobacter sp. form aggre-
gates (mean size, 48 ,um3), we also considered these two as
prey of optimal size. In fact, both heterotrophic and phototro-
phic bacteria have been observed in the food vacuoles of
Plagiopyla ciliates (6), and we also observed large amounts of
Amoebobacter aggregates inside the vacuoles of Plagiopyla
ciliates.
The predation impact of the Plagiopyla population on bac-

terioplankton of Lake Ciso was very low, never exceeding 0.1%
of biomass consumed per day (Fig. 6A). Considering this
maximal value (0.1% day- '), a specific loss rate of 0.001 day'-
can be calculated, which is much smaller than the specific loss
rates calculated for Lake Ciso for Chromatium sp. (O to 0.025
day - 1) and Amoebobacter sp. (O to 0.015 day - 1) (25). It seems,
thus, that predation is an insignificant loss factor for phototro-
phic bacteria compared with other loss factors (sedimentation,
decomposition, and washout). In principle, two reasons could
explain the low predation impact on bacterioplankton: low
feeding rates and low predator abundance. The in situ clear-
ance rates were lower than the laboratory rates only during
summer stratification. If we did the same calculations for this
period with the maximal laboratory rates, the impact would
be only slightly larger: 0.16, 0.24, and 0.11% day-' for
Chromatium sp. (June 6), Amoebobacter sp. (July 22), and
other bacteria (July 22), respectively.
The other reason, low predator abundance, has two compo-

nents: the real abundances of the predator and their overlap
with the distribution of prey population. In our case, the
overlap was always large and thus did not play a role. It could
have some influence during stratification, when the Plagiopyla
population accumulated just below the Chromatium peak (Fig.
3). Even in this case, however, if we made the calculations
considering artificially complete overlapping of both popula-
tions, the impact on the Chromatium population would be only
slightly higher, increasing from 0.030 to 0.035% day-'. The
other component is the low abundance of anaerobic ciliates in
Lake Cis6. Fenchel and Finlay (8) found that the biomass ratio
between predator and their prey in anoxic systems was 0.25
(0.15 in two Spanish karstic lakes, Arcas-2 and Laguna de la
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Cruz), as opposed to a ratio of close to 1 for aerobic commu-
nities. In Lake Cis6, this ratio was 100 times lower (average,
0.0012; range, 0.0001 to 0.0039). Using a predator-to-prey ratio
of 0.15 for Lake Cis6 would represent an integrated Plagiopyla
abundance of 12,000 ciliates per cml on June 11 instead of the
136 ciliates per cm2 found. Applying this maximal abundance
value to the distribution shown in Fig. 3, we could obtain a new
profile, with a metalimnetic peak of 125 ciliates per ml and
hypolimnetic abundances of between 8 and 16 ciliates per ml.
The impact on the bacterioplankton with such a potential
profile would be 2.7, 1.7, and 1.0% day- ' for Chromatium sp.,
Anioebobacter sp., and other bacteria, respectively. In addition,
if we use the feeding rates from the laboratory, these values
would become 14.3, 9.2, and 5.3Cc day-', respectively, which
are significant for the community food web. It is clear, there-
fore, that both factors, low feeding rates and low abundance,
are responsible for the low predation impact on bacterioplank-
ton.
We did the same impact calculations with the vertical

profiles of purple bacteria (mainly Chromatium spp.) and
anaerobic ciliates for Arcas-2 (12). We assumed that the
bacterivorous ciliates (mainly Caeniomorpha spp. and small
odontostomatids) had the same functional response as P.
nasluta in the laboratory (28). The Chromatium stock con-
sumed in a day was 4.3%. Finlay et al. (12) calculated roughly
the integrated predation on the Chromatium population to be
0.9 x 107 cells cm-2 h ', corresponding to 6% of the
bacterial stock consumed per day. These values are similar to
the maximal consumption rate hypothetically calculated for
Lake Cis6 but are still far from the 100% day -' postulated for
oxic systems (1). This indicates that the abundance of anaer-
obic bacterial assemblages, unlike that of aerobic ones, is
generally not controlled by predation. This is consistent with
the larger sizes and higher numbers of bacteria in anaerobic
than in aerobic communities.
On the other hand, bacterial production could be controlled

by grazing if the growth rate were also very low, comparable to
the low grazing measured. The maximal doubling times of 11
days for Chromatilin sp. and 19 days for Amoebobacter sp.
calculated in reference 25 suggest that the consumption of
0.1Ic of biomass per day is insignificant. Thus, the anaerobic
ciliates in Lake Cis6 do not control bacterial production either.
Therefore, such bacterial assemblages seem to be controlled by
bottom-up mechanisms: they can apparently grow to their
carrying capacity, and the large biomass attained is maintained
by low growth rates and low predation losses.

Potential growth of the Plagiopyla population. The potential
doubling times of Plagiopyla sp. in Lake Cis6, calculated from
the feeding data, showed two periods (Fig. 6B). During mixing,
the calculated doubling times (range, 5 to 8 days; mean, 6.5
days) were close to the shortest value found in the laboratory
(3 days [28]). During stratification, the doubling times were
much longer. The factors responsible for this could be the low
feeding rates and the low prey abundance. The doubling times
of the Plagiopyla population calculated by considering the
feeding rates from the laboratory ranged from 4 to 10 days
(mean, 6.2 days). Thus, it seems clear that the low doubling
times during stratification were due to the low feeding rates,
while there was enough food all year to maintain reasonable
growth of the Plagiopyla population. This is confirmed by the
high abundance in the field of each bacterial group, which can
be similar to (or even higher than) the half-saturation constant.

During the mixing period, there was a clear discrepancy
between the net doubling time calculated from changes in
integrated abundance (47 days) and the potential doubling
time calculated from feeding experiments (5 days). This dis-

crepancy could be explained by an unknown but important loss
factor for the Plagiopyla population or by the possibility that
some of the considered food was in fact not ingested or not
assimilated (36).

Conclusion. In Lake CisM, neither the abundance nor the
production of anaerobic bacterioplankton is controlled by
ciliate grazing. This conclusion seems to be applicable to other
systems as well. The reasons for this are the low feeding
activities during certain periods and, mostly, the low ciliate
abundance. Whereas the lower feeding rates in the field than in
the laboratory can be explained by the increased concentration
of sulfide as stratification develops, the low abundance of
anaerobic ciliates, despite the sufficient food supply available,
remains to be explained. The carbon flux between bacteria and
protozoans is very low in the anaerobic food web of Lake CisM.
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