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INTRODUCTION

To better understand ciliate ecology in hyporheic
zones, advanced quantities such as growth rate, pro-
duction, feeding and grazing loss must be taken into
consideration in addition to the more basic diversity
parameters. Furthermore, as the ciliate community
within hyporheic zones is dominated by primarily bac-
terivores, it is especially important to obtain insights
into the role of bacterivory in ciliate ecology for this
type of aquatic habitat. Thus, in our study, ciliate bac-
terivory was investigated with regard to its importance
as a carbon source for ciliate growth.

There are 2 forms of estimates of ciliate growth: indi-
rect and direct. Indirect methods include (1) the
extrapolation of laboratory-derived growth rates to
natural populations, (2) the use of laboratory-derived
growth–cell volume/temperature relationships, and
(3) the measurement of the frequency of dividing cells
(e.g. Fenchel 1968, Finlay 1977, Montagnes et al. 1988,
Leakey et al. 1994, Montagnes 1996 and references
therein). However, environmental variability is diffi-
cult to simulate in vitro, and thus laboratory conditions
seldom reflect natural conditions (e.g. Leakey et al.
1994, Laybourn-Parry et al. 2000). In contrast, in situ
incubation studies minimize many of the shortcomings
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of laboratory conditions, allowing direct observation of
changes in natural population numbers. However, the
resulting growth rates may be underestimates (e.g.
due to predator-induced mortality).

We thus decided to use a direct estimate of ciliate
growth and chose the dilution technique of Landry &
Hassett (1982). This technique is applicable in situ and
provides a growth rate not influenced by predation.
We modified this dilution technique (originally devel-
oped for plankton studies) for use in the interstitial
habitat. The study was conducted in October to
November 2002, as the highest number of ciliates (nec-
essary for the success of a growth study) is found at this
time of year (Cleven 2004a).

The aim of the present study was to estimate growth
rates of interstitial ciliates and to combine these results
with taxon-specific bacteria ingestion rates. To estimate
the latter we chose FISH to detect ingested bacteria
within food vacuoles of interstitial ciliates (Diederichs et
al. 2003) and referred to observations and findings of
classical feeding experiments. Consecutively, it should
then be possible to assess the role of bacterivory as a
carbon source for interstitial ciliate growth in the field
and at this time of year. Furthermore, estimates of
ciliate production and grazing loss will enable a better
understanding of hyporheic ciliate ecology.

MATERIALS AND METHODS

Study site. The study was conducted in the sandy
hyporheic zone of the upper reach of the Ladberger
Mühlenbach, a second-order stream in the Teuto-
burger Forest area in the northwestern lowlands of
Germany. Details on general and specific characteris-
tics of this hyporheic zone are given in Cleven & Meyer
(2003).

Field sampling. The investigation was conducted on
3 days (Days 0, 21 and 35) in October to November
2002, as a previous study at the same site had shown
highest hyporheic ciliate abundance at this time
(Cleven 2004a). The investigation area was an 845 m
long section of the Ladberger Mühlenbach divided
into 169 patches of 20 m2 each. From these, 1 patch
was selected randomly. Sediment cores (n = 4; 56 mm
in diameter) of the upper 3 cm were taken using the
clay stopper sealing technique (Cleven 1999). Subsam-
ples of the upper 3 cm were taken for determination of
bacteria and ciliate abundance using small subcorers
(9 and 16 mm inner diameter, respectively), fixed in
50 ml plastic tubes containing 10 ml of ice-cold glu-
taraldehyde (2% final conc.) and stored on ice until cell
extraction. Further sediment subsamples were fixed
with ice-cold glutaraldehyde (2% final conc.) for enu-
meration of heterotrophic flagellates. 

Streambed temperatures were measured with a con-
ventional mercury thermometer inserted into the sedi-
ment (0 to 3 cm); these were 10.3, 8.8 and 8.0°C on the
3 respective sampling dates. Sediment dry weight
(DW) was determined after drying to constant weight
at 105°C.

Bacterial abundance. Quantitative extraction of the
bacteria from the sediment using a Bandelin Sonopuls
HD 2070 sonifier (Bandelin) followed the protocol of
Epstein & Rossel (1995). A washing procedure fol-
lowed by supernatant collection was repeated at least
5 times per sample (E.-J. Cleven unpubl.). An aliquot
was stained with 4,6-diamidino-2-phenylindole (DAPI,
5 µg ml–1 final conc., Sigma-Aldrich) according to the
protocol of Schallenberg et al. (1989) to enumerate
bacteria by epifluorescence microscopy (Zeiss Axio-
skop; UV-excitation-filter-set [BP365, FT395, LP397]). 

Abundance of heterotrophic nanoflagellates. Nano-
flagellates were extracted by gentle mixing and wash-
ing, stained with 5 µg ml–1 DAPI according to the pro-
tocol of Schallenberg et al. (1989) and enumerated by
epifluorescence microscopy (more detailed informa-
tion is given in Cleven 1999 and Cleven & Weisse
2001). 

Determination of ciliates. The same ciliate taxa
were present in both the benthic and hyporheic zone
(Cleven 2004a); thus, hereafter we use the terms cili-
ates, benthic ciliates and interstitial ciliates synony-
mously.

Quantitative extraction and purification were per-
formed by washing the sample and collecting the
supernatants. After a settling time of 48 h, the new
supernatant was pipetted off with the exception of a
few milliliters extract. To separate cells from detritus, a
subsample of 2 ml of the extract was purified by isopy-
cnic centrifugation using Percoll following the protocol
of Cleven (2004a). 

For microscopical examination, the ciliates were
stained with protargol silver (Merck) according to
Skibbe (1994) to enable enumeration and taxonomical
identification of the cells (quantitative protargol stain-
ing, QPS). Staining protocol, enumeration and identifi-
cation followed the descriptions given in Cleven
(2004a). The cell biomass of identified species was esti-
mated according to Foissner et al. (1995), assuming that
1 pg fresh weight equals 1 µm3 biovolume (Finlay
1982). Ciliate carbon content per unit volume was cal-
culated after Turley et al. (1986) using 110 fg C µm–3.
The lengths and widths of unidentifiable cells were
measured using an ocular grid, and cell volumes were
calculated by approximation of simple geometric
shapes assuming an average conversion factor of 4
(ratio live volume:fixed volume; Pfister et al. 1999). The
carbon content per unit volume of these cells was calcu-
lated according to Turley et al. (1986) as stated above.
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Determination of bacteria ingestion by interstitial
ciliates. In contrast to classical tracer experiments in
which a time zero  is defined, e.g. by the addition of
labelled prey to the predators, FISH does not allow
time zero definition. Consequently, no time period was
initiated and no rate could be calculated.

However, with a set of conditions and information it
was possible to convert the food vacuole content of cil-
iates determined by FISH into bacteria ingestion rate:
(1) the occurrence of an equilibrium between ingestion
and digestion according to Sherr et al. (1988); (2) the
numerical value at the y-intercept of this equilibrium;
and (3) digestion time. For example, if digestion time is
1 h (i.e. equilibrium is reached after 1 h), digestion and
ingestion rates can be directly read as the numerical
value at the y-intercept (xy cells h–1); for a digestion
time of 20 min, this numerical value would be tripled,
for a digestion time of 2 h it would be halved.

Six sediment samples were taken at 30 min intervals
over a period of 2.5 h to determine the exact time of
equilibrium and, in combination, the numerical value
at the y-intercept. The samples were fixed with
paraformaldehyde (4% final conc.). The digestion time
of 1 h was taken from the literature, where reported
digestion times range between 20 and 120 min (Elliot &
Clemmons 1966, Sherr et al. 1988, Gunderson & Goss
1997). The combination of FISH and QPS then allowed
taxon-specific estimation of ingestion of bacteria. 

For this purpose, extracted ciliates were treated fol-
lowing the protocol of Fried et al. (2002), who com-
bined the FISH with QPS as modified by Skibbe (1994).
Processing followed the QPS protocol up to the dehy-
dration step in 90% alcohol inclusive. Whole-cell
hybridisation was then carried out following the proto-
col of Diederichs et al. (2003) using sulfoindocyanine
(Cy3)-labelled oligonucleotide probes specific for
eubacteria (EUB338, EUB338-II, EUB338-III, Thermo
Hybaid). Subsequently, filters were counter-stained
with DAPI (1 µg ml–1 final conc.) for easier location of
the ciliates. After fluorescence microscopy of the FISH-
treated slides, the mounting fluids were rinsed and the
QPS then continued (Skibbe 1994). The filters were
finally embedded in Canada balsam for permanent
slides and investigated by light-microscopy for taxon-
specific identification.

In situ growth rates of interstitial ciliates. Back-
ground: We used the dilution technique of Landry &
Hassett (1982) to determine the in situ gross growth of
the ciliates. Originally this technique was used in
plankton studies. It reduces the probability of pre-
dator/prey encounters via a series of seawater dilu-
tions, thus enabling the prey to display its inherent
growth potential. Growth rates and also grazing mor-
tality can be inferred from observed changes in prey
density over time.

The dilution technique entails the following assump-
tions (Landry & Hassett 1982, Tremaine & Mills 1987):
(1) a decrease in cell number will not directly result in
a change in the growth rate of the cells remaining; (2)
the probability of a prey cell being consumed is a
direct function of the rate of encounter of consumers
with prey cells (this implies that consumers are not
food-satiated at natural prey densities and that the
number of prey ingested by a given consumer is lin-
early related to prey density); and (3) the change in the
density of prey over time is appropriately represented
by the exponential equation Nt = N0eμt, with μ = k – g,
where μ is the net specific growth rate, N is cell abun-
dance g–1 sediment DW, t is duration of the experiment
(d), and k and g are instantaneous coefficients of pop-
ulation growth and mortality. Through dilution, g
decreases towards zero and k approximates μ. The
microorganismic growth (net specific growth) in each
dilution is expected to be linearly related to the dilu-
tion factor. When calculating a linear regression the y-
axis intercept is the prey growth rate μG (at a theoreti-
cally very high dilution). As an additional quantity, the
negative slope of the relationship rate of change of
prey density at the different dilutions:dilution factor
provides a grazing coefficient b (mortality loss of cili-
ates through predation).

The dilution technique was modified for use in the
interstitial habitat: a dilution series of original un-
treated and of preconditioned (‘prefiltered’ in Landry
& Hassett 1982) sediment from the Ladberger Mühlen-
bach was established.

Preconditioning of sediment: Of the upper 3 cm sed-
iment from the Ladberger Mühlenbach, 10 l were
transported to the laboratory and autoclaved in por-
tions. The sediment was then placed in a flume and
flooded by 12 l prefiltered (1.2-polycarbonate mem-
brane filters, Millipore Isopore) pond and tap water
(ratio 1:6 for easier filtration) to recolonize the sedi-
ment with bacteria and flagellates as potential ciliate
food (prefiltration excluded contamination by ciliates).
During the 8 wk preconditioning period, contamina-
tion of ciliates was monitored by DAPI-staining and
epifluorescence microscopy. Before using the precon-
ditioned sediment for the dilutions, abundance of bac-
teria and heterotrophic flagellates was determined by
DAPI staining and epifluorescence microscopy and
compared to field abundances at the beginning of
incubation (t0). The preconditioned and ciliate-free
sediment was then used to dilute the original stream
sediment to separate ciliates from their potential
predators.

Experimental set-up: Perforated cylindrical poly-
styrene chambers (75 ml microcosms) were used for
the field incubation. An inner gauze of 1 µm mesh size
was glued over the perforations to prevent immigra-
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tion of ciliates and potential predators (e.g. metazoan
meiofauna) and emigration of the enclosed ciliates.
The chambers were then wrapped in a 20 µm gauze to
prevent damage to the inner gauze. In 4 parallel dilu-
tion series, the chambers were filled with sediment
preconditioned in the flume and original untreated
field sediment (upper 3 cm) in the ratios 1:0 (100%
original sediment), 1:1 (50%), 1:2 (33.3%), and 1:3
(25%). The sediment dilutions were gently mixed. An
extensively perforated box served as a container for all
chambers and was buried in the upper layer of the
streambed. As our study is the first to determine
growth of interstitial ciliates in the field we could not
refer to any literature to establish an incubation time.
We decided on an incubation period of 35 d with 3
sampling days (Days 0, 21, and 35) in October to
November 2002. All chambers were sampled on 22
October (t0), 12 November (t1), and on 26 November
(t2) using a subcorer (16 mm inner diameter).

Calculations: Assuming exponential growth, taxon-
specific growth rates were calculated from changes in
abundance according to:

μ = ln(Nt/N0)/t

The y-axis intercept of the linear regression is μG

(d–1); the negative slope provides the grazing coeffi-
cient b (d–1).

Based on the mean ciliate standing crop at t0 and
the estimated growth rate μG, carbon requirement
was calculated, and a gross growth efficiency of 25%
(Straile 1997) was used to determine the required
bacterial carbon ingestion. For this determination we
used bacteria ingestion rates estimated by the FISH
technique as well as taxon-specific ciliate carbon bio-
masses calculated according to Finlay (1982), Turley
et al. (1986) and Foissner et al. (1995). The carbon
ingestion required was transformed into individual
theoretical bacteria uptake by converting the bacter-
ial carbon biomass into bacteria cell number accord-
ing to Austin & Findlay (1989), who proposed 2 × 10–14

g C cell–1.
Estimated ciliate growth and mortality were used to

compute ciliate carbon production (CCP) and pre-
datory loss (CPL) according to the equations of Landry
et al. (2000, and references therein):

CCP  =  μG × CB
CPL  =  b × CB

and 
CB = CBini [e(μG – b)t – 1]/(μG – b)t

where CB is the geometric mean ciliate carbon bio-
mass and CBini is the initial ciliate carbon biomass. Cil-
iate carbon productions were calculated for the late-
autumn investigation periods of 21 d (all taxa and
groups except Placus spp.) and 35 d (Placus spp.). 

Data analyses. Statistic analysis was carried out
using SPSS software (Version 10.0, SPSS). One-way
ANOVAs were used to test for differences between
samples in bacteria ingestion over the period of 2.5 h
and for differences between different sampling dates.
Student’s t-tests were conducted to test differences
between bacteria and flagellate abundance in the
flume, the field and the microcosms. Bonferroni post-
hoc tests were performed for the subsequent multiple
comparisons. The raw data were log- or log(x+ 1)-
transformed to achieve normal distribution and
homoscedasticity. To ensure an ordinate intercept sta-
tistically significantly different from zero, regression
coefficients were compared with the slope of the
abscissa following Sachs (1984) and Kreyszig (1988).
The statistical significance level was set at α = 0.05.

RESULTS

Bacteria and flagellates

Mean bacteria abundance in the preconditioned
sediment in the flume was statistically significantly dif-
ferent from field abundance in the October field sample
(p = 0.000, one-way ANOVA) (Fig. 1), but not from field
abundance in the November samples (p = 1.000, one-
way-ANOVA). Samples randomly taken from the micro-
cosms (to track bacterial abundance during incubation)
yielded mean bacterial cell numbers similar in magni-
tude to the field abundances in November (Fig. 1).

Mean heterotrophic flagellate abundance in the
flume sediment was not statistically significantly dif-
ferent from mean field abundance at t0 (p = 0.969, Stu-
dent’s t-test) (Fig. 2). Flagellate cell numbers in field
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and microcosm controls yielded no significant differ-
ences in the November samples (p = 0.110, Student’s
t-test, and p = 0.253, Student’s t-test, respectively). No
ciliates were found in the preconditioned sediment.

Ciliates

The ciliate community was predominantly composed
of hymenostome ciliates. The subclass Hymenostoma-
tia was dominated by Cinetochilum margaritaceum,
other small scuticociliates, and Pleuronema spp. Their
contributions to the total community abundance of 128,
58 and 90 cells g–1 sediment DW (22 October and 12
and 26 November, respectively) ranged between 4 and
21 cells (C. margaritaceum), 15 and 55 cells (other
small scuticociliates), and 2 and 30 cells (Pleuronema
spp.) g–1 sediment DW, respectively. Other dominant
taxa colonizing the sediment belonged to the sub-
classes Peritrichia (e.g. Cothurnia annulata, Pyxicola
carteri, Vorticella spp.), Hypotrichia (e.g. Aspidisca
spp., Euplotes spp., Holosticha spp.), and Prostomatia
(Placus spp.). Some ciliates for which determined
abundances were low belonged to the Heterotrichia,
Nassophoria and Gymnostomatia.

Evaluation of bacteria ingestion rates by FISH

FISH signals were received from (and thus bacteria
were present in the food vacuoles of) Cinetochilum
margaritaceum, other small scuticociliates, Pleu-
ronema spp., and Vorticella spp. (E.-J. Cleven unpubl.).
For all 4 taxa a levelling off (i.e. attainment of equilib-
rium between ingestion and digestion at a certain food
vacuole content) could be assumed. Thus, at a chosen

digestion time of 1 h, the food vacuole content could then
be taken for taxon-specific individual ingestion rate
estimations. C. margaritaceum cells contained 26 bac-
teria ind.–1 on average in their food vacuoles, corre-
sponding to an ingestion rate of 26 bacteria ind.–1 h–1.
The overall mean bacteria ingestion rates for the other
small scuticociliates, Pleuronema spp. and the Vorticella
spp. were 50, 86 and 38 bacteria ind.–1 h–1, respectively.
Estimation of ingestion rate was restricted to these
4 taxa; other taxa were present in very low cell numbers
or were not present at all (E.-J. Cleven unpubl.).

Determination of gross growth rates

Analysis of the growth experiments and the subse-
quent regressions yielded parameters for representa-
tives of the Hymenostomatia, Prostomatia, Hypo-
trichia, Peritrichia and Phyllopharyngia. However,
statistically significant μG could only be obtained for a
few of these taxa: the Hymenostomatia, the hymenos-
tome representatives Cinetochilum margaritaceum,
other small scuticociliates, Pleuronema spp., and for
the prostomatid ciliates Placus spp. (Table 1, Fig. 3).
The slopes of the regression lines were significantly
different (p < 0.05) from that of the abscissa (zero by
definition). For the first 3 taxa listed above this was
true for both the 21 d and the 35 d period (Table 1).
Exceptions were Pleuronema spp., whose regression
slope was significant for t0 to t1 only, and Placus spp.,
for which a significant slope was determined only for t0

to t2 (Table 1). Slopes of regressions that were not sta-
tistically significantly different from zero were not con-
sidered further.

Over the 21 d period, μG varied from 0.070 d–1 (95%
CI: ± 0.055 d–1) for Pleuronema spp. to 0.089 d–1 (95%
CI: ± 0.042 d–1) for other small scuticociliates (Table 1,
Fig. 3). Due to the dominance of Cinetochilum margar-
itaceum and the other small scuticociliates the growth
coefficient for the total Hymenostomatia was strongly
influenced by the μG of these taxa (Table 1). μG esti-
mated over the 35 d period (t0 to t2) ranged from 0.093
d–1 (95% CI: ± 0.039 d–1; Hymenostomatia) to 0.145 d–1

(95% CI: ± 0.045 d–1; Placus spp.) (Table 1). Statistical
comparisons of the regression coefficients of t0 to t1 and
t0 to t2 revealed no differences between the regressions
(p < 0.05). Calculated mean generation times varied
from 4.8 d for Placus spp. to 9.9 d for Pleuronema spp.
(Table 2).

Ciliate carbon productions and predatory losses

Ciliate carbon production was calculated for the late-
autumn investigation periods of 21 d (all taxa and
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groups except Placus spp.) and 35 d (Placus spp.)
based on the μG in Table 1 as well as on taxon-specific
conversions into carbon biomass (Table 2). Mean car-
bon production for all taxa and groups (with the excep-
tion of Placus spp.) ranged between 7 ng C g–1 sedi-
ment DW per investigation period (corresponding to a
mean carbon production of 0.4 ng C g–1 sediment DW
d–1; Cinetochilum margaritaceum), and 226 ng C g–1

sediment DW per investigation period (corresponding
to a mean carbon production of 11.3 ng C g–1 sediment
DW d–1; Hymenostomatia). Mean carbon production
for Placus spp. was 6 ng C g–1 sediment DW per inves-
tigation period or 0.2 ng C g–1 sediment DW d–1. When
the 95% CI were taken into consideration, this yielded
wide ranges (Table 2).

Mean predatory losses of the standing crop of inter-
stitial ciliate carbon biomass (Table 3) ranged from
13.3% d–1 (other small scuticociliates) to 17.9% d–1

(Placus spp.); mean predatory losses of the carbon pro-
duction of interstitial ciliates were in the range 114.9%
d–1 (Placus spp.) to 250.1% d–1 (Pleuronema spp.).
Here also, when upper and lower confidence limits
were taken into consideration this yielded wider
ranges (Table 3).

Ciliate carbon requirement for growth and role of
bacterivory

The carbon requirement for growth and the bacteria
carbon ingestion required for this growth was calcu-
lated based on ciliate biomasses and bacteria inges-
tions (see earlier subsection ‘Evaluation of bacteria
ingestion rates by FISH’) as well as on the μG presented
above (see earlier subsection ‘Determination of gross
growth rates’; Table 4). For example, taking the carbon
biomass of Cinetochilum margaritaceum at a t0 of
7.4 ng C g–1 sediment DW) and the corresponding
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Taxon μG b r2

t0 to t1

Hymenostomatia 0.082 (0.043 to 0.121) –0.143 (–0.208 to –0.078) 0.612
Cinetochilum margaritaceum 0.084 (0.040 to 0.127) –0.148 (–0.226 to –0.070) 0.564
Other small scuticociliates 0.089 (0.047 to 0.132) –0.133 (–0.204 to –0.061) 0.528
Pleuronema spp. 0.070 (0.015 to 0.125) –0.175 (–0.269 to –0.081) 0.634

t0 to t2

Hymenostomatia 0.093 (0.054 to 0.132) –0.158 (–0.224 to –0.092) 0.656
Cinetochilum margaritaceum 0.098 (0.040 to 0.157) –0.149 (–0.247 to –0.051) 0.430
Other small scuticociliates 0.114 (0.061 to 0.167) –0.188 (–0.277 to –0.099) 0.596
Placus spp. 0.145 (0.100 to 0.190) –0.168 (–0.250 to –0.087) 0.707

Table 1. Synthesis of parameters of the linear regressions obtained from the dilution experiments. t0 to t1 = first incubation period
(21 d) and t0 to t2 = prolonged incubation period (35 d) (t0: 22 October 2002; t1: 12 November 2002; t2: 26 November 2002);
μG = gross growth coefficient (d–1) (95% CI in parentheses); b = predation coefficient (d–1; slope of the linear regression) with 95%

CI (in parentheses); r2 = squared correlation coefficient. Only significant slopes are listed (α = 0.05)
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growth rate of 0.084 d–1 (Table 1), then
this ciliate’s carbon requirement for
growth would be 0.6 ng C g–1 sedi-
ment DW d–1. Assuming a gross
growth efficiency of 25%, C. margari-
taceum would have to take up 2.4 ng
C g–1 sediment DW d–1 to satisfy this
requirement and attain the growth
determined. The mean carbon re-
quirement of the other taxa (Table 4)
varied between 0.8 ng C g–1 sediment
DW d–1 (Placus spp.) and 81.6 ng C g–1

sediment DW d–1 (Hymenostomatia).
The carbon ingestion required was

converted into a required theoretical
individual bacteria uptake (Table 5)
for Cinetochilum margaritaceum, for
other small scuticociliates and for
Pleuronema spp., for which taxon-spe-
cific bacteria ingestion rates had been
estimated. The required theoretical
mean bacteria ingestion was 8889 bac-
teria ind.–1 d–1 for C. margaritaceum,
10 182 bacteria ind–1 d–1 for other small
scuticociliates and 95 333 bacteria
ind.–1 d–1 for Pleuronema spp. (Table
5). A comparison of the theoretical
ingestion rates with the actual bacter-
ial uptakes evaluated by FISH (Table
5) revealed to what extent bacterivory
covered the carbon requirement (sup-
ply:requirement [S:R] ratio; Table 5).
For C. margaritaceum, mean bac-
terivory supplied 7.0% of the carbon
required for the growth of this ciliate;
for other small scuticociliates the S:R
ratio amounted to 11.8%, and for Pleu-
ronema spp. to only 2.2%.

DISCUSSION

In situ ciliate growth rates and
predatory losses

Growth rates

The present study aimed at estimat-
ing in situ ciliate growth in association
with ciliate bacterivory as a carbon
source. To this end, we first had to cal-
culate ciliate growth, which should be
studied under field conditions. In
order to imitate these conditions as
closely as possible, grazing on the cili-
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Taxon Generation time CCP

Hymenostomatia 8.4 (5.7 to 16.1) 226 (51 to 916)
Cinetochilum margaritaceum 8.2 (5.4 to 17.3) 7 (2 to 38)
Other small scuticociliates 7.8 (5.2 to 14.7) 34 (9 to 175)
Pleuronema spp. 9.9 (5.5 to 46.2) 115 (12 to 788)
Placus spp. 4.8 (3.6 to 6.9) 6 (1 to 114)

Table 2. Mean generation times (d) (values in parentheses based on 95% CI of
μG in Table 1) and mean ciliate carbon production (CCP; ng C g–1 DW per
investigation period) (maximum ranges, based on the 95% CI of the growth and
predation coefficients in Table 1, are given in parentheses). Generation times
and CCP based on the 21 d (all taxa and groups except for Placus spp.) and 35 d

investigation period (Placus spp.)

Taxon Biomass standing crop Carbon product

Hymenostomatia 14.3 (7.8 to 20.8) 174.4 (64.4 to 483.7)
Cinetochilum margaritaceum 14.7 (6.9 to 22.6) 176.7 (54.6 to 565.8)
Other small scuticociliates 13.3 (6.1 to 20.4) 149.4 (46.4 to 435.4)
Pleuronema spp. 17.5 (8.1 to 26.9) 250.1 (64.8 to 1790.6)
Placus spp. 17.9 (10.1 to 24.4) 114.9 (48.0 to 232.5)

Table 3. Mean predatory losses (% d–1) of carbon biomass standing crop and car-
bon production for interstitial ciliates. Maximum ranges, based on the 95% CI of
the growth and predation coefficients in Table 1, are given in parentheses.
Predatory losses were estimated for 21 d (all taxa and groups except for Placus

spp.) and 35 d (Placus spp.)

Taxon Mean C Req.
standing crop requirement C ingestion

Hymenostomatia 239.0 20.4 81.6
Cinetochilum margaritaceum 7.4 0.6 2.4
Other small scuticociliates 30.0 2.8 11.2
Pleuronema spp. 197.0 14.3 57.2
Placus spp. 1.6 0.2 0.8

Table 4. Ciliate carbon requirement g–1 sediment DW at t0 (22 October 02).
Mean standing crop (ng C g–1 sediment DW) = ciliate carbon biomass at t0; C re-
quirement (ng C g–1 sediment DW d–1) = mean carbon requirement for growth
(growth rates of t0 to t1 for all taxa and groups with the exception of Placus spp.
[t0 to t2]); Req. C ingestion (ng C g–1 sediment DW d–1) = mean required carbon
ingestion to enable growth assuming a gross growth efficiency of 25%.

Maximum ranges and 95% CI are not given for better clarity

Taxon Bacterial uptake
Theoretical Real S:R ratio

Cinetochilum margaritaceum 8889 624 7.0
Other small scuticociliates 10182 1200 11.8
Pleuronema spp. 95333 2064 2.2

Table 5. Comparison of mean required carbon ingestion, converted into mean
required theoretical bacteria uptake (ind.–1d–1) required for individual carbon
supply to enable growth, and mean real bacteria uptake (ind.–1d–1) as deter-
mined by FISH for those taxa for which taxon-specific bacteria ingestion rates
could be determined. S:R ratio (%): carbon supply/carbon requirement ratio =
mean contribution of bacterivory to carbon requirement for ciliate growth.

Maximum ranges and 95% CI are not given for better clarity
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ates by potential predators had to be eliminated and
resource limitation during incubation avoided. Using
the Landry & Hassett (1982) technique, we reduced
grazing pressure via a series of dilutions and obtained
theoretically the greatest possible spatial separation of
prey and predator by extrapolation of the dilution
series to a zero fraction of original sediment. Resource
limitation (food limitation; Landry & Hassett 1982,
Tremaine & Mills 1987, Ayukai 1996) was avoided by
enrichment of the preconditioned sediment with bacte-
ria and heterotrophic nanoflagellates. In this way,
determined growth coefficients (specific growth rates)
equal or approximate maximum (intrinsic) growth
rates. The growth coefficients are equivalent to gross
growth rates as defined by Lampert & Sommer (1993),
assuming that grazing causes the most important
population loss.  

Until now, growth of ciliates has been nearly exclu-
sively studied in the water column of freshwater or
marine systems (e.g. Taylor 1978, Banse 1982, Müller &
Geller 1993, Macek et al. 1996, Laybourn-Parry et al.
2000). Growth was estimated via changes in abun-
dance over time in laboratory investigations as well as
in the field or, alternatively, by making calculations
based on cell volume, temperature and maximum
growth rate (e.g. Fenchel 1968, Finlay 1977, Mon-
tagnes et al. 1988, Müller & Geller 1993, Macek et al.
1996, Montagnes 1996). 

There is a lack of data on the growth rates of ciliates
from hyporheic zones or other subsurface habitats. A
reason for this is the exceptional difficulty in accessing
this kind of study site (Hairston 1989, Palmer 1993),
and laboratory experiments as an alternative to field
studies suffer from the difficulty in stimulating com-
plex in situ sediment conditions. Schönborn (1981,
1982) studied ciliate growth under approximate ben-
thic/interstitial conditions. The rates of his first study
are within the range we determined for our other small
scuticociliates (Table 6). In Schönborn (1982), Parame-
cium spp. and Colpidium colpoda, which are compara-
ble to Pleuronema spp., yielded equally comparable
growth rates. Differences of up to 1 order of magnitude
for one and the same species (Cinetochilum margari-
taceum) or for representatives of nearly the same bio-
volume (small scuticociliates, Pleuronema spp.) may
have their roots in different sampling periods. How-
ever, besides seasonal effects, the characteristics of the
varying biotopes (e.g. hyporheic zone vs. pelagic zones
of standing water bodies or laboratory conditions) and
their environmental factors may influence ciliate
growth. Such factors may be temperature, pH, oxygen
concentration, availability and nature of food, the cili-
ate’s cell number per unit of volume and thus the intra-
and inter-specific competition for food and space.
There are obviously large differences between condi-

tions in the field and those in the laboratory. In the lab-
oratory, studies were often conducted at temperatures
close to the upper limits experienced in the natural
environment, and on single-food species at excess lev-
els (Laybourn-Parry et al. 2000). As such, they illus-
trate the potential for growth under ideal or nearly
ideal conditions and are likely to be maximum esti-
mates. In contrast, ideal conditions are never observed
in the field (e.g. Fenchel 1968, Finlay 1977, Leakey et
al. 1994, Laybourn-Parry et al. 2000). Nevertheless,
exemplarily using the laboratory-based predictive
equation of Montagnes et al. (1988) — ln μG = 0.1438T –
0.3285ln(V × 10–3) – 1.3815, where μG is the maximum
(intrinsic) growth rate (d–1), T the ambient temperature
(sediment temperature of 9°C used here; see ‘Results’)
and V the ciliate (live) volume in µm3— calculations
revealed growth rates of 0.54 d–1 for C. margaritaceum
and 0.23 d–1 for Pleuronema spp., results which are
within the range of previously published data (cf. Fin-
lay 1977).

Considering all the restrictions concerning the dif-
ference between a planktonic and a hyporheic habitat,
it is remarkable that the mean growth rates of small
antarctic lake scuticociliates (determined at about 1°C;
Laybourn-Parry et al. 2000) differ from our mean rate
for small scuticociliates (determined at about 9°C) by a
factor of up to 8, although ciliate growth is positively
correlated with temperature (Fenchel 1968, Finlay
1977). Possible explanations for this contradiction may
be found in the use of the microcosms.

Methodology

The use of microcosms (incubation chambers) may
have caused artificial effects such as food (nutrient)
and oxygen depletion (‘containment effects’ according
to Leakey et al. 1994).

In the present study, containment effects caused by
food depletion were minimized by the use of precondi-
tioned sediment for dilution which had been recolo-
nized with bacteria and flagellates as potential ciliate
food. Bacterial abundance in that preconditioned sedi-
ment did not differ from in situ abundance during incu-
bation; flagellate abundance in the preconditioned
sediment was not different from that found in the field
(Figs. 1 & 2). Hence, we ruled out food depletion as a
growth-limiting factor.

The perforated microcosms should ensure an
exchange of interstitial water, and with it nutrients and
oxygen. The sediment under study is well supplied
with these resources (in nature), even decimetres
below the sediment surface (Cleven 1999, Cleven &
Meyer 2003). However, the use of a 1 µm gauze as a
barrier may have restricted the desired permeability,
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especially because of the inevitable biofilm formation.
Nevertheless, the 1 µm barrier was essential for avoid-
ing the immigration of ciliates and their potential
predators and the emigration of the enclosed ciliates;
an estimation of the ciliate growth under the exclusion
of potential predators would have otherwise been
impossible. Larger mesh sizes were shown to be insuf-
ficient, as demonstrated by our preliminary trials with
a 5 µm gauze. Leakey et al. (1994) also refer to the abil-
ity of ciliates with a mean cell diameter of up to 40 µm
to squeeze through a mesh size of 5 µm. With regard to
this likely containment effect by biofilm formation we
cannot completely neglect a possible limitation of the
ciliate’s growth.

For experiments performed in the pelagic zone,
incubation times of 1 d are common. However, there
are limited data on the growth rates of ciliates from
hyporheic zones or subsurface aquatic habitats. The
field studies of Schönborn (1981, 1982) yielded gener-
ation times of up to 15 d (cf. Table 2 of the present
study). With regard to this, and in face of the distur-
bance when mixing (diluting) the natural sediment

samples with the preconditioned sediment, we chose
incubation times of  3 and 5 wk.

Slopes of regressions that were not statistically sig-
nificantly different from the zero slope were excluded
from further consideration. This was the case for
Aspidisca spp. (Hypotrichia) and Cothurnia annulata
and Pyxicola carteri (Peritrichia). Non-significant
regression may be due to the fact that slight slopes are
difficult to detect with regression analysis using the
small ‘n’ values commonly employed (8 to 15; Dolan
et al. 2000). In our study maximum ‘n’ was 16. 

Predatory losses

Predatory losses were calculated using the slope of
the corresponding regressions (predation coefficients).
This parameter quantifies a general predation loss of
the ciliates and does not point to a certain predator or
group of predators. Predatory losses may be caused by
ciliates and representatives of the metazoan meio-
fauna (e.g. nematodes, tardigrades, rotifers; e.g. Giere

185

Taxon Mean growth rates (d–1) Source
Change in abundance Eq.- derived

Cyclidium glaucomaa 0.215 Finlay (1977)
Tetrahymena pyriformisa 0.525 Finlay (1977)
Dexiostoma campyluma 0.337 Finlay (1977)
Paramecium aureliaa 0.149 Finlay (1977)
Paramecium bursariaa 0.192 Finlay (1977)
Cinetochilum margaritaceumb,j 1.49 Taylor et al. (1978)
Cinetochilum margaritaceumb,h 0.86 1.37–3.70 Macek et al. (1996)
Cyclidium sp.b,h 0.80 1.98–5.35 Macek et al. (1996)
Scuticociliatesb,g 0.49 1.11–1.69 Macek et al. (1996)
Scuticociliatesb,i 0.46–0.73 Laybourn-Parry et al. (2000)
Cinetochilum margaritaceumb,f –0.17–0.51k Nakano et al. (2001)
Cyclidium glaucomab,f 0.85–1.10k Nakano et al. (2001)
Cyclidium  elongatumc,e 0.14–0.44 Schönborn (1981)
Colpidium colpodac,e 0.07–0.35 Schönborn (1982)
Paramecium spp.c,e 0.05–1.11 Schönborn (1982)
Hymenostomatiad 0.082 This study
Cinetochilum margaritaceumd 0.084 This study
Other small scuticociliatesd 0.089 This study
Pleuronema spp.d 0.070 This study
aLaboratory cultures (incubation at 8.5°C)
bPelagic origin
c‘Aufwuchs’
dBenthic/interstitial origin; in situ incubation (Oct/Nov field temp.: 8.0 to 10.3°C)
eIn situ incubation (range of field temp.: ca. 1 to 17.5°C) 
fIn situ incubation (Nov. field temp.: ca. 8°C)
gIn situ incubation (range of field temp.: 9.5 – 16.5°C)
hLaboratory incubation at in situ temperature (range of field temp.: 14 to 22°C)
iLaboratory incubation at in situ temperature (field temp.: 1°C)
jLaboratory cultivation (20°C)
kDependent on the experimental setup (<30 µm fraction; total fraction)

Table 6. Growth rates of ciliates originating from freshwater cultures, freshwater planktonic and benthic/interstitial habitats
and freshwater ‘aufwuchs’ as derived from changes in cell abundance, and from equations relating growth rate, cell size and

temperature. For clarity, standard deviations, ranges and limits (95% CI) are not listed. For 95% CI limits, see Table 1
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1993, Rundle et al. 2002 and references therein). How-
ever, with respect to the dominating bacterivorous
representatives of the ciliate community (E.-J. Cleven
unpubl., see also Cleven 2004a), the effect of predatory
ciliates can be assumed to be low.

All taxa (Fig. 3) showed negative growth rates in
those microcosms filled exclusively with natural sedi-
ment (100% original sediment). These results are
interpreted to be the consequences of a predator’s
control, exceeding ciliate growth at that time of the
year. These findings correspond to observations in the
field where ciliate cell number decreased significantly
(E.-J. Cleven unpubl.); they were also confirmed in a
previous field study in which ciliate abundance in the
near surface sediment layer was seen to decrease
from the highest cell number at the end of November
down to the low numbers of the winter (Cleven
2004a). The fact that all other studied microcosms
(with 1:1, 1:2, and 1:3 diluted original sediment) incu-
bated under the same environmental conditions
showed positive growth rates confirms our interpreta-
tion of a predatory effect and demonstrates the suc-
cessful application of the sediment dilution for esti-
mating the growth coefficient.

Importance of bacterivory for ciliate growth

In light of the increasing evidence of discrimination
against tracer particles (e.g. Landry et al. 1991,
Boenigk et al. 2001, Cleven & Weisse 2001, Cleven
2004b), we refrained from using a tracer technique and
chose FISH to estimate ciliate bacterivory. Ciliates feed
on their natural prey organisms, and after hybri-
disation of the probes to the bacterial rRNA, the Cy3-
signals only represent ingested bacteria. However, in
comparison to literature (Sanders et al. 1989, 2imek et
al. 1996) the ingestion rates of Cinetochilum margari-
taceum (26 bacteria ind.–1 h–1), other small scuticocili-
ates (50 bacteria ind.–1 h–1) and Pleuronema spp. (86
bacteria ind.–1 h–1) of the interstitial habitat under
study were at the lower end.

Considering these ingestion rates, bacterivory sup-
plied up to 12% of the ciliate’s carbon requirements
(S:R ratio mean value, Table 5) only. Even a considera-
tion of the upper 95% CI limits would not provide out-
standing results: 14.0% for C. margaritaceum, 23.6%
for the other small scuticociliates  and 10.3% for Pleu-
ronema spp.. 

These carbon supplies are insufficient to maintain
growth of the primarily bacterivorous ciliates
under study. Therefore, 2 aspects should be consid-
ered to accommodate for this lack of carbon supply:
(1) methodological aspects, and (2) alternative food
sources.

Methodological aspects

One methodological aspect is the choice of digestion
time. With regard to the range of digestion times given
in the literature, even for representatives of the same
taxon (Elliot & Clemmons 1966, Gunderson & Goss
1997), we opted for a digestion time of 1 h for these
calculations. Recently, Jezbera et al. (2005) observed a
digestion time of less than 30 min for the small scutico-
ciliate Cyclidium glaucoma, probably a representative
of our other small scuticociliates. Thus, it would also be
justified to consider this digestion time and triple the
ingestion (150 bacteria ind–1 h–1 for the other small scu-
ticociliates, and 78 bacteria ind.–1 h–1 for the small scu-
ticociliate Cinetochilum margaritaceum). The corre-
sponding S:R ratios were 35.4 and 21.0%, respectively.

A second methodological aspect is the limitations of
FISH. Despite its positive features, the classic FISH
technique suffers from some limitations which may
have prevented the detection of a higher number of
bacteria inside the ciliates’ food vacuoles. 

The percentage of DAPI stainable bacterial cells
detected by the common EUB338 probe is not 100%
per se, but varies from 1 to 100% in aquatic ecosystems
(Bouvier & del Giorgio 2003). Among different meth-
odological and environmental variables tested by
these authors, the fluorochrome used and the ecosys-
tem type explained most of the mentioned variability.
In respect to the fluorocromes, Cy3 gave the highest
estimated mean of detection yield (68%) and sedi-
ments gave an estimated mean of detection yield lower
than 40%. Thus, the detection yield of 59% deter-
mined earlier by Diederichs et al. (2003) in the sandy
sediment of our study site using Cy3-labelled EUB338
probes was well within this range. For ciliate food vac-
uole content, an even higher detection yield can be
expected (Diederichs et al. 2003). 

A weak signal intensity attributable to insufficient
cell permeability of the probe may prevent proof of a
higher bacteria ingestion. The permeabilization prob-
lem is understood as the exclusion of the rRNA-
targeted probe by the cell periphery, probably by the
cell wall, since membranes are expected to be readily
permeable after fixation. The use of paraformalde-
hyde (4% final conc.) is well known as a good fixative
for most Gram-negative bacteria, but it may be detri-
mental for the permeabilization of cell-wall bearing
Gram-positive bacteria (Amann et al. 1995). We do
not know the bacteria community composition of the
sediment under study with respect to Gram-positive
and -negative cells, but assume that the Gram-nega-
tive representatives (e.g. Proteobacteria, nitrifying
bacteria) dominate (Tamaki et al. 2005). Therefore we
cannot exclude an underestimation of the bacteria
ingestion by the ciliates. An enzymological pre-treat-
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ment would have alleviated this problem to some
extent; however, cell permeability has to be carefully
balanced against cell integrity to avoid cell loss
(Zwirglmaier 2005). 

A weak signal intensity may be due to a low ribo-
some content found in slowly growing or metabolically
inactive cells. In contrast, growing or active cells tend
to have more ribosomes, and hence bind more probe
molecules, resulting in strong fluorescent signals
detectable within ciliates’ food vaculoes. Nevertheless,
even cells with low activity or differences in cellular
RNA content associated with changes in specific
growth rate might have rRNA at a sufficient concentra-
tion to yield a fluorescent signal detectable with FISH
(Oda et al. 2000, Bouvier & del Giorgio 2003, and refer-
ences therein). In this study, we detected generally
strong fluorescence signals, which were taken as an
indication for sufficient cellular rRNA content; there-
fore, no further signal amplification was applied
(Zwirglmaier 2005).

Since the rRNA target molecules remain in the ribo-
somes of the whole fixed cells, probe hybridisation is
influenced by RNA–RNA or RNA–protein interactions,
which may result in in situ inaccessibility of the probe
target site. However, in situ accessibility can be im-
proved by addition of formamide to the hybridisation
buffer (Amann et al. 1992). The hybridisation buffer
used in our study contained 35% formamide, the most
frequently employed concentration according to the
reports listed by Bouvier & del Giorgio (2003).

Signal detection of small-sized bacteria may be
masked by background fluorescence of inorganic par-
ticles, detritus or other specimens (Amann et al. 1995,
Bouvier & del Giorgio 2003). However, hybridisation
within the ciliates’ food vacuoles took place in a much
‘cleaner’ environment than a hybridisation in the sand. 

Another limitation may originate from the fact that
rRNA diversity has only been partially described
(Amann & Ludwig 2000). Thus, there may be unknown
microorganisms which are phylogenetically members
of a probe target group, but do not contain a perfectly
matching target site and were not detectable within
the ciliates’ food vacuoles.

Some of these aspects may explain the low ingestion
rates presented above. However, in our study we used
a standard FISH protocol that at least minimized most
of these likely influences.

Alternative food

Ciliates need another source of carbon besides bac-
teria to achieve the growth rates that were measured
in this study. Cinetochilum margaritaceum, other small
scuticociliates and Pleuronema spp. are also known to

feed on small diatoms, other small algae, flagellates
and detritus (e.g. Foissner et al. 1994, Nakano et al.
2001). From microscopy (light and epifluorescence) we
know of diatoms within the food vacuoles of Pleu-
ronema spp. and can ‘assume’ ingestion of flagellates
and small algae by smaller hymenostome ciliates.
Another potential source of carbon may be a direct
uptake of DOC, which was proven for some heterotro-
phic protists (e.g. Sherr 1988, Christoffersen et al.
1996). However, to what extent these possible carbon
sources accommodate for the lack of carbon supply
was beyond the scope of this study.

This field study focused on the ecology of single
components of the microbial food web and elucidated
details of the carbon transfer within a sandy hyporheic
zone. The results reflect the carbon transfer over a
short period of time only. This transfer may be com-
pletely different at other times of the year. Never-
theless, we were able to elucidate the trophic inter-
action between components of a microbial food web in
a habitat which has thus far very rarely been inves-
tigated.
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