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ABSTRACT: Urcmema sp. of ca 12 X 5 p m and Euplotes sp. ca 20 X 10 pm were isolated from surface
waters of the English Channel. The rapidly motile Uronerna sp. has a relative growth rate of 3.32 d-'
and responds rapidly to the presence of bacterial food with a doubling time of only 5.01 h. Its mortality
rate is 0.327 d-' and mortality time is therefore short at 50.9 h once the bacterial food resource has
become h i t i n g . Uronema sp. therefore appears to be adapted to exploit transitory patches when
bacterial prey abundance exceeds a concentration of ca 6 X 106cells ml-'. In contrast, Euplotes sp. had
a slower relative growth rate of 1.31 d-' and a doubling time of ca. 12.7 h, implying a slower response to
peaks in bacterial food supply. The mortality rate of 0.023 d-' is considerably lower than In Uronema
and mortality time is as much as 723 h. This suggests that, relative to Uronerna, the slower moving
Euplotes has a more persistent strategy w h c h under the conditions of our experiment favours a stable
e q u h b n u m wlth its food supply. Grazing activities of these 2 ciliates have a n important influence on
abundance and size-class structure of their bacterial prey. In the presence of both Uronema and
Euplotes, there is some evidence of a n initial removal of large rods and squat rods, followed by removal
of the smaller cocci before the initial population of bacteria is consumed. This is followed by the
appearance of a secondary bactenal assemblage which is associated only with the development of the
grazlng c h a t e s and is dominated by small thin rods. Gross growth efficiency of Uronema and Euplotes
is ca 27 and 19 '10 respectively. Hence as much as 73 to 81 % of the carbon ingested with the bactenal
food is dissipated through respiration and excretion. Should this occur in natural euphotic waters this
process may supplement the DOM release by primary producers. Extracellular DOM production by the
ciliates may therefore be of major significance in the maintenance of the secondary population of
bacteria, and emphasizes the close interdependence of ciliate predators and bacterial prey in rnicroheterotrophic food webs.

INTRODUCTION
The impact of protozoan grazing on bacterial standing stocks and nutrient regeneration in marine systems
has been widely recognised (Pomeroy 1974, Azam et
al. 1983, Sieburth 1984). Early studies by Johannes
(1965) and Barsdate et al. (1974) implicated protozoans
in nutrient regeneration (see also Taylor 1982, Gast &
Horstmann 1983, Sherr et al. 1983, Goldman et al.
1985, Goldrnan & Caron 1985). Subsequent studies on
nutrient regeneration and material flow through bacteria and bacteriovores have deepened our understanding of marine food webs (Williarns 1981, Fenchel
1982a, Sieburth & Davis 1982, Newell & Linley 1984,
Porter et al. 1985, Caron et al. 1985).
Although the importance of protozoan predation in
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controlling bacterial numbers has been widely
reported (e.g. Haas & Webb 1979, Sieburth 1979, Sorokin 1981, Fenchel 1982a, b, Sieburth & Davis 1982,
Newell et al. 1983, Andersen & Fenchel 1985, Gast
1985), there have been few studies on the influence of
predation on bacterial community structure or on the
more complex interrelations between protozoan predators and their bacterial prey in pelagic systems. Berk
et al. (1976), for example, observed significant
differences in feeding rate and population density of
Uronema with type and population density of the
bacterial prey, whilst Sieburth & Davis (1982) suggested that protozooplankton could both nurture and
graze their planktonic food (see also Taylor & Berger
1976, Taylor et al. 1985).
We have studied interactions between Uronema sp.
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and Euplotes sp. isolated from surface water in the
English Channel and their bacterial prey isolated from
the same waters. Since w e were interested primarily in
interactions between cihates and their bacterial prey
we have excluded the influence of DOM release from
primary production by conducting all the experiments
in the dark. Our results suggest a close interdependency between growth of predator and prey, the size
structure and density of the prey being controlled by
predation.

MATERIALS AND METHODS

Isolation and culture. For c i l i a t e S , seawater was
collected from surface sea waters (Lat 50°, 12.0' N ;
Long 04" 18.0' W) on 11 July 1984 and 151111 subsamples were transferred within 24 h to sterile Petn dishes
held at laboratory temperature. Ca 10 infused (boiled
for 3 min in autoclaved 0.45 pm pore-size filtered seawater) barley grains were added to each dish and the
development of the protozoan population monitored
for up to 30 d. After ca 10 d, dense populations of
Uronema sp. and Euplotes sp. were found in some
cultures. The isolated protozoans were then transferred
with ca 100 barley grains into 51 flasks containing 21
autoclaved 0.45 pm pore-size filtered seawater, gently
aerated and held at 15 "C in the dark. These formed the
low concentration steady-state stock uni-protozoan
cultures used for subsequent grazing experiments.
B a c t e r i a were isolated from the same seawater
samples as the protozoans, using marine agar plates
(Oxoid). Isolates of colony-forming bacteria from the
plates were subcultured in marine nutrient broth
(Oxoid) at 15 "C and used as a food resource for the
grazing experiment.
Experimental procedure. Cultures of the d a t e s
which had been growing in barley grain infusions
were subcultured and were preconditioned with the
bacteria as a food source for 4 d prior to grazing
experiments. This resulted in a major increase in protozoan numbers which had by then entered an exponential growth phase. The d a t e s from these cultures
were harvested by passing through 80 pm mesh to
remove detritus, gently centrifuyng at 700 rpm. They
were allowed to swim out of the detrital pellet and then
resuspended in autoclaved filtered seawater. This centrifugation and washing was repeated 3 times after
which the c h a t e s appeared to be active and healthy.
In order to prepare bacterial prey for the feeding
experiments, a culture of the isolated marine bacterium in its exponential growth phase was harvested
by centrifugation. The pellet of bacteria was resuspended in autoclaved filtered seawater and recentrifuged. This was repeated 3 times. Mean cell volume

of bacterial food varied between 0.07 and 0.17 pm3
throughout the experiment and was in a range of cell
volumes similar to those recorded for natural bacterial
assemblages (Fuhrman & Azam 1982, Fry & Davies
1985, Sieraclu et al. 1985, Turley & Lochte 1986).
Grazing experiments were carried out in a final
volume of 20ml batch cultures in autoclaved filtered
seawater contained in 40ml volume particle-free
sterile vessels. Three replicate vessels were prepared
for each of the 31 sampling intervals for both Uronema
and Euplotes grazing experiments; the same number
of additional control vessels contained bacterial prey
only. Bacterial suspension was added to each tube to
give a starting concentration of about 2.7 X lo7 cells
ml-l. Euplotes was added to one set of vessels and
Uronema to another to give initial concentrations of
124 cells ml-I and 93 cells ml-l, respectively.
After inoculation, contents of experimental vessels
were gently mixed on an orbital shaker in the dark at
15 "C. Samples were taken at intervals over 30 d. At
each time interval. 3 vessels were removed from each
of the Uronema, Euplotes and control treatments. At
the next time interval, a further 3 vessels were
removed from each of the treatments so that errors
incurred in repeated subsampling from one vessel
were not accumulated. Bacterial and ciliate cell numbers, volumes and growth parameters were then determined on each of the replicates.
Estimation o f bacterial numbers, biovolume and frequency o f dividing cells. Bacterial numbers were estimated by a 4'6-diamidino-2-phenylindole (DAPI) epifluorescence direct counting technique (Porter & Feig
1980) using a Leitz Ortholux I1 microscope giving a
final magnification of X 1562. An appropriate volume
of sample was filtered to give ca 30 cells field-'. The
frequency of dividing and divided cells (FDDC, see
Davis & Sieburth 1984) was estimated from 20 fields.
Bacterial cells in 10 fields were also classified into the
8 size classes and morphs shown in Table 1 using an
eyepiece micrometer. Total bacterial numbers were
then calculated from the combined numbers in the 30
fields counted. The carbon equivalent of the bacterial
biovolume was calculated assuming a specific gravity
of 1 . 1 g c m - ~ (Porter 1946, Doetsch & Cook 1973,
Lamanna et al. 1973), a dry:wet weight ratio of 0.2
(Porter 1946, Luria 1960), and a carbon:dry weight ratio
of 0.5 (Luna 1960, Doetsch & Cook 1973).
Enumeration, biovolume and growth parameters o f
d a t e s . The n u m b e r of c i l i a t e s was determined both by direct counts using a 1 m1 SedgewickRafter counter chamber viewed under X 50 magnification and a Coulter Counter model TA11 with a population accessory, interfaced with an Apple IIe microcomputer using a Pascal package developed at IMER.
Triplicate counts were made with the Coulter Counter
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Table 1. Bacterial cell size a n d volume used to categorize the bacterial population into 8 different cell sizes a n d morphological
groups
Morph or size class

Minicocci
Cocci
Squat rods
Large rods
Very large rods
Small thin rods
Large thin rods
Vibrios

Diameter or width (pm)
range
61
0.2-0.4
0.4-0.8
0.4-0.6
0.4-0.6
0.4-0.6
0.4
0.4
0.6

(0.3)
(0-6)
(0.5)
(0.5)
(0.5)

for each sample using a n aperture of 200 pm giving
multi-channel analysis from an equivalent spherical
diameter (ESD) of 4 to 80 pm. The data were then
transferred to a GEC main-frame computer for final
data processing. Data for each species expressed as
volume per channel (i.e. p-m3x 106ml-') showed
clearly the size of the ciliates. The number per m1 in
the relevant channels was, however, consistently
30 % greater than the direct counts using a counting
chamber and microscope. This was due to aggregations of detrital material, observed during the direct
counts and possibly associated with ciliate grazing
(see Stoecker 1984), being counted by the Coulter
Counter. Total number of particles in channels where
the ciliates were recorded was therefore adjusted to
equal the direct counts observed, and the volume
recalculated on the revised totals.
A n a l y s i s o f t h e C H N of a culture of Euplotes
yielded a value of 0.132 pico-g C
compared with a
value of 0.088 which has been obtained for other Protozoa by Heinbokel (1978). An intermediate value of
0.11 pico-g C p-m" which was also used by Strathmann
(1967) for phytoplankton, has been used in our
estimates of the carbon equivalent of ciliate biovolume
for both Uronema and Euplotes.
E s t i m a t i o n of g r o w t h p a r a m e t e r s . The
mean relative growth rate (h',d-') of the ciliates has
been distinguished from the maximum specific growth
rate (p,) to describe the growth of ciliates under the
particular conditions of our experiments. The results
should not be confused with genotypic differences
between the maximum specific growth rates achieved
under steady-state conditions, but are of value in
describing the relative rate of growth under experimental conditions (see also Turley & Lochte 1985).
Mean relative growth rates (p,') were calculated for
each time interval and mean relative growth rates over
the exponential phase were used to compare growth of
Uronema and Euplotes by

-

p-,'

(d-l) = (lnN,. - lnN,,) 1 (t2-tl)

Length (gm)
range
(2)

Mean cell
volume (+m3)

-

0.4-0.8
0.8-1.2
1.2-2.0
0.4-1.2
1.2-2.0
1.2-1.6

(0-6)
(1.0)
(1-6)
(0.8)
(1.6)
(1.4)

0.014
0.113
0.118
0.196
0.314
0.101
0.201
0.396

Doubling time (D,', h) was calculated from
D,' (h) =

0.693 X 24
P'"

Similarly, the rate of decrease of the ciliate population, which is analogous to the mortality rate (M,', d-l)
can be used to compare grazer populations under particular experimental conditions. Relative mortality rate
(M,', d-l) was calculated during exponential death
phase by Formula ( l ) ,mortahty time (pMi,h) being the
equivalent death estimation to the doubling time
(Equation 2) under the particular conditions of the
experiment. A crude estimate of gross growth efficiency ([carbon incorporation into ciliate biomass/
bacterial carbon consumed] X 100) was calculated
from the carbon equivalent of protozoan production
determined from the maximum point on the growth
curve and the carbon equivalent of bacterial consumption, taking into account both bacterial numbers and
growth rate (determined from FDDC) over the same
period.
All results were plotted a s multidimensional and
contour diagrams using the programs GRAZBLK and
GRAZCON respectively (NERC Computing Service,
Plymouth).

RESULTS AND DISCUSSION
The significance of small ciliates a s grazers of bacteria in pelagic systems has received increasing recognition in recent years (Sieburth 1984, Porter et al.
1985). Uronema sp. used in our experiments was ca
12 X 5 pm (Fig. 1) whilst Euplotes sp. was ca 20 X 12
pm (Fig. 2). Uronema sp. was similar in size to that
described by Johnson et al. (1982) but both Uronema
and Euplotes are small for their genera (see also Curds
et al. 1974). In both cases the size and structure of the
oral ciliature is appropriate to the capture of bacteria
(see also Fenchel & Small 1980), many of which can be
seen associated with the cilia (Fig. 1 & 2).
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Growth strategies in the presence of bacterial prey

Numbers of ciliates and their bacterial prey are plotted as a function of time in Fig. 3 & 4. In both cases the
increase in numbers of ciliates is associated with a
decline in bacterial numbers which subsequently
reach a relatively uniform cell density. In Uronema

cultures, ciliate population density declined rapidly
over a period of ca 100 h, leaving a residual bacterial
population of ca 6 X 106 cells ml-' (Fig. 3). As seen in
Fig. 4, however, Euplotes cell numbers persisted at ca
2 X 103 cells ml-' throughout most of the experimental
period, despite the decline in bacteria to 2 to 3 X 106
cells rnl-l. Since the bacteria were actively growing

Fig. 1 Uronema sp. Scanning
electron micrographs. (a) The
small ovoid hymenostome ciliate with its numerous cilia. Bar
= 2 W. (b) Its relatively small
mouth and associated oral c h a ture. Bar = 1 pm. Bacteria of
different sizes and shapes can
be seen amongst the cilia
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throughout the whole of the experimental period
(Fig. 8), the Euplotes population may have been partially sustained by cropping bacterial production after
the initial consumption of biomass, although the bac-

Fig. 2. Euplotes sp. Scanning
electron
micrographs. (a) The small
dorso-ventrally flattened
hypotrich with its fused
ventral ciha forming cim
used for motility. (b) Its
large dorsal oval cavity
and complex cdiature.
Bars = 5 pm

terial food resource is clearly insufficient to support the
maximum ciliate density recorded at 87 h.
Clear differences also emerge between Uronema
and Euplotes when the cell volume is plotted a s a
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Fig. 3. Uronema sp. Populations of the ciliate and of its
bacterial prey as a function of incubation time in shaken
batch cultures

Fig. 4. Euplotes sp. Populations of the c h a t e and of its
bacterial prey as a function of incubation time in shaken
batch cultures

function of incubation time (see also Hamilton &
Preslan 1969, Parker 1976). Fig. 6 shows that the cell
volume of Uronema declined from approximately
400OPm3 at the start of the experiment to approximately 800
when the population density was at its
maximum of 10 X l o 3 cells ml-' at 60 h. Conversely, the
cell volume of Euplotes increases to a maximum of ca
9000pm3 at 50 h, somewhat before the peak in cell
density of 2.7 X 103 cells ml-' at 87 h. An increase in
cell numbers is thus associated with a decrease in cell
size in Uronema whereas the reverse is true of
Euplotes. The subsequent decline in Euplotes cell volume may reflect the inability of bacterial production to
sustain the growth requirement of the ciliate during
the later phase of the incubation period. These

changes in Uronerna and Euplotes cell volume can also
be seen in the multidimensional (Fig. 9 & 10) and
contour (Fig. 11) plots of ciliate carbon in the different
Coulter Counter channels.
Data on growth and mortality of the 2 ciliates are
summarised in Fig. 5 and Table 2. Clearly, the rapidly
motile Uronema sp. has a higher growth rate (p,,') of
3.32 d-' and responds rapidly to the presence of bacterial food with a doubling time (D,') of only 5.01 h. At
the same time, its mortality rate (M,') is relatively high
(0.32 d-l) compared with Euplotes and its mortality
time (PM') therefore short at 50.9 h once the bacterial
food resource has become limiting. Under these conditions Uronema sp. therefore appears to be primarily an
opportunistic ciliate adapted to exploit transitory

1

loS

l
Euplotes

Uronema

Time

(h)

Fig. 5. Logarithmic changes in Uronema sp. and Euplotes sp. numbers as a function of time. Mean relative growth rates (pn', d-')
between each sampling period are y v e n , as is the mean relative growth rate over the exponential part of each of the growth
curves
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Table 2. Growth and mortality measurements of the ciliates
Uronerna sp. and Euplotes sp. Estimates from growth curves
(Fig. 3 to 5) with bacteria a s food

l
Growth rate (p,,', d-l)
Doubling time (D,', h)
Mortality rate (M,', d-l)
Mortality time (FM', h)
Gross growth efficiency ("h)

Uronema sp.

Euplotes sp.

3.32
5.01
0.327
50.9
26.7

1.31
12.70
0.023
723.0
18.7

l

patches when bacterial prey abundance exceeds a
concentration of ca 6 X 106 cells ml-' (Fig. 3, Fenchel
1980b).
Corresponding values for Euplotes are also shown in
Fig. 5 and Table 2. In contrast to Uronema, the growth
rate (p,') of 1.31 d-l is slower than for Uronema and the
doubling time (D,') of ca 12.7 h implies a slower
response to peaks in bacterial food supply. Mortality
rate (M,') of 0.023 d-' is, however, considerably lower
than in Uronema and mortality time (PM') is as much
as 723 h, presumably associated with the presence of a
residual bacterial food supply. This suggests that relative to Uronema, under the conditions of our experiment, the slower moving Euplotes has a more persistent strategy which favours a stable equilibrium with its
food supply (see also Taylor 1978, Taylor & Shuter
1981). Whether these reflect genotypic differences between the 2 species which would be reflected in values
for maximum specific growth rate under steady-state
conditions is not yet known.
The estimate of gross growth efficiency of Uronerna
is 26.7 % compared with 18.7 '10 for Euplotes. This is in
general agreement with values of 5 to 20 O/O for
Uronema sp. (Hamilton & Preslan 1970, Rubin & Lee
1976), 2 to 1 2 O/O for Euplotes (Rubin & Lee 1976), 3 to
11 O/O for Colpidium (Laybourn & Stewart 1975) and
6.5 % for Strombidiurn (Scott 1985) but is less than the
37 to 54 % reported for Tetrahyrnena by Curds & Cockburn (1971).These values imply that 70 to 80 % of the
carbon entering the ciliates is dissipated through
respiration and excretion, and that the step from bacteria to ciliates is therefore a potentially important site
of regeneration in the microbial food web.
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bacterial population structure from an assemblage
dominated by cocci, squat rods and large rods to one
where small thin rods and mini cocci predominate from
sample time 8 (-70 h; Fig. 6) onwards. Although
minicocci comprise up to 30% of the total bacterial
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Fig. 6. Changes in mean cell volume (pm3 X 103)of Uronema
sp. and Euplotes sp. as a function of incubation time

population (Fig. 7), when expressed in terms of their
carbon equivalent, they are insignificant (Fig. 9 & 10).
In contrast, in the absence of grazers, cocci, squat rods
and large rods remain an important component of the
bacterial population throughout the incubation period.
Their removal by grazing cfiates is thus followed by
the development of a different bacterial assemblage.
Frequency of dividing and divided cells (FDDC) is
plotted as a function of incubation time in Fig. 8. This
shows that the initial bacterial assemblage of cocci,
squat rods and large rods, which can grow from one
morphotype to another, has a high value of ca 4O0/0
FDDC. The assemblage which is dominated by small
thin rods after 70 h, however, has a much lower FDDC
of ca 10 %, which in the case of Uronema is sustained
even after the disappearance of the predator. The
lower rate of FDDC by the secondary bacterial population is therefore not an artifact imposed by selective
removal of growing and dividing cells by the predator.

Impact of grazing on bacterial prey
hedator-prey interactions
The relative proportions, expressed as a percentage
of the total bacterial population, of the 8 different
bacterial morphs in the presence of each of the ciliates
and in grazer-free incubations are plotted as a function
of sampling interval in Fig. 7. In the presence of both
Uronema and Euplotes there is a marked change in

The carbon equivalent of bacterial biomass in the
presence and absence of grazers, and the net incorporation of carbon into ciliate biomass, is shown for
Uronema in Fig. 9 and for Euplotes in Fig. 10. In both
cases the initial loss of carbon from the cocci, squat

l
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Fig. 7. Multidimensional plots showing relative proportions of bacterial morphs and sizes expressed as a percentage of total
bacterial population and as a function of sampling interval in the absence of grazers, in the presence of Uronema and in the
presence of Euplotes. Dimensions of bacterial size classes and morphs are shown in Table 1

Tc
without grazers

with Uronema

Time ( h )

Fig. 8. Frequency of dividing and divided cells (FDDC) of bacteria as a function of incubation time. (a) With Uronema sp. and (b)
with Euplotes sp. as bacterial grazers; (c) without grazers

rods and large rods is followed by an increase in the
ciliate carbon and by a simultaneous increase of carbon in the small thin rods. The relatively sharp decline
in Uronema biomass from sampling interval 11 (- 100
h) onwards is in marked contrast to the slower decline
of the Euplotes biomass which had decreased to ca
30 '10 of the peak biomass by the end of the experiment.
The control vessels show that when no grazers are
present, the bacterial population of cocci, squat rods
and large rods survive for longer than when grazers are
present and there is no appearance of the bacterial

population dominated by long thin rods which occurs
in the presence of grazing ciliates (see also Fig. l l e ) .
The quantitative relations between cihates and
bacterial prey are summarised in the contour diagrams
shown in Fig. 11. In both cases there is some evidence
of an initial removal of large rods and squat rods,
followed by removal of the smaller cocci before the
initial population of bacteria is consumed, i.e. both
Uronema and Euplotes appear to exploit the larger
components of the bacterial assemblage before uhhsing the smaller cocci (see also Fenchel 1980a).
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URONEMA
CARBON
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6

B A C T E R I A L CARBON
IN T H E PRESENCE OF

Fig. 9. Multidimensional
plots showing carbon equivalent of bacterial biomass
incorporated in the 8 bacterial morphs and sizes (see
Table 1 for their dimensions) in the presence and
absence of Uronema sp. as
a funchon of sampling interval. Net incorporation of
carbon into the biomass of
Uronema sp. in the M ferent Coulter Counter
channels and their equivalent spherical diameter
(ESD) also shown

BACTERIAL
C A R B O N IN THE
ABSENCE OF
ClLlATES

0

EUPLOTES
CARBON

B A C T E R I A L CARBON

Fig. 10. Multidimensional BACTERIAL
plots showing carbon equi- C A R B O N IN
valent of bacterial biomass ABSENCE OF
incorporated in the 8 bac- ClLlATES
terial morphs and sizes (see
Table 1 for their dimensions), in the presence and
absence of Euplotes sp. a s a
function of sampling interval. Net incorporation of
carbon into the biomass of
Euplotes sp. in the different
Coulter Counter channels
and their equivalent spherical diameter (ESD) also
shown

THE

The quantitative relation between the secondary
population of bacteria dominated by thin rods a n d the
grazing ciliates can also b e seen in Fig. 11. The relatively high carbon equivalent of ciliate biomass
reflects the utilisation of bacterial production as well
as standing stock, whilst the simultaneous appearance
of c h a t e s and the small thin rods suggests that the
secondary bacterial assemblage may b e sustained
primarily by DOC production associated with the relatively low gross growth efficiency of the c h a t e s (p. 65).

This supports the results of Taylor et al. (1985) who
found that bacteriovory by microzooplankton resulted
in grazer-enhanced DOM production.
Carbon biomass of bacteria, 10 to 20 vg 1-l, in the
presence of cdiate grazers is very similar to that
recorded under natural condtions in many marine
systems (Turley & Lochte 1985). The grazing activities
of Uronema and Euplotes thus appear to regulate size
structure and population density of their prey. They
may also contribute to bacterial production by supple-
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Fig. 11. Contour dlagram showing the quantitative relahon
between ciliates and bacterial prey as a function of sampling
interval. In (a), (c) and (e) are the carbon equivalents of
bacterial biomass (&g C I-') incorporated In the 8 bacterial
morphs and sizes (see Table 1 for their dimensions); (a) in the
presence of Uronema; (c) in the presence of Euplotes; (e) in
the absence of any clliates. In (b) and (d) contours express the
carbon equivalent of biornass (pg C I-') in the different Coulter Counter channels and their equivalent spherical diameter
(ESD);(b) Uronema sp.; (d) Euplotes sp.

menting the release of extracellular DOM from phytoplankton (see also Davis & Sieburth 1984).

CONCLUSIONS

Batch incubations of small marine ciliates, Uronema
sp. and Euplotes sp., in the presence of bacterial prey
indicate different growth strateges of 2 c h a t e s .

Uronema sp. moves rapidly and has a relatively high
growth rate compared to Euplotes sp. and it responds
rapidly to the presence of bacterial food with a doubling time of only 5 h under the conditions of our
experiment. Its population declines rapidly when
bacterial food resources become limiting below ca
6 X 106 cells ml-l.
Cihate volume is also related to population density
in an apparently adaptive fashion. In Uronema sp.,
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exploitation of a high bacterial food density is associated with a rapid increase in cell numbers which reach
a peak density of ca 18 X 10%ells ml-', and with a
corresponding decrease in cell volume - a feature
which characterizes opportunistic species (Taylor &
Shuter 1981). Uronerna sp. may thus exploit transitory
patches when bacterial prey abundance exceeds a
threshold concentration of ca 6 X 106 cells ml-l in the
marine environment (see also Fenchel 1980a, Sieburth
1984). When food levels decline, it may rely on its
rapid motility a n d fecundity to locate and exploit
another zone of high bacterial numbers.
In contrast, the growth rate of Euplotes sp. is slower,
attaining a lower population maximum of 2.6 X 103
cells ml-' in our experiment. The longer doubling time
of ca 13 h also results in a slower response to peaks in
bacterial food supply. When food becomes limiting at
2 to 3 x 106 cells ml-', the Euplotes population declines at a slower rate than that of Uronema. Again, in
contrast to Uronema, cell volume increases during
exponential growth until food resources become limiting. Cell volume then decreases and the population is
sustained at relatively high numbers, presumably by
utilisation of stored reserves and cropping of the
residual bacterial conlmunity. Euplotes thus has a
more persistent strategy which favours a stable
equhbrium with its food supply and prevents the rapid
population decline which characterizes Uronerna.
Grazlng activities of the 2 ciliates also have an
important influence on the abundance and size class
structure of their bacterial prey. In both Uronema and
Euplotes there is evidence for a n initial selection of
large rods and squat rods, followed by grazing of cocci
before complete removal of the original bacterial
population. A secondary bacterial population dominated by small rods develops simultaneously with the
occurrence of grazing ciliates and acquires densities
similar to those recorded under natural conditions.
Since the secondary bacterial population occurs only
in the presence of Uronerna and Euplotes, a n d since
there was no DOM release from primary production it
seems likely that these bacteria are sustained by
extracellular DOM production by the ciliates. Because
the gross growth efficiency of Uronema and Euplotes is
ca 27 and 19 % respectively, as much as 73 to 81 of
the carbon ingested with the bacterial food may be
released as respiratory and organic losses. This may be
of major significance in the maintenance of the secondary bacterial population which develops in association with the ciliate predators. The influence of cihate
grazing on bacterial size class structure and the
maintenance of a secondary bacterial population in the
presence of Uronerna and Euplotes emphasizes the
close interdependence of ciliate predators and bactena1 prey in microheterotrophic food webs.
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