
ABSTRACT: The major components of
the microbial loop (dissolved organic carbon,
bacteria, nanoflagellates and ciliates) were
examined in three Polish lakes (Masurian
Lakeland, North-Eastern Poland): highly
eutrophic (Lake Ryƒskie), mesotrophic (Lake
Kuc) and humic, acid (Lake Smolak Du˝y).

Microbial loop was distinctly differentia-
ted among studied lakes. In the eutrophic lake,
the microbial loop was characterized by a wide
variety of biotic components, great taxonomic,
trophic and size differentiation of ciliates
(dominated by bacterivorous and predatory
taxa). Probably, in this lake autochthonous dis-
solved organic carbon (DOC) prevailed. In the
mesotrophic lake, the microbial loop comprised
fewer components and the taxonomic and
trophic variability of ciliates (dominated main-
ly by bacterivorous and algivorous taxa) was
smaller. This lake contained almost the same
amount of DOC, but part of it was probably
less available and allochthonous origin. Much
of the DOC in the humic lake being poorly
available (humic substances prevailed) and
hence there were lower densities of bacteria and
still lower of nanoflagellates and ciliates (domi-
nated by large-sized mixotrophic and small-
-sized bacterivorous species). The only signifi-
cant correlation between bacteria and ciliates
suggests that the food chain in this lake is short
and that the high concentrations of DOC of
allochthonous origin are not readily assimila-
ted. Additionally, low pH values restricted
growth of the studied groups of organisms and

decomposition of DOC by bacteria.
The number of significant correlations

differed among lakes and in different temporal
scales. In the eutrophic lake the relationships
were stronger in both seasonal and diel cycle.
Practically no relationships were found in the
humic lakes in both scales. Generally, diel cor-
relations were stronger than those in the sea-
sonal scale.

KEY WORDS: DOC, bacteria, nanofla-
gellates, ciliates, microbial loop

1. INTRODUCTION

Bacteria, nanoflagellates and ciliates
constitute the ”microbial loop” which is
a distinct and important element of the
trophic food web in aquatic ecosystems
affecting carbon and nutrient flows
(Pomeroy 1974, Azam et al. 1983, Sherr
and Sherr 1984). Heterotrophic flagel-
lates are considered the main consumers of
bacteria and picoplanktonic algae in both
marine and freshwater habitats (Porter et
al. 1985, Fenchel 1986, Sherr et al. 1987,
Bloem et al. 1989, Sanders et al. 1989,
Simek et al. 1990, Weisse 1990,
Bern inger et al. 1991, Jürgens and
Sto lpe 1995, Kankaa la et al. 1996).
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Flagellates control bacterial populations
and are themselves food for many ciliates.
Ciliates play a significant role as con-
sumers of small heterotrophic flagellates
and pico- and nanophytoplankters, and are
thus a link to higher trophic levels
(Sanders et al. 1989, Simek et al. 1990,
Sherr et al. 1991, Szelàg-Wasielewska
and Fyda 1999). Ciliates may be also acti-
ve bacterivores particularly in eutrophic la-
kes, where bacterial densities are sufficient
to maintain ciliate populations (Pace
1982, Fenchel  1984, Sanders et al. 1985,
Sherr et al. 1987, Christoffersen et al.
1990). Eps te in and Sh ia r i s (1992)
found in the inshore bay waters of the USA
that ciliates consumed bacteria 17 times
faster on average than did flagellates. Thus
ciliates and nanoflagellates may play a si-
milar role in controlling bacteria.

According to Porter et al. (1988), the
importance of the microbial loop is greater
in oligo- than in eutrophic lakes. However,
Weisse et al. (1990) demonstrated, that
almost 50% of carbon passed through the
microbial loop in a meso-eutrophic lake.
This suggests that the microbial loop may
also be important in habitats of higher pro-
ductivity. According to many authors
(Tranvik 1988, Tranvik and Sieburth
1989, Amblard et al. 1995), the microbial
loop in humic lakes has a different struc-
ture, because the large pool of allochtonous
organic matter represents an additional and
potentially important carbon source for
bacteria (Jones 1992, Arvola et al. 1996).
Functioning and the role of the microbial
loop rely on many factors, for example on
other zooplankton, like Daphnia, which can
eat bacteria, algae, and especially nanofla-
gellates and might thus compete with ci-
liates for food and may display interference
competition with smaller ciliates (Jürgens
1992, Jürgens and Stolpe 1995).

Less than 10% of available limnologi-
cal information is focused on the organi-
sms and metabolic processes in freshwater
microbial loops (Wetzel 2000). Relations
between bacteria and bacterivores are not
fully understood particularly in respect to
their changes with the eutrophication of
waters, which might be decisive for the
succession and functioning of temperate
lowland lakes (e.g. Weisse 1990, Bernin-
ger et al. 1993, Amblard et al. 1995,
Mayer et al. 1997). Therefore, the general
aim of this work was to determine the tro-

phic structure of the microbial loop in lakes
differently supplied with organic matter and
nutrients and to analyse relationships
between components of the microbial loop
and selected indices of lake trophic status
(TP, TN, DOC, chlorophyll) and between
studied groups of organisms. The relation-
ships within lakes were examined with corre-
lation coefficients and must be treated with
caution. However, the discussion on the rela-
tionships was based on a large number of
previous laboratory experiments, field obser-
vations and manipulations, which indicate
that organisms forming the microbial loop
are tightly direct and/or indirect coupled,
(e.g. Blöem et al. 1989, Sanders et al.
1989, S imek et al. 1990, S imek and
Straskrabová 1992, Berninger et al.
1993, Amblard et al. 1995, Carr ias et al.
1998, Simon et al. 1998, Hitchman and
Jones 2000) and that the abundance of the
main components of food chain are closely
related to trophic state of lakes as measured
by TP, TN, DOC, chlorophyll (Hi l l -
b r i cht - I l kowska 1977, Hi l lb r i cht -
-I lkowska et al. 1979, Beaver  and Cris-
man 1982, 1990, Pace 1986, Laybourn-
Parry 1994, Gajewski and Chróst 1995,
James et al. 1995). In naturally acid, humic
lakes the data indicate that low pH values
reduced plankton abundances (Beaver and
Crisman 1990). Thus, it was assumed that
the abundance of the microbial loop compo-
nents should be higher in both eutrophic
and mesotrophic lakes than in humic one.
Basing on the qualitative data, it was tested
hypothesis that the humic lake differ from
non-humic lakes in their trophic and taxo-
nomic composition of ciliates. Based on the
quantitative data, the question is addressed
of whether ferti-lization of lakes and the
input of humic substances inflowing to the
lakes have impacted on the abundance of the
microbial loop components and on the num-
ber and strength of the correlations (r)
between particular links of the microbial
loop. In addition, it was tested hypothesis
that correlations type food-consumer should
be more visible in the diel scale than in sea-
sonal scale because small size of organisms
and high rates of reproduction.

Summing up, the detail aims were:
1) analysis of general relations between the
abundance (numbers and biomass) of the
microbial loop components: DOC, bacte-
ria, nanoflagellates and ciliates – with
attention given to seasonal and diel varia-

20 Krystyna Kalinowska

ˇ

ˇˇ
ˇ



tions, 2) identification of diversity and the
trophic structure of the ciliate communi-
ties, 3) analysis of relationships between:
components of the microbial loop (DOC,
bacteria, nanoflagellates, ciliates) – type of
food-consumer and between abundance of
components of the microbial loop and
trophic parameters of a lake, such as: TP
(total phosphorus), TN (total nitrogen),
DOC, chlorophyll a.

2. MATERIAL AND METHODS

The studies were conducted in three
lakes of various trophic status situated in
the Masurian Lakeland District (north-
-eastern Poland): highly eutrophic Lake
Ryƒskie, mesotrophic Lake Kuc and
humic, acid Lake Smolak Du˝y. The mor-
phometric and trophic characteristics of
these lakes are summarized in Table 1.

Mixis D D P
Area (ha) 661.1 98.0 9.2
Maximum depth (m) 50.8 28.0 4.2
Mean depth (m) 10.5 8.0 1.8
SD (m) 1.1 5.8 0.7
pH 8.9 8.6 5.4
TP (µg l–1) 42 33 52
TN (mg l–1) 1.42 0.49 0.58
DOC (mg l–1) 9.93 12.12 28.40
Chl a (µg l–1) 39.9 5.5 104.8*
Bacterial numbers (¥ 106 ml–1)12.56 11.86 5.45
Catchment agricul- agricul- forest-peat

tural tural bog
Trophy eu- meso- humic

trophic trophic

Monthly samples were collected out
from May to November 1998. Diel studies
were performed between 8 and 20 August
1999 by taking samples every four hours
during a day in each lake. Samples for
water analyses were taken from the deepest
sites of each lake. In the shallow Lake
Smolak Du˝y, water samples were taken

every metre from surface to the bottom. In
deeper lakes, during thermal stratification,
samples were pooled separately for each
the three layers. Epi- and metalimnetic
samples were taken every metre and
hypolimnetic samples were collected every
3 m in Lake Kuc and every 5 m in Lake
Ryƒskie. When these lakes were mixed
(October–November) samples were taken
every metre from the surface to the bot-
tom. One litre water samples from every
sampled depth were combined for each
thermal zone, mixed and preserved. 

Temperature and oxygen concentration
were measured with an oxymeter type OXI
197 (WTW, Germany) at depth intervals of
1 m. Total phosphorus (TP) was analysed
from unfiltered water after mineralization
with 60% perchloric acid (1 ml/50 ml of
water sample) using the molybdenum blue
method. Total nitrogen (TN) was analysed
by the standard Kjeldahl procedure
(Standard Methods 1960). Chlorophyll a
concentration was determined by the spec-
trophotometric analysis of acetone extracts
of algae retained on Whatman GF/C filters
according to Golterman (1969). Dissol-
ved organic carbon (DOC) in 0.45 µm fil-
tered samples was analysed using a Shima-
dzu TOC-5050A analyser according to
Górniak and Ziel iƒski (1999).

Epifluorescence microscopy was used
to determine bacterial and nanoflagellate
cell numbers. Heterotrophic bacteria were
DAPI stained according to Porter and
Feig (1980) and filtered on 0.2 µm pore-
size black filters. Nanoflagellates were
primulin stained according to Caron
(1983) and filtered on 1.0 µm pore-size
black filters. For calculating biovolumes of
bacteria and nanoflagellates, cell shapes
were approximated by simple geometric
forms. Ciliate samples were preserved with
Lugol’s solution and concentrated subsam-
ples were counted with phase and light
microscopy using the classic Utermöhl
technique. Living observation was used for
the taxonomic and trophic identification
based mainly on Foissner and Berger
(1996), Fo i s sner et al. (1991-95),
Foissner et al. (1999). Biovolumes of cilia-
tes were calculated from measurements of
dimensions of animals and approximations
to geometric shapes.

Mean values and confidence intervals
were used to compare results. Correlation
coefficients were calculated between pairs of

Table 1. Morphometric and trophic character-
istics of the study lakes (data for epilimnion in
summer). D – dimictic, P – polymictic, SD –
visibility of Secchi’s disc, TP – total phospho-
rus, TN – total nitrogen, DOC – dissolved
organic carbon, Chl a – chlorophyll a. * – The
high concentration of chlorophyll was due to
the large Gonyostomum semen (Raphido-
phyceae) and small chlorococcal algae, which
were abundant at this time.
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variables in order to determine the relation-
ships between particular components of the
microbial loop. All statistical analyses were
carried out using the STATISTICA soft-
ware. Correlations were performed for the
series of the whole study season for the three
combined thermal layers (for stratified lakes
n = 17 in the seasonal scale and n = 18 in
the daily scale, for humic lake n = 7).

3. RESULTS

3.1. Abundance and general relations
between microbial loop components

in lakes

Biomasses of particular components of
the microbial loop markedly differed
between the lakes. The eutrophic lake was
characterised by the highest biomass of all
biotic components of the microbial loop
(bacteria, nanoflagellates and ciliates) com-
pared with the two other lakes. In the humic
lake, concentration of DOC was significant-
ly higher and the biomass of bacteria,
nanoflagellates and ciliates was markedly
lower than in the non-humic lakes (Fig. 1).

From all the studied lakes, the highest
mean concentration of DOC was noted in
the humic lake (27.6 ± 1.8 mg l–1). In both

stratified lakes the concentration of dis-
solved organic carbon was similar and
about 3 times lower (10.1 ± 1.1 mg l–1 and
9.7 ± 0.7 mg l–1 in the eutrophic and
mesotrophic lakes, respectively) as com-
pared to the humic lake, therefore the dif-
ferences between stratified lakes were not
statistically significant (t-test, P> 0.05).
Maximum DOC concentration in the
eutrophic and the humic lakes were noted
during spring month, while in the
mesotrophic – during summer.

The highest mean bacterial numbers
and biomass were noted in the eutrophic
lake (13.3 ± 0.7 ¥ 106 ml–1 and 1.7 ± 0.2
mg l–1), the lower values were characteris-
tic for the mesotrophic lake (9.6 ± 0.7 ¥
106 ml–1 and 1.2 ± 0.1 mg l–1). The humic
lake was  characterized by the lowest num-
bers (8.5 ± 1.5 ¥ 106 ml–1), while the bio-
mass (1.2 ± 0.2 mg l–1) was higher than in
the mesotrophic one. The statistical analy-
sis did not show significant differences
between the mesotrophic and the humic
lakes (t-test, P> 0.05). All the studied
lakes were characterized by the occurrence
of the spring peak both in the numbers and
biomass of bacteria. Additionally, two
peaks: in summer and in autumn, were
noted in stratified lakes, while in the humic
lake – two observed peaks were separated
by the low numbers in summer.

The highest mean numbers and bio-
mass of nanoflagellates (5.0 ± 0.9 ¥ 103

ml–1 and 172.4 ± 30.7 ng ml–1) were in the
eutrophic lake, slightly less values were
noted in the mesotrophic reservoir (3.2 ±
0.5 ¥ 103 ml–1 and 87.3 ± 8.6 ng ml–1). The
humic lake had especially low numbers and
biomass of these organisms (1.9 ± 0.8 ¥ 103

ml–1 and 56.8 ± 16.12 ng ml–1). The stud-
ied lakes were statistically different both in
numbers and biomass of nanoflagellates
(t-test, P <0.05). In both non-harmonic
lakes the peaks of the numbers were noted
in the period of spring and/or summer,
while in the humic one the peak appeared in
autumn. The biomass of nanoflagellates
submitted to greater changes and the peaks
were usually observed in summer in the
eutrophic and the humic lakes, while in the
mesotrophic lake – in autumn.

The studied lakes differed in the annual
mean numbers and biomass of ciliates. The
highest mean ciliate numbers (7.4 ± 2.5
ind. ml–1) and biomass (87.8 ± 23.5 µg l–1)
were noted in the eutrophic Lake Ryƒskie.
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Fig. 1. Comparison of the major components
of the microbial loop in Masurian lakes. The
size of fields are proportional to the mean con-
centration of dissolved organic carbon (DOC)
and mean biomasses of particular groups of
organisms. B – bacteria, NF – nanoflagellates,
C – ciliates.



The mean numbers of ciliated protozoa in
the mesotrophic Lake Kuc were about two
times (3.6 ± 0.3 ind. ml–1), and in the
humic Lake Smolak Du˝y three times
(2.2 ± 0.9 ind. ml–1) lower as compared with
the eutrophic lake. The higher individual
weight of ciliates resulted the ciliate biomass
in the humic lake higher than that in the
mesotrophic lake. The differences between
the studied lakes were statistically signifi-
cant except the differences in ciliate biomass
between the eutrophic and the humic lake
(t-test, P <0.05). The highest numbers of
ciliate communities in the eutrophic and the
humic lakes were noted in September, while
in the mesotrophic lake – in the middle of
summer. The biomass of ciliates had two-
peak character in all lakes. The density and
biomass of ciliated protozoans during the
autumn circulation were low.

The data on vertical distribution and
diel dynamics of the major components of
the microbial loop will be presented else-
where (Kalinowska, in prep.).

3.2. Diversity and trophic composition
of ciliates

Fourty two ciliate taxa were found from
the studied lakes. The richest taxonomic
composition (31 taxa) was found in the
most eutrophic lake, slightly poorer (29
taxa) in the mesotrophic lake and the least
diversified (18 taxa) in the humic lake.
Eleven (i.e. 26%) taxa were common for all
three lakes. These were mainly ciliates of the
order Oligotrichida (Strombidium spp.,
Strobilidium humile, Halteria spp., Codonella
cratera) feed on bacteria, autotrophic and
heterotrophic flagellates and algae, and bac-
terivorous Peritrichida and Scuticociliatida.
Other orders were represented by Urotricha
spp., Askenasia spp., Mesodinium sp. Each of
the studied lakes contained characteristic
species, noted in only one lake. Most of
these taxa, represented mainly by preda-
cious Haptorida (Monodinium sp., Didinium
sp., Spathidium spp.), large bacterivorous
and algivorous Heterotrichida (Spirosto-
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mum, Metopus) and bacterivorous Hymeno-
stomatida (Frontonia sp., Marituja pelagica,
Colpidium sp.), were found in the eutrophic
lake. Characteristic species in the meso-
trophic lake were Phialina, Lagynophrya
acuminata (Haptorida) and in the humic
lake mixotrophic Stokesia vernalis (Hyme-
nostomatida) – an important component
of the ciliate fauna during the period
spring-summer (7–19% of the total num-
ber and 83–92% of the total biomass).

Lakes differed in the annual mean per-
centage share of main trophic groups of cil-
iates in the total numbers. The eutrophic
lake was mainly dominated by 15–90 µm-
sized filter-feeding bacterivorous ciliates
(43.9%) represented by small-sized
Scuticociliatida and larger-sized Peritrichi-
da. A high percentage of large predatory
ciliates, as compared with other lakes, was
also noted there (Fig. 2A). In the meso-
trophic lake taxa feeding on bacteria
(37.1%, mainly sessile Peritrichida living
on the Cyanobacteria Anabaena sp.), and
algae (32.0%) prevailed (Fig. 2B). Large-
sized mixotrophic taxa (48.4%, represent-
ed by Strombidium viride and Stokesia ver-
nalis), and small-sized bacterivores (44.8%,
especially scuticociliate Cyclidium), were
characteristic of the humic lake (Fig. 2C).

3.3. Relations between microbial loop
components on seasonal and diel scale

The number of significant correlations
between the components of the microbial
loop and correlation coefficients differed
among lakes and in different temporal
scales. In the eutrophic lake the relation-
ships were stronger in both seasonal and
diel cycle. In this lake, most significant cor-
relations between the components of the
microbial loop on a seasonal basis were
found (Table 2A). Bacterial biomass corre-
lated most significantly and positively with
bacterivorous Peritrichida (r = 0.50). The
total biomass of nanoflagellates correlated
positively with the density and biomass of
Oligotrichida feed on bacteria, flagellates
and algae (r = 0.69 and r = 0.79, respec-
tively). The number and significance of
correlations between the components of
the microbial loop showed a different pat-
tern in a diel cycle. All components were
positively and strongly correlated with
each other (Table 2A). The most signifi-

cant positive relationship was found
between the density and biomass of ciliates
and the density (r = 0.81 and r = 0.74,
respectively) and biomass (r = 0.81 and
r = 0.76) of nanoflagellates. Highly signifi-
cant positive correlation was also found
between the density and biomass of bacte-
ria and the density and biomass of nanofla-
gellates and ciliates. Among ciliates, the
highest correlations were found between
the biomass of bacterivorous Peritrichida
and bacterial density (r = 0.71) and
between the biomass of Oligotrichida and
bacterial biomass (r = 0.72). The numbers
and biomass of bacteria were also positive-
ly correlated with DOC (r = 0.56 and
r = 0.70, respectively).

In the seasonal scale the number of
correlations in the mesotrophic lake was
c. two times lower than in the eutrophic
lake (Table 2B). Bacterial biomass correla-
ted most significantly and negatively with
bacterivorous Peritrichida (r = –0.56). The
density of nanoflagellates correlated positi-
vely with the total density of ciliates
(r = 0.53). The relationships between the
elements of bacterial loop in the diel cycle
were similar to those in the seasonal cycle
(Table 2B). Highly significant negative cor-
relations were noticed between bacteria
and ciliates (small-sized bacterivorous
Scuticociliatida, raptorial Haptorida, algi-
vorous and bacterivorous Oligotrichida).
A strong relationship was found in this lake
between nanoflagellates and ciliates, of
which most important seemed to be the
genus Histiobalantium sp. feed on algae
(r = 0.72–0.91).

In the humic lake, there was only one
significant and positive correlation between
bacterial biomass and small-sized bacteri-
vorous Scuticociliatida represented by
Cyclidium sp. (r = 0.77) in the seasonal
cycle. No statistically significant relation-
ships between the elements of microbial
loop were found in the daily scale (Table
2C). None of the analysed parameters
showed a significant correlation with
nanoflagellates.

No significant correlation between
bacteria and nanoflagellates was found in
any of the studied lakes.

Generally, diel correlations (i.e. when
changes were recorded every 4 hours) were
stronger than those in the seasonal scale,
which were correlated every month.
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3.4. Relations between microbial loop
components and lake trophic indices

Most statistically significant correla-
tions between the components of the
microbial loop and trophic state indices in
the seasonal scale were found in the
eutrophic lake (Table 3A). The numbers
and biomass of nanoflagellates were nega-
tively correlated with the total phosphorus
concentration (r = –0.78 and r = –0.54,
respectively) and positively with the con-
centration of chlorophyll a (r = 0.69). Total
number of ciliates, the density of particular
taxonomic groups (Oligotrichida, Hapto-
rida) and of the genus Histiobalantium sp.

were correlated with the concentration of
chlorophyll a. Correlation coefficient varied
between 0.58 and 0.82 for particular groups.
No expected correlation between DOC and
the density or biomass of bacteria was found
(Table 3A). In the eutrophic lake much
more significant relationships between the
components of the microbial loop and
trophic factors were noted in the diel cycle
than in the seasonal one (Table 3A). In this
lake all studies groups of organisms were
found to correlate with DOC. Negative cor-
relations were found between TP concen-
tration and: bacterial biomass (r = –0.54),
density and biomass of nanoflagellates
(r = –0.82 and r = –0.83, respectively),
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A  eutrophic lake seasonal cycle daily cycle
DOC Bac NF Cil DOC Bac NF Cil

DOC – ns ns ns –
Bac ns – ns ns – ns ns
NF ns ns – –
Cil ns ns – –
Oli ns ns – ns –
Per ns ns – ns ns –
Pro – – – – ns –
His ns ns ns – – – – –
Hap ns ns – ns –
Scu ns ns ns – ns ns ns –

B  mesotrophic lake seasonal cycle daily cycle
DOC Bac NF Cil DOC Bac NF Cil

DOC – ns ns ns – ns ns ns
Bac ns – ns ns ns – ns ns
NF ns ns – ns ns –
Cil ns ns – ns ns –
Oli ns ns ns – ns –
Per ns ns – ns ns ns –
Pro – – – – ns ns ns –
His – – – – ns ns –
Hap ns ns ns – ns –
Scu ns ns ns – ns ns –

C  humic lake seasonal cycle daily cycle
DOC Bac NF Cil DOC Bac NF Cil

DOC – ns ns ns – ns ns ns
Bac ns – ns ns ns – ns ns
NF ns ns – ns ns ns – ns
Cil ns ns ns – ns ns ns –
Oli ns ns ns – ns ns ns –
Scu ns ns – ns ns ns –

Table 2. Correlation matrix for the major components of the microbial loop in the seasonal and
diel cycles in Masurian lakes. Dissolved organic carbon (DOC), abundance (number and bio-
mass) of bacteria (Bac), nanoflagellates (NF), total ciliates (Cil), Oligotrichida (Oli) feed on bac-
teria, flagellates and various algae, bacterivorous Peritrichida (Per), omnivorous Prostomatida
(Pro), algivorous Histiobalantium (His), predacious Haptorida (Hap) mainly feed on heterotro-
phic protists, small-sized bacterivorous Scuticociliatida (Scu), ns – not significant,

– significant correlations at P <0.05.



density and biomass of ciliates (r = –0.90
and r = –0.82) and also between TN and
bacterial density (r = –0.51).

In the mesotrophic lake total phos-
phorus correlated negatively both with
numbers (r = –0.56) and biomass
(r = –0.52) of bacteria in the seasonal
cycle. Numbers of nanoflagellates were
positively correlated with chlorophyll a
(r = 0.61). Similar relationship was found
for ciliates (r = 0.73). In the diel cycle the
numbers of nanoflagellates and the num-
bers and biomass of ciliates were closely
related with phytoplankton biomass,
which was evidenced by the correlations
between the two groups and chlorophyll a
concentrations (Table 3B).

In the humic lake the biomass of

Oligotrichida represented mainly by
mixotrophic Strombidium viride was corre-
lated with chlorophyll a (r = 0.90) and it
was the only observed correlation in the
seasonal scale. In the diel cycle the abun-
dance of nanoflagellates were positively
correlated with chlorophyll a concentra-
tions (Table 3C).

None of the studied trophic factors
showed a significant relationship with the
numbers and biomass of heterotrophic bac-
teria in both mesotrophic and humic lake.

Noteworthy, chlorophyll in the seasonal
cycle was one of the most important tro-
phic indices, which correlated positively
with the densities of ciliates and nanofla-
gellates. This was particularly visible in the
eutrophic lake. In the diel cycle of the same

Table 3. Correlation matrix for the major components of the microbial loop and trophic parame-
ters in the seasonal and diel cycles in Masurian lakes. Chl – chlorophyll a, DOC – dissolved
organic carbon, TP – total phosphorus, TN – total nitrogen, abundance (number and biomass)
of bacteria (Bac), nanoflagellates (NF), total ciliates (Cil), Oligotrichida (Oli) feed on bacteria,
flagellates and various algae, bacterivorous Peritrichida (Per), omnivorous Prostomatida (Pro),
algivorous Histiobalantium (His), predacious Haptorida (Hap) mainly feed on heterotrophic pro-
tists, small-sized bacterivorous Scuticociliatida (Scu), ns – not significant,               – significant
correlations at P <0.05.

A  eutrophic lake seasonal cycle daily cycle
Chl DOC TP TN Chl DOC TP TN

Bac ns ns ns ns ns
NF ns ns ns ns
Cil ns ns ns ns ns
Oli ns ns ns ns ns
Per ns ns ns ns ns
Pro ns ns ns ns ns ns ns ns
His ns ns ns ns ns ns
Hap ns ns ns ns ns
Scu ns ns ns ns ns ns ns ns

B  mesotrophic lake seasonal cycle daily cycle
Chl DOC TP TN Chl DOC TP TN

Bac ns ns ns ns ns ns ns
NF ns ns ns ns ns ns
Cil ns ns ns ns ns ns ns
Oli ns ns ns ns ns ns ns ns
Per ns ns ns ns ns ns ns ns
Pro ns ns ns ns ns ns ns ns
His – – – – ns ns ns
Hap ns ns ns ns ns ns ns ns
Scu ns ns ns ns ns ns ns ns

C  humic lake seasonal cycle daily cycle
Chl DOC TP TN Chl DOC TP TN

Bac ns ns ns ns ns ns ns ns
NF ns ns ns ns ns ns ns
Cil ns ns ns ns ns ns ns ns
Oli ns ns ns ns ns ns ns
Scu ns ns ns ns ns ns ns ns
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lake the components of the microbial loop
correlated most significantly with DOC. In
both seasonal and diel cycles the compo-
nents showed a negative correlation with
TP in the two non-humic lakes. In general,
much more correlations were noted in the
eutrophic lake than in two other. In the
humic lake there were practically no such
correlations.

4. DISCUSSION

4.1. Differences of microbial loop between
lakes of various trophic status

Relations between the links of the
microbial loop were different in the studied
lakes and in different temporal scales thus
one may assume variable functioning and
the role of the microbial loop. Significant
combinations between particular compo-
nents of the microbial loop in the eutro-
phic lake were more numerous and stronger
in the diel than in the seasonal cycle. In the
mesotrophic lake no differences were found
between the two time scales. Relation
between bacteria and ciliates demonstrated
in the seasonal cycle may point to an impor-
tant process of carbon flow from bacteria to
metazooplankton in the humic lake. This
study suggest that in the seasonal cycle ci-
liates were the main consumer of bacteria
in all lakes being an important and direct
link between bacterioplankton/algal
picoplankton and higher trophic levels. It
was found, however, that various taxonomic
and trophic groups of ciliates showed dif-
ferent correlations with bacterial abun-
dance in particular lakes. In the diel cycle
both ciliates and nanoflagellates probably
played important role in reducing bacterio-
plankton in the eutrophic lake. Negative
correlations between bacteria and ciliates in
the mesotrophic lake indicate a possibility
of other factors (e.g. organisms of higher
trophic levels) responsible for controlling
bacteria. No significant correlations
between the components of microbial loop
were found in the humic lake.

Since functioning and the role of the
microbial loop rely on many factors, one
should analyse not only the relationships
within the microbial loop but also with
other metazooplanktonic invertebrates or
fishes, which might affect the microbial
loop through the lower trophic levels.

Experiments carried out in meso- and
eutrophic lakes on Daphnia feeding inten-
sively on heterotrophic nanoflagellates and
bacteria and thus controlling all compo-
nents of microbial loop may serve as an
example of such analyses. Studies in
a eutrophic lake in Denmark demonstrated
that 23–66% of bacterial production in
fishless experiments were consumed by
crustaceans >200 µm while in the pres-
ence of planktivorous fishes small zoo-
plankton gradually became the dominating
bacterivore (Jürgens 1992). 

Literature data show that in eutrophic
lakes relatively high bacterial production
and density are not the limiting factor for
the growth of bacterivorous ciliates.
Therefore, in productive lakes these small
bacterivorous ciliates may, apart from
heterotrophic nanoflagellates, play a key
role in carbon transfer to higher trophic
levels (Porter et al. 1979, Beaver and
Crisman 1989). Many authors (e.g. Pace
1982, Christoffersen et al. 1990, James
et al. 1995) showed positive correlations
between the total biomass, density of larg-
er groups or particular ciliate taxa and the
abundance of bacterioplankton indicating
thus an important role of ciliates as con-
sumers of bacteria and nutrient recyclers.
Consuming much of bacterial production
ciliates become an important link between
bacteria and higher trophic levels. 

In oligo- and mesotrophic lakes
rotifers may be the most significant link in
bacterial and nanoplanktonic carbon flow
to macrozooplankton (Stockner and
Shor t reed 1989). As shown by
Laybourn-Parry (1992) lakes of low
nutrient content are dominated in spring
by diatoms and the density of picoplankton
is low. Therefore, part of the ”new primary
production” goes to ”classic” consumers of
the food chain. Weisse (1990) demon-
strated that the linear food chain (bacteria
–heterotrophic nanoflagellates–ciliates) is
the main way of transferring bacterial pro-
duction to higher trophic levels. It seems,
however, that trophic relations between bac-
teria and bacterivores in mesotrophic lakes
reveal only in some periods. For example,
Simek et al. (1990) demonstrated that ci-
liates were important consumers of bacteria
only in summer and that feeding by meso-
and macrozooplankton was more impor-
tant than that by protozoans in controlling
bacterial densities. Carr ias et al. (1998)
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did not find correlations between ciliates
and bacteria in an oligo-mesotrophic lake
while Simon et al. (1998) demonstrated
that protozoans and Daphnia were most
important in controlling bacterioplankton
dynamics. As given in Simek et al. (1998)
the role of heterotrophic nanoflagellates in
grazing on bacteria decreases and that of
ciliates increases with the increasing tro-
phic status of lakes.

There are few data on mutual trophic
relationships in humic lakes. Amblard et
al. (1995) noted close correlations between
the biomass of auto- and heterotrophic
nanoflagellates and the biomass of ciliates.
They did not find, however, the relations
between bacterial biomass and the biomass
of nanoflagellates or ciliates. Kankaala
et al. (1996) reported, however, that hete-
rotrophic nanoflagellates were the impor-
tant consumer of bacteria in a humic lake.
According to the data of Stockner and
Porter (1988) and Amblard et al. (1995)
a large load of allochthonous organic matter
in humic lakes favours ”new production” at
the cost of production by recycling decreas-
ing thus the importance of the microbial
loop in the matter and energy flow as com-
pared with the classical food chain.

Despite a common belief that the role
of the microbial loop is greater in less pro-
ductive habitats, this study (a number of
mutual relationships between the compo-
nents of the microbial loop) and literature
data demonstrate that it may be of impor-
tance for carbon flow from bacteria to high-
er trophic levels even in such a productive
habitat as the eutrophic Lake Ryƒskie.

4.2. Ciliate communities of various lakes

Pelagic ciliates are the main component
of microzooplankton and may constitute up
to 34% of the total zooplankton biomass in
eutrophic lakes and up to 62% in the hyper-
trophic ones (Pace and Orcutt 1981,
Beaver and Crisman 1990). Undoub-
tedly, their role in the functioning of lakes of
various trophic state is important.

Among the studied lakes the highest
species diversity was noted in the eutro-
phic lake though the number of recorded
ciliate taxa in the mesotrophic lake was only
by 7% lower. In lakes of low concentrations
of organic matter the total number of
observed ciliate taxa varies between 20 and

30 while in eutrophic lakes species diversi-
ty is higher (Beaver and Crisman 1989,
Laybourn-Parry 1992, 1994, Carr ias et
al. 1998). In all studied lakes numerous
Oligotrichida, feed on bacteria, autotrophic
and heterotrophic flagellates and various
algae, thus being an important component
of the microbial loop (Foissner et al.
1999), were the constant component of the
fauna. They are widespread organisms
found in all types of surface waters. The
dominance of Oligotrichida (Halteria,
Strobilidium, Strombidium) has been
observed in both eutrophic (e.g. in Lake
Oglethorpe in USA – Pace 1982, Ontario
in Canada – Taylor and Heynen 1987,
Esthwaite in England – Laybourn-Parry
et al. 1990, Okaro in New Zealand – James
et al. 1995, Alte Donau in Austria – Mayer
et al. 1997), and oligo-mesotrophic lakes
(Constance in Germany – Müller et al.
1991, Taupo in New Zealand – James et al.
1995, Pavin in France – Carr ias et al.
1998, Houhu in China – Biyu 2000).
Beaver and Cr i sman (1982, 1990)
studying Florida lakes of various degree of
eutrophication found decreasing impor-
tance of Oligotrichida (and also predacious
Haptorida) and increasing importance of
bacterivorous Scuticociliatida along with
increasing trophic status. Similar depend-
ence on the trophic status was found in the
present study. There is an evidence
(Simek et al. 1995, Wiàckowski et al.
2001) that, at least in some mainly eutro-
phic lakes, small bacterivorous Scuticocil-
iatida might be the dominating element of
the ciliate fauna. Their dominance in lakes
of differentiated trophic status, as found in
this study, may differ in different periods
and thermal layers. Cited studies by
Beaver and Crisman (1982, 1990) did
not involve the presence of Peritrichida.
They are considered the organisms com-
mon in eutrophic temperate lakes (Müller
1989, Laybourn-Parry 1992). In the
present study Peritrichida were found to
dominate over the larger part of the year.
High contribution of these bacterivores
was also noted in the spring in the meso-
trophic lake. Being present in such high
numbers they may significantly affect the
numbers of bacterioplankton. A detailed
discussion of results based on ciliate com-
position in lakes and thermic layers will be
given elsewhere (Kalinowska, in prep.).

The least taxonomically diversified
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appeared to be the humic lake. The number
of recorded taxa (18) was similar to that
noted by Szelàg-Wasi lewska and Fyda
(1999) in Polish lobelian (soft water lakes
with endemic atlantic species, Lobelia dort-
manna) lakes of the Kaszuby Lakeland
(Pomerania, North Poland) (maximum
number = 15). Much poorer species com-
position – up to 5 taxa – were noted in
Polish humic lakes of a pH <6.2 in
Masurian Lakeland (Kal inowska 2000).
The latter studies were based on samples
collected once or twice a year in spring and
summer. In Lake Smolak Du˝y, however,
the greatest species diversity was observed
in the autumn. The taxa recorded there rep-
resented two main groups of ciliates: Oligo-
trichida and Scuticociliatida. Beaver and
Crisman (1989) found that small Scutico-
ciliatida tended to dominate in lakes of
pH> 5.0 while in more acidic lakes they
were replaced by large Oligotrichida. Hu-
mic lakes, due to low pH, are often charac-
terised by a lower number of taxa and lower
densities (Beaver and Crisman 1990).

4.3. Seasonal and diel relations among the
components of microbial loop

In the seasonal cycle total phosphorus
was the trophic index which correlated neg-
atively with the numbers and biomass of
bacteria in the mesotrophic lake. The lake
showed rather low TP concentrations
(below 20 µg l–1) in surface waters, parti-
cularly in spring and early autumn. This
correlation may suggest that other factors
such as predation or competition were
important in determining the abundance
of bacteria. In the stratified lakes densities
and/or biomasses of bacteria were found to
depend on the density of bacterivorous
Peritrichida. These sessile ciliates typical
for meso- and eutrophic lakes (Lay-
bourn-Parry et al. 1990, Müller et al.
1991) even at low densities may strongly
affect bacteria because of the high grazing
rate (Simek et al. 1995, Carr ias et al.
1996). According to Simek et al. (1995)
the grazing rate on bacteria by a single indi-
vidual of Vorticella (4200 bacteria per hour)
is much higher than by Cyclidium (470 bac-
teria per hour) or by Oligotrichida
(380–2130 bacteria per hour). Due to rela-
tively high density of these ciliates in the
both studied lakes one may infer their deci-

sively limiting effect on bacterioplankton.
Bacterial biomass and the density of small-
sized bacterivorous Scuticociliatida were
also correlated in the humic lake, which
might suggest that ciliates were one of the
factors responsible for changes in bacterial
biomass. The degree of correlation might
also suggest that ciliates were more impor-
tant in the mesotrophic and humic than in
the eutrophic lake. Contrary to the expecta-
tions, no relationship was found between
bacteria and DOC, the main energy source
for bacteria (Chróst 1986, Münster and
Chróst 1990), in any of studied lakes.
A lack of such correlation could be the
effect of other, not studied limiting factors.
On the other hand, it is the chemical com-
position and availability of DOC rather
than the amount, which are important for
heterotrophic bacteria (Chróst 1986).
The author found a close relationship
between heterotrophic bacteria and the con-
centration of dissolved organic carbon
excreted by algae but not with the total
DOC pool. The majority of cellular photo-
synthetic matter has a polymeric structure
and must be depolymerized outside the bac-
terial cell, ectoenzymatic hydrolysis is the
limiting step of its availability for micro-
heterotrophs. In addition, products of
hydrolysis could be bound to the seston par-
ticles abundant in lakes and become unavail-
able for bacterial transport systems
(Gajewski and Chróst  1995). So, in the
studied lakes DOC could be possibly poorly
available to bacteria. Another explanation
for the lack of correlation could be the find-
ing by Berninger et al. (1993) that not all
bacteria actively participate in DOC uptake.

The significant correlations between
bacteria and ciliates may indicate that the
density of bacteria was in all studied lakes
determined by ciliates. This finding negates
the hypothesis given by Sanders et al.
(1992) that in oligo-mesotrophic habitats
the bottom-up effect is more important in
bacterial control, while in eutrophic ones
the top-down control is more significant.
Similar relationship between the total
number and particular ciliate species and
the numbers of bacteria was noted in
a eutrophic Lake Okaro in New Zealand by
James et al. (1995), who underlined that
ciliates were more significant consumer of
particles <2 µm than of nanoplankton
(particles > 2 µm).

In the two stratified lakes the abun-
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dance (numbers and biomass) of nanofla-
gellates might be controlled by both food
availability and by grazing by ciliates. The
number of factors determining their pres-
ence was, however, higher in the eutrophic
(TP, Chlorophyll a, Oligotrichida, Hapto-
rida) than in the mesotrophic lake (chloro-
phyll a, total numbers of ciliates). The
strongest relationship in the eutrophic lake
was that between nanoflagellates and
Oligotrichida and in the mesotrophic lake
– between nanoflagellates and chloro-
phyll a. None of the analysed factors was
found to control nanoflagellates in the
humic Lake Smolak Du˝y. In none of the
lakes there was a correlation between bac-
teria and nanoflagellates, which might sug-
gest that the latter were not important con-
sumers of bacteria. Many studies pointed
out a significant role of nanoflagellates as
consumers of bacteria. There are, however,
examples of a weak relationships between
them, particularly in eutrophic lakes where
top-down pressure exerted by predators is
more important in controlling nanoflagel-
late dynamics than the availability of bac-
teria (Wright and Coff in 1984, Jürgens
and Güde 1990, Weisse 1991, Wiàc-
kowski et al. 2001). There is also some
evidence (Caron et al. 1993) that only part
of heterotrophic nanoflagellates are really
bacterivorous. Mathes and Arndt (1995)
demonstrated that c. one fourth of the bio-
mass of heterotrophic nanoflagellates
(Kathablepharis) in a meso-eutrophic lake
in Germany were potential consumers of
small algae. A lack of correlation between
bacteria and nannoflagellates was also
noted in humic lakes e.g. in Lake
Vassieviere in France (Amblard et al.
1995). High bacterial biomasses, which
were not the factor limiting nanoflagellates
were the reason by which the authors
explained missing correlation. It seems,
however, that in the studied Masurian lakes
nanoflagellates were determined not only
by bacteria but also by autotrophic
picoplankton, which might be a source of
their food (Weisse 1990).

Positive correlations between the num-
bers and/or biomass of ciliates and chloro-
phyll found in all studied lakes seem to
suggest the relationship between these
components. One may expect that chloro-
phyll was a significant factor controlling
ciliate density – the effect recorded also by
Wiàckowski  et al. (2001) in eutrophic

Lake Köyliönjärvi in Finland. Positive rela-
tionship between nanoflagellates and
chlorophyll may indicate indirect relation-
ship i.e. increased concentration of chloro-
phyll is followed by an increase in the
abundance of substratum and detritus for
bacteria, which in turn results in the
increased number of nanoflagellates.

Studies carried out by Berninger
et al. (1993) in a highly productive basin
demonstrated that the flow of organic car-
bon was faster than sampling intervals
(every 1–3 days) applied by the authors.
Bacteria, nanoflagellates and ciliates are
characterised by a high rate of reproduc-
tion. As given in Czapik (1992) most pro-
tozoans divide on average once a day and in
some ciliates the divisions take place every
several hours. Since the life span of men-
tioned organisms is short – of the order of
several hours – trophic relations can be
traced in studies carried out at the same
frequency. Therefore, more highly correla-
ted relations were found in the diel cycles
analysed in this paper than in the seasonal
studies but they mostly pertained to the
eutrophic lake.

In the eutrophic lake all studied
groups of organisms were negatively corre-
lated with TP and positively with DOC
indicating that these were the factors con-
trolling not only the bacterial abundance
but also – indirectly – other groups of
organisms (nanoflagellates and ciliates)
feeding on bacteria. There was also a rela-
tionship between bacteria and total nitro-
gen concentration. Negative correlations
between bacteria and TP and TN may indi-
cate a high impact of bacterivores or an
intensive N and P uptake by bacteria.
Direct relationship between bacteria and
nanoflagellates and ciliates confirms that
bacteria were consumed by the two groups
of organisms. Higher degree of correlation
between bacteria and some ciliate taxa
(Oligotrichida, Peritrichida and Hapto-
rida) indicates that greater importance
should be prescribed to ciliates than to
nanoflagellates. Strong correlation between
nanoflagellates and ciliates might suggest
that ciliates were responsible for control-
ling nanoplanktonic flagellates. 

In the mesotrophic lake the relations
between the links of the microbial loop in
the diel cycle were similar to those in the
seasonal cycle. Chlorophyll was most cor-
related with the abundance of nanoflagel-
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lates and ciliates. Highly significant corre-
lation between bacteria and ciliates con-
firms their direct relationship. Noteworthy,
bacteria in the diel cycle were correlated
with Scuticociliatida and Haptorida but in
the seasonal – with Peritrichida. It appears
that the relationships are closely deter-
mined by taxonomic composition of ci-
liates. Correlation between ciliates (mostly
Histiobalantium and Haptorida) and nano-
flagellates suggests that the former were
the direct consumer of nanoplankton. 

In the humic lake I expected a highly
significant correlation between the density
of numerous Cyclidium and bacteria, their
potential food. No such correlation was
found, possibly due to the fact that these
small ciliates (<30 µm) might utilise va-
rious food sources from picoplankton
(Fenchel 1986, Simek et al. 1990, Simek
and Straskrabova 1992, Weisse 1993)
to nanoplankton (Sher r et al. 1991).
Positive relationship between small-sized
bacterivorous ciliates and large autotrophic
flagellates composed of bacterivorous
Dinobryon cylindricum was shown by Car-
r ias et al. (1998) in an oligo-mesotrophic
lake in France. The authors underlined that
organisms of similar trophic requirements
are more dependent on each other than on
their food. Autotrophic picoplankton was
not analysed within this study but from
microscopic observations it appears that
autotrophic picoplankton was present in
large amounts and could constitute a source
of food for both ciliates and nanoflagellates.
Since picoplankton and bacteria fall in the
same size class they may produce equally
valuable food for protozoans.
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5. SUMMARY

The trophic structure of the microbial
loop and relationships between the compo-
nents of the microbial loop and selected indices
of lake trophic status (TP, TN, DOC, chloro-
phyll) were examined in three Polish lakes of

different trophic status: highly eutrophic Lake
Ryƒskie, mesotrophic Lake Kuc and humic,
acid Lake Smolak Du˝y (Table 1).

Biomasses of particular components of
the microbial loop markedly differed between
the lakes (Fig. 1). The studied lakes differed in
percentage share of main trophic groups of ci-
liates in the total numbers. Bacterivorous taxa
dominated in the eutrophic lake, bacterivorous
and algivorous taxa were most abundant in the
mesotrophic lake and large mixotrophic and
small bacterivorous taxa dominated in the
humic lake (Fig. 2). In the seasonal cycle the
abundance of bacteria was correlated most sig-
nificantly with bacterivorous Peritrichida in
both stratified lakes, whereas with bacterivo-
rous Scuticociliatida – in the humic lake.
Nanoflagellate biomass was the strongly corre-
lated with the abundance of Oligotrichida in
the eutrophic lake and with ciliate numbers in
the mesotrophic lake (Table 2). Diel correla-
tions between the major components of the
microbial loop were stronger than those in the
seasonal scale, especially in the eutrophic lake
(Table 2). In the seasonal cycle, chlorophyll
was the major trophic indices positively corre-
lated with both ciliate and nanoflagellate densi-
ties (Table 3). In diel cycle, all components of
the microbial loop were the strongest correla-
ted with DOC concentration in the eutrophic
lake (Table 3). In the both cycles the compo-
nents of the microbial loop were negatively cor-
related with TP in stratified lakes.
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