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ABSTRACT: The clearwater boreal Lake Vesijarvi ex-
periences annual periods of hypolimnetic hypoxia
with unknown consequences for the microbial food
web. We quantified the abundance of heterotrophic
bacteria, autotrophic picoplankton (APP), nanoflagel-
lates (NF) and ciliates in Lake Vesijarvi throughout
the water column and vegetation season and deter-
mined how these varied with changes in environ-
mental conditions, including dissolved oxygen con-
centrations. The abundance and diversity of ciliates
increased significantly throughout the water column
with the development of thermal stratification and the
onset of hypoxia leading to distinct ciliate communi-
ties in the oxic epilimnion and hypoxic hypolimnion.
Bacterivorous taxa dominated in the hypoxic zone,
while in the epilimnion, bacterivorous, algivorous and
predatory taxa feeding on other protozoa were pre-
sent. Seasonal changes in oxygen and temperature
explained nearly 80 % of variance in ciliate community
composition. Changes in total ciliate numbers corre-
lated with seasonal dynamics of bacteria, but not with
the dynamics of NF. In the epilimnion, NF were abun-
dant in early spring and their numbers were positively
correlated to numbers of prostomatids and haptorids,
but not to APP or bacteria. In the hypolimnion, a sig-
nificant correlation was found between NF and bacte-
ria, but not NF and ciliates. Significant positive corre-
lations between ciliates and bacteria suggest that
concentrations of food resources are important in de-
termining the abundance of ciliates in the plankton.
Moreover, we recorded close coupling between sea-
sonal dynamics of bacteria and productivity of phyto-
plankton, including APP.
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Hypoxia strongly influences the microbial community of
Lake Vesijarvi, Finland. Inset: epifluorescence micrograph
of APP cells (red), and DAPI signals of DNA containing cells
(blue); scale bar = 10 pm.
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INTRODUCTION

Low oxygen content in the hypolimnion has be-
come a widespread phenomenon in lacustrine as
well as marine ecosystems worldwide (Diaz 2001).
Hypoxia, defined as dissolved oxygen concentrations
<2 mg 17!, typically arises from water column stra-
tification, biological processes and nutrient inputs
(Rabalais et al. 2007). While <4 mg O, 17! is consid-
ered stressful for fish, concentrations <2 mg O, 1! are
stressful for most organisms. Specifically, low oxygen
concentration is a stressor of benthic communities
and can cause major alterations in energy flow (Diaz
& Rosenberg 2008). However, although the effects of
hypoxia and anoxia on the benthos are quite well
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known, the consequences for microorganisms and
ecosystem functioning further up in the water col-
umn are poorly defined (Eby et al. 2005).

Total anoxia also initiates major changes in the bio-
geochemistry of lakes (Finlay et al. 1997). Some
energy is processed by benthic animals under persis-
tent hypoxia and anoxia, but organic matter is mostly
processed through microbes (Diaz & Rosenberg
2008). A series of electron acceptors other than oxy-
gen are used by functional microbial groups, i.e.
nitrate reduction is followed by reduction of man-
ganese, iron and sulphate, and finally methanogene-
sis takes over, resulting in fluxes of methane (Finlay
et al. 1997). Methanogenic Archaea become domi-
nant decomposers in anoxic freshwaters with ele-
vated hypolimnetic temperatures (Glissmann et al.
2004). Enhanced epilimnetic primary production, a
result of internal loading through the release of phos-
phorous contained in lake sediment, leads to an
accumulation of particulate organic matter, which
further encourages microbial activity. In low oxygen
conditions, zooplankton grazing is suspended and
protozoa such as nanoflagellates (NF) and ciliates
appear as the main grazers (Marcus 2001).

NF and ciliates are key components of the so-called
microbial loop, which is a crucial part of pelagic food
webs (Azam et al. 1983). Autotrophic picoplankton
(APP; size <2.0 pm) is an important source of organic
carbon for other microorganisms, hence the concept
of a microbial food web instead of a microbial loop
(Sherr & Sherr 2000). NF, which have high growth
efficiencies, may effectively control communities of
APP in the euphotic zone as well as heterotrophic
picoplankton (i.e. bacteria) and their abundance is
usually 1 to 2 orders of magnitude higher than that of
ciliates (Simek et al. 1997). NF reside in the water
column throughout the oxygen gradient (Gobler et
al. 2008) and their grazing efficiency is more affected
by temperature than by decreases in oxygen concen-
trations (Park & Cho 2002). Ciliates are more sensi-
tive to changes in oxygen and show dramatic re-
sponses in community composition (Finlay & Esteban
1998), with their abundance and growth rates often
declining in the hypoxic zone (Guhl et al. 1994). The
oxygen gradient separates ciliate taxonomic compo-
sition and creates a characteristic spatial organisa-
tion with vertical distribution patterns. Epilimnetic
aerobic ciliates do not cross the oxycline, while micro-
aerophiles, due to a narrow preference range for oxy-
gen pressure, are found mainly around the oxycline,
where they form clear bands (Fenchel & Finlay 2008).
Anaerobic ciliates are intolerant to oxygen and stay
in the hypolimnion, below the oxycline. Some ciliates

respond to oxygen in accordance with the needs of
their endo- or ectosymbiotic organisms. Many aero-
bic ciliates harbour oxygenic algal symbionts, which
allow them to thrive even in very low oxygen concen-
trations (Finlay & Esteban 1998). While ciliate com-
munities in the epilimnion display various feeding
modes attributed to the vast array of food choices,
in the hypoxic zone, herbivory is disrupted and bac-
terivory dominates (Gobler et al. 2008).

Here we present the distribution patterns and
seasonal trends of key components of the microbial
food web in relation to hypoxia and anoxia in a meso-
eutrophic, anthropogenically affected clearwater lake
in southern Finland. Due to the lake morphometry
and eutrophication, the hypolimnion in one of the
major basins regularly experiences an extended, per-
sistent period of hypoxia in summer, when the lake is
stratified (Kairesalo & Vakkilainen 2004). The impli-
cations of this phenomenon are numerous, including
an impact on fishery yields and recruitment. Previous
investigations of the lake have focused on the chemi-
cal and physical environment, larger phytoplankton,
zooplankton and fish stocks in relation to biomanipu-
lation (Horppila et al. 1996). To date no studies have
been conducted on the microbial and protozoan com-
munity in this lake and, in general, the knowledge of
microbial food webs in non-humic boreal lakes is
fragmentary. We particularly intended to gain insight
into the dynamic nature of the ciliate community in
relation to the development of seasonal hypoxia. We
expected to find clear spatial patterns in community
composition, which in turn affect abundance of other
components of the microbial food web, namely APP,
bacteria and NF. Based on previous grazing experi-
ments (Brek-Laitinen & Ojala 2011), we hypothesised
that, among microconsumers, NF are significantly
coupled with picoplankton throughout the water col-
umn and growing season, whereas the ciliate com-
munity with dynamic vertical patterns imposes a tem-
porary pressure only on certain components of the
microbial food web. As the development of hypoxia
may decrease the number of habitat niches and food
diversity in anoxic parts of the water column (Guhl et
al. 1994), we also expected to find a lower diversity of
ciliated protozoa during thermal stratification.

MATERIALS AND METHODS
Study site

Lake Vesijarvi is a large glacial drift lake in the
Kymijoki River basin in southern Finland, with a
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length of 25 km, a total area of 111 km? and a catch-
ment to lake-surface ratio of approximately 4.6. In
contrast to most lakes in Finland, which have brown
water, Lake Vesijarvi is a clearwater lake with a
colour value of 30 mg Pt I"! (Kansanen et al. 1991).
The epilimnetic dissolved organic (DOC) and inor-
ganic (DIC) carbon concentrations during the grow-
ing season both average 7.3 mg C 17!, without sea-
sonal patterns or depth profiles. The low colour value
in contrast to high DOC concentration indicates that
autochthonous colourless DOC is abundant in Lake
Vesijarvi. The lake has mean and maximum depths
of 6 m and 42 m, respectively, and its theoretical res-
idence time is ca. 9 yr (K. Vakkilainen pers. comm.).
The lake, which is ice-covered from November or
December until April or May, is divided into 4 main
basins. The city of Lahti with its 100 000 inhabitants
is situated at the southern end of the lake, near
the Enonselka basin (mean depth: 6.8 m, maximum
depth: 33 m, surface area: 26 km?). Permanent
dwellings and industry cover 98% of the basin's
drainage area (S. Kajander pers. comm.). We carried
out our study in the Enonselka basin, which since the
1960s has suffered from severe anthropogenic eu-
trophication (Kairesalo & Vakkilainen 2004). The
lake has been restored through biomanipulation
involving large-scale removal of fish since 1989, and
it is currently regarded as a mesoeutrophic lake.

Sampling and measurements

Samples were collected once per week between
09:00 and 11:00 h from 18 May to 18 October 2005 at
the deepest point of the Enonselka basin (61°01"'N,
25°36'E), except for during periods of high winds that
excluded the possibility of field activities. Tempera-
ture (°C) and oxygen (mg 1!) were profiled for each
sampling date with a temperature-compensated dis-
solved oxygen meter (YSI 52, Yellow Springs Instru-
ments). The readings were taken at 1 m intervals
through the water column from the surface to 10 m
depth and then every 2.5 m to the bottom.

Water samples were collected with a 1 m long
acrylic tube sampler (Limnos; volume 7 1) at 1 m
intervals and then pooled into depth classes of 0-5,
5-10, 10-15, 15-20, 20-25 and 25-28 m. Subsamples
for enumerating bacteria, NF, microzooplankton (cil-
iates), pH and chlorophyll a (chl a) concentration
were drawn from the 35 1 pooled samples. To collect
samples for water chemistry (total phosphorus [TP]
and nitrogen [TN]), the 0-5 and 25-28 m depth
classes were used. Bacteria, NF and ciliate samples

were transferred to 150 ml dark glass bottles and
fixed immediately with acid Lugol's iodine solution to
a final concentration of 1% (Throndsen 1978). Sam-
ples for APP were taken with the same tube sampler,
starting from the surface down to a depth of 15 m at
1 m intervals and collected with the same type of bot-
tles as described in the previous sentence. Unpre-
served APP samples were placed in crushed ice and
counted within 2 h. Before summer stratification, the
APP samples were taken only from a depth of 0 to
6 m, which was assumed to represent the cell densi-
ties throughout the mixed water column. Sampling of
depths up to 15 m continued after the thermocline
had formed.

The total nutrients (TP and TN) were determined
from unfiltered samples stored at —18°C. The nutri-
ents were determined photometrically with a flow
injection analyser (QuikChem®8000, Zellweger Ana-
lytics, Lachat Instruments Division) using the manu-
facturer's instructions.

Water for chl a determination was collected in
darkened plastic bottles, and a subsample of 100 to
1000 ml was filtered onto a Whatman GF/C filter. Fil-
ters were frozen and stored at —18°C. The chlorophyll
was hot-extracted in 10 ml of 94 % ethanol at 75°C for
5 min and analysed with a Shimadzu UV 2100 spec-
trophotometer at a wavelength of 675 nm. Chl a con-
centration was calculated using an absorption coeffi-
cient of 83.4 1 g~* cm™! (Wintermans & DeMots 1965).

Primary production (PP) was measured with the *C
technique (Steemann-Nielsen 1952). Samples were
taken from depths of 0, 1, 2, 4 and 6 m and incubated
with 10 pnl of NaH“CO; solution (specific activity:
6.72 MBq mmol~}; Sonar) for 24 h in situ at the initial
depths. Samples were processed and measured as
explained in Peltomaa & Ojala (2010).

Samples for the measurement of bacterial produc-
tion (BP) were taken from the same depths as for PP.
The BP was measured in situ for 1 h, with samples
incubated with 100 pl of *C-leucine (specific activity:
11.3 GBq mmol™'; Amersham Biosciences) (Simon &
Azam 1989). Formaldehyde-killed controls were run
in parallel. Measurements of radioactivity were car-
ried out in the laboratory immediately after incuba-
tion as described in Kankaala et al. (2006). The
leucine incorporation rates were converted to carbon
production using a factor of 7.71 x 10 pm® mol~! and
a biomass-to-carbon conversion factor of 0.36 pg C
pm=3 (Tulonen 1993). In time series we used mean
values of BP and PP over the depth of 0 to 6 m.

APP samples were counted using the autofluores-
cence of chl a (Davis & Sieburth 1982). Unpreserved
samples (1 to 5 ml) were filtered onto black polycar-
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bonate membrane filters (pore size: 0.2 pm, & 25 mm;
Osmonics) using a vacuum pump (pressure < 20 mm
Hg) and examined with a Nikon Eclipse E600 epiflu-
orescence microscope under 1000x total magnifica-
tion. Either 50 fields of view or up to 400 cells,
whichever target was reached first, were counted to
obtain an accuracy of 10 %. Standard filter blocks for
green light (filter block G-2A; EX 510-560, DM 565,
BA 590) and blue light (filter block B-2A; EX 450-490,
DM 500, BA 515) excitation were used to differ-
entiate phycocyanin (PC)-rich and phycoerythrin
(PE)-rich cells (Callieri 2008). These 2 types were dis-
tinguished and counted separately from July to Sep-
tember, when APP was most abundant. We occasion-
ally encountered aggregates at times of highest APP
densities, which were also included in cell counts.
APP cells were considered as spheres, and the diam-
eter of approximately 100 APP cells per sample was
calculated using an ocular grid. The mean cell diam-
eter r (0.6 pm) and cell density n (cells ml™!) were
used to estimate the biovolume B, (um?®) of the APP
according to the equation:

B, :11)(%1tr3 (1)

B, was converted to chl a concentration using a factor
of 250 fg C pm™3, characteristic of prokaryotic pico-
plankton, and a carbon-to-chlorophyll ratio of 22.5
(Sendergaard 1991). We used a constant cellular chl a
content for APP to calculate the contribution of APP to
total phytoplankton (G. Brek-Laitinen unpubl. data).
In the time series we used the mean APP numbers be-
tween the depths 0 and 6 m, while counts obtained
from 10 and 15 m were treated as representative of
the depths of 5-10 and 10-15 m, respectively.
Lugol-preserved samples for bacteria and NF
counts were decolourised with drops of saturated
solution of Na,S,03 (Throndsen 1978) and filtered
onto black polycarbonate membrane filters (& 25 mm;
Osmonics) using a vacuum pump (pressure <20 mm
Hg). Filters were stained for 15 min with acriflavine
(Bergstrom et al. 1986), after which the orange-
fluorescing cells were counted under blue light and
1000x magnification using epifluorescence micro-
scopy (Nikon Eclipse E600, filter block B-2A). To dif-
ferentiate the autofluorescence of phytoplankton
in samples stained with acriflavine, in addition to
the blue light, we used UV light (Raghukumar &
Schaumann 1993). For bacterial counts, 1 ml of sam-
ple was filtered onto a 0.2 pm pore size filter,
whereas the sample volume was 20 ml and pore size
0.8 pm for NF counts. The cells were counted from
50 random fields of view per sample. The pigmented

flagellates are usually considered to be autotrophs
and non-pigmented flagellates to be bacterivores,
but we did not differentiate between flagellates with
and without chloroplasts since pigmented flagellates
can also be mixotrophic (Sanders et al. 1989). Sam-
ples for bacteria and NF taken in October were dam-
aged beyond recognition, and thus, were excluded.
The ciliate community composition was determined
using the Utermohl technique (Utermohl 1958). Vol-
umes of 50 ml were allowed to settle for at least 24 h,
and the entire content of each counting chamber was
surveyed. The ciliates were identified and enumer-
ated with an inverted microscope (Olympus IX50
or Nikon diaphot-TMD) at 200 to 1000x magnifica-
tion. They were identified to genus level (Foissner &
Berger 1996) where possible and the taxonomy fol-
lowed Lynn (2008). Changes in biodiversity at the
genus level were studied using the Shannon-Wiener
diversity index (Krebs 1999). In addition to taxonomy,
ciliates were divided into bacterivores and herbi-
vores on the basis of Foissner et al. (1999). To divide
the ciliates into different feeding types, we used pub-
lished data from grazing studies (e.g. Anderson 1987)
and classified the ciliates into those feeding prefer-
ably on particles of <2 pm (picophagous), 2 to 20 pm
(nanophagous) or >20 pm in size (microphagous), and
finally to carnivorous. The first 20 specimens encoun-
tered for each taxon were measured where possible.
Sizing of the particles was done under the micro-
scope with a calibrated eye-piece ocular micrometer
under 400x magnification. The diameter or greatest
length, if not spherical, of the ciliate individual was
measured. Rimostrombidium spp. was subdivided into
3 size classes according to the largest linear dimen-
sion: <35, 35-50 and >50 um (Miller et al. 1991).

Statistical analyses

We used the software package SPSS 15.0 for
Windows for bivariate correlation and analysis of
variance. For variables that did not follow a normal
distribution (Kolmogorov-Smirnov test), we applied
log transformation to meet the requirements for para-
metric statistics. For the pooled and depth-divided
data set from the lake, we used bivariate correlation
analysis (Pearson) to describe relationships between
the measured biotic and abiotic variables. We also
used multiple linear regression models to explore the
variables best predicting the abundance of different
groups of organisms. The level of significance was
set at p < 0.05. Statistically significant differences in
environmental variables between the depths were
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tested by 1-way ANOVA followed by the Bonferroni
correction for multiple post hoc comparisons.

On the abundance data we applied canonical cor-
respondence analysis (CCA) to display the variation
in ciliate community composition and to link it to
the measured environmental variables. The analyses
were performed with PAST v.2.06. Environmental
variables which contributed to the model signifi-
cantly (p < 0.05) were included in the analysis using
the manual selection of variables. Some autumn sam-
ples were removed from the CCA, because of miss-
ing values for bacteria and NF. Variables used in the
analysis were abundance of APP, bacteria and NF,
PP, concentrations of chl a and oxygen, water tem-
perature; and pH.

RESULTS
Physical and chemical environment

The lake was undergoing spring turnover at the
onset of sampling, and it was not until mid-June that
it began to stratify thermally. The period of stratifica-
tion lasted until late August (Fig. 1A). The thermo-
cline was between 6 and 10 m during stratification,
and the epilimnetic and hypolimnetic water temper-
atures were on average 20 and 12°C, respectively.
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Fig. 1. (A) Temperature (°C) and (B) oxygen concentrations
(mg I"!) during the mixing period and stratification in Lake
Vesijarvi in 2005

The latter temperature is high for a boreal lake. In
late winter and early spring, the oxygen concentra-
tion throughout the water column was close to satu-
ration (10 mg O, 17!, but development towards
hypoxia and finally anoxia started in parallel with
formation of thermal stratification (Fig. 1B). The oxy-
gen concentration in the hypolimnion dropped below
1 mg I"! in July and August. During stratification,
hypoxia started from a depth of 6 to 7 m and anoxia
from 14 m. Thus, the hypoxia reached the bottom of
the euphotic zone. The epilimnetic oxygen concen-
tration was usually between 6 and 8 mg 11, i.e. 80 to
100 % saturation. The lowest oxygen concentrations
at the surface were only about 5 mg 17! and were
recorded on 5 July, i.e. at the time of maximum sur-
face temperatures. At the end of August, the stratifi-
cation started to break down and anoxia eased. In
autumn, the whole water column became oxygenated
again, with concentrations of 9 to 10 mg O, 17!, Secchi
depth (not shown) was between 1.5 and 2 m in the
spring, but increased to 3.5 m in July. From 16 Au-
gust onwards, Secchi depth was approximately 2 m.

Changes in nutrient concentrations reflected the
development of stratification and especially the change
in oxygen conditions. In general, the phosphorus and
nitrogen concentrations were much lower in the epil-
imnion than in the hypolimnion (ANOVA: n =30, p <
0.001 and p = 0.002 for TN and TP, respectively) (Fig. 2).
The epilimnetic phosphorus concentration dropped
from 0.8-0.9 pM at the onset of the stratification to the
seasonal minimum of 0.6 pM in mid-July at the time of
strongest stratification. The concentration increased
again in August in parallel with the thermocline
deepening and reached >1.1 pM in October. Contrary
to phosphorus concentration, there was a decreasing
trend in the epilimnetic nitrogen concentration
throughout the sampling period so that the concentra-
tion dropped from a maximum of ca. 39 pM in May to
32 pM in October. As a result of the contrasting sea-
sonal patterns in nitrogen and phosphorus concentra-
tions, the nitrogen:phosphorus ratio fluctuated from
62 in mid-July to 26 in late October, and thus, the epil-
imnion appeared to be phosphorus-limited throughout
the season. The hypolimnetic phosphorus and nitro-
gen concentrations varied between 0.7 and 8.1 pM
and 31 and 416 pM, respectively, i.e. on average there
was 4 times more phosphorus and 2.5 times more
nitrogen in the hypolimnion than in the epilimnion
(Fig. 2). Hypolimnetic nutrient concentrations in-
creased markedly in August at the time of thermocline
breakdown, but due to dilution, the phosphorus and
nitrogen concentrations decreased to 1.1 and 31 pM,
respectively, during autumn turnover.
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Fig. 2. Total dissolved phosphorus (TP) and nitrogen (TN)
concentrations in water samples from (A) 0 to 5 m depth,
representative of the epilimnion, and (B) 25 to 28 m depth,
representative of the hypolimnion in Lake Vesijarvi in 2005

APP Chl a

Primary producers

The epilimnetic concentration of chl a varied from
1.2 to 13.5 png 1!, with a maximum in June, before
stratification, and with low concentrations at the time
of the strongest stratification in July (Fig. 3). The
mean and maximum concentrations of APP-derived
chlorophyll were 1.3 and 4.2 ng 17!, respectively. An
average 25% of the chlorophyll was in the APP
fraction, but the contribution of APP varied in accor-
dance with the stratification and total chlorophyll
concentration such that in spring and autumn 3 to
5% of chlorophyll was from APP, whereas in mid-
summer, at the time of lowest chlorophyll concentra-
tion, the contribution of APP averaged 80 %.

In addition, the density of APP showed a clear
seasonal and spatial pattern (Fig. 4). The seasonal
dynamic was most pronounced in the epilimnion
(ANOVA:n =63, p=0.004), where APP were numer-
ous. The APP numbers increased simultaneously
with the development of stratification, and the maxi-
mum epilimnetic cell number, 4.5 x 10° cells ml™,
was reached in early August, at the time of the
strongest stratification. The population declined in
mid-August, when the thermocline started to sink.
The epilimnetic population in late summer and fall
was similar in size to that in spring before the lake
was stratified. APP could be found down to 15 m, i.e.
in the hypoxic zone, but not before the beginning of
July, and the numbers were low relative to the epil-
imnion. Eukaryotic picoalgal cells were never
recorded, i.e. only prokaryotic cyanobacterial cells
were present. We observed both PC-rich and PE-
containing cells, but in general 85 + 10% (+SE) of
cells were PC-rich. Seasonally, the rela-
tive importance of PC cells increased
towards late August to ca. 90 %. Through-
out the season, APP numbers were nega-
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Fig. 3. Primary production (PP) and concentration of chl a, including the

contribution of autotrophic picoplankton (APP chl a), at 0 to 6 m depth in
Lake Vesijarvi in 2005. BP = bacterial production

tively correlated with phosphorus con-
centration (Table 1). Multiple regression
analysis showed that 68 % of the variance
in APP abundance was predicted by the
model including temperature, chl a, PP
and oxygen concentration (Table 2).

A clear seasonal pattern was also pre-
sent in PP such that the rates at 0 to 5 m
depth varied from 15 to 70 mg C m=2 d},
with a mean value (+SE) of 38 + 16 mg C
0 m~ d~! (Fig. 3). Similar to chl a, PP was
at a maximum in spring, with a mean rate
of 54 mg C m=3 d~!. After a drop, the pro-
duction increased simultaneously with
thermal stratification, reaching a maxi-
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Fig. 4. Spatial (depth classes) and temporal distribution of autotrophic picoplankton (APP), bacteria, nanoflagellates (NF) and
ciliates (note different axes for NF and ciliates) in Lake Vesijarvi in 2005

mum during and just after the maxima of APP, and
thus, PP was strongly correlated with APP (Table 1).
The midsummer productivity maximum of 70 mg C

-3 d7! was recorded on 20 July, when the phyto-
plankton biomass was strongly dominated by APP.
The PP halved in September, although, as a con-
sequence of turnover, hypoxia eased off and hypo-
limnetic nutrients were mixed throughout the water
column.

Bacteria

Bacterial density was on average (+SE) 1.1 x 107 +
1.1 x 10° cells ml~!, and it showed a bimodal pattern
down to 20 m (Fig. 4). From the surface to 10 m
depth, bacterial density was at a maximum during

the strongest stratification, when the total amount of
phytoplankton was at its lowest and the relative
importance of APP greatest. At the onset of the
autumn mixing period, the number of bacteria de-
creased. In general, there were approximately 100
times more bacterial than APP cells in the epilimnion.
In contrast to the epilimnion, down to 20 m depth, the
first maximum in bacterial cell numbers was at the
time of spring mixing. Below 20 m, seasonal fluctua-
tions were more sporadic. Bacterial densities were
the same throughout the water column, except at the
time of stratification, when more bacterial cells were
present in the epilimnion than in the hypolimnion
(ANOVA: n =36, p =0.015).

BP in the epilimnion usually varied from 2 to 17 mg
C m™ d7!, but we observed a clear maximum of
80 mg C m™ d™! on 20 June, i.e. simultaneously with
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Table 1. Pearson linear correlation coefficients (r) and level of significance for
numbers of autotrophic picoplankton (APP), bacteria, nanoflagellates (NF)
and ciliates; primary production (PP); chl a concentration; bacterial production
(BP); concentration of total phosphorus (TP); as well as temperature, oxygen
concentration and pH in Lake Vesijarvi in 2005. *p <0.05, **p <0.01, ***p <0.001

was related to PP (Table 1) and this
correlation was most obvious during
the spring mixing period (Fig. 3). Sim-
ilar to APP, BP showed a negative cor-
relation with phosphorus (Table 1).

Table 2. Multiple linear regression model exploring the variables that predict
the abundance of autotrophic picoplankton (APP), bacteria, nanoflagellates

(NF) and ciliates in Lake Vesijarvi in 2005. n = 97

Abundance Adjusted Model o Factor Slope
R? significance

log(Ciliates) 0.16 0.02 -5.94 Temperature 0.02
log(Bacteria) 0.74
log(NF) 0.32

log(NF) 0.08 0.04 7.70 log(Bacteria) -0.62
log(Ciliates) 0.16

log(Bacteria) 0.18 0.01 7.29 Temperature 0.01
log(Ciliates) 0.09
log(NF) -0.12

log(APP) 0.68 0.03 —4.52 Temperature 0.35
Chl a 0.14
PP 0.04
Oxygen 0.09

APP Bacteria NF Ciliates PP Chl a BP Multlple I‘egl’eSSiOIl showed that tem-
perature and abundance of ciliates
APP r 0.29* 0.77*** 0.39*"* 0.46"* and NF were significantly correlated
n 108 126 115 38 . .
Bacteria 023 0.28* 0922 with bacterial numbers, but the model
n 108 108 108 explained only 18% of variance in
NF r abundance (Table 2).
n
Ciliates T 0.28** 0.58**
n 108 19
PP r 0.77*** 0.22* 0.55*** Protozoa
n 126 108 115
Chl a r 0.39*** 0.55*** .
n 115 115 The densities of NF ranged between
BP r 046 0.58** 0.9 x 10® and 9.7 x 10 cells ml!, with
n 38 19 a mean of 3.4 x 10° cells ml™" (Fig. 4).
TP I —0.66* _0.57* At 0 to 5 m depth, the densities were
n 15 15 highest in May, during the mixing
Temperature r 0.60*** 0.30** 0.27** 0.41** 0.22* period’ and again in mid-August’ at
oo 126 108 126 126 115 the onset of thermocline deepening
Oxygen T -0.31*** 0.24** 0.42*** . o - 7
n 126 126 115 During stratification, the epilimnetic
pH T -0.27** 0.33*** 0.43*** densities were fairly stable and low,
n 126 126 115 with a mean value of 3.1 x 10° cells

ml~!. NF were less abundant at the
beginning of June, when the total
amount of phytoplankton was high,
but APP and bacteria were infrequent.
NF increased simultaneously with a
decrease of ciliate numbers in late
summer. The spring peak of NF was
visible down to 25 m, whereas the late
summer peak did not show up below
the epilimnion. From 5 to 15 m depth,
there was a declining seasonal trend
in NF numbers, whereas deeper down
in the anoxic layers the numbers were
negatively correlated with bacteria
abundance (Pearson: p = 0.008, n = 68,
r = —0.321). Except for the uppermost
5 m water layer, NF showed no appar-
ent responses to water-column mix-
ing. Also, the differences between NF

low PP and a drop in chl a (Fig. 3). Also, 1 wk later,
the rates of production were high, indicating that the
peak was a real phenomenon and not a measuring
error. After the maximum, BP sharply decreased to
levels similar to the ones recorded in spring. In gen-
eral, in spring and summer, BP followed the changes
in APP numbers (Table 1). In autumn, when the lake
started to mix, APP densities decreased and BP
dropped to 4.5 mg C m™ d~!. The number of bacteria

numbers from oxygenated and hypoxic waters were
non-significant (ANOVA: p = 0.67, n = 101). Multiple
regression related NF to abundance of bacteria and
ciliates, but the model explained only 8 % of the vari-
ance in NF numbers (Table 2).

The mean (+SE) number and biomass of ciliates
were 6.3 = 5.1 cells ml™" and 121 + 70.6 ng wet wt 17},
respectively. In terms of cell numbers, the ciliates
were most abundant in late July, during the stratifi-
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cation period (mean: 21 + 6.8 cells ml™!), when the Throughout the sampling period, the community
epilimnetic concentrations of APP and bacteria were consisted of 9 groups: oligotrichs, choreotrichs, hap-
highest, whereas the highest mean biomass was torids, scuticociliates, hymenostomes, prostomatids,
attained in surface waters in early summer during plagiopylids, peritrichs and hypotrichs (Fig. 5). Alto-
the mixing period (250 + 228 pg wet wt 1), The mid- gether, 22 ciliate genera were found and 10 species
summer peak of ciliate abundance reached down to were recognised. During spring mixing, the surface
the very bottom, i.e. from oxic to hypoxic conditions community consisted of oligotrichs, haptorids, pros-
and finally to anoxic water layers. In general, the tomatids and peritrichs, whereas during stratification
seasonal dynamic was similar throughout the water the epilimnetic community was dominated by pros-
column (ANOVA: n = 125, p = 0.69). The total num- tomatids (Balanion planktonicum, Coleps sp. and
ber of ciliates fluctuated weakly (16 %) in relation Urotricha sp.) together with some oligotrichs. Conse-
to temperature and the number of bacteria and NF quently, the density of prostomatids correlated with
(Table 2). the cell density of APP, but also with bacteria (Pear-
Although the overall seasonal dynamic did not vary son: p < 0.001, n=21,r=0.22, and p = 0.02, n = 18,
vertically, the community composition of ciliates r = 0.35, respectively). Some raptorial feeding pros-
varied greatly with depth and oxygen conditions. tomatids (B. planktonicum) and haptorids (Askenasia
Il Oligotrichia I Choreaotrichia I Haptoridia
[ Scuticociliatia [ | Prostomatida ([T Hymenostomatia
V) Plagiopylida BB Peritrichia M Hypotrichia
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Fig. 5. Relative abundance of different ciliate taxa at different depths in Lake Vesijarvi in 2005
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volvox) were positively correlated with NF numbers
in the epilimnion (Pearson: p < 0.04, n = 18, r = 0.50
and p = 0.03, n = 18, r = 0.54, respectively). When the
stratification was breaking up in the autumn and the
lake began to mix, the community was dominated by
oligotrichs, which also showed a positive correlation
with primary producers (APP: r =0.22, p =0.01, n =
21; PP:r=0.23, p=0.01, n=21; chla:r=0.31, p <
0.001, n = 18). The dominance of prostomatids during
stratification reached down to 10 m and also the
hypoxic zone in the depth class 10-15 m. In the
anoxic conditions, prostomatids were replaced by
scuticociliates, which dominated until the hypolim-
netic waters became mixed. The abundance of scu-
ticociliates strongly correlated with bacteria numbers
(Pearson: p=0.02, n =63, r=0.53).

During the mixing periods there was no zonation in
the ciliate community, and the representatives of
oligotrichs (Pelagostrobidium sp. and Rimostrombid-
ium spp.), haptorids (Askenasia volvox), choreotrichs
(Tintinnidium fluviatile and Codonella cratera) and
some scuticociliates were found throughout the water
column (Fig. 6). During stratification, the diversity at
the genus level differed significantly between the
oxic and anoxic zone (f-test: p < 0.001, n = 21). It
decreased from 2.0 to 0.3 in the hypolimnion, while
in the epilimnion the Shannon-Wiener index was
about 1.9 + 0.3 (+SE) throughout the growing period.
The epilimnetic and hypolimnetic communities dif-
fered considerably. The bacterivorous ciliates Cine-
tochilum margaritaceum, Cyclidium sp. and Uro-
nema sp. were abundant below 15 m, i.e. in anoxic
conditions, whereas the epilimnetic picophages be-
longed to the genera Limnostrombidium and Rimo-
strombidium. Algivorous ciliates were mainly Balan-
ion planktonicum and Urotricha sp., although A.
volvox was also observed, not only in the oxic zone,
but also in hypoxic and anoxic waters. Predatory
haptorids (Didinium sp., Dileptus sp., Lacrymaria
olor and Paradileptus elephantinus) were present in
summer in the oxic water layers, while Trimyema
compressum—an anaerobic ciliate capable of car-
rying methanogenic endosymbiotic microbes—was
occasionally found in the hypolimnion.

CCA

The model obtained from the CCA on ciliate com-
munity composition explained nearly 80% of the
variation in the data. The first eigenvalue presented
on Axis 1 accounted for 48.65% of the overall vari-
ability and was related to pH and oxygen concen-

tration. The second eigenvalue, which explained
31.33 % of the variation, appeared on Axis 2 and was
related to water temperature, APP and PP. The
samples from the mixing period in spring and early
summer as well as the samples from the hypolimnion
and epilimnion formed clear clusters showing dis-
tinct communities present in oxic and hypoxic/anoxic
water layers (Fig. 7A). Therefore, the ciliate commu-
nity composition was clearly related to the water col-
umn depth and seasonal changes in environment
(Fig. 7B). Filter-feeding ciliates (Pelagostrombidium
sp., Tintinnidium fluviatile, Vorticella sp. and small
prostomatids) grazing on nano- and pico-sized prey
were related to mixing periods, when the whole water
column was oxic and fairly cool. Larger algivorous
(Codonella cratera and Urotricha sp.) and predatory
(Dileptus sp., Lacrymaria olor and Paradileptus ele-
phantinus) ciliates were related to the oxic epil-
imnion during stratification, when water tempera-
tures and PP were high and APP abundant. Scutico-
ciliates, but also Hymenostomatia and Trimyema
compressum, were related to samples from the pe-
riod, when hypolimnion remained depleted in oxygen.

DISCUSSION

Seasonal changes in dissolved oxygen concentra-
tion and temperature shaped the ciliate community
and strongly influenced the microbial food web in
Lake Vesijarvi. Ciliates displayed clear differing pat-
terns in diversity over the mixing and stratification
periods (Fig. 6). During summer stratification, a dis-
tinct protozoan community, separated by an oxycline,
developed within the water column: herbivorous
species having access to photosynthetic algae domi-
nated in the epilimnion, while filter-feeding bacteri-
vores prevailed in the hypolimnion. However, the
vertical distribution patterns disappeared as soon as
stratification broke down and oxygen was mixed
down to the bottom of the lake.

The results on the importance of oxygen for
structuring ciliate community composition (Fig. 7)
are in agreement with previous studies reporting
zonation patterns of ciliates in stratified lakes with
an anoxic hypolimnion (Fenchel et al. 1990, Guhl
et al. 1994, Gobler et al. 2008). Different anoxic
environments are often inhabited by similarly
structured ciliate communities. A stable physico-
chemical environment, low growth efficiency of
heterotrophic bacteria and anaerobic protozoa as
well as low metazoan grazing pressure in the
anoxic zone creates the near-steady-state condi-
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tions responsible for the development of vertical
distribution patterns (Guhl et al. 1996). In accor-
dance with our hypothesis, we found a less diverse
ciliate community in the oxygen-depleted zone.
Guhl et al. (1994) suggested that the low number
of habitat niches and low food diversity in anoxic
parts of the water column are responsible for an
observed decrease in ciliate diversity.

We found high numbers of scuticociliates together
with some oligotrichs and prostomatids in the
anaerobic zones of Lake Vesijarvi (Fig. 5). The dom-
inance of scuticociliates in the hypolimnion is attrib-
uted to their considerable tolerance of anoxia
(Fenchel et al. 1990) and a high abundance of bac-
teria. The occasional presence of oligotrichs and
prostomatids in the hypoxic zone is usually possible
due to symbiotic algae supplying oxygen (Esteve et
al. 1988). Many ciliates of the anoxic zone harbour
other type of symbionts—methanogenic Archaea—
which use hydrogen produced by the ciliate host
(Fenchel & Finlay 1992). Although the abundance
of ciliate species capable of hosting methanogenic
endosymbionts, i.e. Trimyema compressum (Shin-
zato et al. 2007), was low in Lake Vesijarvi (<1 ind.
ml'), the methane concentration in the hypolimnion
of the lake is high, indicating the importance of
methane in the carbon mineralisation pathway
(Lopez Bellido et al. 2011). Especially in boreal
lakes, the methane oxidation pathway is important
in carbon transfer (Taipale et al. 2008). On the other
hand, high nutrient concentrations and temperature
in the hypolimnion of Lake Vesijarvi suggest that,
besides methanogens and methanotrophs, nitrifiers
and sulphur and iron oxidisers may also be present.
Thus, in the hypolimnion of Lake Vesijarvi, the
environmental conditions seem to favour an abun-
dant and diverse bacterial community. Bacterivorous
ciliates require bacterial concentrations of 10° cells
ml! to sustain growth (Sherr et al. 1989) and, in
Lake Vesijarvi, hypolimnetic bacterial abundances
up to 1.9 x 107 cells ml™* provide a vast food source
for the bacterivorous protozoa.

While the ciliate communities in hypoxic zones
have, in general, many similarities, the epilimnetic
populations may differ considerably (Guhl et al.
1996). In Lake Vesijarvi, the epilimnetic community
composition of ciliates was typical of freshwater
(Zingel et al. 2007), with a dominance of large algi-
vores, mainly prostomatids (Balanion planktonicum,
Coleps sp. and Urotricha sp.) and oligotrichs (Rimo-
strombidium spp. and Halteria sp.) (Fig. 6). The
occurrence of both classes is strongly controlled by
the distribution of algal food sources (Miiller et al.

1991), but is also regulated by oxygen concentration
(Fenchel et al. 1990). Algivorous ciliates have a ten-
dency to swim upwards and to concentrate in the
upper water layers, occurring in water with above
30 to 40% of atmospheric oxygen saturation (Jons-
son 1989). During stratification, algivorous species
resided in the epilimnion, but as soon as mixing
distributed oxygen throughout the whole water col-
umn, they were found in the bottom of the lake.
Large oligotrichs were numerous during periods
of maximum chlorophyll concentration, while small,
filter-feeding oligotrichs and prostomatids were most
common, when the phytoplankton biomass was
dominated by pico-sized cells. At the same time the
total number of ciliates was closely coupled with the
number and productivity of bacteria (Table 1). The
positive relationship between prey and predator
implies a possible growth of predator in response to
ample prey (e.g. Pace 1982), and food availability
and/or temperature may influence seasonal dynam-
ics of the ciliate community (Hamels et al. 2005).
Zingel et al. (2007) also suggested that the abun-
dance and composition of the ciliate community is
driven by food resources. Moreover, lack of sig-
nificant correlation between NF and picoplankton
(Table 1) in the oxic zone suggests that in the epil-
imnion of Lake Vesijarvi, ciliates constitute an
important link to both large algae and the pico-
plankton community. A similar shift towards ciliate-
dominated grazing has been observed in eutrophic
systems (Zingel et al. 2007).

Although the highest numbers of NF were re-
corded during APP peaks (Fig. 4), and our previous
study revealed the ability of NF from Lake Vesijarvi
to graze on APP (Brek-Laitinen & Ojala 2011), the
statistical comparison showed no general NF linkage
to the food resources (Table 1). Despite the signifi-
cant role of NF as consumers of bacteria (Simek et al.
1997), only part of NF are really bacterivorous, with
large species being primary algivorous (Sherr & Sherr
2002), while one-third of NF can be mixotrophic
(Bennett et al. 1990). Therefore, the lack of NF
coupling with picoplankton could be due to a high
degree of NF mixotrophy.

In the anaerobic zone, NF populations are usually
sparser than in oxygenated surface waters (Fenchel
et al. 1990), but they readily graze on bacteria (Choi
et al. 1999), as oxygen concentrations down to 0.1 %
of saturation should not affect their activity (Fenchel
& Finlay 1995). We found no significant differences
between NF numbers from oxygenated and hypoxic
waters, and a negative correlation between NF and
bacteria in the hypolimnion. Relatively stable NF
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abundance throughout the water column and no cou-
pling with food resources (Fig. 4, Table 1) indicates
a high importance of other factors besides food in
controlling NF dynamics. Similar results in some
eutrophic lakes are explained by the strong predator
pressure (Weisse 1991), which becomes important
especially in summer (Psenner & Sommaruga 1992).
The positive relationships between NF and some
ciliate species in the epilimnion suggest that ciliates
may be involved in the top-down control of NF
(Weisse 1991). In Lake Vesijarvi, besides ciliates, NF
can be controlled by metazooplankton, which in-
cludes cladoceran species (Daphnia spp.) (Vakki-
lainen et al. 2010) capable of imposing a strong graz-
ing pressure on protozoa (Jirgens et al. 1996).
Vakkilainen et al. (2010) reported patterns of clado-
cera abundance that were exactly opposite to ciliate
seasonal dynamics.

In Lake Vesijarvi, BP was related to APP and
there was also an association between bacterial
numbers, PP and APP (Table 1). Despite a lack of
correlation between BP and chl a concentration, a
close coupling between bacteria and phytoplankton
cannot be ruled out. Phytoplankton releases up to
80 % of the photosynthetically fixed carbon as extra-
cellular DOC (Malinsky-Rushansky & Legrand 1996).
The efficiency of uptake and utilisation of algal
DOC by bacteria depends on the phytoplankton
community composition, with high uptake rates
of APP-derived carbon (Malinsky-Rushansky & Le-
grand 1996). During stratification, when nutrient
limitation is strongest, small, efficient APP cells can
outcompete larger phytoplankton and become
abundant in the epilimnion (Callieri 2008). In Lake
Vesijarvi, the contribution of APP to phytoplankton
reaches 80 % (present study) and the percentage of
extracellular release is up to 50 % (G. Brek-Laitinen
unpubl.). The high rate of extracellular organic
carbon excretion usually results from phosphorus
limitation—which was the case in Lake Vesijarvi—
and promotes bacterial growth (Mindl et al. 2005).
Thus, exceptionally high numbers of bacteria in the
studied lake (Fig. 4) may have been due to high
amounts of phytoplankton-derived dissolved orga-
nic matter (Sendergaard et al. 1995). The relative
steadiness of bacterial numbers in both space and
time is explained by the combination of the physical
(Allen 1969) and chemical properties (De Wever et
al. 2005) of the water column, with several biotic
factors such as competition or predator-prey rela-
tionships (cf. Craig 1987). Therefore, in the epil-
imnion of Lake Vesijarvi, strong stratification leads
to a situation similar to marine environments, where

the microbial food web is a fairly closed system with
most of the autotrophic PP respired in the photic
layer by bacteria (Pomeroy 2001).

The apparent lack of coupling between bacterial
numbers and BP in Lake Vesijarvi could be attributed
to the common phenomenon of a large fraction of
bacterial cells being either dead or dormant and so
not participating in production (Chrést & Rai 1994),
as shown also by E. Peltomaa (unpubl. data) in her
studies on Lake Vesijarvi. Additionally, selective
grazing on remaining active bacteria could increase
the relative stability of bacterial abundance in rela-
tion to changes in BP (Chréost & Rai 1994). An
extremely high late-spring peak in BP (Fig. 3) was
the reason that there was no statistical correlation
between BP and PP. The spring peak was 3 times
higher than the corresponding PP and was a sporadic
event after unusually high precipitation and result-
ing delivery of allochthonous DOC from catchment.
Otherwise, BP in summer was ca. 22 % of PP, which
according to Cole et al. (1988) indicates a strong
dependence of the bacterial community on phyto-
plankton production.

As hypothesised, the ciliate community responded
dramatically to changes in oxygen concentration and
temperature by creating a characteristic species dis-
tribution pattern along the water column. In the oxic
epilimnion, the high biomass and productivity of
phytoplankton resulted in the most common ciliates
being large algivores and omnivores, while the
abundance of small bacterivorous species was a
reflection of a high BP. The decrease in ciliate diver-
sity in the anaerobic zone proved that anoxia evoked
changes in community composition. However, in
contrast to our hypothesis, NF were not related to
picoplankton and their numbers were stable in the
whole water column. The relationship between APP-
dominated phytoplankton and bacteria in Lake Vesi-
jarvi indicates that APP may be an important source
of carbon for bacteria. Studies of the rate of produc-
tion of dissolved compounds and in situ grazing rates,
especially on ciliates, are needed in order to answer
the question about carbon transfer from phytoplank-
ton to bacteria and trophic relationships within this
microbial community.
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